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The purpose of this study is to identify homogenous subgroups of foot-ankle
(FA) kinematic patterns among recreational runners and further investigate whether
differences in baseline movement patterns can influence the mechanical responses
to a foot-core exercise intervention program. This is a secondary analysis of data
from 85 participants of a randomized controlled trial (clinicaltrials.gov – NCT02306148)
investigating the effects of an exercise-based therapeutic approach focused on FA
complex. A validated skin marker-based multi-segment foot model was used to acquire
kinematic data during the stance phase of treadmill running. Kinematic features were
extracted from the time-series data using a principal component analysis, and the
reduced data served as input for a hierarchical cluster analysis to identify subgroups
of FA movement patterns. FA angle time series were compared between identified
clusters and the mechanical effects of the foot-core exercise intervention was assessed
for each subgroup. Two clusters of FA running patterns were identified, with cluster 1
(n = 36) presenting a pattern of forefoot abduction, while cluster 2 (n = 49) displayed
deviations in the proximal segments, with a rearfoot adduction and midfoot abduction
throughout the stance phase of running. Data from 29 runners who completed the
intervention protocol were analyzed after 8-weeks of foot-core exercises, resulting in
changes mainly in cluster 1 (n = 16) in the transverse plane, in which we observed
a reduction in the forefoot abduction, an increase in the rearfoot adduction and an
approximation of their pattern to the runners in cluster 2 (n = 13). The findings of this
study may help guide individual-centered treatment strategies, taking into account their
initial mechanical patterns.

Keywords: running, foot, ankle, cluster analysis, principal component analysis, foot-core, exercise therapy,
biomechanics

Abbreviations: Cal-Mid, angle between calcaneus and midfoot; CCC, cophenetic correlation coefficient; FA, foot-ankle
complex; HCA, hierarchical cluster analysis; Mid-Met, angle between midfoot and metatarsal bones; PC, principal
component; PCA, principal component analysis; Sha-Cal, angle between shank and calcaneus.
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INTRODUCTION

The foot-ankle complex (FA) is an important structure for
supporting and dissipating the weightbearing forces that are
applied to the body, especially during dynamic locomotor skills,
such as gait. The FA performs the role of load absorption
and propulsion by means of the deformation of its viscoelastic
structures, which can be either passive, such as the plantar
aponeurosis (Ker et al., 1987), or active tissues, among which, the
intrinsic muscles have an important participation for functioning
as an active spring-damper for energy dissipation and production
(Kelly et al., 2018; Riddick et al., 2019).

The function of the foot-core system and the potentially
beneficial effects of its training have been receiving increasing
attention in the clinical and athletic fields because of the critical
role of the intrinsic foot muscles as local stabilizers and direct
sensors of foot deformation (McKeon et al., 2015). Increasing
loads on the foot causes a progressive lowering of the medial
longitudinal arch, and the activation of intrinsic foot muscles
is able to control and even counteract such deformation, by
stiffening the arch structure, suggesting important implications
for how forces are transmitted during locomotion and postural
activities (Kelly et al., 2014). In a study addressing the link
between falls among older people and foot deformities and
intrinsic foot-muscle weakness (Mickle et al., 2009), it was
identified that each unit (% body weight) increase in hallux
strength had the potential of decreasing the odds of sustaining
a fall by 7%. Furthermore, a 12-week foot-core training program
resulted in significant increases in hallux and lesser toe strength,
along with improvements in single leg stance balance in this
population (Mickle et al., 2016). In a study seeking to improve
athletic performance, the jump performance of young athletes
significantly improved after isometric training of the hallux
flexion for 7 weeks (Goldmann et al., 2013). Thus, there is
evidence in the literature regarding the benefits of strengthening
the foot-core muscles for general body function and balance.
Moreover, during running, wherein the motor behavior is more
dynamic, the function of the FA is even more important, with
evidence of its influence on running-related injury prevention.
Taddei et al. (2020a) showed that a foot-core exercise intervention
program in middle and long-distance recreational runners
resulted in 2.4 times lower injury incidence when compared to
a control group in a 12 months period.

However, distinct individuals might show different responses
to the same exercise-based therapeutic approach, which can
be related to differences in biomechanical patterns or motor
adaptations. For example, Kobsar et al. (2015) identified that
among individuals with knee osteoarthritis, there were subgroups
that presented different levels of response to the proposed hip and
knee strengthening exercises. The high-responder group, who
displayed greater levels of improvement in pain and function,
had higher degrees of hip adduction during the load response
phase of gait than the other subgroups at baseline. Asymptomatic
runners have been reported to present subgroups of distinct hip,
knee and ankle kinematic patterns (Phinyomark et al., 2015). The
presence of distinct subgroups with homogeneous running gait
patterns have also been described among runners with different

injuries, although the described patterns were not related to
injury location (Jauhiainen et al., 2020), and individuals with
the same type of injury can exhibit different kinematic patterns
(Watari et al., 2016; Dingenen et al., 2020). However, this type of
analysis was not extended to the FA complex. Given that the FA is
a multisegmented structure, it is possible that different movement
combinations could occur within that complex structure with
more than 30 joints and 25 muscles during running and influence
the effects of an exercise intervention.

Therefore, the aim of this study is to identify homogenous
subgroups of FA kinematic patterns among recreational runners
and further investigate whether differences in baseline movement
patterns can influence the mechanical responses to a foot-core
exercise program.

MATERIALS AND METHODS

The present study is a secondary analysis of a 12-month
randomized single-blind parallel controlled trial, registered
prospectively at clinicaltrials.gov (NCT02306148), which aimed
to investigate the effects of an exercise-based therapeutic
approach focused on the FA complex over the incidence of
lower limb running-related injuries in middle and long-distance
recreational runners. This secondary analysis used data from the
baseline and week-8 (post-intervention) assessment time points.

Participants and Recruitment
The methods of this randomized controlled trial have been
previously published in detail by Matias et al. (2016) and are
briefly described here. The study was approved by the Ethics
Committee of the School of Medicine of the University of São
Paulo (CAAE 41171215.7.0000.0065) and prior to participation,
all runners gave written informed consent. A total of 118
recreational runners were recruited in the original trial and were
randomly allocated to either an intervention (n = 57) or a control
group (n = 61). The included runners were between 18 and 55
years old, who had been running for at least 1 year, at least 20 km
per week, and no more than 100 km per week, with no running-
related injuries in the 2 months prior to baseline assessment, no
experience running barefoot or in minimalist shoes, and without
chronic diseases or impairments that could influence running
performance. To ensure a generalizable sample, runners were
recruited from the local community, through digital social media
advertising, direct contact with running groups in the university
surroundings, and word of mouth.

Data from 85 participants were included for this secondary
analysis, based on the availability of the whole time series of
FA kinematic data of at least 10 step cycles in the baseline
assessment. To investigate the effect of the foot-core intervention
in the clusters found at baseline, 29 runners who completed the
intervention protocol were analyzed.

Foot Core Intervention
Runners in the intervention group received an 8-weeks program
of foot-core muscle training containing 12 exercises that
progressed weekly in volume and difficulty (Matias et al., 2016).
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The training was performed once a week with a physiotherapist
and participants received online access to the exercise
descriptions and videos (web-software) to perform them
with an additional of 3×/week, remotely supervised by the same
physiotherapist. Participants in the control group were instructed
to perform a 5-min placebo static stretching protocol 3×/week
based on online descriptions (web-software) and images (Matias
et al., 2016; Taddei et al., 2020b).

All subjects had a biomechanical evaluation at baseline and
after 8 weeks, and injuries were continually assessed throughout
the study by a web-software for 12 months. Running-related
injuries were defined as “any musculoskeletal pain or injury that
was caused by running practice and led to changes in the form,
duration, intensity or frequency of training for at least one week”
(Macera et al., 1989).

Biomechanical Data Acquisition and
Processing
Participants were asked to run barefoot at a self-selected speed
on an instrumented treadmill at ground level, embedded with
two force plates in tandem position (AMTI Force-Sensing
treadmill AMTI, Watertown, EUA; force plates at 1000 Hz). They
were asked to maintain their self-reported footstrike pattern.
FA kinematics were acquired using eight infrared cameras
(Vicon R© VERO, Vicon Motion System Ltd., Oxford Metrics,
United Kingdom; at 200 Hz), with 16 reflective skin markers
(9 mm in diameter) placed according to the Rizzoli Foot Model
(Leardini et al., 2007; Portinaro et al., 2014). A 2–3 min warm-
up and familiarization period, while running barefoot on the
treadmill, was given to each participant, after which, kinematic
data was recorded for 30 s in order to acquire at least 10 step
cycles for each limb. Only data from the dominant limb was used
in the analysis, which was determined as the one with which the
subject would kick a ball (Zifchock et al., 2006).

The Nexus software (version 2.10.3, Vicon, Oxford,
United Kingdom) was used to reconstruct the 3D coordinates
of the skin markers during running. Marker trajectories
were filtered using a Woltring low-pass filter (cutoff
frequency = 10 Hz), and processed in Visual3D (C-Motion,
Germantown, MD, United States) for joint angle calculation
using the joint coordinate system (Wu et al., 2002). The
multisegmental foot model utilized in this study also followed
the joint coordinate system according to ISB recommendations
(Leardini et al., 2007). Accordingly, the following convention for
joint rotations was established: dorsi/plantarflexion was assumed
to be the rotation about the Z-axis (medio-lateral) of the
proximal segment, abduction/adduction the rotation about the
Y-axis (vertical) of the distal segment, and eversion/inversion the
rotation about the axis orthogonal to the previous two. Ground
reaction forces were sampled at 1000 Hz and used to determine
stance phase, which was defined using a 10 N threshold and
normalized in time to 101 points (0–100% stance phase).

Joint angle time series in all three planes were extracted from
the following: angle between shank and calcaneus (Sha-Cal),
calcaneus and midfoot (Cal-Mid), and midfoot and metatarsal
bones (Mid-Met). The footstrike angle was defined as the

sagittal-plane foot angle relative to the ground at foot contact.
Positive foot angles were classified as rearfoot strike pattern and
negative angles as forefoot strike pattern (Matias et al., 2020).

Cluster Analysis Procedures – Baseline
Data
The kinematic time series from baseline assessment of the 85
runners were averaged across steps for each subject and combined
into a 909-dimensional row vector for each participant (101 data
points per axis direction for each joint kinematic waveform),
creating an 85× 909 data matrix (85 runners× 909 data points).
The data matrix was assessed by an algorithm for outlier detection
in multivariate samples (Trujillo-Ortiz, 2020), which found no
outliers. The data was standardized to a mean of 0 and standard
deviation of 1 (Kettaneh et al., 2005), after which a principal
component analysis (PCA) was applied for data reduction and
feature extraction, given the large number of dependent variables
and potential for data redundancy. PCA is an orthogonal
transformation technique used to convert a set of variables into
a set of linearly uncorrelated variables by determining new bases
called principal components (PCs) that maximize the variability
in the original data set (Abdi and Williams, 2010).

We retained only the PCs that contained up to 99% of variance
explained, which underwent a hierarchical cluster analysis (HCA)
to identify homogeneous foot-ankle movement patterns during
running. The PCs were used in the HCA to avoid collinearity of
the input data and to enable the identification of multi-segment
patterns. The HCA created a cluster tree (or dendrogram) using
an agglomerative strategy, or a “bottom-up” approach, which
consists of three steps: (1) a measure of dissimilarity between
sets of subjects using the Euclidean distance, (2) subject linkage
using the Ward’s minimum variance method (Ward, 1963), and
(3) optimal cluster determination based on the cluster division
that rendered the highest average Silhouette index (Rousseeuw,
1987; Arbelaitz et al., 2013; Nisha and Kaur, 2016).

The Silhouette index measures the quality of the cluster
solution based on the average distance between one element and
all the others in the same cluster, and the average dissimilarities
with all the objects outside the cluster, resulting in a silhouette
width ranging between −1 and +1. A negative value indicates
that the element does not belong to the assigned cluster, and a
positive value represents the degree of belonging to the assigned
cluster. The quality of grouping was also evaluated with the
cophenetic correlation coefficient (CCC) to verify the internal
validity of the clustering (Sokal and Rohlf, 1962; Carvalho et al.,
2019). The CCC measures the degree of fit between the observed
distances between the elements and the distances predicted from
a grouping process, resulting in a coefficient ranging from 0 to 1,
wherein the closer to 1, the better the grouping quality (Carvalho
et al., 2019), and a CCC lower than 0.7 indicates a grouping
method with low internal validity (Rohlf, 1970).

Following identification of homogeneous clusters of runners,
the determined subgroups were compared for differences in
demographic and training characteristics, and baseline PC scores
representing foot-ankle patterns, by means of independent t-tests
for continuous variables and χ2 tests for categoric variables
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(α = 0.05). The Cohen’s d effect sizes and 95% confidence
interval of the differences in baseline PC scores between clusters
were also calculated. Additionally, the PCs that presented
significant differences between clusters were further assessed
for interpretation of the kinematic pattern they represented, by
inspection of the shape of the PC loading vector, the differences
between representative extremes (5th and 95th percentile PC-
scores), and the single component reconstruction of the 5th and
95th percentile PC-scores (Brandon et al., 2013).

A qualitative analysis of the mean baseline kinematic time
series across clusters was performed, based on the interpretation
of the biomechanical representation of the PCs that had
significant differences. The PC loading vector indicates the
regions of the time series dataset where each component
has high or low representation according to the variance of
the data in that particular rotated dimension. The differences
between the raw waveforms of representative subjects of the
extreme ends of the PC-score scale can be used to understand
the differences between high and low-scoring individuals,
specifically in the regions where the PC loading vector has high
values. This way, the observed differences can be attributed
to the PC of interest, excluding the additional inter-subject
variance captured by the other PCs. The specific biomechanical
effects represented by the PC of interest can be further
visualized by plotting the upper and lower bands about the
mean waveform, by reconstructing the signal using only the
coefficient of the target PC and the representative scores for
the 5th and 95th percentile and comparing those extremes
(Brandon et al., 2013).

Effects of the Foot-Core Intervention –
Baseline vs. Week-8
Only the runners in the intervention group that completed the
protocol and attended both baseline and week-8 assessments
were included in this portion of the analysis, resulting in 29
subjects. The running mechanics of the intervention group
was compared before (baseline) and after (week-8) the foot-
core exercise program to better understand the influence of
the baseline foot kinematic pattern on the response to the
intervention. This was an exploratory analysis to provide some
insight into the role of biomechanical subgroups on the response
to an exercise-based approach.

Kinematic waveforms from the week-8 assessment were
transformed into the PC space of the initial PCA, and a
2×2 mixed model ANOVA (Tukey post hoc test) considering
the different clusters and assessment times as the between
and within-factors, respectively, was applied to the 16 PC
scores that were used as inputs to the HCA (α = 0.05). The
partial η2 of the interaction effect and the 95% confidence
interval of the between and within-group differences were
also calculated.

A further qualitative analysis of the kinematic time series
was performed, only regarding the changes related to the PCs
with significant interaction effects, to better understand the
biomechanical responses to the intervention in each foot-ankle
movement pattern subgroup.

All data processing and analyses were performed in MATLAB
R2015a (MathWorks, Natick, MA, United States) and statistical
tests were applied using Statistica 13.5 (TIBCO Software Inc.,
Palo Alto, CA, United States).

RESULTS

Identification of Subgroups (Clusters) at
Baseline
The optimal cluster division was determined as a solution with
two clusters (Figure 1), achieving an average Silhouette index
of 0.13 and a CCC of 0.38. The characteristics of the subjects
are presented in Table 1. The first (n = 36) and second clusters
(n = 49) did not present significant differences between them with
respect to demographic and running practice characteristics, or
incidence of injuries by the end of the clinical trial, but there were
proportionally more forefoot strikers in cluster 2 (49%) when
compared to cluster 1 (25%).

Out of 84 PCs resulting from the FA kinematic time series,
the first 16 PCs were retained for analysis, representing a total
of 99.1% of variance explained, and they served as inputs for
the HCA. Only PC1 and PC3 presented significant differences
between clusters (Table 2).

The cluster grouping can be further visualized with a
scatterplot of PC1 and PC3 across the two clusters (Figure 2). As
shown by the statistical results, it is clear that PC1 is the feature
that better depicts the separation between subgroups, in which
cluster 1 presents negative values of PC1 scores and cluster 2 has
more positive values, in their majority; while the distinction is less
clear for PC3 scores.

Interpretation of FA Movement
Components Across Clusters at Baseline
Only PC1 and PC3, which presented statistically significant
differences between the two clusters, were considered for this part
of the analysis.

For PC1 (Figure 3), the highest absolute values in the
PC loading vector occurred in regions corresponding to
movements in the transverse plane, especially for calcaneus-
midtarsal (Cal-Mid) and midtarsal-metatarsal (Mid-Met)
joints. Those also display the greatest differences between
representative extremes of both the raw waveforms and the
single component reconstruction, depicting a magnitude feature
and a difference feature. High PC1 scores correspond to greater
Cal-Mid abduction and shank-calcaneus (Sha-Cal) and Mid-Met
adduction, and the larger the difference in direction between the
midfoot and the other foot segments, the higher is the absolute
value of PC1 score.

There is also a perceptible difference in the Sha-Cal frontal
plane and Cal-Mid sagittal plane with a relatively high value in
the PC loading vector for this region, indicating that higher PC1
scores represent lower degrees of rearfoot inversion and greater
midfoot dorsiflexion. Additionally, those movement patterns are
associated to a higher degree of forefoot abduction, depicted by
a difference feature with positive loading coefficients for Sha-Cal
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FIGURE 1 | Dendrogram resulting from the hierarchical cluster analysis, representing element combinations and dissimilarity level for each pairing. Cluster 1 is
represented by the red lines and cluster 2 by the blue lines.

TABLE 1 | Mean (SD) and distribution of demographic and running practice characteristics, and number of injured runners by the end of the clinical trial.

All (n = 85) Cluster 1 (n = 36) Cluster 2 (n = 49) p 95% CI

Age [years] 40.4 (7.0) 39.9 (6.0) 40.7 (7.6) 0.618a [−3.8; 2.3]

Height [m] 1.69 (0.09) 1.69 (0.09) 1.69 (0.09) 0.903a [−0.04; 0.04]

Body mass [kg] 70.3 (13.1) 69.7 (13.9) 70.6 (12.6) 0.757a [−6.6; 4.9]

Body Mass Index [kg/m2] 24.4 (3.2) 24.3 (3.5) 24.5 (3.0) 0.721a [−1.7; 1.2]

Sex [n female/n male] 42 / 43 17 / 19 25 / 24 0.729b –

Running volume [km/week] 20.5 (13.2) 20.0 (13.2) 20.7 (13.3) 0.814a [−6.7; 5.3]

Practice time [h/week] 2.1 (1.3) 2.1 (1.2) 2.2 (1.4) 0.728a [−0.7; 0.5]

Pace [min/km] 6.6 (1.4) 6.6 (1.4) 6.6 (1.3) 0.958a [−0.6; 0.7]

Injured in 12-months [n] 19 5 14 0.108b –

Footstrike pattern [n forefoot/n rearfoot] 33/52 9/27 24/25 0.025b* –

a Independent t-test.
bχ2 test.
*Significant difference between clusters.

frontal and Cal-Mid sagittal planes, and negative coefficients for
Mid-Met transverse plane.

In summary, runners with positive PC1 scores present a less
inverted rearfoot (closer to neutral), an abducted and more
dorsiflexed midfoot, and an adducted forefoot during the stance
phase of running; while negative PC1 scores indicate greater
inversion of the rearfoot, an adducted and less dorsiflexed
midfoot, and an abducted forefoot.

As for PC3 (Figure 4), the highest absolute values in the
PC loading vector occurred in the sagittal plane of Sha-Cal and
Cal-Mid joints, and both the representative extremes of raw
waveforms and the single component reconstruction show that
higher PC3 scores correspond to a rearfoot dorsiflexion and
a lower degree of midfoot dorsiflexion throughout the stance
phase. There are also relatively high values in the PC loading

vector in the regions relative to Sha-Cal and Cal-Mid joints
in frontal and transverse planes, with magnitude differences, in
which higher PC3 scores represent greater rearfoot inversion
and adduction, and an abducted midfoot with lower degrees of
inversion. Additionally, a difference feature also occurs between
rearfoot and midfoot transverse plane movements, where positive
PC3 scores indicate a greater difference in direction between
the two segments.

In brief, positive values of PC3 score point to a rearfoot
in dorsiflexion, inversion and adduction; a midfoot with less
dorsiflexion and inversion, and in an abducted position; in
contrast to negative PC3 scores, which correspond to a rearfoot
in plantar flexion, and closer to neutral in the frontal and
transverse planes, and a midfoot with greater dorsiflexion,
inversion and adduction.
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TABLE 2 | Mean (SD) and variance explained of the principal components (PCs) included in the hierarchical cluster analysis (HCA).

PCs [a.u.] Cluster 1 (n = 36) Cluster 2 (n = 49) Variance explained (%) pa 95% CI Cohen’s d

PC1 −12.6 (9.7) 9.3 (10.3) 23.9 < 0.001* [−26.2; −17.5] 0.39

PC2 2.4 (12.9) −1.7 (12.7) 18.1 0.148 [−1.5; 9.6] 0.05

PC3 −3.2 (12.7) 2.3 (11.5) 16.5 0.037* [−10.8; −0.3] 0.08

PC4 −2.1 (11.5) 1.6 (9.5) 12.1 0.111 [−8.2; 0.9] 0.05

PC5 −1.3 (8.8) 0.9 (10.4) 10.5 0.314 [−6.4; 2.1] 0.04

PC6 −0.8 (9.0) 0.6 (8.6) 8.5 0.504 [−5.1; 2.6] 0.02

PC7 −0.3 (6.2) 0.3 (5.2) 3.5 0.638 [−3.0; 1.9] 0.02

PC8 0.2 (3.9) −0.2 (4.5) 2.0 0.655 [−1.4; 2.3] 0.02

PC9 0.2 (3.4) −0.1 (3.6) 1.4 0.740 [−1.3; 1.8] 0.01

PC10 0.1 (3.4) −0.1 (3.1) 1.2 0.851 [−1.3; 1.6] 0.01

PC11 −0.1 (2.2) 0.1 (2.1) 0.5 0.652 [−0.8; 0.9] 0.02

PC12 0.1 (2.3) 0.0 (1.7) 0.4 0.855 [−1.1; 0.3] 0.01

PC13 −0.2 (1.5) 0.2 (1.6) 0.3 0.223 [−1.1; 0.3] 0.05

PC14 −0.1 (1.3) 0.1 (1.2) 0.2 0.592 [−0.7; 0.9] 0.02

PC15 −0.1 (1.2) 0.1 (1.2) 0.2 0.441 [−0.7; 0.3] 0.03

PC16 0.1 (0.9) −0.1 (1.2) 0.1 0.645 [−0.4; 0.6] 0.02

*Statistically significant differences between clusters (in bold).
a Independent t-test.

FIGURE 2 | Scatterplot of PC1 and PC3 scores across identified clusters. Subjects from cluster 1 are represented by open red circles (cluster centroid as filled circle)
and from cluster 2, by open blue triangles (cluster centroid as filled triangle).

Differences in FA Movement Patterns
Between Clusters at Baseline
The qualitative analysis of FA movement patterns across
clusters was based on PC1 and PC3. However, since PC1

contained a greater level of variance explained, and showed
a greater effect size in between-cluster differences (Table 2),
most of the observable differences between cluster 1 and 2
were related to PC1.
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FIGURE 3 | (A) Single component reconstruction representing only the variance due to PC1 for the 5th (gray solid lines) and 95th (black dashed lines) percentile
extreme representatives, and the mean reconstructed waveform (thin black solid lines); (B) PC loading vector with the pattern of variance captured by PC1; (C) raw
waveforms for the 5th (gray solid lines) and 95th (black dashed lines) percentile extreme representatives for PC1, superimposed on all raw waveforms (thin gray solid
lines). Positive (+) and negative (–) joint angles represent the following – sagittal plane: (+) dorsiflexion, (–) plantar flexion; frontal plane: (+) eversion, (–) inversion;
transverse plane: (+) abduction, (–) adduction.

FIGURE 4 | (A) Single component reconstruction representing only the variance due to PC3 for the 5th (gray solid lines) and 95th (black dashed lines) percentile
extreme representatives, and the mean reconstructed waveform (thin black solid lines); (B) PC loading vector with the pattern of variance captured by PC3; (C) raw
waveforms for the 5th (gray solid lines) and 95th (black dashed lines percentile extreme representatives for PC3, superimposed on all raw waveforms (thin gray solid
lines). Positive (+) and negative (–) joint angles represent the following – sagittal plane: (+) dorsiflexion, (–) plantar flexion; frontal plane: (+) eversion, (–) inversion;
transverse plane: (+) abduction, (–) adduction.

Cluster 1 presented more negative values for both PC1 and
PC3, indicating that they display a movement pattern that is
more similar to the 5th percentile in both components. Runners
from cluster 1 ran with a less adducted rearfoot (closer to neutral
position); combined with a midfoot adduction (also closer to
neutral position); and a forefoot abduction. As for cluster 2, who
had more positive values for PC1 and PC3 and were, therefore,
more similar to the 95th percentile, their runners presented a
greater rearfoot adduction; a midfoot abduction; and kept the
forefoot close to neutral position, but with a slight adduction.
Differences in frontal and sagittal planes that were related to

either PC1 or PC3 did not appear as clearly in the between-cluster
comparison (Figure 5). The main average differences between
clusters in the transverse plane can be visualized in Figure 6.

Effects of the Foot-Core Intervention: FA
Kinematic Changes Across Clusters -
Baseline vs. Week-8
Out of the initial sample (n = 85), only 29 participants were
part of the intervention group and completed the baseline and
week-8 assessment after the exercise protocol (16 participants
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FIGURE 5 | Foot segment joint angles across clusters during stance phase of running. Runners from cluster 1 are represented by the red lines; and from cluster 2,
by the blue lines. Mean kinematic waveforms for each cluster are represented by the thick solid lines.

in cluster 1 and 13 in cluster 2). The only PC that presented
a significant cluster X assessment time interaction was PC1
(F = 7.66; p = 0.010; η2

p = 0.22), wherein the clusters were
significantly different at baseline [mean difference = 19.1; 95%
CI = (5.4; 32.9)], but only cluster 1 presented a significant change
after the foot-core exercise protocol [mean difference = 9.2; 95%
CI = (0.7; 17.6)], according to the post hoc test (Figure 7).

Considering the kinematic features represented by PC1, after
the intervention, runners from cluster 1 presented an increase
in rearfoot adduction and a decrease in forefoot abduction.
Additionally, there was an increase in Cal-Mid dorsiflexion,
which, added to the changes in transverse plane, made their
movement pattern more similar to cluster 2 (Figure 8). The
approximation of movement patterns regarding PC1 can be
confirmed in the scatterplot (Figure 9), where it is possible to
observe a shift in the centroid position of cluster 1 towards the
centroid of cluster 2 in the PC1 dimension.

DISCUSSION

The present study aimed at performing an exploratory analysis
to identify homogenous subgroups of FA movement patterns
in recreational runners, and examine whether such patterns
could be influencing the biomechanical responses to a foot-core
exercise intervention. With the use of an HCA, two clusters of FA
joint kinematics were identified, wherein the runners displayed
differences predominantly in the transverse plane of all three-
foot segments.

Although a two-cluster division was considered the optimal
cluster solution, it resulted in a low clustering quality in both the
average silhouette index (0.13) and the CCC (0.38), indicating
that the identified subgroups may be too heterogeneous to
define clear differences in FA movement patterns, which can be

confirmed by the lack of significant differences in most of the PC
scores at baseline. Therefore, the results reported in this study
must be considered with caution, since the indicators of cluster
quality are very low and limits the generalizability of our findings.
However, the clusters were distinct regarding PC1 and PC3 and
the scatterplot across them (Figure 2) shows a spatial divergence,
verifying the validity of the defined subgroups. Together, both
of the PCs presented 40.4% variance explained by the FA joint
kinematics (Table 2), with PC1 having the largest effect size
between clusters. Since PC1 had a greater relative representation
of midfoot and forefoot transverse plane movements (Figure 3),
it is clear that this component drove most of the differences in
movement patterns.

The overall difference between subgroups occurred around the
segment that was mainly deviated from neutral position in the
transverse plane during the stance phase. On average, cluster 1
displayed a greater Mid-Met abduction, while cluster 2 presented
greater deviations in the more proximal foot segments, with a
more adducted Sha-Cal and abducted Cal-Mid (Figures 5, 6).
It is possible that cluster 1 had a motor behavior that depended
more on an adaptation of the distal segment of the foot while
keeping the proximal segments in a closer alignment to the
neutral position, whereas cluster 2 appears to depend more on
the rearfoot and midfoot movements. The alignment of the
midfoot and the forefoot in the transverse plane might reflect
in the conformation of the transverse arch, since it is defined
by the cuboid, cuneiform and metatarsal bones. The smaller
deviations of the midfoot in cluster 1 could be related to a lower
mobility in this segment and less compliance of the transverse
arch. The higher the curvature of the transverse arch the greater
the stiffness of the longitudinal arches of the foot, which has
an important role during locomotion, especially in providing
resistance to the bending in the sagittal plane to favor propulsion
(Venkadesan et al., 2020).
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FIGURE 6 | Illustration of between-cluster differences of foot and ankle
movement patterns in the transverse plane. The average pattern for cluster 1
is represented in red and for cluster 2 is represented in blue.

These differences in movements in the transverse plane could
also be related to the foot progression angle. A toe-out (foot
abduction) placement during the stance phase of gait has been
shown to increase the forefoot abduction angles (Schallig et al.,
2020) and can lead to increased foot pronation during running
(Mousavi et al., 2021). However, we did not directly measure the

FIGURE 7 | Score for PC1 at baseline and week 8 assessments for cluster 1
(red circle) and cluster 2 (blue triangle). * significant difference between
baseline and week 8 assessment in cluster 1. # significant difference between
cluster 1 and 2 at baseline.

foot progression angle in our study, therefore we cannot confirm
this association, and the lack of discriminating features in frontal
plane movement between clusters suggests that it is unlikely that
inter-cluster differences are solely related to that parameter.

Regarding the effect of the intervention across both clusters,
PC1 was the kinematic component that presented a distinct
response between clusters, whereby only cluster 1 displayed a
difference between baseline and week-8. Runners from cluster 1
reduced the transverse plane deviation of the forefoot, aligning it
closer to neutral position, and increased the rearfoot adduction,
approximating to the movement pattern observed in cluster 2
after the intervention (Figures 8, 9). Interestingly, this change in
cluster 1 was not extended to the Cal-Mid joint, indicating that
this subgroup could have a lack of mobility of the midfoot section.
The midtarsal joint complex has an important participation in the
stance phase and the transverse plane movement is an important
component for its function, particularly in the talonavicular joint
(Okita et al., 2014; Phan et al., 2019). However, we did not
objectively measure the passive mobility of the midfoot in these
runners, which hinders a better understanding about the cause of
this kinematic behavior, and further investigations are needed.

There were other changes due to the exercise protocol in the
sagittal plane for all foot segments, but both clusters responded
in the same direction, wherein there was an increase in Sha-
Cal plantar flexion, a Cal-Mid dorsiflexion, and a decrease in
Mid-Met plantar flexion. This finding shows that both clusters
responded to the intervention protocol in a similar way in the
sagittal plane, regardless of their distinct kinematic pattern in
baseline. This result can be confirmed by a significant decrease
in PC3 score in both subgroups {cluster 1 [baseline: 0.9 (11.2);
week-8: −4.6 (13.6)]; cluster 2 [baseline: 0.3 (11.6); week-8: −4.9
(10.1)]; ANOVA assessment time effect: p = 0.018}, which can
be visualized in Figure 9. The adaptability of the foot during
weight acceptance appears to be a phenomenon that occurs
primarily in the sagittal plane (Blackwood et al., 2005). The fact
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FIGURE 8 | Foot segment joint angles across clusters during stance phase of running, before (baseline) and after the intervention protocol (week-8). Runners from
cluster 1 are represented at baseline by the red solid lines and at week-8 by the red dashed lines. Runners from cluster 2 are represented at baseline by the blue
solid lines and at week-8 by the blue dashed lines.

FIGURE 9 | Scatterplot showing PC1 and PC3 scores of cluster centroids at baseline (open) and week 8 (filled) assessments. The centroid of cluster 1 is
represented by red circles and cluster 2, by blue triangles.

that both clusters responded to the intervention with changes
in the sagittal plane suggests a change in mechanical response
to foot loading, which are directly related to the function of the
intrinsic foot muscles (Kelly et al., 2014). The foot-core muscles
helps counteracting the dorsiflexion moments produced at the
midfoot joints (Holowka and Lieberman, 2018) and perhaps the
training protocol allowed an increase in their activation, leading
to a greater Cal-Mid dorsiflexion and Mid-Met plantar flexion.

Overall, the foot-core exercise intervention promoted
biomechanical changes in FA movement patterns in the sagittal
and transverse planes, but cluster 1 presented greater responses
in the transverse plane than cluster 2. The alignment of the
midfoot and the forefoot in the transverse plane might reflect the
conformation of the transverse arch. Since cluster 1 presented
a midfoot that was more aligned with a neutral position in the
transverse plane before the intervention, and responded with an
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enhance in dorsiflexion after the intervention, one could assume
that there was a change in the conformation of the transverse
arch that could be related to the exercise protocol.

The clusters did not present differences in demographic
or running practice-related variables. Furthermore, there was
no difference in injury rates between the identified clusters,
indicating that the associations between FA kinematic patterns
and running-related injury etiology are not straightforward and
still need further investigation. Other studies analyzing lower
limb kinematics during running have identified subgroups with
different movement patterns in major joints and segments, but
did not find a significant association with injuries (Dingenen
et al., 2020; Jauhiainen et al., 2020), which corroborates with our
results. There was a greater proportion of forefoot strikers in
cluster 2, but both subgroups still included runners with both
strike patterns, and the kinematic differences between clusters
seem to be unrelated to this factor. Midfoot and forefoot strikers
have been described to present greater plantar flexion, inversion
and adduction of Sha-Cal (Bruening et al., 2018; Deschamps et al.,
2019), and more plantar flexion and less inversion of Cal-Mid
(Deschamps et al., 2019; Matias et al., 2020). Given that the main
between-cluster differences occurred in the transverse plane,
other aspects of FA kinematics were probably more determinant
for cluster identification and responses to the intervention.

It is important to consider that a PCA was applied to the
whole kinematic dataset before performing the HCA, rather
than executing it to each joint and plane separately. Although
this approach allows the reduced components to represent
movement patterns across all joints and planes simultaneously, it
increases the dimensionality of the dataset and limits the external
validity and stability of the PCA (Jolliffe, 2002). Furthermore,
the interpretation of the functional meaning of the components
becomes more complex and less detailed within each joint/plane,
so the results must be taken with caution. Nevertheless, there
is limited variation of the foot joint angles during the stance
phase of running, and the analysis of the behavior of the
whole kinematic chain allows the identification of combinations
between joints and planes in the movement pattern, which can be
important in a segment that is composed by multiple joints. Still,
we reiterate that we may not be able to extrapolate our results to
the population, since we had a relatively small sample size for the
application of a PCA and an HCA.

A few aspects of the methods for kinematic data acquisition
should also be considered in this study, since the participants ran
on a treadmill, conditions that were different from their usual
practice. Nevertheless, since kinematic patterns of the lower limbs
have already been shown to be similar between overground and
treadmill running (Fellin et al., 2010), we believe that the results
in this study represent the patterns adopted by the subjects during
their regular running routine. It is also important to emphasize
that analysis on the effects of the intervention had an exploratory
purpose and a proper conclusion about the response to a foot-
core exercise program can only be reached with the inclusion of
the week-8 assessment of the control group in the analysis, which
unfortunately were not available for this study.

The majority of randomized controlled trials aim to describe
the general effect of a treatment on some outcome, and the

findings are important to inform clinical practice and policy
decisions. However, usually the treatment effect is heterogeneous
across the population because of individual variations. In this
context, understanding which subgroups of individuals may
be more or less likely to benefit from a treatment protocol
is important for providing evidence for clinical decisions
(Lesko et al., 2018). For example, lower limb kinematics
during locomotor tasks have been shown to be related to the
responsiveness to exercise-based treatment in individuals with
knee osteoarthritis (Kobsar et al., 2015) and patellofemoral pain
(Watari et al., 2016). Seeing that the intervention protocol in
this study was effective in reducing the incidence of running-
related injuries (Taddei et al., 2020a), the results of this study can
help understanding how individual variations of baseline motor
behaviors can influence the response to these exercises and this
approach can help guiding treatment strategies that are more
individual-centered, taking into account their initial mechanical
patterns. Future studies should investigate whether the identified
movement patterns could be influencing the protective effects
against running-related injuries that this exercise program has
presented, by stratifying the experimental groups based on
kinematic patterns.

We identified two clusters of FA movement patterns during
running among asymptomatic recreational runners that differed
mainly in transverse plane movements of foot segments, with one
cluster presenting a more pronounced forefoot abduction, while
the other displayed greater deviations from neutral position of
the rearfoot (greater adduction) and midfoot (greater abduction).
After a foot-core exercise-based intervention, runners that
presented transverse plane deviations in the distal segments
at baseline, responded distinctly to the program, increasing
the rearfoot adduction and moving the forefoot closer to
neutral position during running. This study suggests that the
individual foot biomechanical pattern can influence the response
to exercise interventions and this approach can help guiding the
development of individual-centered treatment strategies.
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