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ABSTRACT

Background: Excessive foot pronation during running in individuals with foot varus alignment may be reduced
by medially wedged insoles.

Research question: This study investigated the effects of a medially wedged insole at the forefoot and at the
rearfoot on the lower limbs angles and internal moments of runners with excessive foot pronation and foot varus
alignment.

Methods: Kinematic and kinetic data of 19 runners (11 females and 8 males) were collected while they ran
wearing flat (control condition) and medially wedged insoles (insole condition). Both insoles had arch support.
We used principal component analysis for data reduction and dependent t-test to compare differences between
conditions.

Results: The insole condition reduced ankle eversion (p = 0.003; effect size = 0.63); reduced knee range of
motion in the transverse plane (p = 0.012; effect size = 0.55); increased knee range of motion in the frontal
plane in early stance and had earlier knee adduction peak (p = 0.018; effect size = 0.52); reduced hip range of
motion in the transverse plane (p = 0.031; effect size = 0.48); reduced hip adduction (p = 0.024; effect
size = 0.50); reduced ankle inversion moment (p = 0.012; effect size = 0.55); and increased the difference
between the knee internal rotation moment in early stance and midstance (p = 0.012; effect size = 0.55).
Significance: Insoles with 7° medial wedges at the forefoot and rearfoot are able to modify motion and moments
patterns that are related to lower limb injuries in runners with increased foot pronation and foot varus alignment
with some non-desired effects on the knee motion in the frontal plane.

1. Introduction

there is no study demonstrating the effects of increased foot pronation
on the pelvis movement during running, during gait, increased foot

The prevalence of injuries in runners is high. For example,
Hespanhol Junior et al. [1] found that approximately 30% of runners
develop lower limb injuries in 12 weeks of follow-up. Different factors,
such as excessive foot pronation, footwear characteristics and training
parameters contribute to the development of injuries during running
[2-4]. Excessive foot pronation during the stance phase of running
increases knee internal rotation [5] and hip adduction and internal
rotation [6], which may help to explain the association between ex-
cessive foot pronation and different lower limb injuries (e.g. tibial stress
syndrome [7,8] and patellar tendinopathy [9]). In addition, although
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pronation reduces the lower limb functional length and consequently
increases pelvic ipsilateral drop [10]. Therefore, understanding the
mechanical effects of available interventions to reduce excessive foot
pronation in runners may contribute to the treatment and prevention of
related injuries.

Increased foot varus alignment assessed in open kinematic chain
increases foot pronation during the stance phase of running [11].
Medially wedged insole is an option to reduce excessive foot pronation
during running due to increased foot varus alignment. However, the
results of most previous studies about the effects of medially wedged
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Fig. 1. A) Setup for the qualitative video analysis of foot strike pattern and forefoot and rearfoot pronation during running; B)Shank-forefoot alignment measure-

ment.

insoles are inconclusive. For example, Almonroeder et al. [12] de-
monstrated that medially wedged insoles anticipated the peak of ankle
inversion moment during the stance phase of running. On the other
hand, Eslami et al. [13] did not find any effect of a medially wedged
insole on the time to rearfoot eversion peak during running. These
partially inconclusive results may be explained by the possible different
magnitudes of foot pronation and foot alignments of the participants of
these studies. Unfortunately, most of the previous studies did not report
participants’ foot alignment and magnitude of foot pronation nor used
these factors as inclusion criteria [12-18]. For example, although
Miindermann et al. [16] only included individuals with increased foot
pronation, they did not use foot varus alignment as inclusion criterion.
Therefore, it is not clear that the participants had increased foot pro-
nation due to foot varus alignment, since foot pronation is a complex
movement that might be due to other factors, such as hip muscles
weakness [19], that should consequently be target by different inter-
ventions, such as hip muscles strengthening [19]. Our study aims at
filling this gap.

Interventions such as the use of medially wedged insoles during
running should be prescribed based on specific assessment criteria.
Considering the rationale of the mechanical effects of medially wedged
insoles, they would probably be more suitable for runners with ex-
cessive foot pronation and foot varus alignment. However, most of the
previous studies did not select participants based on this criterion
[13,14]. In addition, most of the previous studies investigated the ef-
fects of medially wedged insoles only at the rearfoot. This may also
explain why some studies did not show the mechanical effects of
medially wedged insoles, since the forefoot alignment, measure din a
non-weight bearing position, determines the magnitude of foot prona-
tion during running [11].

This study investigated the effects of an insole with medial wedge at
the forefoot and at the rearfoot and arch support on the angular dis-
placements and moments in the frontal and transverse planes of the
lower limbs of runners with excessive foot pronation and increased foot
varus alignment. Our hypotheses were that the medially wedged insole
would reduce ankle eversion, knee abduction and internal rotation, hip
adduction and internal rotation, and reduce ipsilateral pelvic drop,
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ankle inversion moment and knee and hip external rotation moment
during the stance phase of running.

2. Methods
2.1. Participants

Sample size was determined using the software G*Power [20] with
the following input data: repeated measures t test, desired statistical
power of 80%, significance level of 0.05, and an expected medium ef-
fect size (d = 0.7). This resulted in an estimated minimum sample size
of 19 participants. Nineteen healthy adult recreational runners (11 fe-
males and 8 males) with average age, mass and height of 35.7years (SD
7.72), 65.9 kg (SD 9.9) and 1.66 m (SD 0.08), respectively, participated
in this study. The inclusion criteria were: (i) age between 18 and 50
years old; (ii) minimum of six months of experience in running and at
least 10 km of training per week; (iii) no history of lower limbs or back
surgery or injury and no use of foot orthoses during the past six months;
(iii) present heel strike pattern and excessive foot pronation during the
stance phase of running and shank-forefoot varus alignment equal or
greater than 10° [21]; and (iv) no structural or functional leg length
discrepancy greater than 0.5cm [22,23]. The exclusion criterion was
report of discomfort or pain during data collection. None of the parti-
cipants were excluded. Each participant signed a consent form ap-
proved by the university’s Ethical Research Committee (CAAE:
69277417.2.0000.5149).

2.2. Instruments and procedures

Initially, the participant’s height and mass were measured. Then,
inclusion criteria were measured. Increased foot pronation was de-
termined based on a qualitative video analysis of running [24]. Parti-
cipants ran for 40s on a treadmill (S62, embreex, SC, Brazil,
40X 130 cm) at self-selected speed wearing a neutral shoe (Bouts New
Fit®). Two cameras (Sony, DSC-TX5, 10.2 mega pixels) were positioned
on the lateral and posterior views at standardized distances and heights
(Fig. 1A). The examiner assessed the lateral view video to identify heel
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Fig. 2. Marker placement: A) anterior, and B) posterior views.

strike pattern and the posterior view to identify increased forefoot and
rearfoot pronation during the midstance phase of running [24]. Next,
the shank-forefoot alignment was measured following the methods
described by Mendonca et al. [21] and summarized in the Supple-
mentary Material (Fig. 1B).

Following inclusion criteria measurement, running data were re-
corded at 200 Hz using an 8-camera motion capture system (Oqus 3+,
Qualisys, Gothenburg, Sweden) synchronized with three force plates
(Bertec FP 4060-08, Columbus, OH, EUA) positioned in series and not
visually identifiable by the participants. The force plates registered
ground reaction force data at 1000 Hz, which was subsequently down
sampled at 200 Hz. Anatomical and clusters of tracking markers were
used to determine the coordinates of the pelvis, thigh, shank and feet
[25] using data obtained with the participant in a relaxed standing
position (static trials) (Fig. 2). The same experienced examiner posi-
tioned the markers on all participants. Participants then ran at self-se-
lected speed in a 15-meters walkway under two different conditions, as
described:

1) control condition: wearing a pair of flat insoles at the forefoot and
rearfoot and with a semi-rigid arch support (Fig. 3A);

2) insole condition: wearing a pair of insoles with a semi-rigid arch
support and with medial elevation at the forefoot and at the rearfoot
of 7° each (Fig. 3B).

The magnitude of the medial wedge was defined considering the
inconclusive results of previous studies using smaller degrees of medial
wedges (i.e. 4° or 5°). The order of data collection between each con-
dition was randomized. Before data collection in each condition, par-
ticipants ran for approximately one minute to familiarize with each set
of insoles. Only the data of the lower limb with the greatest magnitude
of shank-forefoot varus alignment were analyzed for the two condi-
tions. The participants ran between 10 and 20 trials to allow at least
five valid trials (i.e. with proper foot contact on the force plates)
[14,18]. The insoles were made from a block of ethyl vinyl acetate with
thermo moldable polymer (shore hardness of 45A) and were manu-
factured through an automated computer numeric control machine
(CNC routers).
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Fig. 3. Insoles used in the A) control and B) insole conditions.

2.3. Data reduction

Running data were processed using the software Visual3D (C-mo-
tion, Inc., Rockville, USA). Raw kinematic and force data were filtered
using a low-pass fourth order Butterworth filter with a cut-off frequency
set at 15Hz and 25 Hz, respectively. Initial contact and toe-off were
determined automatically in Visual3D using the vertical ground reac-
tion force and a threshold of 10 N. Description of the joint centers de-
finition and segment coordinate systems are provided in Supplementary
Material. The following joint kinematics were calculated: (i) ankle in-
version-eversion; (ii) knee and (iii) hip adduction-abduction and in-
ternal-external rotation; and (iv) pelvic ipsilateral-contralateral drop.
Kinetic variables were ankle moment in the frontal plane and knee and
hip moments in the frontal and transverse planes. Kinematic and kinetic
data were computed in the joint coordinate system [26] following the
mediolateral, anteroposterior and longitudinal Cardan’s sequence [27].
Joint moments were calculated using the inverse dynamic procedure,
normalized to body mass (kg), and reported in Nm/kg. Internal joint
moments are reported throughout this study. Joints angular displace-
ment and internal moments were normalized to 101 data points, one for
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each percentage of the stance phase. The coefficients of multiple cor-
relation for these variables varied between 0.74 and 0.99, which means
good to excellent reliability.

2.4. Data analysis

2.4.1. Principal component analysis (PCA)

PCA is the recommended choice as a first step for gait and running
time series data reduction [28] without loss of temporal information,
which generates independent principal components and scores [29]
that were used to test the hypothesis of the present study [30,31]. PCA
was performed, separately, on the six kinematic and five kinetic vari-
ables during the stance phase. Therefore, PCA was performed on 11
separate 38 x 101 data matrices (19 participants x 2 conditions x 101-
time samples throughout the stance phase). Each row represented the
time-series of each participant in each condition, and each column re-
presented the values of the variable at each percentage of the stance
phase.

The covariance matrix was calculated from the mean-centered of
each original data matrix. Following this, an eigen value decomposition
of this covariance matrix was performed by the PC model Z = [UtX],
where U is the transformation matrix that realigned the original data
into a new coordinate system. The columns of U were the eigenvectors
of the covariance matrix of the original dataset and were designated PC
loading vectors [32]. The PCs were obtained and ordered according to
the amount of variance explained in the original data. A criterion of
90% of variance explained was used to determine the number of PCs to
retain for data analysis [33,34]. The scores of each PC of a particular
variable retained for analysis (PCy) were computed as the sum of the
products of the centered scores pi (i = 1-101) and its correspondent
coefficient ui (i = 1-101) in the PC loading vector. Then, if more than
one PC demonstrated differences for a specific variable, only the PC
describing the largest amount of variance was reported.

2.4.2. Statistical analysis and interpretation of the PC-scores

The Shapiro-Wilk test demonstrated that the scores of the PCs re-
tained for analysis demonstrated normal distribution. These scores were
compared between conditions using dependent t-tests. The significance
was set at a = 0.05 for the ankle and pelvis comparisons and at 0.025
for the knee and hip comparisons, since frontal and transverse planes
were compared. The effect sizes (i.e. r-value) of the comparisons with
statistically significant differences were also calculated as follows:

t2

We used the method of single component reconstruction to interpret
the differences between conditions in PC-scores [36]. First, the time-
series representing the insole and control conditions pattern of variance
on the specific PC were plotted in the same graph (Fig. 4). The time-
series representing the insole and the control conditions correspond to a
high or low value of the PC-score, depending on which condition had
higher or lower scores on that specific PC. These time-series were cal-
culated by first multiplying one standard deviation of the corresponding
PC-scores by the PC loading vector, and then adding (high) or sub-
tracting (low) the resulting product to the sample mean time-series
[36]. Second, the portions of the stance phase that substantially con-
tributed to the biomechanical feature captured by the specific PC were
defined based on the portions of the stance phase that had greater PC
loading vector magnitude (defined by vertical dashed lines and shaded
areas in Figs. 4 and 5) [36]. Portions of the stance phase with loading
vector magnitude equal or greater than half of the peak-loading vector
for that specific PC were shaded. Finally, the differences between the
time-series representing the insole and control conditions on the shaded
areas in the graphs were analyzed in order to interpret the meaning of
the differences between conditions.

where ¢ is the t-value and df is the degree of freedom [35].
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3. Results

3.1. Characterization of the participants and running temporal-spatial
measures

The participants’ average weekly training volume corresponded to
20.9km (SD 8.95), and the shank-forefoot alignment was 15.40° (SD
4.30) of varus. The control and insole conditions showed an average
running speed of 3.29m/s (SD 0.28) and 3.30m/s (SD 0.37), respec-
tively, and these differences were not statistically significant
(p = 0.807).

3.2. Control condition versus insole condition

The comparisons of the PC scores between insole and control con-
ditions demonstrated that seven PCs were statistically different between
the two conditions, and these results are described in Table 1. The
loading vectors of these PCs and the time-series representing the pattern
of variance of the control and insole conditions, either high (+1SD) or
low (-1SD) PC-scores, depending on the control and insole conditions
mean scores, are shown in Figs. 4 and 5. The insole reduced ankle
eversion angle, reduced ankle inversion moment, increased knee range
of motion in the frontal plane during early stance and anticipated knee
adduction during late stance, reduced knee range of motion in the
transverse plane, increased knee range of internal rotation moment
during the first half of stance, reduced hip adduction and reduced hip
range of motion in the transverse plane (marginal effect).

4. Discussion

Most of our hypotheses were confirmed, except for the hip moment
and pelvis movement. The insole reduced ankle eversion, reduced knee
and hip range of motion in the transverse plane, increased the knee
range of motion in the frontal plane and reduced hip adduction during
the stance phase of running. In addition, the insole reduced the ankle
inversion moment and increased the difference between the knee in-
ternal rotation moment in early stance and midstance phases. There
were no effects of the insole on the hip moments in the frontal and
transverse planes and on pelvis movement in the frontal plane.

During the insole condition, the participants demonstrated reduced
ankle eversion and knee and hip range of motion in the transverse
plane. Foot pronation is an expected and desired movement during the
loading response phase of running [37]. However, excessive foot pro-
nation overloads structures responsible for controlling this movement,
such as foot [7,38], ankle [39] and hip muscles [40] and foot con-
nective tissues [41]. In addition, excessive foot pronation may com-
promise foot lever arm function during late stance and consequently
hamper ankle push-off [37,42]. Increased knee and hip movement in
the transverse plane is also associated to lower limb injuries in runners
[5,38,43]. Therefore, the medially wedged insole was able to reduce
excessive foot pronation and related proximal joint movement patterns
that are associated with lower limb injuries in runners.

The insole increased knee range of motion in the frontal plane and
reduced hip adduction during the stance phase. This finding is in ac-
cordance with the findings of a previous study demonstrating that hip
adduction is correlated with foot pronation during the stance phase of
running of runners with patellofemoral syndrome [44]. Therefore, the
reduction in foot pronation caused by the insole help to explain why the
insole also reduced hip adduction. Increased hip adduction during
running is associated with lower limb injuries, such as iliotibial band
syndrome [45] and patellofemoral pain syndrome [46]. Therefore, the
insole was able to modify hip motion patterns that are related to lower
limb injuries. On the other hand, the insole increased knee range of
motion in the frontal plane, which is non-desirable, since it isalso re-
lated to the occurrence of knee injuries [45].

The medially wedged insole reduced ankle inversion moment and
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Fig. 4. Control versus insole conditions differences in the ankle, knee and hip angles demonstrated by the statistical comparisons. Shown in the figures are the time-
series that represent high and low principal component (PC) scores for the indicated measure. In all cases, the time-series that represents the PC score (i.e. high or low
PC score) that characterizes the insole condition is shown as a red line; the time-series that represents the PC score that characterizes the control condition is shown as
a blue line. The shaded areas demonstrate the portions of the stance phase that most significantly contributed to the PC score and, thereby, to the differences observed
between conditions. The shaded areas were defined based on the magnitudes of the PC loading vector. The ankle inversion angle PC1 (Al and A2); knee internal
rotation angle PC2 (B1 and B2); knee adduction angle PC2 (C1 and C2); and hip internal rotation angle PC2 (D1 and D2) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).

increased the difference between knee internal rotation moment during
early stance and midstance phases. The reduced ankle inversion mo-
ment indicates that the insole reduced the demand on the ankle invertor
muscles, such as tibialis anteriorand tibialis posterior muscles, which
act eccentrically to support the plantar arch during this phase. These
muscles have small cross-sectional areas. Muscle cross-sectional area is
positively correlated with the muscle’s capacity to absorb energy [47].
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Therefore, these muscles have reduced capacity to control increased
foot pronation caused by other factors, such as foot varus alignment and
hip muscles weakness. It has been demonstrated that runners with
medial tibial stress syndrome present increased demand on ankle in-
vertor muscles [8,48]. Therefore, medially wedged insoles are able to
reduce demand on muscles frequently overloaded in runners with lower
limb injuries in runners. However, the increased difference between the
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PC1 (E1 and E2); ankle inversion moment PC1 (F1 and F2); and knee internal rotation moment PC2 (G1 and G2) (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.).

knee internal rotation moment in early and midstance phases might be
an acute non-desired effect of the use of insoles, since, during gait, it
was related to knee osteoarthritis progression [49]. Among the studies
that investigated the effects of medially wedged insoles on lower limb
biomechanics during running [13-18,50,51], only three reported that
the participants had excessive foot varus alignment or excessive foot
pronation during the stance phase of running [16,50,51]. However, two

of these studies [50,51] used static measures to identify excessive foot
pronation, which does not guarantee that the participants had excessive
foot pronation during the stance phase. Moreover, Miindermann et al
(2003) [15] did not use foot varus alignment as an inclusion criterion
and did not investigate the effects of the medially wedged insole on the
hip kinematics in the frontal and transverse planes.

Although the participants had different degrees of forefoot and
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Table 1
Principal components (PC) that demonstrated significant differences between control and insole conditions. Interpretation of the differences in the PC-scores is also
provided.

Measure PC p-value Effect size Interpretation based on the pattern of the insole condition

Ankle inversion-eversion angle 1 0.003 0.63 Reduced eversion magnitude throughout stance phase

Knee internal-external rotation angle 2 0.012 0.55 Reduced knee range of motion in the transverse plan during stance phase

Knee abduction-adduction angle 2 0.018 0.52 Increased knee range of motion in early stance and had earlier knee adduction peak

Hip internal-external rotation angle 2 0.031 0.48 Reduced hip range of motion in the transverse plane during stance phase

Hip adduction-abduction angle 1 0.024 0.50 Reduced hip adduction throughout stance phase

Ankle moment in the frontal plane 1 0.012 0.55 Reduced ankle inversion moment throughout stance phase

Knee moment in the transverse plan 2 0.012 0.55 Increased difference between the knee internal rotation moment in the early stance and midstance

* marginal effect considering alpha of 0.025.

rearfoot varus alignment, we used the same degree of wedge for all
participants. Therefore, the effects of medially wedged insoles may be
enhanced by using customized insoles. In addition, the insole used in
the control condition had also a semi-rigid arch support, which influ-
ences kinematic and kinetic parameters evaluated in the study, such as
ankle eversion [52]. Thus, the effects of the insole condition were due
to the addition of the medialwedge at the forefoot and rearfoot, since
both insoles had arch support. Moreover, the effects of soft tissue ar-
tifact on transverse plane kinematics and kinetics during running, and
the effects of using markers on the shoe on foot kinematics can be
substantial [53]. Finally, the findings of this study might not reflect
long-term effects of medially wedged insoles and do not allow conclu-
sions regarding the effects on pain and performance levels of runners
with injuries.

5. Conclusions

This study demonstrated that an insole with 7° of medial wedge at
the forefoot and rearfoot reduced ankle eversion, ankle inversion mo-
ment, knee and hip range of motion in the transverse plane and hip
adduction, but increased knee range of motion in the frontal plane and
increased the difference between knee internal rotation moment in
early stance and midstance phases of runners with increased shank-
forefoot varus alignment and excessive foot pronation. Therefore, in-
soles with 7° medial wedges at the forefoot and rearfoot are able to
modify motion and moments patterns that are related to lower limb
injuries in runners with increased foot pronation and shank-forefoot
varus alignment with some non-desired effects on the knee motion in
the frontal plane.

Declaration of Competing Interest

None.
Acknowledgements

This study was financed in part by the Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) -
Finance Code 001. We are also thankful to the State of Minas Gerais
Funding Agency FAPEMIG [grant number APQ-01139-15] to the
Brazilian Funding Agency CNPQ and to the Propulsio Produtos
Biomecanicos.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.gaitpost.2019.09.023.

References

[1] L.C. Hespanhol Junior, L.O. Pena Costa, A.D. Lopes, Previous injuries and some
training characteristics predict running-related injuries in recreational runners: a
prospective cohort study, J. Physiother. 59 (2013) 263-269, https://doi.org/10.

248

[2

[3]

[4]

[5

[6

[7

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

1016/51836-9553(13)70203-0.

B.S. Neal, I.B. Griffiths, G.J. Dowling, G.S. Murley, S.E. Munteanu,

M.M. Franettovich Smith, N.J. Collins, C.J. Barton, Foot posture as a risk factor for
lower limb overuse injury: a systematic review and meta-analysis, J. Foot Ankle
Res. 7 (2014) 1-13, https://doi.org/10.1186/513047-014-0055-4.

L. Malisoux, N. Chambon, N. Delattre, N. Gueguen, A. Urhausen, D. Theisen, Injury
risk in runners using standard or motion control shoes: a randomised controlled
trial with participant and assessor blinding, Br. J. Sports Med. 50 (2016) 481-487,
https://doi.org/10.1136/bjsports-2015-095031.

R.Q. Nielsen, E.T. Parner, E.A. Nohr, H. Sgrensen, M. Lind, S. Rasmussen, Excessive
progression in weekly running distance and risk of running-related injuries: an
association which varies according to type of injury, J. Orthop. Sport. Phys. Ther.
44 (2014) 739-747, https://doi.org/10.2519/jospt.2014.5164.

1. McClay, K. Manal, A comparison of three-dimensional lower extremity kinematics
during running between excessive pronators and normals, Clin. Biomech. 13 (1998)
195-203, https://doi.org/10.1016/50268-0033(97)00029-6.

H. Tateuchi, O. Wada, N. Ichihashi, Effects of calcaneal eversion on three-dimen-
sional kinematics of the hip, pelvis and thorax in unilateral weight bearing, Hum.
Mov. Sci. 30 (2011) 566-573, https://doi.org/10.1016/j.humov.2010.11.011.

J. Becker, S. James, R. Wayner, L. Osternig, L.S. Chou, Biomechanical factors as-
sociated with Achilles tendinopathy and medial tibial stress syndrome in runners,
Am. J. Sports Med. 45 (2017) 2614-2621, https://doi.org/10.1177/
0363546517708193.

J.L. Tweed, J.A. Campbell, S.J. Avil, Biomechanical risk factors in the development
of medial tibial stress syndrome in distance runners, J. Am. Podiatr. Med. Assoc. 98
(2008) 436-444, https://doi.org/10.7547,/0980436.

S. Grau, C. Maiwald, 1. Krauss, D. Axmann, P. Janssen, T. Horstmann, What are
causes and treatment strategies for patellar-tendinopathy in female runners? J.
Biomech. 41 (2008) 2042-2046, https://doi.org/10.1016/j.jbiomech.2008.03.005.
R.A. Resende, K.J. Deluzio, R.N. Kirkwood, E.A. Hassan, S.T. Fonseca, Increased
unilateral foot pronation affects lower limbs and pelvic biomechanics during
walking, Gait Posture 41 (2015) 395-401, https://doi.org/10.1016/j.gaitpost.
2014.10.025.

G.M. Monaghan, W.H. Hsu, C.L. Lewis, E. Saltzman, J. Hamill, K.G. Holt, Forefoot
angle at initial contact determines the amplitude of forefoot and rearfoot eversion
during running, Clin. Biomech. 29 (2014) 936-942, https://doi.org/10.1016/j.
clinbiomech.2014.06.011.

T.G. Almonroeder, L.C. Benson, K.M. O’Connor, The influence of a prefabricated
foot orthosis on lower extremity mechanics during running in individuals with
varying dynamic foot motion, J. Orthop. Sport. Phys. Ther. 46 (2016) 749-755,
https://doi.org/10.2519/jospt.2016.6253.

M. Eslami, M. Begon, S. Hinse, H. Sadeghi, P. Popov, P. Allard, Effect of foot or-
thoses on magnitude and timing of rearfoot and tibial motions, ground reaction
force and knee moment during running, J. Sci. Med. Sport 12 (2009) 679-684,
https://doi.org/10.1016/j.jsams.2008.05.001.

C. MacLean, I. McClay Davis, J. Hamill, Influence of a custom foot orthotic inter-
vention on lower extremity dynamics in healthy runners, Clin. Biomech. 21 (2006)
623-630, https://doi.org/10.1016/j.clinbiomech.2006.01.005.

C. MacLean, L. Davis, J. Hamill, Short- and long-term influences of a custom foot
orthotic intervention on lower extremity dynamics, Clin. J. Sport Med. 18 (2008)
338-342.

A. Miindermann, B.M. Nigg, R.N. Humble, D.J. Stefanyshyn, Foot orthotics affect
lower extremity kinematics and kinetics during running, Clin. Biomech. 18 (2003)
254-262, https://doi.org/10.1016/50268-0033(02)00186-9.

D.A. Nawoczenski, T.M. Cook, C.L. Saltzman, The effect of foot orthotics on three-
dimensional kinematics of the leg and rearfoot during running, J. Orthop. Sport.
Phys. Ther. 21 (1995) 317-327, https://doi.org/10.2519/jospt.1995.21.6.317.
D.S. Williams, I.M. Davis, S.P. Baitch, Effect of inverted orthoses on lower-extremity
mechanics in runners, Med. Sci. Sports Exerc. 35 (2003) 2060-2068, https://doi.
org/10.1249/01.MSS.0000098988.17182.8A.

K.R. Snyder, J.E. Earl, K.M. O’Connor, K.T. Ebersole, Resistance training is ac-
companied by increases in hip strength and changes in lower extremity bio-
mechanics during running, Clin. Biomech. 24 (2008) 26-34, https://doi.org/10.
1016/j.clinbiomech.2008.09.009.

F. Faul, E. Erdfelder, A.-G. Lang, A. Buchner, G*Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences, Behav. Res.
Methods 39 (2007) 175-191, https://doi.org/10.3758/BF03193146.

L.D.M. Mendonca, N.F.N. Bittencourt, G.M. Amaral, L.S. Diniz, T.R. Souza, S.T. da


https://doi.org/10.1016/j.gaitpost.2019.09.023
https://doi.org/10.1016/S1836-9553(13)70203-0
https://doi.org/10.1016/S1836-9553(13)70203-0
https://doi.org/10.1186/s13047-014-0055-4
https://doi.org/10.1136/bjsports-2015-095031
https://doi.org/10.2519/jospt.2014.5164
https://doi.org/10.1016/S0268-0033(97)00029-6
https://doi.org/10.1016/j.humov.2010.11.011
https://doi.org/10.1177/0363546517708193
https://doi.org/10.1177/0363546517708193
https://doi.org/10.7547/0980436
https://doi.org/10.1016/j.jbiomech.2008.03.005
https://doi.org/10.1016/j.gaitpost.2014.10.025
https://doi.org/10.1016/j.gaitpost.2014.10.025
https://doi.org/10.1016/j.clinbiomech.2014.06.011
https://doi.org/10.1016/j.clinbiomech.2014.06.011
https://doi.org/10.2519/jospt.2016.6253
https://doi.org/10.1016/j.jsams.2008.05.001
https://doi.org/10.1016/j.clinbiomech.2006.01.005
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0075
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0075
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0075
https://doi.org/10.1016/S0268-0033(02)00186-9
https://doi.org/10.2519/jospt.1995.21.6.317
https://doi.org/10.1249/01.MSS.0000098988.17182.8A
https://doi.org/10.1249/01.MSS.0000098988.17182.8A
https://doi.org/10.1016/j.clinbiomech.2008.09.009
https://doi.org/10.1016/j.clinbiomech.2008.09.009
https://doi.org/10.3758/BF03193146

UM

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Braga, et al.

Fonseca, A quick and reliable procedure for assessing foot alignment in athletes, J.
Am. Podiatr. Med. Assoc. 103 (2013) 405-410, https://doi.org/10.7547/1030405.
P.P. Gogia, J.H. Braatz, Validity and reliability of leg length measurements, J.
Orthop. Sport. Phys. Ther. 8 (2013) 185-188, https://doi.org/10.2519/jospt.1986.
8.4.185.

A.L. Woerman, S.A. Binder-Macleod, Leg length discrepancy assessment: accuracy
and precision in five clinical methods of evaluation, J. Orthop. Sport. Phys. Ther. 5
(1984) 230-239, https://doi.org/10.2519/jospt.1984.5.5.230.

A. Pipkin, K. Kotecki, S. Hetzel, B. Heiderscheit, Reliability of a qualitative video
analysis for running, J. Orthop. Sport. Phys. Ther. 46 (2016) 556-561, https://doi.
org/10.2519/jospt.2016.6280.

J. Sinclair, P.J. Taylor, A. Greenhalgh, C.J. Edmundson, D. Brooks, S.J. Hobbs, The
test-retest reliability of anatomical co-ordinate axes definition for the quantification
of lower extremity kinematics during running, J. Hum. Kinet. 35 (2012) 15-25,
https://doi.org/10.2478/v10078-012-0075-8.

E.S. Grood, W.J. Suntay, A joint coordinate system for the clinical description of
three-dimensional motions: application to the knee, J. Biomech. Eng. 105 (1983)
136, https://doi.org/10.1115/1.3138397.

M.P. Kadaba, H.K. Ramakrishnan, M.E. Wootten, Measurement of lower extremity
kinematics during level walking, J. Orthop. Res. 8 (1990) 383-392, https://doi.org/
10.1002/jor.1100080310.

T. Chau, A review of analytical techniques for gait data. Part 2: neural network and
wavelet methods, Gait Posture 13 (2001) 102-120, https://doi.org/10.1016/
S0966-6362(00)00095-3.

K.J. Deluzio, A.J. Harrison, N. Coffey, G.E. Caldwell, Analysis of biomechanical
waveform data, in: D.G.E. Robertson, G.E. Caldwell, J. Hamill, G. Kamen,

S.N. Whittlesey (Eds.), Res. Methods Biomech., Human Kinetics, Champaign, 2014,
pp. 317-337.

C.M.B. Magalhaes, R.A. Resende, R.N. Kirkwood, Increased hip internal abduction
moment and reduced speed are the gait strategies used by women with knee os-
teoarthritis, J. Electromyogr. Kinesiol. 23 (2013) 1243-1249, https://doi.org/10.
1016/j.jelekin.2013.05.013.

R.A. Resende, R.N. Kirkwood, K.J. Deluzio, E.A. Hassan, S.T. Fonseca, Ipsilateral
and contralateral foot pronation affect lower limb and trunk biomechanics of in-
dividuals with knee osteoarthritis during gait, Clin. Biomech. 34 (2016) 30-37,
https://doi.org/10.1016/j.clinbiomech.2016.03.005.

K.J. Deluzio, J.L. Astephen, Biomechanical features of gait waveform data asso-
ciated with knee osteoarthritis. An application of principal component analysis,
Gait Posture 25 (2007) 86-93, https://doi.org/10.1016/j.gaitpost.2006.01.007.
R.A. Resende, R.N. Kirkwood, K.J. Deluzio, S. Cabral, S.T. Fonseca, Biomechanical
strategies implemented to compensate for mild leg length discrepancy during gait,
Gait Posture 46 (2016) 147-153, https://doi.org/10.1016/j.gaitpost.2016.03.012.
R.A. Resende, K.J. Deluzio, R.N. Kirkwood, E.A. Hassan, S.T. Fonseca, Increased
unilateral foot pronation affects lower limbs and pelvic biomechanics during
walking, Gait Posture 41 (2015) 395-401, https://doi.org/10.1016/j.gaitpost.
2014.10.025.

A. Field, Discovering Statistics Using IBM SPSS Statistics, 4th ed., Sage, London,
2013.

S.C.E. Brandon, R.B. Graham, S. Almosnino, E.M. Sadler, J.M. Stevenson,

K.J. Deluzio, Interpreting principal components in biomechanics: representative
extremes and single component reconstruction, J. Electromyogr. Kinesiol. 23
(2013) 1304-1310, https://doi.org/10.1016/j.jelekin.2013.09.010.

T.F. Novacheck, The biomechanics of running, Gait Posture 7 (1998) 77-95,
https://doi.org/10.1016/50966-6362(97)00038-6.

249

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Gait & Posture 74 (2019) 242-249

B. Hintermann, B.M. Nigg, Pronation in runners, Sport. Med. 26 (1998) 169-176,
https://doi.org/10.2165/00007256-199826030-00003.

A. Miindermann, J.M. Wakeling, B.M. Nigg, R.N. Humble, D.J. Stefanyshyn, Foot
orthoses affect frequency components of muscle activity in the lower extremity,
Gait Posture 23 (2006) 295-302, https://doi.org/10.1016/].gaitpost.2005.03.004.
R. Lenhart, D. Thelen, B. Heiderscheit, Hip muscle loads during running at various
step rates, J. Orthop. Sport. Phys. Ther. 44 (2014) 766-774, https://doi.org/10.
2519/jospt.2014.5575.

R.B.O. Gomes, T.R. Souza, B.D.C. Paes, F.A. Magalhaes, B.A. Gontijo, S.T. Fonseca,
J.M. Ocarino, R.A. Resende, Foot pronation during walking is associated to the
mechanical resistance of the midfoot joint complex, Gait Posture 70 (2019) 20-23,
https://doi.org/10.1016/j.gaitpost.2019.01.027.

D.A. Neumann, Kinesiology of the Musculoskeletal System: Foundations for
Rehabilitation, 2nd ed., Mosby/Elsevier, St. Louis, 2010.

A. Hreljac, R.N. Marshall, P.A. Hume, Evaluation of lower extremity overuse injury
potential in runners, Med. Sci. Sport Exerc. 32 (2000) 1635-1641, https://doi.org/
10.1097/00005768-200009000-00018.

B.C. Luz, A.F. dos Santos, M.C. de Souza, T. de Oliveira Sato, D.A. NawoczensKi,
F.V. Serrao, Relationship between rearfoot, tibia and femur kinematics in runners
with and without patellofemoral pain, Gait Posture 61 (2018) 416-422, https://doi.
org/10.1016/j.gaitpost.2018.02.008.

R. Ferber, B. Noehren, J. Hamill, I. Davis, Competitive female runners with a history
of iliotibial band syndrome demonstrate atypical hip and knee kinematics, J.
Orthop. Sports Phys. Ther. 40 (2009) 52-58, https://doi.org/10.2519/jospt.2010.
3028.

T.A. Dierks, K.T. Manal, J. Hamill, I. Davis, Lower extremity kinematics in runners
with patellofemoral pain during a prolonged run, Med. Sci. Sports Exerc. 43 (2011)
693-700, https://doi.org/10.1249/MSS.0b013e3181744f5.

E.D. Ryan, T.J. Herda, P.B. Costa, J.M. Defreitas, T.W. Beck, J.R. Stout, J.T. Cramer,
Passive properties of the muscle-tendon unit: the influence of muscle cross-sectional
area, Muscle Nerve 39 (2009) 227-229, https://doi.org/10.1002/mus.21218.
M.F. Reinking, T.M. Austin, R.R. Richter, M.M. Krieger, Medial tibial stress syn-
drome in active individuals: a systematic review and meta-analysis of risk factors,
Sports Health 9 (2016) 252-261, https://doi.org/10.1177/1941738116673299.
E.M. Davis, C.L. Hubley-Kozey, S.C. Landry, D.M. Ikeda, W.D. Stanish,

J.L. Astephen, Longitudinal evidence links joint level mechanics and muscle acti-
vation patterns to 3-year medial joint space narrowing, Clin. Biomech. 61 (2019)
233-239, https://doi.org/10.1016/j.clinbiomech.2018.12.016.

J.J. Eng, M.R. Pierrynowski, The effect of soft foot orthotics on three-dimensional
lower-limb kinematics during walking and running, Phys. Ther. 74 (1994) 836-844,
https://doi.org/10.1093/ptj/74.9.836.

J. Kosonen, J.P. Kulmala, E. Miiller, J. Avela, Effects of medially posted insoles on
foot and lower limb mechanics across walking and running in overpronating men, J.
Biomech. 54 (2017) 58-63, https://doi.org/10.1016/j.jbiomech.2017.01.041.

M. Kido, K. Ikoma, Y. Hara, K. Imai, M. Maki, T. Ikeda, H. Fujiwara, D. Tokunaga,
N. Inoue, T. Kubo, Effect of therapeutic insoles on the medial longitudinal arch in
patients with flatfoot deformity: a three-dimensional loading computed tomography
study, Clin. Biomech. 29 (2014) 1095-1098, https://doi.org/10.1016/j.
clinbiomech.2014.10.005.

N.M. Fiorentino, P.R. Atkins, M.J. Kutschke, J.M. Goebel, K.B. Foreman,

A.E. Anderson, Soft tissue artifact causes significant errors in the calculation of joint
angles and range of motion at the hip, Gait Posture 55 (2017) 184-190, https://doi.
org/10.1016/j.gaitpost.2017.03.033.


https://doi.org/10.7547/1030405
https://doi.org/10.2519/jospt.1986.8.4.185
https://doi.org/10.2519/jospt.1986.8.4.185
https://doi.org/10.2519/jospt.1984.5.5.230
https://doi.org/10.2519/jospt.2016.6280
https://doi.org/10.2519/jospt.2016.6280
https://doi.org/10.2478/v10078-012-0075-8
https://doi.org/10.1115/1.3138397
https://doi.org/10.1002/jor.1100080310
https://doi.org/10.1002/jor.1100080310
https://doi.org/10.1016/S0966-6362(00)00095-3
https://doi.org/10.1016/S0966-6362(00)00095-3
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0145
https://doi.org/10.1016/j.jelekin.2013.05.013
https://doi.org/10.1016/j.jelekin.2013.05.013
https://doi.org/10.1016/j.clinbiomech.2016.03.005
https://doi.org/10.1016/j.gaitpost.2006.01.007
https://doi.org/10.1016/j.gaitpost.2016.03.012
https://doi.org/10.1016/j.gaitpost.2014.10.025
https://doi.org/10.1016/j.gaitpost.2014.10.025
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0175
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0175
https://doi.org/10.1016/j.jelekin.2013.09.010
https://doi.org/10.1016/S0966-6362(97)00038-6
https://doi.org/10.2165/00007256-199826030-00003
https://doi.org/10.1016/j.gaitpost.2005.03.004
https://doi.org/10.2519/jospt.2014.5575
https://doi.org/10.2519/jospt.2014.5575
https://doi.org/10.1016/j.gaitpost.2019.01.027
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0210
http://refhub.elsevier.com/S0966-6362(18)31629-1/sbref0210
https://doi.org/10.1097/00005768-200009000-00018
https://doi.org/10.1097/00005768-200009000-00018
https://doi.org/10.1016/j.gaitpost.2018.02.008
https://doi.org/10.1016/j.gaitpost.2018.02.008
https://doi.org/10.2519/jospt.2010.3028
https://doi.org/10.2519/jospt.2010.3028
https://doi.org/10.1249/MSS.0b013e3181f744f5
https://doi.org/10.1002/mus.21218
https://doi.org/10.1177/1941738116673299
https://doi.org/10.1016/j.clinbiomech.2018.12.016
https://doi.org/10.1093/ptj/74.9.836
https://doi.org/10.1016/j.jbiomech.2017.01.041
https://doi.org/10.1016/j.clinbiomech.2014.10.005
https://doi.org/10.1016/j.clinbiomech.2014.10.005
https://doi.org/10.1016/j.gaitpost.2017.03.033
https://doi.org/10.1016/j.gaitpost.2017.03.033

	Effects of medially wedged insoles on the biomechanics of the lower limbs of runners with excessive foot pronation and foot varus alignment
	Introduction
	Methods
	Participants
	Instruments and procedures
	Data reduction
	Data analysis
	Principal component analysis (PCA)
	Statistical analysis and interpretation of the PC-scores


	Results
	Characterization of the participants and running temporal-spatial measures
	Control condition versus insole condition

	Discussion
	Conclusions
	mk:H1_14
	Acknowledgements
	Supplementary data
	References




