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Background: Recent evidence suggests that runnerswho habitually rearfoot strike sufferhigherratesof chronic injuries compared
to those who adopt a mid/forefoot strike pattern. Based on thisinformation newexperimental heelless footwear was developed with

the aim of mediatinga mid/forefoot strike pattem.

Objectives: Theaim of the current investigation was to examine the three=dimensional (3D) kinematicsand ground reaction forces
(GRFs) of runningin conventional footwear in comparison to the heellessshoes.

Methods: Twelve male participantsran at 4.0 m.s*14E 5% in each footwear condition. Angular joint kinematics from the

hip, knee and ankle in the sagittal, coronal andtransverse planes were measured using an eight -camera optoelectric motion
capture system. Synchronous ground reaction forces werealso obtained allowing impact load parametersandestimates of Achilles
tendon force to be quantified. Differencesin GRFs and 3D kinematicsbetween footwear were assessed using pairedt-tests.
Results: The kinematic analysis indicated that, in comparison to the conventional running footwear, the heelless shoes were
associated with significantly greater plantarflexion at foot strike and peak ankle eversion angle. Furthermore, the GRF analysis
revealed that, comparedto the conventional footwear, impact parameterswere significantly lower in the heelless footwear.
Conclusions: Given the reduction in impact loading ratesand increases in ankle eversion that were observed in heelless footwear,
running in thistype of footwear may reduce the incidence.of chronic.injuries linked to excessive impact forces. However, it may
increase the injury potential that is associated with excessive ankleeversion.
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Introduction

Epidemiological studies analysing the prevalence of run-
ning injuries suggest thatoveruseinjuries are a prominent
complaint for both recreational and competitive runners
(Hreljac 2004). Each year approximately 19:4<79.3% of
runners will experience a pathology related to running (van
Gentetal. 2007).

Recent evidenceprovided by Daoud et al. (2012) sug-
gests that runnerswho habitually-adopt a rearfoot strike
pattern havesignificantly higherrates of repetitivestress
injuries when compared to those who typically utilise a
mid/forefoot strike. Daoud and colleagues (2012) hypoth-
esisedthat the absence of a distinctimpact peak in the ver-
tical ground reactionforce duringa mid/forefoot strike
compared with a rearfoot strike may contribute to lower rates
of injuries'in runners who utilise anon-heel/toerun- ning
pattern.

Consequently a non-rearfootstrike pattern does reduce the
likelihood of an impact peakin the vertical ground reaction
force (GRF)-time curve compared to arearfoot strike pattern
that is characterised by a greater vertical
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loading rate of the GRF (Warburton 2001, Lieberman et al.
2010). Higherlevels of impact loading have been shownby
previous analyses to correlate significantly with the aetiology
of chronic injuries suchas stress fractures (Folman et al.
1986, Milner et al. 2006), osteoarthritis (Collins and Whittle
1989) plantar fasciitis (Hamill et al. 2008), medial tibial
stresssyndrome, and patellofemoral pain syndrome (Pohl et
al. 2008).

Heelless running shoes with adapted soles that do not
feature a heelsection have been developed to encourage
runners to utilise a mid/forefoot strike pattern (Hartveld
2007). It has been hypothesised that in non-rearfootstrike a
reduced posterior impulse at foot to ground contact is
prevalent leading to a reduction in angular momentum
exchange of the lower extremities about the hip as wellas a
reductionin linear momentumof the overallmass of the body
(Lieberman etal. 2010). Recent evidence has shown that
shod rearfootstrikers who switch to a mid/forefoot running
pattern are able to reduce the magnitude ofthe loading rate
of the vertical GRF (Delgado etal. 2013, Shih etal. 2013).
The evidence above can potentially
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indicate that the heelless footwear may be effective in
reducing the GRF parameters linked to the development
of chronic injuries.

Despite the possible effectiveness in reducingthever-
tical impact forces, mid/forefoot strike patterns are typi-
cally associated with higher plantarflexion moments at the
ankle (Williams et al. 2000). This may indicate that non-
rearfoot strike running may be associated with increased
internalloading, specifically tothe Achilles tendonwhich
itself may account for 110% of chronic running injuries

(Taunton etal. 2003). Therefore whilst running without a
rearfoot strike may reduce the external load applied to the

musculoskeletal system(Lieberman et al. 2010), the inter- nal
load experienced by specific musculoskeletal struc- tures
may be increased.

Furthermore, there has yet to be any published infor-
mation regarding the efficacy of footwear without a heel
profile such as the heelless in comparisonto a conven- tional
running shoe. Thus, claims regarding the injury pre-vention
characteristics of this type of footwear remain
unsubstantiated. The aimofthe current investigation is to
examine the three-dimensional (3D) kinematics and GRFs of
running in conventional footwear in comparison to the
heelless prototype running shoes. This study evaluates the
hypothesis thatthe heelless footwear will reduce the load- ing
rate of the groundreaction force through anincreased
plantarflexion angle at footstrike compared to conven- tional
footwear.

Methods
Participants
Twelve male participants (age27.22 A 4.76 years, height

1.79 A 0.09 m and body mass 78.65 A:8.26_kg) volun-

teered to take part in the currentinvestigation. Participants
were recreational runnerswho trainedat least threetimes per
week who ran a minimum of 35 km perweek. All were free
from musculoskeletal pathologies at the time of data
collection and provided informed consent. All run- ners were
consideredtobe rearfoot strikers as they exhib-ited a clear
first peakin their vertical ground reaction force time-curve
whenrunning/in the conventional foot- wear (Cavanaghand
Lafortune 1980). This was further verified through
individualexamination of participant's sagittal plane ankle
positions atfoot strike. Ethical approvalwas obtainedfrom
the University Ethics Com- mittee and the procedures
outlined in the declaration of Helsinkiwere followed.

Procedure
The participants completed 10 running trials overa22 m

walkway at 4.0 m.s”1 ZE5% in the laboratory. Thepartici-
pants struckan embedded piezoelectric force platform

(Kistler Instruments, Model 9281CA; Dimensions ¥20.6 A
0.4 m) sampling at 1000 Hz with their right foot (Sinclair
et al. 2013b). Running velocity was monitored using

infra-red timing gates (SmartSpeed Ltd, UK). The stance
phaseofthe running cycle was delineated as the time over
which a minimum of 20 N vertical force was applied to the
force platform (Sinclair et al. 2011). 3D kinematics were
collected using an eight-camera optoelectric motion capture
system. The synchronised kinematic and ground reaction
force data were obtained using Qualisys track manager
software (Qualisys Medical AB, Goteburg, Swe-den) with a
capture frequency of 250 Hz.

The calibrated anatomical systems technique (CAST)
was utilised torquantify joint kinematics (Cappozzo et al.
1995). Todefine the anatomical frames of the right foot,
shankand thigh, retroreflective markers were positioned
onto the calcaneus, 1st and 5th metatarsal heads, medialand
lateral malleoli, medial and lateral epicondyle of the femur
and greatertrochanter. To define the pelvic seg- ment,
additional markers were placed on the anterior (ASIS) and
posterior (PSIS) superioriliac spines. The hip joint centre
was determined using regression equations basedonthe
separation between ASIS markers (Bellet al. 1989). Rigid
carbon-fibre tracking clusters comprising four retroreflective
markers were positioned onto the pel-vis, thighand shank
segments and secured using tape. The foot was tracked using
the calcaneus, 1st and 5th metatar- sal markers. Static
calibration trials (not normalised to standing posture) were
obtained with the participant in the anatomical positionin
order for the positions of the ana- tomical markers to be
referenced in relation to the track- ing clusters/markers.
Separate static trials were obtained for each footwear
condition.

Data processing

GRF and 3D kinematic datawere analysed using Visual 3-

D (C-Motion, Germantown, MD, USA) after being fil- tered
at50 Hz and 12 Hz respectively usinga low pass
Butterworth 4th order zero-lag filter. 3D kinematics of the
lower extremities were calculated usingan XYZ Cardan
sequenceofrotations (where X Y sagittal plane; Y % cor-
onalplane and Z Ystransverse plane). Kinematic curves

were normalised to 100% of the stance phase thenproc-
essedtrials were averaged. Discrete kinematic parameters in
all planes of rotation, of the hip, knee and ankle includedin
statistical analyses were 1) angle at footstrike, 2) angle at toe-
off, 3) range of motion during stance, 4) peakangle during
stance and5) relative range of motion from foot strike to
peakangle. These variables were extracted fromeach ofthe
10 trials foreach joint in all the three planes of rotation, and
the data were then averaged within subjects for statistical
analysis.

Ankle joint kinetics were computed using Newton- Euler
inverse-dynamics. Net external ankle jointmoments
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Table 1. Ground reaction force variables (mean p/- SD) for both footwear types (A ¥4 Significant main effect p 0.05).
Saucony Healus p-value
A
Vertical Impact Peak (BW), 217 £02 177 /£045 0018
. ; 35441 /£ 66.98 28641 AE 7361 0.026*
AN -
Peak Loading Rate (BW.s*) s 100.34 /E 3597 910 A 3941 0423
Average Loading Rate (BW.s) 2554 AE9.23 24,65/ 21.61 0.852
Time to Peak Impact (ms) 047 A0.09 054 /£0.18 0.654
ks e 0 St 5t SoEs o
Peak Propulsive Force (BW) .14/E '1 - s - . -2
Peak Medial Force (BW) 0.14 A£0.10 009 A 00 0236

18534 A 6543

184 68 /[ 66,09 0,360

PEark Cateral FOTCe (BW)
Stance Time (ms)

were then calculated. To estimate Achilles tendonkinetics the
plantarflexion moment calculated was divided by an
estimated Achilles tendon moment armof 0.05 m (Komi et
al. 1990, Scottand Winter 1990). From the Achilles tendon
force measures of peak force, time to peak force, average
loading rate and instantaneous loading rate were obtained.in
accordance with Almonroederetal. (2013). From the GRF
data, four parameters including average vertical loading rate,
instantaneous vertical loading rate, peak vertical impact
force and time to peak impact were calculated and
subsequently included in statistical analy-sis (Sinclairet.al.
2013a). Achilles tendon and ground reaction force
parameters were all normalised to the par-ticipants

bodyweight (BW).

Footwear

The shoes used during this study consisted of conven-
tional footwear (Saucony pro grid guide I) and heelless
(Healus™) footwear, (shoesize.7-10 in UK:men's).

Statistical analyses

Means and standard deviationsof3D kinematic and
kinetic parameters were calculated for each footwear con-
dition<Footwear induceddifferences these parameters were
examined using paired samples t-tests with signifi-

cance acceptedat the p 0.05 level (Rothman 1990).

Effect sizes for all significant observations were calcu-
lated using Cohen's D. The data were screened fornor-

mality usingaShapiro-Wilk testwhich confirmed thatthe
normality assumption was met. All statistical actions were
conducted using SPSS 21.0 (SPSS Inc, Chicago, USA).

Results
Ground reaction forces

Table 1 presentsthe verticalgroundreaction force varia-
bles obtained forboth footwear types.
Asignificantly (t,;) ¥22.84,p ¥20.018, Cohen's D %4

1.20) lower vertical impact peak was associated with run-
ning in heelless footwear as compared tothe conventional

running shoe. In addition the heelless footwear showed
significantly (t(;) ¥22.56, p %20.026, Cohen's D %4 1.15)
lower instantaneous loading rate.

Achilles tendon load

Table 2 presentsthe Achilles tendonload parameters
obtained for both footwear types.

No significant differences were observed between
footwear for Achilles tendon load parameters.

Three-dimensional joint kinematics

Figure 1 presents the stance phase 3D kinematic curves
fromthe hip, knee and ankle. Tables 3-5present thedis- crete
3D kinematic parameters fromthe hip, knee and ankle for
both footwear types.

No significant differences were observedat the hip and
knee joints between footwear conditions.

In the sagittal plane, when running in the heelless foot-
wear a significantly greater (t;,) %2 2.99, p %2 0.015,
Cohen's D ¥4 1.36) plantarflexion angle at footstrike was
observed. In addition, the heelless footwear was shownto
significantly (t,,) %25.93, p ¥ 0.000009, Cohen's D %4

2.26) increase the plantarflexion angle at toe-off when
compared to the conventional running shoe. Finally the

Table 2. Achilles tendon force variables (mean p/- SD) for both footwear types (* ¥ Significant main effect p 0.05).
Healus Conventional p-value
Peak force (BW) 6.25 A£093 5.88 /068 0.169
Timeto peak force (ms) 127.72 /£ 19.96 13450 A 27.10 0.225
R U.105
Average tendon loading rate (BW.s*") A1 4989 A& 1689 4383 A 1554 0.104
160.96 A 62.16 14760 A 46.77 .

Instantaneous tendon loading rate (BW.s)
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Figure 1. Mean hip, knee and ankle joint kinematics in the (a) sagittal, (b) coronal and (c) transverse planes for heelless (solid line) and
conventional shoe conditions (dotted line). FL Yaflexion, AD ¥ Adduction, EV ¥4 Eversion and INT ¥ Internal.

conventional footwear showed significantly greater (t ;4 ¥4
7.74, p /20.0000004, Cohen's D ¥23.20) peak dorsiflexion.

In the coronal plane the heelless footwear showed sig-
nificantly greater (t41) /2 3.23, p %2 0.008, Cohen's D ¥4
3.23) eversion at foot strike. In addition the heelless foot-
wear was shown to significantly increase (t (1) %2 2.90,

p %2 0.014, Cohen's D ¥ 2.90) eversion at toe-off when

compared to the eversion angles that were achieved run-
ning in the conventional footwear. Finally the heelless

footwearwas shownto be associated with significantly
greater (t 1) ¥22.95,p ¥20.011, Cohen's D %2 1.30) peak
eversion.

Discussion
The aim of the current investigationwas to examine the

3D kinematics and kinetics of running in conventional
footwear in comparisonto the new heelless running shoes.
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Table 3. Hip kinematics (mean p/- SD) for both footwear types (* ¥4 Significant main effect p 0.05).

Healus Conventional p-value
Hip
X (p Ya flexion/- Yaextension)
Angle at Footstrike (1) 3790 A 1242 3755 A 1374 0.756
Angle at T oe-off (%) A13.15 & 15.99 A10.72 £ 1663 0122
Range of Motion (%) 51,05 A 11.88 4827 /£ 12.33 0.134
Peak Range of Motion (%) 049 /A0.70 0.20 A£0.39 0.225
Peak Flexion (%) 3838 /£ 1253 37.74 /£ 1388 0533
Y (p ¥ adduction - ¥ abduction)
Angle at Footstrike (1) 5.56 A£5.92 429 /450 0493
Angle at T oe-off (%) 156 /5.09 A042 A 660 0.237
Range of Motion () 549 /389 6.11 A339 0638
Peak Range of Motion (%) 6.28 /£ 358 6.66 312 0.608
Peak Adduction (%) 1184 /££538 10.96 /£ 5.96 0558
Z (b Y internal/- ¥ external)
Angle at Footstrike (%) A13.07 £ 1265 A853 /A£9.18 0234
Angle at T oe-off (1) A16.22 /£ 13.04 A14.87 /£9.93 0378
Range of Motion (1) 741 /E488 7.69 /E5.64 0816
Peak Range of Motion (%) 8.27 /E5.17 944 /533 0.166
Peak External Rotation (1) A21.34 /1243 A17.98 £ 11.00 0.104

The GRF analysis supports the hypothesis that the
heelless footwear was associated with significantly lower
impact peaks and instantaneous vertical rates of loading
when compared to the conventional footwear. This abser-
vation may have potential clinical significance giventhe
proposed relationship between impact loading magnitude
and the aetiology of chronic running injuries. It appears,
based on these observations, that running in heelless shoes has
the potential to reduce the impact force parameters linked to
the development of chronic injuries (Whittle 1999).

One of the key observations fromthe kinematic analy- sis
was a significant increase in plantarflexion angle at

Table 4. Knee kinematics (mean p/- SD) forboth footwear
types (* ¥a Significant main effect p 0.05).

Healus Conventional p-value
Knee
X (p Y4 flexion/- 4 extension)
Angleat Footstrike (1) 20.21 £4.831753/£3.91 0081

Angle at T oe-off (2) 1375 £3.631266A£5.58 0351
Range of Motion (%) 6.80 £4.716.54 £6.44 0989
Peak Range of Motion () 24.76 A 4.65 25.14 /£ 5.60 0.805
Peak Flexion (1) 44.97 FE4.914267/E6.39 0077
Y (p ¥ adduction - ¥ abduction)

Angle at Footstrike(%) A3.39/£4.91A151/£866 0310
Angle at T oe-off (1) A4.87/E395A329/E660 0192
Range of Motion (2) 2.76 £1.393.03£1.89 069
Peak Range of Motion (1) 7.55 & 4.56 7.61 /& 4.68 0.834

Peak Angle () A10.94 £8.88A0.12A£1045 0288
Z (b Yainternal/- ¥ external)
Angle at Footstrike () A4.04/£780A688£1082 0289

Angle at T oe-off () A3.64/E6.73A329/E6.60 040
Range of Motion (1) 4.05/&1.755.17 £3.47 0348
Peak Range of Motion () 10.39 A 3.04 12.48 A 4.06 0.091
PEar mrernar Rotacion (7)0.50 AZ0.60 0.09 A= 9.24 U.700

foot strike.in the heelless footwear. This moderation in
kinematics is produced by the design characteristics of the
shoesole andsuggests that the heelless shoes are indeed
effective in mediating a flatter foot position in comparison to
conventional footwear. As noted previously a non-rear- foot
strike pattern serves to attenuate the exchange of
momentum between foot and ground (Lieberman et al.
2010), thus the observedreduction in impact loading
mediated by the heelless footwear was to be expected.

In the coronal plane, runningin heelless footwear was
shown to significantly increaseankle eversionin relation to
the conventional footwear. This finding does have potential
clinical significance as excessiverearfoot ever-sion
parameters are implicated in the aetiology ofa num-ber of
overuse injuries such as tibial stress syndrome, plantar
fasciitis, patellofemoral syndrome and illiotibial
band syndrome (Taunton etal. 1982, Whittle 1999,

Duffey etal. 2000, Willems et al. 2006, Lee et al. 2010).

Theincrease in Achilles tendon load experienced in
the heelless footwear concurs with Almonroeder et al.
(2013) who found that non-rearfootstrike runners exhib- ited
sizeable yet non-significant increases in Achilles ten-

don force compared to rearfoot strike runners. The

results ofthe current study may have relevance to the
aetiology of chronic Achilles tendon pathology which

has been linked to repeated mechanical loading ofthe tendon

(Magnusson et al. 2010). The findings fromthe

current investigation suggest that habitual rearfoot strike
runners will experience an additional but not statistically
significant 10% increase in Achilles tendon load when
wearing the heelless footwear. However additional work using

a longitudinaldesign is required before conclu-

sions with regards to Achilles tendon pathology can be
drawn.
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Table 5. Ankle kinematics (mean p/- SD) for both footwear types (* ¥4 Significant main effect p 0.05).
Healus Conventional p-value
Ankle
X (p ¥Ya dorsi /- ¥4 plantar)
Angle at Footstrike (1) A4.42 /E 960 766 A£8.15 0.015% A
Angle at T oe-off (1) A33.06 £ 3.13 A23.04 /£ 5.43 ' 8
Range of Motion (1) 28.79 A 946 30.70 A 10.16 0.000009
Peak Range of Mation () 17,60 A 8.17 1341 524 0565
SR )
Peak Dorsiflexion (1) 1318 2232 2107 £ 360
. - . 0.085
Y (b ¥ inversion/ - ¥ eversion) 0.00000044
Angle at Footstrike (1) 0.16 A£4.34 529 /E394 ’
Angle at T oe-off (%) AATA EATT A0.21 /E5.83 0.008*
Range of Motion (1) 5.19 A 367 6.56 A3.78 0.014%
0.206
Peak Range of Motion (%) 14.49 A 260 16,62 /£ 4.61 0051
Peak Eversion (1) A15.34 F 3.52 -10.33 £ 350 A
Z (b Ya external/ - ¥a internal) 0011
Angle at Footstrike (1) 247 FEAS2 0.10 /A 6.66
Angle at T oe-off (1) 7.36 A£2.73 839 /375 0136
Range of Motion (%) 557 378 843 /£4.18 0119
or-1) S22 54 e 10
Peak External Rotation (1) 7.76 /E2.98 839 /375 0124
0.208
A limitation ofthe current study is the utilisation ofa Acknowledgements

generic moment armfor the calculation of Achilles tendon
force parameters. Tendon moment arms are important in
musculoskeletal modelling for the determination often-
don loading and are highly dependent on‘individual unique
anatomical characteristics (Fath et al. 2010). Fur-thermore
utilising direct measurement techniquesit:has been shown
that the Achilles tendon momentarmchanges throughoutthe
stance phase as a result of the changes in the ankle angle in
the sagittal plane (Fath et al. 2010)." In.future studies
employment ofa subject-specific momentarm may provide
more insight on the effectofheelless footwear toeach
individual.

In conclusion, this study adds to the currentknowl- edge
by providing acomprehensive evaluation of the GRFs and
3D kinematics ofrunning in footwear designedto promote a
mid/forefoot strike pattern in relation to con- ventional shoes
during the stance phase. Thesignificantreduction in impact
loading in the'heelless footwear sug- gests it may have the
potential toreduce the impact parameters linked to the
development of chronic injuries. However, thatthe heelless
shoes were associated with sig- nificantincreases in ankle
eversionmay suggest that they accentuate the injury risk
associated with skeletal mal- alignment. Designers and
manufacturers of such novel footwear should take this into
considerationwhilst con- ceptualising future footwear
designs. Future research should investigate furtherthe long
term effects of foot- wear designed to promote anon-
rearfoot running pattern. Prospective epidemiological
analyses using randomised controlled trails should also be a
focus for future investi- gations in the effect of mid/forefoot
strike patterns on injury and performance.

The authorswould like to thank Healus™ for providing us with
the experimental footwear.
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