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INTRODUCTION

The present dissertation concerns the research activities carried out by the PhD candidate
Valerio Giustino. The research conducted explored the contribution of a biomechanical device
(i.e., the occlusal splint) and a neuroscientific procedure (i.e., the prismatic adaptation) on sport
performance.

The first chapter briefly describes the concept of sport performance considering its components
and its measurement.

The second chapter, focusing on biomechanics in sports, presents the influence of the occlusal
splints on performance. In this chapter two experimental research are reported on the effects of
the occlusal splints in sports (respectively on cervical range of motion and on hand grip
strength). In fact, although the influence of oral devices on sports performance has been
extensively explored, the real contribution these can make is still under investigation as the
results are in contrast. Firstly, to avoid any misunderstanding, it is appropriate to distinguish
the types of oral devices that exist and for what purpose they should be used by athletes. Indeed,
the main difference concerns the mouthguards, which have the purpose of preventing oral
injuries, and the occlusal splints, which have the purpose of balancing the occlusion. In
particular, the latter oral device, since it determines an increase in the vertical dimension of
occlusion (i.e., the vertical distance between mandible and maxilla), induces to a modification
of the biomechanical structure of the head leading to a change in the cranio-cervical-mandibular
posture. According to the concept of the whole-body biomechanics, strictly related to the
concept of myofascial chains that connect the different body districts, a modification of a body
part can determine changes in both adjacent and distant districts. Therefore, a change in the
biomechanical structure of the head could affect characteristics such as strength, power, and
body balance. Furthermore, in this chapter a further experimental research, currently submitted,

on biomechanics in sports relating to kinematics of cervical spine in rowers is reported.



The third chapter deals with the importance of human posture on sport performance by
presenting the concept of body balance and postural control and focuses on the role of
proprioception, visual, and vestibular inputs for maintaining body balance. It also describes
how to assess human posture qualitatively and quantitatively. This chapter also reports an
experimental research on the differences in postural baropodometric characteristics in athletes
of different sports.

The fourth chapter introduces the role of neuroscience in sports, focusing on the prismatic
adaptation procedure. As a matter of fact, thanks to the encouraging results, the interest in
neuroscience applied to sport has grown in the last years. Indeed, the continuous search for
obtaining the best possible result and the constant interest in devices and procedures to improve
sport performance have prompted the scientific community to investigate the influence that
specific neuroscientific procedures can have on sport performance. Among the neuroscientific
procedures, prismatic adaptation is a short-term visuomotor plasticity procedure induced by
prismatic lenses that allow the visual field to be moved to a certain position in the space to
which the motor system adapts. Due to its peculiarity of moving the visual field using prismatic
lenses, this procedure was initially explored in patients with difficulty in exploring a visual
hemifield, while recently it has also been studied in healthy subjects. The acute effects of
prismatic adaptation have been studied on tasks such as walking, aiming, throwing, and on body
balance but none of these studies have included athletes. This chapter presents two experimental
research on the acute effects of prismatic adaptation. The first study investigated any acute
effects on postural baropodometric characteristics and on hand grip strength in healthy subjects,
including athletes. A second experimental research, currently submitted, explored any acute
effects of prismatic adaptation on penalty kick accuracy and postural control in young soccer
players.

Finally, the appendix presents the PhD candidate’s academic career.



I declare that all the articles reported in this dissertation are reproduced according to the

Creative Commons policy (CC-BY) or with the permission of the journals.



CHAPTER 1 - Sport performance

Sport performance is the measurement of an athlete's success in participating in sport [1]. In
particular, sport performance refers to a complex combination of several factors that influence
the results of the competition, and measuring it objectively is of crucial importance especially
in elite athletes [2].

The role of both physiological and psychological factors on sport performance has been
extensively investigated over time. For instance, concerning the physiological factors, different
recovery strategies have been studied by several research groups [3]. Similarly, various
periodization approaches have been evaluated to study their contribute on performance
enhancement in both individual and team sports [4]. Furthermore, among the other aspects
studied in order to obtain better performance, research has examined the influence of the
application of supplementation for improving sport performance [5]. Regarding the
psychological factors, several research groups examined the fear of failure and the association
with psychological stress and burnout that performance can cause in athletes [6]. In a similar
way, athletes who play sports have been shown to experience anxiety disorders [7].

These premises show how sport is closely related to the search for the best possible
performance. Nevertheless, a complete understanding of the components of performance and

being able to measure it is necessary in order to achieve optimal results in sports.

1.1. Components of sport performance

Sport performance depends on a mixture of athlete's characteristics that includes physical
components, technical and tactical skills, as well as psychological and social factors [8].

It should be noted that one dimension may predominate over another and in some sports the
contribution of the physical components play a main role, while in other sports the technical-

tactical skills prevail [8]. For example, in sports such as sprinting or marathoning performance



is strictly related to the physical domain, while in team sports with the ball technical and tactical
skills are fundamental for success [8]. Moreover, regarding physical domain, some sports
require a greater contribution from one component rather than another [9]. For example, sports
such as sprinting or throwing are highly dependent on anaerobic power, while marathoning or
rowing predominantly requires aerobic endurance [9-11]. Similarly, technical and tactical skills
are sport-related and, as for the physical domain, they also depend on the level of the athletes
[12,13]. Furthermore, the training program includes exercises that emphasize more the sport-
specific component, although it stimulates all of them in a general way [14,15].

Physical components for sport performance are endurance, strength, skill, and recovery [9]. In
detail, these dimensions can be respectively described as the following abilities: to perform
exercise for a prolonged period (at different intensities); to develop a high power in a single
action; to perform a sport-specific motor skill; to restore pre-performance physiological levels
from training sessions or competitive events [8,16].

Achieving a high level of specific physical components is essential for obtaining the best
possible performance and this depends on training and is closely related to the respiratory and
cardiovascular systems, as well as to the musculoskeletal and nervous systems [8]. Furthermore,
in order to improve these abilities, the use of devices or procedures is increasingly common
among athletes. It is indispensable to report that in order to establish any improvement in
physical components during training or in performance during competitions, these must be

appropriately measured.

1.2. Measurements of sport performance

The success of sport performance is established through its measurement. The measurement of
sport performance has the dual purpose of objectively monitoring performance during training
(in order to surpass oneself and to be competitive) and above all, to measure performance during

competition (in order to establish its success and obtain the highest possible result) [1]. Hence,



the measurement of sport performance, especially in elite athletes, has the connotation of the
pursuit of excellence and success, raising the bar of the performance level.

As reported by Raysmith et al. (2019), the achievement of high performance not only allows
the access to the final stages of competitions or the achievement of victories, but also involves
an influx of money from sponsors and funding [1]. For these reasons, scientific research has
extensively investigated the factors that influence the outcomes of sport performance [1].

High performance in sports depends on several factors related to sports science such as training
planning, the use of devices for monitoring performance, and the use of equipment for
improving performance [17-21].

Concerning the first domain, Doherty et al. (2020) investigated the relationship between a series
of training and marathon performance [20]. Similarly, a recent systematic review aimed to
identify the main characteristics of resistance training in terms of training intensity distribution,
training volume, and periodization models in swimmers [21].

As for the devices used, advances in technology have made it possible to quantitatively measure
variables such as movements, workloads, and biometric markers in order to optimize sport
performance [17-19]. Indeed, performance analysis in sports represents a sub-discipline of sports
science which uses a wide range of technologies with high level of validity and reliability, such
as local positioning system (LPS), global positioning system (GPS), pedometers,
accelerometers, video tracking and video analysis systems, and physiologic sensors to measure
sport performance [17,22].

Regarding the equipment for improving performance, athletes, coaches, technical staff, and
physicians are constantly looking for the possible benefits of wearable devices to maximize
performance and minimize injuries [23,24]. For instance, Drum et al. (2016) investigated the
differences in wearing personalized or custom-made mouthguards, and standard mouthguards,
and no wearing mouthguards on general fitness parameters in experienced collegiate football

players [23]. Similarly, Hiilsdiinker et al. (2019) examined the effects of 4-week training with
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stroboscopic glasses on visuomotor performance and neural visual function in top-level
badminton players [24].

The above highlights the importance of technological progress in the development of
biomechanical and neuroscientific devices in sports and underlines the contribution that these

two disciplines are making increasingly to the improvement of sport performance.
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CHAPTER 2 - Biomechanics in sports

Performance analysis in sports, both during training and competition, regards the contribution
of different sport areas including biomechanical, physiological, psychological, technical, and
tactical contexts [22].

Focusing on biomechanics, it represents the field of sports science that studies human
movement, that is, the mechanics applied to the human body. Specifically, it studies human
movement from the point of view of the forces that act on the human body and cause movement,
and it studies the forces generated by it during the movement.

The mechanics applied to the human body therefore refers to the mechanics of rigid bodies
which consists of three branches: statics, dynamics (i.e., kinetics), and kinematics [25-27]. The
statics is the study of the conditions of mechanical equilibrium and conservation of the stillness
of an object (for example, the analysis of postural sway). The kinetics is the study of the forces
that cause or modify the motion of an object (for example, the sprint from the starting blocks
for runners). The kinematics is the study of the motion of an object without considering the
forces that cause or modify the motion. This discipline therefore considers parameters such as
space and time, and the measures deriving from them such as speed and acceleration (for
example, the motion of the tennis ball in the serve).

The use of technology in sports biomechanics is essential to assess and monitor statics, kinetics,
and kinematics variables, and to improve performance and prevent injuries [28-31]. Precisely to
pursue the achievement of these objectives, the research has also focused on the contribution
of biomechanical devices such as shoes, insoles, braces, external joint supports, taping,

mouthguards, and occlusal splints [32-44].

2.1. Biomechanical devices in sports: the effects of occlusal splints on performance
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Although the use of oral appliances in sports is widespread, the scientific literature shows
conflicting results on the effectiveness of these devices on improving performance [41,42].
Firstly, it is appropriate to clarify the difference between the two most used oral devices in
sports, namely mouthguards and occlusal splints.

Mouthguard aims to protect teeth and gums from the risk of injury, especially in contact sports
[45-48]. This device, mandatory for some sports and recommended in others, plays a crucial
preventive role against oral injuries [49,50].

Occlusal splint is a removable device that has the purpose of regulating the occlusion, that is,
balancing the relationship between the mandible and the maxilla by stabilizing the
temporomandibular joint. Occlusal splint, by itself, increases the vertical dimension of
occlusion and, apart from the jaw repositioning, this would seem to have an influence on the
cranio-cervical-mandibular muscle groups and, consequently, on the adjacent and non-adjacent
muscle groups affecting sport performance [51-54].

As for the effects of occlusal splints on sport performance, several research groups have studied
the effectiveness of different occlusal splints in features such as body posture, walking and
running biomechanics, endurance and strength performance [41,42,55,56].

As a matter of fact, Ohlendorf et al. (2013) showed that body balance ability can be improved
by using a dental power splint in the myocentric condylar position, especially with eyes closed
than with eyes opened [57]. Conversely, Leroux et al. (2018) detected no changes on body
balance among different occlusal conditions (without occlusal splint; with two different
occlusal splints increasing the vertical dimension of occlusions by 1 and 2 millimeters,
respectively; and with occlusal splint inducing 4 millimeters of lateral deflection of the
mandible) in young elite rowers [58].

In a similar way, Maurer et al. (2015) evaluated the influence of four dental occlusion conditions
(i.e., neutral and with three different types of occlusal splints) in twenty healthy young

recreational runners. Although no differences in the running speed were observed, they found
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within-subjects differences in terms of more symmetrical running pattern in the occlusal splint
conditions compared to the neutral condition [59]. In contrast, Dias et al. (2020) studied the
acute effects of occlusal splints on gait and running kinematics finding no significant
differences on body sway patterns during gait or running between test conditions using occlusal
splint, placebo splint, and no splint [60].

Busca et al. (2016) detected significantly better performances on measures of maximal upper
body isometric strength (i.e., hand grip, back-row) and lower body muscular power (i.e.,
vertical countermovement jump) in physically active male subjects while wearing an occlusal
splint [61]. Similar ergogenic effects on specific measures of vertical jump and swim bench test
in highly trained swimmers were found by Mir6 et al. (2021) when comparing the use of an
occlusal splint with the no-occlusal splint condition [62]. In contrast to the latter results, in order
to test the acute effects on power and strength, Allen et al. (2014) evaluated the performance of
a maximum countermovement vertical jump (CMVJ) and of a 1 repetition maximum (1RM)
bench press exercise, with and without an occlusal splint, in a sample of recreationally trained
college aged males finding no significant differences between conditions [63].

The effectiveness of these devices is a subject of debate among scientists and for this reason

the research on the influence of occlusal splints on sport performance is still current.

2.2. Experimental research on the use of occlusal splints in sports

In the following paragraphs (2.3. and 2.4.) two experimental studies will be presented which
investigated the influence of occlusal splints on fitness characteristics in athletes. The first
article investigated the effects of the occlusal splint on cervical range of motion (RoM) in sports
subjects, while the second article examined the use of the same biomechanical device on hand

grip strength in martial arts athletes.
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2.3. Influence of Occlusal Vertical Dimension on Cervical Spine Mobility in Sports Subjects

[from Battaglia et al. (2016)] [64]

Introduction

The well-known neurological and biomechanical intercommunication existing between the
mandibular and cervical systems implies a close interaction between them [65]. In particular,
the contact between teeth due to their relative positions, i.e. dental occlusion, determines the
position of the mandible [66,67].

Considering the strict correlation between the stomatognathic and the musculoskeletal systems,
disorders of the former and of the mandible have been reported to be able affect the spine [68,69].
Alterations of the tooth-mandible-tongue complex influence postural attitude [70], while the
temporomandibular joint (TMJ) affects other systems, as well [71,72]. Moreover, symptoms of
cervical spine disorders and head, neck and shoulder pain have been observed in subjects with
TMIJ dysfunction [72]. This is probably due to the biomechanical correlation between the
cervical spine and the TMJ. It has been postulated, but not confirmed, that motor performance
during physical activity may be influenced by the stomatognathic system and that the position
of the TMJ affects muscle activity [70,73]. In addition, some authors have found significant
associations between temporomandibular disorders (TMD), cervical spine injury and
masticatory muscles [74,75].

Indeed, subjects affected by TMD have been proven to have considerably worse cervical
extensor-muscle function [76], neck pain on movement [77,78], and cervical muscle tenderness.
In addition, such individuals have decreased pressure-pain thresholds in tissues of the neck
region [79]. The neurophysiologic connections between the cervical spine and the
temporomandibular area, including the convergence of trigeminal and upper cervical afferent
inputs in the trigeminocervical nucleus [80,81] could justify the link to cervical spine
impairment. It could also affect posture in sports and sedentary subjects, as suggested by the

evident relationships between cervical spine and TMD disability and the positive correlation of
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the reciprocal dose-response relation with, both severity and frequency of, spinal pain and TMD
[82]. Several conflicting studies, reported in the literature, have investigated whether occlusal
vertical dimension (OVD) affects sport-related skills [59,83,84]. The OVD corresponds to the
height of the lower face when the dental arches are in maximum intercuspation [85]. According
to Dawson’s definition, a passive and an active OVD may be distinguished. The latter is
characterized by contracted elevator muscles in the mandible [86].

The purpose of our study is to investigate the influence of OVD on cervical spine mobility in
sports subjects. In particular, we measured cervical range of motion (ROM) before and after

increasing OVD in sports and sedentary subjects.

Materials and Methods

Participants
Forty subjects, including 38 males and 2 females, were eligible for the study, but only the males
were recruited in order to have an homogeneous sample. All subjects were administered a
questionnaire about health status and personal data. After the preliminary interviews and
screening, only 36 males were deemed suitable for our study based on the following inclusion
criteria: 15-30 years of age (1 subject excluded); >3 consecutive years of sports background,
for sports subjects (1 subject excluded), according to the standards of sports-specific studies;
or >3 consecutive years of a sedentary lifestyle, for sedentary subjects [87].
Participants were assigned to one of two groups: a sports group (SG) and the control group
(CG) which included 18 subjects each. The SG was composed of sports people (age: 20.11£3.45
yrs; body weight: 79.78+8.86 kg; height: 1.77+£0.05 m; BMI: 25.39+2.32 kg/m2) and the CG
consisted of age-matched sedentary subjects (age: 25.78+2.26 yrs; body weight: 77.72+9.40
kg; height: 1.77£0.08 m; BMI: 24.88+2.87 kg/m2). All subjects participated voluntarily in the
study. However, given that some of the subjects were minors, in those cases a parent also

provided written informed consent to participate in this study, which was approved by the
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Ethical Board of the University of Palermo and conformed to criteria for the use of persons in
research as defined in the Declaration of Helsinki. Researchers clarified the aim of the study
and the scientific procedures to be used prior to allowing participants to enter the experimental

study.

Anthropometric measurements
Anthropometric measurements were performed according to the evaluation procedures reported
in several studies by Battaglia et al. [88,89]. In particular, body weight was measured using a
Seca electronic scale (maximum weight recordable: 300 kg; resolution: 100 g; Seca, Hamburg,
Germany), with the subjects wearing only undergarments. Height was measured by a standard
stadiometer (maximum height recordable: 220 cm; resolution: 1 mm), with subjects barefoot
and standing upright. Body mass index (BMI) was calculated as body weight divided by height

squared (kg/m2).

Cervical ROM measurement

Cervical ROM was evaluated via a non-invasive technique by way of a Moover® (Sensor
Medica®; Guidonia Montecelio, Roma, Italia) accelerometer, a wireless electronic, computer-
aided measuring device using freeStep® software (Sensor Medica®; Guidonia Montecelio,
Roma, Italia). The Moover® accelerometer permits measurements of range of motion,
acceleration values, total amount of motion on the X,Y and Z planes.

The cervical ROM evaluation protocol was standardized and participants were allowed to
become familiar with the experimental procedures used. Each individual was seated in a
standardized chair (length: 38 cm; breadth: 40 cm; height: 45 cm) with their backs at 90 degree
angles and sacrum and shoulder blades adhering to the backrest, feet flat on the floor, hands on
thighs and head in a neutral position. The device to gauge cervical ROM was positioned

medially, at the level of the frontal bone of the skull, above the bridge of the nose, then fastened
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to the head via a strap. Verbal commands were given to the subjects to perform neck movements
until the maximal ROM. We first assessed mobility in the transverse plane, followed by the
frontal plane, and finally the sagittal plane. Subjects performed three different and consecutive
movements: maximal left and right rotation (LRR), maximal left and right lateral flexion
(LRLF), maximal flexion-extension (FE) movements. All assessments were performed three
times and the average values for each were used for purposes of statistical analysis. No warm-
up was allowed for before measurements.

Evaluations of cervical ROM were consecutively performed two times in each individual: under
pre-test and post-test conditions. During the pre-test phase, each subject performed movements
with his mouth closed, whereas for the post-test phase a rigid wax 1-cm-thick occlusal rim was
inserted between the dental arches so as to increase the OVD. The software recorded cervical
angles of LRR, LRLF, FE movements in degrees. The same investigator took all the

measurements.

Dental occlusion-class evaluations

The term occlusion refers to the relationship between the upper and lower teeth, that is, the
anatomical position of contact between the two dental arches, which coincides with the
maximum dental intercuspation, i.e. with the final phase of the masticatory function, in
optimum conditions.

The permanent occlusal relationship, properly called occlusion, begins to take shape with the
eruption of the upper first permanent molars which represent the guide for tooth occlusion. The
key to occlusion is the relative position of the first molars [90]. On the sagittal plane, dental
occlusion classes are classified according to the criterion adopted by Edward H. Angle, which
is based on the relationship of the first permanent molars. This classification includes three bite
classes:

Class I: by definition, correct occlusion or normocclusion, whereby the mesiobuccal cusp of
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the maxillary first permanent molar occludes with the mesiobuccal groove of the mandibular
first permanent molar, while the cusp of the first maxillary canine is located between the
mandibular canine and its adjacent first mandibular premolar.

Class II: incorrect occlusion or distocclusion (overbite), in which the maxillary first molar
occludes mesially with the first mandibular molar, while the maxillary canine, instead of
aligning with the lower one, is anterior to it. It is characterized by mandibular retrognathism,
which, in turn, is divided into two subtypes: Class II Division 1, in which the incisors are
directed forwards, usually with the anterior teeth protruding, associated with a lingual
dysfunction; Class II Division 2, in which the incisors are retroclined.

Class III: defined as an incorrect occlusion, or mesiocclusion (underbite), whereby the lower
first molar occludes mesially with the upper first molar, while the lower front teeth are more
prominent than the upper ones. It is characterized by mandibular prognathism with a low
position of the tongue.

Occlusion class was assessed with the subjects standing with a natural head posture, called

orthoposition, i.e. the physiologic head position.

Statistical analysis
Statistical analysis was performed by one of the authors, who is a biostatistician and
epidemiologist. Results were expressed as means + standard deviations and all data were coded
onto Excel files. Statistical analysis was performed using GraphPad Prism® software
(Microsoft® Windows®, version 5.0; La Jolla, CA). Repeated measures ANOVA was used,
with significance level set at p<0.05, to compare differences between pre- and post-intervention

performances.

Results

The two groups were similar in their anthropometric characteristics, as measured by BMI (SG:
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25.39+2.32 kg/m2 vs. CG: 24.884+2.87 kg/m2; p>0.05) and occlusion-class distribution. In
particular, CG included: 10 subjects in occlusal class I; 7 subjects occlusal class II and only 1
subject in class III. Similarly, in the SG, 7 subjects were: occlusal class I, 11; occlusal class II;
no participants were in occlusal class III. For this reason, the single, unmatched occlusal class
III subject in the CG group was excluded from the data analysis.

Regarding cervical ROM analysis at pre-test, the sports and sedentary groups showed similar
total ROM. Moreover, we found that the SG showed no significant difference in cervical ROM
in response to increased OVD when compared to the control group. As is shown in table 1,
there were no increases in LRR, LRLF, FE for SG (p>0.05), compared to the control group,

from pre- to post-test conditions.

TABLE 1 - Study of cervical ROM in response to increased OVD

Left Rotation Right Rotation Total Rotation
Pre-test(®) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(°) A(%)
CG 68.14+9.03 68.80+9.70  +0.96 | 67.05+9.39 66.26+8.97 -1.18 | 135.19+18.42  135.06+18.67  -0.10
SG 68.48+5.94 68.74+7.10 +0.38 | 73.05%10.37 72.85+9.22 -0.27 141.53+16.31 141.59+16.32  +0.04

Left Lateral Flexion Right Lateral Flexion Total Lateral Flexion
Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(°) A(%)
CG 40.21+7.11 41.96+6.60  +4.34 | 41.38+8.26 39.89+7.67 -3.58 81.59+15.38 81.85+14.28  +0.32
SG 42.35+7.82 4351+7.13  +2.73 | 40.21%+6.99 41.66+6.37  +3.61 | 82.56+14.81 85.17+1350  +3.16

Flexion Extension Total Flexion-Extension

Pre-test(°) Post-test(°) A(%) Pre-test(°) Post-test(°) A(%) Pre-test(°) Post-test(°) A(%)
CG 49.83+11.82 53.09+10.11  +6.54 | 68.11+10.30 62.81+11.56 -7.78 117.94+22.13 115.90+£21.67 -1.73
SG 47.78+12.54 51.59+8.62 +7.98 | 66.38+12.20 64.15+11.87 -3.36 114.16+24.74 115.74+20.48 +1.39

Legend: ROM, Range of Motion; OVD, Occlusal Vertical Dimension; CG, Control Group; SG, Sports Group.

Likewise, data analysis according to occlusal class (I or II) of the SG subjects revealed no
statistically significant ROM variations in response to increased OVD (Table 2). Of note, the
CG in occlusal class I showed an interesting increase (p>0.05) in the average values of rotation
(pre-test: 131.10£21.02 vs. post-test: 137.86+17.42; A: +5.15%), with respect to SG subjects

belonging to the same class (pre-test: 142.58+18.05 vs. post-test: 143.68+18.49; A: +0.77%)).
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TABLE 2 — Study of cervical ROM in response to increased OVD according to occlusal class
Left Rotation Right Rotation Total Rotation

CG | Pre-test(®) Post-test(®)  A(%) Pre-test(®) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%)
| 68.99+7.88  68.91+11.70  -0.12 67.84+9.70  64.60+8.88  -4.78 | 136.83+17.59 133.51+20.59 -2.43
Il | 65.97+11.12 69.41+7.48  +5.22 | 65.13+9.90  68.44+9.95 +5.09 | 131.10+21.02 137.86+17.42 +5.15

Left Rotation Right Rotation Total Rotation

SG Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%)
| 67.39+4.61  67.16+4.37 -0.34 72.50+9.58  71.16+8.19  -1.85 | 139.89+14.19 138.31+12.56 -1.12
1 69.18+6.77  69.75+8.45  +0.83 | 73.40+11.28 73.93+10 +0.72 | 142.58+18.05 143.68+18.49 +0.77

Left Lateral Flexion Right Lateral Flexion Total Lateral Flexion

CG | Pre-test(®) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%)
| 38.24+6.97 42.01+5.62 +9.86 39.20+9.62 38.44+8.18 -1.94 77.44+16.59 80.45£13.80  +3.89
11 42.47+7.45 41.93+8.72 -1.28 43.64+5.90 41.10+7.42 -5.83 86.11+13.35 83.03+16.14  -3.58

Left Lateral Flexion Right Lateral Flexion Total Lateral Flexion

SG Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%)
| 42.20+4.66 41.60+3.42 -1.42 38.94+6.65 40.57+4.02 +4.18 81.14+11.31 82.17+7.44 +1.27
11 42.45+9.54 44.72+8.68 +5.35 41.02+7.39 42.35+7.61 +3.26 83.46+16.93 87.07£16.29  +4.32

Flexion Extension Total Flexion-Extension

CG | Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%)
| 45.48+10.28 55.59+9.76  +22.23 | 67.43+10.70 60.28+13.79 -10.60 | 112.91+20.98 115.87+23.56 +2.62
1 53.39+11.55 49.14+10.81 -7.95 67.69+10.59 64.11+6.14 -5.28 | 121.07+22.14 113.26+16.94 -6.45

Flexion Extension Total Flexion-Extension

SG | Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%) Pre-test(°) Post-test(®)  A(%)
| 46.04+14.86  46.83+6.54  +1.71 | 63.11+9.28  62.27+13.65 -1.34 | 109.16+24.14 109.10+20.19 -0.05
1 48.88+11.46 54.62+8.64  +11.74 | 68.45+13.76 65.35%x11.12 -4.54 | 117.34+25.22 119.96+19.75 +2.24

Legend: ROM, Range of Motion; OVD, Occlusal Vertical Dimension; CG, Control Group; SG, Sports Group.

Discussion

The main finding of this study was that sports subjects showed no significant difference in
cervical ROM in response to increased OVD, when compared to controls. Furthermore, our
results indicate that neither sports nor sedentary subjects affected by malaocclusion (class II)
revealed any significant variation in cervical spine mobility, compared to those with
normocclusion (class I), in response to increased OVD. These findings are concordant with
several negative studies reported in the literature [91,92] investigating the use of occlusal splints
to significantly improve physical performance in athletes, compared to sedentary subjects. In
fact, the results of a number of studies illustrate how persons do not always obtain benefits
during physical performance by using a bite [91].

In particular, Manfredi et al. [92] reported on the explosive force variation of basketball players
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in response to the use of occlusal bites. Although their data showed a significant difference
between subjects with and without the occlusal bite, both in players and in control subjects, no
statistically significant differences between the two groups were found. That being said, there
are, however, several studies in literature that have reported increased sport related skills in
response to the use of occlusal splints [59,83,84]. During contact-sports competitions and
training, many professional athletes wear occlusal splints in order to reduce the frequency of
dental accidents. Custom-made mouthguards are, indeed, highly recommended by a variety of
dental associations for prevention of oro-facial and dental injuries during sports-related
activities [49,93].

Medical and dentistry studies have ascertained that occlusal factors can influence body balance
and, consequently, athletic performance. Researchers who evaluated the relationships between
performance and occlusion in athletes have considered two aspects: the fact that wearing a
splint improved body posture and that correct occlusion or wearing splints increased muscular
force [83]. Despite the data in literature reporting improvements in sports performance in
response to a balanced cranial-occlusal system, the results are still controversial [94]. Several
kinds of occlusal splints, of differing materials, structures and thicknesses, have been used in a
host of studies in order to evaluate the relationship between sports performance and occlusion.
Various studies have confirmed a positive correlation between the use of the bite and increased
performance.

Greenberg et al [84], for example, showed a correlation between mandibular position and upper
body force. In particular, these authors published a clinical study based on the principle that
increasing the OVD by occlusal devices seemed to be able to increase muscular force.
Moreover, many researchers report that different dental occlusal devices may affect gait
stability during static and/or dynamic postures [59,67,70]. To date, however, the literature shows
how these data have not always confirmed, when the results are not correlated with the possible

dysfunctional conditions of the subjects. In agreement with the results of a study by Lai [91],
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which showed that the use of occlusal splints improved sports performance in dysfunctional
subjects, we found it noteworthy that improvements in cervical spine ROM were demonstrated
in our subjects affected by malocclusion (class II) compared to those with normocclusion.
However, these results were not statistically significant. The principal limit of our study was
the small sample size that did not permit any statistically significant conclusions. For these
reasons, these results might not to be evenly spread to all sports people. In all probability,
gnathological postural intervention in athletes could have greater impact on sports performance
in those cases in which the athlete suffers from postural pathologies or TMD. There is a close
interaction between the cervical and mandibular systems, due to the existing biomechanical and
neurological interactions [65]. It is well-known that spine posture and craniomandibular system
influence each other [68,69].

A recent systematic review showed that muscular-related TMD determines important changes
in cervical posture [95].

Few researchers have investigated cervical spine mobility in athletes with TMD [74,78].

One study demonstrated that TMD entails an increased fatigability of cervical muscles during
neck extensor muscle endurance tests [76]. Among the several treatments currently indicated for
sufferers of TMD, an important role is played by occlusal devices that improve TMD symptoms
in patients [96].

In conclusion, due to the paucity of studies and their contrasting results, there is as yet no
compelling scientific evidence as to whether OVD positively impacts sports performance or
not. Mouthguards, bites and/or similar occlusal devices are increasingly recommended by
dentists during professional and amateur sports-related activities. As suggested by several
authors, we too deem it necessary that further scientific investigation, regarding the
relationships among sports performance, OVD and TMD, be conducted in the field of sport and

exercise sciences.
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2.4. Influence of Vertical Dimension of Occlusion on Peak Force During Handgrip Tests in

Athletes [from Battaglia et al. (2018)] [97]

Background

Athletes of contact sports, especially martial arts like tackwondo, karate and ju-jitsu, require
peculiar kinanthropometric characteristics, as well as high levels of technical skills, agility,
strength and coordination in order to obtain the best possible result during competitions [98].
Intense physical efforts exerted within short time periods are typical of these athletes [99].

In combat sports, mouthguards are obligatory or optional based on the specific martial art.
Scientific research has demonstrated the musculoskeletal connections between the cranio-
cervical-mandibular structures and the spinal column and the relative effects on body posture
[100-102]. In particular, several authors have investigated the relationship between the
stomatognathic system and sports performance [64,103]. Scientific literature has examined the
effects of oral devices, such as mouthguards and occlusal splints, on performance variables and
exercise capacity [63,64,104-110]. Some authors have found that by restoring a better occlusal
balance with splints, sports performances may be improved [52,56,111-114], whereas others have
reported contrasting findings [94,107,115]. D’Ermes et al. [52] documented higher performances
in every test conducted on athletes wearing occlusal splints, regardless of the sport they
practiced.

In athletes wearing a mouthguard, performance measures have demonstrated significant
improvements in vertical jump height, as reported by Arent et al. [116]. In contrast, the same
authors found no difference in submaximal bench press performance or mean power during the
Wingate test while wearing a mouthguard or not. Similarly, Cetin et al. [107] evaluated
customized mouthguards on various strength and power endpoints in tackwondo athletes. When
athletes wore a custom-fit mouthguard, even though no significant differences were described
in some strength measures, such as handgrip test, significant improvements were reported for

other parameters, e.g. the Wingate test. Allen et al. [63] assessed CMVJ and bench press 1RM,
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in a group of trained amateur college students, under 2 test conditions: using a commercial
mouthpiece and with no mouthpiece. Although not significant, all results showed some degree
of improvement in performances while wearing the mouthpiece.

Literature findings suggest that occlusal splints (OS), which increase VDO, may in fact enhance
mandibular stability [117,118].

Mouthguards are generally recommended in contact sports with an opponent (martial arts, etc.).
Nevertheless, many athletes find that oral devices hamper their verbal communication,
swallowing and breathing or have concerns in regard to the possible effect on their performance
[52,104,119].

In this study we aimed to examine whether changes in peak muscular force would occur by
applying an occlusal splint to martial arts athletes. Therefore, the aim of our study was to
evaluate any changes on isometric handgrip, before and after the application of an occlusal

splint, in martial arts athletes.

Methods

Experimental Design
A repeated measures within-subjects design was adopted on a sample of martial arts athletes to
study the effects on isometric strength (i.e. peak force) while wearing an occlusal splint during
handgrip tests. The participants were studied during two testing sessions, both with (OS) and
without (NO OS) the use of the occlusal splint. They were randomly assigned to either condition

to avoid the potential confounding effects of fatigue and test-learning.

Participants
The sample size was determined by inviting sports associations of Palermo city of tackwondo,
karate and ju-jitsu to participate, in a voluntary form, in this research. However, only thirty

young volunteer athletes were initially enrolled, five of which were excluded from the study
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since they failed to meet the following inclusion criteria: red- or black-belt status for
tackwondo; brown- or black-belt status for karate and ju-jitsu; more than 3 consecutive years
of sports activity prior to enrolment. Participants were excluded from the study in the presence
of musculoskeletal injury.

A total of 25 eligible subjects (age: 20.9+7.06 years; height: 170.5+£5.7 cm; weight: 75.1+£7.3
kg) were included in the study. All participants were subjected to both test conditions. All the
participants were practitioners of martial arts, specifically tackwondo (n = 9), ju-jitsu (n = 10)
and karate (n = 6). All participants provided written consent prior to participating in the study
by undersigning an institutionally approved informed consent form. However, written informed
consent from a parent or legal guardian was required in the case of minors.

The study received approval by a local ethics committee (minutes no. 1/2018) in conformity

with the criteria for the use of persons in research as defined by the Declaration of Helsinki.

Procedures

Anthropometric measurements were performed on a predetermined date, prior to the collection
of the data. Body weight was assessed using a Seca electronic scale (maximum weight
recordable 300 kg; resolution 100 g; Seca; Hamburg, Germany) with the participants wearing
only undergarments. Height was measured by a standard stadiometer (maximum height
recordable 220 cm; resolution 1mm) with the participants barefoot and standing upright.

Both testing sessions took place before starting a regular training session, at the same time of
the day, separated by exactly 48 hours. On day one, each participant was instructed to exert
their maximum handgrip strength on an isometric mechanical dynamometer, repeating the same
task, alternating their dominant and non-dominant hand. The participants were randomly
assigned to perform the tasks with the occlusal splint, at the first session, and without it 48
hours later or vice versa. In the OS condition, participants wore a rigid wax rim (100-mm-long

and 10-mmthick) positioned between their dental arches. The preformed wax device (Zeta®-
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Industria Zingardi srl, Novi Ligure, Alessandria, Italy) is non-rigid with a certain degree of
plasticity and a melting point of 59°C. The standardized procedure for maximal handgrip
strength task is as follows: Participants were instructed to exert maximum force on the handgrip
dynamometer while standing barefoot, feet at shoulders’ width apart and head in neutral
position gazing forward, arms extended laterally alongside the trunk, (Kern Map model 80K 1-
Kern®, Kern & Sohn GmbH, Balingen, Germany). Participants were not allowed make any
other ancillary bodily movements during the handgrip task. Each participant exerted 3 seconds
of maximal isometric force with each hand, alternating the dominant and the non-dominant
hand, for a total of 3 trials with a 3-minute rest between trials on the 2 successive test days (OS
and NO OS, respectively). Trials were scored as the maximal isometric strength expressed in

kgf units, using the best performance out of the 3, for both OS and NO OS, for data analysis.

Statistical Analyses
Mean values and standard deviations were calculated according to standard statistical analysis
methods using Statistica Software 12 (StatSoft®, TIBCO® Software Inc., Palo Alto, CA, USA).
Differences between handgrip test data under OS and NO OS conditions, for both hands, were
analysed via paired-sample t-tests for comparisons. The a priori alpha level was set at P < 0.05
for all analyses. Finally, Bonferroni post hoc tests were used to calculate pairwise differences

between performances, for each sports group, provided the P score was significant.

Results
For the dominant hand, a significant increase in hand grip strength resulted from pairwise
comparisons for the OS condition (P = 0.01), whereas no significant differences were found
between OS and NO OS conditions for the non-dominant hand for the entire sample, as reported

in Table 1.
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Table 1. Values of the peak force on hand grip tests in all the sample.

NO OS (kgf) OS (kgf) p-value
DH 37.77 £9.15 39.39 £9.29 0.01
Non-DH 36.9 £9.51 36.44 £9.17 N.S.

Legend: DH, Dominant Hand; Non-DH, Non-Dominant Hand; NO OS, No Occlusal Splint;
OS, Occlusal Splint.

Although the differences between the OS and NO OS conditions for the dominant hand were
present in tackwondo (+8.33%), ju-jitsu (+1.05%) and karate (+2.97%), when analysed by
martial art, Bonferroni post hoc test showed statistical significance (P = 0.04) only for the

taekwondo group, as shown in Table 2.

Table 2. Values of the peak force on DH handgrip test for sports groups.

NO OS (kgf) OS (kgf) p-value
Taekwondo 42,03 +9.12 4553 +7.93 0.043
Ju-Jitsu 37.31+751 37.7+6.79 N.S.
Karate 32.03+9.74 32.98 +10.36 N.S.

Legend: DH, Dominant Hand; NO OS, No Occlusal Splint; OS, Occlusal Splint.

Discussion

In the past several years, a number of researchers have focused on the effects of wearing
occlusal devices considering measures of strength and muscular power in the context of sports
performances [56,61,63,107,112]. Although many studies have demonstrated such increases [61],
particularly in maximal isometric strength, to date there is still no unanimity on the issue
[63,107].

The hypothesis we aimed to examine in this study was whether changes in peak muscular force,
as measured by handgrip strength tests, occur by applying an occlusal splint to martial arts
athletes. The differences found comparing the 2 conditions adopted in this study, i.e. NO OS

and OS, were statistically significant. In particular, benefits were observed on dominant hand
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handgrip tasks while wearing the occlusal splint, whereas no differences between the OS and
NO OS condition in the non-dominant hand were recorded. When analyzed by martial arts, the
results of each showed a certain degree of increase in isometric strength, albeit reaching
statistical significance only for tackwondo. In order to explain as to why our results showed a
significant difference only for tackwondo athletes, we tentatively suggest that, respect to the
other athletes of this sample, tackwondo athletes probably underwent a training regime with the
occlusal splint that induced better long-term adaptations compared to the other athletes [87].
Other authors had previously found that by achieving a more balanced dental occlusion, sports
performances may be improved [52,61], corroborating our findings, herein described.

Occlusal splints entail forward and downward jaw repositioning, thus promoting centric
occlusion and optimal mandibular positioning [61]. Occlusal splints, in fact, realign the
temporomandibular joint (TMJ), thereby reducing occlusal imbalance [109], thus playing a role
in motor activity and sports performances [56,120]. Indeed, proper occlusion bolsters muscle
balance of jaw muscles extending to the neck and shoulders, as well as those of the lower limbs
[70,121]. Our results are in agreement with Churei, who suggests an influence of oral motor
functions on maximal grip strength for the dominant hand [122]. Several prior studies had
reported an increase in isometric muscular strength in subjects wearing an occlusal splint
[61,121,123] as confirmed by our experimental findings. Nevertheless, not all studies have found
this ergogenic effect [124,125]. In fact, in contrast to our findings, Allen et al. showed no
difference in strength performance using occlusal splints compared to no splint in symptomatic
subjects as well as in physically active men, the latter probably enrolled to study recreationally
trained participants [63,124]. Similar, Dunn-Lewis et al. have reported no changes on strength
and power in trained males and females, but the limit of their study was to require participants
to perform the task naturally, with no specific instructions regarding clenching [126]. Kececi et
al. [127] found no significant differences in handgrip test, with and without mouthguards, in

professional tackwondo athletes. This is probably because mouthguards per se simply protect
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the teeth and gums from sports-related oral injuries, with no significant increase in vertical
dimension of occlusion (VDO), i.e. the distance between dental arches [61].

Our findings lend further support to the notion that occlusal splints may reinforce more effective
regulation of efferent motor pathways, most likely via potentiation of afferent stimuli from
periodontal mechanoreceptors and muscle spindle fibers, activated during teeth clenching with
balance occlusion [108]. Indeed, literature findings suggest that by wearing an occlusal splint
mandibular stability may be increased [52].

According to one research hypothesis, the improvements in the performance of athletes wearing
an occlusal device, that increases VDO and modifies cranio-cervical-mandibular posture,
might, in part, be due to an optimization of neuro-muscular coordination [52]. However, this
improvement, due to the increase in VDO, is not independent of the thickness of the splint.
Chakfa et al. [128] investigated the effects of occlusal splints of varying thicknesses on isometric
strength of deltoid and cervical muscles finding significant improvements when increasing
VDO, up to a certain distance, but reductions in isometric strength thereafter. Likewise,
Limonta et al. [129] tested the effects of two kinds of occlusal splints of different thicknesses
during isometric contractions of elbow flexors comparing electromyographic and force
parameters with respect to a control group wearing no splint. Their results indicated that splint
usage produced increases in maximum isometric strength. Moreover, the thicker the splint, the
greater the increase. They posit that the thicker splint induces a further lengthening of
masticatory muscles and, consequently, a possible reduction in proprioceptive feedback.
Indeed, even in healthy subjects, masticatory-muscle repositioning in the vertical axis and jaw
repositioning has shown positive ergogenic effects [110,129,130].

Another hypothesis that supports our results concerns the Hoffmann-reflex (H-reflex). A
previous study had shown increases of the H-reflex activity of lower extremity muscles when
subjects performed jaw clenching [131]. A recent research has demonstrated similar increases

for hand muscle H-reflexes [132]. The latter, in turn, could explain the differences found in
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strength and, in particular, on handgrip testing. All the more, Takahashi et al. [133] demonstrated
H-reflex facilitation of forearm muscles during voluntary teeth clenching in proportion to the
magnitude of biting force. Moreover, Miyahara et al. [131] and Kawakubo et al. [132] identified
the role of central motor command of the trigeminal motoneurons innervating the jaw-closing
muscles, afferent impulses from periodontal mechanoreceptors as well as muscle spindles in

this facilitation.

Limitations
Admittedly, the main limits of our study regard the small sample size and the single category
of sports investigated (i.e. martial arts). Nonetheless, the statistical significance was
demonstrated despite these limits. It is necessary to note that the participants used in this study
were not professional athletes. For these reasons, the results warrant further investigation to
confirm the hypothesis that using an occlusal splint may increase dominant-hand handgrip

tasks.

Conclusions
The benefits found with the occlusal splint were statistically significant only on dominant hand
handgrip tasks. Therefore, realignment of the temporomandibular joint (TMJ) with occlusal
splints could play a significant role in increasing handgrip peak force only for the dominant
hand. In conclusion, the results seem to indicate that the use of an occlusal splint may benefit

performance measures in competitive sports.

2.5. Other experimental research on biomechanics in sports
In the following paragraph (2.6.) an experimental study in biomechanics research field will be
presented. The study was conducted to evaluate the kinematics of cervical spine at different

stroke rates on an indoor rowing ergometer in young rowers.
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The manuscript is currently submitted, therefore only the abstract of the study is reported.

2.6. Kinematics of cervical spine during rowing ergometer at different stroke rates in young

rowers: a pilot study

Abstract
Research on biomechanics in rowing has mostly focused on the lumbar spine so far, given that
it is the most frequent injured region in rowers. However, less frequent injuries can affect other
parts of the body. Thus, the aim of this pilot study was to explore any potential variations in the
kinematics of cervical spine during two different stroke rates on rowing ergometer in young
TOwers.
Twelve young rowers (Male: 5; Female: 7; age: 13+0.85 years; height: 156.42+8.53 cm; weight:
51.37£11.17 kg), all belonging to regional or national level, were recruited for the study. The
experimental protocol consisted of two separate test sessions (i.e., a sequence of 10 consecutive
strokes for each test session) at different stroke rates (i.e., 20 strokes/minute, and 30
strokes/minute) on an indoor rowing ergometer. Kinematics of cervical spine was assessed
using a wireless, computer aided inertial sensor capable of measuring joint ROM (angle of
flexion, angle of extension, total angle of flexion-extension).
Although there were no differences in the flexion and flexion-extension movements during the
different stroke rates, a significant increase in the extension movement was found at the higher
stroke rate (p=0.04, d=0.66).
Therefore, we can summarize that young rowers showed changes in cervical ROM according
to stroke rate. The lower control of the head during the rowing stroke cycle can led to a higher
compensation resulting in an augmented effort, influencing sports performance, and increasing

the risk of injury.
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CHAPTER 3 — Human posture

The posturology, that is, the discipline that studies human posture, is a relatively new research
field of medical sciences [134,135]. Human posture indicates the position of the body in space
and aims to maintain body balance in static and dynamic conditions [135]. Hence, the terms
posture and balance are not equivalent [134].

The methods widely used for posture evaluation are photography and posturography. The first,
also named visual postural analysis, is the study of upright posture through photography in the
frontal, sagittal, and horizontal planes; the second one consists of instrumental tests that use a
force platform to study the displacement of the center of pressure (CoP) in static and dynamic
conditions (i.e., static, and dynamic stabilometry), and to assess the distribution of plantar
pressure (i.e., baropodometry).

Human posture depends on many factors such as neurophysiological, biomechanical, and
psycho-emotional characteristics and for this reason postural alterations can derive from
various causes [134,135]. Some postural alterations can adversely affect muscular efficiency and
negatively influence sport performance [134-138]. Therefore, the assessment of human posture

is of fundamental importance in the general population as well as in athletes.

3.1. Body balance and postural control [from Martines et al. (2021)] [139]

The ability of body balance and the maintenance of postural control is fundamental for daily
activities and for preventing the risk of falling as well as for sport performance in athletes
[140,141]. For this reason, the evaluation of body posture is a matter of interest for a wide range
of professions such as medical doctors, physiotherapists and kinesiologists [141]. The postural
balance, both in static and dynamic conditions, is guaranteed by the physiological function of
the sensory receptors such as vestibule organ, visual apparatus, stomatognathic system, and
proprioceptive organs [71,142-148]. Each organ continuously transmits sensory information to
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the central nervous system (CNS), including the brain and the cerebellum, which integrates
them and generates an output, constantly modulated on the basis of the sensory inputs that
progressively arrive [135,149]. The efferent information is conveyed to the postural tonic system
(PTS), the musculature that counteracts the force of gravity and allows the human being to
maintain the bipedal position and more generally to control body balance [149,150]. The postural
adjustments of the PTS are made to maintain the displacement of the center of gravity (CoQG)
within the area of the base of support (BoS) [151]. This is the condition for controlling body
balance. In order to manage postural balance, humans adopt predictive mechanisms, i.e.,
anticipatory movements prior to a predicted disturbance, and reactive mechanisms, i.e.,
compensatory movements following an unpredicted disturbance [151]. As reported in a seminal
work, during upright stance the human body can adopt different postural strategies to maintain
balance based on the biomechanical model of the inverted pendulum [152]. These strategies are
properly called "ankle strategy" and "hip strategy" [140,151,152]. The first manages large size
perturbations, while the second is used for small size perturbations [140,152].

Based on these concepts, a non-physiological condition of one or more sensory receptors
constantly sends altered signals to the CNS which modulates the tone of the PTS using short-
term postural adjustment mechanisms and long-term postural adaptations [153-158]. A
pathological condition and related change in body posture, as in vestibular disorders, can lead

to a postural disorder characterized by poor balance and an increased risk of falling [159-162].

3.2. The role of proprioception, visual, and vestibular input on body balance and postural

control [from Martines et al. (2021)] [139]

Body balance and postural control are guaranteed by the fundamental role of three main
peripheral organs, such as: the proprioceptive receptors, the visual system, and the vestibular
apparatus [163]. In physiological conditions, the sensory inputs from these organs allow for the

optimal maintenance of balance. In case of aberrant information from one of the three
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aforementioned organs, the other two are able to compensate for the altered/missing
information [163-165]. Body imbalance increases when the functioning of two out of three
systems is compromised. This means that in patients with vestibular disorders, who already
show an alteration of postural control, in situations of visual/proprioceptive disturbance they
have a lower ability to maintain balance.

The three main receptors responsible for body balance and postural control are presented below.

Proprioception
Proprioception is the ability to perceive and integrate afferent input from mechanoreceptors,
located in the musculoskeletal system and in the skin, in order to determine body segment
position and body position, as well as body segment movement and body movement in the
space [166,167]. In particular, the muscle spindles and the Golgi tendon organs constitute the
muscles and tendons receptors, respectively [168,169]. They are able to provide information on
the amount of muscle stretch and muscle tension and are responsible for the responsiveness of
the muscle when undergoing these changes in length [170,171]. Regarding the joint receptors, it
is possible to include the Pacinian corpuscles and the Ruffini endings which identify the static
and dynamic information of the joint, while the Golgi endings are capable of distinguish the

tension inputs in the ligaments [172].

Visual Input
The visual apparatus is a complex system capable of transducing, through the eyes, analog
inputs (external light signals) into digital signals (electrical signals) to be processed by the CNS
[173]. In a simplified way, the light reflected by the objects is refracted by the cornea and the
lens and projected onto the curved surface of the retina of the eye, where the light, through a
phototransduction process, is converted by the photoreceptors (cones and rods) into a nerve

signal [174,175]. Then, the nerve signal is sent first to the bipolar cells and then to the ganglion
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cells. Lastly, the axons of the ganglion cells leave the retina forming the optic nerve [176]. Then,
the electrical signals are conducted respectively by the optic nerve, the optic chiasm and the
optic tract ending in the lateral geniculate nucleus of the thalamus and in the visual cortex

located in the occipital lobe of the brain [177].

Vestibular Input
The inner ear contains the cochlea, the organ responsible for the perception of sounds, and the
vestibular system, defined as the organ of balance and consisting of the semicircular canals, the
utricle and the saccule [178-181]. The last two are contained within a bony cavity called the
vestibule, located between the semicircular canals and the cochlea [178,179,182,183]. As concern
the vestibular system, the three semicircular canals, i.e. the horizontal (lateral), the anterior
(superior), and the posterior (inferior), are responsible for the perception of information
concerning angular acceleration of the head in the three dimensions of space [184-186]. The
utricle and the saccule are sensitive to horizontal and vertical linear acceleration of the head,
respectively, and moreover, they convey information on the head position [178,179]. In
particular, the sense organs within the utricle and the saccule are the macules, while for the
semicircular canals they are the crista ampulliaris. Both macules and crista ampulliaris contain
the hair cells that are responsible for the perception of head movements [178,179]. The vestibular
system conveys the information to the 4 "major" nuclei of the vestibular nuclear complex,
located in the brainstem, through the vestibular component of the vestibulocochlear nerve and
then trasmitted to the cerebellum. Since the vestibular nuclear complex forms connections with
the oculomotor nuclei, the visual and the vestibular systems are strictly related as for the
vestibulo-ocular reflex (VOR) [187]. In a similar way, with the vestibulo-spinal reflex (VSR)
the vestibular apparatus is connected to the neck musculature [187]. These further connections
underline the marked interdependence between the three main systems (i.e. the proprioceptive,

the visual, and the vestibular apparatus) for body balance and postural control.
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3.3. Mechanism for postural control and alterations in body balance [from Messina et al.

(2021)] [188]

The mechanism for postural control in humans can be described as a non-linear cybernetic
system in which the signals coming from the postural receptors (feedback), once they reach the
central nervous system (CNS), are integrated generating a response (feedforward) directed to
the tonic postural system, that is the antigravity musculature responsible for postural control
(Figure 1) [149,150,189]. Postural receptors are represented by all the sensory organs involved in
maintaining body balance in static and dynamic conditions, such as the visual and audio-

vestibular systems and the proprioceptive organs (Figure 1) [64,143,190-193].

I Integration

* Visual System * Tonic Postural
System

e Vestibular System e Central Nervous

* Proprioceptive System
Organs

Afferents Efferents
&\

Figure 1 - Non-linear cybernetic system of postural control in human

Age and pathological conditions are factors that affect many functions including the body
balance ability [71,148,191,194-196]. In fact, a missing or aberrant afference from a receptor organ,
for example from the audio-vestibular system, can lead, if not compensated, to several

impairments as conditions of poor body balance [155,158,180,183].
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Since balance disorders can negatively affect activities of daily living, can increase the risk of
falls, and in athletes can negatively impact performance, a postural analysis is recommended to
evaluate any changes due to the pathological condition and after any approach (such as physical

activity programs, vestibular rehabilitation, etc.) to improve postural control [164,197-202].

3.4. Visual postural analysis [from Messina et al. (2019)] [203]

The observation of the posture is an essential part of the body posture evaluation. This
qualitative assessment take into consideration the spatial location of peculiar points of the body
in order to analyze any deviations respect to the vertical line for the sagittal and the frontal
plane and possible rotations in the horizontal plane [204]. Moreover, it is possible to examine
the alignment of body segments and the differences between rightward and leftward hemibody
[204].

For the visual postural analysis the subject is asked to maintain the orthostatic stance as
comfortably as possible wearing only underwear, barefoot and looking forward while the
posturologist records the location of the landmarks for all the anatomical planes as represented
in the figures 2a,b,c. In particular, in the frontal plane the following lines are considered: the
bipupillary line, the connection line of acoustic meatus, the line connecting left and right labial
commissures, the bi-acromial line, the bi-styloid line and the bi-ischial line (Figure 1). In
absence of any postural disorder, all these reference lines should be parallel to each other. To
assess postural features in the sagittal plane, the alignment of peculiar points passing through
the vertical axis, i.e. the acoustic meatus, the odontoid process of the second cervical vertebra,
the body of the third lumbar vertebra and the lateral malleolus, is taken into consideration
(Figure 2a). Moreover, the cervical curve of the spine should measure 6-8 cm and the lumbar
curve 4-6 cm. In the evaluation of the horizontal plane the main reference lines concern the

parallelism between the shoulder girdle and the pelvic girdle (Figure 2c).

38



i )

Figure 2a,b,c. The visual postural analysis in the frontal, sagittal and horizontal plane respectively.

3.5. Posturography [from Messina et al. (2019)] [203]

Posturography, or instrumental postural assessment, includes a baropodometric test, an
examination that allows the measurement of the foot pressure and the plantar surface and a
stabilometric test, for the measurement of the regulation of the activity of the postural tonic
system. Posturography is measured using a platform that samples real time postural sway at
different frequency based on the type of the platform.

The baropodometry is measured in 5 seconds during which the patient maintains the orthostatic
position on the platform with the head in a neutral position facing forward, the arms along the
trunk and the feet positioned next to each other. The main features measured through this test
are the load distribution between feet, the rearfoot/forefoot ratio of the load pressure for each
foot and the plantar surface characteristics.

The duration of the stabilometry is 51.2 seconds and provides that the subject mantains the feet
positioned side-by-side and forming an angle of 30° and both heels at 4 cm apart [205].

Basic, participant repeat the stabilometric test in two different conditions: with eyes open and
then with eyes closed to examine the impact of sight on posture. Moreover, complementary

stabilometric tests are used to investigate the influence of all the other receptors on stability,

39



such as the test with caloric vestibular stimulation for the vestibule or the stabilometric
assessment with mouth open to evaluate the effect of the stomatognathic system on postural
control [57,206]. In the Table 1 are illustrated some methods to analyze the influence of sensory
information from postural organs on body balance. The parameters considered for the postural
sway are the coordinates of the center of pressure (CoP) and in particular the Sway Path Length
(SPL), i.e. the path length of the center of pressure, and the Ellipse Sway Area (ESA), i.e. the

surface that contains the movement of the CoP.

Table 1. Some stabilometric tests for postural receptors

Visuo-Oculomotor System With eyes closed

With eyes towards different directions
With prisms

Audio-Vestibular System Caloric vestibular stimulation
Galvanic vestibular stimulation
Stomatognathic System With mouth open

With occlusal splint

3.6. Other experimental research on human posture in sports

In the following paragraph (3.7.) will be presented an experimental study in the research field
of posturology applied to sport that evaluate the differences on plantar pressure distribution
between athletes and sedentary women; and moreover, to examine any differences on plantar

pressure distribution between athletes of different sports.

3.7. How do Sports Affect Static Baropodometry? An Observational Study Among Women

Living in Southern Italy [from Feka et al. (2019)] [207]

Introduction
Posture is not a simple matter to investigate, and the perspectives or approaches can vary

according to the areas of interest. Previous findings have highlighted how postural
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measurements with the use of photography or costly devices like magnetic resonance imaging
are still scientifically inaccurate, while, on the other hand, the X-ray examination includes
radiation problems [208]. In addition, the neurological control of posture and locomotion is co-
dependent at different levels of the central nervous system [136,208-210]. However, to maintain
postural control in different environmental situations, these systems must be strongly integrated
[209,210]. Additionally, the fundamental importance of the foot on upright standing and
locomotion has been clearly established [211]. It is the first body part to receive the impact, and
serves as a base for support [208]. There are several factors, though, that affect the erect position
and some authors have already reported a few details about them [212]. The human ability to
keep balance is influenced by different external and internal elements, such as genetics, the
state of the vestibular apparatus, age, the area of support, centre of mass positioning,
coordination, strength, flexibility, emotional state, frequency of participation in motor activities
and training status [136,209,212]. Nevertheless, a complete understanding of foot function during
locomotion is important for essential research on normal human behaviour, as well as in clinical
situations [213]. Being able to do daily tasks and sports activities is necessary to coordinate body
parts with appropriate actions, reactions, and skills [212]. Since, it is known that participating in
different sports causes physiological and anthropometric changes in human body and according
to several studies, sports participation may result in changing/improving physical fitness, as
well as increasing lean body mass, bone mineral content and other body parameters [211].
However, some sports practised at an early age (e.g. gymnastics) can delay the onset of puberty
and menarche compared with other school girls or female swimmers [214]. Furthermore,
anthropometrics change as a result of the specificity of the sport that is practised [211,214,215].

Different authors suggested that baropodometry was a reliable instrument to determine plantar
pressure distribution [208,216], while Alves et al. [217] reported that baropodometric results
should be interpreted with caution in science and in clinical practice. In this regard, Phethean

and Nester [218] pointed out the influence of body weight, body mass index (BMI), and gender
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on plantar pressure distribution. Moreover, plantar pressure refers to the pressure measured on
the plantar surface of the foot [219], and, of interest, a proper biomechanics of the foot is
responsible for upholding body posture and balanced distribution of plantar pressure [208].
However, changes in plantar pressure distribution are linked to many factors that may
significantly interfere with physical training and, consequently, sports performance [220].
Remarkably, Potdevin et al. [221] investigated plantar pressure asymmetry in order to discuss
the opportunity to make a diagnose of pathological gait and guide further rehabilitation process.
Neto et al. [209] stated that baropodometry allowed an understanding of the physiopathology of
postural alterations, while the same analysis was suggested to assess dysfunctions of the feet
[208,222]. Previous studies have also reported the influence of different sports on plantar static
and dynamic load distribution [223-225].

Nowadays, what seems to be clear is that being overweight, obese, active (athletes), or having
any kind of health problems affects plantar pressure distribution [222,226-228]. While the
majority of published scientific papers investigated mostly males [229], in our case, the purpose
of the study was two-fold: (a) to explore the differences in plantar pressure distribution between
athletes and sedentary women; and (b) to investigate the differences, if any, in plantar pressure

between sports within the athletes group.

Material and Methods

Subjects
The total of 173 healthy females participated in the study; 75 of them practised different sports,
such as soccer (n = 18), rowing (n = 11), dancing (n = 12), swimming (n = 16), and judo (n =
18), while 98 did not participate in any sport (they led a sedentary lifestyle). The subjects were
divided into 2 groups: 75 athletes, group A; and 98 sedentary women, group S. The
anthropometric data of the participants, presented in means, are included in Table 1. All athletes

enrolled in the study had practised their specific sports for at least 3 years.
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Study design and measurements
A cross-sectional study was carried out. The same researcher (Francesco Pomara) recorded the
shoe size, body weight to the nearest 100 g using scales (Seca 709, Hamburg, Germany), and
body height to the nearest 1 mm using a wall stadiometer (Seca 220, Hamburg, Germany).
Furthermore, mean + standard deviation (SD) of BMI (determined as weight in kilograms
divided by height in meters squared) and Body Surface Area (BSA) were calculated in both
groups. The BSA was obtained through the Mosteller formula [230]. Furthermore, orthopaedic
and nervous pathologies concerning the women’s families and personal medical histories of
each participant were considered as exclusion criteria. For plantar support, the FreeMed
posturography system was used, including the FreeMed baropodometric platform and FreeStep
v. 1.0.3 software. The sampling rate was set at 25 Hz. The sensors, coated with 24K gold,
guarantee the repeatability and reliability of the instrument (produced by Sensor Medica,
Guidonia Montecelio, Roma). The participants were asked to maintain the standardized
Romberg test position (standing upright with eyes closed) on the baropodometric platform [163].
Each foot was divided into the anterior (fore-foot) and posterior (rear-foot) area, with an

approximation to 1 mm.

Statistical analysis
All data are expressed as mean + SD. Differences between the groups were analysed with the
use of Student’s t-test for independent samples. The one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison post-hoc test was adopted in the case of multiple
comparisons. The analysis was performed with the InStat GraphPad Prism 7.0 software (San

Diego, CA, USA). The results were considered to be statistically significant at p < 0.05.

Ethical approval
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The research related to human use has been complied with all the relevant national regulations
and institutional policies, has followed the tenets of the Declaration of Helsinki, and has been

approved by the Ethics Committee of the University of Palermo.

Informed consent

Informed consent has been obtained from all individuals included in this study.

Results
Table 1 provides an overview of the included participants with information referring to age
(years), height (cm), body weight (kg), BMI (kg/m?), BSA (m?), and shoe size for both the
sedentary and athlete group. However, no significant differences were found between the

groups.

Table 1. Age and physical characteristics
of the sedentary (S) and athlete (A) groups

S A
Parameter 2 p-value
(n=98) (n=75)
Age (vears) 2423 £ 6.11 2247 489 NS
Height (cm) 161.11 = 6.44 159.98 + 595 NS
Jody weight (kg) 56.70 = 8.19 55.49 £ 761 NS
BMI (kg/m?) 2181 £2.52 21.62+218 NS
BSA (m?) 159 £0.13 157+0.12 NS
Shoe size 3783 £1.53 38.05+155 NS

BMI - body mass index, BSA - body surface area,
NS - not significant

Table 2 shows plantar surface areas (cm?) in the groups. Also, the total surface (cm?)
comparison between the groups is presented, as well as the fore-foot surface (cm2) and rear
foot surface (cm2). The total left foot surface and total right foot surface (cm2) were determined
as well. In this case, no significant differences were found between the groups.

Table 3 presents the loads on the plantar areas expressed in percentages, as well as the mean
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pressure and maximum peak pressure values in the 2 groups. As shown in the table, there were

significant differences in these parameters except the total left foot load (%) and total right foot

load (%). However, athletes had a higher fore-foot load percentage than the sedentary group (p

=0.0006) and, consequently, a lower rear-foot load percentage (p = 0.0006), as well as lower

values of the maximum peak pressure and pressure mean (p = 0.0001 and p = 0.0182,

respectively).
Table 2. Plantar surface areas (cm?) in the sedentary (S) and athlete (A) groups
Parameter B & val
arameter (n = 98) (n=75) p-value
Total surface (cmm?) 24648 = 34.14 254.71 = 32.21 NS
Fore-foot surface (cin?) 138.43 + 18.79 144.45 + 18.92 NS
Rear-foot surface (cm?) 108.05 + 17.15 11015+ 16:33 NS
Total left foot surface (cm?) 121.68 + 17.92 126.44 + 18.20 NS
Total right foot surface (cm?) 124.80 + 18.08 12827« 18.05 NS

NS - not significant

Table 3. Percentage loads on the plantar areas, maximum peak pressure, and mean pressure values
in the sedentary (S) and athlete (A) groups

S A
Parameter (n = 98) (n = 75) p-value
Maximum peak pressure (g/cm?) 518.06 + 111.50 445.38 + 88.47 0.0001
Pressure mean (g/cm?) 232.99 * 43.26 217.95:% 38.11 0.0182
Fore-foot load (%) 50.39 = 3.60 52.36:+ 3.76 0.0006
Rear-foot load (%) 49.61 = 3.60 47.64 + 3.73 0.0006
Total left foot load (%) 50.68 + 4.27 49.93 + 2.97 NS
Total right foot load (%) 49.32 + 4.27 50.07 + 2.97 NS

NS - not significant

Table 4 provides the plantar surface values (mean + SD) for athlete subgroups, which were

analysed with one-way ANOVA; in all parameters, significant differences were recorded. In

fact, soccer players and rowers had the highest plantar surface values, considering the total

plantar support, left and right plantar areas, and total fore-foot and rear-foot surfaces (p < 0.05),

compared with other sports groups (Figure 1).
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Table 4. Plantar surface values (mean * standard deviation) in athlete subgroups

— Soccer players Rowers Dancers Swimmers Judokas p-value
o (n=18) (n=11) (n=12) (n=16) (n=18) ANOVA
Total surface (cm?) 265.83 + 30.58 275.82 +23.95 250.58 + 29.37 241.06 = 39.00 245.56 + 25.44 0.0183
f::fﬁ;tom surface 15517 +10.17 15227 + 1448 139.67 + 15.93 136.88 + 22.34 13933 + 1426 0.0474
ﬁfs;')'fom surface 1667 + 1408 12355+ 11.18 11092 + 15.61 104.19 + 2058 10622 + 1371 00262
Zl‘:‘r;lclgf(lcﬁ’]‘;; 134.33 + 17.54 137.00 + 13.18 124.25 + 16.50 119.13 + 22.18 120.06 + 13.63 0.0132
Iftgl,iil:lf%m 131.50 + 14.42 138.82 + 11.62 12633 + 13.69 121.94 + 17.86 125.50 + 12.83 0.0378
ANOVA - analysis of variance
Baropodometry
Plantar load values (Athletes, N° 75)
400+ 600+
500- , ~m
300 N ++
% 7 7
g 5 _
3 200 § 300+
2 =
200+
100
100
o o]
Soccer Players Rowers Damlnevs Swim'mers Judloka swflp‘ayefs RWI'N‘S Dancers  Swimmers Judl°k3
Tukey's Multiple Comparison Test Tukey’s Multiple Comparison Test
Rowers vs Swimmers =* Soooer Players vs Swimmers
&m’ésﬂm-w
3004
Ng 2004 v =
: %
g
§ 1004 /
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A 7
Soccer lPlayarss Rm:ars Dsnéors Swim'mem Judloka
M peak — maximum peak pressure
Tukey's Multiple Comparison Test
——— Figure 1. Plantar load values in the athletes group (A)
Dancers vs Judoka = **

In Table 5, percentage and absolute plantar load values (mean + SD) in athlete subgroups are
presented. Indeed, a stratification of parameters was found showing different loads on the

plantar support among the sport-related subgroups.
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Table 5. Percentage and absolute plantar load values (imean + standard deviation) in athlete subgroups
8 g !

Ve Soccer players Rowers Dancers Swimmers Judokas -
e (n=18) (n=11) (n=12) (n = 16) (n=18) Pe

Maximum peak 4,9 00 4 7615 30945 + 87.72 390.82 + 46.03 509.00 + 8520 476.61 + 82.23  0.0002

pressure (g/cm?)

, B, -

: 1;1:133;0 SRS 216.72 + 30.56 208.45 + 40.84 182.09 + 14.21 238.44 + 44.61 228.67 = 32.24 0.0008
g/cm’

Total left foot load

(%) 50.67 + 2.57  49.18 £ 1.17  50.50 + 2.58  49.56 + 438  49.61 + 2.91 NS

(kg) 2089 + 466 2830 +428 2373+240 27.79+273 27.65+3.14  0.0007

Total right foot load

(%) 4933 £257 5082+ 1.17 4950 +2.58 5044 +438  50.39 + 2.91 NS

(kg) 2002 + 403  2925+442 23.19+149 2852+457 2816+3.82 0.0010

NS - not significant

Also in this case, significant differences among means were detected with the one way ANOVA.

Posthoc results are illustrated in Figure 1.

Discussion

The aim of the present study was to investigate the differences in plantar pressure distribution
between athletes and sedentary women, considering all the collected information regarding
plantar pressure distribution and sports specifics.

The characteristics of different sports and physical activities may significantly affect static
human balance and posture [231]; for this reason, we decided to perform an observational study
to explore the differences, if any, between these parameters in the 2 study groups, as well as
between the sports within the athletes group. Moreover, in our data regarding age, height,
weight, BMI, BSA, and shoe number, no significant differences were observed. In the
comparison of the athletes with sedentary women, the main findings showed no significant
differences in total plantar pressure surface, total left or right foot surface, fore-foot or rear-foot
surface between these groups. Interestingly, differences were observed in the fore-/rear-foot and
left/right load distribution parameters between the athletes and sedentary women, and also

within the group of athletes. Our results remain in line with others findings [211,232-234]. We
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may hypothesize that athletes tend to lean forward or use fore-foot rather than rear foot surface
owing to the specifics of their sports. As mentioned before, several authors reported the same
results when they compared athletes practising different sports, athletes practising the same
sport, sedentary people, and people with different health problems [136,211,222,234-241]. In our
observations, sedentary participants showed more pressure in the fore-foot than in the rear-foot
surface (50.39% and 49.61%, respectively). In fact, our findings do not agree with the ideal
load values reported by Tribastone and Tribastone [242] and Magee [243], who suggested that
60% of the weight should rest on the heel and 40% on the anterior region of the foot.
However, our data are in line with a report by Rosario [208], who stated that there was an higher
percentage in plantar pressure in the fore-foot surface. In accordance with the study aim, we
also observed differences within the athletes group. Our data show that all athletes, regardless
the practised sport, tend to lean forward, using more fore-foot than rear-foot rest. These results
are in agreement with other findings, whose authors state that this phenomenon is due to the
athletes’ training and the specificity of the practised sport [136,211,219,234].

According to Prochazkova et al. [211], dancers show greater balance ability as compared with
other sports participants. In their research, there were significant differences in plantar pressure
distribution between dancers and athletes practising other sports, such as football, basketball,
running, and fitness. In the current study, dancers tended to use the fore-foot rather than rear-
foot surface owing to the specificity of the sport (139.67 cm2 and 110.92 cm2, respectively).
Furthermore, these findings show that long-term and intensive dance practice influences the
dancers’ gait stereotype [211]. According to other authors, after dancers, soccer players present
considerable balance ability, compared with other sports [211,244]. In addition, it has been
already discovered that plantar pressure distribution in soccer players is more significant in the
forefoot region [219]. In fact, owing to their sport specifics, plantar pressure in soccer players is
higher in the preferred foot than in the non-preferred foot, while according to literature, the

preferred foot plays a more important role than the non-preferred one in forwarding motions,
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and the non-preferred foot ensures strong impact with the ground for stability [219]. Our results
regarding soccer are in complete agreement with this information. Furthermore, significant
differences were found in all parameters that were calculated (total surface, fore-foot surface
and rear-foot surface, as well as total left and right surface). Soccer players tend to use fore-
foot more than rear-foot [219]. Swimmers usually do not practise or perform static or dynamic
balance; however, taking into consideration the specifics of the sport, swimmers also tend to
use more fore-foot than rear-foot [136]. This fact has been confirmed in the present study, in
which the fore-foot and rear-foot surface turned out to be 136.88 cm2 and 104.19 cm2,
respectively. Even rowers have shown that they use more fore foot (152.27 cm?2) than rear-foot
(123.55 cm2). These data are in agreement with results reported by Vieira et al. [245]. However,
it should be highlighted that the literature regarding the use of baropodometry in rowers is
scarce. Furthermore, also judokas, as other sports participants discussed previously, have shown
the tendency to use more fore-foot (139.33 cm2) compared with rear-foot (106.22 cm2). The
forward head posture of judokas has already been reported in the literature [246].

In all sports, there is a significant difference in total surface, fore-foot and rear-foot surface, as
well as total left and right foot surface.

Even though posture may change as a result of exercises, according to Baumfeld et al. [216],
plantar pressure distribution does not change in normal participants, no matter how hard their
daily activity may be; authors showed no adaptations to a short-term exposure to exercise.
One of the possible study limitations can be the fact that the sample size was small and the
baropodometric data must be normalized by shoe number and other variables considered as
gold standards in this case. This bias does not allow us to generalize, but interestingly, we

discovered that sports practice may affect plantar surface and load distribution also in women.

Conclusions

The study demonstrated that there were no significant differences in plantar surface areas
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between the athlete and sedentary groups. Furthermore, the evaluation of the plantar pressure
distribution showed a tendency to lean forward in the athletes group when compared with the
sedentary group. In addition, the analysis performed among the athletes revealed significant
differences between sports. The phenomenon of leaning forward could be due to sports specific

adaptations.
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CHAPTER 4 — Neuroscience in sports

It is widely recognized that the practice of exercise induces several beneficial effects on
cognitive functions such as improvements in memory and attention [247,248]. Although the
effects of exercise on cognitive functions are strictly related to exercise characteristics
concerning the type and the load, Niedermeier et al. (2020) found that even a single short bout
of physical activity improves significantly cognitive domains of visual attention and perceived
attention in physically active students versus sedentary ones [249].

Similarly, the scientific literature has also investigated the effects of cognitive training strategies
on motor skills in athletes, detecting a positive influence on performance [250,251]. As a matter
of fact, Papaioannou et al. (2004) detected a significant effectiveness in enhancing a soccer-
shooting task accuracy using a combinations of goal setting and self-talk strategies in
professional and semi-professional soccer players [252].

A steadily increasing interest in sports science is understanding the interactions between brain
activity and exercise in order to maximize performance [253]. Scientific research has focused
on the use of neuroscientific technologies in order to measure brain activation during muscle
activity (specifically during exercise tasks) for resolving the determinants of performance [253].
The most common non-invasive functional neuroimaging used for studying the mechanisms of
performance are the functional magnetic resonance imaging (fMRI), the
electroencephalography (EEG), and the functional near-infrared spectroscopy (fNIRS) [253-
255].

Moreover, in recent decades, the study of non-invasive brain stimulation (NIBS) techniques is
constantly increasing in sports science in order to investigate any improvements in performance
by stimulating different brain regions [256]. The NIBS techniques commonly used in sports are
the transcranial magnetic stimulation (TMS) and the transcranial electric stimulation (tES)

(which, depending on the modality in which the current is administered, includes the
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transcranial direct current stimulation (tDCS), the transcranial alternating current stimulation
(tACS), and the transcranial random noise stimulation (tRNS)) [254,257-260].

In recent years, other methods have been developed in the field of neuroscience to modulate
brain activity such as prismatic adaptation (PA), a visuo-motor procedure that uses prismatic
lenses that shift the visual field and which has been shown to be able to modulate the excitability
of different brain regions [261,262]. However, the effects of this procedure have not yet been

studied in athletes.

4.1. Prismatic adaptation: a short-term visuomotor plasticity procedure

PA is a short-term visuomotor plasticity procedure induced by prismatic lenses that allow to

move the visual field to a certain position in the space to which the motor system adapts.

https://upload.wikimedia.org/wikipedia/commons/thumb/3/31/WedgePrism%28BorderlineTree%29.jpg/640px-WedgePrism%28BorderlineTree%29.jpg? 1641982783125

52



This visuomotor adaptation procedure involves the use of prisms that can have a left-based
orientation (the side with greater thickness is on the left) that induce a perceptual shift of the
visual field to the right (rightward deviation), or a right-based orientation (the side with the
greater thickness is on the right) that induce a perceptual shift of the visual field to the left

(leftward deviation).

During the PA procedure the subject is asked to repeatedly perform pointing movements, at the
points indicated by the experimenter, while wearing the prismatic lenses that induce a
perceptual shift of the visual field towards the side of the deviation.

The initial pointing movements are directed towards the visually shifted position of the target,
missing its real position and observing large pointing errors, while the subsequent pointing
movements are more accurate and the pointing error decrease until reaching the real position.
When the prisms are removed, during the execution of the same pointing movements, is

detected a pointing error in the opposite direction to that of the deviation, named “after-effect”.
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In detail, the procedure provides that the subject, sitting on a chair in a neutral position with the
index finger of the right hand resting on the sternum, is asked to perform the pointing
movements towards a curved Plexiglas panel positioned at a distance of 57 cm and placed on a
table. The panel, which covers a total visual angle of 120° and graded with parallel vertical
lines corresponding to the degrees of the visual angle, is placed with the concave side facing
the subject and the convex side facing the experimenter. Three vertical lines are marked on the
panel corresponding to the central position (0°), to the left position (21° to the left), and to the
right position (21° to the right). During the PA procedure, the experimenter pseudorandomly
points to one of the three marked positions on the panel. The subject is asked to point with the
index finger of the right hand at the point on the panel indicated by the experimenter and then
return with the index finger of the right hand resting on the sternum. During each trial the
experimenter measured the pointing accuracy of the five phases by noting the pointing errors
to the right from the target with positive values (i.e., +1, +2, +3, etc. for each degree of
deviation), those to the left with negative values (i.e., -1, -2, -3, etc. for each degree of

deviation).
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The scientific literature reports different PA procedures that can vary in number of phases and
number of pointing trials for each phase. The procedure commonly used by several research
groups consists of the following five phases: the pre-exposure (no prisms); the blind pre-
exposure (no prisms); the early exposure (wearing prisms); the late exposure (i.e., adaptation -
wearing prisms); the blind post-exposure (i.e., after-effect - no prisms). The pointing
movements are performed in all five experimental phases for a total of 180 trials including: 30
trials for the pre-exposure; 30 trials for the blind pre-exposure; a total of 90 trials for the early
exposure and the late exposure; 30 trials for the blind post-exposure. In this procedure: only
during the conditions of exposure is asked to wear prismatic lenses; in the conditions of blind

exposure the arm is hidden.

4.2. The use of prismatic adaptation

Prismatic lenses were developed by Rossetti et al. (1998) and presented to the scientific
community in a letter published in Nature [263]. In this seminal work, the authors investigated
the effect of PA in patients with right-hemisphere stroke hypothesizing a shift of the subjective
midline to the right after PA. Indeed, these subjects show hemispatial neglect (a neurological
deficit of perception, attention, representation and/or execution of actions of the left visual
hemifield) and the authors reported that the adaptation to a visual distortion using prismatic
lenses could stimulate the neural structures responsible for those skills. Their results showed
that all participants exposed to PA (with rightward deviation thus inducing a shift of the visual
field rightward) shifted the subjective midline to the right and that this improvement lasted for
at least two hours after prisms removal suggesting that this procedure could be used as a
rehabilitation program [263].

Based on these results, as PA induces a lateral displacement of the visual field, the effects of PA

on visuomotor processes have been extensively studied in recent decades in patients who have
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difficulty exploring a visual hemifield such as unilateral spatial neglect (USN) and stroke
patients, in whom there is an inability to orient themselves to contra-lesional stimuli [263-269].

Recently, many research groups have investigated the effects of PA in healthy subjects [270-272].
In particular, the first researches were conducted to study the brain regions activated by this
procedure, the following ones to study any beneficial effects of this procedure in the general
population [273-278].

Studies associated with fMRI have shown the activation of the primary motor cortex (M1), the
parietal cortex, and the cerebellum highlighting that PA procedure could influence the functions
of these areas, such as visuospatial attention, orienting of attention, spatial/temporal
representation, visually guided actions, and postural control [262,279]. Although several research
groups have investigated any beneficial effects on motor tasks or abilities such as walking,
aiming and throwing, and body balance in healthy subjects, to the best of our knowledge, no
studies have considered a particular healthy population, namely athletes [280-282].

The visuomotor performance, determined by neural visual processes, plays a main role in sport
performance because it represents one of the fundamental perceptual-cognitive skills for
perceiving the environment [283]. Indeed, a visual-perceptual technique using strobe glasses
that cause intermittent vision has recently been employed in athletes for performance
enhancement [24,283-286]. For instance, Hiilsdiinker et al. (2019) examined the effects of 4-week
training with strobe glasses (named, stroboscopic visual training) on visuomotor performance
and neural visual function in top-level badminton players finding higher significant visuomotor
performance improvement after the use of strobe glasses compared to the normal visual
conditions [24]. Similarly, Ellison et al. (2020) detected enhancement on the eye-hand
coordination performance after a training using strobe glasses in a group of sports participants
[287]. In a similar way, Wilkins et al. (2017) explored the effects of 7-week stroboscopic visual
training program on 10 measures of visual and perceptual skills in three elite youth football

goalkeepers compared with three matched control participants [288]. Authors found no
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differences in the changes from pre-test to post-test between groups in 9 of the 10 measures
although goalkeepers who used strobe glasses showed consistent improvements in visual
response time.

These preliminary studies provide interesting results on the role of visual-perceptual techniques
for improving sport performance and, for this reason, new further practical applications of

neuroscience in sports could also be provided by the use of PA in athletes.

4.3. Experimental research on the use of prismatic adaptation in sports

In the following paragraphs (4.4. and 4.5.) two experimental research will be presented that
investigated the influence of the use of PA on body posture, fitness characteristics, and accuracy
on a sport-specific task. The first paper investigated the effects of PA on plantar pressure
distribution and hand grip strength in healthy subjects, including athletes, while the second
research explored any influences of PA on body balance and penalty kick accuracy in young
male soccer players. The last work is currently submitted, therefore only the abstract of the

study is reported.

4.4. Investigating prismatic adaptation effects in handgrip strength and in plantar pressure in

healthy subjects [from Bonaventura et al. (2020)] [289]

Introduction

In the last decades, prismatic adaptation (PA) effects have been widely investigated either in
visuomotor processes [261,290] and higher level cognitive domains [291]. PA induces a lateral
displacement of the visual field, enhancing cortical activity in the hemisphere ipsilateral to the
lenses deviation side [262], an activation involving both posterior brain regions of the dorsal
stream (i.e. occipito-parietal cortex) and anterior regions, mainly in the frontal cortex.

This pattern of neuromodulation explains why PA has also been used to study the physiological
mechanisms of postural control, in both neurological patients [292,293] and healthy subjects
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[270]. An aspect of body posture particularly suitable to be studied with PA is the weight
distribution among feet, that allows a symmetrical distribution of plantar pressure [294] in terms
of reaction force to the ground [295]. Plantar pressure is controlled by both subcortical [296,297]
and higher level brain mechanisms, such as the elaboration of an internal model of the body
[298] and attention processes [299].

PA could also be useful to study and modulate processes associated to regulation of muscle
strength. Remarkably, hand strength relies on sensorimotor processes that regulate corrections
and adjustments depending on the executed force task [300,301]. Attentional resources,
directionally shifted by PA, are also involved in regulating feet and hand movements. Indeed,
areduction of muscle force has been found when attention is shared between hand and leg [302].
Relevant differences occur between the parameters of hand strength and plantar pressure
distribution in terms of hemispheric asymmetries and activated regions in each hemisphere.
Indeed, stronger involvement of anterior regions (i.e., motor cortex) is required to control hand
strength [303]. On the other hand, posterior brain regions (i.e., parietal cortex) might be more
involved in regulating pressure distribution among feet, allowing the access to an internal model
of the body and the control of its position in the space [304]. Another point concerns hemispheric
asymmetries in postural control and muscle strength. Previous studies have shown a right
hemisphere pivotal role on balance control and body posture in stroke patients [305,306] as well
as in healthy subjects [307,308]. Conversely, motor control of each hand symmetrically depends
on the activation of the contralateral brain hemisphere [309].

In this line, previously reported rightward-PA effects (i.e., right hemisphere activation) on body
posture have been explained in terms of modulation of higher level cognitive processes [310],
subserved by posterior regions of the right dorsal stream [311]. For instance, in a previous study,
rightward-PA has been shown to rebalance the abnormal body weight distribution and therefore,
the posture bias of patients after cerebrovascular accident [293]. The authors suggested that the

rebalance in body weight distribution occurred through a PA-induced modulation of higher
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order processes of spatial orientation related to parietal lobe [293].

A previous study investigating changes in body sway in two groups of healthy subjects reported
a forward displacement of the center of pressure (CoP) after both leftward and rightward PA
[270]. Authors suggested that the observed changes in CoP reflected a displacement in the
projection of body pressure, reflecting a change in body scheme. Unluckily, whether these
effects extended directly to weight distribution among feet was not investigated. Additionally,
asymmetries between plantar pressure and hands were not explored. Overall, to date, no studies
have investigated whether PA might affect hand strength through modulation of anterior regions
of the dorsal stream [312,313]. Indirect evidence might be found in neurophysiological and
electrophysiological studies showing that PA modulates oscillatory activity over motor cortex
(M1) as well as motor evoked potentials’ amplitude [262,279].

The present study aimed at exploring interhemispheric asymmetries in the PA effects on hand
strength and plantar pressure distribution. To this end, we evaluated hand strength and plantar
pressure immediately before and after leftward vs. rightward PA in two groups of healthy
subjects. Since PA affects either sensorimotor and higher level attentive processes modulating
the dorsal stream activity [264,314], wearing prisms could affect both hand and feet functions.
Specifically, since body posture depends more on posterior dorsal stream regions of the right
hemisphere [307,308,315] while hands strength is controlled by left and right motor cortices [316],
we expected 1) changes in body posture occurring only after rightward PA; 2) changes in hand

strength following either leftward and rightward PA.

Material and methods

Participants
Forty-six (male=23; mean age=25 + 3 years) right-handed healthy participants were randomly
assigned to a leftward Prismatic Adaptation group (1-PA; n=23; mean age=26 + 3.92 years) or

a rightward Prismatic Adaptation group (r-PA; n=23; mean age=25 + 1.87 years). The 1-PA
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group wore a 20° left shifting prismatic lenses and the r-PA group wore a 20° right shifting
prismatic lenses. Participants handedness was assessed using the Edinburgh Handedness
Inventory [317].

Exclusion criteria were prior diagnosis of psychiatric disease, brain injury, acute orthopaedic
injury, pregnancy, depression, not corrected vision impairment or other neurologic diseases.
Four subjects were excluded from the experiment: one subject due to pregnancy and three
subjects due to knees’ injuries. The study was in compliance with the Helsinki declaration.
Participants were informed about the experimental procedures and provided their written
informed consent to voluntarily participate in the experiment. Experimenter and participants
were both naive to the experimental hypothesis tested. Table 1 shows participants demographic

characteristics.

Table 1. Sample demographic characteristics.

r-PA group (n=23) I-PA group (n=23)
Age (years) 26+3.92 25+1.87
Years of education 17+£1.85 17+£1.27
Handedness 66%:z0.2 62%z=0.2
Weight (kg) 62.05+11.41 63.52+13.36
Height (cm) 170+9.85 167.65+10.55

Legend: r-PA = rightward prismatic adaptation group; I-PA = leftward prismatic adaptation
group.

Experimental design
Baropodometric and handgrip measurements were collected twice: the first time before PA (Pre-
PA) and the second after PA (Post-PA). The delay between the first and the second measurement

was ~ 15 min, that is in the frame time of the PA effects [277,318].

Postural assessment
Baropodometric evaluation was conducted using the freeMed® posturographic system (Sensor

Medica®; Guidonia Montecelio, Roma, Italia), consisting of the freeMed® Maxi platform and
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the freeStep® software. Signal was digitalized at a sampling frequency of 50 Hz. The
baropodometric test, lasting 5 s, was performed in a sound-isolated room. Each participant was
required to stand barefoot in orthostatic stance on the platform with the head in neutral position,
gazing forward, arms along the trunk and feet placed side-by-side with both heels in line. The
following parameters were considered: rearfoot/forefoot and total plantar pressure (%);

rearfoot/forefoot and total surface area (cm?).

Handgrip test
Each participant performed 3 trials of 3 s of maximal isometric handgrip on a mechanical
dynamometer (KernMap model 80K1 - Kern®, Kern & Sohn GmbH, Balingen, Germany),
alternatively with the dominant and the non-dominant hand, with 3 min rest between each trial.
The subjects performed the handgrip test while seating in a chair, back at 90° angle with sacrum,
shoulder blades immobilized to the backrest, head in neutral position, gazing forward, and
elbow joint positioned at a 90° angle, as recommended by the American Society of Hand
Therapists [319]. The best performance out of the 3 trials (kg) was included in the statistical

analyses.

PA procedure

We followed the same PA procedure as in previous studies [262,279]. Subject sat in basic position
(right index finger at the sternum) in front of the concave side of a curved Plexiglas panel at a
distance of 57-cm. The panel was graded with vertical lines corresponding to the degrees of the
visual angle (covering a total visual angle of 120°). Three vertical lines of the panel were
marked to indicate central position (0°), left position (21° to the left), right position (21° to the
right). During PA, the experimenter, facing the opposite side of the panel, randomly pointed in
one of the three marked positions of the panel.

The task required to point with the right index finger the panel point indicated by the
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experimenter and then return to the basic position. Pointing accuracy was collected in five
experimental conditions: preexposure, blind pre-exposure, early exposure (first 9 trials while
wearing prisms), late exposure (last 9 trials while wearing prisms), blind post-exposure (after
prisms removal). In the blind exposure conditions the pointing task was performed with hidden
arm. Prismatic lenses were worn only during the exposure condition.

Exposure condition included 90 trials, while the other conditions included 30 trials. All the trials

were equally and randomly distributed in the three marked positions of the panel.

Data analysis
Analyses were conducted on the mean accuracy of the 5 experimental conditions: pre-exposure,
blind pre-exposure, early exposure, late exposure, blind post-exposure. Prismatic adaptation
was analysed using a 5x%2 repeated measures ANOVA, with Condition (all 5 experimental

conditions) as within-subjects factor and Group (I-PA vs. r-PA) as between-subjects factor.

Handgrip
Handgrip performances were analysed using a 2x2x2 repeated measures ANOVA with Time
(pre-PA vs. post-PA) and Hand (left vs. right) as within-subjects factors and Group (I-PA vs. -

PA) as between-subjects factor.

Plantar surface area
Total plantar surface data were analysed using a 2x2x2 repeated measures ANOVA with Time
(pre-PA vs. post-PA) and Feet (left vs. right) as within-subjects factors and Group (I-PA vs. -
PA) as between-subjects factor.
Forefoot/rearfoot plantar surface data were analysed using a 2x2x2x2 repeated measures
ANOVA with Feet (left vs. right), Time (pre-PA vs. post-PA) and Area (forefoot vs. rearfoot) as

within-subjects factors and Group (I-PA vs. r-PA) as between-subjects factor.
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Plantar pressure

Total plantar pressure data were analysed using a 2x2 ANOVA, with Time (pre-PA vs. post-PA)
as within-subjects factor and Group (I-PA vs. r-PA) as between-subjects factor. Since changes
in pressure distribution in one foot are accompanied by proportional changes in the other one
(i.e., the two variables negatively correlate), analyses have been conducted only on pressure
distribution in the right foot. Namely, whether pressure on the left foot increases, it
proportionally decreases on the right foot. Similarly, forefoot plantar data were analysed using
a 2x2x2 ANOVA with Time (pre-PA vs. post-PA) and Feet (left vs. right) as within-subjects and
Group (I-PA vs. r-PA) as between-subjects factors. As for total pressure distribution among feet,
whether pressure on the forefoot increases, pressure distribution in the rearfoot proportionally
decreases, therefore analyses were conducted only in the forefoot data.

Bonferroni post-hoc tests were used to test main effects and interactions when appropriate. All
the analyses were conducted using IBM SPSS Statistics software 23 (International Business

Machines Corporation, Armonk, New York, United States).

Results

Prismatic adaptation
Fig. 1 shows prismatic adaptation for 1-PA and r-PA group across the five experimental
conditions. ANOVA showed significant effects of the factors Group [F(1,44)=46.776; p <.001;
np2=.325] and Condition [F(4,41)=5.108; p= .029; np2=.104] and a significant
GroupxCondition interaction [F(4,41)=662.583; p < .001; np2=.938]. Lenses deviation was
reflected by the difference between pre-exposure and early exposure trials, either in the 1-PA (p
<.001) and in the r-PA (p <.001) groups. Conversely, due to subjects’ adaptation to prismatic
deviation, no differences were found between pre-exposure and late exposure neither in the I-

PA (p= .085) nor in the r-PA (p= 1) group. The presence of after effect was confirmed by a
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significant difference between blind pre-exposure and blind post-exposure either in the 1-PA (p

<.001) and in the r-PA (p <.001) group (Fig. 1).

[ pre-exposure

blind pre-exposure
I early exposure
B late exposure

I blind post-exposure

> S Q 9V ™ ©

Deviation Degrees

r-Pa
[ pre-exposure
blind pre-exposure
Ha * I early exposure
-I ] Bl late exposure
¥ Bl blind post-exposure

A o » > b M2 N ° N Vv S ™

Deviation Degrees
Fig. 1. Mean pointing displacement during Prismatic Adaptation in the five experimental conditions
across groups (leftward prismatic adaptation group and rightward prismatic adaptation group).
Legend: 1-PA=leftward prismatic adaptation group; r-PA=rightward prismatic adaptation group; Error
bars=Standard error of mean; *p<.001. Negative values indicate leftward pointing displacement,
positive values indicate rightward pointing displacement.

Handgrip
Fig. 2 shows handgrip performance for the left and the right hand during the first and the second
measurement across 1-PA and r-PA groups.

ANOVA revealed significant main effects of the factors Hand [F(1,44)=37.730, p< .001,
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np2=.441] and Time [F(1,44)=8.205, p=.006, np2=.157] while the factor Group [F(1,44)=.035,
p=.853, np2=.001] and the interaction HandxTime [F(1,44)=3.345, p= .074, np2=.071] were
not significant. The interaction HandxTimexGroup was significant [F(1,44)=4.659, p= .036,
np2=.096]. Post-hoc tests revealed that I-PA reduced right hand strength (33.160 vs. 32.352, p=

.034) and r-PA reduced left hand strength (31.506 vs. 30.389, p=.006) (Fig. 2).

pre-PA
Bl post-PA

-PA -PA

371
364
354
344

2324

left hand right hand left hand right hand

Fig. 2. Differences in handgrip strength (left and right): mean values before and after prismatic
adaptation (pre- PA, post-PA) across groups (leftward prismatic adaptation group and rightward
prismatic adaptation group).

Legend: 1-PA=leftward prismatic adaptation group; r-PA=rightward prismatic adaptation group; pre-
PA=before prismatic Adaptation; post-PA=after prismatic adaptation; Error bars=Standard error of
mean; * p <.05.

Plantar surface area
ANOVA on the total plantar surface area revealed a significant effect of the factor Feet
[F(1,44)=12.576,p=.001, p2=.222], while the factors Time [F(1,44)=.137, p=.713, np2=.003]
and Group [F(1,44)=2.917, p=.095, np2=.062] were not significant. The interaction FeetxTime

was significant [F(1,44)=6.846, p=.012, np2=.135], the interaction FeetxTimexGroup was not

significant [F(1,44)=.179, p=.674, np2=.004].
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ANOVA on the forefoot/rearfoot plantar surface area revealed a significant effect of the factors
Feet [F(1,44)=118.368, p < .001, np2=.729] and Area [F(1,44)=12.582, p< .001, np2=.222],
and no effect of the factors Time [F(1,44)=.102, p=.751, np2=.002] and Group [F(1,44)=2.895,
p=.096, np2=.062]. The interaction FeetxArea [F(1,44)=4.305, p=.044, np2=.089], TimexArea
[F(1,44)=6.417, p= .015, np2=.127], FeetxTimexGroup [F(1,44)=5.806, p=.029, np2=.104]

were significant. None of the post hoc tests revealed significant differences (all p values > .05).

Plantar pressure

ANOVA on the total plantar pressure revealed a significant effect of the factor Time
[F(1,44)=6.887, p=.012, np2=.135] and not of the factor Group [F(1,44)=1.028, p= .316,
np2=.023] neither of the interaction TimexGroup [F(1,44)=.969, p=.330, np2=.022]. Post hoc
tests on the main factor of Time revealed a decrease of plantar pressure on the right foot (49.537
vs. 48.006, p=.012) after PA, regardless of the lenses deviation side. There was no significant
difference among the pre-PA measurements (all p values>.05).

Fig. 3 shows forefoot/rearfoot plantar pressure distribution in the 1-PA and r-PA groups during
the first and the second measurement. ANOVA on the forefoot/rearfoot plantar pressure
revealed that neither the main factor Time [F(1,44)=.987, p= .326, np2=.022] nor the factor
Feet [F(1,44)=1.978, p=.167, np2=.043] were significant, whereas the interaction TimexGroup
was significant [F(1,44)=5.847, p=.020, np2=.117]. The post-hoc tests revealed an increase in

forefoot plantar pressure (48.947 vs. 51.342, p=.020) in both feet after r-PA (Fig. 3).

66



pre-PA
Bl posi-PA
60 - I-PA r-PA

[4,]
o
1

% preassure load
N
(=]
L

30-

forefoot rearfoot forefoot rearfoot

Fig. 3. Plantar pressure distribution (forefoot/rearfoot) before and after prismatic adaptation (pre- PA,
post-PA) across groups (leftward prismatic adaptation group and rightward prismatic adaptation group).
Legend: 1-PA=leftward prismatic adaptation group; r-PA=rightward prismatic adaptation group; pre-
PA=before Prismatic Adaptation; post-PA=after Prismatic Adaptation; Error bars=Standard error of
mean; * p <.05.

Discussion

The main result of the present study was that PA differently affected muscle strength and plantar
pressure depending on the side of prismatic deviation. Namely, we found a significant decrease
in muscle strength in the hand contralateral to the lenses deviation side after either leftward or
rightward PA. A forward displacement of plantar pressure of both feet was found selectively
after r-PA.

As a secondary result, we found a decrease of plantar pressure on the right foot after PA,
regardless of the lenses deviation side. This effect could be explained by a compensatory
postural adjustment activated by the visuomotor unbalance determined by PA, and leading to
greater pressure on the non-preferred foot in order to obtain body stabilization. Further studies
would better address asymmetries between dominant and non-dominant foot in body
stabilization following visuomotor perturbation.

This is the first study investigating the effect of PA on handgrip strength and plantar pressure.
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We suggest that the weakening of strength we observed in hands depends on inhibitory
processes taking place both during the handgrip task and PA. Namely, it has been shown that
PA induces an enhancement of excitability levels of M1 ipsilateral to the lenses deviation side
[262,279], whereas, due to interhemispheric inhibitory processes, excitability levels in the
contralateral M1 decrease [320]. On the other hand, during muscle contraction, activity in the
M1 contralateral to the tested hand increases, while excitability levels in the M1 ipsilateral to
the tested hand decrease [321,322]. It has been reported that the inhibition of M1 ipsilateral to
the activated hand lasts until muscles contractions of medium-intensity are reached; when
maximal voluntary contractions (MVC) are reached, the pattern of activation changes [323,324].
Studies using near-infrared spectroscopy and functional magnetic resonance imaging have
shown that M1 contralateral to the tested hand is activated when muscle strength is exerted
from 20 % to 60 % MVC and then cortical reactivity reaches a plateau. At this point, higher
muscle contractions (i.e., above 60 %) are obtained through activation of the M1 ipsilateral to
the tested hand, that complements activation of the contralateral one [323,324]. Noteworthy, in
our task 100 % of the MVC was required. This implies that the contribution of the M1 ipsilateral
to the tested hand was pivotal in order to execute the grip task. We suggest that PA disrupted
the recruitment of the M1 ipsilateral to the tested hand since this was inhibited by
interhemispheric inhibitory processes occurring during PA [320].

In other words, PA inhibited the hemisphere contralateral to the lenses deviation side, thus
preventing M1 recruitment to exert 100 % of MVC during the handgrip task. If so, one should
expect that PA either increase or decrease handgrip depending on the level of muscle
contraction. Further studies will better address this issue.

In sum, these results do not contradict studies reporting an enhanced cortical activation in M1
ipsilateral to the lenses deviation side [262]. In particular, our findings add evidence to previous
studies investigating PA effects with TMS over M1 and reporting that PA induces changes in

excitability levels of M1 ipsilateral to the lenses deviation side [262].
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However, for hand strength weakening, we cannot exclude the occurrence of homeostatic
plasticity phenomena, a natural neuron mechanism that reduce neuron’s activity to prevent
overstimulation and cells damage [325]. Indeed, the combination of M1 activation induced by
motor grip and PA might have caused a suppressive effect and a consequent hand strength
reduction [326]. In particular, a previous study has shown that PA excitatory effects may be
reversed whether they are administered immediately after a conditioning excitatory paradigm
of transcranial direct current stimulation [279]. Further studies combining behavioural with
neurophysiological measures of M1 activation (i.e. analysis of motor evoked potentials) could
better clarify this issue.

In addition to hand strength reduction, we found a selective plantar pressure forward
displacement after r-PA but not 1-PA. This result adds evidence to a previous study [270]
reporting a forward displacement of the center of pressure (CoP) after both 1-PA and r-PA,
showing that r-PA may induce a shift either of the vertical projection of the center of pressure
(as measured with stabilometry) and of the plantar pressure in terms of interaction between feet
and ground reaction force (as measured with baropodometry) [295]. However, unlike Michael
et al.,, we did not find an effect on plantar pressure after 1-PA. Besides differences in the
measurements (baropodometry vs. stabilometry), a methodological issue may account for this
lack of result. Namely, in our study subjects performed an additional pointing task to measure
PA after effect (blind post-exposure) [327]. Since subjects were prevented to watch their arm
moving in order to adjust the pointing bias, an access to body postural representation was
probably strongly needed [328]. We may speculate that the blind post exposure caused a stronger
modulation of the right hemisphere in order to retrieve internal and extra-personal body space
representation [310] and to correct for the arm shift. Activation of the right hemisphere is
potentiated after r-PA but not after I-PA (inducing left hemispheric activation). This could
explain the plantar pressure displacement selectively observed following right PA. This

hypothesis finds confirmation in previous studies showing that body sway and body weight
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distribution among feet are regulated by the internal body representation, linked to attentive
process [270,310] taking place mostly in the right brain hemisphere [307,308,315].

These findings suggest that PA may induce the recalibration of representation of space [263] and
of body space [270]. Further studies might explore the link between the direction of the PA
induced shift in body posture and PA deviation side.

In conclusion, our results suggest that PA exerts effects on body posture and hand strength
relying on different mechanisms. The PA effects on hand strength would be related to
modulation of interhemispheric inhibition of sensorimotor processes, involving both
hemispheres. On the other hand, the PA effects on body posture would be related to modulation

of higher-level processes such as body representation, involving mainly the right hemisphere.

4.5. Acute effects of prismatic adaptation on penalty kick accuracy and postural control in

young soccer players: a pilot study

Abstract

In soccer, a successful penalty kick requires kicking accuracy towards the side to shoot.
Prismatic Adaptation (PA) is a procedure performed using prismatic lenses that shift the visual
field during a movement task. PA is closely related to the visual perception system and can have
a direct effect on the accuracy required for the penalty kick. Hence, the aim of this pilot study
was to investigate any acute effects of PA on penalty kick accuracy and postural control in
young soccer players.

A number of seven young male soccer players (16 years old), right-handedness and right-
footedness, was recruited for the study. All participants performed three experimental sessions
held a week from each other. Each session included a sequence of 30 penalty kicks, without
goalkeeper, aimed at one of the three lines marked on a football goal. The sequence of 30
penalty kicks was performed before and immediately after PA in which lens deviation side was

different between the three sessions (i.e., right deviation, left deviation, neutral). Moreover, a

70



stabilometric test was performed before and immediately after each session of PA.

Although not statistically significant, we found an interesting trend of improvement in penalty
kick accuracy after PA, regardless of the lens deviation side (p=0.08). In detail, with the right
deviation we found an improvement in the accuracy of the penalty kick toward the right target
on the football goal, while with the left deviation we found an improvement in the accuracy of
the penalty kick toward the left target on the football goal. No significant interaction was found
between lens deviation side, before and after PA, and accuracy toward the target on the football
goal. A significant effect was found on the sway path length parameter (p=0.002) and on the
sway average speed parameter (p=0.004) of the stabilometric test with eyes open after PA,
regardless of the lens deviation side. The post-hoc analysis showed that, after PA, the only left
deviation of the lenses revealed an interaction with both sway path length parameter (p=0.016)
and on the sway average speed parameter (p=0.009).

Our results suggest that PA may have a positive effect on penalty kick accuracy and induces an
acute effect on postural control. These findings hypothesize the use of PA as an integrative

training program in order to improve penalty kick performance and body balance in soccer.
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CONCLUSION

This dissertation addressed the effects of a biomechanical oral device, such as the occlusal
splint, and of a neuroscientific procedure, that is the prismatic adaptation, on the improvement
of sport performance.

In fact, the pursuit of obtaining the best possible result is the prerogative of athletes (especially
high-level ones), coaches and athletic trainers, as well as sports clubs.

To achieve this goal, various devices, techniques, and procedures have been studied and used
over time. Among these, also the use of doping substances, in some cases already banned, in
other cases banned after their discovery. As for the occlusal splint, the scientific literature does
not agree on its real contribution to improving performance. While, regarding the prismatic
adaptation, although other visual-perceptual techniques have already been used in athletes, this
procedure, to the best of our knowledge, has not yet been investigated in sports.

Our findings on the acute effects of the use of occlusal splint in athletes are not quite concordant.
In fact, in response to the increase in the vertical dimension of occlusion (which induces to a
biomechanical change in the cranio-cervical-mandibular position), no significant differences
were found on cervical ROM in sports subjects compared to controls. However, a significant
increase on hand grip strength in the dominant hand in tackwondo, ju-jitsu, and karate athletes
was found.

Regarding the prismatic adaptation, our results suggest positive acute effects of this procedure
on fitness characteristics and postural characteristics in athletes. Moreover, although the results
of the pilot study are not significant, this procedure seems to have an interesting trend for
improving sports skill accuracy. In particular, we found that both leftward and rightward
prismatic adaptation induce a significant decrease of strength in the hand contralateral to the
deviation side of the lenses and that the rightward prismatic adaptation is associated with an

increase of the forefoot plantar pressure in both feet. Moreover, we detected a significant acute
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effect of prismatic adaptation on body balance in young soccer players, as well as a positive
trend concerning the penalty kick accuracy.

Although the contribution on performance of other sports science research fields (e.g., studies
on periodization, recovery strategies, nutrition and supplementation) has been extensively
investigated, and notwithstanding biomechanics is making a notable contribution only in recent
years, few studies have involved neuroscience applied to sport.

The results presented highlight the fundamental contribution that the research in biomechanics
and neuroscience applied to sport can make for the improvement of performance. As a matter
of fact, previous biomechanical studies and seminal neuroscientific research have revealed
interesting findings for performance enhancement in athletes. The research of the present
dissertation emphasizes the need to continue the investigation in these fields to demonstrate the
effective contribution that biomechanical devices and neuroscientific procedures can make to

sport performance.

Practical implications

The innovative aspects of the studies presented concern the use of prismatic adaptation in sports
to explore any effect on fitness, postural characteristics, and on penalty kick accuracy in
athletes. The results found are relevant and encouraging in continuing the research also in
athletes of other sports to study, in addition to the effects on fitness and postural characteristics,
the accuracy in sport-specific skills (for example, in the tennis serve, or in the volleyball serve,
etc.). If these results are confirmed, the use of prismatic adaptation could have relevant practical
implications in sports. Indeed, it could be envisaged to include prismatic adaptation as an

integrative training program to improve the accuracy of sport-specific skills.
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