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Preface to ”Biomechanics Energetics of Natural

Assisted Human Comparative Movement Locomotion”

Movement and locomotion have always been key activities for all animals, being related to 
the most crucial life functions: retrieving food, facing environmental issues and mating. Thus, 
humans are able to execute fully developed complex upper arms movements and bipedal gaits in 
order to move and locomote. To further enhance their performance, they started inventing smart 
passive mechanical tools. This need arose from both intrinsic limitations of their muscle–joint–bone 
systems and metabolic power availability. Newly invented devices were mainly introduced in 
order to cope with such constraints. Some of the potential topics and questions regarding 
symmetry and biomechanics and energetics of passively assisted human movement and locomotion 
include: how symmetrical/asymmetrical are most performing/economical human-powered assisted 
locomotion modes on land, water, and air; how did passively assisted locomotion and/or movement 
(for catching, manipulating, carrying, etc.) evolve over history in terms of symmetry degree; and 
how symmetrically do man-passive tool complexes best adapt to extreme environmental conditions 
(viz. different gradients, surfaces, media, etc.). The aim of this Special Issue is to advance knowledge 
regarding symmetry and biomechanics and energetics of passively assisted human movement 
and locomotion.

Luca Paolo Ardigo

Editor
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Abstract: Individuals with Parkinson’s disease (PD) have gait asymmetries, and exercise therapy
may reduce the differences between more and less affected limbs. The Nordic walking (NW) training
may contribute to reducing the asymmetry in upper and lower limb movements in people with PD.
We compared the effects of 11 weeks of NW aerobic training on asymmetrical variables of gait in
subjects with mild PD. Fourteen subjects with idiopathic PD, age: 66.8± 9.6 years, and Hoehn and Yard
stage of 1.5 points were enrolled. The kinematic analysis was performed pre and post-intervention.
Data were collected at two randomized walking speeds (0.28 m·s−1 and 0.83 m·s−1) during five minutes
on the treadmill without poles. The more affected and less affected body side symmetries (threshold
at 5% between sides) of angular kinematics and spatiotemporal gait parameters were calculated.
We used Generalized Estimating Equations with Bonferroni post hoc (α = 0.05). Maximal flexion of
the knee (p = 0.007) and maximal abduction of the hip (p = 0.041) were asymmetrical pre and became
symmetrical post NW intervention. The differences occurred in the knee was less affected and the
hip was more affected. We concluded that 11 weeks of NW training promoted similarities in gait
parameters and improved knee and hip angular parameters for PD subjects.

Keywords: locomotion; biomechanics; pole walking; more affected side; asymmetries; angles;
spatiotemporal; aerobic training

1. Introduction

Individuals with Parkinson’s disease (PD) walk slower than able-bodied people. The lower
segmental and trunk excursion are associated with a reduced stride length and increased double
support time and stride variability during walking in PD subjects [1–4]. Additionally, the contralateral
gait asymmetry is associated with the chance of a person with PD developing freezing of gait [2,5].

The literature shows that in people with PD, the tremor reduced the upper and lower limbs
asymmetry, mainly at higher walking speeds [1]. During the gait cycle, the angular kinematic
parameters, such as shoulder and elbow movement, hip flexion and extension, pelvic rotation,
knee flexion, plantar, and dorsiflexion of ankle need to be coordinated to conserve energy.
The preservation of the range of joint motion results in lower vibrations and lower impact forces during
the gait as well as minor compensations during the task. Therefore, the symmetry during gait may
result in lower energy expenditure [6–8].

Symmetry 2019, 11, 1481; doi:10.3390/sym11121481 www.mdpi.com/journal/symmetry1



Symmetry 2019, 11, 1481

Aerobic exercises improve the functionality, mechanics, and energetic parameters in people with
PD [9–11]. In this context, Nordic Walking (NW) is an exercise modality that revealed functional
improvements in older people with PD [12–15]. The NW is characterized by the use of poles that
requires symmetrical and coordinated movements provided by arm participation to move the body
forward [16]. Also, the range of upper limb motion is increased using poles [17] changing the muscular
synergies, particularly the spatial organization [18] and the magnitude of activation [19] of upper limb
muscles in comparison to free walking (FW) [18].

Although the natural history of illness suggests an increasing contralateral asymmetry in
PD [4,20,21], the findings are controversial. For example, Delval and colleagues did not observe
gait asymmetries [22], whereas the literature showed that the swing time are markedly differently
between feet [4]. The asymmetries attributed to cardinal symptoms of PD seem to denote a natural
functional difference between the limbs, particularly associated with propulsion and control tasks [23].

While the NW improves functional mobility and independence for PD [13,14], the potential
improvement on the contralateral asymmetry after NW intervention remains unknown. Therefore,
this study aimed to characterize the contralateral gait asymmetries and to investigate the effects of NW
on these asymmetries in individuals with PD. We hypothesized that the kinematic variables during
gait at pre-test period should be different between the sides (asymmetric), and that at post-test period,
these differences should decrease, resulting in a more symmetrical gait.

2. Materials and Methods

2.1. Experimental Design

This is an experimental study that evaluated an intentional and non-probabilistic sample of people
with Parkinson’s disease. We first characterized the gait asymmetry and after tested the NW in the
asymmetrical variables. We conducted the study in line with the protocol approved by the Ethics
Committee of Research involving human beings from Universidade Federal do Rio Grande do Sul
(project number: 69919017.3.0000.5347 and clinical trials ID: NCT03860649). All subjects gave their
informed consent for inclusion before they participated in the study.

2.2. Participants

We included people with the diagnosis of idiopathic PD, aged 50 to 80 years, 1 to 3 on the Hoehn
& Yahr (H&Y) scale [24], and physically inactive for at least one month. They should be in medical
treatment and should have the ability to understand the verbal instructions to performing the tests.
The exclusion criteria are: they should not have history of vertigo, surgeries in lower limbs during the
last year, and making use of prostheses in the lower limbs. Further, the participants who undergone
deep brain stimulation surgery, who had severe heart diseases or other associated neurological diseases,
dementia, and who did not have conditions of ambulation and who got Montreal Cognitive Assessment
(MoCA) less than 21 points were excluded [25]. Subjects who missed more than 75% of classes were
excluded. Also, only ambulatory individuals and individuals who were walking without aid on the
treadmill were included.

Calculation of the sample size was carried out using the Gpower v.3.1 program. Values of maximal
flexion of the knee and maximal abduction of the hip from the study of Ribeiro et al., (2018) were used
for the calculation [26], with a level of 5% and a power of 85%. A number of 14 subjects was estimated,
considering the possible sample losses and a good adhesion rate estimated at 70% [27].

2.3. Assessment and Intervention Procedures

All procedures were carried out at the in the Biodynamic sector of the Exercise Research Laboratory
(LAPEX). Subjects attended three distinct moments to perform data collection. On the first day, previous
evaluation of the individual was performed to verify whether it fit the eligibility criteria. After these
initial procedures, the Unified Parkinson’s Disease Rating Scale (UPDRS) was performed to determine

2



Symmetry 2019, 11, 1481

the side more and less affected [28] and H&Y scale. Subsequently, after 10 min of rest, the individual
performed the six-minute walking test (6MWT) on the ground. After 10 min of rest, they were
familiarized to the treadmill (INBRAMED, model ATL-Inbrasport, Porto Alegre, Brazil), and rating of
perceived exertion (Borg Scale) for 15 min [15].

The kinematic analysis was performed pre and post-intervention of NW. The subjects walked in
randomized walking speeds of 0.28 m·s−1 and 0.83 m·s−1 for three minutes, and the kinematic data
collection was performed at the last minute. The kinematic data collection was carried out by the
three-dimensional motion analysis system Vicon (Vicon Motion Capture System-Oxford Instrument
Group-USA, 1984), using six infrared cameras (100 Hz, three cams Bonita with a resolution of 1 MP,
and three cams T10 with a resolution of 1.3 MP). Thirty-five reflective spherical markers were placed on
anatomic landmarks of interest according to the model Plug-in-Gait Full-Body. The three-dimensional
reconstruction of the captured kinematic data was obtained automatically by the Vicon NEXUS®1.8.5
software. The system captured a filming space of 4 m wide, x 6 m long, and 3.5 m high.

The training period lasted 11 weeks, with two weekly sessions, being four sessions of NW
technique adaptation and 18 sessions of NW training (22 sessions in total). The volume was determined
by the session time in minutes and by the percentage of the distance covered in the 6MWT, which was
determined individually for each subject (Equations (1)–(3)) [29]. Therefore, the individuals were
divided in three groups of volume coefficient based on the individual capacity of the subjects.
These groups include A1: those who walked at 50% of the 6MWT (coefficient less than 0.85), A2:
those who walked at 70% of the 6MWT (coefficient between 0.86 and 1.2), and A3: those who walked
at 100% of the 6MWT (coefficient above 1.2) in the first session. The intensity was based on the
subjective intensity of gait that was comfortable, intermediate, maximal, and jog. Comfortable velocity
is that speed that person normally walks in the street. The intermediate velocity is the speed between
the comfortable and the maximum, and the maximum speed determines how fast as possible the
person can walk without running, while the jog is the intensity in which the individuals will run for a
short period.

Volume coefficient = performed distance / predicted distance (1)

Man: predicted distance
(m) = 493 + (2.2 × height) − (0.93 ×weight) − (5.3 × age) + 17 m

(2)

Woman: predicted distance
(m) = 493 + (2.2 × height) − (0.93 ×weight) − (5.3 × age) m

(3)

The training periodization (Figure 1) was based on [15] and more details can be observed in
supplementary material 1 (Tables S1–S3). We conducted the NW training on the athletics track (400 m)
of the School of Physical Education, Physical Therapy and Dance (ESEFID) of the Universidade Federal
do Rio Grande do Sul (UFRGS).

3



Symmetry 2019, 11, 1481

 
Figure 1. The training volume (grey lines, left vertical scale) is in meters, and intensity (black line,
right vertical scale) is in rates of perceived speed during 22 training sessions. The subjective Intensity
of Gait is the rate of perceived speed, and the number 1 represents (comfortable), 2 (comfortable and
intermediate), 2.5 (intermediate and fast), 3 (comfortable, intermediate, and fast), 3.5 (intermediate and
fast) and 4 (comfortable, intermediate, fast, and jog). The individuals included in the Group A1 are
those who walk at 50% of the 6MWT (coefficient less than 0.85), A2 are those who walk at 70% of the
6MWT (coefficient between 0.86 and 1.2), and A3 are those walking at 100% of the 6MWT (coefficient
above 1.2) in the fifth session.

2.4. Data Analysis

The kinematic analysis was performed using the Nexus software [15]. Firstly, we investigate if the
subjects presented any asymmetries of maximal flexion of hip, knee, and ankle, abduction ROM of hip
and the maximal abduction of hip and flexion and extension maximal of knee on touch down and,
stance time(s), relative stance time (%) and double stance time(s). After, we tested the effect of NW on
the asymmetrical variables. The angles were determined by software VICON NEXUS®1.8, that use
Euler calculations, all lower and upper body angles are calculated in rotation order YXZ, except for
ankle angles, which are calculated in order YZX (available on Plug-in Gait Reference Guide).

The spatiotemporal variables were determined from the touch down and takeoff by 10 strides
in the gait cycle. The mean of 10 strides was used to calculated angle and spatiotemporal outcomes.
The data was exported from Vicon NEXUS® 1.8.5 software and processed in the LabVIEW software
(National Instruments 8.5). The symmetry between the segments was considered when no statistical
differences were observed in the parameters measured bilaterally [23].

2.5. Statistical Analysis

We used descriptive analysis to report the results (mean and confidence interval Wald 95%).
The Generalized Estimating Equations (GEE) was used to characterize the gait asymmetries.
When p < 0.05, the variables were considered asymmetric. Additionally, GEE was used to test
the main effects of NW in asymmetrical variables, and the Bonferroni post hoc test was performed to
identify the significant differences at α < 0.05. Also, the effect size (ES) was calculated using the Hedges’
g considering trivial (<0.20), small (0.20–0.49), moderate (0.50–0.79), large (>0.80), and too large (>1.30)
effects between pre and post-tests at more affected and less affected segments in the asymmetrical
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variables [30,31]. Statistical analysis was performed by a highly trained researcher who was blinded to
the participants, using SPSS software (Statistical Package for Social Sciences, version 21.0).

3. Results

A total of 14 participants with idiopathic PD were included in the study. Individual characteristics
of the sample are shown in Table 1.

Table 1. Characteristics of the subjects.

Variable Mean (Standard Deviation)

Total subjects (male/female) 14 (7/7)
Gender (female/male) 7/7

Age (years) 66.8 (±9.6)
Disease duration (years) 7.2 (±5.4)

UPDRS (points) 12.2 (±6.1)
H & Y 1.5 (1–3)
MoCA 26.6 (2.2)

Lower limb length (m) 0.89 (0.05)
Body mass (kg) 64.5 (±23.5)

Height (m) 1.7 (±.86)

The results showed asymmetries in baseline with a significant difference for maximum knee
flexion at 0.28 m·s−1. Time-condition interaction analysis (p = 0.007) showed that the improvement
occurred only in the less affected limb [p < 0.001 (ES: 0.82)] when compared to the more affected limb
(Figure 2A and Table 2).

Figure 2. Asymmetric variables between less affected (grey line) and more affected (black line) limbs,
pre and post-intervention at 0.28 m·s−1, based in post hoc values. *: Difference between conditions on
pre; (A) Difference between pre and post in the less affected side; (B) Difference between pre and post
in both groups.
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Additionally, there was asymmetry in the maximal hip abduction with time-condition interaction
(Figure 2B and Table 2) at speed 0.28 m·s−1 (p = 0.040). The maximal hip abduction was increased
between pre and post in both groups [p = 0.035 (ES = 0.56 more affected limb)] and [p = 0.007
(ES: 0.19 less affected limb)]. The other variables did not show asymmetries and are represented in
supplementary material 2.

4. Discussion

The main purpose of this study was to characterize the gait asymmetries and then investigate
the effects of NW training in the asymmetries variables. Before the intervention, the individuals with
mild PD walking at 0.28 m·s−1 showed asymmetries only in maximal knee flexion and maximal hip
abduction. We refuted the hypothesis because most movements were symmetric in the baseline. On the
other hand, secondary asymmetries were interestingly found at the knee and hip joints. The NW
training was able to improve these parameters, becoming more symmetrical in these parameters after
the intervention.

In PD, the basal ganglia dysfunction contributes to more significant gait disturbances and
symptoms are directly associated with right or left cerebral hemisphere, though mechanisms responsible
for this left-right coordination are not fully understood [32,33]. Additionally, PD asymmetry can
be explained for a reduced number of neurons in one side of substantia nigra [34]. However,
the asymmetrical side might be merely coincidental, and in the early stage, the degeneration is
lower [35]. In our study, the asymmetry between the sides was considered when the valued was less
than 5% in the statistic test [23]. Probably, the general symmetry observed in the pre-test seems to be
explained due to mild stage (H&Y median: 1.5 points) of PD and phase of medication “ON” utilized in
the present study [26,36]. Furthermore, the disease duration is 7.3 ± 5.4 years, and, at this stage of the
disease, the people with PD have a similar likelihood of unilateral and bilateral motor impairments [37].
One crucial question raised by these findings is the importance of gait analysis for detecting the motor
asymmetry as a screening evaluation [38,39]. In our study, we consider gait asymmetry based on the
study [23]. Also, the literature describes that gait asymmetry is related to the increase in freezing [32].
However, it is necessary to acknowledge that our PD subjects did not experience freezing of gait during
the walking evaluation. Therefore, the symmetry is justified on baseline condition.

Although most kinematic variables were symmetric bilaterally, the maximum knee flexion and hip
abduction at 0.28 m·s−1 were asymmetric before the intervention. After the intervention, both variables
became symmetric. The literature shows that exercise can improve Parkinson’s gait performance [40].
In [41], the authors observed that NW was able to increase knee power during gait, in the more and
less affected side [41]. In the present study, we observed higher maximal knee flexion in the less
affected size, indicating that after NW intervention, the role of compensating the impaired movement
was reduced in the less affected knee during the gait cycle. We also considered that the increase in
range of knee motion might be attributed to muscle regulation as a result of lower antagonist muscle
stiffness, or even because of increasing muscular strength and power of the knee flexion agonist
muscles. Although the main component of this increase remains unknown, greater freedom of joint
movement contributes to a more symmetrical gait and a lower risk of falls.

Higher values of maximal hip abduction and symmetry between sides were found after NW
intervention in our subjects. In line with these findings, [42] showed that after treadmill training,
PD subjects improve the angle of hip abduction of the dominant and non-dominant sides [42].
The higher pelvic rotation could explain the higher angle of hip abduction. However, no rotational
movements were measured in this study. The symmetry found in the hip abduction found out after
the training period may contribute to functional mobility due to reduced energy expenditure and
lower risk of falling. Also, the larger range of hip abduction motion during gait may be related to
reduced muscle and joint stiffness. Although Nordic walking (NW) uses stick support, the gains
acquired from training seem to benefit the free-walking pattern of subjects with PD. Besides the
improvement, the maximal abduction motion observed in our study (4 to 7 degrees) is still lower than
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healthy people, approximately 10 degrees [6]. Another important point to highlight is that our test
was measured on a treadmill, and the angular and spatiotemporal variables can be changed when
compared with free walking [43]. We suggest more studies that compared gait asymmetries in these
conditions, and to obtain more details, it is important to do correlations with oxygen consumption and
anatomical/structural symmetry of the lower limbs [44].

The NW is an intervention where the action from upper and lower limbs is required, resulting in
a synergy between upper and lower limb muscles. The poles promote more considerable support base
and weight discharge [45]. These characteristics can improve the maximal ROM of the knee and hip
during gait of people with PD. Therefore, the improvement in the quality of movements during gait is
critical in the daily life of this population. This study has some limitations, including: (1) it did not
have a control group, (2) the control regarding the physical activity quantity from the participants on
baseline (very active, active, inactive, and sedentary), and (3) we did not evaluate the freezing of gait,
which could have a better detection of gait asymmetry.

5. Conclusions

The hypothesis was not supported, and our findings demonstrate that subjects with mild PD had
symmetric gait before the intervention, except for maximal hip abduction and maximal knee flexion.
NW enhanced the kinematic pattern of knee and hip joints during free-walking on the treadmill, and
the more affected and less affected side became symmetric. The improvement of the range of knee and
hip motion is crucial to improve the functionality of subjects with PD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/11/12/1481/s1,
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Abstract: Patients with Parkinson’s disease (PD) show typical gait asymmetries. These peculiar motor
impairments are exacerbated by added cognitive and/or mechanical loading. However, there is scarce
literature that chains these two stimuli. The aim of this study was to investigate the combined effects
of a dual task (cognitive task) and turning (mechanical task) on the spatiotemporal parameters in mild
to moderate PD. Participants (nine patients with PD and nine controls (CRs)) were evaluated while
walking at their self-selected pace without a secondary task (single task), and while repeating the days
of the week backwards (dual task) along a straight direction and a 60◦ and 120◦ turn. As speculated,
in single tasking, PD patients preferred to walk with a shorter stride length (p < 0.05) but similar
timing parameters, compared to the CR group; in dual tasking, both groups walked slower with
shorter strides. As the turn angle increased, the speed will be reduced (p < 0.001), whereas the
ground–foot contact will become greater (p < 0.001) in all the participants. We showed that the
combination of a simple cognitive task and a mechanical task (especially at larger angles) could
represent an important training stimulus in PD at the early stages of the pathology.

Keywords: Parkinson’s disease; gait; dual task; turning; kinematics

1. Introduction

Gait functionality is accomplished with good health, whereas locomotion disturbances are
associated with an advancing age or with the presence of pathologies. Within 3 years of diagnosis, over
85% of people with Parkinson’s disease (PD) develop gait deteriorations [1,2], as well as a reduced
walking symmetry [2–4]. Such motor dysfunctions could be exacerbated under various conditions,
such as the dual task performance and the changing of the walking direction (i.e., turning).

Specifically, the execution of the two tasks simultaneously (“concurrent performance”) presents a
challenge for PD patients because of their disabled lower-level spinal centers and basal nuclei [5–7].
Studies have shown that, when compared to controls, subjects with PD show greater reductions in their
stride length [8,9] and, therefore, walking speed, as well as an increased variability of the kinematic
parameters [10–16]. These patterns are aggravated with the severity of the pathology [17,18] and with
the complexity of the concurrent task [5,13,19,20]. Since these findings strengthen the idea that the
cognitive function could contribute to gait regulation, it could be helpful to understand the effect of
different cognitive tasks, even very simple ones, in this kind of pathology [21–23]. This knowledge
could provide an insight on what is the best training stimulus to be administered in those patients.

Concerning the walking direction, it has been shown that subjects with PD report turning
difficulties, which are associated with an augmented risk of falling [24–27]. These impairments are due
to the central nervous system’s involvement in body re-orientation when travelling in the new direction.

Symmetry 2020, 12, 1284; doi:10.3390/sym12081284 www.mdpi.com/journal/symmetry11
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From a kinematical point of view, patients with PD highlighted a smaller step width [9,28],
a reduction in the step length and a decrease in their walking velocity during a change of direction of
45◦ in the stepping tasks [29]. If the turning angle increased (i.e., to 90◦), patients approached turns
with a slower step length and by performing the turn with a larger number of steps [30]. Walking
with an auditory cue reduced the gait-timing variability, as well as the step length, and increased the
radius of gyration during a turn of 180◦ [31]. Moreover, recent literature has shown that subjects with
PD spent more time during the turn (between 30◦ and 180◦) and exhibit a reduction in the walking
stability compared to controls [32]. Turning 360◦ in place seemed to be a more compromised condition
when compared to turning while walking, with similar impairments with and without episodes of
freezing [33,34]. As in the case of the cognitive additional demand, the turning conditions could
also represent an important stimulus in such a population. Hence, investigating different turning
conditions could provide important information about the optimal training strategy in people with PD.

To date, a lingering question in the literature regards the combination of mechanical and cognitive
perturbations. Indeed, few studies have combined the dual task condition with the mechanical
perturbations (e.g., change of direction) [35–37]. Furthermore, previous studies usually used turn
angles larger than 90◦, which represents per se an important perturbation for PD patients [30].

Therefore, we used the most common turning angles during daily life (60◦ and 120◦) [38],
in combination with a simple cognitive task (repeating the days of the week backwards), to better
understand the effects of these perturbations on gait kinematics. This combined approach has involved
participants with mild to moderate PD in order to provide additional information on how the typical
Parkinson’s disease walking pattern is modified under simultaneous cognitive and mechanical loads.

Hence, the primary aim was to investigate if the presence of a “dual task” condition can further
alter the kinematics (i.e., spatiotemporal parameters) of walking, or, on the contrary, if it can represent
a good training stimulus in mild and moderate Parkinson’s disease. This cognitive task was studied
during forward/linear walking and during turning.

Based on the previously mentioned literature, we hypothesized that the simple cognitive and the
mechanical tasks will exhibit similar effects in both populations (patients and controls), whereas the
combination of the two stimuli will show a higher impact on PD patients.

2. Materials and Methods

2.1. Participants

This study has a cross-sectional, analytical, observational design. Nine patients with mild to
moderate PD (3 women and 6 men; mean ± SD, 68.2 ± 5.95 years old, 74.2 ± 11.8 kg body mass,
1.70 ± 0.10 m height, and 25.6 ± 3.07 kg·m−2 body mass index (BMI)) and nine healthy age-matched
controls (4 women and 5 men; 67.2± 3.45 years old, 72.6± 13.1 kg, 1.68± 0.08 m, and 25.7 ± 3.43 kg·m−2)
were recruited in this study.

All participants received written and oral instructions before the study and gave their written
informed consent for the experimental procedure. The study was conducted in accordance with the
Declaration of Helsinki, and the experimental protocol was approved by the Institutional Review
Board of the Department of Neurosciences, Biomedicine and Movement Sciences, University of Verona
(protocol number 2018-UNVRCLE-0451799).

Participants were recruited from a sample of late adulthood people attending the adapted physical
activity program at the School of Sport and Exercise Science at our University (see their characteristics
in Table 1).
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Patients were excluded if their medical condition proved unstable due to other neurological,
orthopedic, metabolic or cardiovascular co-morbidity factors affecting gait. There was no type of
rehabilitation in the month prior to recruitment or disease-modifying therapy that was not well defined.
A diagnosis of idiopathic PD was carried out by a neurologist, in accordance with the guidelines
established by the London Brain Bank [39]. The disease severity was classified according to the
modified Hoehn and Yahr scale (H&Y) [40], whereas the assessment of the degree of motor and
functional impairment was obtained using part III of the Unified Parkinson’s Disease Rating Scale
(UPDRS) [41]. Finally, cognitive function was assessed by using the Mini Mental State Examination
(MMSE), with scores of up to 30 (higher scores correspond to greater cognitive function).

We conducted an a priori screening to evaluate whether participants were able to carry out the
task instructions required for the experimental protocol (see the “Experimental procedures” later).
Based on this a priori screening, only individuals with PD with an MMSE score of 24 or higher were
able to perform the double stimuli, and therefore were recruited in the study.

2.2. Experimental Procedures

Tests were conducted in the Biomechanics Laboratory at the Department of Neurosciences,
Biomedicine and Movement Sciences. The spatial (distance) and temporal (time) characteristics of
the step pattern were measured using an eight-camera motion capture system (MX Ultranet, VICON,
Oxfordshire, UK), sampling at 100 Hz. This apparatus recorded the position of markers positioned
bilaterally on the feet: the calcaneus, lateral malleolus and 5th metatarsal-phalangeal joint.

Participants started from a standing position and walked barefoot at their self-selected speed over
a 10 m walkway (Figure 1, panel a). Each participant performed three different conditions: (i) forward
walking (WF (Figure 1, panel b)); (ii) walking, turning at 60◦, walking (T60); (iii) walking, turning at
120◦, walking (T120). Furthermore, T60 and T120 were conducted turning in both directions (left and
right (Figure 1, panels c and d)). During all turning tasks, a cone was positioned in the center of the
walkway (see the black hexagon in Figure 1) to identify the turning point. Furthermore, an operator
positioned himself at the end of the corridor lane that the subjects had to move. All directions were
tested in single and dual tasks, and the cognitive load consists of walking while repeating the days of
the week backwards [17]. Six trials of each condition were performed and the order of gait conditions
was randomly allocated (Figure 2). Subjects sat and rested in a chair for three minutes between trials.
Patients were tested at the peak dose in the medication cycle.

Figure 1. Schematic representation of walking conditions (a), and steps during walking (forward
walking (WF), (b) and turning (T60 in (c) and T120 in (d)).
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Figure 2. Flow chart of the research design.

2.3. Data Reduction

Kinematic data were recorded from 3 m before and after the turning step. The quantitative gait
assessment included both temporal and spatial parameters (Figure 3), that are: (i) stance time (s),
the period of time when the foot is in contact with the ground; (ii) swing time (s), the period of time
when the foot is not in contact with the ground; (iii) stride time (s), the interval of time to complete a
gait stride; (iv) cadence (stride·min−1), the number of strides taken in a unit of time; (v) stride length
(m), the distance from the initial contact of one foot to the following initial contact of the same foot. All
these parameters were obtained using standard definitions according to an algorithm programmed in
LabView (version 10, National Instruments, Austin, TX, USA). Walking speed (m·s−1) was appreciated
as the distance travelled during a complete stride cycle.

Figure 3. Gait parameter assessment for walking/turning conditions.
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The average value of all the performed steps in each condition has been utilized in further analyses.
The number of errors (i.e., when telling a day backwards went wrong) was counted and collected by
an operator during the walking trials as well. For controls, we pooled together the data from the right
and left lower limbs (n = 9), whereas for PD patients, the data referring to the less affected side (PDNA)
and to the more affected side (PDA) were considered separately (n = 9).

Finally, we calculated the locomotor rehabilitation index “LRI” as: LRI = 100 * (self-selected speed
(SSWS)/optimal speed (OWS)), where the self-selected speed (SSWS) has been directly measured and
the optimal speed (OWS) has been estimated according to a previous study [42].

2.4. Data Analysis

The data analysis was conducted using SPSS 19.0 (SPSS Inc, Chicago, IL, USA). Descriptive
statistics were used to compute the means and standard deviations for the outcome variables. All the
spatiotemporal gait data were normally distributed (Kolmogorov–Smirnov and Shapiro–Wilk tests)
and did not violate the assumptions of homogeneity. In order to test the main hypotheses, a series
of 2 (tasks: single task vs. dual task) × 3 (gait directions: WF vs. T60 vs. T120) repeated measures
ANOVAs, with groups (CR, PDNA, PDA) as the between factors, were used to analyze the gait data.
When a significant main effect was found (critical p value < 0.05), a post-hoc t-test was performed.
A Bonferroni correction was applied when needed.

3. Results

3.1. Cognitive Task

For the MMSE, controls (28.1 ± 1.66) showed similar scores to patients (27.2 ± 1.85 (p = ns)).
The majority of the dual task trails were successful. Whereas individuals with PD performed

the cognitive task with 97.2 ± 6%, 94.9 ± 8% and 95.2 ± 10% accuracy during WF, T60 and T120,
respectively, and controls performed the same trails with an accuracy of 96.7 ± 5%, 95.3 ± 6% and
94.9 ± 9%. Regarding the gait direction, more correct answers were given while walking forward as
compared to turning (p < 0.01 for T60 and T120) similarly in both groups.

3.2. Spatiotemporal Parameters

There were no differences between groups for age, body mass and height, or body mass index.
The average ± SD values of the measured temporal and spatial variables have been reported in

Tables 2 and 3, as well as the post-hoc results.
The stance time differed among tasks (F (1, 24) = 34.456, p < 0.001) and walking direction

(F (2, 48) = 27.234, p < 0.001), whereas there were no differences between groups (F (2, 24) = 0.262,
p = ns). In particular, the dual task showed an increased stance time compared to the single one.
The highest stance phase was observed during turning at 120◦, while the lowest was during walking in
the straight direction.

The swing phase showed a significant effect for direction (F (2, 48) = 4.648, p < 0.05), but not for
task (F (1, 24) = 3.745, p = ns) and group (F (2, 24) = 0.883, p = ns). Particularly, the 120◦ turn took a
longer swing time in comparison to the other directions.

The cycle time showed significant differences among tasks (F (1, 24) = 31.840, p < 0.001) and
directions (F (2, 48) = 34.227, p < 0.001), whereas there were no group changes (F (2, 24) = 0.618, p = ns).
Both groups increased the cycle time during the dual task condition, and the 120◦ turn took the longest
time compared with the other conditions.

Therefore, the step frequency and cadence changed significantly with regard to task
(F (1, 24) = 30.257 and 30.317, p < 0.001) and direction (F (2, 48) = 31.329 and 31.441, p < 0.001),
but not with group (F (2, 24) = 0.458 and 0.457, p = ns).
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The stride length was affected by group (F (2, 24) = 4.415, p < 0.05), task (F (1, 24) = 41.213,
p < 0.001) and direction (F (2, 48) = 132.916, p < 0.001). In particular, healthy controls walked with
longer strides when compared to patients, whereas no differences were observed among the sides in
the pathological group. All groups reduced their stride lengths during the dual task condition, and the
120◦ turn showed the lowest value compared with the other conditions.

Additionally, the walking velocity changed with group (F (2, 24) = 2.764, p < 0.05), task
(F (1, 24) = 21.818, p < 0.001) and direction (F (2, 48) = 104.061, p < 0.001). In general, controls
walked faster than patients, and the latter group showed similar values in both sides. Furthermore, the
larger the turning the lower the velocity: the 120◦ turn showed the lowest velocity value compared to
other directions.

The calculated LRI index significantly changed with group (F (2, 24) = 4.672, p < 0.05), task
(F (1, 24) = 14.712, p < 0.001) and direction (F (2, 48) = 70.937, p < 0.001). Because of the lack of a
significant difference, the data of the PDNA and PDA were pooled together. Our data confirmed that
patients walked with a lower LRI compared to controls in all the investigated conditions because of
their reduced walking speed, and such a pattern is more pronounced at turning 120◦ (Figure 4).

Figure 4. Comparison of locomotor rehabilitation index values between the control group (white bars)
and the pathological group (black bars), for the forward direction (WF), turning 60◦ (T60) and turning
120◦ (T120), in both single (ST) and dual (DT) tasks. Average values ± SD have been reported; data of
the PDNA and PDA were pooled together. A significant post-hoc test has been reported: * = p < 0.05 by
comparing the control group to the pathological one; c = p < 0.001: significant difference by comparing
the ST to DT; f = p < 0.001: significant difference by comparing WF to T60; i = p < 0.001: significant
difference by comparing T60 to T120; n = p < 0.001: significant difference by comparing WF to T120
(same legend as in Tables 2 and 3).

Finally, iso-velocity curves were calculated for each group and condition to understand the
complex interaction between stride length and frequency in determining the walk velocity (Figure 5).

During the straight gait (Figure 5, panel a), in single tasking, the patients with PD used the same
step frequency compared to controls, but they walked with a shorter stride length. As a consequence,
their walking velocities were lower. During the dual task, all curves moved down and to the left:
this implied a decrease in the walking speed for controls and patients, and the ratio between the stride
length and step frequency was the same.
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Figure 5. Stride length is plotted as a function of the step frequency (i.e., the iso-velocity curves):
(a) walking forward (WF); (b) turning at 60◦ (T60); (c) turning at 120◦ (T120). The symbols refer to
different groups as follows: CRs in the single task •; CRs in the dual task �; the PDNA in the single
task�; PDNA in the dual task�; PDA in the single task�; PDA in the dual task Δ. For PDNA sometimes
the symbols are not seen because they exactly coincide with the data of the other two groups.

This trend occurs similarly in turning (Figure 5, panels b and c), independently of group and task.
Importantly, the most significant reduction in the walking velocity occurred while turning 120◦ and
confirms that a larger angle of turning leads to a lower walking velocity.
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4. Discussion

The present study focused on the effects of dual task and turning on the kinematic parameters in
mild to moderate Parkinson’s disease. We hypothesized that the simple cognitive and mechanical
tasks will display similar effects in both populations, while the combination of these two stimuli will
show a higher impact on patients. We found that: (i) the temporal walking parameters were affected by
the mental task, as well as by the mechanical demand (turning), but no significant differences among
populations were observed. On the contrary, the stride length and walking speed were lower in PD
patients compared to controls; (ii) the turning task had the capability to alter the walking parameters,
especially in people with PD, and the major changes in the walking strategy have been observed while
turning at a larger angle (120◦); (iii) the combination of the cognitive and the mechanical task was
challenging for patients. Indeed, their stride length and walking velocity showed significant alterations
compared to controls in all walking conditions; finally, (iv) no significant differences were observed
between the not affected/more affected side in all the investigated parameters, suggesting an equal
symmetry between the right and left body side.

Taking them together, our results highlighted that a simple mental task alone is not sizeable
enough to alter the walking strategy in patients with PD with mild to moderate impairments, whereas
the combination of this cognitive task with a change of direction has the capability to modify the
walking strategy, especially with a higher turning angle (120◦).

4.1. Effects on Gait Variables: A Task Comparison

In single tasking, our data confirmed that patients with mild to moderate PD walked with a
reduced gait velocity and a shorter step length compared to controls. Therefore, patients showed a
lower locomotor index rehabilitation if compared to controls with no evident differences between
the not affected and more affected side. This finding suggests that the mild to moderate pathology
compromises, in a similar way, the gait kinematics of the inferior limbs (e.g., it did not compromise the
symmetry among body sides). Since, postural control and gait are linked to cognitive function both in
healthy and pathological subjects [18,22,42], it is possible to assume that PD patients reduced their
stride length in order to increase the time spent on the ground, increasing the walking stability.

As we hypothesized, a simple dual task condition (repeating the days of the week backwards)
affected both groups similarly: all participants increased the ground contact (and the cycle time) and
decreased their cadence and frequency [12,19]. This finding endorses that subjects tried to maintain their
postural stability by spending more time on the ground, as this would prevent the risk of falling [18].
The lack of a difference among groups confirms that, by adding a cognitive load, a low disease
severity could not play a major role in determining motor impairments [23]. In addition, the high
focus on the additional task means a larger proportion of the attentional capacity is at the expense of
walking performance: people walked even more slowly with much shorter steps [7,12,15,22,43–46].
This “compensatory strategy” could be useful in achieving a greater control of gait and balance
disruption [20], and in counterbalancing the fluctuations of the center of mass.

Finally, the similar ratio between the stride length and step frequency means that subjects did not
change their stride pattern. This latter outcome suggests that the simple cognitive task was probably
not too demanding for all participants. More complex cognitive tasks (i.e., concurrent loads, mental
tracking) would probably point out the gap among groups [19,20].

4.2. Effects on Gait Variables: A Direction Comparison

In the present study, we investigated two turning angles that are very common during daily
activity [38]: the first (60◦) represents a simple turn and the other (120◦) a more difficult turn.

Our spatiotemporal data are in line with the previous literature [8,10,18,21]. With respect to
directions, whereas healthy participants were impacted by the 120◦ turn, PD patients were also affected
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by the 60◦ turn, but only for the walking velocity. Additionally, in this case, no appreciable differences
between the not affected and more affected side were observed.

Generally, the 120◦ turning is characterized by an increased support time and a reduced number
of strides (i.e., cadence) and frequency, as well as a decreased speed and length. This angle requires
additional attentional resources: in fact, it relies more heavily on proprioception (i.e., directed by the
basal ganglia function) than both forward walking and the 60◦ turn [47]. By considering the mechanical
approach, the impact of a larger turning could be explained by the kinetics of the movement. Indeed,
to move into a larger angle of turn, the subjects decreased their speed more (just for a greater angle of
turn) and, probably, used their turn foot as “pivot foot”. When the turn angle increased, the ankle
plantar flexion moment (and its peak) increased and the external rotators of the lower extremity played
a much greater role than in straight walking [48–50]. These alterations of the plantar flexors have
been accomplished with a reduced ankle power generated in the pre-swing phase (push-off power).
Therefore, the larger the angle of turn the higher the mechanical demand. As a result, PD patients
tended to reduce the step length and to increase the contact time primarily to improve the stability of
the body. They showed an initial alteration of the walking pattern at a 60◦ turn, but only the walking
velocity was affected. On the other hand, a 120◦ turn showed evident differences when compared to
the straight direction in terms of both the temporal and spatial parameters; this finding supports the
idea of a more challenging stimulus.

Therefore, whereas the 60◦ turn could represent a not suitable training stimulus, the 120◦ may be
a good challenge for people with PD. As expected, all gait alterations are exacerbated during walking
with a combination of the two stimuli, especially in PD patients.

4.3. Effects on Gait Variables: Cognitive Task and Mechanical Task

The combined effects of dual (cognitive) and mechanical (turn) tasks represent an important
training stimulus in people with PD. Indeed, our data shows that the concomitant presence of a simple
mental and turning (60◦) task produced only a marginal effect on the main kinematics. In particular,
the timing parameters showed no significant differences compared with the straight line, and the
differences between the single and dual task are comparable to the ones obtained for healthy subjects.
Furthermore, even the step length and the step frequency showed a similar trend.

On the contrary, the matching between the same mental task and a more complex mechanical
demand (120◦ turn) played a greater “destructive” impact especially in patients with PD. Indeed, their
temporal and spatial variables showed a much more marked gap than the controls’ ones.

Our results were based on a relatively small heterogeneous sample of disabled patients, who
lived independently in the community. Therefore, further researches are necessary to extend these
findings to a larger sample (i.e., patients with more severe gait deficits or episodes of freezing), or to
other conditions (i.e., OFF phase performance).

5. Conclusions

Our data showed that a mechanical task (i.e., turning) has the potential to modify gait strategy in
people with Parkinson’s disease, without changes in symmetry of the lower limbs. Of greatest interest,
the concomitant presence of a mechanical task and a simple cognitive task did not produce a further
impairment of this gait strategy. Therefore, using the investigated combined condition (turning and
repeating the days of the week backwards) could represent a significant training stimulus in such
patients. Indeed, the improvement of the mental and physical characteristics is very important in
improving the functionality of patients at the early stages of their pathology.
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Abstract: Race walking has been theoretically described as a walking gait in which no flight time is
allowed and high travelling speed, comparable to running (3.6–4.2 m s−1), is achieved. The aim of this
study was to mechanically understand such a “hybrid gait” by analysing the ground reaction forces
(GRFs) generated in a wide range of race walking speeds, while comparing them to running and
walking. Fifteen athletes race-walked on an instrumented walkway (4 m) and three-dimensional GRFs
were recorded at 1000 Hz. Subjects were asked to performed three self-selected speeds corresponding
to a low, medium and high speed. Peak forces increased with speeds and medio-lateral and braking
peaks were higher than in walking and running, whereas the vertical peaks were higher than walking
but lower than running. Vertical GRF traces showed two characteristic patterns: one resembling
the “M-shape” of walking and the second characterised by a first peak and a subsequent plateau.
These different patterns were not related to the athletes’ performance level. The analysis of the body
centre of mass trajectory, which reaches its vertical minimum at mid-stance, showed that race walking
should be considered a bouncing gait regardless of the presence or absence of a flight phase.

Keywords: body centre of mass; human gait; race walking; force plate

1. Introduction

Ground reaction forces (GRFs) have often been used in biomechanical studies to describe human
locomotion [1,2] because they show that the forces exerted by the foot on the ground are a key
determinant of the final gait kinematics. Ground reaction force analysis is nowadays used also for the
detection of pathological gaits [3,4], gait asymmetry [5,6], injury prevention [7] and in the estimation of
muscles force [8]. Moreover, the analysis of GRF peaks and the timing of peaks occurrence can explain
how velocity is generated and increased, which could be important in sport activity such as running
(e.g., [9]).

Ground reaction forces double integration is also used to compute body centre of mass (BCoM)
trajectory and describe locomotion mechanics [10]. In race walking, the BCoM trajectory can be correctly
computed only by using a forward dynamics approach, whereas inverse dynamics computation has
been shown to be biased [11]. Thus, the measurement and analysis of GRFs at increasing speed is key
to investigating race walking mechanics, even more than in walking and running. Each animal or
human gait has its own “locomotor signature”, ultimately represented by the trajectory of the body
centre of mass (BCoM), with its asymmetry and related energies [12], and race-walking trajectory
has never been analysed in such a fashion due to the lack of consistent GRF datasets. Starting from
the ground reaction forces recorded during a stride, it is also possible to represent the “locomotor
signature” by showing the Lissajous contour [12] also for race walking gait.
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Race walking is an Olympic discipline where athletes are required to complete the distance in the
shortest time according to two constrains: no flight time can occur between steps and the knee has
to be locked in extension from touch down to mid-stance. This rule induces race walking to manage
a different kinematics compared with walking and running that causes, also, somewhat different
ground reaction forces patterns [13–15]. However, race walking dynamics have been less studied when
compared with walking and running [16], and often investigations have been focused on one speed
only, missing potentially relevant information about velocity generation.

The aim of this study was to analyse the ground reaction forces and BCoM trajectory during race
walking on a wide range of speeds and to compare the three components of GRFs (i.e., forward, lateral,
vertical) with walking and running.

2. Materials and Methods

Fifteen male athletes (mean ± SD, 23.0 ± 5.5 years old, 1.78 ± 0.05 m height, 64.7 ± 5.2 kg body mass
and with a 10,000 m personal best of 44:26 ± 3:34 min:s) participated in this study. All subjects gave
their informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee
of the University of Milan.

The “dynamometric corridor” was composed of five 3D strain gauge platforms (Bertec, USA) in
order to obtain a 4 m long and 0.4 m wide footpath placed in the middle of a 40 m walkway where
athletes could race walk at a constant speed. Athletes were asked to perform three trials at each
self-chosen low, medium and high speed, hence, each subject completed 9 trials.

Ground reaction forces were recorded at 1000 Hz and normalised to athlete’s body weight (BW)
and as a percentage of stance time. Stance phase was defined using a 10 N threshold on vertical
(FZ) force. The inversion between braking and propulsive on antero-posterior (FX) force was set
when the force from negative (braking) became positive (propulsive). Speeds were clustered when
within 3% of the target speed (2.78, 3.06, 3.33, 3.61, 3.89, 4.17 m s−1), similar to the cluster used in
Nillson and Thorstensson [17]. Walking and running GRF values were also taken from the Nillson and
Thorstensson [17] study for comparison purposes.

The BCoM position was computed by double integration of the 3D acceleration, obtained by
the force signal, according to Cavagna [10]; the integration constants were calculated as described in
the Appendix of Saibene and Minetti [18]. The obtained BCoM trajectory was transformed in local
coordinates (as the sampling occurred over an instrumented treadmill). The resulting 3D contour
included several consequent strides, each of which was forced to become a closed loop and centred on
(0, 0, 0) by subtracting average 3D coordinates to allow a description based on a Fourier Series with
6 harmonics [12]. Walking and running BCoM data were extracted from our cumulated database on
subjects matched for anthropometry and age (n = 10).

Statistical differences across speeds and multiple peaks were tested by a two-way ANOVA using
a Bonferroni post-hoc test, whereas differences between the two main gait patterns (see Results) were
tested using a t-test and the significant level was set at p < 0.05 (SPSS 19, IBM).

3. Results

Mean curves of vertical (Fz), antero-posterior (Fx) and medio-lateral (Fy) ground reaction forces
during race walking stance phase are presented in Figure 1. Subjects were clustered in two different
groups according to different Fz curves: (i) M shape (Figure 1) that was similar to walking, displaying
two peaks and a valley and (ii) N shape (Figure 1) that showed a huge first peak followed by a plateau.
The Fx curve showed a first negative braking peak and a smaller propulsive peak near the end of stance
phase, without substantial differences on the Fx curve among the two groups. Braking and propulsive
impulse (i.e., the area of the two phases delimited by the abscissa at 0 value) were always very similar
denoting a substantially constant inter-strides speed. The Fy curves were averaged between right and
left stance since they were specular with no significant differences. After a first medial small peak, the
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force was lateral, medial at mid stance and lateral again at two-thirds of the stance. The two groups
reached the first lateral peak with two different shapes, more consistently for the M shape group.

Figure 1. Ground reaction force traces (as a fraction of body weight, BW) in the three axes (vertical,
antero-posterior and medio-lateral axis from top to bottom) at increasing speed (m s−1) are shown.
Right and left columns represent the M shape and N shape vertical force patterns, respectively.

In Figure 2, vertical (Fz) peaks and valleys in race walking, walking and running [17] are presented.
When analysing the M shape group, the first peak was higher than walking, whereas the second was
comparable, and the valley instead was much higher in race walking than in walking without falling
under the BW value. In the M shape group, the first Fz peak was always significantly higher (p < 0.001)
than the second. The N shape Fz peak was slightly higher than the M shape, with significant difference
only at 2.78 m s−1 (p < 0.01) and 3.61 m s−1 (p < 0.05). Running showed higher peaks than the other
gaits. All peaks increased linearly with speed, with significant differences between 4.17 m s−1 and the
other speeds in the N shape and the second M shape peak (p < 0.01). The first M peak increased with
speed but with a less significant trend, whilst the valley was speed independent.
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Figure 2. Ground reaction force vertical peaks (as a fraction of BW) in the three gaits (W, walking; R,
running; RW, race walking) at increasing speed (m s−1) are shown. M and N refer to race walking M
shape and N shape groups, respectively.

Figure 3 shows the antero-posterior (Fx) peaks in the three gaits. Braking and propulsive peaks
increased linearly with speed and with the same values in walking and running, whereas race walking
reported higher braking than propulsive peaks (p < 0.001) in both groups at each speed. The braking
peak was significantly lower (p < 0.05) in the M shape than the N shape except for 3.33 m s−1 where the
M shape peak was higher and at 3.89 m s−1 that was not different.

Figure 3. Antero-posterior peaks (as a fraction of BW) of ground reaction force in the three gaits (W,
walking; R, running; RW, race walking) at increasing speed (m s−1) are shown. “Brake” is braking
peak; “prop” represents propulsive peak. M and N refer to race walking M shape and N shape
groups, respectively.
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In Figure 4A, the difference between Fy medial and lateral peak are shown: walking and running
Fy increased in a similar fashion linearly with speed, and race walking always showed higher values
(significant differences among groups only at 3.89 m s−1 (p < 0.001)); in Figure 4B, the amplitude of
medial and lateral peaks in race walking were almost speed independent. Also, across several speeds,
the first lateral peak was significantly higher than the second one. In the N shape group, the medial
peak was also greater than the lateral, whereas in the M shape group, the lateral and medial force
peaks were comparable. The N shape group often showed significantly greater peak values than the M
shape one.

Figure 4. (A) Ground reaction medio-lateral “delta” force (as a fraction of BW), expressed as the
peak-to-peak force difference, for the three gaits (W, walking; R, running; RW, race walking) at increasing
speed (m s−1) are shown. (B) Peak medial (med) and lateral (lat) force (as a fraction of BW) during
race walking at increasing speed (m s−1). M and N refer to race walking M shape and N shape
groups, respectively.

Figure 5A (M shape group) and b (N shape group) shows the timing of the peaks, valley and
inversion of the vertical, antero-posterior and medio-lateral ground reaction forces in relation to the
normalised stance phase for each speed tested. Most of the variables did not show speed dependency,

29



Symmetry 2019, 11, 873

since their relative timing across speeds did not change; however, in the N shape group, the propulsive
peak at 4.17 m s−1 occurred significantly earlier (p < 0.05) than in other speeds. In the M shape group,
the peak brake and peak lateral forces showed some timing variations, (p < 0.05). It was interesting to
note that some peaks occurred together: Fx brake, Fy lateral and Fz; medial Fy and Fx inversion; and
Fx propulsive and Fy lateral, without differences among groups. The M shape group showed a later
inversion of antero-posterior force at speed < 3.89 m s−1 (p < 0.01), an earlier propulsive peak at some
speeds (p < 0.01), an earlier lateral peak at speed < 3.61 m s−1 (p < 0.05) and an earlier medial peak at
high speed (p < 0.05) than the N shape group.

Figure 5. Timing of race walking force peaks (%stance) at the different speeds (m s−1). (A) N shape
group. (B) M shape group.

By comparing race walking peaks’ timing with walking and running [17], braking and vertical
peaks were anticipated in race walking, whereas propulsive peak timing was similar to walking and
occurred later than running.

The 3D BCoM trajectory is presented in Figure 6 in comparison with running at the same speed
and walking (1.94 m s−1). The race walking BCoM volume was smaller than in running and walking,
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with a narrower displacement in the medio-lateral direction and smaller vertical excursion. Walking
and running showed a lower minimum of the BCoM vertical trajectory compared with race walking,
whereas in the upper part, walking and race walking showed the same maximum, which was lower
than in running. In race walking, BCoM was in the lowest part of the trajectory during stance, as in
running, without showing the arc of circle characteristic of walking during the stance phase. The set of
equations, based on the Fourier Series (truncated at the 6th harmonic), needed to describe the BCoM
3D trajectory of race walking (for example at 3.61 m s−1) is:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

x
y
z

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

5.017sin(2t− 0.609) + 0.296sin(4t− 2.219) + 0.191sin(6t + 1.380)
5.080sin(t + 0.000) + 0.491sin(3t + 2.362) + 0.148sin(5t− 1.778)

14.421sin(2t + 1.250) + 2.069sin(4t + 0.578) + 0.371sin(6t− 0.906)
+1.865sin(t + 0.101) + 0.130sin(3t− 2.211) + 0.054sin(5t− 2.107)
+0.203sin(2t− 0.610) + 0.052sin(4t− 1.232) + 0.025sin(6t− 2.281)
+2.957sin(t− 2.110) + 0.554sin(3t + 2.859) + 0.113sin(5t + 2.357)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, t = 0 . . . 2π

where x, y, and z are the antero-posterior, medio-lateral and vertical axis, respectively. This kind of
equation was used to represent the walking, running and race walking BCoM trajectory in Figure 6.

 
Figure 6. 3D representation using the Fourier Series of the Body Center of Mass (BCoM) trajectory
of walking (1.94 m s−1), race walking and running (2.78 m s−1). The mean contours (in black) have
been shifted in the antero-posterior and medio-lateral axes (x and y, respectively) to better appreciate
the 2D projection (in grey) on each plane. Black arrows on the contour projections in the XZ plane
represent the BCoM dynamic movement along the trajectory, which is counter-clockwise for walking
and clockwise for race walking and running. Progression direction is shown by the black arrows on the
antero-posterior (x) axis, and the axes thickness is 0.02 m.

4. Discussion

This paper described and analysed the race walking ground reaction forces patterns in the three
planes of motion at increasing speeds. The GRF peak values were comparable with the paired speeds
of previous studies in literature [13–15,19], with a few discrepancies which are discussed below.

4.1. Speed Adaptation

The speed increased vertical peaks almost linearly and the second peak in the M shape race
walking group was more affected than the first one (Figure 2). On the contrary, the valley results
were speed independent (Figure 2). The peak propulsive and braking forces also increased with
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speed and the braking peak was always greater than the propulsive peak, whereas the timing of the
inversion was not affected by speed (Figure 3). The braking peak is expected to be passive in race
walking as explained by the “locked-knee” rule, but since the braking and propulsive impulses were
the same (as they should for the constant speed), such a peak force asymmetry seems to suggest a
strategy to minimize peak muscle involvement in the propulsive phase. Medio-lateral forces, both in
absolute terms or expressed as peaks difference, were similar at increasing speed (Figure 4), and this
suggests that the leg and trunk muscles do not need to increase their activity when speed increases, as
the body centre of mass trajectory was not further laterally deviated. Such speculation is supported
from a gait optimisation perspective, as a lateral deviation with respect to the progression direction
has been shown as an avoidable and functionally ineffective feature in all animal gaits (apart from
penguins [20]). Timing of peaks, when expressed as stance percentage, was speed independent except
for few variations (Figure 5). This is a typical gait stereotype, which could be beneficial from a motor
learning perspective [21], since, in this way, athletes do not have to change their pattern to gain speed
but only perform it faster. In fact, when increasing speed, the contact time is reduced [22], and the gait
events are anticipated in absolute timing. Since the majority of the peaks increased with speed, as
occurred in walking and running [17], comparison within the same gait or with other gaits should be
performed only at matched speed.

4.2. Race Walking versus Walking and Running

When comparing GRFs across race walking, walking and running, some differences were found.
Vertical forces were higher in running, whereas race walking peaks seemed to increase with speed
following the same trend of walking values at higher speeds (Figure 2). However, while in walking, the
valley values dropped under body weight and decreased with speed; in race walking, the valley values
were slightly higher than body weight and speed independent (Figure 2). In walking, the trough drops
under body weight due to the “centrifugal reaction force” caused by the arc of circumference quickly
travelled by BCoM during the stance phase [23,24]. In race walking, the BCoM during stance does not
move along a circle with leg length as radius [11], but lowers down as in running. This could explain
why the trough in vertical force signal does not drop under body weight; however, this hypothesis
does not explain why an M shape pattern is exhibited, as in walking, whilst the BCoM pathway is
similar to running. Also, both vertical peaks occurred earlier than walking with a timing similar to
running (for the first). When considering the vertical forces, running is the most stressful gait due
to the highest peaks. Race walking propulsive peaks were comparable to running, differently, the
braking peaks were higher than running (Figure 3). The inversion between braking and propulsive
in race walking occurred earlier than in running, and a shorter braking time involves a higher peak.
The propulsive peak timing occurred as in walking, but later than running (Figure 5). This could be
advantageous to avoid rapid changes in force production but required a constant average activation.

The medio-lateral forces (expressed as delta peaks) in race walking showed the lowest values as
in the other gaits, but they were higher than walking and running (Figure 4). This is probably due to
the kinematics of the pelvis, which shows a medio-lateral excursion in order to accept the straight knee
from heel strike to midstance [22,25,26]. The first lateral peak was simultaneous with the vertical peak,
as occurred in walking and running, and the medial peak, which was the greatest, was in line with
braking–propulsive inversion.

The BCoM trajectory shows some interesting features of race walking compared with walking
and running. At first, the volume was smaller than the other two gaits with less excursion in the
medio-lateral direction, which is not expected when considering the great excursion of the pelvis,
typical of this gait [22]. However, the BCoM is the weighted mean of all the segments, and a single
segment could bring a remarkable bias in the estimated BCoM trajectory [11]. The vertical displacement
showed a higher minimum than both walking and running. This can be explained by the race walking
rule that requires the knee to be straight during the stance phase. In this phase, BCoM lowers its
trajectory as in running, without the knee flexion, race walking BCoM is mechanically forced to stay on
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a higher trajectory. In walking, when increasing speed, the minimum reaches smaller values. Walking
and race walking, at slow speed (2.78 m s−1), show the same upper limit in BCoM trajectory. When
speed is increased, flight time occurs also in race walking and the maximum is slightly higher, without
approaching running values; whereas, the minimum is almost unchanged. The crossing point between
the right and left part of the contour in race walking occurs in the upper part as in running, whereas
in walking, it is located in the lower part. Also, the potential and kinetic mechanical energies are in
phase as in running, whereas in walking, they are out of phase. The symmetry values on the three
axes showed a behaviour similar to walking and running. However, a greater number of strides is
necessary to give an appropriate description of the symmetry behaviour at increasing speed also in
race walking. In conclusion, the BCoM contour of race walking resembles the running pattern, even
when no flight time is present, with a smaller excursion.

4.3. Different Vertical GRF Groups

Besides the vertical peaks’ difference, the clustering of M and N shape athletes showed other
small differences in anterior-posterior and medio-lateral forces in the first part of the stance phase,
before the braking–propulsion inversion. The braking peak was higher in the N than in the M shape
group and the lateral force pattern was less homogeneous with a delayed peak in the N shape group.

Fenton [14] suggested that the magnitude and timing of the vertical peak was an index of
smoothness and “fluidity” of the stride. Moreover, the absence of a second vertical peak would direct
the force more in the progression direction, on the contrary, a vertical force would cause a vertical
displacement that could end in flight phase [14]. In our data, both groups (M and N shape) showed
the same first vertical peak, therefore, they should have the same stride “fluidity”. As for the vertical
displacement, the double integration of acceleration in both groups did not show any appreciable
difference in the BCoM trajectory during stance and no difference in flight time.

The different vertical GRF patterns among athletes was already pointed out by Fenton [14], and
it was also evident when comparing Fenton’s with Cairns and colleagues’ [13] data [13,16]. Fenton
explained this difference with athletes’ performance level: M shape athletes were the least, whereas
N shape were the most trained. Despite our relatively small sample size (larger than in the Fenton
paper [14]), eight athletes showed an N shape pattern and seven showed an M shape pattern: within
groups, the performance level was very different; however, between groups, the level was the same
(PB 10,000 m min:s M shape: 44:39; N shape 44:18). This allowed us to conclude that performance level
should not be the trigger for different patterns. As shown in Figure 1, the pattern was well characterised
and different across the whole range of speeds and no athlete changed it by increasing speed. A further
explanation could be related to the different athletes’ techniques learnt from different coaches. When
analysing this aspect, the sample size decreases even more, with just a couple of athletes for each coach;
however, we found that coach technique was not the determinant of the difference either.

5. Conclusions

The present comprehensive analysis of ground reaction forces shows that race walking is a gait
that shares features with walking and running. Similarly, the increase in speed is achieved by increasing
force peaks, which occur at the same relative instant of the stance phase, thus, a comparison among
subjects or studies should be done only at the same speed. The peculiarity of race walking kinematics
and dynamics features is remarkable, also in the ground reaction forces analysis, since, differently from
walking and running, athletes showed two different vertical force patterns within the same gait. These
different patterns do not change the 3D trajectory of the body centre of mass and related spatiotemporal
parameters, and do not seem to be related to the athletes’ performance level. Further investigations
are needed to understand which biomechanical factors cause these patterns. The BCoM trajectory
obtained by ground reaction forces showed that race walking has the same pattern of running, even at
slow speed where no flight time is present, within a smaller volume.

33



Symmetry 2019, 11, 873

Author Contributions: Initial project discussion was conducted by all authors. Specific personal contributions
were as follows: conceptualization, G.P.; methodology, G.P., D.C. and A.E.M.; software, G.P., D.C. and A.E.M.;
formal analysis, G.P.; investigation, G.P., D.C. and A.L.T.; data curation, G.P.; writing—original draft preparation,
G.P.; writing—review and editing, G.P., D.C., A.L.T. and A.E.M.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Elftman, H. The force exerted by the ground in walking. Arbeitphysiologie 1939, 10, 485–491. [CrossRef]
2. Fenn, W.O. Work against gravity and work due to velocity changes in running. Am. J. Physiol. 1930, 93,

433–462. [CrossRef]
3. Muniz, A.M.S.; Nadal, J. Application of principal component analysis in vertical ground reaction force to

descriminate normal and abnormal gait. Gait Posture 2009, 29, 31–35. [CrossRef] [PubMed]
4. White, R.; Agouris, I.; Selbie, R.D.; Kirkpatrick, M. The variability of force platform data in normal and

cerebral palsy gait. Clin. Biomech. 1999, 14, 185–192. [CrossRef]
5. Giakas, G.; Baltzopoulos, V. Time and frequency domain analysis of ground reaction forces during walking:

An investigation of variability and symmetry. Gait Posture 1997, 5, 189–197. [CrossRef]
6. McCrory, L.J.; White, S.C.; Lifeso, R.M. Vertical ground reaction forces: Objetive measures of gait following

hip arthroplasty. Gait Posture 2001, 14, 104–109. [CrossRef]
7. Gerlach, K.E.; White, S.C.; Burton, H.W.; Dorn, J.M.; Leddy, J.J.; Horvath, P.J. Kinetic changes with fatigue

and relationship to injury in female runners. Med. Sci. Sports Exerc. 2005, 37, 657–663. [CrossRef]
8. Anderson, F.C.; Pandy, M.G. Individual muscle contribution to support in normal walking. Gait Posture 2003,

17, 159–169. [CrossRef]
9. Morin, J.B.; Edouard, P.; Samonzino, P. Technical Ability of Force Application as a Determinant Factor of

Sprint Performance. Med. Sci. Sports Exerc. 2011, 43, 1680–1688. [CrossRef]
10. Cavagna, G.A. Force platforms as ergometers. J. Appl. Physiol. 1975, 39, 174–179. [CrossRef]
11. Pavei, G.; Seminati, E.; Cazzola, D.; Minetti, A.E. On the Estimation Accuracy of the 3D Body Center of

Mass Trajectory during Human Locomotion: Inverse vs. Forward Dynamics. Front. Physiol. 2017, 8, 129.
[CrossRef] [PubMed]

12. Minetti, A.E.; Cisotti, C.; Mian, O.S. The mathematical description of the body centre of mass 3D path in
human and animal locomotion. J. Biomech. 2011, 44, 1471–1477. [CrossRef] [PubMed]

13. Cairns, M.A.; Burdett, R.G.; Pisciotta, J.C.; Simon, S.R. A biomechanical analysis of racewalking gait. Med.
Sci. Sports Exerc. 1986, 18, 446–453. [CrossRef] [PubMed]

14. Fenton, R.M. Race walking ground reaction forces. In Proceedings of the II International Symposium on
Biomechanics in Sports; Terauds, J., Barthels, K., Krieghbaum, E., Mann, R., Crakes, J., Eds.; Academic: Del
Mar, CA, USA, 1984; pp. 61–70.

15. Hanley, B.; Bissas, A. Ground reaction forces of Olympic and World Championship race walkers. Eur. J.
Sport Sci. 2016, 16, 50–56. [CrossRef] [PubMed]

16. Pavei, G.; Cazzola, D.; La Torre, A.; Minetti, A.E. The biomechanics of race walking: Literature overview and
new insights. Eur. J. Sport Sci. 2014, 14, 661–670. [CrossRef] [PubMed]

17. Nilsson, J.; Thorstensson, A. Ground reaction forces at different speeds of human walking and running. Acta
Physiol. Scand. 1989, 136, 217–227. [CrossRef] [PubMed]

18. Saibene, F.; Minetti, A.E. Biomechanical and physiological aspects of legged locomotion in humans. Eur. J.
Appl. Physiol. 2003, 88, 297–316. [CrossRef]

19. Preatoni, E.; La Torre, A.; Rodano, R. A biomechanical comparison between racewalking and normal walking
stance phase. In Proceedings of the XXIV International Symposium on Biomechanics in Sports; Schwameder, H.,
Strutzenberger, G., Fastenbauer, V., Lindinger, S., Müller, E., Eds.; Unversitary Press: Salzburg, Austria, 2006.

20. Griffin, T.M.; Kram, R. Penguin waddling is not wasteful. Nature 2000, 408, 929. [CrossRef]
21. Majed, L.; Heugas, A.-M.; Chamon, M.; Siegler, I.A. Learning an energy-demanding and biomechanically

constrained motor skill, racewalking: Movement reorganization and contribution of metabolic efficiency
and sensory information. Hum. Mov. Sci. 2012, 31, 1598–1614. [CrossRef]

34



Symmetry 2019, 11, 873

22. Pavei, G.; La Torre, A. The effects of speed and performance level on race walking kinematics. Sport Sci.
Health 2016, 12, 35–47. [CrossRef]

23. Alexander, R.M. Mechanics of Bipedal Locomotion. In Perspective in Experimental Biology 1; Spencer-Devies, P.,
Ed.; Pergamon Press: Oxford, UK, 1976; pp. 493–504.

24. Usherwood, J.R.; Channon, A.J.; Myatt, J.P.; Rankin, J.W.; Hubel, T.Y. The human foot and heel-sole-toe
walking strategy: A mechanism enabling an inverted pendular gait with low isometric force? J. R. Soc.
Interface 2012, 9, 2396–2402. [CrossRef] [PubMed]

25. Cazzola, D.; Pavei, G.; Preatoni, E. Can coordination variability identify performance factors and skill level
in competitive sport? The case of race walking. J. Sport Health Sci. 2016, 5, 35–43. [CrossRef] [PubMed]

26. Murray, M.P.; Guten, G.; Mollinger, L.; Gardner, G. Kinematic and electromyographic patterns of Olympic
race walkers. Am. J. Sports Med. 1983, 11, 68–74. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

35





symmetryS S

Article

Core Stability and Symmetry of Youth Female
Volleyball Players: A Pilot Study on Anthropometric
and Physiological Correlates

Sophia D. Papadopoulou 1, Amalia Zorzou 2, Sotirios Drikos 3, Nikolaos Stavropoulos 1,

Beat Knechtle 4 and Pantelis T. Nikolaidis 2,*

1 Department of Physical Education & Sport Science, Laboratory of Evaluation of Human Biological
Performance, Aristotle University of Thessaloniki, 57001 Thessaloniki, Greece;
sophpapa@phed.auth.gr (S.D.P.); nstavrop@phed.auth.gr (N.S.)

2 Exercise Physiology Laboratory, 18450 Nikaia, Greece; a.zorzou@hotmail.com
3 School of Physical Education and Sport Science, National and Kapodistrian University of Athens,

17237 Athens, Greece; sodrikos@phed.uoa.gr
4 Institute of Primary Care, University of Zurich, 8091 Zurich, Switzerland; beat.knechtle@hispeed.ch
* Correspondence: pademil@hotmail.com; Tel.: +30-697-782-0298

Received: 28 January 2020; Accepted: 4 February 2020; Published: 6 February 2020

Abstract: The aim of the present study was to examine the variation in core stability and symmetry of
youth female volleyball players by age, and its relationship with anthropometric characteristics, the 30 s
Wingate anaerobic test (WAnT), and the 30 s Bosco test. Female volleyball players (n= 24, age 13.9± 1.9
years, mean ± standard deviation) performed a series of anthropometric, core stability tests (isometric
muscle endurance of torso flexors, extensors, and right and left lateral bridge), WAnT (peak power,
mean power, Pmean, and fatigue index, FI) and Bosco test (Pmean). Flexors-to-extensors ratio and
right-to-left lateral bridge ratio were also calculated. Participants were grouped into younger (n = 12,
12.3 ± 1.2 years) or older than 14 years (n = 12, 15.4 ± 1.0 years), and into normal (flexors-to-extensors
ratio < 1; n = 17) or abnormal flexors-to-extensors ratio (≥1; n = 7). The older age group was heavier
(+11.3 kg, mean difference; 95% CI, 2.0, 20.6) and with higher body mass index (+2.8 kg m−2; 95% CI,
0.4, 5.1) than the younger age group. The group with abnormal flexors/extensors had larger flexors
muscle endurance (+77.4 s; 95% CI, 41.8, 113.0) and higher flexors/extensors ratio (+0.85; 95% CI, 0.61,
1.10) than the normal group. Body fat percentage (BF) correlated moderately-to-largely with flexors
(r = −0.44, p = 0.033), extensors (r = −0.51, p = 0.011), and left lateral bridge (r = −0.45, p = 0.027);
WAnT Pmean moderately-to-largely with right (r = 0.46, p = 0.027) and left lateral bridge (r = 0.55,
p = 0.006); FI moderately-to-largely with right (r = −0.45, p = 0.031) and left lateral bridge (r = −0.67,
p < 0.001), and right/left ratio (r = 0.42, p = 0.046); Bosco Pmean correlated moderately-to-largely
with right (r = 0.48, p = 0.020) and left lateral bridge (r = 0.67, p = 0.001). A stepwise regression
analysis indicated FI and BF as the most frequent predictors of core stability. The findings of the
present study suggested that increased core stability was related to decreased BF and increased
anaerobic capacity. A potential misbalance between torso flexors and extensors might be attributed to
bidirectional variations (either high or low scores) of flexors muscle endurance rather than decreased
extensors muscle endurance.

Keywords: human performance; muscle endurance; team sport; torso extensors; torso flexors

1. Introduction

Female volleyball has been one of the most popular team sports worldwide [1]. Performance in
this sport has been associated with a series of physical, physiological, psychological and technique
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and tactical characteristics [2,3]. With regards to physiological characteristics, most studies have
focused on jumping ability and anaerobic power so far showing that female volleyball players jumped
high and were characterized by high levels of anaerobic power [4,5]. Both jumping ability and
anaerobic power might vary by age with adults scoring higher than adolescents [6]. Moreover, they
might vary by in-game role of the players, e.g., higher jump height in hitters than libero players [6].
On the other hand, muscle endurance, i.e., the ability maintain muscle power output over time,
in female volleyball—despite being a major component of health-related physical fitness—has received
less scientific attention [7]. Muscle endurance has been considered not only in terms of absolute
values, but also with regards to symmetry between different muscle groups (e.g., agonists versus
antagonists) [7].

Core stability, i.e., the ability to optimize the placement and movement of the torso over the
pelvis, has been recognized as a major component of muscle endurance. It was observed that core
stability was beneficial for human performance, e.g., being stable reference would allow upper and
lower limbs developing force [8], and health, e.g., maintenance of low back and knee health [9]. A low
level of core stability increased the risk of low back and knee injuries [10]. In volleyball, those with
core instability had high scapular malposition, inferior medial border prominence, coracoid pain,
and dyskinesis of scapular movement [11]. Furthermore, the inclusion of core stability exercises was
considered in preventive training programs [12,13]. With regards to the symmetry of the muscle
endurance of torso muscles, e.g., flexors-to-extensors or right-to-left lateral flexors, few studies
were conducted in sports [14,15] including volleyball [7]. It has been proposed that a ratio of torso
flexors-to-extensors muscle endurance larger than one might indicate misbalance in the torso muscle
groups [16], and consequently, this ratio could be used in volleyball to monitor muscle imbalances
and identify potential injury risk. Volleyball included overhead tasks relied on shoulder movements,
which in turn needed core stability to be efficient [7], and it has been shown that core stability might
influence muscle strength of shoulders [17].

Although the abovementioned studies improved our understanding about the role of core stability
and symmetry on health, little information existed about its role on performance in volleyball. The
knowledge of the relationship of core stability and symmetry with anthropometric and physiological
characteristics would be of practical value for professionals working with female volleyball players.
In addition to the symmetry of core muscle endurance, it would be also interesting to examine the
metabolic aspect, where it might be assumed that it would rely on the anaerobic energy transfer
system considering its duration (several seconds) and exercise intensity (increased muscle activity) [18].
In exercise testing, the Wingate anaerobic test (WAnT) has been considered as a “golden” standard of
anaerobic power and capacity despite its specific mode of exercise (cycling) [19]. A continuous 30 s
Bosco jumping test has been developed as more sport-specific than WAnT to monitor performance,
especially in sports involving many jumps [20,21]. Therefore, information on the relationship of core
stability and symmetry with WAnT and Bosco test would provide insight into the metabolic demands
of exercise testing of the former variables. In turn, anaerobic capacity has been shown to be inversely
related with body fat percentage (BF) [22], i.e., the higher the BF, the lower the anaerobic capacity, and,
consequently, it might be expected that BF would be related with core stability indices too.

With regards to correlates of core stability with physiological measures, research on female soccer
players reported no correlation of core stability with sprint and muscle strength; however, this finding
might be due to the sample size of this study [23]. In addition, information about the variation
of core stability and symmetry by age in female volleyball would also be interesting in terms of
training and testing. It has been shown that the prevalence of back pain was higher in 14–17 than
11–13 year-old athletes [24]. Moreover, anaerobic capacity assessed by the WAnT and Bosco test was
larger in 14–18 than in under 14 year-old female volleyball players [25], whereas no difference was
observed in sit-ups test between under and over 14 years female volleyball players [26]. However, no
information on age related differences in volleyball has been examined previously with regard to core
stability and symmetry. Therefore, the aim of the present study was to examine the variation in core
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stability and symmetry of female volleyball players by age and its relationship with anthropometric
characteristics, WAnT, and the Bosco test. A secondary aim was to compare examine differences
between groups varying for torso flexors-to-extensors ratio as it was suggested that a ratio ≥ 1 would
indicate misbalance [16]. The research hypothesis was that increased core stability indices would be
associated with high scores of WAnT and Bosco test indices, and low BF. Since anaerobic capacity and
body composition were related to performance [4,5], a potential association of core stability indices
with these variables would highlight the relevance of core stability with performance.

2. Materials and Methods

2.1. Study Design and Participants

Female volleyball players (n = 24, age 13.9 ± 1.9 years) performed a series of anthropometric,
core stability (isometric muscle endurance of torso flexors, extensors, and right and left lateral bridge)
and WAnT (peak power, mean power, Pmean, and fatigue index, FI, were estimated). Since there was
no information about minimal level of effect size in the differences between groups that would be of
scientific interest, the sample size was selected considering previous studies [7,23]. Flexors-to-extensors
ratio and right-to-left lateral bridge ratio were also calculated to evaluate the symmetry of the core
stability variables. Participants were volleyball players of a sport club in Athens and volunteered for
this study. They had sport experience 2.9 ± 1.9 years, practiced volleyball 3.7 ± 1.0 days per week with
each training session lasting 93 ± 10 min, a total weekly training volume 348 ± 124 min and participated
in one official game per week. After being informed with details about all procedures, participants and
their guardians provided their consent to participate. The exercise testing was performed in a single
session. The study was approved by the local Committee of Ethics (EPL 2019/12). Participants were
grouped into younger (n = 12, age 12.3 ± 1.2 years, sport experience 2.5 ± 1.6 years, 3.6 ± 0.6 weekly
training units, and volume 321 ± 54 min) or older than 14 years (n = 12, 15.4 ± 1.0 years, 3.4 ± 2.1
years, 3.8 ± 1.2 and 374 ± 166 min, respectively), and into normal (flexors-to-extensors ratio < 1; n = 17)
or abnormal flexors-to-extensors ratio (≥1; n = 7) according to the classification of McGill [16]. An
age of 14 years has been suggested to categorize pubertal status in girls [27] and classified adolescent
female volleyball players into age groups [25,26]. Considering the sample size and their small sport
experience, the participants were not grouped by playing position.

2.2. Equipment and Procedures

Participants were evaluated for stature (SECA, Leicester, UK) and body mass (HD-351 Tanita,
City, IL, USA) to the nearest 0.1 cm and 0.1 kg, respectively. The thickness of ten skinfolds (cheek, chin,
pectoral, triceps, subscapular, abdomen, chest II, iliac crest, patella and proximal calf) was measured on
the right side of the body to the nearest 0.1 mm (Harpenden, West Sussex, UK) and was used to estimate
BF according to a Parizkova equation described by Eston and Reilly [28]. After a standardized warm-up
including 9 min submaximal cycling and 6 min stretching exercises, participants performed the 30 s
Wingate anaerobic test (WAnT) on a cycle ergometer (874 Ergomedic, Monark, City, Sweden) against
braking force 0.075 × body mass providing peak power (Ppeak, W kg−1), mean power (Pmean, W kg−1),
and fatigue index (FI, %). Participants were informed that WAnT was an all-out test not allowing the
adoption of a pacing strategy, and were encouraged continuously during the test to exert maximal
effort. In addition, a continuous 30 s jumping Bosco test was performed, where the participants were
instructed to jump continuously throughout this period aiming to achieve maximal jump height in
each jump, minimal time spent at the ground between consecutive jumps and maintaining their hands
on the hips [20]. The mean power (Ppeak, W kg−1) was the outcome measure of the Bosco test.

To assess core stability, four primary (torso flexors, extensors, right and left lateral bridge test)
and two secondary measures (flexors to extensors ratio and right to left lateral ratio) following the
recommendations of Hoogenboom and Bennett [29] were performed. Participants were familiarized
with these measures, since they were included in their training routine. In the torso flexors test,
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the participant adopted a sit-up position at angle 60◦ from the floor, whereas, in the torso extensors test,
the participant was with her upper body unsupported out of a table and an ankle 180◦ at hips. In the
lateral bridge test, the participant was lying using a side-bridge position. A few seconds practice was
provided prior to testing to explain the correct position. A single trial was performed for each test and
a 5-min break was provided between tests to allow sufficient recovery [18]. In each test of core stability,
participants were asked to maintain the correct position as much as possible. Each primary measure
was evaluated in the nearest 0.1 s; thereafter, the secondary measures were calculated to the nearest
0.1. The timing of each test started when participants adopted the instructed position and stopped
when a deviation from the position was observed. This protocol evaluated core stability and symmetry
previously in female and male soccer players [14,15]. Reliability coefficients ranged from 0.93 (flexors),
and 0.96 (right later bridge) to 0.99 (extensors and left lateral bridge) [18].

2.3. Statistical and Data Analyses

IBM SPSS v.23.0 (SPSS, Chicago, USA) and Graphpad v.7.0 (GraphPad Prism, San Francisco,
CA, USA) were used for statistical analyses. Although the data did not present normal distribution
according to visual inspection of Q–Q plots and Shapiro–Wilk test (since n was lower than 50),
parametric statistics were used to provide comparable methods and analysis with previous studies on
core stability [16,18,23,29]. A non-parametric statistics (median, inter-quartile range, Mann–Whitney U
test for differences between groups and Spearman rho for correlations among variables) were also
presented in Tables 1–3 to maintain the statistical integrity of this paper. Data were expressed as mean
and standard deviation. A preliminary examination of potential relationship of training characteristics
with the variables of interest did not reveal any significant correlation; thus, training characteristics
were not considered as covariate. An independent student t-test examined differences between age
groups (under 14 years versus over 14 years) and torso flexors-to-extensors ratio groups (normal
versus abnormal). The magnitude of these differences was evaluated by Cohen’s d, classified as trivial
(d ≤ 0.2), small (0.2 < d ≤ 0.6), moderate (0.6 < d ≤ 1.2), large (1.2 < d ≤ 2.0), or very large (d > 2.0) [30].
The relationship of core stability and symmetry (torso flexors, extensors, right and left lateral bridge
test, flexors to extensors ratio, and right to left lateral ratio) with anthropometric characteristics (age,
height, weight, body mass index and BF), WAnT (Ppeak, Pmean and FI), and Bosco test (Pmean) was
examined using Pearson correlation r. A step-wise regression analysis examined predictors of core
stability and symmetry. Statistical significance was set at alpha 0.05.

Table 1. Descriptive statistics by age group.

Variable Under 14 Years (n = 12) Over 14 Years (n = 12)

Mean ± SD Median (IQR) Mean ± SD Median (IQR)

Anthropometry
Age (years) 12.3 ± 1.2 12.5 (11.1–13.4) 15.4 ± 1.0 ** 15.5 (14.6–15.9) **

Body mass (kg) 53.3 ± 8.5 54.7 (44.7–60.8) 64.6 ± 12.9 * 62.4 (53.6–75.4)
Height (m) 1.60 ± 0.08 1.60 (1.53–1.66) 1.66 ± 0.07 1.68 (1.60–1.72)

BMI (kg.m−2) 20.6 ± 2.3 20.8 (18.1–22.5) 23.4 ± 3.1 * 22.8 (20.4–25.8) *
BF (%) 23.8 ± 5.4 23.8 (20.1–28.7) 25.0 ± 3.5 25.3 (23.2–27.7)

Core stability
Flexors (s) 86.8 ± 69.6 55.5 (33.8–138.9) 66.8 ± 23.8 64.9 (46.5–80.0)

Extensors (s) 107.6 ± 50.0 96.2 (71.7–138.9) 109.6 ± 25.1 107.4 (92.3–122.6)
Right lateral (s) 31.3 ± 17.5 34.6 (11.5–48.9) 35.0 ± 13.3 35.6 (20.9–45.4)
Left lateral (s) 34.8 ± 16.3 35.1 (22.4–51.0) 42.7 ± 16.8 44.4 (33.6–48.0)

Flexors/extensors 0.84 ± 0.60 0.65 (0.31–1.22) 0.64 ± 0.28 0.52 (0.43–0.79)
Right/left lateral 0.90 ± 0.28 0.89 (0.77–1.08) 0.92 ± 0.41 0.85 (0.61–1.16)
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Table 1. Cont.

Variable Under 14 Years (n = 12) Over 14 Years (n = 12)

Mean ± SD Median (IQR) Mean ± SD Median (IQR)

WAnT
Ppeak (W kg−1) 8.28 ± 0.81 8.35 (7.69–8.84) 8.85 ± 0.47 8.86 (8.72–9.13) *
Pmean (W kg−1) 5.94 ± 0.78 5.99 (5.13–6.59) 6.57 ± 0.84 6.74 (6.00–6.86)

FI (%) 49.9 ± 8.0 50.7 (42.6–55.0) 45.9 ± 7.1 45.5 (41.3–46.6)

Bosco test
Pmean (W kg−1) 24.1 ± 4.1 23.7 (20.8–26.4) 25.4 ± 4.1 24.8 (23.1–26.5)

SD = standard deviation, IQR = inter-quartile range, BMI = body mass index, BF = body fat percentage,
flexors-to-extensors ratio, right-to-left lateral bridge ratio, WAnT = Wingate anaerobic test, Ppeak = peak power,
Pmean = mean power, FI = fatigue index; * p < 0.05, ** p < 0.001.

Table 2. Descriptive statistics by flexors-to-extensors ratio group.

Variable Normal Flexors-to-Extensors (n = 17) Abnormal Flexors-to-Extensors (n = 7)

Mean ± SD Median (IQR) Mean ± SD Median (IQR)

Anthropometry
Age (years) 13.9 ± 2.1 14.1 (11.9–15.6) 13.7 ± 1.3 13.7 (13.0–14.6)

Body mass (kg) 60.1 ± 13.3 56.1 (53.3–71.4) 56.2 ± 9.0 60.1 (44.8–62.2)
Height (m) 1.63 ± 0.08 1.64 (1.57–1.70) 1.63 ± 0.09 1.65 (1.53–1.67)

BMI (kg.m−2) 22.4 ± 3.3 22.4 (19.8–24.9) 21.0 ± 2.1 22.1 (19.0–22.5)
BF (%) 25.2 ± 4.7 25.7 (23.4–28.9) 22.3 ± 3.2 22.6 (20.0–24.5)

Core stability
Flexors (s) 54.2 ± 20.6 53.8 (41.0–72.9) 131.6 ± 65.0 * 123.9 (68.2–193.2) **

Extensors (s) 114.1 ± 39.8 107.9 (84.4–133.3) 95.2 ± 35.0 102.1 (62.2–107.7)
Right lateral (s) 32.9 ± 14.3 30.4 (18.2–44.9) 33.8 ± 18.8 39.9 (9.0–50.6)
Left lateral (s) 36.8 ± 13.8 38.8 (29.4–48.8) 43.5 ± 23.0 39.5 (32.5–56.6)

Flexors/extensors 0.49 ± 0.18 0.46 (0.36–0.65) 1.35 ± 0.40 * 1.17 (1.10–1.64) *
Right/left bridge 0.95 ± 0.36 0.89 (0.73–1.20) 0.82 ± 0.30 0.89 (0.65–1.10)

WAnT
Ppeak (W kg−1) 8.55 ± 0.69 8.78 (8.31–8.94) 8.59 ± 0.82 8.81 (7.56–9.17)
Pmean (W kg−1) 6.13 ± 0.89 6.46 (5.22–6.80) 6.61 ± 0.72 6.55 (5.99–6.99)

FI (%) 48.7 ± 7.9 46.4 (44.3–53.4) 45.8 ± 7.1 44.9 (40.4–55.0)

Bosco test
Pmean (W kg−1) 24.1 ± 4.2 24.3 (20.2–26.4) 26.1 ± 3.7 25.4 (23.6–26.5)

IQR = inter-quartile range, BMI = body mass index, BF = body fat percentage, flexors-to-extensors ratio, right-to-left
lateral bridge ratio, WAnT = Wingate anaerobic test, Ppeak = peak power, Pmean = mean power, FI = fatigue
index; * p < 0.001, ** p < 0.01.

Table 3. Correlations r (Spearman rho in brackets) of core stability and symmetry indices with
anthropometric characteristics and Wingate anaerobic test.

Core Stability and Symmetry

Variable Flexors (s)
Extensors

(s)
Right

Lateral (s)
Left Lateral (s) Flexors/Extensors Right/Left

Age (years) −0.06 (0.06) −0.21 (−0.05) −0.05 (−0.06) 0.12 (0.12) 0.06 (0.10) −0.11 (−0.13)

Body mass (kg) −0.23 (−0.13) −0.32 (−0.29) −0.27 (−0.31) −0.21 (−0.17) −0.11 (0.03) 0.18 (−0.10)

Height (m) −0.06 (0.04) −0.26 (−0.12) −0.19 (−0.20) −0.04 (−0.05) <0.01 (0.14) −0.02 (−0.10)

BMI (kg m−2) −0.31 (−0.18) −0.35 (−0.34) −0.30 (−0.27) −0.30 (−0.23) −0.16 (−0.02) 0.24 (0.04)

BF (%) −0.44 * (−0.46 *) −0.51 *
(−0.26) −0.36 (−0.34) −0.45 * (−0.53 **) −0.27 (−0.33) 0.18 (0.16)

Ppeak (W kg−1) −0.20 (0.03) −0.10 (−0.14) −0.01 (−0.11) 0.04 (−0.06) −0.09 (0.10) −0.01 (−0.18)
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Table 3. Cont.

Core Stability and Symmetry

Variable Flexors (s)
Extensors

(s)
Right

Lateral (s)
Left Lateral (s) Flexors/Extensors Right/Left

WAnT Pmean (W kg−1) 0.29 (0.49 *) 0.19 (0.12) 0.46 * (0.39) 0.55 ** (0.53 *) 0.30 (0.39) −0.13 (−0.18)

FI (%) −0.39 (−0.54 **) −0.14 (−0.07) −0.45 *
(−0.41) −0.67 *** (−0.66 **) −0.39 (−0.41) 0.42 * (0.33)

Bosco Pmean (W kg−1) 0.25 (0.45 *) 0.24 (0.16) 0.48 * (0.50 *) 0.67 ** (0.63 **) 0.19 (0.32) −0.20 (−0.07)

BMI = body mass index, BF = body fat percentage, flexors-to-extensors ratio, right-to-left lateral bridge ratio,
Ppeak = peak power, WAnT = Wingate anaerobic test, Pmean = mean power, FI = fatigue index; * p < 0.05,
** p < 0.01, *** p < 0.001.

3. Results

The older age group differed in age from the younger one by 3.1 years (95% confidence intervals,
CI, 2.2, 4.0; Cohen’s d = 2.8), was heavier (+11.3 kg, mean difference; 95% CI, 2.0, 20.6; d = 1.0) and
had a higher body mass index (+2.8 kg m−2; 95% CI, 0.4, 5.1; d = 1.0) (Table 1). No other difference
was observed between age groups (p > 0.05). The group with abnormal flexors/extensors had larger
flexors muscle endurance (+77.4 s; 95% CI, 41.8, 113.0; d = 1.6) and lower flexors/extensors (+0.85;
95% CI, 0.61, 1.10; d = 2.8) than the normal group (Table 2). No other difference was shown between
flexors/extensors groups (p > 0.05).

The correlations of core stability and symmetry indices with anthropometric characteristics,
WAnT and Bosco test were presented in Table 3. BF correlated moderately-to-largely with flexors,
extensors and left lateral bridge, WAnT and Bosco Pmean moderately-to-largely with right and left
lateral bridge, and FI moderately-to-largely with right and left lateral bridge, and right/left ratio.
Representative correlations were depicted in Figure 1. The findings of the stepwise regression analysis
were presented in Table 4. FI and BF were the most frequent predictors of core stability and symmetry.

Figure 1. Relationship of core stability with body fat percentage (BF; a), mean power (Pmean; b),
and fatigue index (FI; c) of the Wingate anaerobic test.

Table 4. Stepwise regression analysis.

Core Stability and Symmetry

Variable Flexors (s) Extensors (s) Right Lateral (s) Left Lateral (s) Flexors/Extensors Right/Left

Predictors BF, FI BF WAnT Pmean, Ppeak FI, Bosco Pmean BF, FI FI
R 0.75 0.51 0.73 0.85 0.71 0.42
R2 0.56 0.26 0.54 0.72 0.50 0.18

SEE 37.9 34.0 11.1 9.3 0.35 0.33

BF = body fat percentage, flexors-to-extensors ratio, right-to-left lateral bridge ratio, Ppeak = peak power,
Pmean = mean power, FI = fatigue index, WAnT = Wingate anaerobic test; SEE = standard error of the estimate.

4. Discussion

The main findings of the present study were that (a) no difference in core stability and symmetry
was observed between age groups; (b) participants with abnormal flexors-to-extensors ratio had more
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muscle endurance in flexors than those with normal ratio; (c) flexors and extensors muscle endurance
correlated with BF, i.e., the larger the muscle endurance, the lower the BF; (d) lateral muscle endurance
correlated with indices of WAnT and Bosco test; and (e) FI and BF were the most frequent predictor of
core stability and symmetry.

Considering the role of age, the comparison between age groups (~12 versus ~15 years) did not
show any difference in core stability and symmetry, which was in agreement with a study on adolescent
non-athletes [31]. It might be assumed that the intermittent nature of volleyball did not facilitate the
development of muscle endurance. The relationship of core stability with BF might be attributed to the
negative role of BF in exercise performance related to muscle endurance and anaerobic capacity [22,32].
Previously, it was observed that BF correlated with WAnT Pmean in both adolescent and adult female
volleyball players [22], where high BF was related to low WAnT Pmean. It has been also shown that a
higher BF was related to a lower number of sit-ups in 1 min in female police officers [32]. This negative
role of BF for core stability and muscle endurance might be that fat was an extra load that should be
sustained without contributing to muscle contraction.

Core stability indices (lateral bridge) correlated either with WAnT Pmean, i.e., mean cycling
performance over 30s, or FI, i.e., percentage decrease of cycling performance over 30 s. Particularly,
a high score of lateral bridge was related to high score of Pmean and low score of FI. It should be
highlighted that a low score of FI in WAnT-combined with adequate Pmean-indicated high anaerobic
capacity, since a participant was able to maintain performance during prolonged exercise [33]. On
the other hand, no correlation was observed between core stability and Ppeak, i.e., performance in
the first 5 s of WAnT. This finding was in agreement with a study in female and male soccer players,
where core stability did not correlate with isometric muscle strength [15]. From a physiological point
of view, core stability tests lasting from 6 s to 230 s had closer affinity with anaerobic capacity (WAnT
Pmean and FI) rather than muscle power (Ppeak) and muscle strength. Moreover, it has been observed
that exercise duration might partially explain the similar results of two different modes (cycling versus
jumping) of exercise tests [21]. With regard to the correlations of the Bosco test, it was observed that the
performance on this test correlated moderately-to-largely with torso lateral flexors muscle endurance.
This observation was in agreement with research showing that torso lateral flexors had substantial
potentials as stabilizers and energy generators during jumps [34] and played an important role in
single-leg jumps independently of vertical or horizontal direction [35].

With regard to torso flexors-to-extensors ratio, it was found that an increased ratio in the abnormal
group was due to an increased score of flexors. A ratio of 1.15 was observed in workers with a
history of back disorders compared to 0.71 in their healthy counterparts [16], where the 1.15 ratio was
attributed more to weak extensors rather than to strong flexors. These findings implied that, although
the abnormal group of volleyball players had increased flexors-to-extensors ratio–observed also in a
group with history of back disorders [16]—a different aetiology might be assumed (increased muscle
endurance of flexors in the former group versus decreased muscle endurance of torso extensors in the
latter group). The overall torso flexors-to-extensors ratio in the present study (0.74) was similar to that
of healthy adults (0.71) [16] and adult female volleyball players (0.73) [7]. It should be highlighted that,
although our results about torso flexors-to-extensors ratio were similar to their adult counterparts [7],
the absolute scores of torso flexors and extensors muscle endurance were quite lower in our sample.
Thus, the higher values of torso flexors and extensors in adult female volleyball players [7] might
be attributed to a long-term training effect. Moreover, low back pain was associated with torso
extensors and flexors weakness [36]. With regard to the normal group, i.e., the group with torso
flexors-to-extensors ratio lower than one, it was observed that this ratio (0.49) was lower than that
reported by literature on healthy adults and adult female volleyball players (~0.72) [7,16]. It was also
shown that this decreased ratio was attributed more to decreased flexors muscle endurance rather
than to the score of extensors. Thus, a training aim should be to prevent torso flexor-to-extensors
misbalance in both directions (i.e., low or high scores of flexors muscle endurance.
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The mean score of right-to-left lateral bridge (≥0.90) indicated a relative symmetry between right
and left side of the torso; however, the large variation of scores of the right-to-left lateral bridge ratio
shown by SD 0.28–0.41 suggested a lack of symmetry between the two sides, i.e., there were participants
with large differences in muscle endurance between right and left torso flexors. On the other hand,
SD as a measure of inter-individual variation should be interpreted with caution considering the lack
of normal distribution of the data as indicated by non-parametric statistics (Tables 1 and 2). These
findings highlighted the need for a balanced training load between torso flexors and extensors as well
as between right and left lateral muscle groups.

A limitation of the present study was that the exercise tests of core stability relied on isometric
muscle contraction; thus, caution would be needed to generalize the findings to exercise tests using
other modes of muscle contraction (isotonic or isokinetic). Furthermore, special attention would
be necessary when performing exercise tests of core stability such as torso flexors, since even a
minimal deviation from the correct position would result in altered muscle activation influencing
the outcome [37]. It was also acknowledged that other assessment methods of muscle symmetry
(e.g., surface electromyography and isokinetic dynamometry) should be selected in future studies to
verify our findings by using laboratory methods. On the other hand, the strength of this study was its
novelty as it provided evidence about the relationship of core stability indices with BF, WAnT, and the
Bosco test. In addition, the findings had practical applications for physicians, exercise physiologists,
and fitness trainers to monitor the training of volleyball players. Performance in volleyball relied on
the effectiveness of the dynamic movements of the shoulder, which in turn performed movements
taking advantage of a stable torso; in this sense, although the core did not participate directly in
dynamic movements, its optimal muscle function was necessary to stabilize the shoulder zone and
pelvis in order for upper and lower limbs to perform efficiently [7]. Since data on core stability of
adolescent female volleyball players were not available in the existed literature, practitioners might
use our findings as reference to evaluate core stability and symmetry of their athletes. Although a
correlation would not indicate causation, the knowledge of the relationship of core stability with BF,
WAnT, and the Bosco test would aid practitioners in the interpretation of core stability measurements,
e.g., a low score of core stability of an athlete with high BF might be attributed to an excess BF in
addition to a likely muscle weakness.

5. Conclusions

The findings of the present study suggested that increased core stability was related to decreased
BF and increased anaerobic capacity. A potential misbalance between torso flexors and extensors might
be attributed to bidirectional variations (either high or low scores) of flexors rather than decreased
extensors muscle endurance. Considering the lack of available data on core stability and symmetry
in adolescent female volleyball players, our findings could be used by practitioners in the context of
testing and training.
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Abstract: This study aimed to examine the agreement between asymmetries of dribble and change
of direction (COD) deficits and to determine their potential difference to each other. Sixteen young
elite football players were recruited and tested for sprint (over 10 m), dribbling (90◦CODdribbling)
and COD (90◦CODrunning) performance in dominant (fastest) and non-dominant (slowest) directions.
Dribble and COD deficits were computed to express dribbling and COD ability without the influence
of acceleration. The asymmetric index (AI%) of both dribble and COD deficits were obtained for both
directions. The level of agreement between dribble and COD deficits was assessed by Cohen’s kappa
statistic (κ). Results showed that AI% measured by dribble and COD deficits presented a poor level of
agreement (κ = −0.159), indicating their imbalance did not favor the same direction. Moreover, AI%
of the dribble deficit was significantly higher than those of the COD deficit. This study demonstrated
that asymmetries in dribbling and change of direction performance (measured by dribble and COD
deficit) were not in agreement to favor the same direction, also displaying a significant difference to
each other. Practitioners should consider the task-specificity of asymmetry to reduce the imbalance in
dribbling and COD performance.

Keywords: agreement; imbalance; football skills; football performance

1. Introduction

The combined asymmetrical and unpredictable nature of football prompts each player dribbling
or changing direction in multiple directions (chaotically) within the pitch, which is unlikely to be
equally distributed during a match [1]. Moreover, additional inherent factors (e.g., playing position,
tactical constraints and players’ leg or directional preference) may also contribute to influencing the
players’ movements within the pitch favoring predominantly their dominant side or direction to the
detriment of the non-dominant one [2]. Although it would be advantageous for team sport athletes to
express similar dribbling and change of direction (COD) performance toward different directions (right
versus left) [3], they often manifest a certain degree of asymmetry, even throughout the season [1,4],
that should be opportunely quantified.

Despite the apparent relevance of assessing dribbling and change of direction (COD) asymmetries,
the available literature is scarce. Most of the studies used the completion time (the total time to cover a
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specific course) to detect the dribbling [5] and COD performance [2,6] for imbalance purposes. It has
been previously observed that completion time might be biased by an individual’s sprint capacity
either via dribbling [7,8] or changing direction assessment [9,10]. To overcome this issue, dribble and
COD deficits have been proposed to provide practitioners with a more valid and isolated measure
within a field-based context, limiting the impact of acceleration [7–10].

A recent study quantified the directional asymmetry in the 505 COD test by deficit and total time
between groups of different team-sport athletes (e.g., football, basketball and cricket). It was found that
all athletes manifested a certain degree of asymmetry between the dominant and non-dominant side
for both COD deficit and total time [11]. The authors also concluded that, being COD deficit unbiased
toward individuals with higher acceleration capacity, its use should be preferred to compare asymmetry
in respect of total time [11]. Moreover, in the studies of Dos’Santos et al. [3,12], the asymmetry of COD
deficit reported higher percentages compared with total time with 35% of the subjects exhibiting values
greater than the asymmetric threshold (14.5%) and 49% showing asymmetries greater than 10% [3],
which has been previously used as a limit for an acceptable imbalance [12–14]. Although a dearth of
research exists on COD deficit asymmetries, no information is available on the use of dribble deficit to
quantify directional asymmetry.

Following the available literature, different assessments of asymmetry over a certain task may
detect diverse levels of imbalances rarely favoring the same side or direction [15]. Madruga et al. [16]
investigated whether the asymmetry was consistent between three unilateral jump-based tests in
team sport athletes. The authors reported a low level of agreement suggesting that the asymmetries
rarely favored the same dominant side. Similarly, Bishop et al. [17] reported slight to a fair agreement
in the asymmetry within unilateral strength and jumping-based tests. Taken all together, these
findings highlight the task-specificity of asymmetry, which should be considered when interpreting
any performance influenced by leg or directional dominance in team sports. This may have important
implications on the assessment of dribbling and COD asymmetries in football players. Dribbling
and changing direction is pivotal to successfully compete in football. Quick and accurate change of
directions while dribbling a ball allows a player to pass her or his opponent more easily, to invade
a specific field area and to create a numerical superiority for increasing any chance of scoring a
goal. In this context, besides quantifying the asymmetry using dribble and COD deficits, knowing
whether there is consistency across them would be of practical importance. Of note, this may provide
practitioners with useful information to target additional exercises for each individual’s dominant
(faster or preferred) and non-dominant (slower or non-preferred) side [17], which might differ between
dribbling and CODs.

Therefore, the aim of the study was twofold: i) to examine the degree of agreement between
dribble and COD deficit asymmetries in favoring the same direction; ii) to determine the extent of each
dribble and COD deficit asymmetry and the possible difference to each other. Dribbling and COD
are different movement tasks with the former more complex and technically demanding, especially
concerning dominant and non-dominant sides [5]. Given the supposed task-specificity of asymmetry,
we hypothesized that asymmetries of dribble and COD deficit would not favor the same direction,
with the former displaying greater values than the latter.

2. Materials and Methods

2.1. Experimental Approach

In this cross-sectional study, 16 young football players from a professional club were tested for
their dribbling and change of direction ability via a 90◦COD test (for both dominant and non-dominant
directions) over 10 m (with 5-m entry and exit). Dribble and COD deficits were employed to offer
an actual ability to dribble or change direction without the influence of acceleration capacity. Then,
the asymmetry index of dribble and COD deficit was computed to establish their level of agreement
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through the kappa coefficient. The derived asymmetries were also compared to each other to detect
whether a potential difference would exist between dribbling and changing direction.

2.2. Subjects

Sixteen young elite football players from the same professional club (age 14.5 ± 0.8 years, body
weight 64.3 ± 6.2 kg, height 177.1 ± 4.9 cm, maturity offset 1.05 ± 0.30 years) voluntarily participated
in the study. The selected sample size was above the minimum value requested for conducting a
Cohen’s kappa agreement study [18]. All participants and their parents or guardians were informed
about the purpose and potential experimental risks. After a deep description of the study, written
consent was obtained from subjects and their parents or guardians to participate in the investigation.
The study was approved by the Ethical Committee of the local Institution, in accordance with the
Helsinki’s declaration.

2.3. Testing Procedures

The subjects took part in the experimental procedure in June and were tested on an outdoor
artificial turf at the same time of the day (i.e., from 3 p.m. to 5 p.m.). The subjects participated in
two sessions. The first session involved a familiarization procedure in which all subjects gained
confidence with the testing battery. Additionally, height, sitting height and body mass were taken by a
stadiometer (SECA 213, Germany) and a portable scale (813, Germany) to the nearest of 1.0 cm and
0.1 kg, respectively. In the second session, a testing battery including 10-m sprint and 90◦COD test
(executed with and without a ball) was randomly arranged. A 5-min standardized warm-up based on
forward and backward jogging, acceleration, deceleration and skipping movements up to 5 m, was
employed before undertaking the first test [19]. An electronic timing gates system (Witty, Microgate,
Bolzano, Italia) was used to record the total time for 10-m sprint, dribbling and COD performance with
the gates set at 0.7 m above the ground. The foremost foot was placed 0.3 m behind the starting line.

2.3.1. Sprint Assessment

Each subject, when ready, sprinted over a 10 m from a two-point staggered stance. The subjects
performed three maximal efforts interspersed by 2 minutes of passive recovery. The best performance
time was considered in the analysis.

2.3.2. Dribbling and Change of Direction Assessment

A 90◦ change of direction test for dribbling (90◦CODdribbling) and running (90◦CODrunning) was
employed. The layout of the test is shown in Figure 1. All players were instructed to perform three
bouts with the ball and three bouts without the ball for each direction (right and left) with 2 minutes
of passive recovery in between. The best performance of the three bouts (in each direction) was
considered for subsequent analysis. The distance between the starting line to the cone and between
the cone and the finish line was 5 m each. For 90◦CODdribbling, the players were requested to dribble
the ball around the cone with a minimum of two touches (with the same foot) along each 5-m path.
For 90◦CODrunning, they were instructed to change direction around the cone using the same side-step
technique in each bout, to avoid any influence due to different COD execution technique. In case
of hitting or touching the cone (even with the ball) at the turning point, the player was stopped
and invited to repeat the bout after 2 minutes of recovery. The 90◦CODdribbling and 90◦CODrunning

performance were initially measured by the total running time to complete the 5-m + 5-m course.
Based on the recommendations of previous studies [3,9], we decided to employ a COD deficit for
inferential analysis on asymmetry while using total running time for descriptive purposes. The dribble
deficit was calculated by subtracting the 90◦CODrunning total time from the 90◦CODdribbling total time.
The COD deficit was calculated by subtracting the 10-m sprint time from the 90◦CODrunning total time.
The fastest mean value between right and left directions was deemed as dominant (D) and the slowest
mean value was considered as non-dominant (ND) [3].
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Figure 1. The layout of the 90◦ change of direction (COD) test. The black silhouettes with and without
the ball identify the dribbling and COD performance, respectively.

2.3.3. Asymmetric Index Calculation

For both dribble and COD deficits the asymmetry index (AI%) was computed with the
following formula:

AI% = ((D−ND)/D) × 100

Likewise, as previously proposed by Dos’Santos et al. [3], an asymmetry threshold (AT%) was also
obtained to determine whether an individual can be considered as asymmetrical with the formula [3]:

AT% = AI% mean + (0.2× SD)

where SD is the standard deviation of the AI% mean.

2.4. Statistical Analysis

The Shapiro–Wilk’s test was conducted to verify if all data were normally distributed. The AI%
resulted in non-normal distribution. Relative and absolute reliability was assessed for all tests
using the intra-class correlation coefficient (ICC), standard error of the measurement (SEM) and the
coefficient of variation (CV), respectively. Paired t-tests or Wilcoxon signed-rank test were used to
detect differences between D and ND directions in 90◦CODrunning (for total running time and COD
deficit) and 90◦CODdribbling (for total dribbling time and dribble deficit) tests, and between the AI% of
dribble and COD deficit, respectively. The effect size of each difference was detected by Cohen’s d (d)
computation. The corresponding d was classified as trivial (d < 0.2), small (0.2 < d < 0.6), (0.6 < d < 1.2)
moderate, (1.2 < d < 2.0) large, (2.0 < d < 4.0) very large and (d > 0.8) near perfect.
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The degree of agreement between the AI% of dribble and COD deficit was assessed by Cohen’s
kappa statistic (κ). We used κ coefficient as an appropriate tool for assessing the agreement of directional
asymmetry (between the two tests) involving right and left dichotomous variables. The κ coefficient
described the chance-corrected proportional agreement determining how consistently an asymmetry in
dribble and COD deficit agreed on the same direction [20,21]. Specifically, κ was given by the formula:

κ = (Observed Agreement−Chance agreement)/(Maximum agreement−Chance agreement)

where the observed agreement defines the percentage proportion of the directions (right and left) for
which dribble and COD deficit agree, and the chance agreement defines the overall random agreement
probability that they agree on the same direction. According to Viera and Garrett [20], the following
levels of agreement were considered: κ < 0.00 (poor), 0.01 < κ < 0.20 (slight), 0.21 < κ < 0.400 (fair),
0.41 < κ < 0.60 (moderate), 0.61 < κ < 0.80 (substantial) and 0.81 < κ < 0.99 (almost perfect). Statistical
analysis was performed using IBM Statistical Package for the Social Science version 21.0 (IBM Corp.;
Armonk, NY, USA). An α-value of 0.05 was set as a criterion level of significance. Ninety-five percent
confidence intervals (95% CI) are shown in squared brackets. Data are reported as mean ± standard
deviation (SD).

3. Results

ICC values showed excellent reliability in 10m sprint (ICC= 0.95, 95% CI [0.86 to 0.98]; SEM= 0.02 s,
CV = 1.8%), 90◦CODrunning test for D (ICC = 0.93, 95% CI [0.88-0.96]; SEM = 0.03, CV = 2.3%) and
ND directions (ICC = 0.94, 95% CI [0.86-0.95]; SEM = 0.03, CV = 2.5%), 90◦CODdribbling test for D
(ICC = 0.88, 95% CI [0.61 to 0.96]; SEM = 0.097 s, CV = 3.3%) and ND directions (ICC = 0.88, 95% CI
[0.66 to 0.96]; SEM = 0.105, CV = 3.5%). The descriptive statistics of each performance outcome with
the inclusion of asymmetry are shown in Table 1. In 90◦CODrunning test, significant differences were
observed between D and ND for total running time and COD deficit with large and moderate effects,
respectively (p < 0.0001, d = −1.07, 95% CI [−1.84 to −0.30] and p < 0.0001, d = −0.73, 95% CI [−1.47 to
0.00], respectively). Likewise, in 90◦CODdribbling test, significant differences were observed between D
and ND for total dribbling time and dribble deficit with small effects (p < 0.0001, d = −0.55, 95% CI
[−1.28 to 0.17] and p < 0.0001, d = −0.57, 95% CI [-1.30 to 0.15], respectively). The Wilcoxon signed-rank
test revealed a significant difference between AI% of dribble deficit and AI% of COD deficit (Z = −2.275,
p = 0.021). The AT% of dribble and COD deficits were 17.22% and 41.62%, respectively.

Table 1. Descriptive statistics of performance outcomes.

Physical Performance Tests Mean ± SD 95% CI

10 m sprint
Sprint running time (s) 1.89 ± 0.09 1.83 to 1.94

90◦CODrunning
Total running time D *** a (s) 2.43 ± 0.06 2.39 to 2.46

Total running time ND (s) 2.50 ± 0.07 2.46 to 2.54
COD deficit D *** b (s) 0.54 ± 0.09 0.49 to 0.59

COD deficit ND (s) 0.61 ± 0.10 0.56 to 0.67
90◦CODdribbling

Total dribbling time D *** c (s) 2.84 ± 0.14 2.76 to 2.92
Total dribbling time ND (s) 2.93 ± 0.18 2.84 to 3.03

Dribble deficit D *** c (s) 0.33 ± 0.10 0.27 to 0.38
Dribble deficit ND (s) 0.43 ± 0.12 0.37 to 0.50

Asymmetry
AI COD deficit (%) −14.62 ± 13.03 −21.56 to −7.67

AI Dribble deficit * (%) −36.11 ± 27.56 −50.80 to −21.42

*** Significant (p < 0.0001) difference from ND, * Significant (p < 0.05) difference from AI COD deficit (%). a Large
effect size d versus ND, b moderate effect size d versus ND, c small effect size d versus ND. Note: D = dominant,
ND = non-dominant, COD = change of direction speed, AI = asymmetry index, SD = standard deviation,
CI = confidence interval.
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Figure 2 shows the individual data for dribble and COD deficit asymmetries. In 6 out of 16 players,
the two AIs% favored the same direction with a resultant observed agreement of 0.38 (38%). The random
probability agreement that dribble and COD deficit favored the right and left directions were ~39%
and ~10%, respectively, with a chance-corrected proportional agreement of 0.46 (46%). The resultant κ
score indicated a poor agreement of −0.159 (standard error = 0.187, 95% CI [−0.526 to 0.208]) between
AIs% of dribble and COD deficits in favoring the same direction.

Figure 2. Individual asymmetry data (AI%) for dribble and change of direction (COD) deficits. Bars
above the 0 line shows the asymmetry favoring the right direction, and bars below the 0 line shows the
asymmetry favoring the left direction. The dotted lines indicate the asymmetry threshold of dribble
deficit while the solid lines indicate the asymmetry threshold of COD deficit, respectively.

4. Discussion

The main finding of this study was that the asymmetry measured by dribble and COD deficits
presented a poor level of agreement, indicating they did not favor the same direction. Moreover, it has
been shown that, on average, AIs% of dribble and COD deficits were significantly different from each
other, with the former presenting the highest values. These findings are in line with our hypothesis
that dribble and COD deficits would not exhibit asymmetries favoring the same direction, with the
former displaying the highest value.

Demonstrating whether (or not) the level of asymmetry (i.e., right versus left) is consistent across
dribbling and COD performance provides practitioners with practical information that can be helpful
to design targeted training strategies. According to the present results, while a player exhibited a fast
change direction with the ball on a given side (right), she or he tended to display a fast change direction
without the ball toward an opposite one (left). For example, Figure 2 shows only 6 out of 16 (~ 38%)
players presenting an AI% favoring the same side, whereas most of the AIs% were not consistent across
dribble and COD deficits. Indeed, the probability that asymmetries of both dribble and COD deficits
would favor the same direction by chance was 46%, which is higher than the observed agreement.
As such, the resultant level of κ score, which has the peculiarity of removing any agreement by chance,
indicated that they did not produce similar results on a given side or direction. Taken all together, these
findings also suggest that the asymmetry for 90◦CODdribbling and 90◦CODrunning tests over young
subjects and using a common metric (e.g., deficit) is task-specific. This is supported by the study of
Bishop et al. [17] in which the authors examined whether asymmetries were consistent across unilateral
strength and common jumping-based tests (e.g., single-leg countermovement jump and single-leg
broad jump) for peak force and impulse (eccentric and concentric). Most of the agreement for peak force
(κ = 0.05) and impulse (−0.25 < κ < 0.32) ranged from slight to fair even across common tests, except
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for the substantial (κ = 0.79) agreement between single-leg countermovement jump and single-leg
broad jump tests for concentric impulse. This provides evidence for the notion that asymmetry is
task-specific. In fact, given the current results, practitioners should consider the task-specificity of
asymmetry when interpreting dribbling and change of direction performance to implement targeted
training strategies for an individual’s dominant (faster or preferred) and non-dominant (slower or
non-preferred) side [17]. For instance, it has been demonstrated that practicing with an emphasis on
the non-preferred side (e.g., ND direction) by increasing accuracy and force in the kicks, ball control
and speed may be a good practice to reduce asymmetry in dribbling [5]. Of note, the nature of these
two motor actions (dribbling and COD) presents some peculiarities that differ from each other. Indeed,
compared with COD, dribbling fast in multiple directions requires players a high technical (bilateral)
proficiency to maintain the ball under control, which in turn slows their performance time.

To our knowledge, the present study is the first quantifying and comparing the dribbling and
COD performance in young elite football players. Dribbling and COD are pivotal to successfully
compete in youth football [22–24] with the former considered a field-based predictor of a player’s
success in one-to-one duels [25]. Unfortunately, some evidence exists on COD deficit in the current
literature [3,9,26–28], there is a dearth of information on dribble deficit [7,8] and no data are available
on its asymmetry. The unpredictability of game scenarios, together with inherent factors such as
playing position, tactical constraints and players’ leg or directional preference, may prompt players
choosing predominantly their dominant side (at the expense of the non-dominant one) to address any
football-specific maneuver [5]. The current results showed that the mean AI% of dribble deficit roughly
doubled that of COD. The use of the ball requires players being able to perform complex movements
depending on additional factors [29] (e.g., force, accuracy and precision kicking of dominant and
non-dominant legs) that are likely to enhance the expected directional asymmetry among individuals [5].
Of note, in Figure 2, 6 (~ 38%) and 5 (~ 31%) out of 16 players were asymmetrical, presenting an AI%
higher than the corresponding AT% for dribble and COD deficits, respectively. It is worth noticing that
their values exceeded the common threshold of 10%, which has been previously used as a limit for an
acceptable bilateral imbalance [12–14].

As regards COD deficit asymmetries, the present results appear in line with the study of
Dos’Santos et al. [3], in which 35% of the subjects reported a significantly higher bilateral imbalance in
COD deficit (by the 505 COD test) than the corresponding asymmetry threshold. However, according
to recent studies, the relevance of any discussion about the thresholds and their capability to detect
asymmetry has been questioned [4,15]. Bishop et al. [4,17] reported individual data for unilateral
strength and jumping-based tests showing that asymmetries can sometimes be as large as 20%–40%
with no bearing on a performance outcome (e.g., during CODs) [4]. Additionally, interpreting mean
data without devoting attention to an individual approach would not depict a clear portrait of a
player’s asymmetry, and her or his training needs to reduce it. The current results appear to be in line
with such consideration. Regarding dribble deficit, some individuals (e.g., player n◦ 1 in Figure 2)
exhibited an imbalance higher than 50%, which is one and a half times larger than mean SD, while
others were about on average (e.g., player n◦ 6 in Figure 2). Thus, it is evident how designing targeted
training programs to the player n◦ 6 (with an AI% barely below the mean) would not likely contemplate
the required additional exercises for the player n◦ 1 in an attempt to reduce the highest asymmetry.
This information can be of practical relevance as practitioners are helped to plan any additional exercise
on a more individual level to reduce asymmetry [17] in both dribbling and change of direction ability.
It is notable that while COD asymmetries are detectable among team-sport athletes [11], within a
homogeneous group as the present elite players, the inter-variability of dribbling and COD tests
would limit the interpretation of the mean values. Bishop et al. [17] suggested to report and compare
asymmetries to testing variability (e.g., CV%). In support of this, the inter-individual variability should
be taken into account when attempting to screening young football players [30]. As such, it can be
provided relevant information underpinning the monitoring and development of individualized or
small-groups program routines [30].
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This study presents limitations that should be acknowledged. The 90◦COD test currently selected
may be limited to represent the variety of dribbling techniques (close dribbling skills or a combination
of long kicks and fast acceleration to run past an opponent) performed in matches [25]. Taking into
account the task-specificity of asymmetry, further studies are warranted to examine how the evidence of
no agreement with COD would be confirmed within a wider spectrum of dribbling skills. We also put in
evidence that our findings cannot be surely extended also to other team sports. For instance, dribbling
and COD abilities are determinants component in basketball. Thus, further studies are warranted to
examine whether the current disagreement between dribble and COD deficit asymmetries in football
would be found also in basketball players who dribble with upper limbs instead of lower limbs.
Finally, we put in evidence that the present findings should be interpreted according to maturity status.
Indeed, although the current players’ maturity offset was fairly homogeneous, it might be possible that
different results would come from heterogeneous maturity-related profiles, and consequently leading
to different dribbling and COD deficit results.

5. Conclusions

This study demonstrated that asymmetries in dribbling and change of direction were not in
agreement to favor the same direction, probably reflecting the different nature of these motor actions.
As such, practitioners should consider the task-specificity of asymmetry to reduce the imbalance
between dominant and non-dominant directions. For example, additional dribbling exercises placing
the emphasis on the ND direction may represent a good strategy to improve the ND itself, without
affecting the D direction. Of note, practitioners are encouraged to interpret asymmetry data with an
individual approach to contemplate the required additional exercises for a given player to reduce
her or his imbalance on a more individual level. In young elite players, assessing the direction of
asymmetry during dribbling and changing direction appears pivotal to guarantee informative data
on their potential individual imbalance. Finally, coaches and practitioners may benefit from data on
players’ directional imbalances to ameliorate both individual monitoring and training processes across
the youth athletic development.
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