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Increasing cadence with a metronome and running barefoot changes the sagittal

kinematics of the lower limbs and trunk.

ABSTRACT

The purpose was to compare two non-laboratory based running retraining programs on lower limb
and trunk kinematics in recreational runners. Seventy recreational runners (30 + 7.3 years old,
40% female) were randomised to a barefoot running group (BAR), a group wearing a digital
metronome with their basal cadence increased by 10% (CAD), and a control group (CON). BAR
and CAD groups included intervals from 15 to 40 minutes over 10 weeks and 3 days/week. 3D
sagittal kinematics of the ankle, knee, hip, pelvis, and trunk were measured before and after the
retraining program, at comfortable and high speeds. A 3 x 2 mixed ANOVA revealed that BAR
and CAD groups increased knee and hip flexion at footstrike, increased peak hip flexion during
stance and flight phase, decreased peak hip extension during flight phase, and increased anterior
pelvic tilt at both speeds after retraining. In addition, BAR increased ankle plantar flexion at
footstrike and increased anterior trunk tilt. Both retraining programs demonstrated significant
moderate to large effect size changes in parameters that could reduce the mechanical risks of
injury associated with excessive knee stress, which is of interest to coaches, runners and those

prescribing rehabilitation and injury prevention programs.

KEYWORDS: mobile app; long-term usage; step rate; unshod; running form.
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Increasing cadence with a metronome and running barefoot changes the sagittal

kinematics of the lower limbs and trunk.

INTRODUCTION

Endurance running is an activity that has become widespread among the recreational population
with the aim of improving health and personal performance (1,2). However, the annual incidence
of running-related injuries can rise to 74% among long-distance runners (3—5). Excessive knee
loading, and high vertical and horizontal impact forces have been associated with running-related
injuries such as knee injuries (6,7), which are common among recreational long-distance runners
(8). Running retraining is a process of learning a new running motor pattern, which has been
associated with improved performance and injury prevention and is often included in
rehabilitation programmes (9). A fundamental purpose of running retraining is to modify a motor
pattern associated with a potential risk of running-related injury due to overuse, which is often

considered to be a faulty motor pattern.

Increasing cadence has been proposed as a method for running retraining that could be integrated
into a non-laboratory setting through the use of a mobile metronome application (10,11), and has
been suggested to reduce impact forces and knee loading (12—14). Furthermore, this reduction in
impact forces and knee loading has been associated with changes in lower limb kinematics, such
as an increase in knee flexion at footstrike or a decrease in knee flexion during stance phase and
ankle dorsiflexion at footstrike (10—12,14). For example, a two-week retraining program that
increased cadence by 10% was shown to reduce foot and ankle angles at footstrike, impact forces
and anterior trunk tilt, but no changes were found in knee and hip flexion (14). However, reduced
hip flexion at footstrike was found to be an immediate effect of a 10% increase in cadence under
laboratory conditions (15). After 12 weeks of field-based retraining using 10% increased cadence
feedback, participants reduced impact forces, foot angle at footstrike, and peak knee flexion
during stance phase (11). A reduction in peak knee flexion has been shown to be a useful predictor

of a reduction in knee loading (12).
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Barefoot running has also been considered as an non-laboratory retraining alternative that
promotes impact attenuation, which influences changes in lower limb kinematics (16-21) and has
been hypothesised to reduce the risk of injury (16,22,23). Some of the kinematic indicators
associated with a reduced risk of injury were reduced ankle dorsiflexion at footstrike, increased
knee flexion at footstrike and reduced peak knee flexion at stance (16-21). An 8-week barefoot
running program found a subgroup of responders who reduced impact forces and ankle
dorsiflexion (18). However, two other fully immersive 8-week barefoot running programs showed
no significant changes in ankle dorsiflexion, cadence or stride length (24,25), nor in foot or knee
kinematics (24). In contrast, a recent more conservative 10-week programme of barefoot running
intervals and habitual footwear training showed a reduction in foot angle at initial contact and
some changes in spatiotemporal parameters when evaluating runners running in their natural

footwear condition, but lower limb kinematics were not assessed (26).

While several studies of barefoot running and studies of increasing basal cadence by 10%
separately provide strong evidence of reduced impact (12—-14,17,18) and changes in foot
kinematics and spatiotemporal parameters, such as a reduction of ankle dorsiflexion and foot at
footstrike or increase in cadence (10,11,23,25,26,12,14,16-21), the effects of long-term and out-
of-laboratory retraining programs on lower limb kinematics remain inconsistent. Although the
effects of barefoot running and a 10% increase in cadence on running kinematics are similar, these
effects have not been compared in a homogeneous sample. Except for a recent study that evaluated
the effect of increasing cadence versus barefoot running on spatiotemporal parameters, footstrike
angle and prevalence of rearfoot strike in a homogeneous population over 10 weeks (26).
Furthermore, as mentioned above, there is a lack of evidence on the effects of these programs on
the kinematics of proximal body regions (i.e., pelvis and trunk). A more flexed trunk during
running demands more hip extensor work and less extensor work during running reducing

patellofemoral pain (27,28).

Therefore, the aim of this study was to compare the effects of two non-laboratory based 10-week

running retraining programs on lower limb and trunk running kinematics in recreational runners
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at comfortable and high speeds. The groups considered were; a barefoot group (BAR) and a
cadence group (CAD) who were compared to a control group (CON). The hypothesis of the
present study was that running barefoot and increasing cadence by 10% might induce certain

similar changes in ankle, knee, and hip kinematics.

METHODS AND MATERIALS

Experimental design

The effect of the two running retraining programs were explored through changes from baseline
in the angles and joint excursions of ankle, knee, hip, pelvis and trunk, and angular velocities of
ankle, knee and hip. These variables were measured at two different running speeds: i)
comfortable speed (CS) which was self-selected by the runners in the warm-up, and ii) high speed
(HS), which was self-selected by considering the best 5 km time in the current season of the
participant, adapted from Latorre et al. (23). The participants visited the laboratory twice, at
baseline (pretest) and at the end of the running retraining program (post-test). Participants were

asked to not perform any heavy physical exertion for 72 hours prior to data collection.

Participants

A total of 103 runners, with no previous experience of running retraining programs, were initially
recruited from local running clubs, and randomly assigned to one of three groups; BAR, CAD
and CON, see Figure 1. Inclusion criteria were: all the participants were healthy, had regularly
participated in running training with a minimum frequency of three sessions per week over the
last two years, and had no history of injury in the previous six months that had limited their
training. Exclusion criteria were, participants with cardiorespiratory diseases such as asthma,
allergies, diabetes, or other cardiac pathologies were not included. A simple blind randomisation
method was used to establish the experimental groups. This study conformed to the Declaration
of Helsinki (2013) and was approved by the Ethics Committee at the University of XXXX (No.

XXXXX). Participants were informed about the study and signed a consent form. Those
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participants who discontinued the study were due to injuries unrelated to the retraining programs

or personal reasons.

*** FIGURE 1 ABOUT HERE ***

Instruments and procedures

Body height and weight were measured to the nearest 0.1 kg and 0.1 cm respectively (SECA
Instruments, Germany), and body mass index (kg/m?) was calculated. An 8-camera motion
capture system (model mvBluecougar-XD104C, Matrix Vision GmbH, Germany) operating at
100 Hz with a resolution of 2048 x 1088 pixels and the Simi Motion software v.9.2.2. (Simi
Reality Motion Systems GmbH, Germany) were used to collect kinematic data. A total of 28
markers were placed on the participants according to the International Society of Biomechanics
(ISB) standard (29,30). Retroreflective markers were placed bilaterally on the acromioclavicular
joint, posterior superior iliac spine, anterior superior iliac spine, greater trochanter, thigh, lateral
epicondyle of the femur, medial epicondyle of the femur, shank, lateral malleolus, medial
malleolus, second and third metatarsal heads and the posterior surface of the calcaneus. Two
additional markers were placed on the spinous process of the 7th cervical and 8th thoracic
vertebra. Following the placement of all anatomical markers, the subject was asked to stand on
the treadmill for a static trial which was performed to define the anatomical coordinate systems

for the foot, shank, thigh, pelvis and trunk segments (29,30).

Before the running test, the participants were asked to run consistently on a professional treadmill
(Woodway Pro XL, Waukesha, WI, USA) for an 8 minute warm-up at their self-selected
comfortable speed (CS) and wearing their own running shoes (26). The indications for the CS
condition were: “Run comfortably and non-stop at a speed that allows you to speak and breathe
easily”. Once the CS was selected and the warm-up completed, participants were instructed to
run consistently for 120 s and the data collection was carried out during the last 15 s. HS was
defined by participants’ best 5 km pace in the current season (26). To control for the potential

effect of fatigue during the running test, intensity was measured using the Borg’s 0—10 scale (31),
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and were reported as: very light (<2), light (2-3.9), moderate (4-6.9), vigorous (7-8.9), very hard
(9-9.9) and maximum effort (10). For each participant, there was no more than one week between

data collection and the intervention period (start and end).

Kinematics data processing

Visual 3D software (v6; C-Motion, Rockville, MD) was used to compute the 3D running
kinematic variables. The raw data were filtered with a cut-off frequency of 8 Hz using a fourth-
order low-pass Butterworth filter (32). Footstrike was defined using the technique described by
Handsaker et al. (33), which was cross checked against the video recordings. This algorithm
involves using the peak vertical acceleration of the marker placed on the posterior surface of the
calcaneus for rearfoot strike runners, and the marker placed on the second and third metatarsal
heads for forefoot strike runners. Prior to the application of the algorithm, the runners were
classified according to their footstrike pattern (23). An 8-segment model of the lower limb and
trunk was then constructed (29,30). Angles, velocities and excursions of the joints and segments
(ankle, knee, hip, pelvis and trunk) were calculated for the sagittal plane, see Figure 2. Peak and
footstrike values were obtained for joint and segment angles and velocities. Using the peak values
and the footstrike values, the excursions were calculated (e.g., from footstrike to peak knee

extension, or from peak knee flexion to peak knee extension, ...).

*** FIGURE 2 ABOUT HERE ***

Retraining program

The retraining programs were implemented by coaches and supervised by the principal researcher
with regular random visits to the track each week to check compliance. The retraining programs
consisted of three retraining sessions per week with the same amount of time and similar
workload, adapted from Latorre et al. (23), Table 1. The BAR group performed a progression of
barefoot runs on a soft, flat, non-slip grass surface (i.e., a football pitch). The CAD group was
asked to land to the beat of a metronome which increased by 10% of their baseline cadence (at

pre-test) at a CS. This speed was controlled on a treadmill, or using a GPS, or by lap time running
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on a 400-metre track, depending on the runners' preference or ability to maintain their CS. Both
groups received a weekly training diary, setting a minimum of 85% compliance, and monitoring
the intensity of the sessions using the Borg scale from 0 to 10 (31). The CON group was allowed
to run at a comfortable speed and perform running drills (i.e. skipping, high knees, etc.) while the
BAR and CAD groups performed their retraining sessions for the same amount of time. All three
groups were asked to keep their weekly volume unchanged. All participants were advised to
decrease the intensity or even abandon the retraining program if pain or injury occurred. Training

loads and habits were maintained by all groups.

*** TABLE 1 ABOUT HERE ***

Statistical Analysis

The distribution and homogeneity of all data were tested before analysis using the Kolmogorov-
Smirnov and Levene’s tests respectively, and all data were found to be suitable for parametric
testing. Descriptive data were reported using the mean and standard deviations (SD). A 3 x 2
mixed model ANOVA was conducted to examine the effects of time (pre-test and post-test) and
groups (BAR, CAD and CON) for each variable. Paired t-tests were used as post-hoc Bonferroni
tests when a significant interaction between groups and time was detected. The significance level
was set at p < 0.05. Additionally, effect sizes for group differences were expressed using Cohen’s
d (34) and were reported as: trivial (<0.2), small (0.2-0.49), medium (0.5-0.79), and large
(>0.8) (34). All data were analysed using SPSS, v.25.0 for Windows (SPSS Inc, Chicago, USA).
To verify that there were no differences between groups at baseline, a one-way ANOVA was used

for continuous variables and a chi-square test (¥2) was used for the sex variable (dichotomous).

RESULTS

Seventy out of the 103 participants who were randomly assigned underwent analysis. The
retraining program was successfully completed by 79 individuals with a minimal attendance rate

of 85% (BAR group = 86% and CAD group = 86%). Technical issues resulted in 9 participants
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being excluded from the 3D tracking analysis. During each acquisition period, none of the
participants indicated a score higher than 6 out of 10 on the Borg scale while performing the
running protocol. Average scores on the Borg scale over the ten weeks were 3.6 for the BAR
group, 3.5 for the CAD group and 3.5 for the CON group. There were no differences for any of
the demographic and training characteristics between the three groups (Table 2). Supplementary
Tables 1 and 2 show pre- and post-test means and standard deviations, and mean difference 95%

confidence intervals for joint and segment angles, velocities and excursions at both speeds.

*** TABLE 2 ABOUT HERE ***

A significant Time x Group interaction effect was seen for joint and segment angles at both speeds,
see Table 3. Further post-hoc paired t-tests showed that the BAR and CAD groups increased knee
flexion and hip flexion at footstrike, peak hip flexion during stance and flight phase, and pelvic
anterior tilt (maximum and minimum) at both speeds; and decreased peak hip extension during
flight phase (at both speeds) and peak knee extension during flight phase (at comfortable speed)
after retraining, see Figure 3, Figure 4, and Table 4. Additionally, the BAR group increased
anterior trunk tilt (maximum and minimum, at both speeds), decreased ankle dorsiflexion at
footstrike (at both speeds) and peak ankle dorsiflexion during flight phase (at high speed) after
retraining. In contrast, the CON group decreased hip flexion at footstrike (at high speed), peak
hip extension during the flight phase (at both speeds), pelvic anterior tilt (maximum and
minimum, at comfortable speed), maximum trunk anterior tilt (at comfortable speed), and

minimum trunk anterior tilt (at both speeds) after the two time points.

*** TABLE 3 ABOUT HERE ***

*** FIGURE 3 ABOUT HERE ***

*** FIGURE 4 ABOUT HERE ***

*** TABLE 4 ABOUT HERE ***
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A significant Time x Group interaction effect was seen for joint angular velocities at both speeds
see Table 3. Further post-hoc paired t-tests showed that the BAR and CAD groups increased peak
ankle dorsiflexion velocity during stance phase (at comfortable speed and only for the BAR group
at high speed); the CAD group decreased peak hip extension velocity during stance phase (at
comfortable speed); and finally, the CON group decreased peak ankle dorsiflexion velocity during
stance phase (at both speeds), and increased peak ankle plantarflexion velocity during stance

phase (at high speed), after the two time points, see Table 4.

A significant Time x Group interaction effect was observed for joint excursions at both speeds,
see Table 3. Further post-hoc paired t-tests, showed that the BAR and CAD groups decreased
knee flexion excursion in stance phase (at both speed); the BAR group decreased hip extension
excursion from stance to flight phase (at comfortable speed) and increased ankle dorsiflexion
excursion during stance phase (at high speed); and finally, the CON group decreased ankle
dorsiflexion excursion during stance phase (at high speed)., after the two time points, see Table

4.

DISCUSION

The main findings of this study were: i) the BAR and CAD groups increased knee and hip flexion
at footstrike and stance phase, decreased knee and hip extension in flight phase, and increased
anterior pelvic tilt with moderate to large effect sizes at both speeds; and ii) the BAR group
significantly reduced ankle dorsiflexion and increased trunk anterior tilt with a small or moderate
effect sizes at both speeds. Both retraining programs produced significant kinematic changes in
lower limbs and trunk running kinematics with large effect sizes. No running-related injuries were
reported during the running retraining programs. The average intensity over the 10 weeks of the
retraining programs was light to moderate, between 3 and 4 on the Borg scale for both the BAR
and CAD groups (31). The results of the study confirmed the hypothesis that barefoot running
and a 10% increase in cadence produced similar changes in ankle, knee and hip kinematics at

comfortable and high speeds, although only barefoot running retraining produced changes for the
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trunk. To our knowledge, this is the first study to investigate the effects of two retraining programs

on lower limb and trunk running kinematics in a similar cohort of recreational endurance runners.

Previous findings from immersive programs for barefoot running or with habitual barefoot
runners showed an increase in knee flexion at footstrike and at 10% of the stance, and a decrease
in peak knee flexion at mid-stance, as well as a decrease in foot angle at footstrike (17,18,20,26),
and a decrease in hip flexion at footstrike (35). The knee and ankle appear to be the two joints
most sensitive to changes after barefoot running. Compared to previous transitions to barefoot
running, our results are consistent as runners increased knee flexion at footstrike, and decreased
ankle dorsiflexion. However, peak knee flexion did not decrease during the stance phase for the
BAR group. The decrease in knee joint excursion from initial contact to peak flexion found at
both speeds may indicate less eccentric knee movement during the first half of the contact phase
due to the reduced range of motion. In addition, our results showed an increase in hip flexion,
anterior pelvic tilt and anterior trunk tilt during the running cycle. This is a finding that has not
been mentioned in several barefoot running programs, mainly because the kinematics of the pelvis
and trunk have not been studied, focusing on the foot, ankle and knee (17,18,25). Nevertheless,
and similar to our findings, a greater hip flexion, greater knee flexion and less dorsal ankle flexion
at footstrike has been observed in habitual barefoot runners (16), or running with a forefoot strike
(14). It should be noted that during our intervention the participants were not completely
immersed in barefoot running, but combined periods of barefoot running (i.e., warm-up and cool-
down) with their running training in shoes and were also assessed in shoes during data collection.
Therefore, the BAR group, who completed a program of barefoot running periods with shod
running, showed certain similar running performance to habitual barefoot runners when assessed

with shod running.

The 10-week program based on increasing the basal cadence using a mobile metronome (CAD
group) showed an increase in knee flexion at footstrike, and an increase in hip flexion and anterior
pelvic tilt throughout the running cycle. These results are in agreement with those of Heiderscheit

et al. (13) who found an increase in knee flexion at footstrike. And also with Lenhart et al. (12)
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who also found an increase in knee flexion at footstrike, in addition to a decrease a decrease in
knee flexion and ankle flexion (decrease in dorsiflexion) at mid-phase. However, we found a
reduction in knee flexion excursion during stance at both speeds for the CAD group, which may
help to reduce the eccentric load on the knee as this range of motion was reduced. None of these
studies found kinematic changes at the hip, and they did not measure pelvic kinematics. However,
Lenhart et al. (12) observed a reduction in the muscle activity of the hip extensors (e.g. gluteus
maximus), and our results showed a reduction in the peak velocity of hip extension, which could
be related to a lower energy generation during the propulsion phase (13). Our results also showed
an increase in hip flexion during running and an anterior trunk limb, both kinematic changes were
previously associated by Huang et. al. (15). after a short-term approach. They also reported less
awkwardness and effort when running on non-heel strike than on heel strike, which may be related
to less ankle dorsiflexion at foot strike. Comparing our results with a non-laboratory setting using
a mobile metronome over 12 weeks (11), knee flexion at mid-stance was reduced, but no changes
in knee flexion at footstrike or hip kinematics were found. Our findings suggest that although
there are some common kinematic changes between studies. There is no predominant pattern

when comparing our findings with those of other studies and further research is needed.

As mentioned above, the two 10-week retraining programs, i.e., the 10% cadence increase and
barefoot running, share several kinematic changes at the knee, hip and pelvis. These common
kinematic changes have been associated with a 14% reduction in peak knee force and reduced
peak muscle extensor forces at the hip, knee and ankle joints (12), as well as reduced mechanical
energy absorption at the knee and hip (13). Greater anterior trunk tilt, observed only after the
barefoot running retraining program, has been associated with less patellofemoral joint pain
(27,28) and may reduce lumbopelvic loading (36). The authors of the present study believe that
pelvic anteversion can be a movement associated with anterior trunk tilt. Teng H. and Power C.
observed a reduced dependence on knee extensor moments during stance by increasing hip
extensor moments using a more anterior trunk tilt (28). Therefore, these changes have been

suggested to be strong predictors of a reduction in patellofemoral joint loading (12,13,17,18), and
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the prevention of high impact injuries, such as, patellofemoral pain syndrome (37), iliotibial band
syndrome (38) and tibial stress fractures (39). However, caution should be exercised in this regard

as the current study did not measure kinetic parameters.

In the CON group, changes were found in the opposite direction to the two running retraining
programmes. A more extended hip, posterior pelvic tilt and posterior trunk tilt with a small to
moderate effect size. These kinematic changes have been observed in habitual shod runners (16).
As the runners in the CON group had a short running experience (3.0 = 1.2 years), they did not
maintain their running pattern, but slightly changed some parameters towards the pattern observed

in habitual shod runners, with a small effect size.

It is noteworthy that considering that both running retraining programs were performed at a
comfortable speed, our results showed very similar changes in lower limb kinematics in the high
speed condition. This confirms that not only was the new motor pattern acquired at the same speed
as the retraining sessions, but also that the learning was transferred to higher running speeds for
both retraining programs. Two studies have examined the effects of similar retraining programs
performed at a comfortable and high speeds on the foot kinematics and spatiotemporal parameters
(23,26). To our knowledge, this is the first study to examine changes in ankle, knee, hip, pelvis
and trunk kinematics using a three-dimensional motion capture system for these two retraining
programs. These retraining programs may induce adaptations in musculoskeletal structures that
could affect running effectiveness in real race conditions, in the same way that short periods of
barefoot running at a comfortable speed have induced changes in the shod running at a

comfortable and high-speed running in these recreational runners, but further research is needed.

Finally, there are some limitations to consider. First, the effects of two 10-week retraining
programs were studied in healthy recreational runners a low training load. We should be cautious
about their effects on injured runners or on experienced long-distance runners with a high training
load. Second, although the main focus was on sagittal plane kinematics, information on other

planes of motion, ground reaction forces, joint moments or muscle activation remains unknown.
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Third, the effects of two 10-week retraining programs were evaluated, but their long-term effects

(e.g. a 12-month follow-up) were not assessed.

From a practical approach, both retraining programs could be useful in non-laboratory settings,
using clinically feasible and simple methods to induce changes in lower limb and trunk kinematics
in recreational runners towards a running pattern that could reduce the mechanical risk of injury
associated with excessive knee loading. These two programs differ in certain characteristics that
may lead us to choose one option over the other. Barefoot running does not require the use of a
mobile phone and a digital metronome. Nevertheless, it may not be recommended for runners
who need plantar insoles, and barefoot running may not be recommended for runners with certain
pathologies. As for the cadence increase program, it can be used with the runner’s footwear and
possibly with their insoles, although this use was not evaluated in this study. Another slight
difference is that the barefoot running programme included higher intensities for short periods in
addition to comfortable speeds. However, the cadence based intervention does not allow for these

speed changes as cadence is dependent on running speed.

CONCLUSIONS

A progression of periods of barefoot running and periods of 10% increase in cadence, both
performed at a comfortable running speed, showed an increase in knee flexion at footstrike and
hip angle flexion and pelvic anterior tilt during the running cycle with a moderate to large effect
sizes at both comfortable and high running speeds after 10 weeks. In addition, the progression
of barefoot running periods showed a significant reduction in ankle dorsiflexion at footstrike
and an increase in anterior trunk tilt with a small to moderate effect size at both speeds after the
10-week retraining program. Barefoot running was slightly more effective as a running
retraining program than increasing cadence with a digital metronome. This may be useful for
reducing knee risk factors and increasing running efficiency, but further research is needed to

explore the long-term effects.
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474 TABLES

Table 1: Running volumes and speeds of the 10-week running retraining programs.

Weeks
1-2 3-4 5-6 7 8 9 10
10> CS
Barefoot retraining 10 CS 10° MS
15° CS 20° CS 25’ CS 30° CS 10° MS 35°CS 10’ CS
g 10’ CS 5° MS
5° CS

Cadence retraining
group

15CS  200CS  25°CS  30°CS 30 CS 35 CS 40’ CS

Weekly volume by
group 45° 60’ 75° 90’ 90’ 105° 120°

Comfortable speed (CS); Medium speed (MS). In weeks 4, 6, and 9, the BAR group completed five sets
of 80-meter progressive sprints.

475

476
Table 2: Demographic, anthropometric and training characteristics of runners expressed as mean (SD)
Variable BAR (n =23) CAD (n=23) CON (n = 24) P value

43.5% females, 47.8% females, 29.1% females,

Gender (percentage) 56.5% males 52.2% males 70.9% males 0.432
Age (year old) 31.4(7.4) 294 (7.4) 292 (7.1) 0.543
Height (cm) 175.3 (10.4) 173.1(7.2) 173.1 (6.7) 0.593
Body mass (kg) 73.0 (12.2) 69.8 (11.3) 70.2 (11.5) 0.598
Body mass index (kg/m?) 23.7 (3.0) 23.2(2.5) 23.3(2.8) 0.795
Comfortable speed (km/h) 9.9(1.1) 10.2 (1.0) 10.5 (0.9) 0.150
High speed (km/h) 14.0 (2.0) 14.2 (1.9) 15.1 (1.4) 0.095
Running experience (years) 34(1.3) 34(1.7) 3.0(1.2) 0.457
Running’s sessions (n/wk.) 3.8(1.0) 39(1.1) 3.0 (1.0) 0.625
Workload per week (kms) 27.0 (14.2) 21.9(11.7) 26.4(9.3) 0.287
Competitions per year (n) 10.6 (7.9) 8.0 (6.6) 7.3(4.3) 0.202
Barefoot retraining group (BAR), cadence retraining group (CAD) and control group (CON). P < 0.05

477

478



479

480

Table 3. Interaction effects Time (pre-test and post-test) vs. Groups (BAR, CAD and CON) of the mixed model 2 x 3 ANOVA

for each variable at both speeds.

2

Speed Phase Variable P value; F-test (dfi, df2) n
Group x time

Comfortable  Stance Phase Ankle dorsiflexion at footstrike (°) 0.049 3.163 (2, 65) 0.089 M
speed Knee flexion at footstrike (°) <0.001 8.899 (2, 65) 0.215L
Hip flexion at footstrike (°) <0.001 12.507 (2, 63) 0.284 L

Peak hip flexion (°) <0.001 11.341 (2, 62) 0.268 L

Knee flexion excursion (°) 0.004 5.955 (2, 64) 0.157L

Peak ankle dorsiflexion velocity (°/s) 0.001 8.230 (2, 62) 0.210L

Peak hip extension velocity (°/s) 0.043 3.304 (2, 64) 0.094 M

Flight Phase Peak knee extension (°) 0.003 3.609 (2, 64) 0.101 M

Peak hip extension (°) <0.001 16.665 (2, 63) 0.346 L

Peak hip flexion (°) <0.001 10.327 (2, 63) 0.247L

Full cycle Maximum pelvic anterior tilt (°) <0.001 14.347 (2, 64) 0.310L

Minimum pelvic anterior tilt (°) <0.001 16.960 (2, 64) 0.346 L

Maximum trunk anterior tilt (°) <0.001 11.457 (2, 63) 0.267 L

Minimum trunk anterior tilt (°) <0.001 9.149 (2, 63) 0.225L

Hip extension excursion (°) 0.010 5.006 (2, 63) 0.139M

High speed  Stance Phase Ankle dorsiflexion at footstrike (°) 0.004 5.912 (2, 63) 0.158 L
Knee flexion at footstrike (°) 0.001 7.963 (2, 62) 0.204 L

Hip flexion at footstrike (°) <0.001 9.280 (2, 62) 0.230L

Peak hip flexion (°) 0.001 8.212 (2, 62) 0.209L

Ankle dorsiflexion excursion (°) <0.001 9.236 (2, 63) 0.227L

Knee flexion excursion (°) 0.012 4.740 (2, 62) 0.133 M

Peak ankle dorsiflexion velocity (°/s) <0.001 9.416 (2, 62) 0.233L

Peak ankle plantarflexion velocity (°/s) 0.021 4.140 (2, 62) 0.120 M

Flight Phase Peak ankle dorsiflexion (°) 0.005 5.772 (2, 63) 0.155L

Peak hip extension (°) <0.001 13.999 (2, 62) 0.311L

Peak hip flexion (°) 0.001 8.249 (2, 62) 0.210L

Full cycle Maximum pelvic anterior tilt (°) <0.001 9.317 (2, 61) 0.234L

Minimum pelvic anterior tilt (°) 0.001 8.193 (2, 62) 0.209 L

Maximum trunk anterior tilt (°) 0.001 7.542 (2, 59) 0.204 L

Minimum trunk anterior tilt (°) <0.001 9.218 (2,59) 0.228 L

Barefoot group (BAR); Cadence group (CAD); Control group (CON); Degrees of freedom (df); Partial eta squared (n?); Small
effect size = 0.01 (S); Medium effect size between = 0.06 (M); Large effect size = 0.14 (L)




Table 4. Post-hoc paired t-tests for joint and segment angles, velocities and excursions before (pre-test) and after (post-test) the 10-week programs at comfortable and high speed.

Speed Phase Variable Barefoot retraining group Cadence retraining group Control group
Mean P value Mean P value Mean P value
difference (Cohen'’s d) difference (Cohen'’s d) difference (Cohen'’s d)
Comfortable Stance Phase Ankle dorsiflexion at footstrike (°) -2.09+0.91 0.024 (0.40) -1.16 £0.87 0.186 (0.26) 0.93 £0.85 0.159 (0.28)
speed Knee flexion at footstrike (°) 5.10+1.09 <0.001 (1.01) 470 +1.04 <0.001 (0.91) -0.44 +£1.02 0.524 (0.13)
Hip flexion at footstrike (°) 6.53 +£1.65 <0.001 (0.96) 6.76 £ 1.54 <0.001 (1.06) -2.90+1.54 0.064 (0.46)
Peak hip flexion (°) 6.28 £1.70 <0.001 (0.88) 6.21 £1.62 <0.001 (1.00) -3.16 £1.59 0.051 (0.50)
Knee flexion excursion (°) -2.98 +£1.08 0.009 (0.67) -3.50 £ 1.06 0.002 (0.64) 1.10£1.01 0.282 (0.20)
Peak ankle dorsiflexion velocity (°/s) 30.68 £9.87 0.003 (0.50) 20.64 £9.87 0.041 (0.39) -21.19+9.43 0.028 (0.57)
Peak hip extension velocity (°/s) 8.90+7.13 0.117 (0.86) -14.53 £ 6.65 0.033 (0.30) 3.79+£6.51 0.563 (0.49)
Flight Phase Peak knee extension (°) 3.19+0.84 <0.001 (0.86) 2.07+0.82 0.014 (0.60) 0.16 £0.78 0.844 (0.03)
Peak hip extension (°) 8.01 £1.66 <0.001 (1.27) 6.63 £1.59 <0.001 (1.08) -3.65 +1.52 0.019 (0.48)
Peak hip flexion (°) 8.25+1.92 <0.001 (1.11) 6.92+1.83 <0.001 (0.92) -2.39 +£1.75 0.178 (0.33)
Full cycle Maximum pelvic anterior tilt (°) 5.58+1.40 <0.001 (1.01) 5.56 +£1.36 <0.001 (1.10) -3.16 +0.12 0.018 (0.53)
Minimum pelvic anterior tilt (°) 5.82+1.40 <0.001 (1.04) 6.00 = 1.36 <0.001 (1.15) -3.58 +£0.08 0.008 (0.55)
Maximum trunk anterior tilt (°) 2.05+0.56 0.001 (0.59) 0.91 +£0.54 0.094 (0.27) -1.48 +-0.42 0.005 (0.41)
Minimum trunk anterior tilt (°) 1.57 £ 0.54 0.005 (0.39) 0.38 +£0.51 0.458 (0.11) -1.50 +-0.26 0.003 (0.50)
Hip extension excursion (°) -1.47 £0.61 0.018 (0.33) -0.17 £0.58 0.748 (0.02) 1.15+0.57 0.470 (0.02)
High speed  Stance Phase Ankle dorsiflexion at footstrike (°) -3.19+0.95 0.001 (0.58) -1.41+0.93 0.134 (0.29) 1.30 £0.91 0.140 (0.28)
Knee flexion at footstrike (°) 4.81+1.08 <0.001 (0.85) 3.77+1.03 0.0001 (0.71) -0.64 +1.00 0.524 (0.13)
Hip flexion at footstrike (°) 6.55+1.83 0.001 (0.85) 473 +1.75 0.009 (0.66) -3.43+0.77 0.049 (0.42)
Peak hip flexion (°) 5.71+1.80 0.002 (0.70) 4.66 +1.71 0.008 (0.65) -3.24 +1.66 0.058 (0.40)
Ankle dorsiflexion excursion (°) 1.64 +£0.62 0.009 (0.43) 0.83+0.61 0.164 (0.30) -1.83 +0.59 0.003 (0.53)
Knee flexion excursion (°) -2.12+1.01 0.040 (0.38) -2.15+0.96 0.029 (0.35) 1.47+0.92 0.123 (0.24)
Peak ankle dorsiflexion velocity (°/s) 5244 +1424 <0.001 (0.78) 28.28 +14.24 0.051 (0.29)  -30.22+13.60 0.030 (0.45)
Peak ankle plantarflexion velocity (°/s) -27.03 £ 15.60 0.088 (0.64)  -18.11£15.24  0.240 (0.36) 31.75 +£15.60 0.046 (0.59)
Flight Phase Peak ankle dorsiflexion (°) -4.14 +£1.06 <0.001 (0.63) -1.13+1.04 0.278 (0.24) 0.82+1.01 0.421 (0.17)
Peak hip extension (°) 7.66 +1.75 <0.001 (1.07) 6.13+£1.67 <0.001 (1.00) -3.81+£1.63 0.023 (0.49)
Peak hip flexion (°) 8.28 £1.87 <0.001 (0.86) 6.76 £1.78 <0.001 (0.85) -1.23+1.74 0.484 (0.14)
Full cycle Maximum pelvic anterior tilt (°) 6.69 +1.67 <0.001 (1.01) 4.16 +1.59 0.011 (0.76) -2.82+1.59 0.081 (0.46)
Minimum pelvic anterior tilt (°) 6.98+£1.79 <0.001 (0.93) 448 +1.71 0.011 (0.75) -2.46 +1.67 0.142 (0.32)
Maximum trunk anterior tilt (°) 2.13+0.66 0.002 (0.51) 1.178 £ 0.62 0.064 (0.32) -1.21+£0.61 0.052 (0.30)
Minimum trunk anterior tilt (°) 1.81 £0.58 0.003 (0.36) 0.61 £0.56 0.277 (0.15) -1.54+0.19 0.006 (0.47)

Post-hoc paired tests were used when a significant interaction effect between Time x Group was seen. Bold denotes p < 0.05. A positive value in the mean difference indicates an increase from

the pre-test to the post-test and vice versa.



Supplementary table 1. Means (SDs) and mean difference 95% Confidence Intervals for joint and segment angles, velocities and excursions before (pre-test) and after (post-test) the 10-week programs at comfortable speed.

Barefoot retraining group Cadence retraining group Control group

Pre-test Post-test Dif. 95% CI Pre-test Post-test Dif. 95% C Pre-test Post-test Dif. 95% CI

Phase Variable Mean (SD) Mean (SD) [low, high] Mean (SD) Mean (SD) [low, high] Mean (SD) Mean (SD) [low, high]
Stance Phase Ankle dorsiflexion at footstrike (°) 3.7(5.2) 1.61 (5.21) [0.28, 3.90] 4.31 (4.41) 3.16 (4.56) [-0.57,2.89] 3.13 (4.15) 4.06 (4.24) [-2.63, 0.76]
Knee flexion at footstrike (°) 11.69 (4.8) 16.79 (5.25) [-7.27,-2.92] 11.49 (4.79) 16.18 (5.48) [-6.77, -2.62] 14.93 (4.55) 14.48 (4.94) [-1.59, 2.48]

Hip flexion at footstrike (°) 31.73 (7.47) 38.26 (6.06) [-9.84, -3.23] 30.94 (6.40) 37.70 (6.40) [-9.84, -3.68] 41.06 (5.38) 38.16 (7.08) [-0.18, 5.99]

Peak hip flexion (°) 32.19(7.38) 38.47 (6.88) [-9.68, -2.88] 31.01 (6.29) 37.21 (6.07) [-9.45, -2.96] 41.58 (5.33) 38.42(7.19) [-0.01, 6.33]

Knee flexion excursion (°) 23.66 (4.14) 20.68 (4.76) [-5.14, -0.81] 23.47 (4.60) 19.98 (6.19) [-5.61, -0.84] 22.89 (5.76) 23.99 (5.37) [-0.93,3.13]

Peak ankle dorsiflexion velocity (°/s) 208.24 (46.01) 238.92 (73.14) [-50.42, -10.95] 208.51 (56.5) 229.15 (48.38) [-40.38, -0.91] 220.05 (42.27) 198.86 (30.60) [2.34, 40.05]

Peak hip extension velocity (°/s) -277.40 (52.34) -268.50 (39.00) [-23.15, 5.35] -259.37 (42.80) -273.90 (54.19) [1.25, 27.82] -275.60 (42.54) -271.81 (47.70) [-16.8, 9.22]

Flight Phase Peak knee extension (°) 8.73 (3.46) 11.92 (3.93) [-4.86, -1.51] 9.88 (3.03) 11.94 (3.81) [-3.7,-0.43] 13.00 (4.87) 13.16 (4.70) [-1.72, 1.41]
Peak hip extension (°) -6.36 (5.92) 1.64 (7.06) [-11.33, -4.68] -6.73 (6.35) -0.1 (5.95) [-9.8, -3.46] 2.09 (8.11) -1.56 (7.06) [0.62, 6.69]

Peak hip flexion (°) 43.67 (5.16) 51.92 (9.14) [-12.09, -4.4] 42.4 (7.25) 49.32 (7.78) [-10.59, -3.25] 49.86 (6.92) 47.47 (7.40) [-1.12,5.9]
Full cycle Maximum pelvic anterior tilt (°) 20.79 (5.30) 26.37 (5.76) [2.79, 8.37] 19.43 (5.44) 24.98 (4.66) [2.83, 8.28] 26.88 (5.89) 23.72 (6.01) [-5.77, -0.55]
Minimum pelvic anterior tilt (°) 12.92 (6.07) 18.73 (5.12) [3.03, 8.61] 12.73 (5.38) 18.73 (5.03) [3.27, 8.73] 20.36 (6.51) 16.77 (6.59) [-6.19, -0.97]

Maximum trunk anterior tilt (°) 24.72 (3.94) 26.77 (2.99) [0.92, 3.17] 23.88(3.33) 24.79 (3.46) [-0.16, 1.98] 26.23 (3.76) 24.76 (3.34) [-2.5, -0.45]
Minimum trunk anterior tilt (°) 19.81 (4.62) 21.38 (3.34) [0.49, 2.64] 19.18 (3.55) 19.56 (3.47) [-0.64, 1.41] 21.19 (3.11) -19.68 (2.85) [-2.49, -0.52]

Hip extension excursion (°) 38.09 (4.60) 36.62 (4.22) [-2.69, -0.26] 37.49 (4.47) 37.31(3.92) [-1.34,0.97] 37.89 (4.59) 37.78 (4.47) [0.02, 2.28]

CI denotes Confidence Intervals; Bold in Dif. 95% CI denotes post-hoc paired tests by Time (pre-test vs. post-test) with p < 0.05.



Supplementary table 2. Means (SDs) and mean difference 95% Confidence Intervals for joint and segment angles, velocities and excursions before (pre-test) and after (post-test) the 10-week programs at high speed.

Barefoot retraining group Cadence retraining group Control group
Pre-test Post-test Dif. 95% CI Pre-test Post-test Dif. 95% C Pre-test Post-test Dif. 95% CI
Phase Variable Mean (SD) Mean (SD) [low, high] Mean (SD) Mean (SD) [low, high] Mean (SD) Mean (SD) [low, high]
Stance Phase Ankle dorsiflexion at footstrike (°) 4.06 (5.13) 0.87 (5.86) [1.28, 5.10] 4.31 (4.58) 2.89 (5.19) [-0.45, 3.28] 2.34 (4.74) 3.63 (4.43) [-3.12, 0.52]
Knee flexion at footstrike (°) 12.72 (5.23) 17.53 (6.11) [-6.97, -2.66] 12.47 (4.75) 16.24 (5.78) [-5.82, -1.71] 16.16 (4.40) 15.52 (5.23) [-1.36, 2.65]
Hip flexion at footstrike (°) 34.92 (8.75) 41.47 (6.44) [-10.22, -2.89] 35.01 (6.94) 39.74 (7.51) [-8.23, -1.24] 45.04 (7.78) 41.60 (8.55) [0.02, 6.85]
Peak hip flexion (°) 35.26 (8.90) 40.97 (7.27) [-9.31, -2.12] 34.30 (6.77) 38.96 (7.48) [-8.08, -1.23] 44.46 (7.71) 41.22 (8.68) [-0.11, 6.59]
Ankle dorsiflexion excursion (°) 16.03 (3.71) 17.70 (4.13) [0.43, 2.91] 16.34 (2.91) 17.19 (2.67) [-0.36, 2.07] 16.43 (2.65) 15.05 (2.60) [-3.01, -0.64]
Knee flexion excursion (°) 21.99 (5.51) 19.87 (5.52) [-4.13, -0.10] 22.34(5.72) 20.19 (6.57) [-4.08, -0.23] 21.65 (6.47) 23.12 (5.90) [-0.41, 3.35]
Peak ankle dorsiflexion velocity (°/s) 224.94 (41.13) 277.38 (86.16) [-80.90, -23.98] 233.78 (42.61) 262.06 (58.18) [-56.74, 0.18] 271.91 (78.49) 241.69 (54.19) [3.03, 57.42]
Peak ankle plantarflexion velocity (°/s) -547.10 (119.51) -574.13 (66.16) [-4.17, 58.23] -571.18 (77.51) -589.28 (60.59) [-12.38, 48.58] -620.68 (56.07) -588.93 (51.22) [-62.94, -0.55]
Flight Phase Peak ankle dorsiflexion (°) 7.22 (6.31) 3.08 (6.76) [2.02, 6.27] 6.87 (4.73) 5.74 (4.85) [-0.94, 3.21] 5.22 (4.54) 6.04 (4.91) [-2.85,1.21]
Peak hip extension (°) -9.74 (7.64) -2.09 (6.62) [-11.15, -4.16] -10.55 (6.39) -4.43 (5.84) [-9.47, -2.79] -2.17 (7.96) -5.98 (7.50) [0.55, 7.08]
Peak hip flexion (°) 53.14 (8.43) 61.41 (10.70) [-12.01, -4.54] 52.29 (7.70) 59.05 (8.19) [-10.32, -3.2] 59.28 (9.37) 58.05 (7.85) [-2.26,4.71]
Full cycle Maximum pelvic anterior tilt (°) 20.89 (7.58) 27.57 (5.48) [3.36, 10.02] 21.09 (5.57) 25.25(5.34) [0.99, 7.34] 28.44 (5.87) 25.62 (6.41) [-5.99, 0.36]
Minimum pelvic anterior tilt (°) 12.69 (9.19) 19.66 (5.25) [3.39, 10.56] 14.17 (6.08) 18.65 (5.80) [1.06, 7.90] 20.87 (8.44) 18.39 (7.10) [-5.83, 0.86]
Maximum trunk anterior tilt (°) 25.64 (4.91) 27.76 (3.30) [0.81, 3.44] 24.79 (3.77) 25.97 (3.51) [-0.07, 2.43] 26.84 (4.06) 25.63 (4.03) [-2.43,0.01]
Minimum trunk anterior tilt (°) 19.22 (5.78) 21.03 (4.05) [0.64, 2.98] 19.00 (4.12) 19.61 (3.80) [-0.50, 1.72] 20.44 (3.19) 18.9 (3.38) [-2.63, -0.46]

CI denotes Confidence Intervals; Bold in Dif. 95% CI denotes post-hoc paired tests by Time (pre-test vs. post-test) with p < 0.05.
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FIGURES CAPTIONS

Figure 1. Flow diagram of participant recruitment, follow-up and inclusion for analysis.

Figure 2. Calculated joint and segmental angles.

Figure 3. Changes during the stride cycle for the joint and segmental angles after the 10-week
retraining programs at comfortable speed (*denotes significant difference between pre-test and

post-test when an interaction effect between Time X Group was seen).

Figure 4. Changes during the stride cycle for the joint and segmental angles after the 10-week
retraining programs at high speed (*denotes significant difference between pre-test and post-test

when and interaction effect between Time x Group was seen).



