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Abstract Impact reduction has become a factor of

interest in the prevention of running-related injuries such as

stress fractures. Currently, the midfoot strike pattern (MFS)

is thought as a potential way to decrease impact. The

purpose was to test the effects of two long-term interven-

tions aiming to reduce impact during running via a

transition to an MFS: a foot strike retraining versus a low-

drop/low-heel height footwear. Thirty rearfoot strikers

were randomly assigned to two experimental groups

(SHOES and TRAIN). SHOES progressively wore low-

drop/low-heel height shoes and TRAIN progressively

adopted an MFS, over a 3-month period with three 30-min

running sessions per week. Measurement sessions (pre-

training, 1, 2 and 3 months) were performed during which

subjects were equipped with three accelerometers on the

shin, heel and metatarsals, and ran for 15 min on an

instrumented treadmill. Synchronized acceleration and

vertical ground reaction force signals were recorded. Peak

heel acceleration was significantly lower as compared to

pre-training for SHOES (−33.5 ± 12.8 % at 2 months and

−25.3 ± 18.8 % at 3 months, p \ 0.001), and so was shock

propagation velocity (−12.1 ± 9.3 %, p \ 0.001 at

2 months and −11.3 ± 4.6 %, p \ 0.05 at 3 months). No

change was observed for TRAIN. Important inter-individ-

ual variations were noted in both groups and reported pains

were mainly located at the shin and calf. Although it

induced reversible pains, low-drop/low-heel height foot-

wear seemed to be more effective than foot strike retraining

to attenuate heel impact in the long term.
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Abbreviations
BW Body weight

Fmax Maximal vertical ground reaction force

Fq Step frequency

Fz1 Magnitude of impact force peak

LR Vertical mean loading rate

MFS Midfoot strike

PHA Peak heel acceleration

PMA Peak metatarsal acceleration

PTA Peak tibial acceleration

PRS Preferred running speed

RFS Rearfoot strike

SPV Shock propagation velocity between heel and

tibia

tc Contact time

ta Aerial time

tf z1 Time to impact peak
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Thm Time between heel and metatarsals peak

accelerations

VGRF Vertical ground reaction force

Introduction

Given the extent of the phenomenon over the years, an

increasing amount of research has focused on running-

related injuries, which present an incidence of 19.4–92.4 %

(van Gent et al. 2007). Among them, stress fractures rep-

resent 20 % of all sport injuries (Snyder et al. 2006), the

most frequent being tibial stress fractures (Brukner et al.

1996). According to Shorten and Mienjtes (2011), impact

force is characterized by a force pulse transmitted through

the foot over a short duration and thus with high frequen-

cies. An optimal level of impacts is appropriate to develop

and maintain bone tissue health without causing overuse

injuries (Fuchs et al. 2001; Fuchs and Snow 2002). How-

ever, repetitive impact shocks generated at each running

step have been reported as a mechanical cause of stress

fractures (Dickinson et al. 1985). As a consequence, the

recent studies focused on how to reduce the impact level in

running. Among the experimentally measurable mechani-

cal features of impact during the running step, loading rate

(LR), time to impact peak (tf z1 ) and peak accelerations are

thought the most directly related to the magnitude of the

foot–ground impact shock (Samozino et al. 2008; Derrick

and Mercer 2004). Nigg (1986) revealed, using accelera-

tion measurements performed during running, that heel

acceleration overall corresponds to impact forces. How-

ever, LR and tf z1 also integrate the low frequency

components of VGRF signal that correspond to ‘non-

impact’ components transmitted to both the heel and distal

foot, and should therefore be interpreted with caution

(Shorten and Mienjtes 2011). There is an ongoing contro-

versy about the link between bone injuries (e.g. stress

fractures) and VGRF parameters. Although some authors

found no relationship (Crossley et al. 1999; Bennell et al.

2004), LR, identified as the average time derivative of

vertical ground reaction force (VGRF) within the first

milliseconds of the support phase, is thought to influence

the risk of stress fractures (Davis et al. 2004; Milner et al.

2006; Zapdoor and Nikooyan 2011). It was also observed

that previously injured runners exhibited higher LR and

peak tibial acceleration than uninjured runners (Hreljac

2004). Consequently, bone injuries prevention is becoming

synonymous with minimized impact, the latter being pos-

sibly quantified/objectivized through LR and peak

accelerations.

To potentially reduce the running-related injury risk

and/or attenuate impact in running, orthotic insoles

(Mattila et al. 2011) as well as footwear cushioning sys-

tems (Schwellnus et al. 1990; Richards et al. 2009;

Squadrone and Gallozzi 2009; Lohman et al. 2011; Goss

and Gross 2012b) were shown ineffective. Alternatively,

barefoot runners potentially reduce the impact magnitude

at the heel (Squadrone and Gallozzi 2009; Lieberman et al.

2010; Lieberman 2012) by a “flatter” foot incline at landing

and thus by a shift from a rearfoot strike pattern (RFS) to a

midfoot/forefoot strike pattern (MFS/FFS). This ‘impact-

reduction running pattern’ results in lower step length and

contact time (tc), a higher plantarflexion due to a higher

pre-activation of triceps surae muscles, and a lower acti-

vation of the tibialis anterior (De Wit et al. 2000; Goss and

Gross 2012b; von Tscharner et al. 2003; Divert et al. 2005;

Giandolini et al. 2013). Barefoot running also induces a

complete removal of the impact peak and a markedly

reduced LR (Dickinson et al. 1985; Lieberman et al. 2010;

Hamill et al. 2011; Goss and Gross 2012b). However,

although trendy and potentially interesting for specific

injury prevention, barefoot running presents obvious

environmental limits and provides no benefit in terms of

energetic cost, compared to wearing light shoes (~150 g)

(Franz et al. 2012). Recently, Giandolini et al. (2013)

observed a 50 % reduction in LR associated with a higher

gastrocnemius lateralis pre-contact activation and a lower

tibialis anterior activation during a 5-min MFS shod trial

in habitually RFS recreational runners. In parallel, Daoud

et al. (2012) observed that RFS cross-country runners faced

approximately twice as many repetitive stress-related

injuries as FFS runners. The lower foot–ground impact

shock associated with MFS/FFS pattern has been proposed

as contributing to a lower risk of running-related injuries.

That said, performance is the main motivation for many

runners, and a transition to MFS appears conceivable only

if it does not alter performance.

Reduced vertical oscillations of the center of mass

associated with short step length and tc (Anderson 1996),

and the use mechanism of storage–restitution of elastic

energy in the lower limb musculotendinous structures (Ker

et al. 1987; Anderson 1996; Saunders et al. 2004) are

known to improve running economy and thus running

performance in most cases. In this regard, MFS and FFS

induce lower step length and tc (Squadrone and Gallozzi

2009; De Wit et al. 2000), and thus decrease vertical

oscillations (Goss and Gross 2012b). A higher use of

elastic structures with an FFS was also reported by Ardigo

et al. (1995). This suggests that MFS is not detrimental for

running economy (Perl et al. 2012) and might even be

beneficial. Hasegawa et al. (2007) observed among elite-

half-marathon runners that the percentage of MFS runners

increased when running speed increased. More recently,

Kasmer et al. (2012) showed during a marathon that non-

RFS runners (i.e. MFS, FFS and asymmetrical patterns)
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were better ranked after 8 km than rearfoot strikers.

However, this seems to be not true for recreational mara-

thon runners (Larson et al. 2011), probably due to the

higher triceps surae activation which might be hard to

maintain. Consequently, a transition towards MFS could

reduce the overall impact at each step and in turn the risk of

bone injuries without altering performance.

Among the strategies for an acute MFS transition that

have been studied, gait retraining has been investigated

several times (Davis 2005; Crowell et al. 2010; Crowell and

Davis 2011). These authors observed that the acute use of

real-time visual feedback based on a tibial accelerometer

signal allowed subjects to change their pattern and run with a

reduced tibial shock, even after the feedback was removed

(Davis 2005; Crowell et al. 2010). Similarly, a two-week gait

retraining (eight sessions of 15–30 min on instrumented

treadmill) with real-time feedback (tibial acceleration) and

oral instruction (‘run softer’) resulted in 20–50% lower tibial

acceleration and LR in rearfoot strikers (Crowell and Davis

2011). No injury was reported during the training period

except localized pains at the triceps surae probably associ-

ated with tissue adaptation. It is worth mentioning that these

studies were not focused on running technique but only on

impact reduction. Moreover, a transition from RFS to MFS

could induce calf and Achilles tendon pains because of

unusual and higher triceps surae activation, which justifies

the importance of progressivity in gait retraining programs

(Daoud et al. 2012). An RFS-to-MFS transition seems

therefore possible through a progressive and adapted foot

strike retraining program.

Last, shoe midsole geometry has recently been tested as a

potential solution to induce changes in the running pattern.

Hamill et al. (2011) observed that various midsole thick-

nesses (heel/forefoot height: 4/0, 12/8 and 20/16mm) had no

effect on running kinetics and kinematics over a 25-m trial in

ten rearfoot strikers. Contrastingly, Horvais and Samozino

(2013) highlighted the acute effect of low heel drop (dif-

ference between heel and forefoot midsole thickness) and

low-heel height midsole on running pattern in twenty rear-

foot strikers: positive correlations between heel drop and

foot angle at ground contact and between heel thickness and

foot angle were found. These authors concluded on the

complementary effects of low drop and low heel height on

the transition toward a MFS: wearing shoes with a low drop

and/or a low heel height led RFS runners to adopt a more

MFS pattern, this alteration being more pronounced with

0-mm drop and heel height. Consequently, a flatter midsole

geometry (i.e. low-drop/low-heel height) is also possibly

useful to induce RFS-to-MFS transition.

Conclusions on impact intensity in different footwear

conditions or with different running patterns are still

debated, notably because of the disparity between experi-

mental protocols (subjects’ degree of familiarization, type

of shoes, distance and duration of the testing trials, acute or

chronic interventions). Progressive foot strike retraining

and low-drop/low-heel height shoes, hereafter called ‘flat-

midsole shoes’, have nevertheless been shown as effective

solutions for an RFS-to-MFS transition. However, these

strategies have only been investigated separately and in

acute conditions. Consequently, their long-term effects on

running mechanics and on musculoskeletal structures are

unknown. The purpose of this study was to compare in RFS

recreational runners the effects of foot strike retraining and

flat-midsole footwear during a 3-month period on overall

impact, and associated pain and/or injury onset. In light of

the previous findings, we hypothesized that both solutions

investigated would lead rearfoot strikers to reduce impact

magnitude through the 3-month intervention by a pro-

gressive alteration of their running pattern. The relative

extents of these changes (if observed) were the main focus

of this study.

Methods

Subjects

Thirty young healthy adults, 22 males and 8 females

(18.3 ± 4.5 years, 166 ± 41 cm, 65.5 ± 16.9 kg), were

included and gave their written informed consent to partic-

ipate in the study, which was approved by the local ethical

committee and conducted in agreement with the Declaration

of Helsinki. All subjects were rearfoot strikers (see below)

and practiced various sports (7.1± 3.1 h week−1), including

recreational running. Except for the required efforts and the

running sessions and conditions involved, they did not know

the exact aim of the study (i.e. comparing the long-term

effects of flat-midsole footwear and MFS). They were not

presenting recent muscular, joint or bone injuries, or

receiving any medication, as confirmed by the medical

examination performed during the inclusion session.

Experimental protocol

A familiarization and inclusion session was first conducted.

It consisted in a 10-min run at 3 m s−1 on an instrumented

treadmill during which a 20-s sampling of data was per-

formed without informing subjects about the exact moment

of sampling and the variables studied (Morin et al. 2009).

This allowed us to confirm the RFS pattern of the subjects

according to whether or not an impact peak was present on

the VGRF signal for at least nine steps out of ten. After their

inclusion, subjects were randomly assigned to two experi-

mental groups, while keeping males and females parity:

TRAIN (19.7 ± 1.3 years, 177 ± 79 cm, 70.7 ± 9.0 kg,

7± 3 h week−1) and SHOES (18.9± 0.7 years, 175± 91 cm,
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67.2 ± 10.7 kg, 8 ± 3 h week−1). The TRAIN group was

instructed to progressively adopt an MFS pattern (‘land with

the midfoot, with a flatter foot strike’), and wore standard-

ized shoes (Salomon XT Wings™, mass 400 g, heel height

30 mm, drop 10 mm). The SHOES group was instructed to

progressively wear flat-midsole shoes (Salomon Sense

S-Lab™, mass 200 g, heel height 20 mm, drop 4 mm) and

received no instruction about running technique.

For both groups, 39 running sessions composed the 13-

week program (three 30-min sessions per week). The

instructions were gradually adopted (see “Appendix” for

more details). Throughout the 3 months, TRAIN ran on an

average 13.7 ± 2.1 h with the MFS pattern and SHOES ran

on average 16.4 ± 1.5 h with the flat-midsole shoes.

Subjects trained (excepted for the first training session

performed with the experimenters) in the field on flat and

various surfaces, at their preferred running speed (PRS, see

below) and at an intensity controlled by means of a heart

rate monitor (Kalenji CW300, Villeneuve d’Ascq, France).

An instruction and training log was given to the subjects,

wherein they were asked to systematically report all their

comments, feelings, pains (during or after their training

sessions), injuries and session heart rate. This pain report

was used to identify the consequences of such interven-

tions. When necessary, a medical examination was

immediately planned to decide whether or not the subject

could resume the training program.

Four measurement sessions were performed: pre-train-

ing, and after 1, 2, and 3 months (post-training), with

running mechanics and PRS assessments at each session.

During these sessions TRAIN subjects wore the standard-

ized shoes and SHOES subjects wore the low-drop/low-

heel height shoes. For the measurement of PRS, subjects

were equipped with a heart rate monitor (Polar RS800,

Kempele, Finland) and started to run at 2.5 m s−1 for 2 min;

after 2 min they were free to increase or decrease their

speed to a self-selected pace with no feedback provided on

its value (Heiderscheit et al. 2011), while keeping an

intensity of ~80–85 % of their estimated maximal heart rate

(220—age). The heart rate corresponding to this PRS was

then communicated to the subjects for their training ses-

sions. This procedure was repeated each month to monitor

a possible change in PRS due to an alteration of the running

pattern, MFS pattern being supposed to possibly increase

subjects’ PRS. Then, subjects performed a 15-min run on

an instrumented treadmill at their pre-training PRS for each

measurement session. Subjects were equipped with three

uniaxial accelerometers securely fixed with Dual Lock™
(3M, St. Paul, USA) and strapped (1) on the anteromedial

aspect of the distal third of the tibia (from medial malleolus
to femoral condyle), with the skin shaved and cleaned

beforehand, and above the midsole (2) at the heel and (3) at

the fifth metatarsal head level (Fig. 1). A synchronized

acquisition (10 s at 1,000 Hz) between VGRF and accel-

erometers’ signals was performed after 15 min, without

subjects being informed about the exact moment of sam-

pling (Morin et al. 2009).

Mechanical and acceleration variables

Running kinetics and kinematics were quantified from the

three-dimensional ground reaction forces data collected

during the 10-s acquisitions performed on an instrumented

treadmill (HEF Tecmachine, Andrézieux-Bouthéon,

France, Belli et al. 2001; Divert et al. 2005). VGRF signal

was sampled at 1,000 Hz and low-pass filtered (fourth-

order Butterworth filter, 30 Hz). This allowed us to deter-

mine tc, ta, Fz1 (force impact peak), tf z1 (time to impact

peak) and LR (vertical mean loading rate), which was

calculated as the mean value of the time-derivate of VGRF

signal within the first 24 ms of the support phase and

expressed in BW s−1 (e.g. De Wit et al. 2000). Step

Fig. 1 Placement of the three accelerometers on the left leg of the

subject: on the tibia (at the distal third from medial malleolus to great

trochanter on the bone’s anteromedial aspect), on the external side of

the shoe at the fifth metatarsal’s head (above the midsole) and on the

back of the shoe at the heel (above the midsole). Accelerometers were

firmly taped with strapping and Dual Lock™
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frequency (Fq, in Hz) was calculated from tc and ta as

Fq = 1/(tc + ta).
Acceleration signal was sampled at 1,000 Hz during a

10-s acquisition and low-pass filtered (50 Hz). Acceleration

variables are presented in Fig. 2. Peak acceleration at the

heel (PHA), tibia (PTA) and metatarsal levels (PMA) were

measured by three uniaxial accelerometers (ADXL150,

Analog Device, USA). The shock wave propagation

velocity between heel and tibia (SPV, in m s−1) was cal-

culated from the moment of PHA and the moment of PTA

as SPV ¼ Dd=Dt with Δd the distance between the heel

and tibia accelerometers (in m) and Δt the time between

PHA and PTA (s). The time between PHA and PMA was

also calculated (Thm, in s) to describe the foot strike pat-

tern. We hypothesized that a positive Thm indicated an RFS

pattern, whereas a negative Thm indicated an FFS pattern.

Thus, in theory, a Thm equal to zero would indicate a MFS

pattern. Accelerometers data were recorded with an 12 bit

A/D acquisition card (DAS8, National Instruments, USA),

and synchronized with VGRF signal with LabChart 7.3

software (ADInstruments, Bella Vista, Australia).

Data analysis and statistics

Descriptive statistics are presented as mean ± SD. All

mechanical parameters were averaged for ten consecutive

steps. Normal distribution was checked by the Shapiro–

Wilk’s normality test and variance homogeneity was tested

by the Fisher’s F test. In the case of normality and

homogenous variance, intersession comparison for each

group was performed with repeated-measures ANOVA

associated with the Newman–Keuls post hoc test. Inter-

group comparisons for each session were performed using

Student t tests. In the case of non-normality and/or non-

homogenous variance, intersession comparisons were per-

formed with the Friedman test and intergroup comparisons

were performed with the Mann–Whitney test associated

with Bonferroni’s correction. Intergroup comparisons were

analyzed through relative changes from the pre-training

session values because of many significant differences

between the two groups in the pre-training session (in tf z1 ,

PHA, PTA, Thm and SPV) despite the randomized alloca-

tion. The significant level was set at p \ 0.05.

Results

Data of twenty-eight subjects were analyzed, two female

TRAIN subjects being unable to complete the program (see

below). No statistical difference was found for heart rate

between the two groups. All subjects together, grand

averages for heart rate were 175 bpm at pre-training and 3-

month, and 173 bpm at 1, 2 months and during their

training session. We can thus reasonably assume that all

the subjects ran at their PRS and at the same intensity

throughout the 3 months.

Running mechanics

In SHOES subjects, PHA decreased at 2- and 3-month

from pre-training by 33.5 ± 12.8 % (p \ 0.001) and

25.3 ± 18.8 % (p \ 0.001), respectively. A decrease in

Thm between 1 and 2 months was also observed (p\ 0.01).

At 2 and 3 months, SPV was approximately 11 % lower as

compared to pre-training and 1 month (p \ 0.05, Table 1).

Concerning kinetics, only Fz1 decreased by 4.8 ± 11.4 %

Fig. 2 Synchronized

acceleration (full lines) and
vertical ground reaction force

(broken line) signals for the first
100 ms of a typical step, and

acceleration parameters: peak

tibial acceleration (PTA), peak

heel acceleration (PHA), peak

metatarsal acceleration (PMA)

and time from PHA to PMA

(Thm)
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(p = 0.02) at 3 months as compared to pre-training

(Table 2). When concerning kinematics, at 1 month tc and
ta were, respectively, higher (2.9 ± 4.7 %, p \ 0.05) and

lower (−4.4 ± 9.2 %, p \ 0.05) as compared to pre-

training. Surprisingly, tf z1 was lower at 2 and 3 months by

12.8 ± 25.9 and 13.3 ± 6.3 % (p \ 0.0001), respectively

(Table 3). For TRAIN, no change in the mechanical

parameters studied was observed, except a decrease in PRS

at 2 and 3 months as compared to pre-training and 1 month

(p \ 0.03, Table 3). Besides, important inter-individual

variations were noted as shown by the high SD for relative

changes (Tables 1, 2, 3).

Reported pains and injuries

Two female TRAIN subjects were excluded from the study

after medical examination: one because of an injury at the

back (independent from the protocol), and one for recurrent

shin splints, an injury previously experienced by this sub-

ject. Among the painful symptoms reported, the most

frequent were localized at the shin (tibial periosteum) and

calf (triceps surae) representing 30.8 and 25.0 % of all

reported pains in TRAIN and SHOES groups, respectively

(Table 4). The main localizations were shin and hip (46.2

and 23.0 %, respectively) for TRAIN and calf and shin

(28.2 and 25.6 %, respectively) for SHOES subjects. The

overall seven shin pains were reported during the first

month, eight during the second month and only one during

the third month. Five calf pains were noted during the first

month and four through the second and the third. Other

reported pains, although much less frequent, were localized

at the ankle, knee, hip and back. Generally, fewer com-

ments and pains were reported during the second and third

months.

Table 1 Mean (SD) values of acceleration variables for TRAIN and SHOES groups, and relative changes from pre-training [mean (SD)] at 1, 2

and 3 months

PMA (g) PHA (g) PTA (g) Thm (ms) SPV (m s−1)

TRAIN

Pre-training 9.63 (2.81) 5.40* (1.49) 6.80* (1.55) 25.2* (6.0) 5.23** (1.18)

1-month 9.34 (1.90) 5.21 (1.17) 6.57 (2.12) 22.8 (4.0) 5.84 (0.98)

% of change from pre-training −0.44 (14.4) −1.44 (13.4) −4.98 (24.8) −3.16 (23.9) 9.91** (11.7)

2-month 9.42 (1.37) 5.10 (1.37) 7.47 (1.71) 23.4 (5.0) 5.64 (0.92)

% of change from pre-training 3.26 (23.8) −1.91** (26.5) 9.93 (18.9) −3.42 (15.9) 8.36** (12.2)

3-month 9.54 (1.45) 5.59 (1.13) 6.70 (1.46) 24.3 (6.0) 5.90 (0.96)

% of change from pre-training −1.52 (25.6) −0.57** (14.4) −1.45 (23.4) 0.93 (14.9) 5.33** (10.8)

SHOES

Pre-training 8.23 (1.35) 6.50§§,¤¤ (1.15) 5.60 (1.04) 21.1 (4.0) 7.12§§,¤ (1.34)

1-month 8.85 (1.62) 6.53§§,¤¤ (1.37) 5.73 (1.53) 22.7§§ (4.0) 6.90§§,¤ (1.39)

% of change from pre-training 9.01 (19.9) 0.31 (11.2) 1.68 (14.6) 8.29 (11.8) −2.75 (11.8)

2-month 7.92 (1.80) 4.27††,ϪϪ (0.89) 6.18 (1.90) 19.6ϪϪ (4.0) 6.08††,ϪϪ (1.34)

% of change from pre-training −2.16 (21.3) −33.5 (12.8) 9.30 (27.9) −5.96 (21.2) −12.1 (9.33)

3-month 8.22 (1.63) 4.98††,ϪϪ (1.61) 6.67 (1.48) 21.2 (4.0) 6.22†,Ϫ (1.28)

% of change from pre-training 3.41 (25.2) −25.3 (18.8) 17.1 (26.1) 2.73 (29.1) −11.3 (14.6)

PMA peak acceleration at metatarsals, PHA peak acceleration at heel, PTA peak acceleration at tibia, Thm time between PHA and PMA, SPV
shock waves propagation velocity between heel and tibia

* Significantly different from SHOES (p \ 0.05)
† Significantly different from pre-training (p \ 0.05)
Ϫ Significantly different from 1 month (p \ 0.05)
¤ Significantly different from 3 months (p \ 0.05)

** Significantly different from SHOES (p \ 0.01)
†† Significantly different from pre-training (p \ 0.01)
ϪϪ Significantly different from 1 month (p \ 0.01)
§§ Significantly different from 2 months (p \ 0.01)
¤¤ Significantly different from 3 months (p \ 0.01)

2082 Eur J Appl Physiol (2013) 113:2077–2090

123



Discussion

The purpose of this study was to test the effectiveness of

two chronic interventions (flat-midsole footwear and foot

strike retraining) to reduce the overall impact in recrea-

tional runners. No change in LR variation was observed

during the 3 months both in SHOES and TRAIN groups.

Similarly, the foot strike retraining program induced no

variation in peak accelerations at the heel, tibia and

metatarsal levels. Thus, this 3-month RFS-to-MFS inter-

vention seemed to have no effect on the impact magnitude.

Contrastingly, the flat-midsole footwear intervention

induced a decrease in peak heel acceleration

(−33.5 ± 12.8 % at 2 months and −25.3 ± 18.8 % at

3 months, p \ 0.001) and in shock wave propagation

speed (−12.1 ± 9.33 % at 2 months and −11.3 ± 14.6 % at

3 months, p \ 0.03).

The shoes worn by SHOES subjects could be described

as an intermediate model between minimalist shoes like

Vibram FiveFingers™ characterized by an ~0-mm drop

and classical cushioned shoes such as those used by the

TRAIN subjects. Specifically, the Salomon Sense S-Lab™
is a light and flexible shoe, and its midsole only offers a

sufficient protection for running on rough terrains. When

compared with pre-training, PHA decreased by 33.5 % at

2 months (4.27 ± 0.89 g, p \ 0.001) and by 25.3 % at

3 months (4.98 ± 1.61 g, p \ 0.001). In parallel, SPV was

reduced by 12.1 % at 2 months (6.08 ± 1.34 m s−1) and

11.3 % at 3 months (6.22 ± 1.28 m s−1) as compared to

pre-training (p \ 0.03). Taken together, these results

clearly show a reduction in the impact intensity at the heel

and a lower shock wave propagation speed (Fig. 3). Hamill

et al. (2011) recently reported a higher LR when heel drop

increases by 4 mm (barefoot versus three 4-mm drop

shoes). These observations are different from the present

ones, because we observed no LR variation with a 4-mm

drop. Moreover, a few parameters (tc, ta, Thm) significantly
differed only at 1 month before going back to pre-training

values, as if the first month of training with flat-midsole

shoes induced a temporary adaptation that was measurable

at 1 month (decreases in PHA and SPV) and likely com-

pleted at 2 months. Our likely explanation is that subjects

managed to adapt to their new footwear and the very low

drop and thickness of the midsole, as compared to their

usual personal running footwear. A large inter-individual

variability was further observed in the SHOES group. For

instance, post-training 95 % confidence interval for relative

changes was ranged from −46.0 to 52.8 % for PMA.

Individuals would respond differently to flat-midsole

shoes. A decrease in PHA and SPV was observed post

Table 2 Mean (SD) values of kinetic parameters for TRAIN and SHOES groups, and relative changes from pre-training (mean (SD)) at 1, 2 and

3 months: maximal vertical ground reaction force (Fmax), magnitude of impact force peak (Fz1) and vertical mean loading rate (LR)

Fmax (BW) Fz1 (BW) LR (BW s−1)

TRAIN

Pre-training 2.52 (0.28) 1.67 (0.36) 59.6 (13.5)

1 month 2.53 (0.24) 1.72 (0.38) 59.6 (15.5)

% of change from pre-training 0.40 (4.96) 2.32 (8.28) −2.2 (14.4)

2 months 2.55 (0.28) 1.74¤ (0.35) 63.0 (14.0)

% of change from pre-training 0.81 (3.79) 4.24 (13.1) 3.5 (8.3)

3 months 2.40 (0.37) 1.54§ (0.39) 57.9 (15.0)

% of change from pre-training −4.40 (13.2) −9.52 (16.5) −3.4 (15.4)

SHOES

Pre-training 2.53 (0.18) 1.59¤ (0.19) 59.5 (7.7)

1 month 2.50 (0.17) 1.60 (0.18) 59.6 (8.2)

% of change from pre-training −0.82 (3.74) −0.07 (9.29) 0.1 (10.6)

2 months 2.49 (0.14) 1.57 (0.16) 59.4 (7.1)

% of change from pre-training −1.15 (5.69) −1.46 (10.8) −0.1 (10.0)

3 months 2.43 (0.17) 1.51† (0.13) 57.9 (6.5)

% of change from pre-training −3.29 (6.05) −4.80 (11.4) −2.6 (13.8)

† Significantly different from pre-training (p \ 0.05)
Ϫ Significantly different from 1 month (p \ 0.05)
§ Significantly different from 2 months (p \ 0.05)
¤ Significantly different from 3 months (p \ 0.05)
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training for thirteen subjects out of fifteen. We could

therefore hypothesize that to decrease shock magnitude

under the heel, the part of the foot that is less protected

with the experimental shoes, some of the subjects would

adopt a flatter foot landing, which generated changes in

shock acceleration magnitude (higher PMA concomitant

with a lower PHA). This flatter landing could be possibly

characterized by a decreased Thm (low duration between

heel and metatarsals strike), this parameter presenting a

high post-training inter-individual variability (95 %

Table 3 Mean (SD) values of kinematic parameters for TRAIN and SHOES groups, and relative variations from pre-training [mean (SD)] at 1, 2

and 3 months: preferred running speed (PRS), step frequency (Fq), contact time (tc), aerial time (ta) and time to impact peak (tf z1 )

PRS (m s−1) Fq (Hz) tc (ms) ta (ms) tf z1 (ms)

TRAIN

Pre-training 3.28§§,¤¤ (0.48) 2.72 (0.09) 237 (26) 128 (30) 31.6** (2.0)

1 month 3.33§,¤¤ (0.42) 2.74 (0.10) 245 (25) 122 (27) 31.2 (3.0)

% of change from pre-training 0.34 (4.78) 0.56 (1.59) 3.52 (5.66) −5.90 (10.8) −0.35 (5.58)

2 months 3.17†,ϪϪ (0.42) 2.75 (0.08) 236 (21) 126 (25) 30.6 (3.0)

% of change from pre-training −4.39** (3.81) 1.25 (2.17) 0.08 (6.22) −1.45 (11.8) 2.93 (6.99)

3 months 3.14††,ϪϪ (0.46) 2.75 (0.10) 239 (19) 126 (26) 28.0 (3.0)

% of change from pre-training −7.36** (4.94) 0.78 (3.51) 2.58* (6.61) −2.74 (13.0) −9.20 (7.84)

SHOES

Pre-training 3.22 (0.36) 2.78 (0.10) 239Ϫ (13) 124 (12) 28.9§§,¤¤ (3.0)

1 month 3.28 (0.33) 2.75 (0.11) 246†,§,¤¤ (13) 118§§,¤¤ (12) 29.3§§,¤¤ (3.0)

% of change from pre-training 3.43 (6.97) −0.30 (2.33) 2.90 (4.73) −4.41 (9.17) 1.98 (8.55)

2 months 3.25 (0.35) 2.75 (0.11) 239Ϫ (11) 127ϪϪ (11) 26.6††,ϪϪ (3.0)

% of change from pre-training 2.57 (8.34) −0.27 (2.68) −0.16 (3.98) 2.81 (10.7) −6.58 (9.89)

3 months 3.22 (0.36) 2.74 (0.14) 237ϪϪ (12) 129ϪϪ (14) 25.0††,ϪϪ (2.0)

% of change from pre-training 2.93 (8.15) −1.09 (3.10) −1.19 (3.91) 6.27 (12.0) −13.3 (6.27)

* Significantly different from SHOES (p \ 0.05)
† Significantly different from pre-training (p \ 0.05)
Ϫ Significantly different from 1 month (p \ 0.05)
§ Significantly different from 2 months (p \ 0.05)

** Significantly different from SHOES (p \ 0.01)
†† Significantly different from pre-training (p \ 0.01)
ϪϪ Significantly different from 1 month (p \ 0.01)
§§ Significantly different from 2 months (p \ 0.01)
¤¤ Significantly different from 3 months (p \ 0.01)

Table 4 Location and frequency of pains reported by subjects of TRAIN and SHOES at 1, 2 and 3 months, and overall through the 3-month

period in percent of the total number of subjects for each group

Shin Calf Ankle Knee Hip Achilles’ tendon Back

TRAIN

1 month 3 2 – 2 1 – –

2 months 3 – – – 1 – –

3 months – – – – 1 – –

Overall 46.2 % 15.4 % – 15.4 % 23.0 % – –

SHOES

1 month 4 3 2 2 – 3 –

2 months 5 4 2 1 – – 1

3 months 1 4 3 2 – 1 1

Overall 25.6 % 28.2 % 18.0 % 12.8 % – 10.3 % 5.1 %

N = 28 30.8 % 25.0 % 13.4 % 13.5 % 5.8 % 7.7 % 3.8 %
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confidence interval for relative change from −28.3 to

30.1 %). This interpretation is consistent with the obser-

vations of Squadrone and Gallozzi (2009) and Hennig and

Milani (1995) who concluded that footwear influenced foot

mechanics. More precisely, Squadrone and Gallozzi (2009)

observed that peak pressure under the heel decreased, while

that under the forefoot increased when subjects ran bare-

foot or with Vibram FiveFingers™, hence with a lower

drop and lower heel height. Alternatively, the other sub-

jects would opt for a more ‘controlled’ RFS aiming to

moderate impact at foot strike (lower PMA and PHA). To

our knowledge, this ‘controlled rearfoot strike’ theory,

which supposes a more vertical tibia placement at the

moment of foot landing while keeping a heel strike, has not

been investigated yet. Video analysis could help verify this

hypothesis. However, it remains that in the present study,

the flat-midsole shoes used, which offers no protection

under the heel, led the runners to decrease shock acceler-

ation beneath the heel and shock propagation between the

heel and the tibia.

The MFS running pattern has specific, consistently

observed characteristics: absence of impact peak (Dickin-

son et al. 1985; Altman and Davis 2011; Giandolini et al.

2013); lower LR (Lieberman et al. 2010; Giandolini et al.

2013); higher triceps surae activity concomitant with a

lower tibialis anterior activity, which induces a more

plantarflexed landing (De Wit et al. 2000; Lieberman et al.

2010; Giandolini et al. 2013); higher peak pressure

underneath the metatarsal heads/midfoot parallel to a lower

pressure beneath the heel/rearfoot (De Wit et al. 2000;

Hennig and Milani 1995; Squadrone and Gallozzi 2009).

The conscious and progressive adoption of a MFS over the

3-month intervention had no effect on any of the

mechanical variables studied (be it kinematics or impact

variables). It seems that subjects strived to midfoot strike

but they never naturally adopted a consistent and system-

atic MFS pattern. These results are different than those

presented by Davis (2005), Crowell et al. (2010) and

Crowell and Davis (2011), who used a gait retraining on

treadmill with real-time feedback (tibial peak acceleration).

These authors consistently observed decreases in LR and

tibial peak acceleration during 5- and 10-min running bouts

using real-time visual feedback (Davis 2005; Crowell et al.

2010). They also observed a 20–50 % decrease in these two

parameters between the completion of a 2-week, eight-

session lab retraining and 1-month post-retraining. How-

ever, in this study, subjects were instructed not to run

outside of their training sessions during the 2-week

retraining period and to run at least 16 km with their new

‘reduced loading gait pattern’ before they returned for

their one-month post-retraining analysis. This gait retrain-

ing protocol is therefore very different from the one used

here which aimed to be a simple, accessible and easy-to-

perform method for the subjects. It is also worth men-

tioning that these studies never considered the running

pattern but only focused on impact reduction. Moreover,

the decrease in PRS observed here in TRAIN at 2 and

3 months (−4.39 ± 3.81 and −7.36 ± 4.94 %, p \ 0.03,

respectively) remains somewhat difficult to explain.

Besides, the protocol itself could explain the lack of kinetic

and kinematic changes in TRAIN subjects. The only focus

on the foot strike pattern could be a limit of the retraining

program proposed here, which neglected all the other

features of the MFS pattern. As recently detailed by

Rothschild (2012) for a transition from shod to barefoot

running (which is, from a foot strike pattern point of view,

a situation comparable to a RFS-to-MFS transition), it is

useful to focus the gait retraining on all the specific features

of MFS: flatter touchdown, higher stride frequency, higher

ankle flexibility, higher triceps surae activation. Thus, a

painless and efficient transition towards a midfoot pattern

should be achieved with specific preparatory exercises and

drills allowing pluralistic tissue adaptations (for more

details, see Rothschild 2012). Although not observed in the

present study, it seems that a complete and progressive gait

retraining could lead to a change of running pattern. As for

the other group, our results showed important inter-indi-

vidual difference indicating that individuals reacted very

differently to the intervention proposed. For instance, post-

training 95 % confidence intervals for relative changes

were ranged from −51.7 to 48.7 % for PMA, from −28.8 to

27.7 % for PHA, from −47.3 to 44.4 % for PTA and from

−34.2 to 30.1 % for LR. In contrast with gait retraining, our

findings highlight the likely efficiency of flat-midsole

footwear in the impact reduction beneath the heel. It should

be noted that basically both groups kept a RFS through the

3 months, this being highlighted by a sustained impact

peak on the VGRF curves.

Subjects’ medical and postural follow-up was an

important part of our study. Most of the subjects reported

calf, knee and/or shin pains, and muscle soreness during

the first month of the protocol (Table 4). The main painful

sites reported over the 3-month program by both SHOES

and TRAIN subjects were shin (30.8 %) and calf (25.0 %).

However, these pains were endurable and rarely stopped

subjects in their training process. They were largely

attenuated during the last 2 months. Only one female

subject of the TRAIN group had to stop the experiment

after twelve training sessions because of painful shin

splints, an injury she had suffered several months before

the inclusion session. It is also worth mentioning that an

increase in overall postural alterations was observed in

both groups. At 1 month, the osteopathic follow-up showed

postural alterations in both groups (data not presented).

This alteration was even larger at 2 and 3 months, espe-

cially in the TRAIN group. It seems that, in the long-term,
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Fig. 3 Evolution through the 3-

month period of vertical ground

reaction force (a), tibial
acceleration (b), heel
acceleration (c) and metatarsal

acceleration (d) for the most

typical subject of the SHOES

group (male 73.4 kg, PRS

3.14 m s−1) at each

measurement session. Relative

changes from pre-training at 1,

2 and 3 months for this subject

were, respectively, −1.1, −32.6
and −39.2 % for PHA; 13.6,

11.8 and 1.6 % for PMA; −0.8,
47.8 and 7.9 % for PTA; 5.3,

−10.5 and 5.3 % for Thm; −4.4,
−15.5 and −17.1 % for SPV
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both flat-midsole footwear and foot strike retraining had

effects on subjects’ posture and also on the musculoskeletal

system and more particularly on the triceps surae and tibial

periosteum. A systematic review by Moen et al. (2009)

shows that shin splints, described as pains in the medial

aspect of the tibia during or after exercise and character-

ized by a periosteum inflammation, could be caused by an

important traction of the soleus, tibialis posterior and flexor
digitorum longus muscles on the periosteum. A study

performed on three cadavers showed a higher strain on the

periosteum in parallel with higher tensions applied on the

tendons of these three muscles (Bouche and Johnson 2007).

In addition, these muscles contribute to ankle plantarflex-

ion, a motion that is more pronounced in MFS pattern.

Interestingly, a case report by Cibulka et al. (1994) high-

lighted a possible link between shin splints development

and FFS pattern. As a consequence, it cannot be ruled out

that an RFS-to-MFS transition could potentially expose

subjects to shin splints. Note that Moen et al. (2009)

reported that the risk of shin splints is increased by a higher

plantarflexion, and that women and people with history of

shin splints are more exposed to this type of injury. It is

therefore interesting to point out that the only subject

excluded from the present protocol was a female with a

recent history of shin splints, who was randomly assigned

to the MFS group, i.e. instructed to adopt a more plantar-

flexed running pattern. The other subjects who reported

symptomatic pains of medial tibial stress syndrome (shin

splints) seemed to have correctly adapted to the new shoe

or to the new pattern imposed. Other extrinsic risk factors

of shin splints had been highlighted by Moen et al. (2009),

but not investigated: duration, intensity, surface and foot-

wear. The present study brings new insights into the latter

factor: an important footwear change (especially as to the

drop height) should be progressive in order to avoid

overuse injuries such as shin splints. Even if no tendinop-

athy was reported here, the increase in triceps surae
activity characterizing the MFS pattern (Giandolini et al.

2013) is thought to potentially induce Achilles tendonitis

(Daoud et al. 2012; Goss and Gross 2012b). That said, it

seems that the progressive program used here allowed us to

limit the ‘calf and tendons pains’ and in turn the onset of

associated injuries.

A recent systematic review (Lopes et al. 2012) discusses

the main running-related musculoskeletal injuries. Most of

them are related to overuse (i.e. overloading the musculo-

skeletal structures). In sprinters, middle-distance and

marathon runners, medial tibial stress syndrome and

Achilles tendonitis have an incidence ranging from 13.6 to

20 % and from 9.1 to 10.9 %, respectively, and a preva-

lence of 9.5 % for medial tibial stress syndrome and

ranging from 6.2 to 9.5 % for Achilles tendonitis. Con-

trastingly, tibial stress fractures have an incidence of 9.1 %

and a prevalence of 4.5 %. In ultra-marathon runners of a

5- to 8.5-day race, the prevalence of medial tibial stress

syndrome prevalence was 7.8 % and that of Achilles ten-

donitis was ranging from 2.0 to 18.5 %. Taking all racing

distances together, medial tibial stress syndrome and

Achilles tendinopathy are the main running-related mus-

culoskeletal injuries with plantar fasciitis (Lopes et al.

2012). This highlights that ‘supposed MFS/FFS-related

injuries’ (e.g. shin splints and tendinopathies) are more

common than ‘supposed RFS-related injuries’ (e.g. tibial

stress fractures), and raises the question of the risk-

advantage ratio of a complete and permanent foot strike

pattern transition that might shift the anatomical location of

potential injury sites. However, according to Lopes et al.

(2012), the main ultra-marathon running-related injuries

are Achilles tendinopathy and patellofemoral syndrome

(prevalence ranging from 7.4 to 15.6 %). Thus, knee

injuries are among the most frequent running-related

injuries in ultra-marathon runners. According to Goss and

Gross (2012b), knee joint moment decreases when runners

midfoot strike because of an increased knee flexion at foot

landing. Furthermore, it was observed that experimented

minimalist runners were using a more anterior foot strike

pattern and were approximately three times less likely to

sustain running-related injuries (especially at the knee)

than runners wearing classic cushioned shoes (Goss and

Gross 2012a). This MFS pattern may be useful for

decreasing the overall impact but an RFS-to-MFS transi-

tion might, however, be done with extreme caution in order

avoid a sudden overstress of soft tissues.

One of the main limits of this study is the impossibility

to individually follow the subjects during their training

sessions, especially for the TRAIN group. It is worth

mentioning that there is a risk that some of the TRAIN

subjects consciously decided and tried to adopt an MFS (as

required to by the experimenters), but did not succeed, in

fact. Indeed, it was observed that 31 % of runners are

wrong when asked to report their actual running pattern

(Goss and Gross 2012a). The content of the program for

TRAIN subjects (only focused on foot strike) may also

represent a limit since total effective running time with the

intervention was ~15 % lower (see “Methods”), but this

emphasizes the necessity of a more complete retraining, as

advocated by Rothschild (2012). Last, we cannot rule out

that performing the measurements on a treadmill while

subjects did their running program on the field may also

have influenced the results. However, subjects were their

own controls for the long-term interventions tested

(TRAIN and SHOES), and our protocol design mixing field

training and treadmill measurements likely did not influ-

ence the comparisons studied. Furthermore, it must be

noticed that the present study is among the rare ones to

propose a long-term follow-up and not focus only on acute
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changes. We think that the drawbacks listed here are out-

weighed by the advantage of possibly discussing

adaptations to a 3-month intervention, which had hitherto

not been done. Last, our findings show that SHOES sub-

jects seemed to adapt to the new shoes after an ~6-h

training period (total effective running time) wearing the

shoes. To our knowledge, the previous studies investigated

footwear principally in acute conditions (e.g. Hennig and

Milani 1995; De Wit et al. 2000; Hamill et al. 2011;

Giandolini et al. 2013). We would therefore recommend a

longer habituation period for future researches about the

effect of footwear on running mechanics.

Conclusion

Running with flat-midsole footwear (i.e. low-drop/low-heel

height shoes) during 3 months resulted in an ~30 % lower

shock magnitude at the heel, and an ~12 % lower shock

wave propagation speed. These results were observed from

the second month only, as if subjects needed a significant

period of time to adapt to the new footwear. In addition,

during the first month, the intervention altered their running

pattern. On the opposite, the foot strike retraining pro-

posed, aiming at an RFS-to-MFS transition, induced no

change on average for the group, despite the high intra-

individual variability in the responses observed, which

suggests that runners individually adopted very different

strategies while given the same instruction. Concerning the

effects on musculoskeletal structures, even if several sub-

jects reported pains mainly located at the shin and calf,

likely resulting from natural tissue adaptations, the long-

term interventions proposed seem to have been progressive

enough to avoid the onset of running-related injuries.

Reported pains and observed postural disorders, however,

occurred as a consequence of the alterations conducted by

the two interventions but tended to normalize after

2 months. That said, in view of the obvious risk of col-

lateral injuries, we strongly recommend athletes and

practitioners to consider a progressive change in foot strike

pattern on an individual basis, according to whether or not

this transition one could be really beneficial for the runner

in terms of injury prevention and/or reduction.
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