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This study investigated the effectiveness of an 8-week foot-core exercise training program
on foot-ankle kinematics during running and also on running kinetics (impact loads), with
particular interest in biomechanical outcomes considered risk factors for running-related
injuries in recreational runners. A single-blind, randomized, controlled trial was conducted
with 87 recreational runners randomly allocated to either the control (CG) or intervention
(IG) group and assessed at baseline and after 8 weeks. The IG underwent foot-core
training 3 times/week, while the CG followed a placebo lower-limb stretching protocol. The
participants ran on a force-instrumented treadmill at a self-selected speed while foot-
segment motion was captured simultaneously with kinetic measurements. After the
intervention, there were statistically significant changed in foot biomechanics, such as:
IG participants strike the ground with a more inverted calcaneus and a less dorsiflexed
midfoot than those in the CG; at midstance, ran with a less plantarflexed and more
adducted forefoot and a more abducted hallux; and at push-off, ran with a less dorsiflexed
midfoot and a less adducted and more dorsiflexed hallux. The IG runners also had
significantly decreased medial longitudinal arch excursion (p = 0.024) and increased
rearfoot inversion (p = 0.037). The 8-week foot-core exercise program had no effect on
impact (p = 0.129) and breaking forces (p = 0.934) or on vertical loading rate (p = 0.537),
but it was positively effective in changing foot-ankle kinematic patterns.”

Keywords: running, exercise therapy, rehabilitation research, foot joint kinematics, running injuries, statistical
parametric mapping

INTRODUCTION

Running is one of the most popular sports and fitness activities worldwide owing to its simple
requirements in terms of gear and ability to be performed indoors or outdoors. However, one of the
drawbacks is the high incidence of running-related injuries (RRI), such as patellofemoral pain
syndrome, iliotibial band friction syndrome, plantar fasciitis, meniscal injuries and patellar
tendinopathy (Van Gent et al., 2007; Kluitenberg et al., 2015). The etiology of RRI is believed to
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be multifactorial (Buist et al., 2010; van der Worp et al.,, 2015;
Davis et al., 2017; Dudley et al., 2017) and is generally thought to
include the following biomechanical risk factors: altered medial
longitudinal arch (MLA) posture (Cowan et al., 1993; Busseuil
et al., 1998; Bennett et al., 2001; Williams et al., 2001; Weist et al.,
2004; Headlee et al, 2008; Kelly et al., 2015); greater ankle
(Messier and Pittala, 1988; Willems et al.,, 2006; Pohl and
Buckley, 2008) or rearfoot (Noehren et al., 2007, 2013; Hein
and Grau, 2014; Messier et al., 2018) eversion; and higher loading
rates (Hreljac et al., 2000; Milner et al, 2005; Zadpoor and
Nikooyan, 2011; Bredeweg et al., 2013; Davis et al., 2016),
impact peaks (Bennell et al., 1996; Hreljac et al., 2000; Milner
et al., 2005; Davis et al,, 2016), and breaking forces (Grimston
et al,, 1991; Messier et al., 1995; Napier et al., 2018).

Several therapeutic strategies have been implemented in recent
decades to minimize RRI incidence, but these have yielded poor
outcomes (Buist et al., 2008; Fokkema et al., 2017; Hespanhol
et al., 2018). Some of the most commonly adopted therapeutic
approaches to reducing RRI are strengthening programs focused
on the hip and the core areas—i.e., the “top-down” approach
(Powers, 2010; Hott et al., 2015; Palmer et al., 2015). This
approach claims that increased hip and core muscle
(abdominal and multifidus muscles) strength contribute to the
reduction of non-sagittal joint movements and moments, and
thus of the loads in the adjacent joints in the lower limbs, which in
turn would result in lower risks of RRI (Fredericson and Moore,
2005; Brumitt, 2009; Snyder et al., 2009; Powers, 2010; Hott et al.,
2015; Palmer et al., 2015). Although this approach is very popular
(Johnston et al., 2003; Fredericson and Moore, 2005; Brumitt,
2009; Willy and Davis, 2011), its beneficial effects in diminishing
the incidence and the biomechanical risk factors of RRI (Ceyssens
et al., 2019) are yet to be proven (Nigg et al., 2017).

A promising alternative strategy, the so-called “bottom-up”
approach, targeted foot core muscles strength (intrinsic and
extrinsic foot muscles) (McKeon and Fourchet, 2015a) and
biomechanics with the goal of attenuating mechanical loads
directly related to RRI (Milner et al.,, 2005; Warden et al., 2008;
Davis et al.,, 2016). It applies the lumbopelvic core system concept
to the foot core system. The lumbopelvic core system is comprised
of interacting subsystems (neural, passive and active) that provide
relevant sensory input and functional stability for accommodating
to changing demands during both static and dynamic activities
(McKeon et al., 2015b). The application of this concept to the foot
core it is logical as it works just like the trunk core considering that
the subsystems in the foot also provide a stable base on which the
primary movers of the foot-ankle complex, those with larger cross-
sectional areas and moment arms, can act to cause gross motion,
and the intrinsic muscles work as the local stabilizers, as they have
small cross-sectional areas and small moment arms (McKeon and
Fourchet, 2015a; McKeon et al., 2015b). According to the “bottom-
up” theoretical assumptions (Tiberio, 1987; Feltner et al, 1994;
Hollman et al., 2006; Lucas-Cuevas et al., 2016; Nigg et al., 2017),
this approach may potentially change the mechanical or
biomechanical response of more proximal joints (knee, hip).
The foot is a biomechanically complex structure made of 26
bones, four layers of plantar intrinsic muscles, and several
joints, providing the foot with multiple degrees of freedom.

Foot-Core Training and Foot-Ankle Kinematics

Active and passive elements in the foot, such as ligaments and
soft tissues, act in synergy to make the foot a mobile adapter
capable of receiving and attenuating external loads, and of storing
and releasing elastic energy (Kelly et al., 2018; Farris et al., 2019).
Hypothetically, a stronger foot structure (stronger foot muscles and
improved mechanical properties of passive tissues—tendons,
ligaments and joint tissues) and the medial longitudinal arch
should better dissipate excessive and cumulative loads through
actively supporting changing the function of the foot from a
dampener in the early stance to a spring in the late stance (Ker
et al.,, 1987; Taddei et al., 2020a). Some studies demonstrate the
benefits of strengthening the foot core muscles and, knowing the
intrinsic foot muscle’s role in dampening impacts and propelling
the body during running (Ker et al., 1987; Kluitenberg et al., 2015;
Taddei et al., 2020b), it is logical to think that these roles were also
improved with this “bottom-up” training (Feltner et al., 1994; Nigg
et al., 1997, 2017; Matias et al., 2016; Baltich et al., 2017; Molgaard
et al, 2018). Thus, we can assume that by reducing shock,
cumulative load, better controlling foot-ankle motion and
alignment, strengthening the foot muscles resulted in preventing
the RRI in the intervention group.

There is some evidence that this approach is effective in
preventing RRI and promoting functional gains related to
running. A previous proof-of-concept study performed by our
group showed that an 8-week foot-core strengthening program
increased the intrinsic anatomical cross-sectional area of the foot
muscle and the propulsive impulse during running (Taddei et al.,
2018) The primary outcome of our single-blind, randomized,
controlled trial (RCT) concerning RRI prevention showed that
8 weeks of foot-core training in healthy runners resulted in a 2.42-
fold reduction of RRI incidence at the 1-year follow-up compared
with a placebo stretching program (Taddei et al., 2020b). There
was also a significant correlation between time-to-injury and foot
strength gain that all might support the hypothesis-driven
mechanism we described, where the stronger the runner’s foot,
the longer it took the runner to develop an RRI. In this follow-up
report of secondary outcomes from that study, we report the
effects of the 8-week foot-core exercise training program (Taddei
et al., 2020b) on the participants who had their foot-ankle
kinematics and running kinetics assessed, with particular
interest in the biomechanical outcomes considered to be risk
factors for RRI in recreational runners.

MATERIALS AND METHODS

A detailed protocol of the single-blind RCT with two parallel
arms has been published elsewhere (Matias et al., 2016). The
study was approved by the Ethics Committee of the School of
Medicine of the University of Sdo Paulo (18/03/2015, Protocol
#031/15), and was registered with clinicaltrials.gov (Identifier
NCT02306148).

Participants and Recruitment

Adult recreational runners were recruited through digital social
media advertising, posted flyers, and direct contact with runners
and running groups in the university surroundings between
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August 2015 and August 2017. All participants were RRI-free in
the 2 months prior to the baseline assessment, had no experience
running barefoot or in minimalist shoes, were without chronic
diseases or impairments that could influence running
performance, and had run between 20 and 100 km/week for
>1 year.

Sample Size

In our previous study (Taddei et al., 2018), an a priori sample size
was calculated using several kinematic foot outcomes. The fifth
metatarsal bone to the ground (V2G), second metatarsal bone to
the ground (S2G), first metatarsal bone to the ground (F2G),
second to first metatarsal bone divergence in the transverse plane
of the foot (S2F), second to fifth metatarsal bone divergence in the
transverse plane of the foot (S2V) and the medial longitudinal
arch (MLA) required 38, 86, 58, 2,184, 34, and 6 participants,
respectively. Based on 80% power and a significance level of 5%,
the study indicated that we needed a total of 86 participants for
most of the secondary outcomes, and we included 87 participants
in the present study as they had their running biomechanics
assessed. It was a sample size feasible to obtain from the full
sample of the RCT (n = 119) and it would be capable of detecting
changes in almost all foot biomechanical outcomes, except the
one that needed more than two thousand participants, what
would make the study unfeasible.

Randomization and Follow-Up

Assessments

After the runners’ agreement to participate and completion of the
baseline questionnaire, they were randomized into either the IG
or the CG by using Clinstat software (University of York,
Heslington, UK) to generate a randomization list with blocks
of eight. The randomization list was developed by an individual
who is not part of the research team. The codes for the groups
were kept in opaque, sealed envelopes numbered from 1 to 120,
and the researchers involved in the allocation and assessments
were blind to the group codes and block size. The participants
were enrolled and assigned to the interventions by a member of
the research group. From the 119 participants included in the full
RCT to evaluate RRI incidence over 1-year follow up, the 87
participants that had their running biomechanics assessed were
included in the current analysis of secondary outcomes, 41 in the
IG and 46 in the CG.

The trial statistician was blind to treatment allocation until the
main analysis had been completed. All participants’ data were
kept confidential before, during, and after the study by encoding
their names.

Participants allocated to the IG were given access to 8 weeks of
a training program. Participants in the CG were informed about
their allocation into the control group and were instructed to
perform a 5-minute static stretching protocol (Matias et al., 2016)
as a placebo. We instructed the participants to keep their
allocation group information strictly personal.

The baseline questionnaire consisted of six sections
(demographics, training, running events, Foot Health Status
Questionnaire, anthropometrics, and previous RRIs) (Table 1).

Foot-Core Training and Foot-Ankle Kinematics

The follow-up questionnaires asked about running routine,
adherence to the foot-core training program, and RRIs.

Intervention

The foot-core training program to prevent RRI focused on the
foot and ankle muscles, with 12 exercises progressing weekly in
volume and difficulty (Matias et al., 2016). Participants in the IG
were trained once a week by a physiotherapist and given online
access to web-based software developed for this project with
descriptions of the exercises and videos to help them perform the
same exercises an additional 3x/week, remotely supervised by the
same physiotherapist. Each session, either locally or remotely
supervised, had a duration of 20-30 min. Gradual and progressive
difficulty were offered to the runner, respecting any limitation
due to pain, fatigue and/or decrease in performance during
execution. The runners in the IG were asked to access the web
software daily, entering their data regarding performance of the
foot exercise training and ranking their level of difficulty in each
exercise from 0 to 10. If the effort score ranged from 0 to 5 and the
runner’s performance of each exercise was found adequate during
the supervised session by the physiotherapist, the exercises
increased in difficulty. If the effort score ranged from 6 to 7,
the exercise did not increase in difficulty and no progressions
were done on that exercise. Thus, the runner remained in the
same exercise progression until he/she scored 0 to 5 in that
exercise. Finally, if an IG runner reports a score from 8 to 10, the
exercise decreased in difficulty, if possible, until the runner was
able to perform it without pain or discomfort.

Runners allocated to the CG received a 5-minute placebo
warm-up and muscle stretching exercise routine that should be
performed immediately before each running practice. The
placebo exercises were developed based on the runner’s
habitual routine warm-up combined with muscle stretching
exercises focused on the lower limb’s muscles (triceps surae,
quadriceps, hamstrings, gluteus) involving both open and
closed- kinetic chain exercise. The CG exercises aimed to not
have any effect on foot muscles strength and functionality, lower
extremity biomechanics or injury prevention. CG runners
received weekly feedback and interaction with the
physiotherapist through the web-software and calls.

Both groups were instructed to perform their respective
exercises 3x/week up to the end of the 1-year follow-up and,
to improve adherence to the programs, to register their adherence
in the web software. The importance of adhering to the program
was reinforced at every contact with the participants. The
participants were strongly advised not to engage in any new
exercise program during the intervention period.

Measurements

Eighty-seven participants that had their running biomechanics
assessed were included in the current analysis of secondary
outcomes. Biomechanical data were collected using an eight-
camera motion capture system (Vicon Motion System Ltd,,
Oxford Metrics, UK) for the acquisition of 3D kinematic data
at 200 Hz while running. Sixteen reflective skin markers (each
9mm in diameter) were placed on the shank and foot in
accordance with the Rizzoli multi-segment foot model
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TABLE 1 | Baseline questionnaire and follow-up.

Questionnaire Section

Baseline questionnaire Demographics

Training

Running events

Foot health status Questionnaire
Anthropometrics

Previous running-related injuries

Weekly follow-up questionnaires Training

Intervention protocol sessions
New running-related injuries

(Leardini et al., 2007; Portinaro et al., 2014). Following a standing
calibration trial, the participants were requested to run barefoot at
a self-selected comfortable speed on an AMTI™ force-sensing
tandem treadmill (AMTI, Watertown, MA, United States) for the
acquisition of ground reaction force data at 1,000 Hz. In order to
habituate to the treadmill and to warm up, the participants were
instructed to run for 2-3 min before the data collection. A 30-s
running trial was recorded at the self-selected comfortable speed
after the accommodation period. Heel strike and toe off were
identified when the vertical ground reaction force crossed a 30 N
threshold. Kinematic and ground reaction force data were filtered
using a fourth-order, zero-lag, low-pass Butterworth filter with
cut-off frequencies of 10 and 80 Hz, respectively. The outputs of
the Rizzoli foot model were calculated by custom-made scripts in
Visual3D  (Visual3D, C-Motion, = Germantown, MD,
United States) in accordance with the published definitions
(Leardini et al.,, 2007; Portinaro et al., 2014; Caravaggi et al.,
2019). Joint rotations were calculated by using the Joint
Coordinate System (Grood and Suntay, 1983) convention. The
axes of each joint reference frame were defined as follows:
sagittal-plane rotations around the z-axis (medio-lateral);
frontal-plane rotations around the x-axis (anterior-posterior);
and transverse-plane rotations around the y-axis (vertical).
Data were normalized to 0-100% of stance phase.

Outcomes

This study is an analysis of the secondary outcomes from the
developed RCT. The primary outcome variable was incidence of
RRI in recreational runners over the course of a 1-year follow-up
and was published elsewhere (Taddei et al, 2020b). The
secondary outcomes were related to foot-ankle kinematics

Foot-Core Training and Foot-Ankle Kinematics

Items

Sex

Age

Body mass (kg)

Height (m)

Body Mass Index (kg/m?)

Running experience (years)

Average running frequency over the last month (times per week)
Average running distance over the last month (km/week)
Average pace over the last month (min/km)

Member of athletic association (yes)

Previous participation in running events (yes/no)
Average participations in running events before

Eight domains of the questionnaire

Foot posture index

Cavanagh Rodgers index

Running-related injury in previous 12 months (yes/no)
Location of running injury

Running frequency (times/week)

Running distance (km/week)

Number of foot exercise sessions completed

New running-related injury since filling in previous questionnaire (yes/no)
Location of new running-related injury

Time to injury

during running and running kinetics which were evaluated
8 weeks after the baseline assessment. The foot time series
kinematic variables were 3D MLA (Caravaggi et al, 2019)
excursion and rotation angles in the three anatomical planes
(Sha-Cal, Cal-Mid, Mid-Met, Cal-Met, and Met-Hal). The
following metatarsal bone angles were also assessed: sagittal-
plane inclination of F2G, S2G, and V2G and transverse-plane
divergence between S2F and between S2V. In addition, kinematic
and kinetic biomechanical-related risk factors for RRI were
investigated as discrete parameters: rearfoot angle (Sha-Cal
frontal angle peaks), MLA ROM (max-min), vertical average
loading rate (average slope of the line through the interval
between 20 and 80% of the time from the foot contact and the
first peak), horizontal breaking forces (maximum posterior force,
horizontal component), and vertical impact peak (local
maximum vertical force at initial contact).

Statistical Analysis

All analyses used the full set of randomly assigned participants
under the intention-to-treat assumption. The generalized linear
mixed model (GLMM) method was used for univariate analyses,
considering the following as factors: groups (CG and IG); time of
assessment (baseline and after 8 weeks); and the interaction effect
(time by group), which was our primary outcome comparison.
Participants and time were considered as random effects and
groups as fixed effects in the GLMM modeling. Q-Q graphs were
plotted to verify the adequacy (normality) of each model.
Univariate comparisons (main and interaction effects) of the
estimated marginal means were adjusted with the Bonferroni
correction. The comparisons between the pairs of estimated
marginal means were made based on the original scale of each
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of the dependent variables of the study. Statistical analyses were
performed using the Statistical Package for the Social Sciences
(SPSS, IBM; v.26.0), adopting a 5% significance level. Cohen’s d
effect size was calculated for discrete variables, and effects
between 0.2 and 0.5 were considered small, between 0.5 and
0.8 were medium, and above 0.8 were large (Cohen, 1988).

Additionally, to capture features of the entire time series, a
vector field analysis of the resultant angles was conducted using
one-dimensional statistical parametric mapping (1D-SPM), as
described elsewhere (Pataky et al., 2013, 2017). Custom-written
MATLAB code (MATLAB 2020a; MathWorks, Natick,
United States), using the source code available at http://www.
spmld.org/, was employed in the analysis. The 1D-SPM captures
features of the entire time series, rather than a few discrete
variables, and can provide additional information. Each
component of each time series was interpolated to contain 101
points (0-100% of the stance phase) and organized in an array
with two or three corresponding matrices, one for each variable
component; 87 rows, one for each subject; and 101 columns. 1D-
SPM ANOV A followed by post-hoc SPM t-tests was used for 1D
variables (F2G, S2G, V2G, S2F, S2V, and MLA). Paired (for
assessment comparisons) and independent (for group
comparisons) Hotelling’s T2 tests were used for comparison of
3D variables (Sha-Cal, Cal-Mid, Mid-Met, Cal-Met, and Met-
Hal) in a 3D vector field SPM analysis, followed by the paired or
independent t-test as a post-hoc test with a Sidék correction. The
output of SPM provides T2, F, and t values for each sample of the
investigated kinematic time series, and the threshold
corresponding to the set alpha level (see Supplementary
Figures). The T2, F, and t values exceeding this threshold
(marked as black bars below each figure, e.g., in Figures 2, 3)
indicate significant differences in the corresponding portion of
the time series (Figures 2-5).

RESULTS AND DISCUSSION

Baseline assessment data are described in Table 2. The participants
were randomly assigned to either the control group (CG) or to the 8-
week supervised foot-core training group (interventional group, IG)
(Figure 1). They were on average 40.3 (SD 6.9) years old, and the
majority (51.2%) were female (Table 2), with a mean running
experience of 6.5 (SD 5.7) years, a median Foot Posture Index of
2.0 (8% highly supinated, 26% supinated, 49% normal, 14% pronated,
1% highly pronated). An RRI was reported by 46% of all runners in
the 12 months prior to their participation in the study (Table 2). An
RRI was reported by 46% of all runners in the 12 months prior to
their participation in the study (Table 2). The mean running volume
at baseline was 35.8 (SD 27.6) km/week (Table 2). During the follow-
up assessments and contact with the runners throughout the study,
we certified that they followed our instructions rigorously about any
changes in their regular physical activity, such as use of minimalist
shoes, barefoot sports, or isolated foot strengthening. All participants
reported the modifications on their sports activities, and it was not
observed any activities that would modify the biomechanical
outcomes. Participants were recommended to maintain their
running routine during the study period, which was closely

Foot-Core Training and Foot-Ankle Kinematics

monitored to ensure that participants and groups did not differ
significantly in the volume run each week during the 8-week
intervention period (all participants: mean volume of 83.72 (SD
59.66) km/week; 1G: 77.78 (SD 57.31) km/week, CG: 89.09 (SD
61.90) km/week, p = 0.40).

During the 8-week training program, all participants
completed a custom online survey regarding new RRIs (if any
had occurred) and completed the remote training sessions. The
dropout rate was 4.9% (2 participants) in the IG and 2.2% (1
participant) in the CG. Participants in the IG were expected to
attend the locally supervised training with the designated
researcher once a week. The full protocol lasted 8 weeks, and
participants were excluded if they missed two consecutive weekly
sessions. The total adherence to the protocol, defined as
attendance at the locally supervised training, was 96.7%, where
100% corresponds to all participants attending all sessions (n =
304, after excluding three participants from the IG who suffered
injuries during the 8 weeks of training). Adherence to the remote
intervention sessions performed by the IG was on average 83.5%
between 8 and 16 weeks, 68.5% between 16 and 24 weeks, 62.5%
between 24 and 32 weeks, and 48.9% between 32 and 40 weeks
(12 months). Both groups, IG and CG, evolved quickly in the
exercises and achieved the most difficult level of the proposed
exercises during the first 8 weeks of sessions.

Of the 87 runners, 20 had sustained an RRI by the 1-year
follow-up: 6 of 41 in the IG, and 14 of 46 in the CG (Figure 1).
Injuries in the IG at 1-year follow-up were shin splint, plantar
fasciitis, and calcaneal tendinitis. Injuries in the CG were
patellofemoral pain, shin splint, and thigh strain.

The Effect of the Foot-Core Training on
Discrete Biomechanical Risk Factors for
Running-Related Injuries

The average loading rate, impact, and breaking force peaks
were not significantly different between IG and CG at the 8-
week follow-up (Table 3). These parameters were chosen as
secondary outcomes in this study because they have
historically been retrospectively and prospectively associated
with RRI. Retrospective studies have shown a strong
association between higher vertical loading rates and tibial
shock with stress fractures in female runners (Milner et al.,
2005), greater vertical impact forces and loading rates with
overuse RRI (Hreljac et al., 1999), and higher breaking forces
in female runners who sustained an injury in a 15-week period
(Napier et al.,, 2018). Furthermore, in prospective studies,
higher impacts and loading rates were observed in runners
who sustained an RRI in a 2-year period (Davis et al., 2016)
and in novice male runners who sustained an injury in a 9-
week period (Bredeweg et al, 2013). However, another
prospective study did not find differences in loading rates
between injured and uninjured collegiate runners at 12 weeks
(Kuhman et al.,, 2016). The etiology of RRI is multifactorial,
and the different types of RRI observed in our RCT after 1 year
(14 in the CG and six in the IG) were probably generated by
multiple RRI mechanisms. However, establishing a direct
relationship between this kinetic risk factor and RRIs would
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TABLE 2 | Baseline characteristics of participants from the intervention and control groups.

All participants

Foot-Core Training and Foot-Ankle Kinematics

Intervention group

Control group

N %/Mean (SD) N %/Mean (SD) N %/Mean (SD)
N 87 41 47.1% 46 52.9%
Demographics
Sex (male) 42 48.8% 17 41.5% 25 54.3%
Age (years) 40.3 (6.9) 40.3 (7.7) 40.3 (6.1)
Body mass (kg) 70.5 (13.1) 67.2 (12.1) 73.5 (13.0)
Height (m) 169.3 (8.8) 166.5 (7.6) 171.8 (9.0)
Body Mass Index (kg/m?) 24.5 (3.2) 24.1 (3.0 24.8 (3.3)
Training
Running Experience (years) 6.5 (5.7) 5.9 (56.1) 71 6.2
Running frequency per week 3.7 (1.0) 3.8 (1.0) 3.6 (1.2
Running volume per week (km) 35.8 (27.6) 31.7 (22.5) 39.4 (30.8)
Average pace (min/km) 6.58” (1.36) 6.46” (2.36) 6.69” (2.38)
Running event
Member of athletic association (yes) 38 43.7% 19 46.3% 19 41.3%
Participated in a running event before (yes) 83 95.4% 40 97.6% 43 93.5%
Number of running events before 37.0 (41.7) 29.3 (31.9) 44.0 (47.5)
Anthropometrics
Foot posture index—median (25th and 75th percentiles) 2.0 (-2.25; 4.0) 2.0 (-8.0; 4.0) 1.0 (-1.0; 4.0)
Cavanagh & Rodgers index (right foot) 0.20 (0.06) 0.22 (0.05) 0.18 (0.07)
Previous RRI
Previous RRI in previous 12 months (yes) 40 46.0% 20 48.8% 20 43.5%
FHSQ score (0-100 points)
Foot pain 90.5 (12.7) 89.9 (13.9) 91.6 (12.0)
Foot function 98.2 (6.0) 98.8 (5.0) 97.6 (6.6)
Shoes 74.5 (24.8) 73.4 (26.9) 76.8 (22.3)
General Foot Health 78.4 (22.9) 76.4 (25.0) 80.3 (20.4)
General Health 86.2 (13.4) 87.1 (12.9) 85.1 (13.6)
Physical Activity 95.5 (15.9) 95.1 (15.0) 95.8 (15.3)
Social Activity 87.5 (15.0) 88.4 (14.2) 86.7 (15.5)
Vigor 75.2 (13.5) 741 (11.8) 76.1 (14.4)
Running Biomechanics
Medial Longitudinal Arch ROM (deg) 3.40 (7.39) 6.16 (8.14) 3.59 (7.89)
Sha-Cal Inv (-) Peak (deg) -3.12 (7.38) -0.56 (7.42) -3.30 (8.71)
Sha-Cal Eve (+) Peak (deg) 6.81 (2.82) 6.72 (3.29) 6.89 (2.35)
Vertical Impact Peak (BW) 1.14 (0.49) 1.13 (0.39) 1.21 (0.44)
Vertical Average Load Rate (BW*s™) 75.05 (65.75) 75.19 (46.43) 73.48 (43.17)
Peak Braking Force (BW) -0.24 (0.06) -0.24 (0.05) —-0.24 (0.05)

FHSQ, foot health status questionnaire; ROM, range of motion; BW, bodyweight; Eve, eversion;, Inv, inversion; RRI, running-related injury; Sha-Cal, calcaneus with respect to the shank

Jjoint angles.

be difficult due to the small sample and the accompanying low
statistical power.

Despite the IG being 2.42 times less likely to experience an RRI
within the 1-year study period following the foot-core
intervention (Taddei et al., 2020b), no reduction in loading
rates—which are considered a biomechanical-related risk
factor (Hreljac et al., 1999; Bredeweg et al., 2013; Davis et al.,
20165 Napier et al., 2018)—was observed in the IG after 8 weeks
(Table 3). In the present study, although changes in running

biomechanics were assessed after the 8 weeks of intervention, the
RRI incidence was calculated at 1 year. It is possible that the
kinematic- and kinetic-related risk factors changed in the
intervening time; however, we did not assess running
biomechanics at 1year, but only at 8 weeks. Future studies
should further evaluate the effects of specific foot-ankle
intervention strategies on the modification of the loading
variables associated with RRIs throughout the full trial period
and their relationship with the reduction of RRI risk.
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Assessed for

eligibility (n=702) Not meeting inclusion criteria (n=155)
 above age limit (n=25)
¢ below weekly volume cutoff (n=69)
|  running in minimal footwear or barefoot
(n=16)
v * lower limbs orthopedic surgery (n=12)
Eligible for e running less than 1 year (n=33)
inclusion (n=547) Not randomized (n= 429)
* Did not answer (n=13)
 Declined to participate with no
| information provided (n=31)
¢ Were not recruited because the
v calculated sample size had already being
Consent + baseline reached (n= 385)

questionnaire baseline (n=118)

Biomechanical
assessment (n=87)

v

Randomized
(n=87)

|

v

Control Group (n=46)

!

Follow-up 8 weeks biomechanical
assessment (n=39)

Injured (n=6)

* 2 Shin splint

¢ 1 Unspecified injury

¢ 1 Thigh muscle distention

« 2 Patellofemoral pain syndrome
Drop out (n=1)

* Death of relative

v

Follow-up 12 months injury assessment
(n=31)

Injured (n=8)
* 1Trochanteric bursitis
¢ 1 Achillean bursitis
* 1 Hamstrings strain
« 1 patellofemoral pain syndrome
¢ 1 Unspecified injury
¢ 1 Shin splint
* 1 Lumbar disc hernia
* 1 Plantar fasciitis

Included in intention-to-treat analysis
n=41

FIGURE 1 | Flowchart of recruitment, assessment, and follow-up process.

v

Intervention Group (n=41)

!

Follow-up 8 weeks biomechanical
assessment (n=33)
Injured (n=3)
« 1 Shin splint
* 1 Plantar Fasciitis
¢ 1 Achilles tendinitis
Did not attend (n=3)
« 3 Missed assessment for personal
reason
Drop out (n=2)
¢ 1 family problem
* 1travel abroad

'

Follow-up 12 months injury assessment
(n=29)

Injured (n=3)
* 1 Fibular fracture
* 1 Foot blisters
* 1 Calcaneus fracture
Drop out (n=1)
* 1 Quit running for lack of time

Included in intention-to-treat analysis
n=46

The MLA range of motion (ROM) (p = 0.024) was significantly
lower in the IG than in the CG at week 8 with a small effect size
(Table 3). In a previous publication, we showed that the foot-core
training strengthened some of the intrinsic foot muscles

(abductor hallucis, flexor digitorum brevis, abductor digiti
minimi, and flexor hallucis brevis) (Taddei et al., 2020a)
responsible for sustaining the MLA (Fiolkowski et al., 2003),
possibly increasing the resistance to its deformation during
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TABLE 3 | Mean (standard deviation) pre- and post-intervention values for kinetic and kinematic biomechanical measures in the experimental groups. p-values of the

interaction effect (group x time) and Cohen’s d effect sizes are presented.

Variable Intervention group Control group Interaction Cohen’s d effect
Pre Post Pre Post P size (95% Cl)
MLA ROM (deg) 6.16 (8.14) 0.17 (6.86) 3.59 (7.89) 2.88 (5.36) 0.024* 0.45
Sha-Cal Inv (-) Peak (deg) —0.56 (7.42) -5.74 (6.31) -3.30 (8.71) -3.51 (6.70) 0.037* 0.54
Sha-Cal Eve (+) Peak (deg) 6.72 (3.29) 5.90 (2.95) 6.89 (2.35) 6.39 (1.88) 0.557 0.20
Vertical Impact Peak (BW) 1.13 (0.39) 1.14 (0.55) 1.21 (0.44) 1.09 (0.58) 0.129 0.37
Vertical Average Loading Rate (BW*s™") 75.19 (46.43) 7717 (57.52) 73.48 (43.17) 72.84 (65.73) 0.537 0.08
Peak Breaking Force (BW) —-0.24 (0.05) -0.24 (0.07) -0.24 (0.05) -0.24 (0.05) 0.934 0.07

*Indicates significant differences.

MLA, medial longitudinal arch; ROM, range of motion; Inv, inversion; Eve, eversion; BW, bodyweight; Sha-Cal, calcaneus with respect to the shank joint angles.

running and thus resulting in a smaller amount of arch collapse in
the IG. This is consistent with what was reported by Mulligan and
Cook (Mulligan and Cook, 2013), who found a decreased
navicular drop after 4 weeks of intrinsic foot muscle training.
The MLA should have the capacity to be flexible in response to
running loads, allowing foot-joint adjustments to dampen
impacts through multiple mechanisms, including stiffness and
power absorption, but it must also be rigid enough to allow
propulsion in the push-off phase (McDonald et al., 2016). Our
foot-core training may have increased the ability of the plantar
intrinsic muscles to provide force-dependent alterations in the
MLA stiffness and to facilitate efficient foot-to-ground contact
during running (Kelly, 2015; Kelly et al., 2018). An actively
restricted MLA may help to decrease the mechanical demand
on the soft tissues of the foot, such as ligaments, fascia, and
tendons, and may result in fewer injuries in these structures, such
as plantar fasciitis, which derives from repetitive abnormal strain
and loading of the plantar fascia and flattening of the MLA
(Wearing et al., 2006; Chang et al., 2014). A further mediation
analysis could reveal if the changes observed in MLA behavior in
the IG are associated with the reduction of RRI in our RCT
(Taddei et al., 2020b). Further research should be conducted to
determine how the changes in MLA pattern observed after the
training program modify the running performance, because our
previous proof-of-concept study showed that the foot-core
training increased the vertical impulse during running (Taddei
et al,, 2020a).

The 8-week foot-core training affected the rearfoot inversion
peak [shank-calcaneus (Sha-Cal) angle] as the rearfoot presented
with increased inversion to the shank with respect to what was
observed in controls with a medium effect size (p = 0.037;
Table 3). We speculate that this is a consequence of the
strengthening of the extrinsic foot-ankle muscles, such as the
tibialis posterior, thus promoting the inversion of the calcaneus,
resisting eversion during stance phase (Ivanenko et al., 2002;
Neptune et al., 2008; Dubbeldam et al., 2013), and stabilizing the
MLA (Imhauser et al, 2004; Kelly et al, 2015). The
pathomechanics of medial tibial stress syndrome caused by
periosteal inflammation is probably linked to excessive fascial
traction caused by muscle tension resulting from excessive and/or
prolonged pronation. A more inverted calcaneus in the IG may
have increased the twisting of the osteoligamentous plate at initial
ground contact (Aratjo et al., 2019), which could consequently

increase the resistance to pronation during the loading phase of
running, when this plate tends to untwist. This increased
resistance to calcaneus pronation in the IG may have provided
the necessary protection for the tibiotalar joint from high traction
forces imposed by the evertor and invertor muscles during the
stance phase (Lundberg, 1989), resulting in less chance for an
injury to occur in the IG than in the CG, whose members
presented with more lower-leg RRI (Taddei et al., 2020D).

The Effect of the Foot-Core Training on
Foot-Ankle Kinematic Patterns During the
Whole Stance Phase of Running.

In order to better describe and measure the complexity of the
interaction between foot joints in running, we next explored
changes resulting from the intervention in the 24 kinematic time
series from the Rizzoli foot model (Phinyomark et al., 2018). We
performed a vector analysis of the resultant angles using 1D-SPM
to compare the CG and IG (Supplementary Figures). This
approach does not rely on the experimenter’s subjective
selection of the appropriate discrete variables, allowing
changes to be identified in the whole time series that may
have been missed using a discrete-parameter approach.

Sagittal-plane inclination of the metatarsal bones to the
ground [first metatarsal bone to the ground (F2G), second
metatarsal bone to the ground (S2G), and fifth metatarsal
bone to the ground (V2G)] and metatarsal bone divergence in
the transverse plane of the foot [second to first (S2F) and second
to fifth (S2V)] were not different between the IG and CG after
8 weeks (Figure 2, Supplementary Figures S1-3). Although our
previous proof-of-concept study (Taddei et al., 2020a) showed
that the foot-core training increased the muscle volume of the
abductor digiti minimi and flexor digitorum brevis, the full RCT
did not result in changes in the kinematics of the metatarsal
bones. We had expected an increase of F2G, S2G, and V2G as the
MLA raised and shortened, but these changes may be very small
and difficult to detect with skin markers.

No difference was observed in the kinematics of the first
metatarsus-phalangeal (MTP) joint (Met-Hal) between the
groups at baseline (Figures 3A,B and Supplementary Figure
S4). After the intervention, the IG presented with increased
abduction in the period from 47 to 99% of stance; the first
MTP joint retuned to a less adducted (t*2.702, p = 0.003) and

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

April 2022 | Volume 10 | Article 890428


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Matias et al.

Foot-Core Training and Foot-Ankle Kinematics

{t} statistics.

>

F2G - Baseline

F2G - After 8 weeks

g 8 3

Angle (deg)

S2G -

o

20

40 60
S$2G - After 8 weeks

80 100

80

Angle (deg)

40 60 80 100

V2G - Baseline

20

40 60

V2G - After 8 weeks

80 100

Angle (deg)

o

0 20 40 60 80 100 20 40 60 80 100
D 10 S2F - Baseline S2F - After 8 weeks
5
g
2
2
2
<
or 4
-5 T T T y T T T T
0 20 40 60 80 100 0 20 40 60 80 100
E = S2v - S2V - After 8 weeks
10F i
g
2
o 5 J L
2
<
0
-5 T ¥ T T
0 20 40 60 80 100 0 20 40 60 80 100

Stance duration (%)

Stance duration (%)

FIGURE 2 | Mean (+13D) joint rotation angles during normalized stance phase duration of running in the baseline (left) and after 8 weeks of intervention (right). From
top to bottom: Sagittal-plane inclination of the first metatarsal bone to the ground (A), of the second metatarsal bone to the ground (B), and of the fifth metatarsal bone to
the ground (C); transverse-plane divergence between first and second metatarsal bones (D) and between fifth and second metatarsal bones (E). Green, CG group; Blue,
|G group. The black bar below the graph represents the time during which the differences between the groups occurred (p < 0.05), what was indicated by the SPM
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FIGURE 3| Mean (+13D) joint rotation angles during normalized stance phase duration of running in the baseline (left) and after 8 weeks of intervention (right). From

top to bottom: transverse-plane rotations between hallux and metatarsus (A); sagittal-plane rotations between hallux and metatarsus (B); sagittal-plane rotations
between metatarsus and midfoot (C), frontal-plane rotations between metatarsus and midfoot (D), and transverse-plane rotations between metatarsus and midfoot (E).
Green, CG group; Blue, IG group. The black bar below the graph represents the time during which the differences between the groups occurred (p < 0.05), what
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FIGURE 4 | Mean (+1SD) joint rotation angles during normalized stance
phase duration of running in the baseline (left) and after 8 weeks of intervention
(right). From top to bottom: transverse-plane rotations between metatarsus
and calcaneus (A), frontal-plane rotations between metatarsus and
calcaneus (B), sagittal-plane rotations between metatarsus and calcaneus
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below the graph represents the time during which the differences between the
groups occurred (p < 0.05), what was indicated by the SPM({t} statistics.
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more dorsiflexed position (t*2.783, p = 0.003) at push-off
(79-96%) compared with controls (Figures 3A,B). Greater
hallux abduction may be the consequence of a stronger
abductor hallucis due to the intervention. This muscle also
acts as a dynamic elevator of the MLA by increasing the
tension in the plantar fascia that connects the MTP joint
and calcaneus (the windlass mechanism) (Wong, 2007;
Caravaggi et al., 2009; Jung et al.,, 2011a; McDonald et al,,
2016). Thus, this greater hallux abduction may also explain the
resulting reduction in MLA ROM found in the discrete
analysis.

No difference was observed in midfoot-metatarsus (Mid-Met)
(Figures 3C-E) and calcaneus-metatarsus (Cal-Met) (Figures
4A-C) kinematics between the IG and CG at baseline. The
intervention had the effect in the sagittal-plane motion of
Mid-Met of reducing metatarsal bone plantarflexion from 84
to 100% of stance compared with controls (t¥2.764, p = 0.016)
(Figure 3C and Supplementary Figure S5). After the foot-core
training, the reduction in the Mid-Met plantarflexion toward a
dorsiflexion from 84% to push-off may be a consequence of a
more fixed position of the midfoot and metatarsal bones relative
to the ground at push-off. The position of the midfoot (Cal-Mid)
at push-off may have influenced the metatarsal segment (Mid-
Met) as in a closed kinetic chain, leading this segment to move in
the same direction as the midfoot (Takabayashi et al., 2018), and
thus resulting in more dorsiflexion of the first metatarsus-hallux
joint (Met-Hal), as discussed previously. After the intervention,
Cal-Met adduction increased in the IG relative to the CG from 13
to 82% of stance (t*2.722, p = 0.008) (Figure 4A and
Supplementary Figure S6). The concomitant reduction in
MLA ROM (discrete analysis) seems to show that the IG
developed a “stiffer” foot that behaves like a rigid lever,
allowing greater plantarflexion torque to be transmitted to the
ground during running (Donatelli, 1985). Further research is
needed to determine how these changes in the MLA and Cal-Met
patterns affect the running performance. Although Messier et al.
(2018) did not find differences in forefoot adduction between
injured and uninjured runners in a 2-year prospective study, the
present foot-core training changed the metatarsal position and
motion during running; a mediation effect analysis should be
performed to assess how this change was related to the lower RRI
incidence observed in the IG (Taddei et al., 2020b).

Atbaseline, no difference was observed in frontal- and sagittal-
plane midfoot-to-calcaneus angles (Cal-Mid) between the IG and
CG. After the training program, the CG showed lower Cal-Mid
inversion from 25 to 45% of stance (t*2.704, p = 0.014)
(Figure 4D and Supplementary Figure S7). The IG presented
a reduced Cal-Mid dorsiflexion at early stance (0-20% of stance;
t¥2.820, p = 0.014) and at push-off (80-100% of stance; t*2.820,
p =0.013) compared with controls after 8 weeks (Figure 4E). The
CG showed a less-abducted Cal-Mid at baseline from 0-0.7% and
44-80% of stance (t*2.630, p = 0.017 and p = 0.015, respectively).
After 8 weeks of training, there was no difference between IG and
CG (Figure 4F).
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FIGURE 5 | Mean (+13D) joint rotation angles during normalized stance phase duration of running in the baseline (left) and after 8 weeks of intervention (right). From
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calcaneus and shank (C), and medial longitudinal arch angle (D). Green, CG group; Blue, IG group. The black bar below the graph represents the time during which the
differences between the groups occurred (p < 0.05), what was indicated by the SPM(t} statistics.
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At baseline, no difference between groups was observed in the
frontal-plane Sha-Cal. At the 8-week assessment, calcaneus
inversion at initial contact (0-6% stance, t* = 1.969, p = 0.05,
Supplementary Figure S8) was greater in the IG than in the CG
(Figure 5A). This result is consistent with the outcome of the
discrete analysis that showed a more inverted rearfoot in the IG.
As stated before, a more inverted calcaneus at early stance may
help to attenuate the impact forces to the tibiotalar joint and
diminish tibia rotation (Deschamps et al., 2019), and thus may

have contributed to the reduced RRI incidence in the IG (Bouché
and Johnson, 2007).

At baseline, the IG showed a less adducted Sha-Cal than the CG
for most of stance duration (0-94% stance, t*2.694, p < 0.001), and
a significant change was observed after 8 weeks (0-100% stance,
t*2.788, p < 0.001) (Figure 5B and Supplementary Figure S9).
Because the groups were different for most of the stance duration at
baseline and maintained those differences after 8 weeks, the
intervention does not seem to be responsible for the changes in
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the transverse Sha-Cal pattern observed in the IG after the training,
No difference was found in the Sha-Cal sagittal-plane angle
between groups after the intervention (Figure 5C).

Different from what we found in the discrete analysis; the SPM
analysis did not reveal differences between the groups in the MLA
excursion during any part of the stance phase after 8 weeks
(Figure 5D and Supplementary Figure S3B]. Both groups
presented with more pronounced MLA angles, with large
variability in the ROM within each group at late stance, after
8 weeks than at baseline (89-100% stance; t* = 2.521, p = 0.025).
In addition, both the IG and CG had significantly greater variability in
the MLA pattern after 8 weeks. Both protocols (intervention and
control) may have affected MLA biomechanics, albeit in different
directions, thus making it difficult to determine the differences
between the groups. It is notable that a stretching protocol
designed as a placebo intervention affected MLA kinematics. We
chose a simple stretching protocol as the control because most
participants were part of running groups that already had some
sort of stretching routine. Because most participants would
combine their running practice with muscle stretching, the CG
adherence to the protocol was not tracked thoroughly. The
stretching exercises resulted in stretching of the Achilles tendon
and foot-ankle plantar flexor muscles that may directly influence
the calcaneus inclination; this could in turn modify the tension in the
plantar fascia and, consequently, the passive support of the MLA
(Yeap et al,, 2001; DiGiovanni et al.,, 2003). Thus, the potential changes
in the MLA pattern expressed by the increased variability in the CG
may be a consequence of the changes in plantar fascia tension and
calcaneus position and motion enhanced by the variability in the
amount of stretching and also in individual response to the
movement. However, another explanation may be considered.
According to Pataky et al. (2013), in some cases scalar extraction
analysis, based on the extraction of discrete variables that appear to
have maximum effect, reaches significance and SPM analysis does not.
Comparing discrete variables means, in fact, considering the
comparison of only one sample of the entire time series and
discarding the remaining samples for the comparisons.

In summary, the IG runners had decreased medial longitudinal
arch excursion and increased rearfoot inversion. After the
intervention, recreational runners also landed with a more
inverted calcaneus in relation to the shank, and a less dorsiflexed
midfoot with respect to the calcaneus, than did controls. At
midstance, the metatarsus was less plantarflexed relative to the
midfoot and more adducted relative to the calcaneus, and the first
MTP joint was more abducted in the IG than in the controls. Last, the
intervention resulted in a less dorsiflexed midfoot to the calcaneus at
push-off, and in a less adducted and more dorsiflexed MTP joint.

Strengths and Limitations

The strengths of our study are the rigorous method for the RCT,
its high completion and small dropout rates at follow-up, the
adoption of robust statistical models (GLMM and 1D-SPM) that
consider the complex non-linear iterations of foot-joint
biomechanics, and its large sample size compared with other
studies in the same field (Jung et al., 2011b; Goldmann et al., 2013;
Baltich et al., 2015; Campitelli et al., 2016; Lucas-Cuevas et al.,
2016; Molgaard et al., 2018).
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This study also had some limitations. First, we did not assess
running biomechanics at the 1-year follow-up as we did for RRI
incidence; thus, we could not draw any conclusions about the
causality between RRI incidence and kinetic- or kinematic-related
risk factors for RRI affected by our training program. Second,
although different RRIs or injury sites are expected to originate
from different mechanisms, and enhancing foot strength might be
more effective in preventing some types of injuries than others (some
of them reduced impact loading, some did not, thus the mean of the
group did not show between-group differences), we could not
differentiate between different types of RRIs. It is important to
note that the most serious RRIs were in runners from CG—stress
fractures, which could also be related to the difference in the impact
damping mechanisms performed by the musculoskeletal system,
more specifically the foot-core, that was not strengthened as in the
IG, where those type of RRIs did not occur.

This prevented us from explaining the biomechanical
mechanisms for the reduction of RRI incidence in the IG after
the intervention. Furthermore, although lower-limb kinematic
patterns are similar in over-ground and treadmill running (Fellin
et al., 2010; Sinclair et al., 2014), the participants ran barefoot on a
treadmill to facilitate kinematic measurements, a condition different
from their usual practice. Finally, we observed some differences at
baseline in the foot-ankle kinematic patterns that could be related to
the previously identified clusters of movement patterns among our
population of recreational runners included in this study (Watari
et al, 2021). Runners in the different clusters might have responded
differently to the training program. If true, this would suggest that
the response to the exercise intervention depends on the individual
foot biomechanical pattern, which could explain the absence of
differences in some discrete and continuous outcomes analyzed.

CONCLUSION

The 8-week foot-core exercise program significantly changed the
kinematic patterns of the ankle, tarso-metarsal, midtarsal, and
MPT joints and some of the biomechanical risk factors for RRI,
such as MLA ROM and rearfoot angle. No effect was observed on
impact and breaking forces or on loading rates. After the
intervention, recreational runners landed with a significantly
less dorsiflexed midfoot, and a more inverted calcaneus
compared to controls. At midstance, runners run with a
significantly more abducted hallux, a less plantarflexed and
more adducted forefoot. And finally, the intervention resulted
in a push-off with a significantly less dorsiflexed midfoot, a less
adducted and more plantarflexed hallux. Although a further
mediation analysis should be performed, the observed changes
in foot-joint kinematics may be responsible for the reduction in
RRI incidence following the foot-core training program.
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