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ABSTRACT
Background It is not known whether the effects on
altered running style which are attributed to minimalist
footwear can be achieved by verbal instructions in
standard running shoes (SRS).
Aim To explore the effect of Vibram FiveFingers (VFF)
versus SRS plus running instruction on lower
extremity spatiotemporal parameters and lower limb
joint kinematics.
Methods 35 healthy subjects (mean=30 years, 18
females) were assessed on two occasions with 3D
motion analysis. At each session subjects ran on a
treadmill (3.58 m/s) for 2 min in either VFF or SRS
(randomised order); with and without running
instruction. Differences between spatiotemporal
parameters and lower limb joint kinematics between
conditions were assessed using a 2x2 repeated-
measures ANOVA.
Results Wearing VFF significantly increased cadence
(p<0.001) and reduced stride length (p<0.01). Prior to
initial contact, both instruction and VFF significantly
increased foot (p<0.001 and p=0.02, respectively) and
ankle (p<0.001 and p=0.02, respectively) plantarflexion,
while wearing VFF significantly increased knee
extension (p=0.04). At initial contact, instruction
significantly increased knee flexion (p=0.04), and foot
(p=0.001) and ankle (p=0.03) plantarflexion. At mid-
stance and toe-off, instruction significantly increased
knee flexion (p=0.048 and p<0.001, respectively) and
foot plantarflexion (p<0.001 and p=0.01, respectively).
Instruction had a greater effect on increasing knee
flexion (p=0.007) and plantarflexion angle (p<0.001)
when subjects wore SRS and VFF, respectively.
Conclusion Alterations in spatiotemporal parameters
observed when running in VFF are likely to be
attributable to the minimalist footwear. However, the
kinematic adaptations observed following instruction
suggests that changes in joint angles previously
attributed to minimalist footwear alone may be
similarly achieved with instruction.

INTRODUCTION
Running is associated with a number of
physical and mental health benefits
including improved cardiovascular fitness,1

increased bone mineral density2 and stress

reduction.3 However, the incidence of
running-related injuries in the lower
extremity has been reported to be as high
as 79%; with at least half of these being
defined as related to overuse.4 Different
running styles and their possible effects on
injury prevalence and running performance
have generated significant interest in the
lay media and the scientific community.
Proponents of barefoot running, or running
in minimalist footwear,5 claim that these
reduce the risk of injury.6–8 There are
reports of biomechanical6 9–11 and physio-
logical differences11 between shod and
barefoot running conditions, which have
been proposed to explain a theoretical basis
for a potential reduction in injury risk. This
has contributed to a growth in the popu-
larity of minimalist footwear.
Some minimalist shoes do not appear to

replicate the mechanics of barefoot
running,12 but others appear to be effective
in imitating barefoot conditions such as
increased ankle plantarflexion on landing
and reduced vertical loading rate.11 A fore-
foot striking pattern refers to where the ball
of the foot first strikes the ground first.13

This forefoot strike pattern has been
suggested to be associated with reduced
injury prevalence.9 14 15 A proposed mecha-
nism for reduced injury risk with a forefoot
strike (FFS) pattern, although not all
authors report that increased vertical
loading rates lead to a greater prevalence of
running injury7 16 involves the reduction of
vertical loading rate and peak loading.9 11

17 In habitually minimally shod runners it
has been shown that there is significant
individual variability in vertical loading rate
with some individuals shown to have
increased vertical loading rate in barefoot
conditions.18 19 This is not surprising given
that recent work reports that habitual rear-
foot strikers have different kinetic and
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kinematic responses to habitual mid/forefoot strikers
during both shod and barefoot conditions.20 It has
been shown that 12 weeks of running training in mini-
malist footwear can lead to a forefoot strike posture at
follow-up when tested in both barefoot and shod condi-
tions.21 However, an uninstructed progressive barefoot
running programme of 8 weeks duration lead to indi-
vidual variability in both ankle angle during landing,
and the associated vertical loading rate tested under
barefoot conditions; with only 25% of individuals
demonstrating reduced vertical loading rate.18 Thus,
instruction regarding running style may be more
important than footwear used when it comes to injury
risk,18 although it is evident that footwear can affect
running style.6

To facilitate a forefoot strike without changing foot-
wear, some trainers and authors have used verbal
running instructions, for example ‘run softer’22 or ‘run
on your toes’.23 This aims to reduce vertical loading
rate and peak loading22 and encourage habitual rear-
foot strike runners to replicate the sagittal plane joint
kinematics of habitual FFS runners.23 No studies to
date have explored the effects of both footwear and
instruction in the same population. This is important
because it will inform both clinical decision making for
running prescription and rehabilitation and also future
prospective studies on injury prevalence as a result of
running in different types of footwear and with
different running styles. Therefore, the main purpose
of this study was to compare spatiotemporal parame-
ters and lower limb kinematics during running in
either minimalist footwear or standard running shoes
(SRS) while considering the effect of running
instructions.
The main hypothesis was that there will be significant

differences in spatiotemporal parameters and in knee,
ankle and foot kinematics as a result of both running
in minimalist footwear and also in SRS plus running
instructions.

METHODS
Study design
This was a randomised, within subject, repeated meas-
ures cross-sectional study.

Participants
The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the King’s College
London Research Ethics Committee (REC Protocol
No: BDM/11/12–66). Subjects were recruited via email
advertising and snowball sampling within the university
population of King’s College London from July 2012
to September 2013. Subjects were provided with an
information sheet. Thirty-seven healthy adults (19
female and 18 male) provided written consent to
participate. Inclusion criteria were aged 18–50 years
and with previous experience of running on a

treadmill. Exclusion criteria were any medical condi-
tions presenting a risk when running, lower extremity
injuries requiring medical attention in the past 6
months, previous or current use of minimalist footwear
and the use of medically prescribed orthotics. All
subjects completed a questionnaire detailing running
behaviours and preconceived opinions on minimalist
footwear. They received a complimentary pair of
Vibram FiveFingers (VFF) as compensation for their
time, along with instructions for use in accordance with
the manufacturer’s recommendations.24

Instrumentation
A single Cartesian Optoelectronic Dynamic Anthrop-
ometer motion analysis system (CODA mpx30 -
Charnwood Dynamics, Leicestershire, UK) was used to
record kinematic data of the right lower extremity.
Data were captured using Codamotion software with a
sampling frequency of 200Hz. A Reebok-i run tread-
mill (RE-14301, RFE International, Milton Keynes,
UK) with belt dimensions of 40�124 cm was used and
earthed to the mains supply to reduce signal
interference.
The footwear were the VFF sprint model (Vibram

SpA, Albizzate, Italy) and a conventional running shoe
(ASCOT, Birmingham, West Midlands, UK; figure 1)
(mass 117–172 g and 372–477 g, respectively,
depending on size).

Procedures
Subjects attended on two occasions at least 48 hours
apart. The protocol for each session was the same
apart from the footwear worn. At the first session,
subjects were randomly assigned to wearing either
VFF or SRS and the other type was worn at the
second session. Subjects performed a 2-min warm up
at 1.8m/s.

Motion analysis
Eleven infrared markers were applied to the right leg.
Marker locations (figure 2) were chosen in accordance
with previous running kinematic studies for compar-
ison.9 17 Markers were attached to the skin after
palpation using double-sided adhesive and overlay
tape. Markers for the tuber calcaneum and the head of
55th metatarsal were attached following palpation over
the footwear.
Following marker placement, a 20 s static standing

stance on the horizontal treadmill was recorded.
Subjects then undertook a 2-min run at 3.58m/s to
allow for familiarisation. This speed ensured that
subjects were running25 but remained below the
proposed threshold for sprinting.26 If subjects verbally
reported difficulty with maintaining that speed it was
reduced to 3.13m/s. Following this, subjects continued
to run for 30 s while 20 s of kinematic data were
collected.
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After a 3-min rest period, subjects were given the
standardised verbal instruction ‘we would now like you
to run in a light, soft and quiet way’. This was in accor-
dance with suggestions by the distributor and similar to
those used in the study by Diebal et al27 to encourage a
FFS. Subjects ran for another 2min attempting to
follow the instructions, which were repeated after one
and 2min. Thereafter, data were recorded for 20 s.

Data analysis
Kinematic data was digitised and analysed using the
motion segments shown in figure 2. All subsequent
angles were corrected against angles measured during
the static standing stance. This method has been

reported to have a measurement precision of ±0.26˚.9

Plantar foot angle was calculated as the difference in
height between the 5th metatarsal and calcaneus
marker on the z-axis.13

A specifically designed programme in Matlab
(version 2006a, Mathworks, Natik, MA, USA) allowed
for the demarcation of initial contact using the method
described by Altman and Davis13 and corroborated by
identification of the point at which either the 5th meta-
tarsal or calcaneus equalled the velocity of the
treadmill. Toe-off was indicated by the point at which
the 5th metatarsal started to decelerate. Symmetry
between left and right lower extremities was assumed.17

Kinematic profiles were derived after averaging a
minimum of 10 consecutive strides.28 Kinematic data
were analysed at four stages of the gait cycle to allow
for comparisons with other running trials; prior to
initial contact, initial contact, mid-stance and toe-off.9
11 17 Although mid-stance is not a discrete point in
time, it was defined as occurring at 50% of stance.14

Results are presented using the following abbrevia-
tions for each condition; shoes with no instruction
(SI�), shoes with instruction (SI+), VFF with no instruc-
tion (VI�) and VFF with instruction (VI+). SI� was
assigned as the experimental control.

Statistical analysis
Data were analysed using Statistical Package for the
Social Sciences (SPSS) version 20 (IBM, USA). Data
were tested for normality by observation of the Q-Q
plots and by using Kolmogrov-Smirnov tests. A facto-
rial two-by-two repeated measures analysis of variance
was performed for parametric data. Friedman’s anal-
ysis of variance was performed to analyse ankle angle
at mid-stance, as this variable was found not to be
normally distributed. Effect size (r) was reported as
partial eta square; small effect (r=0.10), medium effect
(r=0.30) and large effect (r=0.50).29

Results
Subjects
Thirty five subjects completed the study with no
reported adverse events. Three requested a lower
running speed of 3.12m/s. One of the 37 subjects
recruited withdrew from the study after the first session
due to an injury sustained outside the study and one
subject’s data were unusable due to a technical error.
The characteristics of the subjects and data from the

questionnaire regarding running behaviours and
preconceived opinions on minimalist footwear are
shown in table 1. The majority were regular runners,
performing a mean of 1.5 hours a week. The majority
(n=29) had heard of minimalist footwear and 19 of
these thought they would have a beneficial effect.

Figure 1 Side and sole view of the Ascot neutral running

shoe.

Figure 2 Marker positions for the knee, ankle and foot. The

inset shows foot angle positions for midfoot, rearfoot (<0mm)

and forefoot (>0mm) strike as defined by the relationship

between the markers on the calcaneus and the 5th

metatarsal at foot strike with respect to static stance.
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Spatiotemporal parameters
Neither footwear nor instruction had a significant
effect on the proportion of time spent in the stance
phase during running. There was a main effect of foot-
wear such that cadence was higher (p<0.001, r=0.43)
and stride length lower (p<0.01, r=0.27) when
wearing VFFs. There was no main effect of instruction
on either cadence or stride length (table 2).

Foot plantarflexion
There was a main effect of footwear (p=0.02, r=0.15)
at initial contact minus 10%, whereby irrespective of
instruction subjects adopted a forefoot strike running
pattern in VFF but not in shoes. This effect of footwear
was not seen at initial contact (table 3).

There was a main effect of instruction at both initial
contact minus 10% (p<0.001, r=0.47) and at initial
contact (p<0.001, r=0.35), whereby irrespective of
footwear subjects adopted a greater forefoot strike
running pattern when provided with instructions.

Kinematic variables (table 4)
There was a main effect of footwear at initial contact
minus 10% at both the ankle (p=0.03, r=0.14) and the
knee (p=0.04, r=0.12), whereby in VFF the ankle was
in greater plantarflexion and the knee was in less
flexion than when wearing shoes. At initial contact
minus 10%, there was a main effect of instruction at
the ankle (p<0.001, r=0.37) where plantarflexion
increased marginally (0.3�) with instructions (table 4).
There was a main effect of instruction at initial

contact such that with instructions there was greater
ankle plantarflexion (p=0.02, r=0.15) and knee
flexion (p=0.04, r=0.12) irrespective of footwear.
When subjects wore VFF, instruction had a greater
effect on increasing plantarflexion (p<0.001, r=0.28),
however when wearing shoes, instruction had a greater
effect on increasing knee flexion (p=0.007, r=0.21).
Knee and ankle angles were essentially similar

throughout the running cycle with some exceptions
(figure 3). In the last 20% of the cycle, the ankle was
more dorsiflexed when there were no instructions in
both types of footwear and there was a suggestion that
the knee was more extended when wearing shoes only.
When wearing VFFs there was a slight decrease in knee
extension when there were instructions.

Discussion
Our hypothesis that both running in minimalist foot-
wear and running in SRS plus instructions leads to
changes in lower limb kinematics, is supported by the
results of this study. Importantly, we note that
providing simple instructions to run ‘lightly, softly and
quietly’ when wearing conventional running shoes
leads to similar lower limb kinematic changes to
wearing minimalist footwear. This is the first study to

Table 1 Subject characteristics (mean (SEM) or median

(min�max)) and details from questionnaire responses

regarding running behaviours and preconceived opinions

on minimalist footwear

Subject details

Total n (male/female) 35 (17/18)

Height (m) 1.68

(0.09)

Age (years) 30.3 (5.9)

Mass (kg) 69.5

(11.9)

Shoe size (UK sizes) 7 (3–12)

Questionnaire response

Runner/non-runner (n) 29/6

Running amount (hours/week) 1.5 (0–15)

Exercise amount (hours/week) 3.5 (0–17)

Prior awareness of minimalist footwear (n) 29

Minimalist footwear beneficial? (yes/no/

unsure)

19/7/9

Table 2 A comparison of spatiotemporal parameters (mean (SD)) during different running conditions in 35 subjects

Variable

Test condition Combined conditions

SI� SI+ VI� VI+ S V I� I+

Stance (%) 26.5

(2.5)

26.2

(2.4)

25.1

(3.7)

26.0

(3.7)

26.3

(2.5)

25.5

(3.7)

25.7

(3.2)

26.0

(3.1)

Cadence†** (steps/

min)

168.7

(11.4)

167.3

(11.6)

172.4

(11.5)

172.3

(12.0)

168.0

(11.5)

172.4

(11.6)

170.5

(11.5)

169.8

(12.0)

Stride length†* (m) 2.18

(0.18)

2.21

(0.17)

2.14

(0.17)

2.15

(0.14)

2.19

(0.17)

2.14

(0.15)

2.16

(0.17)

2.18

(0.15)

*p<0.01.

**p<0.001.

†Footwear main effect.
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demonstrate this finding. Both instruction and mini-
malist footwear can increase the extent of forefoot
landing, while the combination of the two had the
greatest effect. Wearing minimalist footwear without
instruction induced a forefoot strike running pattern
prior to landing (IC�10%). This was not seen at initial
contact (IC), which is in contrast to the findings of
others9 11 12 17 presumably because the effect of foot-
wear type was dwarfed by the much larger effect of
instruction. The effect of footwear on the extent of
plantarflexion prior to landing (IC-10%) was small
(r=0.15) when compared with the larger effect of
instruction on this variable prior to landing (r=0.47)
or at initial contact (r=0.35).
From the clinical perspective some authors have

proposed that the more forefoot strike running pattern
may be associated with reduced lower limb injury risk.1

9 30 Others have not found this to be the case7 16 and
Tam et al

8 emphasise that the link between minimalist
footwear and running injury or performance has yet to
be established using long term prospective studies.
Some authors have observed a high incidence of foot
bone marrow oedema31 or metatarsal stress fracture in
those transitioning rapidly (0–2 months) from conven-
tional to minimalist footwear32 although it has been
suggested that a gradual transition may reduce this
risk.30 Others have reported that forefoot running is
beneficial for those with chronic exertional compart-
ment syndrome27 and may be associated with a lower
incidence of overuse injuries.30 It seems that the clin-
ical effect of footwear type and running style varies in
different parts of the lower limb,33 which may increase
the risk of certain injuries and reduce the risk of
others.

Table 3 Plantarflexion angle (n=35, mean (SD)) during the landing phase of the running cycle

Variable

Test condition Combined conditions

SI� SI+ VI� VI+ S V I� I+

Initial contact minus 10%

†*z** (mm)

�30.2

(26.4)

�14.2

(28.3)

�21.8

(25.4)

�2.8

(23.4)

�22.2

(28.3)

12.3

(26.0)

�26.0

(25.4)

�8.5

(26.1)

Initial contact z**(mm) 0.5

(18.7)

7.9

(14.8)

1.0

(19.9)

10.5

(19.4)

4.2

(17.1)

5.7

(20.1)

0.7

(19.2)

9.2

(17.2)

*p<0.05, **p<0.001.

†Footwear main effect.

zInstruction main effect.

A positive value is indicative of a more plantarflexed foot position denoted by the fifth metatarsal marker being lower than the calcaneus

marker on the z-axis.

Table 4 Ankle and knee joint angles (degrees) (mean (SD)) during the landing phase of the running cycle

Variable

Test condition Combined conditions

SI� SI+ VI� VI+ S V I� I+

Ankle at 10% prior to IC †*z***
(n=34)

�4.2

(7.7)

�0.4

(9.0)

�0.5

(8.2)

4.3

(8.7)

2.1

(8.5)

1.8

(8.7)

2.4

(7.7)

2.1

(8.9)

Ankle at ICz*
x
***¶ (n=33) �2.5

(6.8)

�2.7

(6.8)

�2.9

(6.1)

0.1

(6.5)

�2.9

(6.8)

�1.5

(6.4)

2.8

(6.4)

1.5

(6.7)

Knee at 10% prior to IC †* n=34) 6.4

(9.3)

6.5

(8.8)

3.3

(5.4)

4.3

(6.2)

6.4

(8.9)

3.8

(5.8)

4.9

(7.7)

5.3

(7.6)

Knee at IC z*
x
**†(n=33) 14.1

(6.2)

16.8

(7.1)

14.0

(7.0)

13.8

(6.0)

15.5

(6.6)

13.9

(6.3)

14.1

(6.4)

15.3

(6.5)

*p<0.05.

**p<0.01.

***p<0.001.

†Footwear main effect.

zInstruction main effect.

xInteraction effect.

¶When subjects wore Vibram FiveFingers (VFF), instruction had a greater effect on increasing plantarflexion compared with when subjects

wore shoes.

††When subjects wore shoes, instruction had a greater effect on increasing knee flexion compared with when subjects wore VFF.

All knee angles are degrees of flexion. Positive ankle joint angles denote plantarflexion.

IC, initial contact.
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We studied lower limb running kinematics during a
20 s period following 2min of running, which was
unlikely to produce fatigue. Longer bouts of running
with a forefoot strike require strong contractions of
the calf muscle complex, which could be associated
with an increased incidence in injuries to the Achilles
tendon.33 Furthermore, such fatigue could lead to
heel strike running pattern in minimalist footwear
leading to an increased propensity for calcaneal
fractures.32

The greater foot plantarflexion during the landing
phase in the VI+ condition (which equates to a mean
change of 27mm into the forefoot strike posture when
compared with the standard running shoe and no
instruction condition (effect size r=0.28) can be
explained by altered kinematics at both the knee and
the ankle. With minimalist footwear and instruction,
there was a mean increase in ankle plantarflexion prior
to landing of 8� when compared with ankle angle
during running with SRS and without instruction. The
effect size for this difference was small (r=0.14). Simi-
larly, there was a small effect (r=0.12) of minimalist
footwear, equating to a mean increase of 3� in knee
extension prior to landing, when compared with
running in SRS alone. As was found in this study,
others have shown that knee flexion angle at initial
contact does not differ depending on type of foot-
wear.11 12 Although there was a medium effect size
(r=0.37) for the effect of instruction on ankle plantar-
flexion angle prior to landing it must be noted that the
mean difference in ankle angle as a result of instruc-
tion was 0.3�. The effect of such small kinematic
differences at the knee and the ankle, in terms of
performance, injury risk and clinical significance is
unknown. The contribution of each joint to the plantar-
flexion angle varies between footwear and instruction;
when in minimalist footwear ankle plantarflexion
increases and the knee is more extended. When under

instruction both ankle plantarflexion and knee flexion
increase.
We monitored kinematics in the lower limb only

although clearly the human body is a series of
connected segments, so the effect of footwear and
instruction on other segments is not known. This could
be particularly important in clinical terms if the relative
position of the trunk was influenced in a manner
thought likely to increase the risk of back pain.
Furthermore, a limitation of the work presented is that
we did not investigate kinetics, such as ground reaction
forces, during the running conditions studied.
Our hypothesis that running in minimalist footwear

and running in SRS plus instructions, leads to changes
in spatiotemporal parameters, was only true for the
effect of minimalist footwear. The increased cadence (a
mean increase of four steps per minute, with effect size
r=0.43) and decreased stride length, which equates to
a mean 5 cm reduction in stride length (effect size
r=0.27) when in minimalist footwear corroborates the
work of others.11 33 This is thought to occur to reduce
vertical loading rate of the lower limb34 such as occurs
when running barefoot or in less cushioned shoes.9 35

There have been reports of a reduced stance duration
and stride length with increased cadence11 17 26 36 in
studies using treadmills with larger belt dimensions
than used here, which may explain the different
findings.
Our finding that instruction had no main effect is in

contrast to that of Diebal et al27 who observed a signifi-
cant reduction in stride length and stance time with an
increase in cadence following a 6-week period of
training combined with a package of instruction three
times per week, for approximately 45min, which
included the verbal cue to ‘run quietly’, a digital metro-
nome to stabilise step cadence at 180 steps per minute
and visual instruction via a video camera recording to
facilitate forefoot strike technique. The varying levels

Figure 3 Mean knee and ankle angles throughout the gait cycle when wearing shoes (A) and Vibram FiveFingers (VFF) (B).

The increase in ankle plantarflexion in the landing phase with instruction is circled.
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of instruction, and the attempt to control cadence in
the study by Diebal et al27 may account for the differ-
ence in findings.
Instruction to ‘run in a light, soft and quiet way’ had

greater effects on kinematics than wearing minimalist
footwear without instruction. The large interindividual
variations indicate that a number of subjects responded
differently to the same instruction. This may be
explained by the fact that less experienced runners have
been reported to adopt lower preferred running
speeds13 and that treadmill speeds 10% greater than an
individual’s preferred speed significantly increases
ankle plantarflexion at IC.36 It is possible that our less
experienced runners exceeded their preferred running
speed, which is supported by three subjects requesting
to run at a reduced speed. Trainers and clinicians
should carefully evaluate individual responses to instruc-
tion to achieve the desired effect on running style.
We studied only one type of minimalist footwear

although there are a variety of different makes and
models. The findings of this study demonstrate that
instruction alone can influence running style in a way
that may reduce the risk of injury and aid injury
management and that this can be enhanced by the type
of footwear. These findings should be considered in
the context of a subject cohort with variable amounts of
running experience and in light of this data being
unable to reveal whether the kinematic changes
observed with instruction would be sustained with
longer bouts of running.

CONCLUSION
The kinematic adaptations observed following instruc-
tion suggests that changes in joint angles previously
attributed to minimalist footwear alone may be simi-
larly achieved with running instruction. Further
research is warranted to explore the clinical utility of
using minimalist footwear and/or instruction in
reducing injury prevalence in runners.
Overall, the results of the current study support

previous claims that adaptations in spatiotemporal
variables may be attributable to minimalist footwear.
However, the results also suggest that changes in joint
angles previously attributed to minimalist footwear
may be similarly achieved with running instruction
alone. To explore the clinical implications arising from
the observed effects of instruction and minimalist foot-
wear, longitudinal prospective studies exploring injury
rates and performance are warranted.

Acknowledgements Primal Lifestyle for donating the Vibram FiveFingers.

Contributors MGB, LB, LJMP, RMO, GO and DJW: planning, conduct,
reporting/analysis. RW and DN: planning, reporting/analysis.

Competing interests None declared.

Ethics approval Kings College London Research Ethics Committee (REC
Protocol No: BDM/11/12-66).

Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http://
creativecommons.org/licenses/by-nc/4.0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of
the article) 2017. All rights reserved. No commercial use is permitted unless
otherwise expressly granted.

REFERENCES

1. Dugan SA, Bhat KP. Biomechanics and analysis of running gait.
Phys Med Rehabil Clin N Am 2005;16:603–21.

2. Lane NE, Oehlert JW, Bloch DA, et al. The relationship of running to
osteoarthritis of the knee and hip and bone mineral density of the
lumbar spine: a 9 year longitudinal study. J Rheumatol
1998;25:334–41.

3. Salmon P. Effects of physical exercise on anxiety, depression, and
sensitivity to stress: a unifying theory. Clin Psychol Rev
2001;21:33–61.

4. van Gent RN, Siem D, van Middelkoop M, et al. Incidence and
determinants of lower extremity running injuries in long distance
runners: a systematic review. Br J Sports Med 2007;41:469–80.

5. Esculier JF, Dubois B, Dionne CE, et al. A consensus definition and
rating scale for minimalist shoes. J Foot Ankle Res 2015;8::1.

6. Lieberman DE. What we can learn about running from barefoot
running: an evolutionary medical perspective. Exerc Sport Sci Rev
2012;40:63–72.

7. Nigg BM. The role of impact forces and foot pronation: a new
paradigm. Clin J Sport Med 2001;11:2–9.

8. Tam N, Astephen Wilson JL, Noakes TD, et al. Barefoot running: an
evaluation of current hypothesis, future research and clinical
applications. Br J Sports Med 2014;48:349–55.

9. Lieberman DE, Venkadesan M, Werbel WA, et al. Foot strike
patterns and collision forces in habitually barefoot versus shod
runners. Nature 2010;463:531–5.

10. McCarthy C, Fleming N, Donne B, et al. Barefoot running and hip
kinematics: good news for the knee. Medicine and science in sports
and exercise 2014.

11. Squadrone R, Gallozzi C. Biomechanical and physiological
comparison of barefoot and two shod conditions in experienced
barefoot runners. J Sports Med Phys Fitness 2009;49:6–13.

12. Bonacci J, Saunders PU, Hicks A, et al. Running in a minimalist and
lightweight shoe is not the same as running barefoot: a
biomechanical study. Br J Sports Med 2013;47:387–92.

13. Altman AR, Davis IS. A kinematic method for footstrike pattern
detection in barefoot and shod runners. Gait Posture
2012;35:298–300.

14. Maynard V, Bakheit AM, Oldham J, et al. Intra-rater and inter-rater
reliability of gait measurements with CODA mpx30 motion analysis
system. Gait Posture 2003;17:59–67.

15. Robbins SE, Hanna AM. Running-related injury prevention through
barefoot adaptations. Med Sci Sports Exerc 1987;19:148–56.

16. Pohl MB, Mullineaux DR, Milner CE, et al. Biomechanical predictors
of retrospective tibial stress fractures in runners. J Biomech
2008;41:1160–5.

17. De Wit B, De Clercq D, Aerts P. Biomechanical analysis of the
stance phase during barefoot and shod running. J Biomech
2000;33:269–78.

18. Tam N, Tucker R, Astephen Wilson JL, et al. Individual responses to
a Barefoot running program: insight Into risk of Injury. Am J Sports
Med 2016;44:777–84.

19. Tam N, Astephen Wilson JL, Coetzee DR, et al. Loading rate
increases during barefoot running in habitually shod runners:
individual responses to an unfamiliar condition. Gait Posture
2016;46:47–52.

20. Thompson MA, Lee SS, Seegmiller J, et al. Kinematic and kinetic
comparison of barefoot and shod running in mid/forefoot and
rearfoot strike runners. Gait Posture 2015;41:957–9.

21. McCarthy C, Fleming N, Donne B, et al. 12 weeks of simulated
barefoot running changes foot-strike patterns in female runners. Int J
Sports Med 2014;35:443–50.

22. Crowell HP, Davis IS. Gait retraining to reduce lower extremity
loading in runners. Clin Biomech 2011;26:78–83.

23. Williams DS, McClay IS, Manal KT. Lower extremity mechanics in
runners with a Converted Forefoot strike pattern. J Appl Biomech
2000;16:210–8.

Barcellona MG, et al. BMJ Open Sport Exerc Med 2017;3:e000160. doi:10.1136/bmjsem-2016-000160 7

Open Access
copyright.

 on A
pril 9, 2024 by guest. P

rotected by
http://bm

jopensem
.bm

j.com
/

B
M

J O
pen S

port E
xerc M

ed: first published as 10.1136/bm
jsem

-2016-000160 on 31 M
ay 2017. D

ow
nloaded from

 

http://dx.doi.org/10.1016/j.pmr.2005.02.007
http://dx.doi.org/10.1016/S0272-7358(99)00032-X
http://dx.doi.org/10.1136/bjsm.2006.033548
http://dx.doi.org/10.1186/s13047-015-0094-5
http://dx.doi.org/10.1097/JES.0b013e31824ab210
http://dx.doi.org/10.1097/00042752-200101000-00002
http://dx.doi.org/10.1136/bjsports-2013-092404
http://dx.doi.org/10.1038/nature08723
http://dx.doi.org/10.1136/bjsports-2012-091837
http://dx.doi.org/10.1016/j.gaitpost.2011.09.104
http://dx.doi.org/10.1016/S0966-6362(02)00051-6
http://dx.doi.org/10.1249/00005768-198704000-00014
http://dx.doi.org/10.1016/j.jbiomech.2008.02.001
http://dx.doi.org/10.1016/S0021-9290(99)00192-X
http://dx.doi.org/10.1177/0363546515620584
http://dx.doi.org/10.1177/0363546515620584
http://dx.doi.org/10.1016/j.gaitpost.2016.02.013
http://dx.doi.org/10.1016/j.gaitpost.2015.03.002
http://dx.doi.org/10.1055/s-0033-1353215
http://dx.doi.org/10.1055/s-0033-1353215
http://dx.doi.org/10.1016/j.clinbiomech.2010.09.003
http://dx.doi.org/10.1123/jab.16.2.210
http://bmjopensem.bmj.com/


24. Secondary minimalist running technique, 2012. http://www.
vibramfivefingers.it/education_running_technique.aspx.

25. Keller TS, Weisberger AM, Ray JL, et al. Relationship between
vertical ground reaction force and speed during walking, slow
jogging, and running. Clin Biomech 1996;11:253–9.

26. Walking NT. Running, and sprinting: a three-dimensional analysis of
kinematics and kinetics. Instructional course lectures
1994;44:497–506.

27. Diebal AR, Gregory R, Alitz C, et al. Forefoot running improves
pain and disability associated with chronic exertional
compartment syndrome. Am J Sports Med
2012;40:1060–7.

28. Diss CE. The reliability of kinetic and kinematic variables
used to analyse normal running gait. Gait Posture
2001;14:98–103.

29. Cohen J. A power primer. Psychol Bull 1992;112:155–9.
30. Daoud AI, Geissler GJ, Wang F, et al. Foot strike and injury rates in

endurance runners: a retrospective study. Med Sci Sports Exerc
2012;44:1325–34.

31. Ridge ST, Johnson AW, Mitchell UH, et al. Foot bone marrow edema
after a 10-wk transition to minimalist running shoes. Med Sci Sports

Exerc 2013;45:1363–8.
32. Salzler MJ, Bluman EM, Noonan S, et al. Injuries observed in

minimalist runners. Foot Ankle Int 2012;33:262–6.
33. Sinclair J, Greenhalgh A, Brooks D, et al. The influence of barefoot

and barefoot-inspired footwear on the kinetics and kinematics of

running in comparison to conventional running shoes. Footwear Sci

2013;5:45–53.
34. Bramble DM, Lieberman DE. Endurance running and the evolution of

Homo. Nature 2004;432:345–52.
35. Yan A, Hiller C, Sinclair P, et al. Shock attenuation in shoes

compared to barefoot: a systematic review. J Foot Ankle Res 2012;5

(Suppl 1):O1.
36. Heiderscheit BC, Chumanov ES, Michalski MP, et al. Effects of step

rate manipulation on joint mechanics during running. Med Sci Sports

Exerc 2011;43:296–302.

8 Barcellona MG, et al. BMJ Open Sport Exerc Med 2017;3:e000160. doi:10.1136/bmjsem-2016-000160

Open Access
copyright.

 on A
pril 9, 2024 by guest. P

rotected by
http://bm

jopensem
.bm

j.com
/

B
M

J O
pen S

port E
xerc M

ed: first published as 10.1136/bm
jsem

-2016-000160 on 31 M
ay 2017. D

ow
nloaded from

 

http://www.vibramfivefingers.it/education_running_technique.aspx
http://www.vibramfivefingers.it/education_running_technique.aspx
http://dx.doi.org/10.1016/0268-0033(95)00068-2
http://dx.doi.org/10.1177/0363546512439182
http://dx.doi.org/10.1016/S0966-6362(01)00125-4
http://dx.doi.org/10.1037/0033-2909.112.1.155
http://dx.doi.org/10.1249/MSS.0b013e3182465115
http://dx.doi.org/10.1249/MSS.0b013e3182874769
http://dx.doi.org/10.1249/MSS.0b013e3182874769
http://dx.doi.org/10.3113/FAI.2012.0262
http://dx.doi.org/10.1080/19424280.2012.693543
http://dx.doi.org/10.1038/nature03052
http://dx.doi.org/10.1186/1757-1146-5-S1-O1
http://dx.doi.org/10.1249/MSS.0b013e3181ebedf4
http://dx.doi.org/10.1249/MSS.0b013e3181ebedf4
http://bmjopensem.bmj.com/

