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The purpose of this study was to investigate the behavior of foot pronation at different percentages of peak
velocity in 23 physically active men. An ergospirometric test was carried out with an initial velocity of 9 km h~!
and increments of 1 km h ™! until exhaustion. 2D kinematic analysis was performed in the posterior frontal plane
at all velocities to identify the maximal angle of pronation (MAP) of the right leg. The analyses were performed

between the initial periods (0%), 25%, 50%, 75%, and 100% (peak of velocity — PV). All comparisons of the PV
phases with the MAP showed an increase in the angle of foot pronation, with the exception of between the start
and 25% of PV. Only 4 (~17%) subjects maintained MAP values within a normal range until PV was reached.
Control of the volume and intensity of training, as well as the running technique is suggested and strengthening
of the muscles responsible for stabilization of the foot pronation.

1. Introduction

The incidence of injuries during running has been extensively stu-
died [1,2]. Van Gent et al. [1] reported an occurrence of up to 79% of
injuries in non-elite runners, in different body regions. However, Nigg
et al. [2] emphasized that although many studies discuss the prevalence
of injuries in running, there is great variability in the results related to
frequency, varying between 15% and 85% over the years. This raises a
question about the factors that may be involved in this variability, with
the aim of defining effective prevention strategies.

Injuries in running can have extrinsic and intrinsic origins, where
extrinsic risk factors, or risk factors external to the runner, include
training volume, injury history, and training environments [2]. Among
the intrinsic risk factors, the two most commonly pointed out in the
literature that may be associated with the development of injuries
during running are the impact forces during the touch of the heel on the
ground and the foot pronation [2,3]. Historically, foot mechanics have
been considered to contribute to misalignment and consequent onset of
lower extremity pathology through joint coupling with internal rotation
of the tibia [4].

However, it is known that foot pronation is a motion of the foot
articulations that allows the foot to become more prone to the support
surface, thereby increasing the ground contact surface area of the foot
[5], which is necessary to attenuate the impact forces between the foot
and the ground, since it provides the necessary absorption during the

stance, allowing effective locomotion [6]. Nevertheless, the inability to
achieve these end range of joint motions safely when necessary may in
its self be an injury mechanism [5,6]. Therefore, it will only be harmful
when it reaches excessive values for a long time, added to which, even
if pathology is not provoked, a joint moving excessively is a sign that
the metabolic efficiency of the motion will be less than optimal [5,6].

Foot pronation has received great attention in scientific studies
[4,7] and clinical practice as a potential risk factor for lower extremity
overload injuries, particularly when related to increased range of mo-
tion (foot hyperpronation). Despite receiving attention in several stu-
dies, the existence of a dichotomy in the use of hyperpronation (HP) as
a term for normal and abnormal motion helps to perpetuate a state of
confusion [5]. However, in this study, foot hyperpronation was un-
derstood as a range of motion within the foot that makes the foot more
prone to the support surface, which is greater than required by the
individual to adjust to morphology or to adapt to the forces placed on
the musculoskeletal system by kinetic and kinematic events within gait
or another given action [5]. A definition of HP should represent the
three states in which HP can occur, these being the amount of prona-
tion; the duration of pronation; and the rate at which forces of prona-
tion are applied to the foot. Each of these situations can cause HP as a
single factor or in any combination.

For many years, it was considered that foot pronation, over the
thousands of repetitive running cycles, was one of the main factors
responsible for the development of overuse injuries [6]. Thus, angular
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values of foot pronation between 7° and 10° have demonstrated a lower
association with the incidence of injury, however, foot hyperpronation
(above 10°) has been related with a high prevalence of injuries [2,7,8].
It is believed that this increase in foot pronation may lead to an increase
in the magnitude, velocity, and duration of internal rotation of the knee
and hip, thus altering the stress imposed on structures of the lower
limbs and lumbo-pelvic complex [9].

Therefore, in addition to anatomical factors, the use of orthoses
[10], footwear [11], different types of sole [12], and running velocity
[7] also seem to exert influence on pronation levels of the hindfoot.
Hindfoot hyperpronation can be understood as a range of motion [5];
with regard to running velocity [7], it was observed that increases in
velocity lead to significant increases in the maximal pronation angle
and maximal pronation velocity. Although the authors evaluated only
submaximal intensities (70 and 75% of VO2max), evidence suggests
that maintaining high running velocities may alter the heel strategy for
the midfoot, and the increase in overload in the first metatarsal could
be the explanation for the increase in the angle of pronation of the
hindfoot, especially due to the fatigue in the muscles responsible for
controlling this movement [13,14]. Most middle-distance and long-
distance competitions are performed at submaximal intensities [15],
however, during training sessions, maximal and supramaximal velocity
stimuli are often required to improve both aerobic capacity and power
[16].

Running at high intensities leads to an increase in fatigue, and re-
duction in neuromuscular control, which may be detrimental to runners
[17]. This reduction in neuromuscular control may affect the balance of
subtalar complex morphology in the forces imposed on the muscu-
loskeletal system by high intensity running [17,18]. Therefore, foot
pronation encountered in moderate intensity running as a natural me-
chanism of absorption of forces may become foot hyperpronation in
high intensity running [19]. This foot hyperpronation induced by fa-
tigue decreases the stiffness of the lower extremity and the energy ab-
sorbing capacity results in kinematic, kinetic, and muscle activation
compensations to maintain appropriate muscle—joint-complex stiffness
and performance [17].

Understanding the responses of this mechanism of absorption of
impact (foot pronation) when submitted to non-functional situations by
external factors (running intensity), and the consequences on the lo-
comotive apparatus, has aroused the interest of researchers [8,19].
Knowing that several velocities and intensities of running are required
in the training sessions and competitions, the objective of the present
study was to investigate the behavior of foot pronation at different
percentages of peak of velocity. Our hypothesis was that elevation in
exercise intensity, by inducing fatigue and reducing neuromuscular
control, would lead to increases in foot pronation, which may increase
the likelihood of future injuries in running practitioners.

2. Methods

Twenty-three physically active men volunteered to participate in
the study (35.51 * 10.71 years, 69.26 + 10.25kg weight,
171.65 = 8.04 cm height). All participants were submitted to a max-
imal incremental ergospirometric test on a treadmill with monitoring of
cardiorespiratory parameters (heart rate (HR) and volume of oxygen
uptake (VO,)) and kinematic variables (maximal angle of pronation of
the hindfoot). The inclusion criteria were: free of heart disease and
orthopedic dysfunctions in the upper and lower limbs and physically
active with regular aerobic training (5% wk) for at least 12 months
prior to the start of the study. All procedures performed were approved
by the local ethics committee on human research (No. 1,062,842), in
accordance with the ethical guidelines of the Declaration of Helsinki
(64th WMA General Assembly, Fortaleza, Brazil, October 2013).
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2.1. Ergospirometric test

The warm-up for the maximal incremental ergospirometric test
(Movement RT350®) began at 8 km h~?!, with a 5 min duration, pre-
ceded by standard stretching exercises for the trunk (spine), and upper
(shoulders) and lower limbs (hips, knees, and ankles) consisting of two
sets of 15, sustained for each exercise. After the warm-up, the ex-
perimental protocol started at a velocity of 9 km h™?! (start), increasing
by 1kmh™! every minute, until maximal voluntary exhaustion (non-
sustained total time of the period after the increase) [20]. The partici-
pants were encouraged to continue the test until they were no longer
able to withstand the stress. After the negative signal expressed by the
subject, the velocity was reduced to 4 km h™?, and the 5 min recovery
began. Volume of Oxygen consumed (VO,), Pulmonary Ventilation
(VE), and Volume of Carbonic Gas produced (VCO,) were measured
continuously by means of a gas analyzer (VO2000, Aerosport Medical
Graphics, USA) only as control variables. HR was monitored throughout
the test (Polar RS400°®). The maximum heart rate (HRmax) was de-
termined as the highest value observed throughout the test. Peak ve-
locity (PV) was considered to be the final velocity completed (End).

2.2. Determination of foot pronation

The foot pronation in this study was characterized by maximal angle
of pronation of the hindfoot (MAP). The MAP was determined by the
difference between the relative angle (a) formed between the segments
S1 (D-C) and S2 (A-B) [19], (Fig. 1), obtained in the flat foot phase
(Fig. 2d) (highest value observed up to 40% of the support phase from
the foot strike) and the angle found at the touch of the heel at the initial
contact of the hindfoot (Fig. 2b). To track the points in the software,
reflective markers were used, according to previous studies [12,21].

The entire experimental protocol was recorded with a camera
(Panasonic, Lumix FZ 200, 120 Hz) positioned in the posterior frontal
plane, 30 cm above the ground and 1m from the treadmill. The

Fig. 1. Four-point mathematical model for calculating the foot pronation angle,
posterior frontal plane.
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Fig. 2. Initial contact (a), 40% of the support phase (c), and angles in the respective phases (b and d).

sampling rate used in this study was 120 Hz (frames per second). After
the test, the MAP of the right lower limb was analyzed through Kinovea
software (version 0.8.25 Joan Charmant & Contrib) in 5 steps for each
velocity [12]. The data were normalized individually. Participants were
instructed to perform the test with training shoes suitable for running.
For the purpose of analysis, the velocity of 9 km h™! (start), the PV, and
25, 50, and 75% of the PV (End) were considered.

2.3. Statistical analysis

The effect size (ES) was calculated to compare the MAP in different
% of PV. Magnitude-based inference analyses were used to examine
practical significances. The magnitude of differences between %PVs
was calculated and expressed as standardized mean differences. We
adopted the criteria of Cohen for the analysis (0.20: small; 0.50: mod-
erate; and 0.80: large) [22]. The chances of the true (unknown) mean
changes being trivial, positive, or negative (i.e., greater than the
smallest worthwhile change [0.2 multiplied by the between-subjects’
SD]) were determined. Quantitative chances of a positive or negative
effect were assessed qualitatively, as follows: < 1% = most unlikely;
1-5% = very unlikely; 5-25% = unlikely; 25-75% = possibly;
75-95% = likely; 95-99% = very likely; and > 99% = most likely. If
the chances of positive and negative effects were both 5%, then the true
difference was assessed as unclear.

3. Results
The physiological and maximal and submaximal parameters are

Table 1

Maximum physiological parameters and maximal and submaximal performances.
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Fig. 3. Effect size of the running intensities on the maximum angle of prona-
tion.

described in Table 1.

Fig. 3 presents the values of MAP at the different percentages of the
peak velocity (Start, 25, 50, 75%, and End), as well as their respective
ES. Considering the ES values, a gradual increase in MAP was observed
as the intensity rose. These increases are barely perceptible (ES = S-
mall) when compared to the higher intensity (Start to 25%: ES = 0.19;
25%-50%: ES = 0.26; 50%-75%: ES = 0.25; 75% to End: ES = 0.34).
It was also observed that at 9 km/h (Start), 9 subjects (~39%) pre-
sented MAP values considered adequate (< 12°). The number of sub-
jects who maintained MAP values within a normal range decreased to 4

VOomax (ml kg™ min™) HRyr, (bpm)

PV (kmh™1) Vel. yr; (kmh™1) Vel.yp (kmh™1)

43.25 * 8.90 178 = 1

1891 + 2.83 10.43 + 1.47 13.17 + 2.06
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Fig. 4. Magnitude of the effect comparing different running intensities.

(~17%) at peak velocity (End).

The qualitative analyses of the MAP at the different intensities are
presented in Fig. 4. With the exception of the comparison between Start
and 25% (Likely trivial) all other comparisons presented positive effects
of intensity on the increase in MAP. Comparisons with peak velocity
(End) indicated “Most likely positive” effects for the conditions Start
and 25%, “Very likely positive” effects for the intensity of 50%, and
“Likely positive” for the intensity of 75%. These results reinforce the
findings of Fig. 3, where the increase in the intensity of the effort raises
the odds of foot hyperpronation.

4. Discussion

The main objective of the present study was to investigate the be-
havior of foot pronation at different percentages of peak of velocity.
Our data confirmed the hypothesis that an increase in intensity leads to
increases in MAP both at submaximal and maximal intensities. In ad-
dition, we observed that some subjects, who presented MAP values
considered to be normal (< 10°) at submaximal running intensities,
presented higher MAP values with increased intensity of the effort.
These results reinforce the need for MAP assessments at different in-
tensities, including the PV.

An elevation in running velocity has been pointed out as a potential
modifying factor of the magnitude of biomechanical variables during
locomotion [23]. The hypothesis that the increase in running velocity
could affect the MAP was first confirmed by Tartaruga et al. [7]. The
authors observed that when running velocity ranged from 11 to
13km h™?, the MAP increased from 5.87 + 4.66° to 9.44 = 5.15°in
women, while in men, when the velocity increased from 14 km h™! to
16kmh™! the MAP increment was from 6.79 + 4.01° to
9.69 = 3.14°. Subsequently, Oliveira et al. [8] also investigated the
effects of the slope gradient (+ 1%, + 5%, + 10%, + 15%) on MAP in
submaximal running and did not observe significant changes. Our data
confirm the hypothesis raised by Tartaruga et al. [7], since we observed
increases of 8.7% (start to 25%), 12.6% (25-50%), 11.8% (50-75%),
and 10.2% (75% to End), especially when approaching exhaustion. It is
believed this change demonstrates subtle compensations in running
patterns as runners approach exhaustion and that some individuals are
more sensitive to the effects of fatigue, as evidenced by extreme com-
pensations in running pattern [24]. Van Gheluwa et al. [25] concluded
that running at high speed to voluntary exhaustion significantly in-
creases rearfoot motion, as represented by maximal heel eversion and
subtalar pronation, and the pattern of heel eversion and subtalar pro-
nation is similarly affected by exhaustion, and, furthermore, the rear-
foot movement is directly affected by fatigue and not by a fatigue-in-
duced increase in step length.

It is also worth noting that the subjects who presented MAP within
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normality (MAP < 10°) at submaximal intensities, no longer presented
normal levels as the intensity of effort rose. An example of this is that at
the rate of 9kmh ™! (Start), 8 subjects presented MAP values below
10°, while at the end (End) only 4 subjects maintained this normality.
Thus, elevation of the angular values of MAP and the fact that subjects
at intensities near maximal present values higher than those considered
normal, leads to concern. This is due to the increase in the range of
motion in this joint, which alters the stresses imposed on the structures
of the lower limbs and the lumbo-pelvic complex, which may cause
damage to the musculoskeletal system [26]. Furthermore, there is
strong evidence that foot hyperpronation is a risk factor for the devel-
opment of medial tibial stress syndrome and possibly a risk factor for
the development of patellofemoral pain [3].

It is known that high intensities affect many parameters of running
[24], and these changes can be explained by the increased fatigue, with
a consequent decrease in neuromuscular system control [17]. This re-
duction makes it difficult to maintain the compensations necessary in
the muscle—joint-complex, and consequently, the stiffness of the joint
and performance during running [17].

Thus, understanding that the mechanics of the feet contribute to the
misalignment and pathology of the lower extremities by means of joint
coupling with the internal rotation of the tibia [4], and that amplitudes
greater than those considered physiological characterize foot hyper-
pronation and cause greater joint overload and may be associated with
the onset of injuries [3], the importance of minimizing these alterations
during running practice should be emphasized. In addition, it was
found that an increase in the running intensity exposed the majority of
the individuals to foot pronation beyond that considered normal. It is
believed that strict control of factors related to the training regime
(training volume, intensity, and rest periods), training environment
(including soil rigidity, incline, decline, and traction), and variables
such as body composition, aerobic fitness, muscle strength, balance,
and movement technique may contribute to reducing these alterations
while preserving the integrity of the lower limbs.

In addition, the importance of strengthening the anterior tibial
muscle, one of the muscles responsible for the neuromuscular control of
this joint during foot-strike, is also highlighted. Previous studies have
shown that fatigue of this muscle promotes imbalance between dorsi-
flexors and ankle flexors and a consequent increase in the acceleration
of tibial impact [17,18]. This fact alerts athletes to the aspects to which
they are subjected, since immediate care, such as strengthening the
specific muscles responsible for controlling this movement, especially at
higher training intensities, could be an important ally in the prediction
of injuries.
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4.1. Brief summary

e Intensity of running is a determining factor on the other variables
that could influence the maximum angle of foot pronation.

e Emphasis is placed on the importance of care in training control, as
well as on the running technique and strengthening of the muscles
responsible for stabilization of the foot pronation.

e The originality of MAP testing at maximal aerobic velocities (PV).

e Use of a simple method to identify MAP, which could be used by
professionals such as running technicians and physiotherapists.
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