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Abstract
Transitioning to minimal running footwear; Implications for performance and

running related injury when compared to conventional running shoes. AlWo
investigate any changan running economy or factors related to injury before and
after aminimalist footwear MFW) transition with gaitretrainingwhen compased with
conventional running shoesCR$ INTRODUCTIONRecent interest in barefoot
running has resulted in the develogent of a new footwear type which incorporates
minimal cushioning and structural properties, in comstravith CRS. These MAvdve

been suggested to influence running kinetics and kinematics and may have a positive
impact on performance and injury risk. Hever there is currently a dearth of scientific
evidence available to support this theory. Of the limited research available the vast
majority has only used acute comparisons between CRS and MFW, and has not
O2y&aARSNBR (KS STFTSOG owefa peibdbfyide withdy A y 3
gAUK2dz0 & o-retaif@2NETHODSI all Studies, effects for time (pre to
post intervention), and condition (MFW vs. CRS) were evaluated, where participants
were required to familiarise with MFW during the intention. Study one examined
changes in running economy (RE) with no feedback ofrgadining, in contrast study

two examined RE with deliberate gadtraining included to the MFW transition. Study
three investigated changes to plantar pressures and dercFinally, study four
evaluated kinetics and kinematics associated with injRESULT$ollowing a MFW
intervention, RE was found to improve 8.09% in MFW but not in CRS. However, when
gaitretraining was included, no significant change in RE was didever time. RE

was significantly better in MFW compared to CRS irrespective of time (approx. 2.9%
better in MFW). A MFW transition with gagtraining was found to reduce plantar
forces by 17.6%, loading rate by 33%, and the impact peak by 9%, whichowas
observed to the same degree in CRS. However, significantly higher plantar pressures
and loading rates were observed in MFW when directly compared to CRS throughout
testing. CONCLUSIOM MFW transition was found to significantly improve RE when
gaitretraining was not included. However, gadtraining may have a negative
influence on RE. MFW and gestraining reduced impact variables over time. In
addition, there was a reduction in plantar pressures under the heel, and no significant
increase in presures in the forefoot as a result of the intervention. With respect to
condition, RE was better in MFW, but higher plantar pressures and loading rates were
noted in MFW vs. CRS that may increase injury risk during this transition period.
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frequency over time with respect to the zero line. Also included is a summary plot,
representing the average of the four StudiESX X X X X X X X X X X X PP X X X X Xt |

Figure 83b. Mean effects ad 95% confidence intervals for the difference in stride
frequency between MFW (right) and CRS (left) with respect to the zerd Ipusitive

value indicates a higher stride frequency in MFW and vice veiéso included is a
summary plot, representing KS I S NI 3S 2 F XIXKSOx®IddRNJIF &8 & dzi iy

Figure 83c. The number of participants adopting a foot strike pattern with respect to
rearfoot (RFS), midfoot (MFS), and forefoot (FE3)oth pre and post tests, in the

MFW and CRS conditiorusing the pooled data from all four studies
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Glossary of Terms

Minimalist Footwear ¢{ K2Sa (KI G I ROSNIA&AS AYAYAYLl £

lighter mass, greater sole flexibility, lower profile aamtbwer heeltoe drop.

Conventional Running Shoes ¢ Footwear designed for running that includashioning,

heel elevation and pronation control technology.
Barefoot Running ¢ Running with nothing whatsoever on the foot.

Storage and Recovery of Elastic Bergy ¢ A phenomenon occuring during the stretch
shortening cycle in running. Elastic structures store energy during the eccentric phase
of movement and this energy is subsequently released during the concentric phase,

contributing to the muscle shorteniragction.

Vertical Siffness ¢ The resistance of the CoM to changes in heighen an exernal

vertical force is being applied.

Joint Siffness ¢ The resisitance of the joint to changes angular displacement when an

external force is applied.

Foot Strike Pattern ¢ The point of initial contact of the foot with the ground. A forefoot
strike pattern occurs when the ball of the foot contacts before the heel and vice versa
for a rearfoot strike pattern. A midfoot strike pattern occurs when both the ball of the

foot and the heel contact simultaneusly.
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List of Abbreviations

CoMc¢
VGRF
CRg
MFW¢
PCECH
Fz1c
Fz2-
VFF
RE-
S&-
FSR
RFS
MFS
FFS
SFK
SBR
BF-
BR¢
revSF"
RPE
iQZmax'
MS-
IC-
GRT-
COMBNED-
Kert G
Kieg G
Kankie G
N(neec

MF -

MP -
d C\Ankle/Knee'

Cente of mass

The vertical component of the ground reaction force
Conventional running shoes

Minimal footwear

Pronation control, elevated cushionéeel running shoes
The impact peak of the vertical ground reaction force
The active peak of the vertical ground reaction force
+AON}YY GCAQPS CAYIASNEET
Running economyt02submax)

Stretch shortening cycle

Foot striking pattern

Rearfoot strike

Mid-foot strike

Forefoot strike

Stride frequency

Simulated barefoot running

Barefoot

Barefoot running

Reversed stride frequency from the oppodit®twear condition
Rated perceived exertion

Maximal oxygen consumption during exercise
Mid-stance

Initial contact

Gaitretraining

Minimal footwear and gaitetraining intervention combined
Vertical stiffness

Leg stiffness

Ankle stiffness

Knee stiffness

Mean maximal force

Mean maximal pressure
Angle at initial contact for the ankle/knee

dMSankid kneeG ANgle at midstance for the ankle/knee
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Thesis Overview and Guidelines

This thesis has been formatted using the Riyfpublication guidelines. Therefore each
study has been presented within its own section in the format of a journal paper.
Where additional data has been collected for eachvimtlial study but not reported in

the paper, an Additional Data section has been attached to each study with the
relevant information. These results earthen discussed in the Glob&iscussion
(Chapter Eight) in which the study findings have been tied togetvith respect to the
aims and objectives of this research project (Chapter (Begause of this publication
format, the review of literaturg(Chapter Two) has been restricted to a brief summary
of the relevant areas. Chapter Three outlines the proposaa familiarisation
programme that has been designed during this research, in addition to the individual
aims and objectives of each study following a review of the literature. Finally, chapters
Four, Five, Six and Seven are the individual studiespubéication format with the
relevant journal information attached. The overall conclusion to the research can be

observed in Chapter Nine, as well as future recommendations.
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CHAPTER ONE

Introduction, Aims and Objectige



1. Introduction

1.1 Background andusktification

The popularity of distance running as a sport and recreational activity is increasing
worldwide. Recent data from the USA suggests that those regularly participating in
running as a physical activity has increased by 10% &iit@ and now is in excess of
35million (Rothschild2012a). For competitive distance runners from club level to
international athletes the primaryconsiderationsof training are usually associated
with improving performancend cardierespiratory health However it has also been
noted that running injury represents a major problem in these groups (Van Gent et al,

2007) and thihas a major influence otmaining design

Many of these athletes participate in endurance running. Endurance running has been
classified as persisting at a soiaximal intensity for prolonged periods of time over at
least 5km but anywhere up to 200km (Noakes, 1988%rformance in endurance
running can be quantified in a laboratory setting using physiological profiling, such as
+Mmax testing, lactate profihg, fractional utilisation oftf,max and running economy
(Lucia et al, 2008)Of these, tfmax fractional utilisation ofB.max and running
economy RB have been considered the largest predictors of endurance running
performance (Danieland Daniels, 1992; Astorino, 2008; Bassatid Howley, 2000)
Likewise, the successful prevention of injury will ultimately decrease missed training
time and has a direct effect on performance thus making it an important consideration
in any training routine. Athletes adopt multiple strategies in orderda injury free,

such as compression clothing, ice baths, footwear, periodised strength and
condtioning programmesetc., but despite the numerous technological advances and
investment in research, running related injugmains asignificant problem 9.4 to

79.3% of runners are injured every yedgn Gent et al, 2007).

Over recent years, the mostbundant product marketed and sold to both prevent

injury and improve performance is the conventional running shoe (CRS). Perhaps the
Yy2ald O02YY2y qaSfttAy3a LRAyGE 2F /w{ Aa (K
into contact with the floor over 60@imes per km and this generates a noticeable
impact (Lieberman et al, 2010). These repeated impacts are believed to be thwolve

running related injuryHall et al, 2013Wilner, Hamill and Davj2006;Pohl, Hamill and



Davis, 2009Cheungand Davis, 2011Davis, Milner and HamilR004. Several authors
have suggested that increasing the cushioning of running shoes and surfaces would
reduce these impact faes (Cavanagland Lafortune, 1980 Theisen et al, 2013).
However, the ability of cushi@d running shoes to reduce impact forces on runners
has been found to be inconclusive, with no difference or even higher impact peaks
being observed in CRS compared to barefoot or harder midsole footweay, 2040;
Schwellnus, Jordaan and Noak&99Q Sjuadroneand Gallozzi, 2009; Lohman et, al
2011, Aguinaldoand Mahar, 2003; Shorten, 2002). This may be largely dependent on
the foot strike pattern adopted by runners (Lieberman et al, 2010), and it has been
suggested that runners have a tendency to reatf strike in CRS due to reduced
proprioceptive feedback from the foot that induces impact attenuation behaviours
compared to barefoot running (Liebermast al, 2010; Robbinand Hanna 1987;
Robbins, Hanna and Jones, 198% Wit, De Clerqg and Aert2000Q. This rearfoot
strike pattern may be a cause of higher impact forces in runners (Lieberman et al,

2010).

In addition, the role of CRS in improving performance is not supported by a review of
the literature Richards, Magin and Callist&2009). Previouto the running boom of
0KS MpTnQas alLRNla akK2Sa gSNB YlAyfte 02y
rubber outsole, but have gained mass and structure over the years (Almabavis,
2012a). As early as 1979 researchers suggested that shoe mag a detrimental
effect on running economy and ultimately performance (Caiflivd Dressendorfer
1979). Running economy, defined as the oxygen cost of running at a fixed steady state
exercise intensity, has been considered a strong predictor of enderpgerformance

in a homogenous group of runners (Lucia eR88, and presents a feasible measure

for determining differences in the metabolic cost of transport with running footwear.
There are potential elastic elements of the foot and ankle that matybe fully utilised
during CRS running with a rearfoot strigattern (Perl, Daoud and Liebermag012),

but in contrast there may be a metabolic cost to cushion the body when shoe

cushioning is absenEfanz, Wierzbinski and Kra2012).

Thus, m additon to the high incidence of reported injury in runners (Van Genhal,
2007), there is a distinctack of evidence that CRS footwear can reduce the risk of

injury or improve performanceRichards, Magin and Callist&@009). Furthermore the
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publication of i K S AVOSNYFGA2Y & BothQbd RudY SoRe (
Christopher McDougall in 2009 increased public awareness of the issue and created a
worldwide interest in barefoot running which has grown exponentially over the last 4

p &SI NBMGTERANA NAhylyRIly 3 GKS2NRé o0SOIFYS 6AR
proposed benefitof barefoot running(Gallant and Pierrynowski, 2014)) a decrease

in foot atrophy and increased foot functio(e.g. Robbins and Hanna, 1982)
increased proprioceptive fedxhck(e.g. Robbins et al, 19974nd 3) a running gait that

Ad Y2NB ayl GdzNI f ¢ (€ Nebdrmab & al, 2@L0oMhiktimany afy  / w
GKSaS Of I A Y athd chidct huly HygdtResid is that rurining barefoot is less
injurious than runing in a shoe unless proven othervise 6 [ A SOSNX I yZ HAM
a result, a study by Rothschild (2@)24dentified that among 785 runners using an

online questionnaire, 76% had an interest in barefoot running, and 22% have already
implemented some kindf barefoot activity into their training. In responge this
AYONBIFaS Ay AYyGSNBal 62NIRARSET F2206SH N
footwear (MFW) that claimed to have all the benefits of running barefoot whilst
providing some degree of proteom for the foot on modern surfaces (Jenkins and
Cauthon 2011; Lohman et al, 2011). MFW are shoes with a smaller mass, greater sole
flexibility, lower profile, and lower heab-toe drop than CRS (Lussiana et al, 301

aC2 KI @S 0SSy RS20BAOGERSNYI BEADEENRES SIS N
as barefoot (Squadronand Gallozzi, 2009; Willgnd Davis, 204; Bonacci et al, 2013),

and so require consideration as a different shoe modality than barefoot or CRS (Sinclair

et al, 2013; Bonacci et al, 2013

2 A0K 'y AYONBlIAaS Ay NizyySNDa AyiSNBadg Ay
runners are now attempting tewitchd 2 I+ aY2NB y I (dzNI £ ¢ NXHzy
therefore have to undergo a period of familiarisation to this footwear type thaks
conventionalprotection. Runners attempting to transition to MFW must either adapt

their running kinematics to suit a novel footwear condition and/or adapt the
musculoskeletal system in order to accommodate different forces acting on the body
due tochanges in leg geometigading and footwear protectionHow well runners in

the developed world can transition to MFW remains to be determined, and is leading
Ayd2 oy IINBF GKIFIG f101a SOARSYOS ol aSR

minimal runnirg footwear may pose a greater risk of injury for runne@authon,



Langer and Coniglione2013 Ryan et al, 20)3 Already there is evidence of an
increased rate of metatarsal stress fractures in the MFW condition during this
transition period (Giuliani eal, 2011;Cauthon, Langer and Conigligr2013;Ridge et

al, 2013, due to higher localised plantar preses in MFW compared to CRS (@nd

Gu, 2011; Squadronand Gallozzi, 2009). Also, a high injury rate in minimalist shoes
during a 12 week transitio has been observed (Ryan et al, 2013), due to potentially
higher rates of impact (Willand Davis, 204), increased peak plantar pressures
(Squadroneand Gallozzi, 2009), and tricegsiraesoreness (Willson et al, 28)Lin the
MFW runner.

Advocates of MW/ (or barefoot)running have suggested that the running gait is more
important than what is worn on the feet (Lieberman, 2012), however many runners do

not seeminglyr R2 LJi | a0l NBSF220 adeftS¢ 3ILAG 6KS
running style (such as prevalence of nomearfoot striking and shorter strides) has

been modelled using habitually barefoot Kenyans (Lieberman et al, 2010). This has led
totheNB & dzZNB Sy OS  2rétraiding lelénuzhtd beidg sigested to reduce the

risk ofrunning relaed injuryand potentially improve RgErowelland Davis 2011; Goss

and Gross, 203; Gouttebargeand Boschman,2013 Perl, Daoud and Lieberman

2012. These ideas come from preliminary research suggesting changes in posture
(Lieberman et al, 2010), foatrike pattern (e.g. Lieberman et al, 2010; Daoud et al,

2012) or stride frequencye(g. Hobara et al, 2012) are the most important gait
elements to successful running. Gestraining for runners may be important during

this transition to MFW, becaessone runners have been found nottoR 2 LJG0 & 0 | N5 *
atetSé¢ 1Ay SBdnacd € al, 20)gandan@y be &t increased risk of loading
injuries Willy and Davis, 2034 These runners may benefit from added instruction
during this transition, however dedpi runners now adopting MFW running in
combination with ga#retraining in the general public, no academic research has
investigated both of these elements together with regard to performanceuoning

related injury

In addition, very little research Baexamined the differences between running in CRS
and MFW, both before and after a familiarisation period to MFW, in order to
determine which footwear may be more beneficial to redwaening related injuryor

improve performance. Whilst studies have exaed this difference during acute
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measures, the understanding of differences between footwear types (MFW and CRS)
when participant are familiar with both footwear types and not just one is important

for future footwear prescription.

There is clearly a nee better our understanding of this familiarisation to a novel
footwear type, and a significamumberof researchers are nowalling forhabituation
studies (e.g. Sinclair et al, 2013alHet al, 2013;Rothschild 2012b; Jenkingand
Cauthon 2011; Liebeman, 2012). There are three important questions for this
transition that demand attention in the literature; 1) is there any change in
performance or factors related to injury as the result of this transition to MFW (with or
without additional gairetraining)?, 2) what are the differences in performance or
factors related to injury between running in MFW and CRS? Both at the acute stage
but also following a familiarisation to MFW, and 3) what is the best approach to a

transition to MFW to reduce the risk smjury?

1.2 Aim and vjectives

Study Aim:

To investigate any change innning economyor factors related to injury before and

after a MFW transition with gé&iretraining when comparing both CRS and MFW.
Objectives:

. Toinvestigatethe influence ofa MFW transitiorand gaitretrainingon;

1 Running economy

1 Plantar pressures

1 Impact forces

1 Running Kinematics

. Todetermine differences in any of these variables between MFW andiC&pective
of this familiarisation period.

. To establish a safe and reasable transition schedule in order to provide some

guidelines for future prescription of MFW running



CHAPTER TWO

Review of literature



2. Review of Literature

The purpose of thiditerature review is toprovide the background literature in the
relevant areas to this study. This section has been divided into two main sections; the
first half is concerned with running performance, with particular attention to how
changes in footwear and the adoption of gegtraining elements can influence
running economy. The remaining half of the section will consider running related
injury, with respect to the current rate of injuries experienced today, the kinetic and
kinematic factors associated with injury, and howetlise of footwear and gait

retraining can influence these factors.

2.1 Factors Related to Performance in Endurance Running

Endurance running, characterised by any event above 5,00(ie been strongly
associated withaerobic metabolisnfNoakes, 1988)n addition, when considering the
SP2tdziA2y I NB GKS2NEB GKFG SENXI& OoALISRIET |
Kdzy1¢ O6[ASOSNXIYS HAnmMHOI AlG KlFa 0SSy 4&dz
conducted at very low velocities (Hatala et 2013) and therefore this submaximal

G SNROoAOE AylGSyaride &aKzdzZ R o SAerbie favtdrsy SR
related to performance have beenlagded to 1) the maimal aerobic capacityof an

individual (#82may, 2) how much of this maximal capacity can be utilised for a
prolonged period of time (fractionaltilisation of tB,may, 3) the lactate threshold, and

4) the 0, cost of transporting the body at any given speed under steady state
conditions (Running ecamy - RE)Lucia et al, 2008Viidgley, McNaughton and Jones

2007). Of these,Hi.max fractionalutilisation of +f.max and REhave been considered

the strongest predictors of endurance running performanc®anielsand Daniels,

1992; Astorino, 2008;Bassettand Howley, 2000) Factors that can influence these
performance measures inale but are not limited tomuscle fibretype, mitochondrial

density, red blood cell profile, stroke volume, aerobic enzyme activity, and buffering
capacity(Astorino, 208; Coyle, 1999 as well axentral gwernor mediatedfatigue

(Noakes, Gibson and Lambg?003.

During this review, many of these factors cannot be influenced by changes in footwear

and will not be discussed further. In fact, of the determinants of endurance



performance listed above, only RE has been found to be sensitive to changes in
footwear to this date (See section 2.3Also, RE has been shown to be the most
reliable indicator of endurance performance in a similarly trained group of runners
(Lucia et al, 2006; Daniels, 1985;Hpampero et al, 199Xyrolainen, Belli and Komi
2001).1t has beersuggested thaRE may explain up to 658brace performance over
10km @B2max r=-0.12, RE r=0.8; Conlend Krahenbuhl, 1980) anevas negatively
correlated with 5km race performanda 10 athletes who improved run performance
and RE following a 9 week masive strength training programmer=0.54;
Paavolainen et al, 1999 RE has been associated with performance through
comparison between trained and untrained athletes, where trained athletes have an
improved RE and can thus operate at teeme intensi using a lowerfractional
utilisation of£f,max(Astorino, 2008)Chronic changes to botf,maxand RE have been
observed with endurance training, however elite male and femalee&tis| were not
found to improvetfmaxOver three years desg@ improvements in performance. This
improvement in performance wagrimarily attributed to improvements inRE (Arrese

et al, 2005) Finally, abetter RE andractional utilisation oftf.max Was observed in
African elite runners versus elite Caucasiannens which was suggested to explain
the African dominance of endurance runninygston, Mbambo and Myburgi2000).

These factors combined suggest a strong relationship between RE and performance.

Running economyrepresents a feasible and stable measure for determining the
metabolic cost associated with exercise, since 1) the steady state measurement does
not take into account contribution from anaerobic metabolism that could influence the
0, cost of the exerciseand 2) daily variation in RE has been found to be very stable in
moderate and weltrained endurance athletes (less than @lkgmin® variation;
Williams, Krahenbuhl and Morgan, 199%aunders et al, 2004aJ.here are several
important factors that showl be controlled when examining RE, these include but are
not limited to; time of day, day of the week,fatigue, training status, treadmill
accommodation running surface, gender, age, temperature, nutritional statasd
footwear Saunders et al, 2004Williams, Krahenbuhl and Morgan, 199%organ,
Martin and Krahenbuhl, 1989

The magnitude of any change in RE has also been specifically related to performance,

with a 5% improvementeported torelate to a 3.8% increase in run performance (Di
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Prampero etal, 198), however he smallest worthwhile change has been suggested to

be 2.4% (Saunders et al, 2@)4 Therefore, REnay be a suitable measure for
determining if footwear can influence performance in endurance runifiagy change

exceeds 24% LYRSSR GG A& FaadzYSR GKIFG |y AYyRA
maximally taxes his/her physiological capacities, then changes that allow a runner to
use less energy at a given speed of running should prove advantageous , since they
would allow a faster pace itih the same relative effect on physiological capacities

(Williamsand Cavanagh, 198pp1239.

Factors associated with changes in RE that arete@léao the present workare
restricted to footweareffects,in this case, it igmportant to remember thatfootwear
influences seveal important parameters that mapave a measureablanfluenceon
RE.In particular running biomechaniesid neuromuscular factors such as leg stiffness,

these will be discussed in the next section.

2.2 Running Biomechanics and Rung EEonomy

wdzy yAy3a RAFTFSNBE FNRBY ¢glf1Ay3a Ay OGKIFG LI
there is nopoint of contact with the ground & (G KS NXzyy SNJ G o6 2dzyRa
(Figure 2.2a)The gaitycle begins and ends with therse footcontact with the floor.

This initial contact has been the source of much scientific interest, since the foot
ground collision has been suggested to play a roleimming related injuryLieberman

et al, 2010).Following initial contact, the leg undergo@speriod of absorption, in

which the body centre of mass (CoM) is lowered and decelerated until the leg reaches
maximal compression (mistance). The leg and hip musculature then undergo a
propulsion phase in which the CoM is pushed upwards and forwarttedsg extends

until the point that the toe leaves thground (toe-off). During the following flight

phase, the leg is brought under the hips and anteriorly to prepare once again for initial
contact Qunpuu, 1994 During this running action, the numemmumuscletendon

units of the leg are used to store elastic energy duringahsorption phase, and recoil

during the propulsion phas@.ohman et al, 2011; Alexander91). This results in a
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greater forcebeing producedand reduced expected cost of trangpavhen running
6{SS a4¢KS &A0GNBIOK aRguRIHYy Ay3I 0&0ftS SELX |

|98,
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{3 XLE0K

Double Float Double Float

Figure 2.2aThe walking (top) and running (bottom) gait cycle. During walking, one
F220 Aa Ftglrea Ay O2ydal Ot sA0GK GKS Ff 22N

Ft2L0¢ Ay 6KAOK (K 02R& A& I A

The numerous springef the lower leg (Achilles tendon, medial longitudinal arch,
illiotibial band, quadricepsfemoris) are suggested to reduce the metabolic cost of
transport by as much as 50% (Alexander, 1991)YThe2 2 NA (i& 2F (KA & a4y
is thought to be due to the foot longitudinal arch (17%; Ker et al, 1987), and the
Achilles tendon (35%; Alexander, 1991). Thusning can be consideregd be moving

along the ground in a bouncing fashion, where ereig constantly stored and
returned in the musculoskeletal systerithishas been modelled like a single linear
spring in which compression of the leg and centre of mass during the first half of
stance represents absorption of energy into the spring, amd energy is released

during the recoil and extension of the leg up until the point the body leaves the floor

(Cavagnal977; Bishop et al, 2006).
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Figure 22b. The stretch shortening cycle explained

The combination of an eccentric muscle contractimmediately followed by a concentric muscle contraction is
known as the stretcishortening cycle (SSGJan Ingen, Bobbert and Haan, 199753C muscle action has been
shown to enhance the maximum work output duginthe concentric phaseAémusserand Bomle-Pdersen
1974). The SSC utilises both the recoil of elastic tissue and reactive properties of the muscle to generate |this
increased force production when compared to a simple concentric movement (Wilk et al, 1993). When a muscle
is loaded during an eeatric muscle action, this load is transferred to the series elastic component of the
muscle tendon complex and stored as elastic energy. When this eccentric muscle action is immediately followed
by a concentric muscle action, this stored elastic energglesased causing an increase force production
(Baechle and Earle 2008; Asmussen and Bdétakrsen 1974). With regard to the reactive properties of
muscle, during an eccentric muscle action, muscle spindles, which are proprioceptive organs withirste,
detect a rapid stretch. This results in a reflexive muscle action, which causes an increase in the activity ofjthe
agonist muscle groups, increasing the force prdiducof that muscle (Wilk et al,993).

There are three distinct phases in the S$Be eccentric phase, the amortization phase and the concentric
phase. The amortization phase, also known as the coupling phase is the time delay period between the end of
the eccentric muscle action and the beginning of the concentric muscle actionmpletant features needed
for an effective SSC function include well timed-pogivation of the muscles before the eccentric phase, a short
and fast eccentric phase and aoshamortization phase (Komi andicol 2000). When there is no time delay
between eccentric and concentric muscle action, there is a greater force potentiation during the concentric
phase. When there is a longer time delay between eccentric and concentric muscle action, there is a significant
reduction in the force potentiation effectuting the concentric phase, due to energy being lost as heat. In the
context of the gait cycle in running, the amortization period has been associated with ground contact tim
Therefore it may be suggested that a shorter ground contact time during rummsng elicit a greater force
potentiation during the concentric or propulsion phase of stance (Komi, 1984). Hence, increasing the
neuromuscular control of running may exhibit a reduction in ground contact time and increase in the SCC
function. This increasim the potential for force production as well as a reduction in the contractile demand of]
the muscle resulting in greater efficiency has been correlated with running perform&upadci et al, 2009;
Divert et al, 2005b; Spurrs et a003)

@

The metaboliccost of running therefore is not only a cost of the muscular action
required to deceleratethe CoM and propel the body forwards, but is also largely
influenced by the action othe stretch shortening cycle (Sycontributing to the
mechanical energgost of this movement. This can b#luencedto a certain extent by

biomechanical factors, as discussed in the next section.

2.2.1 BiomechanicEactors Associated withugining Economy

The understanding othe relationship betweenbiomechanics and RE #ill in its
infancy, in fact a global explanation of RE may be too complex to be associated with
individual factors such as running kinematidhen consideringhe factors influencing

RE, biomechanical variables aret believed to beas considerable as p&logical
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factors (Williamsand Cavanagh, 1987Jurthermore, it has beesuggestedthat RE
may not be related to kinematic characteristied running at all (Arampatzis et al,
2006). Howevelt has also been suggested thainners optimise the running gait
based on @ consumption and not for shock attenuatiotdd@mill, Derrick and Holt,
1995 Moore, Jones and Dixo2013, and some limited correlations between running
biomechanics and RE have been observed (Saunders et alb;2Wiiams and
Cavanagh, 1987; Heiaad Martin, 2001J).

One example of how changes anning mechanics are suggested to improve RE is
through more effective use of the SSC. This storage and restitution of elastic energy is
dependent on the leg geometry durirglance, for example the leg spring mechanics
will be different with a forefoot strikgoattern than a rearfoot strike patternRerl,
Daoud and Liebermar012). The Achilles tendon is believed to recover as much as
35% of energy through elastic recoil (¥dader, 1991) that can only occur witm a
initial eccentric actionon this structure that does not occur with a rearfoot strike
pattern (Perl, Daoud and Liebermap012). This improved elastic recoil with a forefoot
strike pattern may however be at the co®f increased mechanical work as the triceps
surae attempt to control the dorsiflexion moment with eccentric contractioRe(l,

Daoud and Liebermar2012).

A comparison of athletes who exhibibetter REthan others may provide some
important information on the kinematic variables associated witmore economical
running. However, large inter and intrandividual variationreported in RE and
kinematics among runnere.@. Tung, Franz and Kran2014 has resulted in some
conflicting findings between these fators. There are numeroufactors which may
explain this variation Firstly, alower ground contact timehas been suggestetb
improve RE (Krarand Taylor, 1990Nummela, Keranen and Mikkelssd2007) as less
time is availald for force production (Kramand Taylor, 1990), and the amortization
phase of the SSC is reduced thus resulting in increased elastic energy contribution
(Nummela, Keranen and MikkelssoP007). Indeed faster runners were observed to
have a smallercontact timein an elite half maratho (Hasegawa, Yamauchi and
Kraemer 2007, and reducingcontact time with explosive training significantly
improved RE (Paavolianen et al, 1899However in an early study, Williams and

Cavanagh (1986) found that a better RE was correlated to lacaead time. Finally,
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several studies have found no relationships between REcanthct time(Kyrolainen,
Belli and Komi200% Storen, Helgerud and Hef2011).Therefore, the role of contact

time with respect to the stretch shortening action requires furti@restigation.

Second, runners with a good RE were observed to take longer strides with a more
dorsiHlexed foot strike pattern than matched runners with a RE that was worse
(Williamsand Cavanagh, 1987). This contradicts earlier workChayanagh, Pollocdnd
Landa(1977) who observed that increased stride frequency (and therefore a shorter
stride length) was correlated to better REikewise, more recent work investigating
how foot strikepatternscan influence RE has been inconclusive (Seétipg2.2), that

does not support the concept that a rearfoot strigattern is any more efficient than a
forefoot strike pattern. Also, several authors have suggested that runnerssaddfct a
stride frequency that is most economical (Hogberg, 1952; CavaaadghWilliams,

1982 Moore, Jones and Dixp2013.

To furtherconfoundmatters, a study byKyrolainen, Belli and Korf2001) found that
contact timeand stride frequency did not correlate wiRE Instead, the authors found

that increased braking forces and higher muscle activation were the only factors in
that could help explain differences in RE, but this was not conclulsivadditiona

lower vertical impact peakHz) has been correlated withmproved REelsewhere
(Williamsand Cavanagh, 198 Heiseand Martin, 200) and so both the braking force

and peak impact force may be related to Rirflainen, Belli and Kop#001; Williams

and Cavanagh, 1987; Heise and Martin, 20Bbwever, n both Kyrolainen, Belli and
Komi (2001) and Williamsand Cavanagh (1987)the authors conclude that no
predominant factors became obvious as predictors of running economy. This would
support Arampatzis et al (2006), who suggests RE is not influenced by kinematic
factors. This area demands future research comparing groups who adopt different
styles, as most research in this regard today uses deliberate changes to technique in
running and this may not be appropriate for measurhmgyv kinematics influence RE
(Williamsand Cavanagh, 1987

Other biomechanicalfactors that have been examined with regard to RE can be
observed inTable 2.2.1(Saunders et al, 2004. From this tabletiappears as though

the upper body can also influence BEd this has received very little attention in the
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literature to this date However, we have no evidence that footwear can influence arm
movemerts and therefore this factor is not considered furthek lower vertical
oscillation of the CoMwvertical osclation) (Williamsand Cavanagh, 198 Cavanagh,
Pollock and Landdl977;Saunders et al, 2004, greater trunk angleincreasedknee
flexion during stance (Williamand Cavanagh1987), lessplantarflexion at toe-off,
and increasedknee flexion Moore, Jmes and Dixon2007 may be associated with a

better RE butequire further investigatioralso.

Table 2.2.1Biomechanical factors that may influence RE. Adapted &roaview by

Saunders et aRQ04d).

Factor Description for better RE

Stride length Freely chosen over considerable traini
time

Vertical oscillation of the CoM Lower

Arm motion Not excessive

Plantarflexion at toe-off Less range of movement but great
angular velocity

Transverse plane shoulder rotation Lower

Vertical impact peakkz1) Lower

Elastic energy More effective use of SSC

It is believed thatunnersadopttheir most economical running style ewtime (Nelson
and Gregor, 1976)and so it will be important to examine how deliberate changes to

the running gait cainfluence RE in the literatur& hisis discussed ithe nextsection

2.2.2 Gait Changes and their Relationship to Running Economy

It has been suggested as early as 1952 that thessddfcted running kinematics (such

as freely chosen stride length) tise most economical for human movement and is
G2NASYSR 6A0K RStEAOSNIGS OKFy3aSa oiti2306SN
reasonable to predict that during a training programme runners use aopéthisation

process to develop movement patterrgt minimise energy cost and stresses on the
bod¢ O6[F1S FYR /F@Fyl3aKI mdbdpc> LI ycnodd ¢

that runners who attempt to deliberately manipulate the running gait could
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experience a decline in RE, and indeed this appedg the case in the literature (e.g.

Tseh, Caputo and Morgan, 2008). If deliberate changes in running technique resulted
in increases in the metabolic cost of running, then it is possible that the onset of
fatigue would occur sooner in these athletestgntially increasing the likelihood of

injury and reducing performance. One study has demonstrated negative changes to RE
with largely exaggerated changes to running technique (Tseh, Caputo and Morgan,
2008), but no studies have clearly demonstrated inya RE with any gait changes. In

'y SIENIeée aitdzReé o0& 2Aff Al Ya [litysRossidedtaly | 3K
changing one [biomechanical] variable would lead to a myriad of changes in others,
and the effects of such a change [on RE] could beedigiablé 02 Aff Al Ya
Cavanagh, 1987, pp 1244). However, there is a paucity of evidence suggesting that
changes in biomechanical variables with training have any influence on RE over time

(Lake and Cavanagh, 1996).

The popular use of gaietrainingpa¢  3Sa &dzOK & at h{ 9¢é Nz y
aaSa4a4SR gA0GK NBIFNR (2 w9z gKAOK OKI NI O
minimal ground contact time, and a picking up of the feet with no pushing forcefully
2FTF GKS Tt 22NE ¢ @pb3a).arhidmetRod BtteRpisdosieach amthietes

G2 NHzy aY2NB STFFAOASyGfteéeé o0& FLEtAy3a F2N
leg up underneath the hips. However, this intervention was found to result in a decline

in RE (Dallam et al, 2005) have no effect (Fletcher, Esau and Macintosh, 2008).

[ A1SsAES || y20St GYARAGIFYOS G2 YARadlyoO
significant effect on RE over 8 weeks (Craighead, Lehecka and King, 2014). The use of
verbal and visual feedback for gadtraining over 5 weeks was also found to have no

effect on RE (Messier and Cirillo, 1989).

As discussed in the introduction section, several simple kinematic changes that runners
NS y2¢ |R2LIWAY3a Fa | YSIya G2 Nizy avY?2
frequency and adopting a mid or forefoot strike pattern. However the impact of these

modifications to the running gait on Rie mixed,;
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2.2.2.1 Stride Frequency and Running Economy

Increasing stride frequency to +10% of safected has been found toe detrimental

to RE, but anything less than or equal to 10% has had minimal effect on metabolic cost
(Cavanagh and Williams, 1982). Stride length will also influence stride frequency, and
in one study it was suggested that a 10% reduction in stride letg#ls not change 0
consumption and heart rate when compared to the preferred rate (Hamill, Derrick and
Holt, 1995). In contrast, Connick and Li (2014) have suggested that a 2.9% decrease in
stride length was found to promote vastus lateralis and bicepsofiés preactivation

and was more economical than the freely chosen stride length (Connick and Li, 2014).
Likewise when 9 uneconomical runners underwent a 3 week biofeedback programme
to reduce stride length by 10%, a marked reduction in freely chosetleskength as

well as an improvement in RE was observed (Morgan et al, 1994). This suggests that
uneconomical runners have not adapted to their most economical running pattern and
may benefit from some kinematic intervention, although this requires further
research. Increased stride frequency has been found to increggebtdt this was not

compared to a change in RE (Giandolini et al, 2013a; Farley and Gonzales, 1996).

2.2.2.2 The Foot Strike Pattern and Running Economy

The foot striking pattern has le@ categorised into three distinct movementsa
rearfoot strike pattern in which the heel contacts the ground first, a forefoot strike
pattern in which the anterior plantar surface of the foot is the first to contact the floor,
and a midfoot strike pattar, characterised by a simultaneous contact of the heel and
forefoot at the same time, with the foot flat (Lieberman et al, 2010). Adopting a
forefoot strike pattern has been found to reduce ground contact time (Kulmala et al,
2013), and this may play a eolin improving the SSC as discussed above. Also, a
midfoot or forefoot strike pattern has been suggested to implement more elastic recoil
of the lower leg (Ardigo et al, 1995; Perl, Daoud and Lieberman, 2012). However,
making athletes adopt either a readb or forefoot strike pattern was found to have

no effect on RE (Ardigo et al, 1995; Perl, Daoud and Lieberman, 2012; Cunningham et

al, 2010; Gruber et al, 2013a). Whilst one might assume this means there is no
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difference in the energy cost of adoptingtest a rearfoot or forefoot strike pattern, it

Is important to remember that this could be interpreted as a forefoot strike pattern
being more efficient. This is because a forefoot strike pattern requires more
mechanical work than a rearfoot strike pattedoe to higher contractile activity during

the initial phase of ground contact, and so the increased metabolic cost may be
counteracted by a better SSC (Ardigo et al, 1995; Perl, Daoud and Lieberman, 2012). In
comparison, a rearfoot strike pattern uses passstructures to a higher degree in
order to decelerate the body during initial contact, and this requires less muscular
activity (Williams and Cavanagh, 1987), although potentially at the risk of higher
patellofemoral forces and loading on tHewer extemity (See section 2.83). The

lack of any difference in RE between a rearfoot and forefoot strike pattern was true for
habitual forefoot and rearfoot strikers (Perl, Daoud and Lieberman, 2012; Gruber et al,
2013a), and novice forefoot and rearfoot seikunners (Gruber, Russell and Hamill,
2009). However, one study that did not compare the same participants adopting
different foot strike patterns but instead compared a rearfoot strike pattern versus a
midfoot strike pattern in different groups, found étrearfoot striking group to be more

economical runnersdiguetaAlday et al, 2013

The understanding of how the foot strike pattern can influence RE is still in its infancy,
and if runners aim to prioritise metabolic cost or impact attenuation with saiscmus
kinematic patterns is a much debated topitargely due to the lack of studies
examining this specific questiorlardin et al (2004) found that runners adopt a more
extended knee and potentially higher impact shock in favour of a better RE when
running on a hard surface. Likewise it has been observed that runnersedett a
stride length to enhance RE rather than impact (Hamill, Derrick and Holt, 1995).
However, numerous kinematic changes have been observed with changes in footwear
and surface halness that are clearly influenced by the need to attenuate impact (see

section 27).

An important element of the running gait that needs to be considered is
neuromuscular control as this can significantly influence running kinematics and
muscular actionFor example, the storage and restitution of elastic energy will be
significantly influenced by neuromuscular control of lower body stiffness (Arampatzis

et al, 2006; Spurrs et al, 2003). This is discussed in the next section.
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2.2.3 Neuromuscular Factors A ssociated with Running Economy

Strength and endurance training combined has been found to improve RE and distance
running perbrmance, but have no effect ofif),max (Paavolainen et al, 1999a). This
change in RBEvithout subsequentimprovementsin +f,max Mmay be largely due to
improved neuromuscular factorsNummela, Keranen and Mikkelsso2007) that

result ina reduction incontact time increasedmuscle preactivation andincreases in

leg stiffness etc. (Paavolainen et al, 1999b).

Differences in neunmuscular contrbhave been observed between novice and trained
athletes in running Chapman et al, 20@. These differences relate to higher
individual and population variance in the novice group that is not observed in the
trained athletes. In additiomovice cyclists were found to display higher, longer and a
more random sequence of muscle activity when compared to trained cyclists
(Chapman et al, 2003a These differences between groups suggest that training
experience may result in improveteuromuscular control and this has been linked to
improved RE (Bonacci et al, 20@dorgan et al, 1996and control of leg stiffness
which may influence injuryButler, Crowell and Davis, 200®) addition, it has been
noted that age can also play a rale neuromuscular controlplder athletes were
found to display higher muscular activity (Madhavan et al, 2009; Hoffren, Ishikawa and
Komi, 2007), less utilisation of tendious tissue for elastic energy retiegrgmandi,
Schepens and Cavagna, 20H®ffren, Ishikawa and KomR007), and a greater delay

in closedloop feedback mechanisms (Collins et al, 1995) when compared to younger
individuals. Therefore is appears that both training status and age can influence

neuromuscular control during running.

Of paticular interest with regard to RE is lower bodiffeess Stiffnesscan be
described as the relationship between the deformation of a badg a given force
(Butler, Crowell and Dayif003) With regard to human movement, stiffness is a
combination of dl the individual stiffness values of the muscle, tendon, ligaments,
cartilage and bone (Latasind Zatsiorsky 1993). The leg, and stiffness @mmpliancé

of this structure, has traditionally been modelled on the behaviour ofirgls
mechanical springHerris, Louie and Farle$998).In order to maintain a constant

vertical position and prevent collapse during the weight bearing portion of stance
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during running, leg stiffnesfey) is optimised based on surface characteristics and
running velocity Kutunen, Komi and Kyrolaingn2002; Kerdok et al, 2002)Any
change in Kghas been related téimiting local heel pressures, attenuating impact, and
minimising metabolic cost of movemerKgng, Candelaria and Smitt009, mostly as

a result of cecontraction of the agonist/antagonist muscles of the léguitunen, Komi
and Kyrolainen 2002). There are several measuresstiffness in the lower body
(Table 2.23) and multiple ways of determining each, which has led to some degree of
variation in results irthis area Butler, Crowell and Dayi2003). For a review of
methods for determining stiffess, see Brugheland Cronin (2008). Keg has been
reported as reasonably constant duringnning irrespective of surface or footwear
but vertical stiffnesg{K.r) can be sensitive to these factoButler, Crowell and Davis
2003; Kerd& et al, 2002) This suggests that the body is sensitive to changes iacgurf
hardness and modulatestiffness to maintain an overall value that is optimal for the
task athand (lohman et al, 2011Kerdd et al, 2002). Indeed;erris, Louie and Farley
(1998) found that runners optimiseBey during the first step on a new siace to

maintain a constant legurface interactionKerris, Louie and Farle$998).

Table2.2 3. Different measures for lower body stiffness and their calculatiBotd,

Crowell and Davj2003)

Stiffness measure Method of calculation
Leg stiffness (k&) Keg="0 Aja¥0
Vertical stiffness (k) Kert =06 GjeY

Joint stiffness Kint; ankle, knee, hip) Koint =Y0 j ¥Y—

Where"0Od dhxomaximal vertical forcé/d = change in vertical leg lengthio= maximum vertical
displacement of the CoM/0 = change in joint moment, and—= change in joint anglelt s important
to differentiate between k. and K, Ker represents overall body stiffness defined by the relationship
between thevertical ground reaction force GRFrandvertical displacement of the G Keqrepresents
the stiffness of the lower extremity complefoét, ankle, knee, and hip) calculated as the ratio between
the vGRFand defomation in leg length. |£: > K.g always in running because the leg compresses more

than the CoM. They are related, but not synonymous (Lussiana20H).

With regard to REHeiseand Martin (1998) found that a decrease et Negatively
correlated with Q@ consumption (r=0.48), although the authors found no relationship

between Keg and .. Butler, Crowell and Dav{2003)identified that during running,
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increasesn lower extremity stiffiess was associated with increasesunning velocity,
decreases in stride length, and improved REutler, Crowell and Dayis2003).
Likewise, increased Ky has ben associad with improved REn a review by
Kyrolainen, Belli and Kor(2001), andlowering Ke: increased @ costs by as much as
50% inMcMabhon,Valiant and Frederick987). Highmuscleand legstiffness has been
related to increasedutilisation of the S8C in themusculetendon unit, which may
explain this relationship between increase stiffness andiyEolainen, Belli and Komi
2001; Heiseand Martin, 1998) Therefore it appears that any increase in stiffness

would be advantageous to RE.

How and why runners adopt particular kinatics is currently poorly understood, but

AG YIFe 0SS (KIFG KdzYkrya KF@S | aLINBTFSNNBR
particular movements (Nigg, 2010). Footwear has been found to influence the running
pattern and may have an effect on seHlected runing kinematics and
neuromuscular control. In addition, there are also mass and cushioning characteristics

of footwear that may influence RE. These are now discussed.

2.3 The Influence ofdotwear on Running Eonomy

CRS footwear exhibits some important differences to MFW or barefoot that can
potentially influence RE. These include the cushioned wbieh reduces the surface
hardness on which the foot interacts, and a typically higher mass than MFW or
barefoot (Figure2.3). Other factors that should be taken into account are the degree
of habituation to footwear or barefoot running, since longer term adaptations are as
yet poorly understod with changes in footwear. ially, the kinematicchanges
associated with CRSahcan hypothetically influence the potential to implement the

SSGhould be consideredrhese will be discussed in the following sections.
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and B) the Asicg / dzY d2inodél éised as the CRS in the present work. Note the

difference in mass and cushioning between these models.

2.3.1 The Influence of Surface Hardness on Running Economy

The interaction of the foot and leg with a hard or soft surface will have important
implications for RERunning economizas beerfound todeclineon softersurfacesand
improve with increased surfee stiffness (Hardin et al, 200&Royand Stefanyshyn,
2006; Kerdd et al, 2002).This effect may bénighly variable withchanges in shoe
hardness resuihgin very individual etficts on REHn a study byigg et al (2003some
runners werefound to bemore economical in soft shoes, and some in hard shoes.

Simpé changes to footwear designave been found to have an effeon RE; for
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example increases in shoe midsole stiffness was found to improve RE by 1&&n@Roy
Stefanyshyn, 2006).

The changes associated wahrfacehardness may be measured througiyl€éhanges

It seems reasonable to assume that increaseBdnwith softer footwear(Smith and
Watanatada, 2002) occur in the same manner as increases in leg stiffness ohatamp
running surfacesHerris, Louie and Farle$998; Kerdok et al, 2002). Hoves, both Keg

and Ker; Were higher in the barefoot (harder surfageondition when compared to CRS

in Divert et al (2005a)This finding of increased stiffness in tharefoot condition
when compared to CRS has beewnsistentlyreported during running Qe Wit, De
Clerq and Aerts2000; Divert et al, 20@5 Divert et al, 2008 The reason that stiffness

is higher barefoot igossiblydue to shoe compression when in CRS that will be
included in theCoM calculation Butler, Crowell and Davi2013. Siffness has been
found to decrease on a very hard surface when footwear changes are not considered
(Hardin et al 2004). Therefore, it is important to remember that most stiffness
calculations comparing barefoot/MFW to CRS includes shoe deformation and this wil

be a keyfactor in the SSC during runnifivert et al, 2005a)

Several authors have attempted to determine the joint stiffness values and their
respective changes when running in the barefamindition compared to CRSoyles et

al (2001) found thatparticipants who ran barefoot increased ankle stiffness and
decreased knee stiffness when compared to CRS. The authors noted that it was
essentially an equal trade off, where reductions in knee stiffness were matched with
similar increases in the ankle toamtain constant leg stiffness. Haimglt al (2012)

also comparedbarefoot and CRSvhere inclusion was dictated only farticipants
adopted aforefoot strike patternwhen runningbarefoot, and a rearfoot strikpattern

in CRSThe authordound that onlyan increase irankle stiffness was observed when
barefoot, with no difference in knee stiffness between the two footwear conditions in
both old and young runners. In contrast, whparticipantswere asked to adopt a
forefoot or rearfoot strikepattern in CRSa similar crossover effect was observed but
with the forefoot strike group adopting loweankle stiffness values and higher knee
stiffness Hamill, Gruber and Derrick, 201RI5ince no foot strikpattern analysis or
classification was observed inyles et al (2001), it is difficult to compare the results,

but it may be reasonable to suggest that both footwear dhd foot strike pattern
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influence stiffness.Most of these studies have calculated joint stiffness for the knee
and ankle with the same ntleods, however the ankle is very likely to both dorsiflex
and plantarflex with a rearfoot strike pattern during the first half of stance and the
methods employed may overestimate ankle stiffness with this foot strike pattern. In
contrast, a forefoot strikgpattern will only experience dorsiflexion in the first half of
stance and thus this overall change in joint angle will be higher. It may therefore be
pertinent to measure ankle stiffness from the point at which the ankle beings to
dorsiflex until midstan8 | YR ( Kdza Y S| aiff&Ss & BRI | ¥ i VYN & S
is universal to all foot striking patterna.secondlimitation to the present work is that
none of these studies examined these stiffness changes in relation toTHRE.
relationship betweernhese variables is poorly understood in runnirmg may just be
highly variable Niggand Enders, 2018 To elaborate, Arampais et al (2001) found
that forefoot strikerunning increased knee stiffness and reduced ankle stiffness, and
that the relationshp was reversed with aearfoot strike pattern. In contrast in an
earlier studyby Hamill et al (2011)the authorsnoted an increase in ankle stiffness,
and no change in knee stiffness when comparing 4/0mm drop shoes to 12/8mm and
20/16mm shoes, and suggied that the increased ankle stiffness was in order to-mid
foot strike and prevent localised heel pressures. However the same author
subsequently found a decrease in ankle stiffness with a more anterior foot strike
pattern, which contradicts their own pweous work (Hamill, Gruber and Derrick,

20120.

Regardless of how this interaction occusith changes in surface stiffngsg the
overalllower bodystiffness increases ascansequencef changes in footwear, it may

result in optimised storage anceutilisation of elastic energy. This will redutiee
mechanical work performed by the muscle apdtentially improveRE atashand
Zatsiorsky 1993; Ferris, Louie and Farle$998; Kubo et al, 2007§Mammals use the

elastic components of their legprificipally tendons, ligaments and muscles) to run
economically, whilst maintaining consistent support mechanics across various
surfaces O YSNR2]1 SG X wnanuwI LmM0Od® !'y& RSON
opportunity to implement elastic recoil degpiconcomitant increases in leg stiffness

and support mechanicd. 2 6 SGSNE |  adzNFI OS GKIiR5% t f 2 ¢

reduction in surface stiffnessvas associated witha 12% dedB | &S Ay  NHzy
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metabolic rate(Kerdok et al2002)and therefore may have contributed to the return
of elastic energy during the running actiofigain, this has not been examined as a
result of a footwear intervention, and so interactions between long term changes in

leg and joint stiffness with changesfootwear typeremainunexplored.

2.3.2. The Influence of Shoe Mass and Shoe @shioning on Running Economy

The effect of carrying various masses on the foot has been examined with regard to RE.
Once againthe current research in this area is confingiand inconclusiveSeveral
studies have concluded that for every 100g added to the foot, RE increases by 1%
(Frederick, Daniels and Hay&984; Divert et al, 200&ranz, Wierzbinski and Kram
2012) although this may represert spectrum and not definitive value with heavier
shoes resulting in greater changes to RE than lighter footweaang, Wierzbinski and
Kram 2012).Whilst it has been suggested a number of studies comparing barefoot
and CRS runningpat 100g of shoe mass adds 1% to rimgneconomy Burkett, Kohrt

and Buchbinder1985;Divertet al, 2008;Flaherty 1994;Frederick, Daniels and Hayes
1984; Hansonet al, 2011;Franz, Wierzbinski and Krar2012; Pugh, 1990few have
found a statistically significant difference in Bween these conditionslue to mass
(Burkett, Kohrt and Buchbindgt985;Divertet al, 2008 Flaherty 1994. Furthermore,

no significantdifference was observed in barefoot running compared to GRS a

shoe mass difference of150g (Divertet al, 2008), +20g (Righ, 1970), and +30g
(Frederick, Daniels and Haye$983) respectively Hanson et al(2011) did find a
significantdifference in RE for barefoand CR®unning,but the methods of this study
have beensuggested to be erroneougsulting inbarefoot runningbeing slowerthan

CRS runnin¢Kram and Franz, 2012)his is because the authors attempted to control
running velocity using a Nike+® system that ascertained this value from step
frequency, and the difference in stride length and frequency betwearefoot and
CRS running was not accounted f@inusthe 5.7% lower §cost when runningover

groundbarefootvs CRShould beinterpreted with caution

In contrast to the mastheory, barefoot running may offer no extra metabolic savings

compared to alightweight cushioned running shod-ranz, Wierzbinski and Kram
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2012; Tung, Franz and Krar@0X4)x RdzS G2 | a02adG 2F OdzaKA:;

slightly cushioned (10mm) surface ardtra-lightweight footwear. ¢ KS & 02 &
Odza KA 2 Yy A Y JRranziiie&@insi® and Rran2012) suggests that there is an
increased mechanical cost in actively attempting to attenuate impact when no
cushioning is presentlowever this was nottrue for a 20mm soft surface whichno
significantdifference in metabolic st compared to 10mm was observetiupg, Franz

and Kram 2014). This is in contrast to studies that have found a higher metabolic cost
with decreases in tr@dmill surface stiffnesdHardin et al 2004), but thistreadmill may

have had excessive damping properties that resulted in this effiedtnay need to be

controlled for Tung, Franz and Krar2014).

Current evidence appears to suggest thatyapositive RE changesvith cushioning
seems to counteracthe addtional cost of the cushioning mass. For examgle,
lightweight cushioned MFW of 210g offered-l63%metabolic savingcompared to
barefoot (Tung, Franz and Krar204), that should have resulted in an extt2.1%
metaboliccost due to mass (Divedt al, 2008). LikewiseFranz, Wierzbinski and Kram
(2012)did not find a statistically significant difference in RE cost compdramgfoot
and CR8espite a mass differencéut when mass was controlled farlightweightCRS
resulted in a 3.4% lower RErénz Wierzbinski and Kran2012).Interestingly,an early
study byWilliamsand Cavanagh{1987)alludedto the cost ofcushioning hypothesis
a 0 I Glawérdenedgy costs might be related to the cushioning that takes place
immediately following contact. Extremearfoot strikers might be able to let footwear
and [passivekkeletalstructures take more of the load, reducingcessarymuscular
forces to provide cushioniagWilliams and Canagh 1987, pd242. This model does
not howevertake into accountelastic emergy, and changes ifootwear may influence

this factor.

2.3.3 Elastic Energy Utilisation with F ootwear

In a major study comparing habitually shod vs. unshod American and Kenyan runners,
Lieberman et al (2010) hypothesised thetbituallybarefoot runners are much better
suited to use elastic recoil of the lower leg than shod runners. The research group later
confirmed this hypothesis by controllinipot strike pattern, shoe mass and stride

frequency in habitually barefoot and MFW runnersdaobserving a3% better RE in
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the habitually barefootand MFW runners compared to CR@erl, Daoud and
Lieberman 2012) It was suggested that footwear limit the ability of the longitudinal
arch to store and recoil elastic energy, as well as reducireg lstiffness and the
potential to implement the SSC via the quadriceps. Interestingly the authors found a
rearfoot strikepattern to be nonsignificantly more economical than a forefoot strike
pattern (Perl, Daoud and LiebermaB8012) This would supporthie earlier hypothesis

that the use of passive structures in decelerating the leg upon impact demands less
mechanical energy than a more active deceleration via eccentric loads in a forefoot
strike pattern. | 2 4 S@SNJ G KSNB | NB & 0AfedinranBiggSiaB & & |
should be taken into accounEor example, waring CRS has been found to reduce the
ability to sense joint position at the ankl&qguadroneand Gallozzi, 2009 which may
reduce precontraction and the activity of increing stiffness d enhance the SS
(Lussianeet al, 2013. Secondly, lgher preactivation of theplantar flexorsand the
reduction oncontact time observed when barefoot has been suggested to be an
important mechanism for improving the SSC during running (Divert et al, 2005@n

that the majority of researclexamining the effect of footwear on RE use acute studies,

it becomes very difficult tonterpret how these factors will relate to Rizer time This

is because acute changes to footwear may not identify how long term barefoot or
MFW use adapts the body to better implement the Si@G&upport of this, atudy by
Robbins and Hanna (1987) that dund a significant shortening of the medial
longitudinal arch of the foot with increased barefoot activity. This improvement in arch
function and stiffness could hypothetically influence the SSC in thetdothte elastic
energy opportunities in the mediddngitudinal arch (Ker et al, 1987%yhich will not be

observed in acute studies or novice barefoot/MFW runners.

2.3.4 Habituation to F ootwear

The degree of habituation to barefoot or MFW running is an important factor in
understanding the energy cost ofinning. In this regard, théindings of theexisting
literature is varied, with some studies usihgbituatedbarefoot or MFWparticipants
(Sjuadroneand Gallozzi, 200®erl, Daoud and Liebermaf012;Franz, Wierzbinski
and Kram 2019, some with noexperierce (Rirkett, Kohrt and Buchbinder, 1985;

Flaherty 1994; Dvert et al, 2008), and some withirregular amounts of barefoot

27



experience (nsonet al, 201]). Perhaps the most robust studiesignin this regard is

the studyPerl, Daoud and LiebermgB012), whoused experienced barefoot runners

with several controlled factorsThe authors found that irrespective of foot strike
pattern, habituated barefoot and MFW runners were more economical than
habituated CRS runnerBérl, Daoud and Lieberma012) Whilst this study is good,

does raise into question an interesting consideratitime study controlled for shoe

weight and stridefrequency, and also askegarticipants to deliberately adopt
RAFTFSNBY G F220 AGNRAR{1S LI G aSingga@ldpartl of theS @S NI
difference between footwear, and so controlling for them may take away from the
global difference between CRS and barefbt&W running. It may be feasible to
suggest thaimore studies need to examine RE without any controlfaxgors to first
determine these global effects, as they may have a more applied outcome to the
current running generationTo elaborate novice forefoot strike runners (who would
normally rearfoot strike)have been found to increase the, @ost and amountof
carbohydrate contribution to total energy expenditure when compared to a habitual
forefoot striking group (Gruber et al, 2043 Therefore, asking runners to deliberately

adopt a certain foot strikpatternYF @ G O2y Gl YAY I (Sé¢ (&d 264 S
to RE.

2.3.5 MFW Research with Regard to Running Economy

Whilst many studies have compared CRS with barefoot running, only limited research
has investigated howarious MFW can influence running econonyf&W footwear

exhibit varied designsadld SINBE Sa 2F aGYAYAYlIfAaYE |yR &
one footwear suksection necessarilylnstead these shoes should be each given

individual scrutiny and considered separately.

{ SOSNIYt &a0GdzRASa KI @S @R Rotviedr SheaxAndinkly RE & C A
in runners.Perl, Daoud and Liebermg2012) found a mean improvement in RE of
3.32% and 2.41% when rearfoot striking and forefoot striking respectively in the VFF
condition when compared to a CRS. This footwear was also examined in Squadrone
and Gallozzi (2009) and was found to be more economical than both barefoot and CRS
NHzy y Ay3as GKFEG Y& &adzLlJll2 NI GKS a02adGd 2F C
hard outsole. The shoe was also found to display some similarities to barefuunhg
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with regard to kinematics and kineticfof further detailssee section 2.8). Likewise

Perl, Daoud and LiebermdA012) suggest that improved energy storage and recoil in
the longitudinal arch of the foot during VFF running may be very similar to barefoot
running since shoe longitudinal bending stiffness is much higher in CRS tha@ @ Q a
¢tKS +CC A& lfaz2z GKS 2yfe akK2S (2 &aAryYLXe
not impeding normal barefoot movement (Squadroaed Gallozzi, 2009), potentially

making this the closest shoe available to being barefoot

With regards to othercommercially available MFWbotwear, Lussiana et aPQ13

found that RE was 1.9% better in MFW than CRS (Mérf  do¢ebl 87§ vs B33g

CR% In a further study, running in a MFW (MerréfPace Glow®) was 1.1% more
economical than a CRS, but this was fooind to besignificant CR$41 vs MFW321g

masg (Sobhani et al, 2@). When considering the difference between these studies,
thed t ¢ @vet (Sobhanietal, 2006 a | KSI @A SN alkgecSised Ky
in Lussiana et al (2013pnd therefore the mass difference to CRS was not as
substantial in Sobhani et al (201

The NikedFree (3.09 treceived attention inTung, Franz angram(2014) with regard
evaluatingthe effects of MFW orperformance The authors found naignificant
difference in metaboliccost when compared to barefoot. Likewise the ukra
lightweight NikedMayfly¢ twas found to offer no metabolic advantage over Hamd

(Franz, Wierzbinski and Kra2012). Both of these shoes afightweight (~1502509)

but offer at least 10mm of cushioning. Given that the difference in metabolic cost
should be ~1.2.5%due to massthe lack of any differenckends supporii 2 (o&tS & O
2F OdzaKA2YyAy3Aé KeLROIKSAAA 2dzif AYSR | 620S
in significantly better RE than the Nike shosarrants further investigation The

Merrell and VFF footwear both exhibit hard thin outsoles, and so it may be the case
that increases in proprioceptive feedback in these conditions mediate a greater
kinematic change (see sectior7pthat improves RE when running in these shoes. This

requires further examination.
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2.4 Conclusion z Running Economy, Biomechanics, and Footwea r

Based on the current scientific researchgtmetabolic cosbf running barefoot vs
MFW vs CRS8ppears to be highly varied. Themay be severainfluencingfactors
including shoe mass, a metabolic cost of cushioning, or implementation of the SSC
involved The lack of any consensus may be due targe degree of inter and intra
subject variation in this are@Niggand Enders 2013 Tung, Franz and KrarA014 and
suggests that the individual effects of footwear on runners is highly varidlblere

may be a metabolic cost of transport associated with shoe cushiatuegto higher
Ydzid Odzf F NJ | OGA@GAGE NBIdZANBR (2 GOdzAKAZ2YE
to barefoot, but this has not been observed in Merrell and VFF M&M general rule,

it has been suggested that thereds+1% metabolic cost for each 100g of mass added
to a shoe, but this may only be true with heavier shdeswer body stiffnesappears

to change with footweg and this may influence the E®ut has not been investigated
over afamiliarisationperiod. Popular gait changes such as increases in stride frequency
and adoption of a mid or forefoot strikgattern do not seem tanfluence REFurther,
interventions thatdeliberatelychange natural gait pamaeters can beletrimental to

RE but have not been considered over a very long habituation period (years).

2.5 Running Related I njury

Overuseinjury of the musculoskeletakystem is thought to occur when thieodily
structures areexposed to a large number of repetiéivforces such as the cyclical
action of the foot coming in contact with the ground during runnitigpes et al,
2012) Thesedorces cancause micro damage and fatigue over time, even if the forces
are well below the threshold for acute inju@idreljac,Marshall and Humg2000).In

the caseof running, ithas been suggested that 56% of recreational runners and 90% of
marathoners will sustain a nming related injury every yeaHalf of these will affect

the patellofemoraljoint (Tauntonet al, 2002) Running related injuriesave been used

to classify thancidence ofinjury rates and the exposure fojury as a result of training

hours per 1000hours) or the amount of injuries experienced per 100 runBsst et
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al, 2010) Results vary in thatérature from 30% to/9% of running related injurgeper
100 runners, and injury incidence from 7 toifuriesper 1000 hours of trainin@Buist
et al, 2010) The most common sites for injury and their prevalence have been

summarised imable 2.5a

Table 2.5. Running related injury locations and their prevalerrcsymmary of the

relevant literature.

Author(s) Description Injury Injury prevalence
Taunton et al, Retrospective 1 Patellofemoral pain Kneeg 42.1%
2002 analysis of 2002 syndrome Foot/Ankleg 16.9%
running injuries T llliotibial band Lower legg 12.8%
friction syndrome Hip/Pelvis; 10.9%
 Plantar fasciitis Achilles/Calf; 6.4%
1 Meniscal injuries
1 Tibial stress
syndrome
Buist et al, 2010 8 week prospective 30.1 injuries per
study in 629 novice 1000h of running
runners
Theisen et al, 5 month 12.1 injuries per
2013 prospective study 1000h of running

with hard and soft
midsole shoes

Bennett, Relationships Only measured 44.1% injured during :
Reinking and between plantar 4 SESNXDA &S cross country season
Rauh 2012 flexor endurance, LI Ay €

navicular drop, and

leg pain.
Hespanhol et al, Injury Knee most affected  55% of runners in the
2012 guestionnaire in region (27.3%). last 12 months

200 recreational In general main

runners reported

injuries were
tendinopathies

(17.3%),
and muscle injuries
(15.5%)

Astorino, 2008 15 crosscountry  § Shin Splints 50% of athletes in a
runners over a 1 Ankle Sprains competitive season
single season | Stress fractures

1 Groin pulls

1 Back pain
Schwellnus, Shock absorbing Over 80% of injuries ir 22.8% injured in
Jordaan and insoles (n=237) vs. the leg or knee. insoles, 31.9% injurec

Noakes 1990 controls (n=1151) Tibial stress syndrome in control group.
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Alonso et al,
2010

Van Middelkoop
et al, 2008

Knobloch et al,
2008

over 9 weeks

Injury rates at the
IAAF World

Athletics
Championships

694 male marathon
runners leading 1
into a marathon g
291 elite masters
athletes

Tonoli et al, 2010 Systematic review 1

Van Gent et al,
2007

Nielsen et al,
2014

Systematic review

1
)l
Prospective study
in 927 novice
runners

Lopes et al, 2012 Systematic Review

Daoud et al,
2012

T

l
T

6 months of injury
data in collegiate
Cross country q
runners comparing
foot strike patterns q
- retrospective

and patellofemoral
pain most common.
80% of injuries in the
lower extremityc
thigh strain was most
common (13.8%)
Knee (28.7%)
Calf (27.2%)
Thigh (15.9%)
Achilles
tendinopathies
(0.02/1000km)
Anterior knee pain
(0.01/1000km)
Shin splints
(0.01/1000km)
Achilles
tendinopathies
llliotibial band
friction syndrome
Medial Tibial stress
syndrome
Knee (7.2 50%)
Lower leg (9.0
32.2%)
Foot (5.7- 39.3%)
Upper leg (3.4
38.1%)
Ankle (3.9 16.6%)
Hip/pelvis (3.3
11.5%)

Medial Tibial Stress
Syndrome

Achilles
Tendinopathies
Plantarfasciitis
Patellofemorajpain
syndrome

Muscle strains
(21.5%)

Medial tibial stress
syndrome(13.8%)
Patellofemoral pain
syndrome(7.7%)

135.4injuries per
1000 athletes during
the event.

28%(before or during
the marathon

0.07injuries per
1000km of running.

Between 0.1 and 2.69
in long distance
runners

Lower extremity: 19.4
¢ 79.3%

Whole body: 19.4
92.4%

253 of 927 runners
sustained aunning
related injuryin 1
year (26%).

84% of runners
sustained a repetitive
injury.

running related injury
8.66 per 1000niles
with a rearfoot strike
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7 llliotibial band /
friction syndrome 5.00 per 1000 miles

(7.2%) with a nonrearfoot
1 Achilles strike pattern
tendinopathies
(6.6%)
Willems et al, 3year prospective & SESNIDA &S 11.5% injuries over
2006 study looking at f 245 SNJ f S3 thethree years (18%
gait abnormalities in women, 7% in men
Malisoux et al, A review of injury 33% of 264
2013 risk in runners who participantswere
use different pairs injured over 22
of running shoes weeks.

Despitelong termresearch being undertaken in the area of musculoskeletal injury, the
cause of many running related injuries amet fully understood The numerousisk
factors forinjury suggested in the literaturdnave been summarised imable 2.5h.

| 26 SOSNE 6KAfad AG A& FLWLINBydG GGKFG GKSN.
factors included, many of these factors, when individually analysed, are inconsistently
correlated wih injury (Murphy, Conolly and Beynnor2003: \an Gent et al, 2007
Hreljac and colleagues (2000) suggest that factors related to injury can be classified
into three areas; training (excessive distance or intensity, rapid increases in training,
surface, footwear), anatomical (arch height, ankle range of motion, alignment
abnormalities) and biomechanicd&4] loading rate, magnitude dhe vertical ground
reaction force Fz3, rearfoot contro). However the authorsolund considerable
evidence to both supgrt and dispute the majority of these factors, suggesting that no
strong evidence exists to support any of these contentions with the exception of
training volume, intensity, and rate of progression, with over 60% of running injuries
attributed to trainingerror (Hreljac, Marshall and Hum&000; Nielse et al, 2012). It
appears that the manifestation of particular injuries is a multifactorial anomaly largely
determined by a number of factors (Nielseet al, 2012), but duration, frequency or
running distane, as well as previous injury, are the main factors involvediiming

related injury(Yeung and Yeung, 2001; Van Gent et al ,2007).
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Table 2.5bFactors associated with injurg,summary of the relevant literature.

Author(s) Description Injury Factor Factors
investigated
directly?

Nigg, 2001 Proposal of a new Excessive soft tissue vibratic Yes

muscle tuning
paradigm

Zadpoorand Impact related Loading rateandnot Fz1 Meta-

Nikooyan, 2011 variables between analysis

previous stress fracture
group and control
Buist et al, 2010 8 week prospective Male Yes

study in 629 novice

runners

Van Mechelen, Review

1992

Taunton et al, Retrospective analysis
2002 of 2002 running injuries

Verrelst et al, 2013 Prospective kinematic
factors related to
exertional medial tibial

pain in 86 females ovel
2 years
Edwards et al, Determining effect of
2009 stride length and

mileage asisk factors
for stress fractures
Daoud et al, 2012 6 months of injury data
in collegiate cross
country runners
comparing foot strike
patterns- retrospective
Theisen et al, 2013 5 month prospective
study with hard and
soft midsole shoes

Hreljac, Marshall  Injury free and injury

and Hume 2000 prone groups
compared

Pohl et al, 2008 30 females with tibial

Being younger

Females with higher BMI

Less previous running
experience

Only four factors have Review
consistent evidence:

Running ingperience

Previous injury

Running to compete

Excessive distance /wk

Being less than 34 years old Yes
Less than 8.5 years of activit

BMI less than 21 in women
Increased range of Yes
movementin transverse

plane of hip and thorax in
stancephase

Increased mileage Yes
Decreased stride length by
10%

Rearfoot striking Yes
Female

Longer racealistance

Higher weekly mileage

High BMI Yes
Previous injury

Mean session intensity

(other sports participation

was a protective factor)

Poor sit and reach test Yes
Increasedoading rate
Increased~z1

Peak hip adduction Yes
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Bennett, Reinking
and Rauh 2012

Hespanholet al,
2012

Milner, Hamill and
Davis 2006

Pohl, Hamill and
Davis,2009

Schwellnus,
Jordaan and
Noakes 1990
Knapik et al, 2010

Van Middelkoop et
al, 2008

Tonoli et al, 2010

Van Gent et al,
2007

stress fracture history
compared to controls
Relationships between
plantar flexor
endurane, navicular
drop, and leg pain

Injury questionnaire in
200 recreational
runners

Female RF&articipants
comparing stress
fracture and nomstress
fracture group

Male participantswith
and without plantar
fasciitis history

Shock absorbing insole
(n=237) vs. controls
(n=1151) over Yveeks
Assigning shoes based
on foot shape in
military recruits over 1
year.

694 male marathon
runners leading into a
marathon

Systematic review

Systematic review

Absolute free moment

Rearfoot eversion

Navicular drop > 10mm (x7 Yes
more likely to experience leg
pain)

Previous leg pain (x12 more
likely to experience leg pain)
Running experience less tha Yes
5-15 years

Increasedoading rate Yes
Increased tibiashock
Highloading rate Yes

Low medial longitudinal arch

Shock absorbing insoles wer Yes
a protective factor

Low aerobic fithess Yes
Smoking

More than 6 races in 12 Yes
months

Previous injury

High education level

Daily smoking

Protective factors
<40km/week for calf, more
intervals for knee

Younger No ¢ review
Injury history

Less running experience
Strong evidence: No - review
High mileage

Previous injuries (BUT this
was a protective factor for
knee injuries)

Limited Evidence:

Older

Sex differences

Leg length differences
Height

Alcohol

Poor medical history
Greater kneevarus

Greater tuberclesulcus angle
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Yeung and Yeung, Systematic review of

2001
Chuter and Janse

de Jonge, 2012

Murphy, Conolly
and Beynnon
2003

Milner, Hamill and
Davis 2010

Milner, Hamill and
Davis 2007

Willems et al, 206

Malisoux et al,
2013

Goss andsross,
2012

interventions

Review of proximal anc

distal contributions to
injury

Review of lower
extremity risk factors

Kinematic analysis in
tibial stress fracture
and control groups
Kinematic analysis in
tibial stress fracture
and control groups

3 year prospective
study looking at gait
abnormalities

A review of injury risk
in runners who use
different pairs of
running shoes

Review of injury trends

with different running
styles

Mileage,

Frequency of training
Distance

Excessivéoot eversion (but
may be a protective factor
for stress fractures)

t 22N aO2NB¢ &
Regular ompetition

Artificial turf

Previous injury

Specific to stress fractures:
High arches

Foot inversion

Decreased bone mineral
density

Peak hip adduction peak
rearfoot eversion

Yes

Increased knee stiffness Yes

1) A central heel strike  Yes
pattern at initial
contact

2) More everted footand
lateral plantar loading
3) A higher lateral rolbff

Using only one pair of

running shoes

Previous injury

No other sports participation

Extrinsic:

Running shoe age

High volume

High frequency

High intensity

Intrinsic:

Previous injury

Being older

Increased mass

Genu valgum

Pes planus

Pes cavus

HigherFzlandloading rate

Yes
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With regard to specific populations, in the 2009 IAAF World Athletics Championships,
more than 13% of the athletes became injured within the short period of time that
they were at the competition (135.4 injuries per 1000 athletes over approx. tw
weeksy. Furthermore, nost of these injuries occurred in distance runners and multi
event athletes, with overuse being the most common caaseount formore than
44% of the injurieseported (Alonso et al, 2010)he study by Alonso et al (2010) was
based onrelite athletes, butthe injury incidencesiave been found to benuch higher

in novice and recreational runnevghen compared tacompetitive, marathon or cross
country athletes(Tonoliet al, 2010 see Figure 3;). The reduction in injury rates in
more experienced runnerbBas been suggested to Hargely as a result of necessary
adaptation to taining stimuli over timgbuthasalso6 SSy NBf | 46 SR G2 |
FAGGSAGEé .MNsSyhery &hledsyivho are not predisposed to injurgppear

to move into higher levels of running and show increased participdtitaspanhol et

al, 20R). Indeed running injury has been flouted as the biggest cause of dropout in
novice athletegHespanhol et al, 2032To syport this observationit was found that
older more experiencedhthletes were at reduced risk of receivingunning related
injury, possibly for the same reaserfTonoliet al, 2010) but this may also be due to
reductions in training volumes with agkeikewisejncreases in BMI or body malsave
been suggested to bprotective factorsfor running related injurysince it is assumed
that this population cannot/donot achieve high volumes of running related activity
(Van Gent et al, 2007)ue to anthroponetric limitations Therefore, it has been
suggested thad combination of intrinsic and extrinsic risk factoregisposes runners

to develop aunning related injuryBuist et al, 2010).
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Figure2.5. Injury incidence in various levels of running for thesnd women .

Adapted from Tonoli et al (2010).

2.6 Running Biomechanics and Running Related | njury

It is apparent in the previous section that the understandifigunning related injurys
still in its infancyand therefore not fully understoad/hilst most running injuries are
related to training error, volume and intensitygeg section 2.5)abnormalitiesin
running biomechanichas been proposetb relate to specific injurie§Gossand Gross,
2012). However very few relationships of this kind have beeonsistentlyobserved
in the literature (Novacheck, 1998).

It has been suggested that gender can influence running mechanacsexample,
during runningfemales have been found wisplay lower variability in transverse plane

hip, knee and ankle rotations and sagittal plane rotations at the anBlrrétt,
Noordegraaf and Morrison, 2008 greater hip adduction, hip internal rotation
(Chumanov, Walbcheffler and Heiderscheit, 200Berber, Davis and Williams, 2003)
higher knee abduction angles, higher hip frontal and transverse plane negative work
(Ferber, Davis and Williams, 2003), and higher gluteus maximus activity (Chumanov,

WallScheffler and Heiderscheit, 2008), than their meteinterparts Therefore any
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studies examining kinematics related to running should control for gender in order to

control for these differences.

Areviewby Hall et al (2013) suggested that the biomechanical risk factors for imury
runners fall under ketic, knematic andheuromusculafactors. Theeare discusseth

the following sections

2.6.1 Kinetic Factors and Running Related Injury

Kinetic analysis involvesvaluation of theforces and powers that cause movement,
0KS aK2g YR gKeé¢ 27F 1 AYS Dilridghdning,Khe o6& S &
comes in contact with the ground ové00 times per km, and each contact results in
impactforces acting on the bodyLieberman et al2010) This impact can be measured
using thevGRFE Of significant academic interest atbe first impact peak of the vGRF
(Fz) andthe loading rateof the VGRF (loading rate). These measures have been used
as a means to determine soft tissue loading asdociated withnjury Hreljac, 2004).
Both Fz1 andbading ratecan be observed iRigure2.6.1 The peak-z1in runners can

be 1.5 to 3.5 times body weight, and is dependent on running speed, foile st
pattern and stride lengt{Goss and Gross, 20d)2TheFzlhas been proposed to be a
significant factor in the development of rumg injuries (Hall et al, 2013)ol#ever this
may only be le case for bony injuriesMilner, Hamill and Davjs2009, as the
repetitive loading on cartilage and soft tissimve been found to bewithin an
acceptable window fosoft tissueremodelling and management (Nigg and Wakeling
2001). Also, plantar pressuresmeasurements have been used to measure direct

loading on the foband may be linked to foot ahankle injuries (Shorten, 20p2
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VGRF (BW)

0 20 40 60 80 100
% STANCE

Figure 2.6.1ThevGRF during the stance period of runneaxgressed at body weights
(BW). The Fz1 andading rateare determined in the early part of standdot listed is
the active peak (Fz2), characteridegthe second, larger peak of the vGRérapted
from Hobara et al (2012).

2.6.1.1Impact Forces
Impact forces are characterised by high frequency forces transmitted through the foot

and lower legover a &ort duration (Shorten and Mienjte2011). Thesuggestiorthat
impact is related to injury is supported by theeported lack of lower leg injuries in
cross country skiing and ice skating compared to running (Roklbihslanna, 1987).
Bony injuries are now becoming more synonymous with impettaracteristics
(Giandolini et al, 2013bincreased Fz1 arldading rateare believed to be harmful and
have been suggested as the primary etiological faétorseveral injuries including
plantar fasciitis(Pohl, Hamill and Davis, 2009atellofemoralpain (Cheung and Davis,
2011) stress fracturesMilner, Hamill and Davj2006; Crowell and Davis, 20Q14dnd
Osteoarthritis (Hreljac, 2004However, these relationships are not strong and require
further research, with perhaps the exception lofding rateand stress fracture risk
(ZadpoorandNikooyan, 2011).

Despite leading authors such as Benno Nigg questioningagssciation between
impact and injury(Nigg, 2001; Nigg, 2011; Nigg and Enders, 20th@yre is some
evidence that impact forces are a likely cause of tissue dantageexampleHreljac,

Marshall and Hum¢2000) found that injury free runners had a lower Fz1 kadling
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rate than injured rumers. Likewise,ncreased impact forces have been related to
increased injuries in femal@inners Zifchock, Davis and HamR200§. However, many

of the studies in this area aretrospectiveand there is a lack of high level prospective
data with respetto the VGRF and injuryOne important consideration for impact
during running is surface hardness, asubrting surfaces have been the attention of
much development ad research for reducing injury. Interestinghbgeak impact forces
have been found to benaintained at regular levels when running on surfaces with
different mechanical properties @ Mechelen, 1992; Kerdok et al, Z)(Niggand
Yeadon 1987), most likely due to leg stiffness adaptations to maintain thesleface
system constant (see seom 2.23 and 2.6.4. Indeed,a review by Van Mechelen
(1992) found thasurface hardness was not linked to runninguries. Whilstthis may
appear to suggest that changes in forces acting on the lower extremity will be different
with changes in shoe or surface hardness, it has been noted that runners optimise
their leg stiffness based on this hardness and therefore maintain-auggce sgtem
constant (see section 2.6.4Therefore the examination of impact forces with respect

to surface hardness may not be appropriate.

Onekinetic variable that habeen associated witthe development of stress fractures

is loading rate which are predominantly of the tibia(about 3355% of all stress
fractureg, with metatarsal stress fractures accounting for about 15(8itner, Hamill

and Davis2006 Zadpoorand Nikooyan, 2011)Furthermore runners with a history of
stress fracture or stresseactions were found to display highdéwading ratethan
controls Pavis, Milner and Hamill2004). A prospective studyby Gallant and
Pierrynowski (2014also associated injuries in female runners to higleeding rate

over a two year periodt is impor@ant to note thatsub maximal forces on bone do not
result in bone damage, and can in fact increase bone density and strength via increases
in cortical bone density, cross sectararea, and bonemarrow metabolism (Nigg
2010. However,cyclical loading ahigh rates of force development can result on
micro-cracks in the bone that will fracture given inscitint time for remodelling (Nigg,
2010 Zadpoor and Nikooyan, 2011). The ability of bone to resist this cyclical fatigue

has been found to be significiy reduced at higher loadingates. Thisvould support
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the metaanalysis of Zadpoor and Nikooyan (2011), that suggelsiading rate and

not Fz1 are rdated to stress fractures

2.6.1.2 Plantar P ressures
Plantar pressure measurements have becomerameasindy popular source of data

analysis for foot biomechanics and pathologies (Giacomozzi, 2THi$)measure can
provide detailed regional loading propertie$ the foot, andthe region of this loading
canalso influence movement of the entire lowextremity (Rosenbaum and Becker,
1997). Unnatural or localised pressures underfoot habeen related to stress
fractures, plantar fasciitis, heel spurand metatarsajia (Hennig and Milani, 1995).
Whilst the GRF is typically used as a measure of impact, this method may be insensitive
to localised forces (Miller, 1990)ndeed when comparing shoes of various midsole
hardness, there was no difference in the VGRF variables, but significant changes for
plantar pressures between footwear typesarder shoes were found to result in
reduced heel pressurevut increased forefoot loadindGross and Bunch, 1989
Hennig, Valiant and Liul996). However, Hennig and Milani (1995also found
correlations betweenheel pressures and Fz1 (r=0.52), as well as tibial acceleration
(r=0.76).In addition, pantar pressure measurements with insoles were significantly
correlated withvGRF data from a force plate, which suggest this is a valid measure of
GAYLI OlGé¢ @l 2004R $NaRycas8,the importanceof measuring plantar
pressures in injury studigs merited either to correlate with other impact data or to

determine specific foot loading profiles.

Increases in plantar pressure have been observed assalt of walking barefoot,
walking at a greater velocity (Burnfield et al, 200fgtigue following a marathon
(Nagel et al, 2008)in rigid high arched feet (Chuckpaiwong et al, 2Q0Bjt not
following a submaximal 10km run (Alfuth and Rosenbaum, 20ddreasesn pressure

as a result of barefoot activity haveeen related to a reduction in the contact suréac
area (Burnfield et al, 2004). Treadmill running has been associated with lower plantar
pressures and forces than overground running, and this has imptoirtgslications for
dictating results from treadmill research (Hong et al, 201&fortune et al, 1994Hong

et al (2012)lso found that grass antbncreterunning resulted in comparable plantar

values
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2.6.1.3 Does Impact Cause hjury?
A novel paradignior injury has been presented by Nigg (20@1i)which the author

qguestions the association between impact and injufihis comprehensive review
noted that running injures did not decline when running on softer versus harder
running surfaces, and even swgied that in one casgarticipants with a higher
loading rateexperienced less injuries than those with a lm&ding rate(Nigg, 1997)
Nigg (2001) suggested that impact forces may be important for bony development.
There is a med for higher bone loading wrder to maintain or improve bone masgor
example the frequency of loads may be important to influence a stress respat®se;

1Hz signal was not sufficient to maintain bone mass over -aveek period, but
loading experiened at15Hz resulted in substantial new bomevelopment(Nigg,
2001) Increases in bone mass could be explained te8B® by theloading rate
applied; suggesting that impact stimuli can improve bone integrity and tioatall
impact related behaviour should be seen in a negative fasfiidgg 2001) Also, the
impact peak is actually-8 times smaller than the active peak, and thus impact forces
may not be a large factor in runninigpjuries, as opposed to the larger forces
experienced during the active phase of running on internal joint struct(i¥egy 2001,

Nigg andWakeling 2001; Niggand Enders, 2013)Whilst theimpact periodof stance

can expose the passive structures to high forces, the period is relatively short and the
forces acting interally during the remaining6%o0f stance are actually much higher
Thismay cause moreoft tissue damage, in contragt bony injuries observed ithe
WO2ftAaAr2yé LIS NAeekR199B;Miggdnp. yh@ss regand2itdas béen
suggested thapeak forces on the Achilles tendon complex do not occur during the
initial contact but during mido late stance where the powerful contraction ofeth
gastrocnemius applies active tensile forces on the ten{fdiyg, 201D Thus, active
and not passive forces are much higher for soft tissue compartments and may be
large cause of injury (Novaebtk, 1998; Nigg201Q. Finally,it has been suggested
thata SEOSaaA@Sé AYLI OG A& y2iGd +y Aya2daNE NB
impact forces well below any dangerous threshdlistead the cyclical loading at a

high frequency with insufficient recovery periods is more important, which would
expain the high relationship of volume and frequency of training with injury (Nigg
2010.
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The lack of understandinigr the biomechanical mechanisms associated withning

related injuryremains unclearwith no single biomechanical variable identifiecthwi

strong consistent evidence for prediction afnning related injury(Tam et al, 2013).
However, the relationship between impact and injury is not +exmstent with several

I dZGK2NBQ ARSYGAFeAy3d FIOG2NR &adzOKnghra f 21
association with injury in runners. In a review by Hreljac (2005) it was observed that at
least four published studies have linked higher vertical forces to injured runners
compared to nornjured runners (Hreljac, 2004 addition to kinetic force acting on

the body, it has been suggested that abnormal kinematics may predispose a runner to

injury and this is discussed in the next section.

2.6.2 Kinematic Factors and Running Related Injury

Kinematic analysis considers the description of movement and does not take into
account the forces that cause the movement (Novacheck, 19BBgre is limited
evidence for any kinematic factors being related to injudyrectly; however
consideration shoulde given tathe influence of kinematics on kinetic factors, such as
an increase in stride frequency resafj in reduced vGRF for example (Hobara et al
2012. With respect to running many of these changes are related to gmiameters

that have been intienced and studied in the literature and these will be examined in

this section.

2.6.2.1 Gait Changes and their Relationship to Running Related Injury
Making changes to running technique (gagtraining) has become a popular

intervention for runners attenpting to reduce the risk of receiving a running related
Ay2dzNESX GAGK YIye LINPINFYYSE £2DNINWARY T
inspired by barefoot movement) as part of this retraining (Gouttebarge and Boschman,
2013; Lieberman, 2012; Goss anb$3, 2012b). Whilst there is insufficient evidence
GKFG Fye ayl GdzNF f  NHzy y-retsaidigg can $eOuce/thelirisk®® 2 N
running related injury(Gouttebarge and Boschman, 2013; Goss and Gross, 2012b;
Crowell and Davis, 2011), there argrsficant changes to kinetics and kinematics that

may have some influence on injury risk. These should be examined in light of the
mechanics associated with injury discussed above. Crowell and Davis (2011) identify an
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important point in that any running thnique changes will have no meaning unless
they persist beyond the intervention or training sessions. The retention of the motor
skill indicates learning and the potential for long term adoption, but based on a
thorough review of the scientific literaturet is evident that the understanding of long
term changes to motor skills lacks methodological guidance and will change with each
specific skill being undertaken. Also, very few retraining studies have investigated
retention as part of their methodologyCrowell and Davis, 2011). One potential
method for increasing retention is a graded feedback method, in which participants
learn to rely on internal queues with less feedback provided each week. This approach
was used in a study by Crowell and Davis (20lbwever, the majority of runners do

not have a personal coach or access to this kind of expertise deéiback, and so

this may not apply to the general population. This population may only be provided a
once off tutorial before attempting to incorpate long term changes. This in itself is

an important consideration, as these are the runners that may be more susceptible to

injury.

Gaitretraining can be broken down into simple popular kinematic changes such as
increased stride frequency or changedaot strike patterns, as well as gagtraining

GLI O1F3Saé¢ &dzOK a4 ath{9¢ 2NJ G/ KA¢ Nizyy
YSOKIFYyAOa (2 | Y2 NEBetrdginfhy badzido been imjletent8dNiy @ D
athletes with specific injuries who uselA 2 FSSRolF O] (G2 G O2NNBOI
movements. It is important to remember that kinematic changes to gait are largely
interrelated, for example a forefoot strike pattern will result in an increased
plantarflexion angle, reduced horizontal distarfcem foot contact to CoM, increased

stride frequency, decreased stride length, increased knee flexion, and higher triceps
suraeactivation (Rothschild, 2012b). Therefore whilst these factors can be considered
individually they are very likely to influencene another. The various popular

interventions are discussed below.
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2.6.2.2 Stride Frequency and Running Related Injury
Perhaps one of the most common acute interventions in runners is an increased stride

frequency (Heidersheit et al, 2011; Hobara et al, 2012; Lenhart et al, 2014; Burkett,
Kohrt and Buchbinder, 1985). Increasing stride frequency has been suggested to
reduce the impact forces on the musculoskeletal system (Burkett, Kohrt and
Buchbinder, 1985). However increasing stride frequency will increase the accumulated
load due to more ground contacts per unit time which may be a secondary injury
mechanism (Hall et aR013). It has been suggested that the reduction in impact
variables associated with increases in stride frequency are; 1) changes in the foot
striking pattern, since an increased stride frequency will reduce step length and result
in a flatter foot placemat; 2) a change in joint angles at initial contact, such as
increased knee flexion that will reduce the effective mass of these segments; or 3) a
reduction in the perpendicular distance of foot contact to the CoM, as a result of the
reduced step length htat may reduce braking forces and the moment arm of the vGRF

relative to the hip and knee (Hobara et al, 2012).

It would appear as though a reduction in loading variables with increases in stride
frequency is consistent in the literature; when frequencgswincreased to 18085

steps per minute, there was a reduction in the peak VGRF, a decrease in joint
moments, and a reduced ground contact time (Heidersheit et al, 2011). Also, tibial
acceleration was reduced when patrticipants ran at +20% stride frequéntynot at
+10% (Hamill, Derrick and Holt, 1995). Similarly, Hobara et al (2012) identified through
regression analysis that the Fz1 and loading rate during running is minimal at 117
118% of selbelected stride frequency. Schubert, Kempf and Heiders¢B6i3) in a
review identified a reduction in peak VGRF, vertical oscillation, and tibial accelerations
with increases in stride frequency. Increases in stride frequency will also reduce stride
length, reducing the distance from the CoM to the point obtfeontact, and this can
reduce levers and internal forces acting on joints during running (Nigg and Enders,
2013).

A simulation study found that the risk of tibial stress fracture increased with running
mileage, but a +10% stride frequency can signifigargduce this risk (Edwards et al,
2009). This result rejected the hypothesis that increases in stride frequency would

increase impacts per unit time potentially increasing the risk of developing a running

46



related injury. This was however a simulation rebdnd requires further examination

in vivo.

Lenhart et al (2014) recently compared leg internal muscle forces and joint loads
during 90, 100, and 110% preferred step rate, the authors found that adopting a 110%
stride frequency reduced peak patellofemobnaint forces by 14%, as a result of a
reduction in peak stance knee flexion. Likewise a +10% stride frequency was found to
increase energy absorption at the knee and hip (Heiderscheit et al, 2011). Hip, knee,
and ankle extensor forces, as well as hipwatobn force was also significantly lower at

the higher stride rate (Lenhart et al, 2014). Muscle activation patterns have been
found to increase in late swing with a higher stride frequency, suggesting an actively
induced muscle contraction sequence tary the foot back under the centre of mass
with higher step frequencies (Chumanov et al, 2012). This strategy also increases
activation of gluteus Maximus and Medius that may be important for treatment of
anterior knee pain (Chumanov et al, 201Zhis setion highlights the potential for
increases in stride frequency to influence loading of the lower extremity and this

should be examined witlespectto changes related to footwear.

2.6.2.3 Foot Strike Patterns and Running Related Injury
The landing patternduring running has been the subject of much debate in the

literature with regards to injury. The foot strike pattern is dependent on multiple
factors not limited to footwear type, surface hardness, velocity, wielividual subject

variation (Nigg and Eiers, 2013), and environmental habituation (Lieberman et al,
HAMHO® ¢KS YIFI22NAGe 2F (2RI &Qa aK2R SyRdz
a rearfoot strike pattern during running (75%Hasegawa, Yamauchi and Kraemer,
2007; 89% Larson et al, 201198%- Bertelsen et al, 2012; 95%De Almeida et al,

2014), and so most data on injury rates in runners should take this into account. This is
particularly relevant since the vast majority or runners today wear CRS. Before
examining how changes in foot e pattern can influence injury in runners, one must

first understand why different foot strike patterns occur;

The foot striking pattern has been found to be influenced by a number of factors

including;
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1) Running velocityg There appears to be a higher prevalence of forefoot or

midfoot strikers in faster runners (Hasegawa, Yamauchi and Kraemer, 2007,
Kasmer et al, 2013; McCallion et al, 2014).

2) Shoe/surface hardnessHarder surfaces have been found to result in runners

adapting their foot strike pattern to a higher prevalence of mid or forefoot
striking compared to a soft surface (Gruber et al, 2013b). This may be a means to
reduce localised pressures as the heel in order to prevent direct impact to the
calcaneus and ace high localised pressures in this area (De Wit, De Clerq and
Aerts, 2000; Hennig and Milani, 1995; Squadrone and Gallozzi, 2009; Hennig,
Valiant and Liu, 1996) or to change the leg geometry to attenuate higher impact
transients observed with a rearfostrike pattern on hard surfaces (Lieberman et

al, 2010).

Examples of this effect are clear when barefoot and CRS running are compared.
Barefoot runners have been found to rearfoot strike on a soft surface and adopt
a forefoot strike pattern on a hard sade (Hamill et al 2011b; Gruber et al,
2013b). The reason runners may adopt a rearfoot strike pattern on soft surfaces
may be to reduce metabolic cost as discussed earlier (see section 2.2.2.2).
Likewise a different group of runners did not change theat fetrike pattern on

a harder surface when in CRS, but consistently adopted a forefoot strike pattern
when barefoot (Hamill et al, 2011a). The same was apparent in Kurz and Stergiou
(2004), in which all shod rearfoot striking participants adopted a foreftake

pattern when barefoot on a hard surface.

It is important to note that whilst most runners will adopt a mid or forefoot
strike pattern when barefoot on a hard surface, this does not happen as a rule
and often runners will continue to rearfoot stakon hard surfaces (Lieberman et
al, 2010; Williams et al, 2012). If runners do not adopt a-rearfoot strike
pattern when barefoot or in MFW they may experience higher impact forces
(Lieberman et al, 2010). Several authors have found runners to nogehteir

foot striking pattern when running in MFW. Willson et al (2014) found only 3
participants changed their foot strike pattern to a nogarfoot strike following a

two week training period in MFW. The majority of participants (14 out of 17)
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simply ket the same foot strike pattern as observed at fiests (rearfoot strike
pattern = 71%) which was similar to those reported in McCarthy et al (2013).
Researchers have suggested that pervious shod running experience was the
primary determinant of the foostriking pattern (Willson et al, 2014) since this
pattern may be a learned effect engrained in the neuromuscular system over
years of running activity (Sinnatamby, 2011). In a study by Lieberman et al
(2010), 12% of habitual barefoot runners from Kenyaevésund to adopt a
rearfoot strike pattern in Lieberman et al (2010) and 33% habitually shod
participants were found to display a nagarfoot strike pattern when running
barefoot for the first time (Cheung, 2013). Likewise, 77% of runners adopted
their shod rearfoot strike pattern to a nonearfoot strike when running barefoot

in Nunns et al (2013) and 100% did so in Hein and Grau (2014). In a review, Hall
et al (2013) found varied responses to changes in foot strike patterns between
barefoot and CRS ruimg, and this factor seems to be largely determined by
habituation to the footwear condition prior to testinghat remains to be

examined in depth.

3) Long term environmental factorsLieberman et al (2010) found a significantly

greater prevalence of f@éfoot striking in a group of habitual barefoot Kenyans
when compared to habitually shod matched runners. The authors suggested that
this presented a chronic tactic for reducing impact forces that is characterised by
experience running barefoot over a numbaf years (Lieberman et al, 2010). This
history of running activity may be an important mediator in selection of a foot
strike pattern due to surface and footwear. This may be true in running
populations, however Hatala et al (2013) investigated a habytubarefoot
Daasanach tribe in Kenya who are not known runners and observed a large
proportion of rear foot striking on a clay surface (72%). The authors did note
however that their running velocity was much slower than that of Lieberman et
al (2010). Tt higher velocity in Lieberman et al (2010) may have influenced the
results, resulting in a higher prevalence of forefoot striking (Hasegawa, Yamauchi

and Kraemer, 2007).
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Different foot strike patterns have been suggested to load the lower body joints in

different ways, and may not always be a positive change to kinematics (Lieberman et
al, 2010; Kirby and McDermott, 1983; Almonroeder, Willson and Kernozek, 2013;
Kulmala et al, 2013). One must consider the impact forces acting on the body but also

the internal joint forces with changes in the foot strike pattern.

Impact Forces and the Foot Strike Pattern

Changes in the foot strike pattern have been recognised as an important factor in the
attenuation of the Fz1 and loading rate during foot contact with fleor. This is
because a forefoot strike pattern will reduce effective mass and lengthen the time it
takes to decelerate the body to zero by increased ankle excursion (Nigg, 2010). Indeed,
much of the research looking at vVGRF variables has confirmedh#osyt Adopting a
forefoot or mid foot strike pattern has been found to decrease the Fzl, as well as
loading rate by between 133% (Lieberman et al, 2010; Divert et al, 2005b; De Wit, De
Clerg and Aerts, 2000). Likewise Fz1 was found to be 26% lowelpaathdg rate was

47% lower when adopting a forefoot strike pattern in Kulmala et al (2013). In some
cases, a nomearfoot strike pattern has also resulted in the complete absence of an
impact peak (Altman and Davis, 2011a; Dickinson et al, 1985; Liebetan2010;
Giandolini et al, 2013a; Nilsson and Thorstensson, 1989; Cavanagh and Lafortune,
1980). However for the many participants that do not adopt a forefoot or midfoot
strike pattern with changes in shoe or surface hardness, a significant increase i
loading rate can occur, particularly when barefoot or in MFW (Willson et al, 2014; Shih,
Lin and Shiang, 2013; De Wit, De Clerq and Aerts, 2000). This has been illustrated in
Figure 26.2.3 How the impact forces are changed with respect to familiarigato
footwear remains to be determined and will be an important element of this research

project.
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Figure 26.2.3. The vertical ground reaction force when adopting a rearfoot strike
pattern with the foot bare, and the foot shod. Adapted from De Wit(Derg and Aerts
(2000).

Internal Forces and the Foot Strike Pattern.

It is important to remember that any changes to running technique will result in a shift
of internal loads to different structures that may present a risk for injury (Nigg, 2010).
For example, internal ankle joint forces remain the same in both a forefoot and
rearfoot strike pattern (3.0BWSs), but there is an increasethillestendon force with a
forefoot strike pattern (+2.5BWs), and increased tibialis anterior force with a rearfoot
strike pattern (+1.5BWs; Nigg, 2010).

It would appear as though adopting a rearfoot strike pattern can have implications for
increased risk of knee injuries, and adopting a forefoot strike pattern can potentially
increase the risk of ankle anichillestendon injuries; A rearfoot strike pattern has
been found to increase knee external work (Arendse et al, 2004), patellofemoral and
tibio-femoral compressive forces (Kerrigan et al, 2009; Braunstein et al, 2010),
patellofemoral stress and knee frontal planeoments (Kulmala et al, 2013). Arendse

et al (2004) also demonstrated that a forefoot strike pattern resulted in lower
eccentric quadriceps work during the braking phase compared to a rearfoot strike
pattern, suggesting that a rearfoot strike pattern is atgntially dangerous movement

for knee load. In contrast, a forefoot strike pattern has been suggested to increase the
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plantar-flexor moment and Achilles tendon load and may predispose forefoot strike
runners to Achilles tendinopathies (Kirby and McDerm&883; Almonroeder, Willson

and Kernozek, 2013; Kulmala et al, 2013). Almonroeder, Willson and Kernozek (2013)
examined Achilles tendon load during running with the adoption of a forefoot and
rearfoot strike pattern and found that there was a 15% increasé\chilles tendon
f2FRAY3I NIGST wmm: IAINBFGIGSNI ! OKAffSa GSyR?2
each mile ran when adopting a forefoot strike pattern in the bare feet compared to a
rearfoot strike pattern (Almonroeder, Willson and Kernozek, 20EH&hough these
differences were not statistically significant. In further support of this notion, Kulmala
et al (2013) found increased ankle plantar flexor and Achilles tendon loading in an
experienced forefoot striking group when compared to an expexeh rearfoot

striking group (Kulmala et al, 2013).

To further elaborate, Shih, Lin and Shiang (2013) observed a higher degree- of pre
activation and stance phase activity of gastrocnemius when runners adopted a FFS
irrespective of whether the runners werghod or in their bare feet, that suggests
higher mechanical work on this muscle group. This could be considered beneficial in
the long term due to higher muscukkeletal strength, but dangerous in the short
term (Shih, Lin and Shiang, 2013). As a furtise, outside of considerations for the
knee and ankle, arch strain was higher with a forefoot strike pattern than a rearfoot
strike pattern when barefoot (Perl, Daoud and Lieberman, 2012), and this may have
implications for foot injuries during any tratish to a forefoot strike pattern in
runners. However to date this relationship has not been examined in the scientific

literature.

¢CKS a¢2S {GNAR1S¢ tFGOGSNYsT | C2dzNIK C22i

Whilst most researchers discuss the differences in three diffetgpes of foot strike
pattern (rearfoot, midfoot, forefoot), there is also a distinct fourth strike type, the toe
strike pattern, in which runners heels do not contact the ground following initial
contact on the forefoot (Nunns et al, 2013). This stybswlso described in Lieberman
(2012) but has yet to receive significant attention in the literature. A recent large
military study (n=1065) examined foot strike pattern type in habitually shod runners
when running barefoot and clearly identified these falifferent strike patterns. The
groups where then randomly balanced to have the same numbers in each before the
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researchers examined kinematic and kinetic parameters (Nunns et al, 2013). There was
a significantly higher plantar flexor moment observed @e tstrike pattern group
compared to all others, which gives credibility to the suggestion that a toe strike
pattern is important to differentiate from a forefoot strike pattern. As one might
expect, significantly higher regional pressures were observetiarfirst and second
metatarsal heads during a forefoot and toe strike pattern, with higher heel pressures
in the rearfoot strike group compared to the other strike pattern types. The reason
that the toe strike pattern may not be considered in many otheidges is the rarity of

this occurring (Daoud et al, 2012). It is also possible that some runners adopt an
asymmetrical foot strike pattern, which has been observed in 1.8% of novice male

runners (Bertelsen et al, 2013).

The Foot Strike Pattern and RungifRelated Injury

Whilst several authors have suggested that the change into a forefoot strike pattern
can increase joint forces (sedove, Daoud et al (2012) did not find any increase in
Achilles tendinopathies, foot pain or metatarsal stress fractunesallegiate distance
runners who ran with a forefoot strike pattern when compared to rearfoot striking
GSFYYIGSad ¢KS |dziK2NERE RAR K2gSOSNJ FAYR
rearfoot strike pattern group (Daoud et al, 2012). In fact, the adoptibma dorefoot

strike pattern in cross country runners during a competitive season was found to
significantly reduce injury risk as much as 2.5 times (Daoud et al, 2012), and
significantly reduce the risk of developing a running related injury in a sepsarady

(Goss and Gross, 2012a). Likewise, adopting a forefoot strike pattern has resulted in
decreased anterior compartment pressures when compared to a rearfoot strike
pattern (Diebal et al, 2012). In this study, forefoot strike running dramatically retluce
pain and disability associated with chronic exertional compartment syndrome. The
authors used a six week training period of adopting a forefoot strike pattern and
observed reduced impact kinetics, increased running distance (by over 300%), reduced
pain and most significantly, they prevented all of the participants receiving a surgical
intervention for the injury. Clearly in this case, anterior lower leg injuries will benefit
significantly from this type of intervention. It is also worth noting that whitsist
studies suggest a forefoot strike increases the plantar flexor moment and Achilles

tendon loads (Kirby and McDermott, 1983; Almonroeder, Willson and Kernozek, 2013;

53



Kulmala et al, 2013), no prospective studies have identified an increase in Achilles

tendon or tricepssuraeinjuries as a result of this modification.

2.6.3 Gait-retraining Models

One populargaiNB G N} AyAy3d YSGiK2R A& a4t 2 asidfootNdzy y A
to forefoot strike pattern, minimal ground contact time, and a pickingotiphe feet

with no pushing forcefully offtheflobr 6 D2ad& | YR DNRAAZI HAMHOZ
has been found to increase stride frequency and knee flexion at initial contact, as well

as reduce stride length, knee eccentric work, vertical osciflatggound contact time,

YR K2NARIT 2y Gttt RAAGEFYOS FTNRY GKS /2a G2
AONARAY3IEO o5FtflFY SG FEX wnnpT CfSGHOKS
HannOoOd® [2FRAY3 NFXrdS FyR CI wnnib@iNG&ventidna 2 N
(Arendse et al, 2004) However the same intervention was found to increase eccentric

work at the ankle (Dallam et al, 2005).

{AYAEFN) G2 at2aSé¢ wdzyyAy3ar a/ KAEé NHzyy Ay 3
6 Ay O2 NLa2 midfobtistyikd pattern, a forward lean and shorter more relaxed
stides T D2a44d8 YR DNRA& HAMHOZX LIJ cov Aa |If
intervention was compared to a normal group of rearfoot striking runners by Goss and
Gross (2013). Again, strideefuency was found to increase (180 in the RFS group vs.
185 in Chi runners), as was the degree of plafi&don at initial contact. With regard

to impact characteristics, braking forces (the horizontal component) and loading rate
were found to be lower@2% and 37% respectively) in the Chi running group. Joint
g2N)] o6& Itftaz2 SEFYAYSRTI FyR (GKS &/ KA
eccentric work but an increase in ankle negative work compared to the control. Thus,
this method of gait reraining may educe load in the quadriceps and tibialis anterior,

but increase the workload of the tricegsirae(Goss and Gross, 2013). However, whilst
0KSaS OKlIy3aSa ¢gA0K 020K aGt2aSé¢ |yR &/ KAE
injury, there is as yet no strorggientific evidence that this is the case (Goss and Gross,

2012D).

Other methods have been adopted in the researGaitretraining using a feedback
YSGK2R 2F AYAaAGNHzZOGAY3a LI NIAOALIVYGaA G2 dad
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tibial accelerationsdw with visual feedback was found to be effective at reducing
loading rate Fz1 and tibial acceleratiqrowell and Davis, 201) KA &-F &8 R &l O ¢
method (that involves runners receiving real time feedback on a specific parameter
that they are trying to change), resulted in greater independence within participants
and as a result the 4 week follow up also displayed the same reldvalees.This may

be important for future prescription of gaitetraining, modelled around creating an
environment in which theparticipant can actively work on correcting their own
technique in combination with a faded feedback method to increase retenti
Interestingly in this study, the bifeedback was found to be more successful in
reducing these loading variables than changing footwear, using orthoses or shock
absorbing insolegCrowell and Davis, 2011Yertal and visual feedback using pre
recorded instructions and visual aids was also found to be a feasible method of
influencing the running pattern, but kinetics and kinematics were not measured in this
study (Eriksson, Halvorsen and Gullstrand, 2011). Ofiit-retraining studies
specifically looking at changing parameters suspected to be relategntang related
injury can be found in Tabl2.6.3 These studies highlight the success of-getitaining

for the improvement in pain and function of specifigjuries using simple gait

retraining.
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Table 26.3. Gaitretraining interventions for treatment of specific injuries in running.

Author(s) Description Injury Kinematic change  Result
Willy, Scholz  Mirror and Patellofemoral Reduced hip Improvements
and Dauvis, verbal gait pain syndrome adduction, pelvic in pain and
2012 retrainingfor drop, hip adduction function

hip mechanics moment.

¢ 8 graded

sessions
Noehren, Real time Patelofemoral Reduced hip Improvements
Scholz and feedback for ~ pain syndrome adduction, hip in pain and
Davis, 2011  hip adductiong internal rotation, function

8 graded NB- ~20% reduction

sessions in loading rate also.
Cheung and  Modification of Patellofemoral Between 10 and Improvements
Davis, 2011  a rearfoot pain syndrome 35% reductions in  in pain and

strike to a non Fz1 and loading rate function

rearfoot strike
pattern over 8

sessions
Davis, 2005 Case studies Plantar Plantar fasciitisg All symptoms
advocating the fasciitis, reduced hip internal reduced
use of ga# batellof | rotation and
retraining to atellotemora adduction. Reduced

pain syndrome

reduce injury knee abduction.

(PFPS)
. PFPS reduction in
High tibial . .
hip internal rotation
shock

High tibial shock
reduced with
biofeedback of tibial
acceleration

A novel intervention implementing the use of a lightweight racing flat, increased stride
frequency (+10%) and a midfoot strike pattern was undertaken by Giandolini et al
(2012) in order to examine impact characteristics (loading rate, Fz1, time to Fil). On

a midfoot strike pattern and the combination of all three factors were found to
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completely eliminate the impact peak, in contrast to just the racing flat, +10% stride
FNBIljdzSyOez 2NJ 0KS LI NOAOALIYGQa y2NXIFf N
reduced in both the midfoot strike pattern and with all factors combined, but was not
significantly affected by the racing flat or the +10% stride frequency. These results
support the notion that a nomearfoot strike pattern is the most effective way of
reducing impact variables during running (Lieberman et al, 2010). However, a further
study by Giandolini (2013) implementing a low drop footwear (4mm) or a midfoot
strike pattern over three months was found to have no effect on loading rate. The
authors comrluded that the attempt to change from a rearfoot to a midfoot strike
pattern had no effect on impact characteristics, or magnitude of acceleration at the
heel, metatarsals and tibia. The low drop footwear did result in a reduction in heel
acceleration ad shock wave propagation between the heel and the tibia after three
months suggesting that a low drop shoe is more effective than attempting to midfoot
strike in this case. However, a major limitation to this study is that the participants had
limited feedback for the adoption of the midfoot strike pattern and both groups
actually retained a rearfoot strike pattern for the duration of the testing. This would

explain the differences in this study compared to their previous work.

A review by Gouttebarge andoBchman (2013) identified only seven studies that
focused on enhancement of the running technique. These studies adopted the use of
increased stride frequency, andB | N¥ 224 AGNAT1S LI GGSNyz
of running, visual feedback of tibiatcelerations, and visual and verbal feedback on
technique, as we have discussed above. However, none of these studies examined if
the relevant changes were maintained over a prolonged period of time (more than a
month). More importantly, none of these gaetraining elements have been
examined prospectively in regard to running related injury. Therefore, there is no
evidence that gaitetraining can reduce injury in runners. Gouttebarge and Boschman
(2013) also highlight potential barriers with the upgakf these methods over time,

Ay Of ditk yf Patignce, selfdiscipline, motivation, or concentration, and the
running technique being too extensive tolédarn 6 D2 dzi § S6F NBES | yR . 2
16), that need to be taken into account when considetimg long term application of

gait-retraining.
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Again, changes to the running gait are controlled by the neuromuscular system and

this should be discussed with respect to injury.

2.6.4 Neuromuscular C ontrol and Running Related Injury

Whilsta highloadingrate has been implicated ithe development obony injuries, the
understanding of soft tissue injury, or impact in genestél remains to be determined
(Nigg, 1997). It is clear from the literature review above that overuse and
biomechanical misalignmémay be important in soft tissue injury, but kegriables
related to injury in these tissuas unclear and warrants further investigatioNiggand
Wakeling (2001proposed a muscle tuning paradigm, in which soft tissue vibrations
may be involved in t®ie injury, and muscle emntraction or precontraction is a self
optimising tactic to limit soft tissue vibration during impact. Tissue vibrations have
been associated with muscle necrosis (Nig@10, but this theory lacks considerable
evidence for sdftissue injury Enders, Von Tscharner and N{@013) examined tissue
vibration properties in runners utilising different foot striatterns, and concluded
that the preferred movement pattern exhibited the lowest damping coefficient, and
that preferred movement patterns should play a much more important role in the
RSolFGS Fo2dzi ¢KIFd A& &O2NNSBOUENders, 2Wd K dzY
Tscharner and Nig@013). This is an important concept, because-@glfimisation of
biological systems could be ingendentof foot strike pattern and/or footwear, and

instead be due to neuromuscular control.

As discussed previously, an important componesit neuromuscular control is
stiffness.In contrast to the potential benefits of higher stiffness to Ry, mcreas in

fS3 adAFFySaa oAatft NBRdAzOS (GKS O2Yomding I yOS
rate and impact accelerations, due to less limb excursion and increased effective mass
(Derrick, 2004). IncreasedFz] loading rateand segmentaccelerations have been
suggested tdncrease therisk of developing a bony injure.g, Grimston et al, 1991;

Davis, Milner and HamilR004. For example, knee stiffness was found to be higher in

a group of tibial stress fractunearticipantswhen compaed to a control, and this was
believed to result in higheloading rateand tibial shock Nlilner, Hamill and Davjs

2007). High arched runners who also displayed increésgdtiffnessvere more likely

to receive bony injuries (Williams et, @009, that would support this concept. At the
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other end of the spectrum, too little stiffness wbssiblyincrease joint movements

and reduce control of the structure that may increase the chance of soft tissue injuries
(Williams, McClay and Hamill, 2001n suport of this theory, Granata, Padua and

Wilson (2002 suggested that the well documented increase in knee ligament injuries

in women correlated with a decrease in leg stiffness in this gender. Likewise, low
arched runners with lower leg stiffness sufferatbre soft tissue injuries than their

stiffer cownterparts Williams, McClay and Hamill, 2Q0Based on these findings it
appears that there may be y a2 LJGAYI f ¢ AGATFYySaéithee T (K

excessively high ndow, but this remains to be égblished.

How kinematic, kinetic and neuromuscular factors can be influenceghltyetraining
can present an interesting dataset on the running gait and injGaitretraining will

be discussed in the next section.

2.7 The Influence of Footwear on Injury and Running Biomechanics

In the 19y n Q& 1%y QA {GSOSYy w200Aya FyR KAa N
habitually barefoot populations are less likely to experience injury than shod
counterparts, based on a multitude of anecdotal persar@tespondence and reports

on habitually shod and barefoot humans in Haiti and north AmegiRabbins and

Hanna, 1987 Ly O2Yy OGN} ad>x AyeSdz2NASEA 6SNB NBELRZ2N
aK2S Y2RSt | @ ankHanm,f1897), saggeating thafigtion in modern

CRS was not a successful attempt to prevent running related injury. The authors did
not receive any communication of a high injury frequency in barefoot populatidhs
GKA& GAYSE GKS aYAYAYIfAaGe afcanScavbthd SiG
made to MFWThere are several limitations to this research that should be taken into
account, firstly the rural barefoot populations in question may not have access to
professional injury clinics and so these injuries may not be repoitbd second is the

lack of any robust academic approach to the reporting of these reduced injury rates in
barefoot populations. However this observation has recently been reported again with
GYlFye |dziK2NBR FyR Of Ay A OALI yat[ing] thaf thé fhdt NJ & A
I AfYSyGa O2vyyzyfeée &aSSy 2y (KS &aK2R LJ Lz
(Gallantand Pierrynowski, 2014, pp 217). In addition, Aibast et al (2012) found only

8% of habitually barefoot rural Kenyan runners were injuredrdpa one year follow
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up compared to 61% weight matched shod controls in the same country, and so this

early claim is not unfounded in evidence.

Robbinsand colleagues (1987, 1983989, 1993 went on to publishmore data
supportingtheir a LIt I yG I NJ aSyal iGA2yé KeLROUKSaAaz A
G0KS ySdZINBENBOSLIi2NBR 2F (GKS LI IydlF N &adzN
characterised by a reduction in feedbatlkediated impactattenuation tactics
(Robbinsand Hanna, 1987Robbins, Hama and Jones, 1988989; 1993 This plantar
sensation hypothesis is supported by the work of Magnusson et al (1990) where the
authors used hypothermia of the feet to reduce feedback of the mechanoreceptors of
the glabrous epithelium and observed incredseody sway when sensory feedback
was impaired. Thus postural control in humans is largely dictated by plantar feedback
(Magnusson et al, 1990). In addition, changes in foot sensation through direct icing
was found to significantly alter muscle firing patis and plantar pressures, which
would support this theory (Nurse and Nigg, 2001). Since the foot is the first and only
point of contact with the floor during running, its importance in the regulation of gait
cannot be ignored. Kurz and Stergiou (2003t much greater joint variability when
barefoot compared to shod, and suggested that the increased sensation when
barefoot led to more specific surface responses, greater muscle activation, and
increased reactions to surfaces when compared to the shodliton, of which only
responded to major variations (Kurz and Stergiou, 2008ny of these surface
responses have also been noted in MFW and this can be observed in TaBle 2.
K26SOSN) 0KA&a ¢gAff RSLISYR 2y GKS R&EHNES
guestion. Differences in landing strategies due to important proprioceptive feedback
when barefootand in MFWwere identified in comparison to reduced feedback in CRS,
as a result of the thick cushioned outsole (Roblzind Hanna, 1987Robbins, Hare

and Jones, 1988-iolkowski et al, 20055quadrone and Gallozzi, 2009 herefore it

could be suggested that CRS can potentially insulate sensory feedback and motor
control during running that may have a significant influence on the running pattern
and many MFW are suggested to improve this feedback thratngimer outsoles and

a more flexible design (Lussiana et al, 2013).

More recently, Lieberman (2010) characterised differences in landing strategies and

impact forces in habitually barefoot vs habitlyashod populations, and suggested that
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impact attenuation tactics were enhanced when the foot was bare. As an evolutionist,
Lieberman speculated that the bare foot provides an optimal level of sensory feedback
and landing control that is a direct result thousands of years of barefoot activity, and

that this presents a means to4atroduce more natural movement (Lieberman, 2012).
According to Gallaraind Pierrynowski (2014) there are three proposed benefits to the
barefoot running theoryl) a decreasé foot atrophy and increased foot function, 2)
AYONBIFASR LINPLINAR2OSLIGAGS FTSSRolO1Z FYR o
that in CRS. These clairhave also been proposed in MFW bodive been widely
regarded as anecdotal, and indeed much meteng evidence is required to make

any substantial conclusions. However, there are several interesting pieces of research
GKFG adzllll2 NI GKA& ol NBF220 ( KFSr2ekdngle, | Y R
barefoot and minimal footwear have been found tncrease foot muscles fictional
capacity (Robbins and Hannd987; Bruggemann et al, 2005). Also, higher arch
characteristics and foot strength was observed in habitually barefoot children vs.
weight matched controls (Aibast et al, 2012). Likewise Zipfel Berger (2007)
examined foot morphology in four human groups (skeletal habitually shod samples
from Sotho, Zulu, and European recent fhistoric samples, and habitually unshod
samples from prgastoral Holocene people or a huntgatherer lifestyle) ad
concluded the Holocene group suffered much less ostcological modification as well as
improved foot function compared to the habitually shod groups. A more recent
analysis examining habitual footwear use in barefoot Indians vs. shod Indian controls
and western shodparticipants arrived at a similar conclusiaiturrent data suggests

that footwear fails to respect natural foot shape and function and will ultimately alter
0KS Y2NLIK2f 238 YR (GKS 0A20rS®@K2deh O d 10fSXK
yMO® CAYylffes GKS LINBOIftSyOS 2F aFftld FS
2.8% in habitually barefoot children in (Rand Joseph, 1992)The second theory of
reduced proprioceptive feedback was discussed in theriptes paragraph, and with
regard to the third theory, we draw your attention to the numerous kinematic
differences observed between barefQdiFWand CRS running ifable 27.3 (section

2.7.3). However, the lack of longitudinal data observing a differeéna@nning related

injury or performance among barefooMFWand CRS runners makes this data very

difficult interpret as to what footwear (or lack of), it best adopted for long term use.
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With regard torunning related injuryaccording to Lieberman (201pp 69)dasking
whether barefoot running is more or less injurious than shod running is a naive
question given the compleryultifactorial basik T2 NJ Y2 a (i .LigbgrRan 2 F
(2012) also suggests that thebarefoot conditonA & (G KS &y dzind ani & LJ2 {
research examining differences in footwear should first attempt to accept or reject the
null hypothesis. In this regard, the evidence footwear as a protetive factor against

injuries islacking despite the numerous anecdotal marketing strategieployed by
manufacturers worldwide.This section will first examine the direct evidence for
injuries in various footwear in the literature, before identifying important kinetic and
kinematic differences between barefoot and CRS running. Finally, wexartiine the

small body of research looking specifically at MFW.

2.7.1 Injuries in Various F ootwear

2.7.1.1 Conventional running shoe design and injury
Different shoe types have traditionally been prescribed based on foot type (cushioned

stability shoes fo high arched runners, and cushioned motion control shoes for low
arched runners)(Goss and Gross, 20d)2 However the evidence that pronation
control, elevated cushioned heshoes result in a reduction eéinning related injury
has been found to lack argygnificant data in a systematic revieRi¢hards, Magin and

Callister 2009).

According to Richard, Magin and Calligt2®09), the idea of implementing shoes with

cushioning, elevation and pronation control is based on the following assumptions

1) Thatexcessive impact forces whilst running are a significant cause of injury
2) That running on a hard surface is a cause of high impact forces

3) That cushioned shoes can reduce these impact forces

4)  That cushioning itself will not cause any injury

5) That shoe elevatio will reduce Achilles tendon strain

6) That overpronation and ovessupination cause running injury

7)  That reducing pronation/supination will reduce injury risk

8) That motion control shoes effectively reduce galtar movement
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We have discussed the variousseach with regard to many of these factors in this
literature review both above and below. Many of these assumptions have been
inconclusive. Irfact strongscientific evidencesupporting many othese theoriesis
currently lacking. Indeedthe study byRichads, Magin and Callist§2009) suggests

that ¢the lack of evidence for [PCECH] use and their potential to cause injury has been
raised by several authors, including leading authorities in theéfi@®dhards, Magin

and Callister2009, p 161). To prowdsone exampls;In one well designeddouble

blind randomised control trial, no difference mnning related injurywas identified
between soft and hard (15% greater heel stiffness) midsole cushioned shoes (Theisen
et al, 2013), or between motion controstability and neural shoes when prescribing

shoes based on foot shape (Knapik et al, 2010).

It is possible that parallel use of running shoes can reduce injury risk (Malisoux et al,
2013). There is also research suggesting that cheaper, less cushiooes tay
reduce the risk of a running related injury (Robbins and Waked, 1997), and that motion
control shoes resulted in more injuries and missed training days than both a neutral
and stability shoe during a 13 week half marathon programme (Ryan et &l).201
support of this, barefoot running has been observed to reduce the eversion moment at
the ankle irrespective of foot type (Hall et al, 2013) Shoes have been suggested to
increase the amount of lateral ankle ligament injuries, due to the elevatedi@tbiat
increased the external inversion moment when compared to barefoot (Kerr et al,
HanpT 5SS 2A0GX 5SS /SN FYR !'SNIax wnann
alignment may be more important than any characteristic of shoes that attempts to
reduce inpact peaks, since most internal active forces occur late in stance and may
contribute more to injury (Nigg, 2010; Novacheck, 1998). It is important to note that

no amount of technological development or academic understanding of the nature of
running injures has resulted in a measureable decrease in running related injury, and
Fff Ay2d2NE dGKS2NASaé¢ &aKz2dzZ R LISNKIFLA o685
significant evidence to aid medical or sports professionals. Nevertheless, some authors
have attemped to link running related injury with biomechanics as discussed

previously (section 2.6).
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2.7.1.2 Injury risks comparing footwear types
To date there has beerew little research examing injury outcomes as the result of

wearing different shoes. In a recent study Ryan et al (2009) examined pain reduction in
21 participantswith plantar fasciitis over 12 weeks, and a follow up at 6 months, when
implementing a rehabilitation programme either Nikead C NJMFM) or CRS. Whilst
there was no difference in the pain outcome between eitfi@otwear at 6 months,

0 KS brket ®roup @ported significantly less pain throughout the intervention
than the CRS group. In contrast to this study, thieeldiFree 3.@ twas found to result

in more injuries than bih a CRS and VHf#tervention inRyan et al (2013 It may
appear surprising that the NikéFree twas more injurious than the ultraninimalist

VFF, but as discussed beltve NikedFree imay notoffer enough sensory feedback
through the foot to initiate some degree of impaattenuation. This sh@ has reduced
cushioning and lateral stiffnessompared to CR&at can often result in runners
YEAYOGFEAYAYy3 | G O02y @Sy (i(Bohatei fe al,aZ0PIS As NHzy v A
consequence according to Lieberman et al (2010), this Ineagt dangerous option for
runners However these researchers did not provide direct evidence of this resulting in

injury (Lieberman et al, 2010).

Research investigating injury ratan barefoot andMFW appears to be equivocal.
Barefoot andMFW runners who adopted a forefoot strikpattern were signifcantly
less likely to develop eunning related injurycompared to CRS runners in Goss and
Gross (2013). In contrast, in a sty by Grier et al (2013here was nosignificant
difference between CRS and MFW users with regard to injligyconfound matters
further, Daumer et a2014) highlighted the danger associated with the transition to
MFW or barefoot by reporting much highijuries during this transition period &ble
2.7.1). Interestinglythe authorsobserved a much lower injury risk per 10,000km of
running in experienced MFW or barefoot runners cargd to experiencedCRS
runners(Daumer et al 2014) The study byDaumer & al (2014) involved the use @t
retrospective questionnaire, but may have been biased by the questionnaire being
advertised mostly to a barefoot running foruntn addition, Salzler et al (2012)
identified 9 runners whapresented with stress fractures wiin 2.8 months of moving
into MFW. These runners had previousiyn more than 40 km per week in CRS for
more than 20 yearsvithout noticeable injury(Salzler et al, 2012Also, runners who
attempted to transitionto runningbarefoot reported with Achilles tendinopathies and
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metatarsal stress fractures in several case stsidi@authon, Langer and Conigligne
2013; Giuliani et al, 20}1as well as following a ten week VFF transition (Ridge et al,
2013)

Table 27.1. Injuriesper 10,000kn{xSDYeportedby experienced shod runners,
experienced MFW/barefoot runners, and runners attemptingdasitionto

MFW/barefoot running. Reports based on questionnaire feedback. Adapted from

Daumer et a(2014).
Injuries / 10,000km Mean (35D)
CRS 12.77 (+56.82)
MFW/Barefoot 5.63 (£22.42)
Transition phase 33.27 (£95.28)

Understanding of howbiomechanical changes with footweaan influence factors
related to injury is ongoingThese include the kinematic and kinetic factors associated
with running and have been discussed with regard to footwear in the next two

sections.

2.7.2 Kinetic Changes with F ootwear

Studies looking at impact characteristics related to footwear hagen somewhat
inconclusivein the literature Earlyin-vitro reports of shoe cushioning found that
increased shoe compliance reduced Fz1 &atling rate leading to the assumption
that shoe cushioning would reduce impact forces acting on the K&ihorten and
Mientjes, 2011; Theisen et al, 2013)owever this was notlte case within-vivo
measuresvhere the inverse effect was observ@digg, 2010Schwellnus, Jordaan and
Noakes 1990; Richards, Magin and Calliste2009; Squadronend Gallozzi, 2009;
Lohman et gl2011; Gossand Gross 2018, Aguinaldoand Mahar, 2003; Shorten,
2002. This may be due taunners adjushg lower bodystiffness and running

kinematics depending on surface hardness in order to maintain -sUgfigce system
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constant (Lohman et aP011 Nigg 200J). This was confirmed ia studyby Kong,
Candelaria and Smitf2009), in which worn shoes resulted in no difference in force
variables compared to new shoes, as a result of adaptations by the runner to maintain
the legsurface system constant as the shoe got hardémis suggests thabetter
cushioned shoes to not reduce the impacts on the body since runners will increase
stiffness on the compliant surface to counteract the shoe deformat@ixdn, Collop

and Batt 2000). Runners have also been found to adopt a more extended stride,
straighter knee and a rearfoot strikgattern at initial contactwhen in CRS (potentially

as a means to optimise economyMoore, Dixon and Jones, 2018nd this will result

in higher impact characteristics when comparedthe increased knee flexion, shorter
stride, and a norrearfoot strike pattern often observed in barefoot runnerssde
section 27.3) (Lieberman et al, 2010These changes have also been proposed to be

plantarfeedbackmediated impact attenuation behaviours (Robbarsl Hanna, 1987

Thedifferences in the running gait among individuals is highly variable howaligy (

andEnders, 2018 and this is reflected in the kinetic data available;

2.7.2.1The Fz1 andLoading Rate with Respect to Footwear
Numerous studies have examined differences in the Fz1 when comparing barefoot,

MFW and CRS running. However the results are equivocal, with studies observing
difference in the Fz1 between CRS, MFW and barefa@tndolini et al, 2013adivert

et al, 2008;De Wit, De Clerq and Aert2000; Baunstein et al 2010: Fong ah et
al,2012; 8orten, 2002), a lower Fzl in barefoddFW vs. CRS (Haneil al, 2011
Divertet al, 200%; Divert et al, 2005pSquadroneand Gallozzi, 2009; Nigg, 2010tz
Meagher, Nulty and Ho|t2011), or a higher Fz1 in bavet/MFW vs.CRS (Lussiam

al, 2014 Sinclair et al, 2013Villy and Davis, 2034 Thisvariationhas been suggested
to be either due to the methods employed for determination of Fz1, the degree of
habituation of participants in these studies (Lussianet al, 2A4), or the limited
amount of steps taken during analygBivert et al, 2005b). A limited step coumiay
have counteracted any need to attenuate impaas this may be a feedback oriented

tactic that requires a high amount of ground contafiisvert et al, 2005b).

When investigatingloading rate some studies have foundbading rate to be
signifcantly higher for barefoot/MFW v<CRS (Sinclair e, 2013;De Wit, De Clerq
and Aerts 2000; Fongran et al, 2012;Willy and Davis, 20314aquette, Zhang and
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Baumgartney 2010, but also to be lower when barefa®FW when compared to
CRSand thishas largely been related to thedoption of a norrearfoot strike pattern
(Lieberman et al, 20)0With respect to this change in foot strike patterbarefoot
running was found to reduce the Fz1l alwhding ratewhen compared to several
different shoe typs, as a result of adopting a neoearfoot strike pattern in the
barefoot condition, but a rearfoot strékpatternin CRS (Hamill et al, 201The foot
strike pattern may not be the only factor involved in reducing impact forces in running
with different footwear, aCheung (2013)oted a reducedoading ratewhen barefoot
irrespective of the foot strikgpattern adopted Therefore it ispossible that other
factors such akower bodystiffness andeggeometry are just as important as the foot
strike pattern in mediating impat during initial contactNigg, 2010Derrick 2004, but
this requires furthelinvestigation In runners that adopt a rearfoot strike patter@RS
have beenfound to reduce theoading ratedue to shoe cushioning propertigsligg
and Enders, 2013Bnce the majority of the shod populatioadopt arearfoot strike
pattern, this may have some positivenfluence on injury ratesin this population
(Shorten and Mientjes, 2011; Hreljac, 200Fong Yan eal, 2012; TenBroek et al,
2013). Howeverthis association lacks any empirical evidence for long term réoluct

of running related injuryRichards, Magin and Callist&009.

In a major review of acute research comparing barefoot and CRS ryriaiget al
(2013)found some evidence for a lower peak VGRF, lower Fz1, and a highdimg

rate when in the barefoot condition. However the authors note that there is yet only
limited evidence available in this area, and none of this research identifies changes in

these variables associated with a transition to barefoot running over time.

2.7.2.2 Plantar Pressures with Respect to Footwear
A further consideration with regard to impact kinetics is plantar pressufestwear

with varying hardness has been found to have a significant influence on foot loading
(Hennigand Milani, 1995). Likewisepbtwear with minimal cushioning properties has
been suggested to increase the likelihood of developing metatarsal stress fractures
(Giuliani et al, 201INunns, Stiles and Dixon, 20Q1%ia increased localised pressures in
the anterior plantar region as a resuwf a more anterior foot placemenand thinner

shoe (Squadrone and Gallozzi, 2009; Nunns et al, 2013). This can be a restheof

reducing the cushioning (a@onsequentlythe time to decelerate the fot velocity), or
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adopting anon-rearfoot strike pattern that will reduce contact area and localise
pressures under the bony promences of the metatarsal headsqg(#adrone and
Gallozzi, 2009Guiliani et al, 2011 Indeed minimally cushioned footwear has shown
increased pressures under the body prominences of the foot as wedisalt inmuch
higher rates of pressure development (Shorten, 2002). This significant increase in
localised plantar pressures may be more impottahan the potential 1533%
reduction in Fz1 andoading rate observed when running barefoowith a more
anterior foot strike pattern (Goss and Gross, 201Rieberman et al, 2010; Squadrone
and Gallozzi, 2009; Divert et al, 2005It is important to notehat thisdata involves a
sample from habitually shod modentlay runners, but native Indian barefoot
populations were observed to have much wider feet and more equally distributed
plantarpressuresd 5 Q! 2 dzii  SRiantar pressures wedeeryddifferant between
shod Indian controls and Western participants when compared to Indian barefoot
populations. There werareas of high and low pressures observed in shutlan
controls and Véstern participantswho were observed to have shorter, thinner feet
with focal pressure points under the heel, metatarsals and hatcomparison to the
habitually barefoot groupd 5 Q! 2 dzii S iheréfdreS thesenimjuiias delated to
higher plantar pressures may be a result of long term footwear use and reduction in
foot shape and function (Zipfeind Berger, 2007), that are realised with an attempt to

move out of CRS.

Considering these plantar pressure changes furthieanging to a nosrearfoot strike
pattern will increase the amount of time that this region of the fastunder stress, as
212 aSR (2 (KS add@ot btrik@paitSriid whishFtie $iéd imiddGE |-
and then forefoot araunder pressureThis will increase the force*timategral, which
may have some implications for stress reactions in rietatarsals (Goss and Gross,
2012a). Indeed a recent studgy Ridge et al (2013)vestigating bone marrow edema
Ay FFOKESGSa GNIyaaildazyAay dtheraythofourd@n@tQsa 2 @3S
of 16 participantshad a stress response which requiradeduction in training load,
and two participants experienced full metatarsal stress fractures during this period.
The observed increase in metatarsal pressures is potentially due to impact miogerat
behaviours under the heel (Squrmne and Gallozzi, 2®), indeed a flatter foot

placement has been significantbporrelated with maximal localised pressures under
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the heel when barefoot running (¥6.7) Oe Wit, De Clerg and Aert2000), and in
harder shoesHennig, Valiant and Lid996). The lack of proteieve properties when
running in MFW or barefoot is a stark difference to the heavily padded CRS; higher
metatarsal pressures were observedall regions of the foot in Qiand Gu (201) in
barefoot vs. CRS (FiguB7.2.2). This study identified the importance of midfoot
cushioning properties foreducing plantar pressure. Whilst treeisevidence that long

term CRS use may reduce foot structure and function as discussed, the protective
effect of CRS must be considered whan acute change in footwear is being
considered.The long term use of footwear with limited cushioning remains to be

examined in this regard.
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Figure 27.2.2. Metatarsal peak pressurdsothrecorded at thensole and outsol&vel
of a CRS usimyessire sensors andompared tabarefoot The figure demonstrates
the reduction in localised plantar pressures with a cushicheg soleAdapted from

Qiuand Gu (2011).

2.7.2.3Internal Forces and Joint Moments with Respect to Footwear
The moments and forceacting on the body has also be different with changes in

footwear; hcreased knee flexiohas beembserved when barefoot, and this has been
considered a potentialmpact attenuation tactic that will result in positive changes to

knee loadng (Braunsteinet al, 2010). Indeedrunning barefoot ghorter steps and
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shorter lever arm of the vVGRF) has been found to reduce patellofemoral joint stress,
knee jont moments (Bonacci et al, 281 Kerrigan et al, 2009; Sinclai2014;
Willwacher, Fischer and Bruggeman2013), lower peak extension and abduction
moments as well as negative work at the knee (Bonacci,e2G#; Williams et al
2012). There was also a reduction in moments and fortes hip in Kerrigan et al
(2009)and Bergmann et al (1999)owever no dference in the moments or forces at
the hip was observed iWillwacher, Fischer and Bruggema(2®13)or Bonacci et al
(2014) when comparing barefoot and CRS runnifdg contrast to this potential
reduction in knee intenal work,barefoot forefoot strikepattern running may increase
joint stress and mechanical work at the ankiig and Gutierrez, 201Zrendse et al
2004;Divert et al, 2005a; Divert et al, 2008; Bonacci et al, 20Williams et al2012;
Sinclair 2014; Willwacher, Fischer an8ruggemann 2013. The consensus in these
studies is that barefoot running can have protective properties for the knee
(potentially reducing the risk of injuries such as patellofemoral pain syndromog),
will increase demand on the tricepsurae therefore increasing the risk of Achilles
tendinopathies and aociated injuries (Daoud et al, 2QX2ivert et al, 2005a; Divert et
al, 2008; Bonacci et al, 281 However, more long term prospective studies are

required to confirm these theories.

One study has irestigated muscle activity and tibial shock during the first attempt at
barefoot running (Olin and Gutierrez, 2013). This study used habitually shod rearfoot
striking runners, who were required to implement a forced forefoot stilegtern in

the barefoot ondition, and compared to a rearfoot strikmttern when barefoot and

in CRS. Gastrocnemius activity was found to be increased in the barefoot forefoot
strike patternmodality. Knee flexion was increased, and average and peak tibial shock
was higher duringhe barefoot forefoot strikepattern as a result of the lack of
cushioning. The results suggdsat upon the first attempt at barefoot forefoot strike
pattern, there is increased muscular demand in the gastrocnemius, as well as
increased shock, both afhich will have a potential for injury until thparticipants
become accustomed to this novel activity (Olin and Gutierrez, 2013). This again
highlights the potential danger of this transition period, and why it demands further

research.
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Whilst it appearghat the evidence for reduced impact forces in difference shoes is
equivocal and required investigation during a transition to barefoot or MFW, this
section highlights a danger associated with barefoot and MFW running with regard to
higher plantar press@s. It appears that whilst CRS to not attenuate impact fonces
vivo, there is strong evidence that the cushioning properties reduce localised plantar
pressures In habitually barefoot populations this may not be an issdgfél and
Berger, 200Y, but will be an important increase in load associated with modern day
NHzy y SNRA& FOdaGSYLIWAY3I (2 AYyO2N1lLIR2NIGS acC:?
Indeed there is already evidence of an increased prevalence of stress fractures with a
reduction in footvear (Giuliani et al, 201INunns, Stiles and Dixon, 2Q1Rikewise the
transition to barefoot or MFW could potentially result in increased risk of tricepae

injuries whilst reducing the internal foes at the knee (Bonacci et al, 2[)1

2.7.3 Kinemat ic Changes with Footwear

There have been numerous kinematic differences associated with changes in footwear
that can potentially have an impact on the risk of injury in runnemng these have
been discussed in section72.Footwear has been shown to hagesignificant impact

on the running gait (Lohman et,&011; Hennig and Néini, 1995; Bishopet al, 2006;
Liebermaret al, 2010Divertet al, 2005h. The many changes between barefoot, MFW
and CRS have been summarisedatle2.7.3. It has been suggestethat the change

in kinematics when barefoot running are actively prepared in free flight, suggesting an
actively induced adaptation strategy for this conalit compared to CR®¢ Wit, De
Clerq and Aerts2000). Thisnay be as a result of necessary chesitp leg geometry in
order to counteract the reduced protective sensation of wearing stesegreviously
discussed, either for economyoore, Jones and Dixor2013, impact attenuation
(Nigg 201Q Robbinsand Hanna, 1987 or to limit localised pressuseunder the heel
when barefoot(De Wit, De Clerq and Aert2000Q. However, large individual variatio

has been observed when comparing footwear (Nigd Enders, 2013
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Table 27.3. Kinematic and spatiotemporal differences between CRS, barefoot and
MFWrunning. Based on the current literatu®iven that MFW are highly variable in

design, the model used for the study has been listed in this category.

Author(s) Variable CRS Barefoot MFW (shoe
(BF) type)

Divertet al, 2M5g Divert Stride Reduced Increased MFW > CRS

et al, 2005b;De Wit,De  Frequency (Merrel

Clerq and Aerts2000; G. F NBF2:

Lussiana et al, 20% Df 29S¢t

McCallionet al, 2014;

Bonacci et al, 203; Hall BF>MFW>CRS

et al, 2013;Squadrone (VFR

and Gallozzi, 2009Willy

and Davis, 2014 MFW=CR&\ike
GCNBS) o

Bonacci et al, 203; De Stride Length Longer Shorter CRS>MFW>BF

Wit, De Clerg and Aerts ObA1S a

2000; Squadronand odnetTo

Gallozzi, 2009%ranz,

Wierzbinski and Kram CRS = MFW

2012 ObA1S a
o ® maadVFF)

Divert et al, 2005aDivert Leg Stiffness Reduced Increased MFW > CRS

et al, 2005b;Chambonet (Merrel

al, 2014;Lussianaet al, oBarefoot

2014; De Wit, De Clerq Df 29S¢t

and Aerts 2000; Hamill et

al, 2011

Bishopet al, 2006;Hamill Ankle angle  Higher Higher MFW > CRS

et al, 2011; Gambonet  (at initial dorst plantar- (Nike & e

al, 2014;Sinclair et al contact) flexion flexion 3.6t 0

2013;Williams et al

2012;Willy and Davis, MFW=BF(VFF)

2014 Hall et al, 2013;
Squarone and Gallozzi,

2009

Bishop et al, 2006; Knee angle Decreased Increased MFW > CRS

Lieberman et al, 201De (at initial 6bA1S a

Wit, De Clerg and Aerts  contact) odnt €

2000;Willy and Davis,

2014 Hall et al, 2013 MFW=BF=CRS
(VFF)

Divert et al, 2005a; Divert Ground Higher Lower CRS>MFW>BF

et al, 2005b;Chambonet contact time (VFRand

al, 2014; Lussianeet al, custom New

2014 McCallionet al, Balance®IFW)

2014; Baunstein et aj
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2010; Sinclair et al, 2013;
Burkett, Kohrt and
Buchbinder 1985;De
Wit, De Clerqg and Aerts
2000; uadroneand
Gallozzi, 2009TenBroek
et al, 2013 Olinand
Gutierez, 2013
Chambonret al, 2014,
Hamill et al, 2012
Lussianaet al, 204;
Divert et al 2005

Divert et al, 2005a; Divert
et al, 2005b;McCallionet
al, 2014; §uadrone and
Gallozzi, 2009

Bonacci et al 2013;
Burkett, Kohrt and
Buchbinder 1985;Bishop
et al, 2006

Bonacci et al, 2013;
Williams et al] 2012;
Syuadroneand Gallozzi,
2009

Hall et al, 2013Bishopet
al, 2006;DeWit, De Clerq
and Aerts 2000; Divert et
al, 2008;Liebermanet al,
2010; Squadronend
Gallozzi, 2009; Altman
and Davis, 2011a; Hamill
et al, 2011

Hall et al, 2013De Wit,
De Clerq and Aerts2000

Hall et al, 2013

Knee
Stiffness
vertical
oscillation

Flight time

Knee
excursion

Ankle
Excursion

Foot strike
pattern

Eversion
(initial and
maximal)
Knee valgus

Higher

Higher

More

More

Varied but
a
tendency
for a RFS

Increased

increased

Lower

Lower

Less

Less

CRS>MFW=BF
(Nike o €e
3.CE ¥

MFW=BF (VFF)

CRS > MFW
(Merrel

G. I NBF2:
Df 2S¢t
MFW= CRS
(VFF)

MFW=BF=CRS
(VFh

MFW=BF {FF)

Varied but Varied

a
tendency
for a FFS

Reduced;
occurs
earlier
reduced
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2.7.4 MFW Design Considerations with R egard to Running Related I njury

Throughoutthis review we have made very littlestinction between barefoot, CRS
YR aC2 a | F2206SI N OK2A0S® Ly GKAa NEB.
observed in MFW demand individual scrutiny and cannot be considered as one large
MFW group.Likewise one must not assume that thinner footwear witluce more
sensory feedback in a similar fashionb@arefoot (Robbins and Waked, 199Robbins,
Waked and McClaran, 1993n fact, me element of footwear that has been found to
have little effect @ the running gait is thenidsole thicknessshoes with 4mm, 12mm,

and 16mm heel thickness did not influence the running pattern, but running barefoot
did (Hamill et al, 2011)in a similar study, Chambon et &0@4) found thatthe foot

strike pattern and other kinematicsdid not change from Omm to 16mm of shoe stack
height, but there were significant differences for the barefoot conditidme authors
concluded that the presence of footwear, even with a very thin upper and sole was
enough to significantlynfluence the running pattern (Chambon et al, 2014).other

shoe design that has been found to influence the running pattern is thetbealrop.

A higher heetoe drop has been found to result in a greater amount of rearfoot strikes
than zeradrop footwear (Chambon et al, 20144amillet al, 2011). In support of this
notion, footwear with a higher heettoe drop has been found to limit the ability to
adopt a nonrearfoot strike pattern (Horvais and Samozin®0L3). Thesestudies
highlight the importantdifferencebetween running barefoot vs. anype of footwear,

and also highlight the need to clarify each different MFW being investigated instead of
packaging them into one footwear type (Bonaetcal, 2013.

The main kinematic findings of studies comipg MFW to barefoot and/or CRS
runningare summarised in Tabl2.7.3 above.One example of a minimal shoe that has
not resulted inany clear differences to CR®r similarities to barefoot)s the Nike

& C NB ® (Boragtiéet al, 281Heinand Grau, 2014Willy and Davis, 201&inclaiet

al, 2013. This finding waslso mirrored in a study including several different MFW
(VFF, Ino8 ¢Evoskid T >~  brae] 3¢ YawBen compared to CRS and barefoot
(Sinclair, 2014)The VFF and Ine® shoeswere found todisplay similareductions in
patellofemoral kinetic parameters, and increasesAchilles tendon forces dmarefoot,
but the Nike free 3.0 was found to be siarn to the CRS (Sinclair, 2014).
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One shoe that has been found to have both similarities and differences to barefoot
running is the VFF. As mentioned above, Sinclair (2014) identified similarities in
patellofemoral and Achilles tendon work between the VFF and barefoot. Likewise,
McCallionet al (2014) observed a low&ontact timein VFF compared to CRS, and
Squadroneand Gallozzi (2009pund similarities to barefoot focontact time Fz1, RE,

and ankle plantaflexion angle when using the VFF footwear. In Squadrane
Gallozzi (2009) hoswer stride frequency, stride length, the centre of pressure length,
and flight timein the VFF condition more closely resembled the CRS than barefoot
Therefore, whilst the VFF has been found to have more similarities to barefoot than
perhaps any other M, they should still be considered a separate footwear condition

to barefoot.

2.7.5 The MFW Transition with Regard to Running Related Injury

To date,limited research has investigated changes in running kinetics and kinematics

as aresult of a transitonto MFW.! & | NXadzZ 6z GKSNBE Aa Od
evidenced based practice for this transition peri@iandolini et a(2013) suggested 6

hours of MFW runningwas enough forkinematic OK I y3Sa (2 .am St
contrast, Robbins and Hanna (198THave suggested the adaptation to barefoot
running could take several weeks. With regard to short term changes, Divext e
(20059 has suggested that minutes is sufficient to optimise the foot-suface
interactionwith a change in footwear or surface hardneSsice there has been a large
variation observed in kinematics when runners switched to barefoot running for the

first time (see table 27.3), we suggest that individual responses to a novel footwear

type willbe highly dependent on the individual runner in question

One short study over just two weeks examined kinematic andtikirehanges when
training in VFFRand found very little change in foot strike patterns, joint angles or
kinetic parameters such dsading rateand Fz1, as well as joint moments and negative
work (Willson et al2014). The participants were required to train int C Cf@ 20
minutes, three times a week for two weeks, andtee exposure time was limited in
this study Indeed the total timespent in the MFW in this study was 2 hours, where it
has been suggested 6 hours is required to adapt to changes in foot@eandolini et

al, 2013b. To compare this to a barefoot training interventiansimilar study over just
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two weeks requiregarticipantsto include five minutes barefoot in the first week and
ten minutes in the second week following each of their normal runs in ORS (
Meagher, Nulty and Haqlt2011). The authors found a momgantarflexed foot,
reduced contact timg and a smallerpeak vGRFollowing the training intervention.
They also observedn increasedplantarflexion angke, decreasedtade length, and a
reduced Fzl in the bafeot condition compared to CRS at gests. These studies
again highlight the difference in the effts of a familiarisation between MFW and

barefoot running.

It was mentioned above that the responses to a MFW transition could be highly
dependent on the runner in question. Indeed very little change was observed during a
two week transition to VFFs in gon et al (204), but someparticipantson an
individual basis did show similarities to barefoot movemenhose thatchanged
displayed mnificantly reducedcontact time and stride length, increaseglantar
flexion, increasedknee flexion, and less hifexion (Willsonet al, 204). The authors
concluded that mostunnersmay require specific instruction to elicit similar changes
to habitual barefoot runners, if indeed this was the desired efféstderstanding the
individual responses to changes in famtar may be an important part of future

research in this area.

2.8 Conclusion

The current understanding ofrunning related injuryis limited. However there is a
growing body of evidence suggested that highglantar pressues and impact
characteristicgluring the foot-groundcontactcan predispose runners to bony injuries
in particular Footwear cushioning has been found to reduce localised plantar
pressures on the foot, but this may be at the detriment of higher impact forces due to
changes in runningikematics.Gaitretrainingand simple kinematic changes $tride
frequencyand foot strike patternshave been found to influere these injury related
factors, but no long term evidence thaaitretraining can reducerunning related
injury is available. Barefoot or MFW running does not have any strong evidence of
injury reduction, however limited research suggestf$oeefoot strike pattern, shoe
variation, and long term use of MFW or barefoot runnmg@y reduce injury rates in
the current cohort of distace runners The process of familiarisation has been
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suggested to be a high risk time for runners@a® YS NHzy Yy SNBE R2y Qi OK
gait or leg stiffness propertiga accordance with the reduced protective properties of

MFW orwhenrunning barefoot It appears as though the VFF is the only MFW that has
somewhat resembled barefoot characteristics due to similarities in kinematic and
kinetic variables; however there are also key differences. There may also be a large
individual response in kinematiegth changes in footwear that is poorly understood

in running science.

From the literature review above, we have identified several important parameters
with respect to performance and running related injury that should be examined with
respect to a MFW #nsition. As a performance measure, RE has been found to be
sensitive to endurance performance in a group of homogenous runners, and is also
sensitive to changes in shoe mass or cushioning properties. However tHeesma
worthwhile change in RE has beeroposed to be2.4%(Saunders et al, 2004and

this should be taken into account when interpreting the results. With regard to
running related injury, several authors have reported metatarsal stress fractures
during the transition to MFW or barefoot runrgn and plantar pressures have been
found to be a viable measure of foot load. If Huis research project shoulexamine

how plantar pressures change during a MFW transition, particularly if changes in foot
strike pattern are also observed in these runsieas this will redistribute the load on
the foot considerably. Other impact measures that have been related to injury
(particularly stress fractures) include the Fz1, and to a greater extent to loading rate.
Finally, neuromuscular control of lower bodyiffeess can influence both RE and
impacts transients. A high level of stiffness appears to be beneficial for RE, but can
result in higher loading rate that may increase the risk of bony injufiesdate to the

best of our knowledgeno studieshave previously investigated any of these factors
with respect to a MFW transition period. This transition period should be carefully
considered with regard to the design and progression of MFW expo3iie proposal

for atransition programme with respect to theurrent body of literature, in addition

to the individual study aims anobjectivesfor this research project are considered in

the next section.
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CHAPTER THREE

Research Proposal



3. The Transition Programme and Overview of Study Design

This section will discuss the proposed transitgsogramme for the present work with
respect to the current literature in this area. In addition, section 3.2 eutline the
aims and objectives of the studies involved in this work based on the literagwrew

in section 2.0.

3.1A Transition Poposal

The period during which runners attempo change their footwear is termed the
dransition period. The transition process has not been examined to date in the
scientific literature, but several authordiave discussed important elements of this
transition and these should be taken into account during the formation of this
programme. Rothschild (2012bpp 3  LINE lai? aviléncebésed preparation
program should consist of activities and exercises thajetathe key biomechanical
differences the barefoot runner will experience when compared with being($habtke

3.1a). These key differences include: plantar sensitivity adaptation, foot strike pattern
and related changes in stride rate and length, loweresity proprioceptive ability,
ankle joint flexibility, intrinsic foot strength, and eccentric strength of the lower limb to
control impact forces. Learning the barefoot style, namely, a reduced heel strike is
fundamental in the transition to barefoot ramgé 6 w2 () Z0&2Q0pis B)f ViRhilst
several of these factors could be considered gait changes, important adaptation
elements such as intrinsic foot strength, eccentric exercises of the lower leg, and ankle
joint flexibility would appear to be integrabta successful transition to avoid injury. It
has also been suggested that MFW running can increase tremgaetightness and
soreness (Willson et al, 28]l Selfmyofascial release techniques (foam rolling) have
been suggested to be successfulratlucing muscle tension and increasing range of
movement about a joint (MacDonald et al, 2013), and therefore may be a feasible

management exercise for this issue.
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Table3.1a. A barefoot transition proposal. Adapted from Rothschild (2012b).

Barefoot walking indoors
Barefoot walking outdoors

Barefoot ativity Barefoot running indoors
Barefoot running outdoorsg grass ang
asphalt
Forefoot striking

Running form drills Increased stride frequency

Shorter step length

Singleleg stance
Proprioceptive exercises Singleleg stance on unstable surface
Singleleg stance with resistive band

Calf stretching against wall

Flexibility exercises Calf stretching off the edge of a step
PNF calf stretching
Strengthening exercises Foot intrinsics
Single leg hops (forwards + hurdles)
Plyometric activities Jumps (squat jumps, depth jumps etc.)

Horizontal and vertical bounds

Thisconceptthat the transition should include injury prevention resistance exercises
may be important (Warburton, 2001). Nigend Enders (2013) propose that barefoot
activity will increase the strength of the ankle stabilisers in a similar fashion to wobble
board training, and wobble board training has been found to reduce injury. Strong
small stabilisers of the ankle due to barefoot training would be beneficial to athletes,
and these movements must have a lateral component, as this increases muscle activity
by 50% Nigg and Enders, 2013; Ngg 2010). This lateral component could be
something as simple as single leg balance work. Therefore we identified the following
important components for injury prevention and preparation for a familiarisation to
MFW runningg ankle mobility, foot longitudial strength, lateral stability, eccentric
tricepssuraestrength, and selmyofascial release techniques. The exercises for these
componentsare outlinedin Table3.1b. Many of these exercisesere recommended

as a strength programme for injury preventianhigh school runners (Tenforde et al,
2011).
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Table3.1b. Injury prevention exercise programme for the present research. It was not
specified if these exercises were completed on the same days as the MFW intervention

or not.

Exercise Programme (10 minutes

Plantar Fascia and Tricef@&iraeRolling x 5 mins

With regard to the process of increasing activity in MFW, training programmes should
start with adequate barefoot activity in daily living before any running is begun (Hart
and Smith 2009; Warburton, 2001). Thirty minutes of daily barefoot movement is
recommended including walking, jumping, playing gane¢s, to begin to allow
developmen of the plantar surface and adaptations of the muscles and ligaments of
the lower leg (Robbins et al, 1993; Hart and Smith,9200h addition, tls transition
should be gradud introducedover a period of no less thanc@ weeks becausef

muscularadaptation to trainingtaking this period of timgSale, 1988). Likewise;43
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weeks is enough time to allow plantar surface adaptation when barefoot running
(Robbins et al]1993).

¢CKSNE Aa y2 LW NBYyld YSGK2R 2F R 8iaiStiy Ay A
to MFW. Howeverthe research outlined in Table®3l & LJ NI 2F LNBYyS
group propose eight sessions is the minimum for adequate uptake ofejegining.

The current programmeéias therefore been designed to incorporate at leagihe

aC2 NHzyazX YR GKSNBT2NB | f-Rtramidg. BWNsBKG &
S R2 y2i adaA3sSad GKAa Aa |y G2LIGAYLEEE
retraining, it presents us with preliminary data from the initial four to eight weeka of

transition programme, and this is a good place to start.

In the absence of any other guidelines for transition, this appraachld seemo be a
logical place to start. The limited work above would suggest a transition to MFW
should be examined from aimmum of four weeks and should include relevant injury
prevention exercises (Tablg1b) to reduce the risk ofunning related injury The
LINE ANJ YYS &K2dzZ R | fgait2etrabdgeimeRtS andl disoussHdSIiF 2 2
the previous section. Popula@ait-retraining elements include adopting a short stride
length with higher stride frequency (Hobara et al, 2012; Goss and Gross))2@ie

use of a mid or forefoot strike pattern (Lieberman et al, 2010; Goss and Gros$)2012
a more forward hip alignmenwith the foot landing under the centre of mass
(Lieberman et al, 2010; Goss and Gross, Bj1@nd actively working on landing as
light as possible to reduce landing velocity and the foot/ground collision (Crawell
Davis, 2011). These kinematic changes discussed in the Review of Literature
(Chapter twq. The transition schedule proposed for the present work can be found in
Table3.1cthat includes some simple barefoot activity at the beginning with a gradual
progression of running on mixed surfacd$he higher exposure to running on grass
than concrete may be noted as a limitation to this design, as more compliant surfaces
may not instigate the same degree of impact attenuation as harder surfaces (Herzog,
1979; Willwacher, Fischer and Bruggemar2913). However the adoption of multiple
surfaces will vary the stimuli, and represents a more realistic and safe scenario in
G2RIFeQa SYy@ANRYYSylGo®
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It was important for the design of this research project that the -gaftaining
guidelines were not enforced regularly during the transition peridtilst this could

be considered a limitation in the study design, we recognised tti@atvast majority of

runners would not have access to regular education or feedback and would instead
NEBfe dzZl2WYTFé aB8FDBA2Y o0STF2NB GGSYLWGAY3
individually. Within the applied nature of the present work it was deemed important

to understandhow well these runners could adopt gaétraining changes individually,

and crucially this also allowed for observation ofeefs related to footwear. Any
footwear effects would not beapparent if the runners were controlled for foot strike
pattern, strde frequencyetc., and this may occur with repeated gaHretraining

sessions.

In addition, it is important that the runners experience the same amount of MFW
exposure as part of this transition programme. This in itself presents a novel issue,
because whst the participants will complete the same amount of time in MFW during
the transition, some of these runners will have a higher overall mileage in the week
and therefore their exposure relative to their running in CRS will vary. For example, a
runner whotypically runs 70km/week will probably speB8% of this time in MFW by

the end of the intervention. In contrast, a participant who runs 25km per week may
spend as much as 9AD0% of their training in MFW by the final week of the
programme. This may presean increased injury risk in these lower mileage runners,
but maintenanceof the total training volume in all participants is important to prevent

de-training during this period.

The current transitiorprogramme is therefore focused on three importariements;
1) To ensure adequate exposure to the MFW condition, 2) to allow adequate time for
participants to adopt the gaitetraining changes, and 3) to reduce the risk of injury as

much as possible.
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Table 31c An example of a preliminary 6 week familiarisation schedule for MFW

running proposed for the present work.

Week

MFW Training Programme

Week 1

Week 2

Week 3

Week 4

Week 5 +

Throughout: Wearing MFW and going barefoot as much as possible
in normal daily routines

3 days: 58 mins easyunning on the spot or in corridors/garden at home
3 days: Prescribed exercises (TahiH)

3 days: 1@; 15 mins running on grass, 3 minutes on pavement

3 daysPrescribed exercises (Table 3.1b

2 days: 20 mins running on grass,&minutes on pavement

1 day: 25 mins running on grass

3 days: Prescribed exercises (Table 3.1b

2 days: 25 mins on grass, 10 mins on pavement

lday: 30 mins on grass

2 daysPrescribed exercises (Table 3.1b

2-3 days: 30 mins on grass, 4fins on pavement

1day: 40 mins on grass

2 days: Prescribed exercises (Table 3.1b
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3.2 Individual Study Aims and O bjectives
We propose to complete the following studies as part of this investigation;

Chapter FourStudy @eca52Sa | FFEYATAIFINRALFIGAR2Y G2 a
YIES Kt SGSa 6KSy O2YLI NBR (G2 NMzyyAy3d A
Study Aim¢ To determine changes in RE as a result of a familiarisation period in MFW
with no feedback on the running gait. This will be compared to the saangcipants

wearing CRS.

Objectivesc

1 Toevaluate ifa four week familiarisation to MFW can influence RE
in this footwear type

1 To determine if there is a difference in RE between MFW and CRS.

1 To record changes in simple kinematic measures such as foot strike
patterns and stride frequency in order to determine the gait related

changes associated with this trsition period.

Chapter Five Study Twog a52Sa& | T YA A lanPgdithefrdinghg (0 2
AYyFtdzSyO0S w9 Ay UGNIAYSR YIES dKfSGSa oK
Study Aimg To determine changes in RE as a result of a familiarisation period in MFW
with a gait-retrainingelement included This will be compared tilve sameparticipants

wearing CRS, and also a control group with no MF@aitretrainingexposure.

Objectivesc

1 Toevaluateif an eightweek familiarisation to MFW/hen combined
with simplegaitretrainingcan influenceRE.

1 To determine if there is a difference in RE between MFW and CRS.

1 To record changes in simple kinematic measures such as foot strike
patterns and stride frequency in order to determine the gait related

changes associated thithis transition
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Chapter SixStudy Threec 6 52Sa T YA Al NRgaitrétrairgng (0 2
influence plantar pressures and forces in trained female athletes when compared to
Ndzy yAy3 Ay [ w{KE

Study Aim¢ To determine changes iplantar pressuraistribution and mean plantar
forcesas a result of a familiarisation period in MFW wittgait-retraining element

included. This will be compared to the sapaaticipantswearing CRS

Objectivesc

1 To evaluateif a four weekfamiliarisation to MFWcan irfluence
localisedplantar pressures andhean forcesacting on the plantar
surface

1 To determine if there is a difference negionalplantar pressures
andmeanforcesbetween MFW and CRS.

1 To record changes in simple kinematic measures such as foot strike
patterns and stride frequency in order to determine the gait related

changes associated with this transition

Chapter SevenStudy Fout 6 52Sa | T YA Al NJigditweirdindhg G 2
influence running kinetics and kinematics in trained male athletes when compared to
Ndzy y Ay3 Ay [ w{KEe

Study Aim¢ To determine changes in kinetidsz(l,loading rat§g and neuromuscular
factors (vertical and joint stiffnesgs a result of a familiarisatigperiod in MFWwith
gaitretraining This will be compared to the sanparticipants wearing CR&nd a

control group who undergo thgait-retrainingonly with no exposure to MFW running.

Objectivesc

1 To evaluate if a sixweek familiarisation to MFW camfluence
impact variables associated with injury risk (Fz1 &atling rate,
and neuromuscular factors associated with injury risk (vertical and
joint stiffness).

1 To determine if there is a difference these kinetic and kinematic

measuredetween MFW ad CRS.
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CHAPTER FOUR

Study One

OFour weeks habituation to simulated barefoot running

14
improves running economy when compared to shod run8ing
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4. Study One ¢ dFour weeks habituation to simulated barefoot running

improves runnng economy when compared to shadnninge &

Joe P. Warne, Giles D. Warrington

SCANDINAVIAN JOURNBE MEDICINE AND SKECE IN SPORTSOL 10.11116Ms12032,2014

STATEMENT OF CONTRTBON GILESNVARRINGTON WAS THESEBERCH SUPERVISOR FBIS STUDY

ABSTRACT

The purpose of this study wa® tevaluate the effects of -eeks familiarisation to
simulated barefoot running (SBR) on running economy (RE) when compared to shoc
Fifteen male trained runners (age: 24 * 4yrs; stature: 177.2 = 6.21cm; mass: 69t |
I YR#h2max 70.2 + 5.2 mkgmin™-) were recruitedParticipan  O2 YL SG SR (42
K2dzNE LI NI Ay I NFryR2Y 2NRSNEI SAa 0o 2 {K
molY kKah BB/ died 1S &h ), heartrate, stride frequency, and faastrike patternswere
measured in both conditiong?articipans then completed a -fveek familiarisation period

of SBR, before repeating the 2 RE tests (pest). At pretest, there was no significant
difference in RE between SBR and shodning (p=0.43), but following the 4 week
familiarisation period Rias significantly betteby 6.9% in the SBR condition compared to
shod (46.4 + 0.9 v 43.2 + 1.2'kgmin™; p=0.011). A significant improvement in RE was
observed in the SBR condition (8.09%) betwtenpretest and posttest (47.0 + 1.2 v 43.2

+ 1.2 mkgmin™; p=0.002) REimproved in the SBR condition as a result of familiarisation,

and became significantlpwer in SBR compared wisihod running.

4.1 Introduction

The evolution of mankind has reduced the pattern from running for everyday living and in
order to survive, to an extraurricular recreational and sporting activity that is considered
important for health and wellbeing. Running has been largely influenmgdootwear
manufacturers in recent times, where large scale movement towards shoes offering
comfort, cushioning, motion control and support have become the normal procedure for

running enthusiasts. However, this large scale move into supportive foothemibeen
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guestioned in the terature over a number of yeatieberman et al, 201®ichards, Magin
and Callister2009; Squadrone and Gallozzi, 2009; Robbins and Hanna, 1987), and has I
to a recent growinginterest and participation in barefoot (BR) simulated barefoot

running (SBR).

Aside from potential lower injury risk (Lieberman et al, 2010; Robbins and Hanna, 1987
Richards, Magin and Calliste009), it is suggested that the change in gait when
transitioning into less cushioned shoes, SBR liembarefoot running can have a positive
effect on running economy (RE) (Hanson et al, 2011; Squadrone and Gallozzi, 2009). Th
is a growing body of research suggesting that the change in gait mechanics due to a mol
natural forefoot strike pattern (FF$ can lead to a more efficient movement pattern
(Lieberman et al, 2010; Squadrone and Gallozzi, 2009; Divert et ab)20@d%ch may be
explained by a number of factors including the weight of shoes; changes in joint stiffness; .
reduction in braking impige; and increased storage and recovery of elastic energy when
running barefoot or in a simulated condition (Asmussen and Bdtetersen, 1974; Divert

et al, 2008; Hanson et al, 201/yrolainen, Belli and Kom2001; Lieberman et al, 2010,
Squadrone and Gallozzi, 2009). Despite this, a thorough search of the current scientifi
literature revealed there is no published research investigating differences in a habituatec
and nonrhabituatedparticipans, as mosstudies have used initial responses or habitually
barefoot runners for their investigations (Hanson et al, 2011; Lieberman et al, 2010,
Squadrone and Gallozzi, 2009; Divert et al, 2008). Given that RE is considered an importz
determinant of endurance mning performance (Lucia et al, 2006), it may be pertinent to
investigate how changes related to familiarisation to simulated barefoot running can

influence this variable.

2 A0K GKAA NRAS Ay LRLMzZ FNAGeZ | ySglabe2 @S
. NI YR &LISOATAO NBaSIFNOK Aa tAYAGSRXE &S
products available would seem to still offer some degree of cushioning or support that may
not accurately reflect barefoot running (Wallden, 2010). One pobdowever that exhibits
YAYAYIE OdzZAKA2YAY3II &dzLII2 NI 2 NJ & i NHzO G dzNB
LINE RdzO LINPOARSA || &aAYLI S aaSO2yR &alAyé
modern day surfaces. Recent research by Squasirand Gallozzi (2009) proposed that
GKSNBE INBE O02YY2y OKINIYOGSNRAGAOAa 0S0GsSSy
investigation as a tool to simulate barefoot running (SBR).
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The current study investigated the effects of SBR on RE when comparedditional
running shoes and therefore adds to the limited literature ®R The focus of the present
research was to investigate the effects of a 4 week familiarisation period when transitioning
into SBR when compared with the same group in a-faoniliarised state and as such
investigate the acute and chronic changes of this group, as this may be an important are

for future prescription of barefoot running or SBR.

4.2 Methods

4.2.1 Participant s: Fifteen trained maleparticipans were recruited fom a collegiate
Athletics Academy on a volunteer basis via email (Age 24 + 5 years; Stafu2et16.2 cm;
Mass 68 * 7 kgthamax 70.2 + 5.2 mL-mihkg": 1500m PB 240.3 + 8.0 seconds; 5000m PB
968.0 £ 50.1 seconds). Adarticipant ran 6- 7 days pemweek (a minimum of 50km per
week) and competed in middle distance events (&05000m). Testing took place out of
the main competion season (February March) Participantswere excluded if they had
reported any lower limb injuries in the last three mbst had any previous barefoot
running experience or currently used orthotics. pdirticipants had previous experience
with treadmill running. Prior to participation in the study testing procedures were explained
in detail andparticipants completed a gemal health questionnaire and signed an informed
consent form. Ethical approval for this study was granted by the Dublin City University

Research Ethics Committee.

4.2.2 Experimental design : Participans were required to visit the human performance
laboratories for 4 separate testing sessions. The study design consisted of twestze
performed in a random order, followed by a four week period of familiarisation and two
posttests, in the opposite ordein a balanced Latin square design to minimize any possible
order effect during testing. On the first visit, foot size was measuredpanticipans were
provided with one pair of SBR (VFF) footwear (~150g) and also a standard pair of hig
quality tradiional running shoes of a neutral design (Shod)(~400gq).pah&cipants were
allocated a footwear condition before conducting a running economy (RE) test, and
repeated the test in the opposite condition 24 hours later. Thupatlicipans were tested

in both the SBR and Shod condition at Pre and s, with the shod condition acting as

the control.
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4.2.3 Running economy tests : Participantheight and body mass were initially recorded.
Tests took place at the same time of day with gaeticipant requred to maintain a similar
diet, sleep pattern and training routine between and before tests. Diet, sleep and training
were recorded directly prior to the initial test and included all food and fluid consumed on
that day, and was subsequently sent to egudrticipantin order for exact replication on
testing days. Resting blood lactate (Lactate Plus, Nova Biomeadidal)SA) was sampled
from the earlobe prior to the testing sessions. Respiratory data was measured using
Viasys Vmax Encore 299-lime gasanalysis system (Viasys Healthcar@rba Linda, CA,
USA. The system was calibrated to the manufacturer guidelines, including atmospheric
pressure and temperature. A treadmill (Woodwdyeil am RheinGermany) RE test was
then conducted in the assigneddtwear. Treadmill incline was set at 1% to account for air
resistance (Jones and Doust, 1996) gaditicipans ran for 6 minute intervals at 11 and
13km/h. At the end of each 6 minute stag®grticipants were asked to stand to the side of
the treadmill anda blood lactate sample was collected within 30 seconds. The next stage
was started after 1 minute of rest. At 5 minutes in each stage stride frequency (SF) wa
collected by counting the left foot contact with the treadmill belt for 60 seconds duration
(this was repeated by the same investigator for validity in gaafticipantand also filmed

for a seond assessment). Heart ra(@armin,Dathe, KSUSA) andated perceived exertion
(RPEBORG scale) were collected at 2 minute intervals. Rudimentary anébydi strike
pattern analysis was undertaken using a low cost video camera (SOMCKPR), 60FPS
Sony, San Diego, CA, Y&Awhichparticipants were filmed in the sagittal plane at foot
level over a 60 second period during the fourth minute of testifige video footage was
then used to assign 1, 2 or 3 (1= forefoot strike, 2= midfoot strike, 3=rearfoot strike) to the
participans foot strike pattern using Dartfish video analysis software (Dartfish 5.5,
Fribourg, Switzerland). A midfoot strikpattern was classified when there was no clear

forefoot or heel initial contact.

The participans were then given a 24 hour recovery period where they were asked to
control and record training, hours of sleep and diet, and then returned to the human
performane laboratory to perform the prdest in the opposite footwear with all other

conditions remaining the same. Four weeks after the initial trial and following the
familiarisation periodparticipant returned to the laboratory and were again assigned a

footwear condition before conducting the same RE testing protocol previously outlined
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above. This was again repeated 24 hours later in the other footwear conditiontgxis).
Due to the study design adopted, the post tests were conducted in the opposite avder t

the pretests.

4.2.4 Four week familiarisation phase : Before leaving the laboratory, ea@articipantwas
provided with detailed guidelines including a structured progression of SBR over the fou
week familiarisation period. The programme incorporatedRSBto the runners normally
training routines, beginning with 2 runs of 15 minutes in the first week (~10% of total
training volume), and gradually increasing te 8 x 30 minute runs by week four (~25% of
training volume). This programme deliberately didt include any visual feedback or
instruction on technique, but simply askegurticipans to run in the simulated barefoot
condition at a comfortable velocity and to include some exercises that would reduce
tightness specifically in the plantar fasciadazalf muscles (calf raises on a step, and the use
of a golf ball to massage the plantar surface of the foot). The rationale for adopting this
I LILINRF OK gl & G2 S@FftdzZd S ayl GdzNI £ ¢ NI K
Participans were requiredo maintain their normal training load in the shod condition at
the same time, but may have substituted some shod running for SBR causing shod trainir

volume to decrease slightly.

4.2.5 Testing procedure 7 6 Slax: Before the four week familiarisation ped, participan&

Q@Y LIBBR | +h,maxtest. This involved a ramped protocol with the treadmill speed set at
12km/h for a 5 minute warrup before increasing to 14km/h at 1% incline. The incline was
then increased every minute until volitional exhaustipayticipants achieved aespiratory
quotient of 1.1 or above, oheart rate was within 10 beats of predicted maximum (220
age).Participant GyRIGER (K& (851 A/ (KSNAg y 3K2S AKX, max Was recorded as the

highest mean value achieved over the ceriof 60 seconds.

4.2.6 Data analysis for RE tests: The RE data was averaged over the last two minutes of
each stage whemparticipantskr R N\ KSR 8- R2 &1 (5 +h .. Meanheart ratevalues were

recorded using the 4 and 6 minute recordings for each stage, as was RPE.

4.2.7 Satistics : Significant differences between condition, time, and velocity were
established using repeated measures ANOVA tests (SPSS data analysis softwar@ V16.C
order to establish withirsubjects effects. Paired-tests were completedto examine

differenceschanges specific to each treadmill spged 2 KSNBE G KS RF Gl ¢
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test of spherity, the GreenhousBeisser correction was established. For charspegific to
time, pairwise comparisons were used under the Bonferroni adjustment. Stalistica

significance was accepted fat0.05.

4 .3 Results

CKSY Syt NEIyRt 204y, heart rate, stride fequency (strides per minuteSPM) and RPE
are presented in tabld.3. The repeated measures ANOVA revealegignificant interaction
between time (pre to postests) and condition BR vs. sh@@gh=0.034) for RE. This
interaction revealed thatat pretest, there was no significant differender REbetween

SBR and shod conditions (p=0.463; 1.05%). During the familiarisation, SBR RE improvec
8.09% (pH.002), whilst shod RE showed a rsignificantimprovement of 2.32% (p=0.087).
Furthermore the improvement in SBR RE was significantly larger than shod RE following th
familiarisation, where SBR RE was superior to shod RE by 6.9% (p=0.011). The improvem
was similar at both velocitgeusing paired-tests (Figuret.3a). For example, analysi$ the
posttest statistics revealed a 7.01% reduction (p=0.012) in RE at 11km/h in the SB
condition compared to shod, and a 6.77% reduction (p=0.016) at 13km/h. These result

were consistent across all variables and as a result, velocity was pooleritf@rfanalysis.

Table4.3. Summary of pre and post results (mean (£SD)) ishibdand SBRondition.

Pre-shod Post-shod Pre-SBR Post-SBR
VO0sus max (ML/min/kg) 475(+09) 464 (0.9)" 470 (+12) 432(+12)
11 km/h V0ot 4361 (£0.99) 4253 (+0.82)* 42,99 (+1.15)f 39.55 (£1.04)"
13 km/h VOzg0p-max 5144 (£1.23) 5033 (£0.94) 50.99 (+1.34)1 46.92 (+1.35)"
Heart rate (BPM) 143.83 (£3.56) 14146 (£3.3) 1423 (£3.73)! 1375 (£3.36)"
Stride frequency (SPM) 81.54 (+£0.95)° 81.89 (+082) 83.69 (+1.3)" 8412 (£1.29)"
RPE (6-20) 9.25 (0.56) 8.5 (+0.43) 9.21 (£047)f 8.34 (+0.35)

M + SE: n=15; *P<0.05; * = difference between condition; ™= change over time.
BPM, beats per minute; SPM, strides per minute.
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Figure4.3a. 11 and 13km/h running economy data for pre and pests in theshod and
SBReondition.

Heart rate was not significantly different in the SBR condition att@secompared to shod
(p=0.750) Heart ratedid not significantly change during the familiarisation (SBR p=0.057;
shod p=0.088), but was significantly lower in SBR by 2.8% at thégsvtstompared to shod
(p=0.011). There was no difference observed attpsts between SBR and shod when
examining RPE (p=0.897). During the familiarisation, SBR was found to decrease
significant 9.45% (p=0.024). There was no change in shod RPE dwrifagnitiarisation
(p=0.233). At postests, no significant difference was observed between SBR and shod

(p=0.060).

Further analysis using alN®VAshowed that there was a 2.64% higher stride frequency at
pre-tests in the SBR condition when compared to shitdhit was found to be significant
(p=0.006). During the familiarisation, SBR and shod SF did not significantly improve (SI
p=0.392; shod p=0.500). Pdssts revealed that SBR was 2.72% higher than shod, that was
found to be significant (p=0.001).

Analysis for foot strike pattern revealed that there was no significant difference between
the SBR and shod condition at gests (p=0.165(Figure 4.3h SBR significantly favoured a
FFS during the familiarisation period (p=0.040), whilst shod was not fausdynificantly
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change (p=0.336). Furthermore, at passts the SBR group significantly favoured a FFS
(p=0.003) when compared to shod.
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Figure4.3b. Individual comparison of foot strike patterns in gfeodand SBR

conditions from Pre to Post tests.

4.4 Discussion

The main finding in the present study is that SBR RE significantly improved as a result of tl
familiarisation period (p=0.002) and became superior to shod RE (p=0.011). Given that th
difference in RE between the two conditions improvednfr 1.05% at praests to 6.9% at
posttests indicates that some degree of adaptation is taking place that cannot only be
explained by changes in shoe weight or design (Divert et al, 2008). This study, to the best
the authors knowledge, is the first dkikind to investigate the effects of familiarisation in
the SBF running condition with regard to RE. The results provide valuable information ol
the importance of an appropriate transition phase in order to adjust to a new running

condition.

Divert et al(2008) andFranz, Wierzbinski and Kraff012) have proposed that for every
100g added to the foot, RE is reduced by 1%. Given that the difference in shoe mass of tt
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current study was ~250g, it was surprising that there was no difference at RiE-tests
between the shod and SBR conditiomowever, this may be a typediror as the actual
suspected difference is within the measuring error for the current method. When
considering the change over time, it may be proposed that some degree of changeenust b
related to physiological adaptations as opposed to biomechanical differences (Saunders ¢
al, 2004). One plausible explanation in this regard is related to the increased mechanica
movement in the SBR group, associated with greater stride frequencyharsdincreased
muscular contractions and ground contacts per minute (Divert et al, 2005a) that may
improve the neuromuscular adaptations to exercise at a greater rate, similar to the
improvements observed with plyometric trainingurner, Owings and Schwagn2003).
However any physiological changes would also have been observed in the shod conditic
and may not be accountable for the changes observed in the current study. To date, mos
studies have suggested changes in mechanics are the sole reason fiisen@pancy in RE
(Divert et al, 2005aSquadrone and Gallozzi, 200%eh, Caputo and Morga009. Given

that the FSP was observed to change during the familiarisation, (and given that the SB
effect size from prepost was A=0.062 for SF, which may be considered a reasonable
change), it may be suggested that the observed difference in RE was as a result of chanc

in running technique.

One possible causative factor explaining the improved RE observed in the current study
may be due to a more effective recovery of elastic energy in the working tendons and
muscles (Asmussen and Boreetersen, 1974; Bramble and Lieberman, 2004, Divert et al,
2005a, Saunders et al, 2094Kyrolainen, Belli and Kop2001) that may be increadeas a
result of a more plantarflexed foot placement and increase in stride frequency (that will
reduce stride length). Saunders et al (2bP4eported that during the eccentric phase of
contact, mechanical energy is stored in the connective tissues aisdréicovery of the
elastic properties during the concentric phase reduces energy consumption. Additionally
the findings of a study by Divert et al (2005a) concluded that highestoetch levels as
well as reduction in contact time could enhance the gtheshortening cycle behaviour of
the plantar flexor muscles and thus provide a better storage and recovery of elastic energy
Indeed barefoot running mechanics would appear to adopt a more plyorrgipe
movement, that promotes the stretebhortening cyle (SSC) pattern that has previously

been shown to improve RH{rner, Owings and Schwan2003) by increasing lower leg
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musculotendinous stiffness (Spurrs et al, 2003), and increasing knee and ankle angles th
will increase eccentric load (Divert et 2005a). Running in a simulated barefoot condition
may be more attributable to the barefoot than the shod condition (Squadrone and Gallozzi,
2009) and thus may result in similar properties. The fact that the shod condition did not
improve over the familiagation period may support earlier studies suggesting that leg
musculotendinous stiffness, stride frequency and ankle plantar flexion is increased as
result of increased proprioceptive feedback from the foot as a sensory effect to ground
surface hardnesgivert et al, 2005a, 2005b, Robbins and Hanna, 1987), in order to actively
protect the heel from localised pressure and attenuate impact (Saunders et alp2004
Robbins and Hanna, 1987; Divert et al, 2005b), that does not occur when wearing
traditional sloes or immediately after removing shoes from the feet. Instead it may be
reasonable to assume that these changes result as a learned effect. An increased c
ordination and preactivation of the dominant running muscles in anticipation of ground
contact dueto increased proprioception in the foot may be responsible for this effect,
(Bishop et al, 2006; Lieberman et al, 2010; Robbins and Hanna, 1987) that is improved as

training effect to barefoot simulated exercise.

The pre familiarisation difference in RE1.05% would appear to be smaller than that seen
in previous studies when comparing conditions. Hanson et al (2011) reported a 3.8%
improvement in RE in a barefoot group when compared to sHdarkett, Kohrt and
Buchbinder(1985) in an early review idéfied a 1.3% differencek-ranz, Wierzbinski and
Kram (2012) found no difference, and Squadrone and Gallozzi (2009) reported a 2.89%
improved RE in the barefoot condition. The discrepancies in values between studies may &
related to the traditional footweamodel being used, treadmill incline, and error associated
with RE testing (Saunders et al, 2@)4but are most likely as a result of shoe weight
differences (Divert et al, 2008) or the fact that thesarticipans had received different
amounts of baredot experience, in contrast to the current study in whigdrticipants had

no previous experience. Based on these previous findings, it is reasonable to assume th
improvements in RE appear to be in the region €4 in the barefoot condition acutely.
The current study findings of a significant change of 6.9% in RE éeta@nditions in
trained runners following a familiarisation period are much larger than those previously
reported, however no study to the best of our knowledge has investigated a habituated

participantgroup who have previously only ran in traditionabsk. This is a novel finding,
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in that the effects of a four week familiarisation can increase RE when running SBR by ~6'
which cannot be explained exclusively by changes in shoe weight or design (Divert et &
2008). Thus biomechanical changes to runrteghnique that occur over time such as a
greater plantar flexion angle and minor changes in stride frequency would appear to be ke
contributory factors. Given that training, time of day and testing consistency was
controlled, the change above 2.4% aseuwby Saunders et al (2084can be considered a

reasonable and worthwhile effect that is above typical RE error.

A novel finding of the current study was the improved RE observed in the shod group a
posttest. Given that theparticipans were trained raners, it was unexpected that the
shod condition improved by 2.32% between tests. There are several plausible explanatior
for these results; it is most likely that changes occurred as a training effect given thal
presumably all athletes may improve theeneral level of conditioning during base training
leading up to the outdoor track season, and measurement error may also be attributable. It
is also plausible that changes in RE in the shod group occurred as a result of adaptatiol
and technical changes ithe athletes as a result of the barefoot simulated training. While
the current study cannot attempt to reject or accept this hypothesis, the concept is an
exciting area of future research that warrants further investigation. It should be noted that
the shod condition SF also increased by 0.43% from pre to post tests to the same degree «
the SBR condition (0.51%) that suggests there was some interaction in technique takin

place in the shod condition that is likely as a result of SBR.

Future studies areequired to evaluate RE at higher velocities in the barefoot or SBR
condition, because questions still remain as to the feasibility of racing in this condition at
higher running velocities both from a biomechanical and physiological perspective. Datz:
colledion for the current study included measurement of 15km/h, however for 6
participant this velocity was above the individual lactate threshold (LT) due to the majority
of participansts training for 800/1500m and it was deemed an inaccurate representation of
RE given that this value does not reach steady state within 6 minutes when above LT, and
such the velocity was excluded from examination (Jones and Poole, 2005). For futur
research, it may be appropriate to examine a simgarticipantgroup but withenforced
changes to running technique including transitioning to a forefoot stpledtern and
shortening stride length, as well as just investigating a naturally forefoot striking group

compared to a naturally heel striking group of runners. It is alstiffable to provide a
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more in depth investigation into the biomechanics associated with these changes and thei

relationship to RE.

4.5 Perspective

. FaSR 2y GUKS FAYRAy3Ia 2F (GKS OdzNNByd & dz
improving rnning economy, and is particularly enhanced in this regard if time is taken to
familiarise the runner to barefoot or SBR. The changes in RE are applicable to modera
velocities of 11 and 13km/h, yet still warrant further investigation at higher interssigBR

significantly changes running mechanics with regard to FSP and SF that is improved ov
time. It is plausible to recommend that the minimalist footwear used in the current study is
a valid means of simulating a barefoot running style while providi8mm sole for any

abrasion of the foot on rough surfaces. The findings of the current study suggests that the
improvements reported for the SBR condition may not be only related to shoe weight or
design, but that the possible influence of biomechanicad @hysiological adaptations are

introduced by the minimalist footwear condition that results in positive changes to RE

related to chronic use of SBR.

4.6 Additional Methodological D iscussion

Firstly, in all of our studies we employed an absolute intensity measure of 11km/h
(with the exception ofudy One that also examined other speeds). This method could

be criticised, since a relative intensity (to either atBomax value or lactate profd)

would be more appropriate for determining that participants did not employ any slow
component in their @kinetics, or any significant amount of anaerobic contribaotio

the exercise intensityBrooks, Fahey and Whitd999. However, we have reasoo t
believe that the running speed can have an effect on RE differences between footwear
RdzZS G2 GKS aYSOlFoz2t A0 ORaad Wierdinsk dri K y A Y :
2012). To elaborate, the potential benefits to RE of less mass (and cushioning) may be
counteracted by the increased energy demands for impact attenuation at higher
velocities, given that running faster results in greater forces being applied to the floor

and rence to the lower extremity (Nilsson and Thorstensson, 1989). d@ur data
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(Study One ¢ Figure 4.6) identified a greater difference in RE between footwear
conditions at moderate velocities compared to higher velocities, in support of this
theory. Our research aim was to determine the differences in RE cost between
conditions for endurace running, and 1lkm/h has been suggested to be an
appropriate endurance velocity fonoderately trained runners (Hatala et al, 20138s

well as the most optimal running velocity for oxygen consumption (MayH&#y).
Also, the majority of the studies ihis area also used a similar absolute intensity (e.g.
Hanson et al, 2031Squadroneand Gallozi, 200%ranz, Wierzbinski and Kra012.
Whilst we acknowledge that running velocity and its influence on the footwear

interaction is important, it was beyw the scope of this research to examine further.
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Figure 4.6.The three speeds measured3ody One (11, 13 and 15km/h) comparing
MFW and CRS with respect to changes from pre tetpetst. Note the absence of any

difference between conditions abkm/h.

Secondly, it has been suggested that the expression of RE as tlwestOof exercise

does not take into account the substrates being utilised, and therefore may be a less
sensitive measure than energy expenditure to changes in spekdcher, Esaand
MaclIntosh 2009;Shaw, Ingham and Follan@014). The respiratory quotier®l y 6 S
dzaSR & 'y AYyRAOIF(G2NI 2F (G4KS YAE 2F O Nb2
(KS+h, for a given workload into units of energyl¢tcher, Esau and MacIntqst009).
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It is thus feasible to suggest energy expenditure expressed as calorific cost may also be
more sensitive to changes in footwear condition than RE. Therefore we employed the

Weir Equation (Weir, 1949) for our metabolic data, where;
0¢ Qi OEQE QQNOONNE 60 Al Q¢ pp YO o

However, the results did natlentify any different interpretation of our findings. The

statistical report and comparison to RE data can be observed in Appendix A.

Thirdly, we did not subtraaesting metabolic rate from the exercising metabolic rate.
This is because the assumption that resting metabolic rate does not change during
exercise has not been confirmed, and therefore may detract from the accuracy of our
O2YLI NRAaAa2yad diokiNG Oda R ¥StAMyaSIzSE Kl a 0SSy
Barclay (1970).

4.7 Link to Chapter Five

Study Oneexamined changes in RE over a four week period with a MFW transition and nc
feedback or inclusion of the gaietraining elements as discussed earlifihis study
identified very large improvements in the metabolic cost of running and suggests that
familiarisation to MFW may improve performance over just a four week period. It remains
to be determined if and how these changes will continue to evolve over a longer transition
period and this will be examined in the next studihe findings of the current stly
suggests that the improvements reported for the MFW condition may not be only related
to shoe weight or design, but that the possible influence of biomechanical and physiologica
adaptations are introduced by the minimalist footwear condition that resuh positive
changes to RE related to chronic use of MBfMdy Two represents a continuation of this
research investigating how RE may be influenced by MFW. However this study will als
include the deliberate gaitetraining as part of the transition.his element remains to be
examined with respectat RE when combined with MFW use as the deliberate manipulation
of the running gait may have consequences to metabolic cost. In addition, Study On¢
abbreviated MFW as SBR throughout, however recent work ma®&on et al (2013) has
identified that MFW running is very different from barefoot running and this is not an

appropriate abbreviation that has been removed.
101



CHAPTER FIVE

Study Two

CEight weeks gaitetraining in minimalist footwear has no effect

on running economg
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5. Study Two ¢ aEight weeks gait-retraining in minimalist

Al T OxAAO EAO 11 AEAEAAO 11 OOTT
Joe P. WarneKieran A. MorarGiles D. Warringtan

Human Movement SciencéN REVIEW)

STATEMENT OF CONTRTBON GILES WARRINGTON ANIKIERAN MORAN WERE JOINTLY

INVOLVED IN THE SBRESION OF THIS SMJD
ABSTRACT

The purpose of this study wa® tevaluate the effects of an 8 week combined
minimalist footwear (MFW) and gaietraining intervention on running economy (RE)
and kinematics in conventional footwear runnefBwentythree trained male runners

(! BByYnopwn &S NI AT DkEYMrTaRgsl O Z62R8 Y &Y THYEMIA | T Hjomax 56.57.0
mL-min*-kg") were recruited. Participantswere assigned to either an intervention
group (r=13) who gradually increased exposure to MFW and also implemented gait
retraining over an 8 week period. RE and kinematics were measured in both MFW and
conventional running shoes (CRS) at-fg&ts and 8 weeks, in a random order. In
contrast the control gpup (Nn=10) had no MFW exposure gaitretrainingand were

only tested in CRShe& intervention had no effect on RE when using either MFW or
CRS (pKD.00). However, RE was significantly better in MFW (mean difference 2.72%;
p=0.002) at both pre and poststs compared to CRS. Stride frequency increased as a
NBadzZ G 2F GKS AYyUSNBSYyiliA2y o0bodHe:T LI X
ga® [/ w{ 0o dWhistalbetted REKin M@Wi was sbserved when compared to

CRS, familiarisation to MFWtlvigait-retraining was not found to influence RE.

5.1 Introduction

Recent scientific interest in barefoot and minimalist running has resulted in an
increasing body of research in this area in relation to running performéage Divert
et al, 2008; Hanson et al, 201Pgrl, Daoud and Lieberma2012; Squadron@and

Gallozzi, 2009; Warnand Warrington, 20%). In a homogenous group of runners,
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running economy (RE) has been considered a strong predictor of endurance
performance (Lucia et al, 2006). With regard to footwear, several studies have
reported significant differences in RE between barefoot or minimalist footwear when
compared to conventional footwear (Divert et al, 2008rl, Daoud and Lieberman
2012; Squadroneand Gdlozzi, 2009; Lussiana et al, 2013; Waared Warrington,
2014) and so it appears that changing footwear may be a means to influence

performance.

Despite these reported improvements in RE, only limited research has investigated the
process and effects dhe footwear transition in athletes when moving from habitual
conventional running shoe wear into minimalist or barefoot running, as this is now a
popular trend among runners (Rothschild, 20L2Rather, the findings of the majority

of studies are based amrsults from acute interventions or using previously habituated
barefoot or minimalist runners (Divert et al, 2008; Hanson et al, 2B&tl, Daoud and
Lieberman 2012; Squadrone and Gallozzi, 2009; Lussiana et al, 2013). Recently
published data by our search group observed significant improvements in running
economy (8.09%) following a four week familiarisation to minimalist footwear (MFW)
with no gaitretraining, when compared with conventional running shoes (CRS) (Warne
and Warrington, 204). This stdy did not include any suggestions for changes in the
running gait, but recently some authors have recommended the use of a barefoot
running style @ait-retraining in light of purported benefits to RE and a reduction in
injury risk (Jenkinand Cauthon, P11; Goss and Gross, 2013), largely in combination
with the use of MFW, but also just in CRS (GoabGross, 2013)Gaitretraining has

now become a popular intervention for runners (Gesal Gross, 2013; Dallam et al,
2005; Fletcher, Esau and MacintgsB008) and manufacturerswvw.merell.con),
although long term prospective studies are still required. Gaisretraining proposes
increasing stride frequency and adopting a mid or forefoot stplétern (Goss and
Gross, 2013;Fletcher, Esau and Macintgsi2008), but these factors examined
individually or in combination have been found to have no effect on RE (Ardigo et al,
1995; Gruber et al, 20B3Fletcher, Esau and MaclntgsP008). To date, there are no
reported studies that have examined if the uskebwmth agait-retraining intervention

and MFW transition can influence RE.
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The aims of the present study were therefore twofold; 1) to determine the effects of
combined 8 week MFW and gaétraining intervention on RE and simple kinematic
changes (stde frequency and foot strike patterns) when compared to a control group

in CRS with no intervention; 2) to examine if differences exist in RE and kinematics
between MFW and CRS, both before and after exposure to the MFWgaitd

retrainingintervention.

5.2 Methods

5.2.1 Participants : Twenty three moderately trained male runnets BSY nop M~
&1 okvr T p guh O 262R8 Y I EYTHY 5 MId | T +iomay 56.54 + 6.9L-min'-kg")

were recruited from local athletic club®articipantstypically ran 46 days per week

with a mean weekly running distance of 52 (x10) km at the time of the study.
Participantswere excluded if they had reported any running related injuries in the last
three months, or had previous barefoot or minimalist rumg experience. Only male
athletes were used to eliminate gender differences in running mechaffiesber,
Davis and Williams2003) All participantshad previous experience with treadmill
running. Theparticipantsgave informed consent at the beginning of testing. Ethical
approval for this study was granted by the Dublin City University Research Ethics

Committee.

5.2.2 Experimental design : Twenty threeparticipantswere recruited for the study

and wererandomly assgned into 2 groups (Tablg.2.2. Group 1: the intervention
group comprised of 1participants This group was tested in both MFW and CRS at
pre-test and 8 weeks (post), and were required to gradually increase exposure to
MFW as well as incorporatgait-retraining into their running over this period (The
MFW and gaitetraining will be summarised as MFW). Group 2: the control group
consisted of 1(articipants and were only tested in the CRS condition. This was in
order to control for any potential learning effects related to the tests, or changes
related to training season. In this reggpdrticipantswere tested during the summer,

and this would be considedea competitive period during the year. The control group
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