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ABSTRACT

In sports, game scenarios can be critical or non-critical, potentially presenting very distinct implications for the game flow.
However, defining a critical scenario is not an easy task. Although there is some research on game scenarios, game situations,
game moments, and critical moments, through this systematic review we intend to fill a gap in the knowledge of critical
scenarios in order to structure the existing knowledge and pinpoint current limitations. The search was conducted in July
of 2020 in Web of Science, Scopus, PubMed, SciELO, and, through a manual search, in Google Scholar. The eligibility
criteria included original research with quantitative and/or qualitative analysis of critical game scenarios or game moments.
The participants were humans of any gender, age group, health status, competitive level, or expertise. Risk of bias assessment
involved 14 criteria in the evaluation of the studies. The study synthesis methods followed a qualitative synthesis of the
main results of each study in the final sample. Of the 279 researched articles, only 4 met the inclusion criteria, i.e. only 4
provided data concerning critical game scenarios. Their contributions are discussed in detail, as is the open research
windows for the future. Overall, there is clearly a need for more research specifically addressing this topic, with a huge gap

between theoretical relevance and actual investigation.
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Introduction

In team sports, a scenario can be defined as a ty-
pology of play/game flow that has specific features
and implications [1, 2]. Game scenarios contain a set
of variables and conditions that are functionally linked
and represent a functional whole [3]. Consequently, it
is important to categorize the distinct game scenarios
as typical of each sport, since this will result in more
refined information for structuring the training ses-
sions and constitute an effective tool for performance
analysis, allowing coaches to vary the focus of train-
ing and improve specific actions in a context close to
the real one [4].

In systems analysis, criticality is important in inves-
tigating stress and task performance [5], being used
to identify important situations and high pressure
presence, mainly influenced by the temporal phase and
differential score [6, 7]. Game period and score evolu-

tion is the situational link of reference to which the
subject and the task are inevitably linked [8]. In this
context, different game scenarios may have distinct
implications and, consequently, some scenarios may
have a superior criticality relative to others. Unfortu-
nately, there seems to be no widely accepted term for
referring to critical game scenarios. For the most part,
expressions such as game moments, critical moments,
game scenarios, and others have not been properly
defined in the sports sciences literature. Defining crit-
ical game scenarios can be quite subjective and in-
fluenced by many variables. Therefore, this theme may
have a profound relevance in sports, providing a key
tool for coaches to manipulate training sessions, e.g. to
use high-pressure exercises that are representative of
critical game scenarios [9].

In this vein, understanding critical game scenari-
os contributes to a better comprehension of the per-
formance, as well as better preparation for exhibiting
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well-adjusted dynamic and self-organizational behav-
iours [10, 11]. However, research seems to be focused
on the analysis of concepts such game scenarios in
critical and non-critical game moments [12-14]. In fact,
critical moments vary depending on their intentionality,
which involves the individual’s experience combined
with time and emotional response [14]. Conversely,
a non-critical moment is understood as a response to
a performance without contextual pressure [15].

While the study of critical moments is a highly rel-
evant approach, we believe it to be a small part of the
broader concept of critical game scenarios [16]. Since
critical scenarios portray game-specific situations, they
trigger activity in a coherent structure [17], limiting
and organizing what the situation means for the sub-
ject and for the actions to be successfully carried out of
the task, in this case through critical game scenarios,
considered one of the performance indicators [18, 19].
Thus, critical scenarios can include: (i) critical mo-
ments (time when changes in game state or an unbal-
anced score occurs depending on time intervals, where
these differences have a greater impact on the final
outcome of the match [6]); (ii) critical situations (situ-
ations where the team is under difficult conditions)
[20]) during critical or non-critical moments; and (iii)
match status (e.g., winning or losing final score in
matches with a small or large difference in goals scored
[21]). These should be considered as they have an in-
fluence on the performance of the playing patterns of
players and teams.

As a consequence of the studies developed on criti-
cal scenarios, in our opinion, there seems to be a need
to hierarchize and categorize the concepts of critical
scenarios and critical moments, so critical scenarios
should first emerge because they can occur at a criti-
cal or non-critical time.

Studies such as those by Récopé et al. [22] and
Sanchez-Moreno et al. [23] have focused on critical
scenarios referring to the behaviour of teams in critical
or non-critical moments. In order to analyse repre-
sentations of game actions, as critical game scenarios,
the model of Newell’s constraints [24] is fundamental
to analyse and adapt motor skills because the 3 vec-
tors (task, environment, and individual) are among the
ways to classify critical game scenarios. Thus, there is
a 2-way interconnection between the model and the
critical scenario, as it allows to guide decisions on
the provision of appropriate instructions for develop-
ment. Still, Aratjo et al. [25] argued that functional
patterns of coordinated behaviour emerged through
performers’ inter-actions with each other under spe-
cific task constraints of a competitive environment.
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Therefore, critical and non-critical scenarios are rel-
evant in the process of evolution of teams, allowing to
simulate them in training and influence the compet-
itive process [26].

The aim of this study was to identify the extent of
studies on critical game scenarios and investigate their
influence on individual and collective performance,
associated with game patterns or game actions. The
novelty of this systematic review can be divided into
2 aspects [22, 23]: (a) understanding the theme of criti-
cal game scenarios (what they represent and to how
teams both influence and are influenced by those criti-
cal scenarios); (b) assessing how critical game scenarios
are being investigated through the lenses of perfor-
mance analysis. As previously established, critical sce-
narios include but are not limited to critical moments
[6, 16, 20].

Material and methods
Eligibility criteria

Articles were eligible if they were published or ac-
cepted, with full text in English. No limitations were
imposed on the date of publication. The Preferred Re-
porting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) guidelines were adopted. The PICOS
process was established as follows: (i) the participants
had to be human, regardless of sex/gender, age group,
health status, competitive level, or level of expertise;
(ii) all interventions using match analysis were con-
sidered critical game scenarios or game moments, with
no limitations with regard to the sport; (iii) compara-
tors were non-critical scenarios; (iv) outcomes were
any effects on performance; (v) the study design was
limited to original research with any type of quanti-
tative and/or qualitative game analysis. This study
was approved by the Ethics Committee at the Centre of
Research, Education, Innovation and Intervention in
Sport of the University of Porto (09 2020 CEFADE).

Information sources and search

Databases used for this research were: Web of Sci-
ence, Scopus, PubMed, and SciELO. The search was
conducted in July of 2020. The search protocol used
Boolean operators and the title or abstract or key-
words (in Web of Science, this combination is termed
‘Topic’ and also includes keywords; Scopus also in-
cludes keywords) had to contain: (i) “match scenarios”
OR “game scenarios” OR “game situations” OR “game
moments” OR “critical moments” OR “critical sce-
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narios”; (i) AND differences OR variation OR varia-
tions OR distinct OR variability; (iii) AND sport OR
sports OR games. No limitations were imposed on
the date of publication. In Scopus, the document
type filtering was limited to article. In SciELO, 2
separate searches had to be conducted: one for title
and another one for abstract. Also, a manual search
was performed in Google Scholar.

Study selection

The initial screening provided 277 results (91 in
Web of Science, 167 in Scopus, 19 in PubMed, and 0 in
SciELO). After this electronic search, we performed
a manual search in Google Scholar to ensure greater
robustness in the study, and 2 more studies were in-
cluded (n = 279) The identified articles were then
exported to Mendeley reference manager software
(Freemium, version 1803, Elsevier, Amsterdam). After
the removal of duplicates, 195 records remained that
were considered eligible for further scrutiny. After
the initial screening of the title and abstract, 160 ar-
ticles were excluded for being outside the scope and
the remaining 35 went for full-text analysis.

At this stage, 31 articles were excluded. The follow-
ing were excluded because they were unrelated to the
theme of this review, despite having promising titles
and abstracts: Andrienko et al. [27], Bartlett et al. [28],
Blomqvist et al. [29], Evans et al. [30], Rojas Ferrer et
al. [31], Filipcic et al. [32], French et al. [33], Gonzalez-
Villora et al. [34], Klostermann et al. [35], Kokoulina
et al. [36], Koo et al. [37], Lupo et al. [38], McPherson
[39], Praga et al. [40], Schldppi-Lienhard and Hossner
[41], Sevil Serrano et al. [42], Uljevic et al. [43], and
Zubillaga et al. [44]. The following articles were elimi-
nated because they did not present relevant data on
the theme of this research: Batista et al. [13], Cafiadas
et al. [45], Connor et al. [46], Ferraz et al. [47], Gomez
et al. [48], Gongalves et al. [49], Lupo et al. [50], Millsla-
gle [51], and Ramos et al. [52]. An article by Ferreira et
al. [53] was eliminated because it dealt with coaches
and non-athletes. Likewise, articles by Medina et al.
[54], Reina et al. [55], and Pombo et al. [56] were ex-
cluded because the body of the paper was written in
Portuguese or Spanish.

Thus, the final sample consisted of 4 original re-
search papers [22, 23, 57, 58]. The data for the 4 ar-
ticles are detailed in Table 1.

Data collection process

The main author conducted the initial search. One
week after the initial search, 2 co-authors repeated

the search to ensure the quality of this first step. All
the authors reviewed the entirety of the retrieved pa-
pers to decide which ones to include and which to
exclude. In cases of disagreement, the authors dis-
cussed the article in detail and re-analysed it to en-
sure the quality of this step.

Data items

For the papers included in the analysis, the follow-
ing data items were considered: sample (e.g., athletes,
sex/gender, age group in game analysis context, level
of game, and experience), main methodological pro-
cedures (details of the protocols and tests), variables
analysed, and main evidence.

Risk of bias in individual studies
and across studies

The tool used in this investigation was the same
as Clemente et al. [59] applied in their study, being an
adapted version of the tool utilized by Sarmento et al.
[60]. It served to evaluate the studies (with the an-
swers of yes, no, or not applicable) with the consider-
ation of 14 criteria: the purpose of the study (item 1),
the presence of the most relevant literature (item 2),
the appropriate design for the investigation (item 3),
the description of the sample (item 4), the justifica-
tion of the sample size (item 5), the indication of the
use of informed consent (item 6), the correctness of
the measures of the results (item 7), the validation of
the results (item 8), the detailed description of the
methods (item 9), the reporting of the results in terms
of statistical importance (item 10), the adequacy of
the methods of analysis (item 11), the adequacy of con-
clusions based on the methods (item 12), the existence
of practical implications (item 13), and recognition and
description of the limitations of the study (item 14).
The 14 quality criteria were marked by using a binary
scale (i.e. 0 or 1). However, item 6 also had an option
of ‘If not applicable, assume NA’. Two of the authors
classified the complete articles included in the sample.
The agreement consisted in the agreement of both,
and the answers of each tested through the kappa
coefficient (k) were used to measure the reliability
rate between the reviewers.

Ethical approval
The conducted research is not related to either hu-
man or animal use.
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Results
Study selection

The original search in the databases returned 279
articles. After 84 duplicated articles were excluded,
195 papers were screened for relevance on the basis
of their title and abstract; 160 studies were excluded.
Therefore, 35 articles were analysed in detail. Out of
these, 31 were rejected because they did not meet the
inclusion criteria. At the end of the screening proce-
dure, only 4 articles were included for in-depth and
full reading and analysis (Figure 1).

Characteristics and results of individual studies

The complete data items for individual studies
can be found in Table 1.

Récopé et al. [22] studied intra-team differences
in defence-related game scenarios. They conducted 2
case studies. In the first one, the sample comprised

31 professional male volleyball players from 2 na-
tional teams, who were observed during 3 games in
the World League. In the second case, the sample in-
cluded 12 players (6 representatives of population A
and B each, composed of a selection of 3 members of
each national team). These case studies developed
a systematic observation of the behaviour of players in
specific defensive situations. The main evidence was:
(1) the existence of differences between groups of high-
level volleyball players in the defensive context; (2)
the identification of a specific overall coherence that
guides and organizes a defensive activity. We high-
light that in this study, the time pressure, the evalu-
ation of the situation, and the way of performing the
actions are highly connected, but also organized and
guided by the subconscious sense of the athlete.
Sanchez-Moreno et al. [23] analysed how the length
of the rally affected the performance in accordance
with the final action of the rally and the level of play,
as well as identified potential critical rallies associ-
ated with the length of the rally in men’s volleyball. In
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Table 1. Data items for the individual studies

Authors

Sample

Methodological procedures

Variables analysed

Main evidence

Récopé et al. [22]

Two cases studies:

Case 1:

31 professional male
volleyball players
from national teams
were observed during
3 matches in the
World League

Case 2:

12 players

(6 from population A,
comprising 3 members
of each national team,
and 6 of population B,
comprising 3 members
of each national team)

Case 1:

Systematic observation
of the players’ behaviour
in specific defensive
scenarios

Case 2:

Two types of qualitative data
were collected through the
results of case 1. Performed
audio-visual recordings of
the 12 players’ activity with
focus on relevant extracts of
film concerning their actions
during the selected defensive
situations identified from
case 1

Case 1:

Behaviour and set of game
situations: (1) characteristics
of body posture; (2) characte-
ristics of the player’s
intervention; (3) result-based
dissatisfaction reactions after

losing a rally in defensive action

Case 2:

(1) relevant cues; (2) expec-
tancies; (3) plausible goal;
(4) typical action

Cases 1 and 2:

The various components of activity are
the contextual actualization, at various
scenarios and in accordance with the
current circumstances. The high time
pressure, situation assessment, and
course of action seem highly coupled,
but also organized and normed by this
subconscious sense. If a subject has not
enough time to consider several options
before implementing one of them, the
results lead to consider that this subcon-
scious sense orients and organizes the
individual activity (the situation assess-
ment and the current action). Results
lead to (1) an objectification and charac-
terization of differences between 2 popu-
lations of elite volleyball players in a de-
fensive context; (2) the identification, for
each population, of a specific overall coher-
ence that orients and organizes the defen-
sive activity of its members

Sanchez-Moreno et al. [23]

5438 rallies retrieved
from 31 matches of
volleyball (121 sets)
were sampled from
2010 Men’s World
Championship and
Men’s World League

An exhaustive Chi-square
Automatic Interaction De-
tector growing method was
applied as a visual and analy-
tical multivariate decision
support tool where the
expected values of competing
alternatives were calculated

Rally length, success of the
team in the side-out phase,
teams’ ranking, and final
action of the rally

Rallies between 8 and 10 seconds emerged
as potential critical incidents of the game.
These rallies seem to change the general
trend in performance in accordance with
the final action that finishes the rally. When
the rally does not end with the first attack,
the team in the serve phase can attack and
has a greater chance to score. More than
10-second rallies seem to balance success
between teams

920 headers performed Nine match weeks were Game state, space of occu- Headers are game scenarios that have
in 9 English Premier randomly selected. In each pation, header location, set different moments and executions. A high
League of football match week, one game was play type, number of opponent occurrence of this scenario was used in
= games from the season randomly selected. No team  players, and the position of long balls or even through crosses or
10, of 2017-2018 was included twice in the the player executing a header  throws, in order to avoid spatial progres-
= sample. Only the actions sion of the attacking team. Almost half
5] where a player intentionally of the headers were executed during the
5 contacted the ball were set plays, especially on-goal kicks and
s considered. Accidental throws. A considerable number of headers
5 touches were not coded were executed in the centre of the penalty.
i Central defenders executed many inter-
ceptions and clearances of crosses, while
forwards often used their heads to pass
the ball
11 male goalkeepers 2 steps in data collection: Five categories related to 23 critical game situations were ranked
%  from the French (1) identification of typical critical scenarios: into 4 typical critical situations: coming
19, national football critical game situations; (2) (1) main topic; (2) actions off the line, goal-line clearances, one-on-
% training centre description of each critical (means to achieve goal); one, and diving were formulated as re-
_j._:‘ situation through interviews  (3) attention contents (focus current critical game situations for goal-
= (questioning interview). on perceptions); (4) background keepers. Coming off the line represented
< Questions were formulated (knowledge mobilizes during  the main critical game situation for all
E by using present tense, brief  the action); (5) inner states goalkeepers. Goal-line clearance and
g sentences, and verbs of action one-on-one were also mentioned as re-
E current critical situations for 5 players.

Diving was reported only twice as a critical
situation
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the 2010 World Championship and men’s World League,
there were 5438 rallies in 31 games. The support tool
used was the Chi-square Automatic Interaction De-
tector method, which allows a visual and analytical
multivariate decision, where the expected values of
competing alternatives were calculated. The variables
considered in this study were the length of the rally,
the success of the team in the side-out, the ranking of
the teams, and the final action of the rally.

As main evidence, we highlight the rallies between
8 and 10 seconds that emerged as potential critical
incidents of play, and these rallies changed the trend
of performance in accordance with the final action of
the rally. For example, when a rally does not end in
the first side-out attack, it means that the team in pos-
session of the service can attack and increase the
chances of scoring. On the other hand, rallies with more
than 10 seconds seem to balance the chances of suc-
cess between both teams.

Sarajdrvi et al. [57] studied the headers in high-per-
formance football and characterized how they were
executed in different game scenarios. The sample
consisted of all headers made in 9 English Premier
League, 920 headers of the 2017-2018 season. First,
9 weeks of play were randomly selected, and secondly,
from each week of play, a game was selected for the
study. Only actions in which a player intentionally
contacted the ball were considered. The main evidence
was as follows: (1) a high number of headers were
executed to prevent the spatial progression of the at-
tacking team, the method most used through long
balls; (2) half of the headers were executed during the
plays, especially on penalties and throws; (3) a con-
siderable number of headers were executed near the
penalty mark; (4) central defenders executed many
interceptions of crosses, while forwards used their
heads to pass the ball.

Finally, Villemain and Hauw [58] investigated the
activity and performance of elite football goalkeepers
in critical situations. Eleven male goalkeepers from
the training centre of the French Football Federation
were considered. Methodologically, they took 2 steps
in data collection: the first one associated with the
identification of typical game situations and the sec-
ond one associated with the critical scenario.

Interviews were used to obtain the results, and each
critical scenario resulted in an interview. Five cate-
gories related to critical scenarios were applied: main
topic, actions (means to achieve the goal), attention
contents, background, inner states. For each critical
game scenario, attention focused on the specific mo-
ment defined by the player (start to the end of the ac-
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tion). Twenty three critical situations of the goalkeepers
were recurrent, being classified in 4 critical scenari-
os: coming off the line, goal-line clearances, one-on-
one, and diving. Coming off the line represented the
main critical game situation for all goalkeepers. The
goal-line clearances and the one-on-one were referred
to as recurrent critical situations for 5 of the 11 players.
Diving was reported only twice as a critical situation.

Risk of bias within and across studies

All studies (Table 2) presented a low risk of bias
arising from the randomization process. This agree-
ment consisted in analysing the level of agreement of
the answers, by using the kappa coefficient (), reveal-
ing an agreement of k = 1.0. The agreement was high
in all studies, with no divergence of responses.

Discussion

The analysis of critical game scenarios, in both criti-
cal and non-critical game moments, can theoretically
provide an innovative perspective on match perfor-
mance [23], helping to differentiate critical vs. non-
critical scenarios and therefore providing more refined
information for the coaches to act upon. The goal of this
research was to systematically review studies focused
on critical game scenarios in team sports and assess
their findings. Four relevant databases (PubMed, Sci-
ELO, Scopus, and Web of Science) were searched, and
an additional manual search was performed. Of the
279 articles identified, only 4 fit the eligibility criteria.
Many of the excluded articles were duplicates, and
numerous were theoretically driven works, but em-
pirical studies on this topic were scarce.

In the 4 included articles, 4 common features can
be highlighted: (i) they all address critical scenarios
associated with game situations and the relevance of
knowing how to perform under non-ideal game situ-
ations; (ii) these critical scenarios are usually, but not
always, associated with time pressure and, conse-
quently, game patterns present distinct features un-
der these conditions in comparison with non-critical
scenarios; (iii) overall, the literature on the topic and
the framework of critical scenarios require further
elaboration, systematization, and exploration; (iv) fi-
nally, all studies underlined how critical scenarios are
crucial to understanding the development of game
actions. Hence, a first finding was that research ad-
dressing the topic of critical scenarios is severely limited.
Because critical scenarios reflect specific game situ-
ations and trigger activity in a cohesive structure [17]

Human Movement, Vol. 23, No 2, 2022
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Table 2. Risk of bias in individual studies and across studies

Questions

By main author By 2 co-authors

Was the study purpose stated clearly?

Was relevant background literature reviewed?

Was the design appropriate for the research question?
Was the sample described in detail?

Was the sample size justified?

Was informed consent obtained?

Were the outcome measures reliable?

Were the outcome measures valid?

Was the method described in detail?

Were the results reported in terms of statistical significance?

Where the analysis methods appropriate?

Were conclusions appropriate given the study methods?

Are there any implications for practice given the results
of the study?

Were limitations of the study acknowledged and described

by the authors?

= = = = = [Sanchez-Moreno et al. [23]

— = = = = | Sarajdrvi et al. [57]
= = = = = [Sanchez-Moreno et al. [23]

= = = = = | Sarajdrvi et al. [57]

NA NA NA NA

S g S S S S = Récopéetal.[ZZ]
o= = = = = = = = = = = Villemain and Hauw [58]

g e = Récopéetal.[22]
== == e = = = == = = Villemain and Hauw [58]

g S =Y
g =Y
O T = N = S =y =Y
O

1-yes, 0 - no, NA - not applicable

that is likely very distinct from that in more regular,
non-critical game scenarios, the observation indicates
that this concept is being explored in a limited manner.

The study by Récopé et al. [22] linked game situ-
ations in volleyball to critical scenarios of the ball tra-
jectories. From this study, we note that critical sce-
narios (which are representative of game actions at
specific stages with instability in the environment)
imposed by the unstable and variable temporal dy-
namics of the game appear to be important in sports
games, including volleyball, where tempo is condi-
tioned externally by regulation (giving greater pre-
dictability). As such, critical scenarios can serve as an
important resource in training for increasing or de-
creasing pressure. Because time pressure allows play-
ers to deal with the pressures of the team’s game system
and thus to develop quick and efficient decision-mak-
ing [7], it deserves further investigation by research.
Moreover, critical scenarios have a time limit and this
experience is central to the result of the action as these
scenarios are emotionally charged, evolve the player,
and allow a performance resulting from the process-
ing of relevant information [61].

The studies by Villemain and Hauw [58] and Sara-
jarvi et al. [57] investigated actions in football that
required high emotional control. The outcomes of these
actions can directly dictate the game result. These
studies focused on the actions to be performed in each
scenario, the attention and experience of the players,
and their emotions in critical scenarios [58]; and the
state of the game, the location of the header, the num-
ber of opponents, and the position of the player at the
time of the header [57]. These papers imply that the
critical scenarios of the game have a component of great
specificity as they help reinforce the importance of con-
centration and self-confidence, and thus progress the
general idea that focus, attention, positioning, and pres-
ence are necessary for excellent performance [18].

A further aspect of critical game scenarios is that
the regulation of independent structures influences
the dynamic functionality of teams [12] to the extent
that critical game scenarios can be differentiated on
the basis of game style, team characteristics, game
stages, and gameplay actions.

In this line, we highlight the clear relationship be-
tween critical scenarios, game phases, and gameplay
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[62] because these critical scenarios and their moments
supportresearch on risk situations (through rally length,
team success, team ranking, and final action) aiming
to improve adaptation to the various situations that
occur in the game [58, 63]. Thus, we note that critical
scenarios have a strong positive influence on the evo-
lution of teams and on the design of performance strat-
egies [64]. Contrary to what was advocated in this re-
view - that critical scenarios play a key role in sports
games - Villemain and Hauw [58] suggested, after
a focus on several critical scenarios, that this is not
always the case. While many critical scenarios influ-
ence game outcomes, others have little impact. The en-
vironment of critical scenarios allows players to use
informational restrictions to regulate their actions,
on the basis of the team’s decision, to influence their
opponents behaviour [65]. Therefore, critical scenarios
are central to understanding teams’ perceptions. It is
complex and difficult to define environment and play-
ers’ perspectives as main actors of the game may pro-
vide deeper information for their study, with players
describing their experience and action in each critical
scenario in the header and loss of the ball [57, 58].
Thus, research on critical scenarios can be expanded
to include other, less-studied issues, such as their as-
sociation with cognitive flow [66], which allows ath-
letes to think and make decisions based on the vari-
ables involved and not just spontaneously.

The studies included in the final sample support
the assumption that it is necessary to focus on critical
scenarios to help clarify which game situations should
and should not be considered as critical. Indeed, the
4 studies included in this systematic review can be
considered pioneering research as they represent the
only systematic investigations of critical scenarios and
provide important research avenues for the future. The
main findings support the idea that critical scenarios
correspond to the representation of game contexts, at
a certain stage of play, occurring in great complexity
and with extreme emotional conditions. As such, we
highlight the need to specify the definition of critical
game scenarios and its associated terminology to avoid
incorrect usage of the concept. It is noteworthy that
because the number of eligible studies on critical sce-
narios was small, we subsequently reviewed non-ex-
perimental research; however, no more articles were
considered.

Conclusions

The results of the systematic review show that criti-
cal scenarios have been neglected and largely unex-
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plored in research. Further studies on this topic are
necessary because: (a) terminology in the available
literature suggests that scenarios have been studied,
but research specifically investigating critical scenarios
is scarce; (b) a substantial body of work exists that
misuses constructs and concepts, often incorrectly
defining non-critical situations as being critical; (c)
critical scenarios allow a systematic evolution of teams
and a better knowledge of the game; (d) teams deal
with time pressure and make faster and more efficient
decisions; (e) critical scenarios can have 3 features
that are essential for better individual and collective
performance; (f) critical scenarios can be influenced
by independent structures that help team dynamics;
and (g) in critical scenarios, there can be variation in
the form of critical manifestations that will lead to
different measures. The small number of articles shows
that although critical scenarios are theoretically rele-
vant, they remain largely uninvestigated, hence high-
lighting the need for further research. As such, future
studies should focus on high-level critical scenarios,
use specific game exercises, and, consequently, apply
more high-level investigations, as well as adopt a mul-
tidimensional perspective through the frequency of
scenarios.
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ABSTRACT

Purpose. The study aims to describe the adult’s overall cardiovascular disease risk factors prevalence, including arterial
stiffness and physical inactivity.

Methods. The cross-sectional study involved 197 adults (males: 42%; mean age: 47 + 13 years) from a Portuguese health
centre. Traditional cardiovascular disease risk factors were measured during clinical assessment. Arterial stiffness was
evaluated with carotid-femoral pulse wave velocity (= 10 m/s). Physical inactivity (< 30 min/day of moderate to vigorous
physical activity) was objectively assessed with accelerometry. The statistical procedures included descriptive analysis (means,
medians, and frequencies) and between-gender comparisons (chi-square test and t-test) for cardiovascular disease risk factors.
Results. Cardiovascular disease risk factors prevalence was as follows: dyslipidaemia: 71%, physical inactivity: 51%, hyper-
tension: 43%, metabolic syndrome: 36%, arterial stiffness: 31%, smoking: 29%, and obesity: 20%. The prevalence of cardio-
vascular disease risk factors increases with age and is higher in males than in females. The prevalence of hypertension and
metabolic syndrome was higher in participants with a lower educational level. The majority of hypertensive patients were
more physically inactive (56.5%) than active (43.5%; p = 0.044).

Conclusions. The overall prevalence of cardiovascular disease risk factors was high, with 1/3 having augmented arterial

stiffening and half being physically inactive.

Key words: epidemiology, prevalence, cardiovascular risk factors, lifestyle, physical activity

Introduction

Despite the reduced trend observed in the recent
decades, coronary artery disease and stroke are still
among the major causes of premature death in Portugal
and across the European countries [1]. Both conditions
contribute to disability and to the mounting costs of
healthcare, which could be primarily reduced through
early detection and management of their determi-
nants [2].

Cardiovascular diseases (CVD) are strongly related
to biological, socio-demographic, and lifestyle risk fac-
tors, historically divided into modifiable or non-modi-
fiable ones [1]. The presence of only one risk factor
augments the probability of a CVD event, but a group-
ing of several implies an exponential growth in that
probability [3]. Metabolic syndrome (MetS) is a good

example of a cluster of risk factors which doubles the
probability of cardiovascular events [4].

Apart from the traditional, well-known risk factors,
other biological markers have been proposed as inde-
pendent predictors of cardiovascular events and car-
diovascular mortality [5]. However, some of them are
not yet included in cardiovascular surveillances and
risk stratifications owing to methodological constraints
in clinical practice. Arterial stiffness is an adequate
example of one biological marker that could help in
the early detection of high-risk patients and, conse-
quently, in the early control and management of car-
diovascular risk [5, 6]. Arterial stiffness denotes an
augmented rigidity of the central large arteries, and is
a consequence of intima and media layers structural
changes resulting from multiple cellular insults across
the lifespan [7]. Previous evidence reports that indi-
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viduals with high compared with those with normal
arterial stiffness have a superior cardiovascular event
risk (relative risk: 2.26; 95% confidence interval: 1.89-
2.70) and cardiovascular mortality (relative risk: 2.02;
95% confidence interval: 1.68-2.42) after adjusting
for traditional risk factors [5]. Nevertheless, measuring
arterial stiffness as a cardiovascular risk factor in pri-
mary care setting is still unusual, and, generally, re-
ports on CVD risk factors do not encompass it.

Regular surveillance and screening for CVD risk
factors are relevant in clinical settings because they
allow to properly manage each risk factor and thus to
diminish the risk of CVD events and mortality. There-
fore, the study aims to describe the overall prevalence
of CVD risk factors, including arterial stiffness and
physical inactivity, in adults registered in a Portuguese
primary care centre.

Material and methods
Study design

The study was carried out in a public primary care
medical centre (Porto, Portugal). The inclusion crite-
rion was age between 18 and 65 years. Participants
with a history of severe hypertension, peripheral arte-
rial disease, arrhythmia, acute coronary syndrome,
thyroid disorders, severe renal or pulmonary disorders,
infectious or chronic immunological diseases, neuro-
logical or orthopaedic deficiencies, known CVD, or cog-
nitive disorders were excluded.

Participants

The patients were recruited from the medical centre
archives that involved 8000 citizens. Overall, 4600
individuals were considered candidates following the
inclusion criteria, and 1200 were randomly chosen (see
Figure 1). They were invited to the study via phone
calls. More details can be found elsewhere [§].

Data collection

Data were collected during 2 appointments. In
the first appointment, a physician checked eligibility
conditions, collected socio-demographic information
and habitual medication data. After that, the partici-
pants were evaluated for anthropometry and haemo-
dynamics. Finally, each subject received an acceler-
ometer to be worn for the next 7 days. A week later, the
patients revisited the health centre in order to return
the accelerometers and provide blood samples.

Cardiovascular risk factors
Socio-demographic factors

Age was categorized in decades, and education in-
volved 3 categories based on the number of years school-
ing (< 6 years, 6-12 years, and > 12 years).

Tobacco consumption

The participants had to indicate whether they
smoked or not.

Obesity

Body weight (kg) (Tanita Inner Scan BC-522, Tokyo,
Japan) and height (m) (standard wall-mounted stadi-
ometer) were measured with the patients barefoot and
wearing light clothing. Body mass index (BMI) was cal-
culated as the ratio of weight (kg) and squared height
(m), and classified as underweight (< 18.49 kg/m?),
normal weight (18.50-24.99 kg/m?), overweight (25—
29.99 kg/m?), and obese (> 30 kg/m?).

Blood pressure

Blood pressure was measured (Colin, BP 8800
monitor, Critikon, USA) on the participants’ left arm
after 20-minute resting, in the supine position. Three
measurements were performed spaced 1 minute apart.
The average value was used as the final blood pres-
sure. Additional measurements were performed when
differences between readings surpassed 5 mm Hg,
being the extreme value discarded for the final calcu-
lation of blood pressure. Hypertension was defined
as stated in the European Society of Cardiology and
European Society of Hypertension guidelines (i.e.,
systolic blood pressure > 140 and/or diastolic blood
pressure > 90 mm Hg or presence of antihypertensive
medication) [3].

Arterial stiffness

Arterial stiffness was measured with the gold-stand-
ard method known as carotid-femoral pulse wave
velocity (cfPWV) by using applanation tonometry
(SphygmoCor device; AtCor Medical, Australia). The
procedures followed the international best practices
described elsewhere [6]. Two acceptable attempts of
cfPWYV were achieved, and the average between them
was used for statistical procedures. The cut-off point
of cfPWV > 10 m/s was used to establish augmented
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arterial stiffness [6]. Room temperature was set at ca.
21°C, and the space was both quiet and semi-dark.

Dyslipidaemia

A nurse collected blood samples after 12-hour fast-
ing. An automated clinical chemistry analyser Olym-
pus AU5400 (Beckman-Coulter) was used to measure
total cholesterol, triglycerides, high-density lipoprotein
cholesterol, and serum glucose. The Friedewald equa-
tion was applied to calculate low-density lipoprotein
cholesterol concentration. Any lipid impairment in ac-
cordance with the international reference values [9]
and/or a current prescription of lipid-lowering medica-
tion was stated as the presence of dyslipidaemia [3].

Metabolic syndrome

MetS is a condition defined as the simultaneous
coexistence of a minimum of 3 metabolic risk factors
out of the following: central obesity (male waist circum-
ference > 102 cm, female waist circumference > 88 cm);
systolic > 130 mm Hg and/or diastolic > 85 mm Hg
blood pressures and/or antihypertensive medication;
low levels of high-density lipoprotein cholesterol (males:
< 40 mg/dl, females: < 50 mg/dl) or specific lipid treat-
ment; triglycerides > 150 mg/dl and/or specific lipid-
lowering treatment; and fasting glucose > 100 mg/dl
or medication for elevated glucose level [4].

Physical activity

Physical activity was accurately captured with ac-
celerometry (ActiGraph GT1M, USA). The apparatus
was placed on the right hip during waking hours for
7 consecutive days, but removed during water-based
activities.

Raw activity (i.e., counts/min) was transformed
into daily physical activity (ActiLife 6.9 software, Acti-
Graph, USA). The accelerometry data were validated
when the participants had at least 8 hours of use per day,
and 4 days of use. The cut-off point > 2020 counts/min
was applied to ascertain moderate to vigorous physical
activity [10]. The total time spent above the cut-off point
was summed and averaged per day. The risk factor of
physical inactivity was set as < 30 min/day in moder-
ate to vigorous physical activity [11].

Statistical analysis

Normality was verified by using the Kolmogorov-
Smirnov test. Variables that were not normally distrib-
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uted (BMI, systolic blood pressure, cfPWYV, high-den-
sity lipoprotein cholesterol, low-density lipoprotein
cholesterol, total cholesterol, triglycerides, and fasting
glucose) were transformed into their natural logarithm
for analysis and then transformed back to the original
scale for the purpose of clarity. These variables are
expressed as mean * standard deviation. Moderate to
vigorous physical activity was not normally distribut-
ed and normalization was not possible. In this sense,
moderate to vigorous physical activity is expressed as
median and interquartile range. Between-gender com-
parisons were performed by using the independent
t-test and the non-parametric test for 2 independent
samples, as appropriate. Categorical variables are ex-
pressed as frequencies, and between-group compari-
sons were performed with the chi-squared test.

The procedures were carried out with the IBM SPSS
20 software (SPSS, Chicago, USA), and the results were
considered significant at p < 0.05.

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the Ethics
Committee of the Portuguese North Regional Health
Authority (LP. 25/2010).

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study.

Results

A total of 318 patients from the sampled 1200 missed
the phone call. Additional 244 refused to participate,
and 348 met at least one of the exclusion criteria.
Overall, 290 scheduled the first appointment, but 33
missed it.

Out of the 257 adults who participated in the study,
197 had simultaneous data for biochemical analyses,
physical activity, and arterial stiffness; they comprised
the final sample (Figure 1).

Table 1 depicts the sample characteristics. The gen-
ders were significantly different for total cholesterol
(males: 189.2 + 37.5 mg/dl, females: 203.1 + 38.5 mg/dl;
p < 0.05), diastolic blood pressure (males: 76.5 *
10.3 mm Hg, females: 73.3 + 11.0 mm Hg; p < 0.05),
triglycerides (males: 121.6 + 63.3 mg/dl, females:
103.8 + 48.6 mg/dl; p < 0.05), and high-density lipo-
protein (males: 48.0 = 10.9 mg/dl, females: 61.7 +
15.3 mg/dl; p < 0.001).
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Population (n = 8000)

v

Assessed for eligibility (n = 4600)

v

Randomized (n = 1200)

Missed phone calls (n = 318)
Declined to participate (n = 244)
Exclusion criteria (n = 348)
Missed the appointment (n = 33)

v

Assessed (n = 257)

Data problems (n = 60)

v

Final sample (n = 197)

Figure 1. Study flowchart

The prevalence of CVD risk factors is depicted in
Table 2. Overall, 71% of the participants had dyslipi-
daemia. Physical inactivity was the second most preva-
lent risk factor (overall prevalence: 51%), with females
showing a tendency to be more physically inactive
compared with males (p = 0.053). The cfPWYV value
> 10 m/s was the fifth most prevalent risk factor (31%).
A significant difference was observed between gen-
ders in smoking, with males (40%) having a higher
prevalence than females (22%; p < 0.01).

The prevalence of hypertension, dyslipidaemia, and
MetS rises with age. These occurred more often in the
overweight BMI category and among non-smokers
(Table 3). In females, hypertension was significantly
more frequent in those physically inactive (67%) than
in physically active (33%; p = 0.044).

Regarding arterial stiffness, the prevalence of hy-
pertension, dyslipidaemia, and MetS were higher in
the category of cfPWV > 10 m/s compared with the nor-
mal, but the differences were not significant (p = 0.568,
0.081, and 0.296, respectively).

Table 1. Sample characteristics with between-gender comparisons

Characteristics

Males (n = 83)

Females (n = 114) Overall (n = 197)

Socio-demographic

Age (years) 47.5 £ 13.7 473 +12.4 474 +12.9
Educational level (n [%])

< 6 years 25 (30%) 43 (38%) 68 (35%)

6-12 years 21 (26%) 18 (16%) 39 (20%)

> 12 years 36 (44%) 52 (46%) 88 (45%)
Anthropometric

Height (cm) 170 £ 6.5 157 £ 6.5** 163 + 9.3

Weight (kg) 78.9 £ 12.0 65.8 + 12.5** 71.3 +13.9

Body mass index (kg/m?) 271 +3.9 26.6 + 4.6 26.8 +4.3
Haemodynamic

Systolic blood pressure (mm Hg) 127.7 £ 14.2 126.1 = 17.7 126.8 = 16.3

Diastolic blood pressure (mm Hg) 76.5 = 10.3 73.3 £ 11.0* 74.7 £ 10.8

Pulse wave velocity (m/s) 9.2 +£1.8 89+ 2.0 91=£1.9
Lipid and metabolic profile

Triglycerides (mg/dl) 121.6 = 63.3 103.8 + 48.6* 111.4 + 55.9

LDL cholesterol (mg/dl) 117.4 + 35.1 120.0 + 36.6 118.9 + 35.8

HDL cholesterol (mg/dl) 48.0 £ 10.9 61.7 £ 15.3** 55.9 £ 15.2

Total cholesterol (mg/dl) 189.2 + 37.5 203.1 £ 38.5* 197.1 + 38.6

Fasting glucose (mg/dl) 98.1 + 18.2 94.7 + 35.7 96.1 + 29.5
Physical activity

MVPA (min/day) 33 (20-54) 26 (16-48) 30 (18-50)

LDL - low-density lipoprotein, HDL - high-density lipoprotein, MVPA - moderate to vigorous physical activity

* p <0.05, ** p <0.001
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Table 2. Prevalence of risk factors with between-gender comparisons

Risk factors Overall Males Females Statistical inference

Dyslipidaemia (n [%)]) 140 (71%) 61 (74%) 79 (69%) ¥’ 0.411 (1); p = 0.316
Physical inactivity (n [%]) 100 (51%) 36 (43%) 64 (56%) ¥*: 3.132 (1); p = 0.053
Hypertension (n [%]) 85 (43%) 40 (48%) 45 (40%) ¥*: 1.489 (1); p = 0.141
Metabolic syndrome (n [%]) 81 (41%) 38 (46%) 43 (38%) ¥*: 1.290 (1); p = 0.161
Arterial stiffness (n [%]) 61 (31%) 28 (34%) 33 (29%) x*: 0.601 (1); p = 0.267
Smoking (n [%]) 58 (29%) 33 (40%) 25 (22%) x*: 7.350 (1); p < 0.01

Obesity (n [%]) 40 (20%) 17 (20%) 23 (20%) ¥*: 3.400 (2); p = 0.183

Table 3. Cardiovascular risk factors depending on socio-demographic, body mass index, lifestyle,
and arterial stiffness characteristics

Hypertension Dyslipidaemia Metabolic syndrome

Factors Males Females  Overall Males Females  Overall Males Females  Overall
(n = 40; (n = 45; (n = 85; (n=61; n=79; (n=140; (n=238§; (n=43; (n=81;

48%) 40%) 43%) 74%) 69%) 71%) 46%) 38%) 41%)

Socio-demographics
Age categories (years)

Under 30 (n [%]) 0 (0%) 0 (0%) 0 (0%) 4 (7%) 3 (4%) 7 (5%) 0 (0%) 1 (2%) 1 (1%)
31-40 (n [%]) 2 (5%) 4 (9%) 6 (7%) 6 (10%) 11(14%) 17 (12%) 3 (8%) 5(12%)  8(10%)
41-50 (n [%])) 5(13%  7(16%) 12(14%) 12((20%) 17 (22%) 29 (21%) 7(18%) 3 (7%) 10 (12%)
51-60 (n [%]) 17 (43%) 17 (38%) 34 (40%) 20 (33%) 28 (35%) 48 (34%) 16 (42%) 15(35%) 31 (39%)
61-65 (n [%]) 16 (40%) 17 (38%) 33 (39%) 19 ((31%) 20(25%) 39 (28%) 12(32%) 19 (42%) 31 (38%)

Statistical inference

¥% 0.739 (3); p = 0.869

% 1.546 (4); p = 0.819

% 4.421 (4); p = 0.353

Education
< 6 years (n [%])
6-12 years (n [%])
> 12 years (n [%])
Statistical inference

16 (41%) 24 (55%) 40 (48%)
10 (26%) 8 (18%) 18 (22%)
13 (33%) 12 (27%) 25 (31%)

y*: 1.567 (2); p = 0.457

21 (34%) 33 (42%) 54 (39%)
16 (26%) 9 (12%) 25 (18%)
24 (39%) 36 (42%) 60 (43%)

% 5.023 (2); p = 0.081

15 (40%) 26 (62%) 41 (51%)
9(24%)  5(12%) 14 (18%)
14 (37%) 11 (26%) 25 (31%)

x*: 4.265 (2); p = 0.119

Body mass index
Normal weight (n [%])
Overweight (n [%])
Obesity (n [%])
Statistical inference

2(%) 10 (22%) 12 (14%)
24 (60%) 21 (47%) 45 (53%)
14 (35%) 14 (31%) 28 (33%)

¥%: 5.257 (2); p = 0.072

13 (21%) 29 (37%) 42 (30%)
33 (54%) 32 (41%) 65 (46%)
15 (25%) 18 (23%) 33 (24%)

x*: 4.137 (2); p = 0.126

2(%) 10 (23%) 12 (14%)
20 (53%) 19 (44%) 39 (42%)
16 (42%) 14 (33%) 30 (37%)

x*: 5.203 (2); p = 0.074

Lifestyle
Tobacco consumption
Non-smoking (n [%])
Smoking (n [%])
Statistical inference

28 (70%) 42 (93%) 70 (82%)
12(30%) 3 (7% 15 (18%)
¥*: 7.933 (1); p = 0.005

38 (62%) 62 (78%) 100 (71%)
23 (38%) 17 (22%) 40 (29%)
x*: 4.419 (1); p = 0.028

25 (66%) 38 (88%) 63 (78%)
13(34%)  5(12%) 18 (22%)
x*: 5.952 (1); p = 0.014

Physical activity
Physically active (n [%])
Physically inactive (n [%])
Statistical inference

22 (55%) 15 (33%) 37 (43.5%)
18 (45%) 30 (67%) 48 (56.5%)
1% 4.044 (1); p = 0.044

32 (53%) 35 (44%) 67 (48%)
20 (48%) 44 (56%) 73 (52%)
x*: 0.917 (1); p = 0.216

20 (53%) 15 (35%) 35 (43%)
18 (47%) 28 (65%) 46 (57%)
x*: 2.589 (1); p = 0.083

Arterial stiffness
Normal (n [%])
>10 m/s (n [%])
Statistical inference

18 (46%) 21 (47%) 39 (46%)
21 (54%) 24 (53%) 45 (54%)
% 0.002 (1); p = 0.568

34 (57%) 55 (70%) 39 (46%)
26 (43%) 24 (30%) 45 (53%)
% 2.484 (1); p = 0.081

20 (53%) 19 (44%) 39 (48%)
18 (47%) 24 (56%) 42 (52%)
¥% 0.576 (1); p = 0.296
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Discussion

In this study, the prevalence of CVD risk factors
was as follows: dyslipidaemia: 71%, physical inactivi-
ty: 51%, hypertension: 43%, MetS: 41%, arterial stiff-
ness: 31%, smoking: 29%, and obesity: 20%.

Dyslipidaemia was established as any abnormal
lipid profile or even the presence of lipid-lowering medi-
cation [3]. Indeed, dyslipidaemia is a broader concept,
which exceeds a single lipid disorder [9]. Prevalence
studies on dyslipidaemia in Portuguese populations are
normally based on total cholesterol or on each lipid
concentration separately [12, 13]. In this sense, among
40-76-year-old Portuguese patients from the same
geographical area as our study referred to, hypercho-
lesterolemia prevalence was 79.7% [12].

Physical inactivity was the second most prevalent
CVD risk factor (51%). In a global CVD risk factors
ranking, physical inactivity appears in the 4™ position
[14]. This discrepancy might be somehow explained
by the use of different assessment methods between the
studies. It is imperative to underline that a large body
of evidence in this field is based on self-report meas-
urements, which underestimate physical inactivity
[10, 15]. Considering this, it is expected that objectively
measured physical activity would re-arrange the CVD
risk factors ranking.

In the present study, all waking minutes identi-
fied with = 2020 counts/min were summed to derive
moderate to vigorous physical activity and to classify
participants as physically active [10]. This approach
is a study limitation and has 2 consequences. Firstly,
it justifies the median of 30 min/day in moderate to
vigorous physical activity of the total sample. Secondly,
it may have attenuated the prevalence of physical in-
activity, once physical activity recommendations state
that the minimum duration of a physical activity bout
should last at least 10 consecutive minutes [11]. The
dose-response effect of physical activity on cardiovas-
cular health is supported by strong evidence, and nu-
merous physiological pathways might explain this
association [16]. For example, regular physical activity
improves the lipid profile, lowering especially the tri-
glycerides [17], and improves insulin sensitivity and
glycaemic control, reducing the risk of metabolic dis-
eases [18]. An acute aerobic physical activity bout aug-
ments cardiac output and the resultant shear stress
forces stimulate the release of vasodilating substances
such as nitric oxide and prostaglandins, diminishing
blood pressure [19]. Additionally, the hypotensive ef-
fect gathered from chronic regular physical activity
is linked with a reduction in oxidative stress and in

low-grade inflammation [16]. Cardiovascular risk
factors damage both the intima and media layers of
arterial walls, impairing arterial compliance [6, 7],
and, once more, regular physical activity is protective
through its effect on each of the cardiovascular risk
factors and also owing to its impact on cardiorespira-
tory fitness, a well-known parameter related to car-
diovascular health [20]. Undeniably, all risk factors
are somehow positively affected by physical activity,
which justifies the importance of its promotion in terms
of public health for the prevention of CVD.

The third most prevalent CVD risk factor was hy-
pertension, and our data are in accordance with pre-
vious national (ca. 42%) [21] and international (ca.
30-45%) [22] reports based on the adult general pop-
ulation. In participants with hypertension, this partic-
ular risk factor was significantly higher among those
who were simultaneously physically inactive. Indeed,
as previously discussed, several physiological mecha-
nisms are plausible to explain the pathways of physi-
cal activity action on blood pressure regulation, in-
cluding, among others, improvement in endothelial
function, diminishing chronic low-grade inflamma-
tory state, improvement in the autonomic nervous
system [16].

MetS results from a complex interplay between
environmental and genetics factors and doubles the
risk of developing CVD in 5-10 years’ time [4]. Pre-
vention of MetS onset is linked to a proper managing
of lifestyle risk factors, highlighting physical activity
[23]. Among our participants, 36% had MetS, and
this is a higher prevalence compared with the global
data (20-25%) [23]. The large variability in MetS prev-
alence might arise from the criteria used to define the
condition [23]. In this sense, Santos and Barros [24] ob-
served that within the same sample (from the same
geographical area as ours), MetS varied between 26.4%
and 41.4%, depending on the selected criteria.

Overall, we found that 31% of our sample presented
a cfPWV > 10 m/s stated by the Reference Values for
Arterial Stiffness’ Collaboration [6]. Between-study
comparisons are difficult because data are almost in-
existent. Nonetheless, the prevalence of cfPWV =10 m/s
was 18.7% in 2542 Portuguese citizens aged between
18 and 96 years [25]. Raised arterial stiffness has been
proposed as a pivotal CVD risk factor because it in-
dependently predicts both CVD and mortality [5].
Arterial stiffness is mainly determined by age and
blood pressure [6], but other health conditions (dyslipi-
daemia, insulin resistance, obesity) and lifestyle risk
factors (physical activity, sedentary time, diet, and
tobacco consumption) exert effects that cannot be over-
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looked [5, 8]. Augmented arterial stiffness means that
central arteries are losing its cushion capacity and,
consequently, the blood flows faster, at higher pres-
sures [7]. The arterial tree adapts to this flow pattern,
and in terms of haemodynamic response, accelerated
forward and backward waves are generated, intensi-
fying the end-systolic pressure and reducing the cor-
onary perfusion pressure [7]. The altered blood flow
pattern in stiff arteries damages the heart, brain, and
kidneys, and increases the risk of adverse events [6].
Early vascular aging means that the arteries are older
compared with the chronological age. To some extent,
it is expected in individuals with a constellation of risk
factors [6]. Nevertheless, it is also possible to occur in
apparently healthy people, free from traditional risk
factors that are covered by the well-known cardiovas-
cular risk algorithms [3]. Considering this, the addi-
tional predictive value of arterial stiffness as a cardio-
vascular biomarker appears to be relevant in the general
population and must be confirmed in future studies.

The smoking prevalence was 29%, which is close
to the recently reported 28.3% for a Portuguese sample
[26]. We did not collect information on tobacco load or
the time since tobacco consumption cessation, which
constitutes a limitation of the study. Surprisingly, the
prevalence of CVD risk factors was significantly higher
in non-smokers than in smokers. Others have already
published the same pattern [27] and there is no plau-
sible explanation. We might guess that some of the non-
smokers could be ex-smokers. As previously men-
tioned, the methodology used to assess smoking habits
represents a limitation of this report and could at least
partially explain these results. Additionally, it is even-
tually possible to speculate that the respondents may
not have been totally honest when answering the
smoking status question. If so, future studies might
test for cotinine in order to verify the smoking status.

The prevalence of obesity (20%) was higher than
previously reported for the Portuguese population [28].
Data from 2014 showed an obesity prevalence of 16.4%,
which had risen by 1.2% since 2005 [28]. It is well
known that obesity worsens most of the CVD risk fac-
tors [29], a reason why within participants with over-
weight or obesity, the prevalence of hypertension,
dyslipidaemia, and MetS increases.

Taking into account the socio-demographic factors,
the prevalence of hypertension, dyslipidaemia, and
MetS increases with age, and is superior in males com-
pared with females, as well as among those with the
lowest educational level. These results are in agree-
ment with the literature [22]. The educational level is
the widest measure of the socioeconomic status, and
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in the last 40 years, an inverse association between
education level and CVD prevalence has been con-
sistently reported [30]. We can hypothesize that lower
educational levels might be associated with worse life-
style choices and with an eventually lower income,
which reduce the level of information and health lit-
eracy, and limit the adoption of a healthy lifestyle owing
to economic constraints.

Limitations

The sample was small and not representative of all
geographical areas of the country, impeding generali-
zations for the entire Portuguese population. Season-
ality influences the amount of daily physical activity
and this was not considered in the analysis. The uti-
lization of a specific cut-off point of moderate to vigor-
ous physical activity might result in some misclassi-
fication of participants who were near this value;
physical activity was considered as the sum of all min-
utes regardless the minimum duration of 10 minutes.
In this study, the exclusion criteria could constitute
a constraint for the generalization of the results. How-
ever, we intended to assess asymptomatic individu-
als who might be at risk of the initiation and progression
of a pathology underlying ischemic cardiovascular
diseases.

Conclusions

Our report shows a high prevalence of CVD risk
factors within a sample of Portuguese citizens. Aug-
mented arterial stiffening was observed in 1/3 of our
sample, and physical inactivity was the second most
prevalent risk factor, present in 51% of the sample.
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ABSTRACT

Purpose. Visual choice reaction time can be measured in reaching, which is an important task to investigate after stroke
owing to its high clinical importance in activities of daily living. The study aim was to evaluate the visual choice reaction
time during reaching tasks in the ipsilateral and contralateral spaces before and after a single training session of choice
reaction time in patients after a mild stroke.

Methods. The cross-sectional study involved 7 individuals after a mild stroke. The visual choice reaction time was evaluated
during reaching in the affected and unaffected sides in the ipsilateral and contralateral spaces. All individuals trained the
choice reaction time during a functional reaching task in a single session. In the training, 6 circles were used in a randomized
sequence in 5 blocks, with 10 stimuli per block, for a total of 50 repetitions.

Results. There was a significant reduction in the choice reaction time for the unaffected side in the ipsilateral space after
training (p = 0.041). The other task conditions did not show a statistical difference, but a clinical relevance based on Cohen’s d
(d > 0.60).

Conclusions. A single training session can decrease the choice reaction time for the affected side during tasks in the ipsilateral
space after a mild stroke.

Key words: stroke, choice reaction time, electromyography

Introduction tasks) [9], and training. Stewart et al. [10] show that

a single training session can change the response time

Visual choice reaction time (CRT) is measured with
a set of stimuli and responses, with each stimulus being
associated with a particular response [1, 2]. Stroke
patients present a delay in CRT owing to slower mo-
tor responses [3-5], changes in muscular activation
[6], and deficits in response selection [7], even in the
absence of clinical motor deficits.

Visual CRT can be modified by the type of motor
task (implicit or explicit), complexity of the task [3, §],
variability of the task (constant, blocked, and random

in a visual CRT task in stroke patients. In another study
with a single session, the authors observed a slower
performance in stroke patients than in control sub-
jects in a condition with randomized tasks of high com-
plexity [8].

Visual CRT can be measured in different activi-
ties, such as reaching, which is an important activity
to investigate after stroke owing to its high clinical im-
portance in activities of daily living [11]. Visual CRT
response can be different between reaching tasks per-

Correspondence address: Gustavo José Luvizutto, Department of Applied Physical Therapy, Institute of Health Sciences,
Federal University of Tridngulo Mineiro, Rua Vigario Carlos, 100 - Sala 319 - 3° andar - Bairro Abadia, CEP: 38025-

350 - Uberaba-MG, Brazil, e-mail: gluvizutto@gmail.com

Received: August 25, 2020
Accepted for publication: January 18, 2021

Citation: Caires TA, Luvizutto GJ, Vieira PCS, Jablonski G, Bazan R, Andrade AO, de Souza LAPS. A single training session
of visual choice reaction time after mild stroke: a proof of concept. Hum Mov. 2022;23(2):21-27; doi: https://doi.org/10.5114/
hm.2021.106168.



HUMAN MOVEMENT

T.A. Caires et al., Training session of visual choice reaction time after stroke

formed in the ipsilateral and contralateral spaces.
Reaching in the contralateral space compared with
that in the ipsilateral space has a longer latency, lower
speed, and less precision [12]. Therefore, reaching
tasks in the contralateral space are more complex [13],
and other studies have verified that random practice
in both spaces facilitates the consolidation of motor
memory [14] and a reduction in reaction time [9]. How-
ever, the exact significance of this learning effect is
unclear in individuals after stroke [15]. Therefore,
a factor not yet investigated by the studies of reaching
tasks is: Can a single training session of visual CRT
modify the CRT values in both the regions of space?

Thus, the aim of the study was to evaluate visual CRT
during reaching tasks in the ipsilateral and contralat-
eral spaces before and after a single training session
of CRT in patients after a mild stroke. The main hy-
pothesis of this study was that the visual CRT during
reaching would decrease after a single treatment ses-
sion in both spaces.

Material and methods
Study design

A cross-sectional study was performed among in-
dividuals diagnosed with stroke. The data collection
was carried out at the Laboratory of Biomechanics
and Motor Control of Federal University of Triangulo
Mineiro from March 2018 to February 2019.

Subjects

The eligibility criteria for participation in the study
were: (i) mild stroke in the chronic stage, up to 1 year
after ictus, confirmed by medical records and neuro-
imaging examinations; (ii) age > 18 years; (iii) a score
of up to +1 (equivalent to minimum hypertonia) in the
Modified Ashworth Scale (MAS) [16]; (iv) a score of > 30
on the Fugl-Meyer Scale (items related to upper limb
function - mild stroke); (v) a Mini Mental State Ex-
amination (MMSE) score of > 20 points for individu-
als with 1-4 years of education, > 25 points for indi-
viduals with 5-8 years of education, > 26.5 points for
individuals with 9-11 years of education, and > 29
points for individuals with more than 11 years of edu-
cation [17]; (vi) absence of other neurologic diseases,
such traumatic brain injury, and any orthopaedic or
rheumatic disorders that could interfere with the ex-
ecution of the protocol.

22

Variable assessment

(@) MMSE: This scale was used to exclude indi-
viduals with cognitive impairment. It has a maximum
score of 30 [18]. The cut-off points applied were those
corresponding to the educational level of the partici-
pants [17].

(b) Fugl-Meyer Scale: It was used to investigate sen-
sory-motor recovery. Only items related to upper limb
function were considered, with a maximum score of
126 points [19].

(c) MAS: This scale served for the quantification of
muscular tone. The scores range from 0 to 5 [20].

Outcome measures

For CRT evaluation, the individuals were seated in
a chair with adjustable height, with their hips, knees,
and ankles at 90° of flexion, their shoulders at 10-15°
of flexion, their elbows at 75-90° of flexion, and their
forearms pronated. To avoid compensatory movements,
the trunk was stabilized at the 7" thoracic vertebra
by using a chest brace. A monitor was placed in front
of the individual at a distance dependent on the up-
per limb length, which was measured from acromion
to the distal phalanx of the index finger, with a mea-
suring tape. The seat height was adjusted to 100% of
the lower limb length, which was measured from the
lateral knee joint to the floor in a straight line with
the subject standing barefoot. The centre of the moni-
tor height was adjusted to 75% of the subject’s shoul-
der height, which was defined as the distance from
the shoulder marker to the floor with the participant
sitting in the standardized position (Figure 1A). The
individual had to reach in the ipsilateral or contralat-
eral spaces in response to the visual stimulus, as
quickly and accurately as possible, and return to the
anatomic initial position at the end. The visual stim-
ulus, represented by a white circle, lasted 5 seconds
and could appear at 5, 6, 7, 8, or 9 seconds in a ran-
domized sequence. The circles used for the evalua-
tion were only circles 3 and 4 (Figure 1B).

The electromyographic (EMG) signal of the ante-
rior deltoid was used to determine the onset of the mus-
cle response analysed. The EMG signals were recorded
with a Delsys Trigno TM® wireless telemetry sensor
at 2000 Hz, in accordance with the Surface Electro-
myography for Non-Invasive Assessment of Muscles
protocol [21]. A photodiode was applied to synchro-
nize the EMG signal with the visual stimulus.

CRT was calculated in milliseconds by the differ-
ence between the photodiode signal and EMG activ-
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Figure 1. (A) The individual’s position during the evaluation and the choice reaction time training session
(B) representation of a visual stimulus on the screen
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Figure 2. Configuration of choice reaction time training

ity in 4 reaching tasks: (1) reaching with the affected
side in the ipsilateral space; (2) reaching with the un-
affected side in the ipsilateral space; (3) reaching with
the affected side in the contralateral space; and (4)
reaching with the unaffected side in the contralateral
space.

All of the assessment tools were administered by
a physiotherapist. All participants included in the
evaluation participated in a weekly rehabilitation
(physical therapy and occupational therapy) programme
in accordance with the American guidelines for reha-
bilitation in stroke patients [22].

Interventions

Each individual had to reach in the ipsilateral or
contralateral spaces in response to the visual stimu-
lus, as quickly and accurately as possible, 5 minutes
after CRT evaluation. In the training, all 6 circles were
used in a randomized sequence in 5 blocks, with 10
stimuli per block, for a total of 50 repetitions [23]
(Figure 2). The training was conducted with both upper
limbs in a single session. After the training, the indi-
vidual was reassessed by the same CRT evaluation.
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Sample size

The sample size was calculated to match the pri-
mary outcome with sample size estimation. On the ba-
sis of treatment effect change and 1.10 of effect size,
with a fixed alpha error of 0.05 and beta error of 0.20,
7 patients constituted the necessary sample. The sam-
ple size calculation was performed with the G*Power
3.1.3 software.

Statistical methods

Descriptive statistics were used for sample charac-
terization. The CRT variables presented a normal dis-
tribution (Shapiro-Wilk test), and Student’s t-test for
dependent variables (CRT) served to compare the pre-
and post-intervention results for both sides in each
space. Pearson’s correlation test was applied used to
assess the associations between the CRT on the af-
fected and unaffected sides, as well as the MMSE,
MAS, and Fugl-Meyer scores. The associations were
considered significant at the value of p < 0.05. In ad-
dition, Cohen’s d test was used to analyse the effect
size and clinical relevance (d < 0.5, small clinical rel-
evance; d of 0.5-0.79, moderate clinical relevance;
d > 0.8, large clinical relevance) [24], and kurtosis (k)
analysis was performed to assess data variability. The
data were analysed with the IBM SPSS Statistics® ver-
sion 21 and Prism 7 software.

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the au-
thors’ institutional review board.

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study.

Results

A total of 20 patients were recruited, and 7 were
included in this study (Figure 3).

The convenience sample was composed of 7 indi-
viduals with stroke (Table 1).

There was a significant reduction in CRT for the
unaffected side in the ipsilateral space after training
(mean difference [MD]: -0.048; CI: -0.096 to -0.011;
p = 0.041). There was no significant difference in CRT
for the affected side in the ipsilateral space after train-

24

20 patients

Exclusion criteria
— Modified Ashworth Scale > +1 (n = 6)
— Fugl-Meyer Score < 30 (n = 4)

— Mini Mental State Examination < 20 points
for individuals with 1-4 years of education (n = 2)

— Mini Mental State Examination < 25 points
for individuals with 5-8 years of education (n = 0)

— Mini Mental State Examination < 26.5 points
for individuals with 9—11 years of education (n = 1)

— Mini Mental State Examination < 29 points
for individuals with > 11 years of education (n = 0)

\4

7 patients

After intervention

A4

Figure 3. Flowchart diagram

7 patients

Table 1. Experimental group characteristics

Variables Value
Gender'
Female 2
Male 5
Age? (years) 63.14 + 3.48
Type of stroke’
Ischemic 6
Haemorrhagic 1

Time of stroke? (days) 224.43 +111.25

Upper limb affected'

Right 3

Left 4
Mini Mental State Examination® 23.71 £5.17
Fugl-Meyer Scale” 121.14 = 8.04
Ashworth? (scores: 1/0) 2/5

1 - number of participants

2 - mean * standard deviation

3 - ratio between the number of participants with score
1and 0

Human Movement, Vol. 23, No 2, 2022
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Figure 5. Choice reaction time before and after training
for the affected and unaffected sides in the contralateral
space

ing (MD: -0.239; CI: -0.510 to 0.03; p = 0.074) (Fig-
ure 4), but Cohen’s d test showed high clinical relevance
(d = 1.31) in this condition. CRT variability decreased
on both sides in the ipsilateral space: Kycfore = 2.19 and
K.ger = 0.26 for the unaffected side; kyefore = —1.98 and
Kaper = —0.29 for the affected side.

There was no significant difference in CRT values
for both limbs in the contralateral space (MD: 0.04;
CI: -0.06 to 0.159; p = 0.310) and the ipsilateral space
(MD: -0.07; CI: -0.248 to 0.104; p = 0.347) (Figure 5).
Cohen’s d test showed moderate clinical relevance
(d = 0.60) for the reduction in CRT on the affected side
in the contralateral space. CRT variability values for the
unaffected side were Kyeore = 1.16 and K,ger = —2.55,
and the variability decreased on the affected side in
the contralateral space (Kpefore = 4.30 and kg, = 2.11).

Discussion

The main findings of the present study were as fol-
lows: (1) In the ipsilateral space, differences in the vis-
ual CRT values of the unaffected side were observed
before and after training; although the differences
were not statistically significant, a high clinical rele-
vance was determined in this condition. (2) In the con-
tralateral space, a moderate clinical relevance was indi-
cated in the visual CRT values of the affected and
unaffected sides.

De Paiva Silva et al. [25] highlighted that move-
ment direction influenced both movement planning
and execution. Reaching over the midline and the pres-
ence of a choice increased the complexity of the task.
Such complexity needs to be considered during the
evaluation and training of individuals after stroke [26)].

Why did the visual CRT values for the unaffected
limb decrease after a single session in the ipsilateral
space but not in the contralateral space? The medians
of the visual CRT for both sides were similar, but there
was greater variability before training for the unaffected
limb. After visual CRT treatment, the variability of the
visual CRT values decreased, which could contribute
to the high clinical relevance. The visual CRT for the
unaffected limbs can be similar to that in healthy limbs
despite the number of non-crossing motor fibres in the
motor cortex [27]. The visual CRT reduction can be
explained by enhanced cognitive activity during ran-
dom practice, higher engagement in inter-task elabo-
rative processing, and the need to reconstruct an ac-
tion plan after each trial [28].

A single training session cannot be sufficient to re-
duce visual CRT in complex tasks, such as reaching in
the contralateral space. In our study, visual CRT was
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bigger during reaching in the contralateral space, with
higher variability. This finding supports the hypothe-
sis that contralateral movements are more complex and
thus lead to longer CRTs owing to the greater need for
spatial orientation, body scheme development, and bi-
lateral coordination [29-31].

Klapp [32] suggested that planning took longer for
more complex movements, which is reflected in CRT.
Therefore, it seems impossible to change visual CRT
in the contralateral space during explicit tasks with
only a single session [32]; however, in another study
that used a single session, the authors observed that
individuals were able to learn an implicit motor task,
with a decrease in reaction time [8]. After practice, im-
plicit motor learning is evidenced by the fact that par-
ticipants generally respond significantly faster to se-
quenced stimuli than to randomly presented ones,
without being able to explicitly recall or recognize this
learned sequence [33]. The length and intensity of
the treatments reported in the literature were not de-
fined [13]. Studies have shown that one session can
promote improvement in the motor system. For exam-
ple, high-intensity training can increase motor learn-
ing and prehension ability after stroke [34].

Considering these interesting findings in this proof
of concept, we emphasize the importance of a large
sample size and a visual CRT test after 24 hours of
training. This study brings an important contribution
to research on rehabilitation after stroke, which may
infer that a random and distributed single training
session reduces visual CRT in the ipsilateral space at
the unaffected side, but the data of clinical relevance
showed also visual CRT reduction in the contralateral
space at the affected side. These findings must be rein-
forced through multicentre randomized clinical trials
to explore not only the performance, but also the learn-
ing effects after visual CRT training.

Conclusions

Visual CRT decreases on the unaffected side in ip-
silateral space after a single CRT training session in
individuals after a mild stroke.
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ABSTRACT

Purpose. The purpose of this study was to investigate the effect of stress on movement before and after a computer applica-
tion-based simulated stress task.

Methods. Differences in the movement of participants were examined by measuring movement quality described by wrist
accumulated distance, velocity, acceleration, jerk, and smoothness. Ten high school students performed 3 horizontal and
vertical hand circling movements before and after a simulated concentration-based stress task. Blood pressure was measured,
and a saliva sample was collected before and after the stress test execution. The participants were instructed to take a 10-minute
relaxation period, perform 3 horizontal and vertical circling movements, a 20-minute stress task, and then perform 3 horizontal
and vertical movements.

Results. There were significant differences between before- and after-stress-task levels of cortisol (p < 0.05), heart rate
(p <0.01), smoothness (p < 0.01), and jerk movements (p < 0.05) in the vertical plane. The stress-related variables were lower
after the relaxation phase than the stress task. Likewise, movements were smoother and had less jerk in the vertical plane
after relaxation.

Conclusions. This study indicates that stress may affect hand movement quality in the vertical plane. Therefore, we
recommend that any movement behaviour adaptive therapy should focus on movements in the vertical plane.

Key words: movement, health behaviour, stress, Laban analysis, behaviour

Introduction

Korea is known for its high technology and rapid
development; however, this came with a price of grow-
ing social issues, such as mental health problems (de-
pression, anxiety, learning disabilities, and aggressive
behaviour). Furthermore, as a result of the fast economic
growth, the Korean society has become ultra-competi-
tive in many social arenas, especially the academic

sector, which has a high suicidal rate [1]. According
to the Organization for Economic Co-operation and De-
velopment [2], Korea produces high-ranking students
in mathematics and science. However, its educational
system is reported to be one of the most significant
stressors of depression and suicide in youths (7.8 per
100,000 people) [1]. Academic stress at high school is
elevated owing to the difficulties of entrance into a high-
ranking university, making career choices, student’s
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low academic achievement, amount of academic work,
and a lack of rest [1]. The pressure to perform success-
fully at school is a heavy burden for adolescents, as
there is a strong Korean culture of having high ex-
pectations and an aspiration to accomplish high aca-
demic scores [3]. More importantly, this time of high
stress and consequently poor academic performance
is reported to be a major trigger for depression, anxi-
ety, and suicidal ideation [3, 4].

With the high importance that students place on
academic achievement to get into a good university,
engagement in class and high levels of concentration
are reported to be strong predictors of academic achieve-
ment [5]. The authors conclude that for engagement to
occur, concentration is a critical factor, and if stress
exists, it can have a negative effect on concentration
levels. Similarly, Lee [6] suggests that educational in-
terventions should focus on improving student con-
centration, whereas other research states that main-
taining a stress-free environment is vital for effective
academic performance [7].

In this study, we were interested in how stress could
affect movement and how movement could affect stress.
Our hypothesis was that movement could affect stress,
as in the recent findings explained by Shafir [8] that
movement could regulate emotion, i.e. motor behav-
iour, such as engaging specific facial expressions, pos-
ture, and whole-body movements. We developed a hori-
zontal and vertical plane hand circling movement as
we were interested in how stress affected movement
in both the horizontal and vertical planes. Upward
movements have been associated with emotions such
as joy, surprise, and admiration [9]. Moreover, there is
an increase in emerging research describing the ability
of motion capture systems to quantify emotions by
analysing certain movement qualities [9]. These au-
tomatic emotion classifying systems are based on the
movement qualities and posture positions, such as an
open and closed posture, which are associated with
different emotional states [9]. The movement using the
upper body segments was selected because breathing
is known to affect stress levels and therefore would in-
fluence the movement of the scapula and arms [10].

Lefter et al. [11] have developed and investigated
novel methods of measuring stress from human-hu-
man interactions by analysing audio-visual record-
ings. Moreover, automatic methods were developed to
recognize stress from semantic messages, such as spo-
ken words for speech and meaningful gestures, and
stress conveyance by the modulation of speech into-
nation and the speed and rhythm of gestures. A distinct
advantage of the methods developed by Lefter et al. [11]

for measuring stress is that they are non-invasive and
can be applied in numerous situations. Thus, in this
study, we hypothesized that stress could affect move-
ment characteristics (movement distance and kine-
matics) and movement quality (smoothness). With this
hypothesis, our ultimate aim is to understand how
stress during concentration tasks alters movement
characteristics. By knowing how movement might be
affected by stress, we plan to develop and test the
bidirectional relationship between movement behav-
ioural correction methods and their ability to reduce
stress in additional studies.

Material and methods
Participants

The group of participants, high school students, in-
cluded a total number of 10 people (mean age: 15.7
0.48 years, mean height: 1.7 + 0.08 m, mean weight:
68.3 = 13.2 kg) recruited from a local high school.
The recruitment procedure was public and a poster
was placed on the high school notice board after per-
mission was obtained from the school.

Stress task development

Common stress tasks, such as the Trier Social Stress
Test and the Sing-a-Song Stress Test, were deemed un-
suitable for high school students; as many stress tasks
are commonly criticized for their lack of potency as
a stressor [12], we developed our own one. Upon the
advice of a group of 5 local psychology experts (con-
tent validity ratio > 0.99 for n = 5) [13], we developed
our stress task (total: 20 minutes) by mixing and edit-
ing the contents of 3 cognitive tasks (that were deemed
essential by all experts questioned): the Korean FAIR
concentration test (10 minutes, based on Gnambs and
Freund [14], reliability ranging 0.9-0.94 [15]); the
Korean Stroop Test (3 minutes, reliability Cronbach’s
alpha: 0.78 [16]); and filling in a 10 X 10 concentration
grid task (7 minutes, 1-week test-retest reliability: 0.79
[17]). These 3 tests were selected to stimulate factors
that are needed in an academic setting, i.e. concentra-
tion, attention, and selective attention. The total time
for the stress task was 20 minutes as Hellhammer
and Schubert [18] have reported that it takes 10-20
minutes for the saliva cortisol level to reach a maxi-
mum. Furthermore, we altered these tests and con-
verted them from the standard paper format to a for-
mat that could be used on an iPad [19] (details are
shown in Figure 1).
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Testing procedure

The experimental setup and procedure had the fol-
lowing steps:

1. Participants’ consent and exclusion criteria. After
an introduction to the test procedure and obtaining
the participants’, parents’, or guardians’ consent, the
study proceeded. To ensure that all participants had no
high stakes examinations close to the time of testing,
the recruitment and testing took place early in the
academic school calendar. Furthermore, prior to ar-
rival, all participants were instructed not to have any
caffeinated or acidic drinks within up to 24 hours
before participating in the study.

2. General stress questionnaire. The participants
filled in a general stress questionnaire [20], which con-
sisted of 21 questions and focused on their expecta-
tions, internal feelings, and expression of the stress
response. The internal consistency, Cronbach’s a, of
the academic stress scale ranged 0.83-0.89 [20]. The
stress questionnaire was used to ensure the homoge-
neity of the participants. One of the 11 participants’
data had to be removed because the motion capture
data were corrupt.

3. Preparation and physiological data collection
phase. Before the stress task was performed, the par-
ticipants had their blood pressure measured (MDF
Instruments, USA) and provided a sample of saliva
(5 ml) UMBio Care, Republic of Korea). Then, each
subject changed into an outfit required for better data
acquisition (tight-fitting top, spandex shorts) and was
equipped with a heart rate monitor (Polar, Electro Oy,
Kempele, Finland) chest strap.

4. Relaxing phase. The goal of the relaxation phase
was to create a condition in which the participants
would be able to relax. The students were instructed to
go to a designated area (enclosed for privacy) to relax
sitting with their eyes closed on a large bean-bag; dur-
ing this relaxing 10-minute period, the participants’
heart rate was continuously monitored [21].

5. Motion capture data acquisition and stress task
phase. The participants were fitted with 11 reflective
markers (25 mm) on the upper body (left and right
shoulder, elbow, wrist, forehead, back of the head, and
the sternum). Each student was instructed to perform
a T-pose static position followed by 2 types of dynamic
arm circling movements (Figure 2); first, in the hori-
zontal (transverse) plane, and then in the vertical (fron-
tal) plane. Each movement was repeated 3 times. For
the horizontal movement, the left and right hand be-
gan in the anatomical position (standing straight with
the palms of the hands facing anteriorly), moving in
the anterior direction in the coronal plane, then per-
forming a lateral movement (Figure 2), and returning
to the anatomical position. For the vertical movement,
the left and right hand began in the anatomical posi-
tion, moving in the superior direction in the frontal
plane, then performing a lateral movement (Figure 2),
and returning to the anatomical position. The students
were instructed to perform these 2 circling movements
as large, smooth, and relaxed as possible, with no au-
dio stimulation for the timing. After that, the subjects
performed a stress task, sitting down at the desk. The
stress task consisted of 10 minutes of the FAIR con-
centration test, 3 minutes of the Stroop Test, and 7 min-
utes of filling in a 10 x 10 grid. To make a more stress-
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Figure 2. Horizontal and vertical arm
circling motion
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ful environment, each student was instructed that their
parents or guardians were watching and that they
were to do their best. After the stress task, the partici-
pants were asked to perform the same circling arm
movements in the horizontal (transverse) plane and in
the vertical (frontal) plane as before the stress task.
Directly after that, the students were requested to
provide a saliva sample and had their blood pressure
measured.

Equipment and data processing

Kinematic data were recorded with a 3D tracking
system (OptiTrack, USA) which consisted of 12 high-
resolution cameras (Prime 41, USA). The positional
data of reflective markers were recorded at 60 Hz by
the OptiTrack software Motive (version 1.10.3). The
data were post-processed: labelled and noise and jit-
ter trajectories were eliminated. Afterward, the data
were exported to the C3D file format for further analy-
sis in Visual3D (C-Motion, USA). Kinematic data were
filtered with a 2" order zero-lag low-pass filter (cut-
off frequency of 8 Hz), which was determined by ap-
plying a fast Fourier transform. The data are available
from the corresponding author upon request.

Movement features and physiological
measures extraction

In order to perform the movement analysis and
explore how stress affected movement, we calculated
and extracted movement features from the position
of right and left wrist markers changing through time:
accumulated distance, smoothness, and jerkiness. The
accumulated distance was calculated as a camulative
sum of the absolute values of the displacements, the
total distance travelled by the marker of the left and
right wrist. Smoothness was defined as the ratio be-
tween velocity and acceleration of the normalized and
averaged motion capture data. ‘Smoothness value’ is
the value in the range [0,1] (the higher the value, the
higher the smoothness). Jerkiness was calculated as
the rate of change of acceleration, that is, the derivative
of acceleration over time, and as such it is the second
derivative of velocity, or the third derivative of posi-
tion. The jerk is the rate of change of acceleration and
its units are meters per second cubed. The movement
features were computed by using a Motion Capture
Toolbox in MATLAB for computational analysis of
movement data.

For physiological data, heart rate (bpm), systolic
blood pressure (mm Hg), diastolic blood pressure

32

(mm Hg), and cortisol concentration (ug/dl) were re-
corded. This study detailed various physiological fac-
tors to strengthen the validity of the stress level meas-
urement owing to the differences in stress depending
on personality types. Heart rate data were recorded
with a Polar sensor (RS400, Electro Oy, Kempele,
Finland) at a frequency of 100 Hz during the entire
testing period. Blood pressure was measured manu-
ally by the same research assistant, who was specifi-
cally trained for internal consistency. Salvia samples
were taken by the same research assistant and stored
in an icebox, which was delivered on the next day to
an independent company (JMBio Care, Republic of
Korea) for analysis.

Statistical methods

The statistical analysis was carried out by using
the SPSS software (version 23.0). The before- and after-
task data were calculated; then, a paired t-test was
used to investigate if there were statistical differences,
with a significance level of p < 0.05. To further inves-
tigate the meaning of the significant differences, we
followed with the recommendations by Dunlap et al.
[22] for calculating the effect size of the paired ¢-test
to see how large the significant differences were. On
the basis of Cohen’s effect size recommendations, the
d value of 0.2-0.5 stood for small effect size, d of
0.5-0.8 for medium effect size, and d > 0.8 for large
effect size [23]. Owing to the difficulty of recruiting,
we had 10 participants and so to check the statistical
power, we performed a post-hoc power analysis us-
ing the G*Power software, with the sample size of 10
and the alpha level of 0.05, which resulted in a power
of 0.839, deemed an acceptable power according to
Cohen [23].

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the Pu-
san National University Institutional Review Board
(PNU# 2017_33_HR).

Informed consent

Informed consent has been obtained from all indi-
viduals included in this study and from their legal
guardians.
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Results

The paired t-test showed significant differences
between the status before and after the stress task for
the systolic and diastolic blood pressure. Among the
physiological variables, there were significant differ-
ences with medium to strong effect sizes between the
levels of cortisol (t = 2.35, p < 0.04, d = 0.61) and heart
rate (¢ = 3.93, p < 0.003, d = 0.53) before and after the
stress task. However, there were no significant differ-
ences in blood pressure (Table 1).

Among the kinematic variables from the motion

data, smoothness and jerkiness showed statistical dif-
ferences only for the vertical hand circling movement.
Among the kinematic data, there were significant differ-
ences with medium to strong effect sizes for smooth-
ness (left wrist: p < 0.008, d = 0.67; right wrist: p <
0.042, d = 0.41) and jerk (left wrist: p < 0.023, d = 0.82;
right wrist: not significant) during the vertical hand
circling movement. No significant differences were
reported for any of the variables, such as accumulated
distance, velocity, acceleration, smoothness, or jerk for
the horizontal hand circling movement between the
status before and after the stress task (Table 2).

Table 1. Comparison of physiological data between the status before and after the stress task

Parameter Before After p Effect size (d)
Blood pressure - systolic (mm Hg) 117.21 £ 7.60 116.62 = 10.70 0.71 NA
Blood pressure - diastolic (mm Hg) 73.20 £ 6.12 72.40 = 9.27 0.62 NA
Cortisol (ug/1) 3.30 £ 0.81 4.30 = 1.61 <0.04* 0.61
Heart rate (bpm) 76.50 + 8.87 81.20 £ 9.40 <0.003** 0.53

Values are expressed as mean + standard deviation.
NA - not applicable
* p<0.05, ** p<0.01

Table 2. Comparison of kinematic and movement quality data between the status before and after the stress task

Horizontal circling

Vertical circling

Parameter

Left wrist Right wrist Left wrist Right wrist
Accumulated distance (m)
Before 479 + 1.57 4.65 + 1.82 4.03 + 1.88 499 + 1.51
After 4.33 = 1.61 4.11 = 1.38 5.32 +1.73 4.47 + 1.34
p 0.609 0.502 0.160 0.571
Velocity (m/s)
Before 0.0361 + 0.04 0.0291 £ 0.03 0.006 = 0.01 0.010 = 0.01
After 0.0349 = 0.04 0.0339 = 0.03 0.020 = 0.02 0.0171 £ 0.02
p 0.947 0.782 0.108 0.065
Acceleration (m/s?)
Before 0.0523 + 0.05 0.0343 + 0.04 0.0287 + 0.03 0.0359 + 0.04
After 0.0833 + 0.15 0.0793 £ 0.14 0.0568 + 0.09 0.0543 + 0.08
p 0.562 0.373 0.333 0.230
Smoothness
Before 0.22 + 0.025 0.23 = 0.021 0.27 + 0.045 0.27 = 0.049
After 0.22 + 0.028 0.23 = 0.030 0.24 + 0.032 0.25 + 0.027
p 0.939 0.871 0.008** 0.042*
Effect size 0.67 041
Jerk (m/s%)
Before 30.71 + 8.66 27.33 +7.99 24.53 + 8.89 25.07 + 9.26
After 34.61 + 12.36 30.75 + 8.34 31.87 + 9.61 29.09 + 9.91
p 0.245 0.167 0.023* 0.161
Effect size 0.82

Values are expressed as mean + standard deviation.
NA - not applicable
* p <0.05, ** p<0.01
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Discussion

In summary, this study demonstrates how a simu-
lated stress task may influence the movement quality
among high school students in a laboratory setting.
The kinematic results in this study show that a stress
task can affect the smoothness and the jerk of the
movement. Interestingly, before the stress task was em-
ployed, the movements could be described as more
efficient, as the movement distance tended to be re-
duced, i.e. less mechanical work was performed; how-
ever, this was not statistically significant. Similar to
skill levels in sports and dance, more skilled athletes
and dancers’ movements are reported to be smoother
and have less jerk (golf [24], dancing [25]). Likewise,
the participants’ upward hand circling movements
were smoother after the relaxation period at the start,
and had lower jerk values than after the stress task.
Furthermore, high jerk values in the movement have
been linked with various health issues, such as Par-
kinson’s disease [26] and poor gait function [27].

Among the physiological data, cortisol level and
heart rate indicate that the participants’ stress level
increased as a result of our stress task as both param-
eters increased significantly (moderate to strong ef-
fect size) [28]. There was not a significant effect of the
stress task on the systolic or diastolic blood pressure.
There seem to be some contradictions in the published
research as some of the stress-related studies show
an increase in the blood pressure [29], whereas some
present no significant effects [30]. In an interesting
study, the authors demonstrated no significant differ-
ences between the blood pressure and heart rate be-
tween stress and control conditions. Remarkably, just
performing one 30-minute session of hatha yoga was
reported to significantly accelerate the recovery of blood
pressure and heart rate after doing a paced auditory
serial addition test as a psychological stress task [31].
Moreover, as stress is known to affect breathing pat-
terns and potentially induce different emotional states
[32], we hypothesized that stress could be reduced by
controlling breathing, which might decrease muscle
tension and thus help the movement to become more
smooth.

Another study, which measured heart rate varia-
bility and blood pressure during a mental stress task
in the course of computer work [33], showed that there
were significant differences between the heart rate
variability during rest and stress task. Contradictory
to our study, Hjortskov et al. [33] observed differences
in blood pressure during different testing periods as
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a response to combined physical and mental work-
loads, as well as during and after periods of rest. Our
study did not reveal any significant variations in the
blood pressure but there was an overall lowering of
systolic blood pressure after the stress task, which can
be viewed positively in an educational setting as it in-
dicates that the participants were more relaxed as soon
as the stress task was finished, and is linked to better
memory function [34]. A study investigating the effect
that conflict had on cortisol levels reported a rapid re-
duction of cortisol level after the conflict was termi-
nated [35], which might explain the lack of significant
blood pressure differences between the status before
and after the stress task. However, at this moment,
we are unsure why the stress task affected the cortisol
levels and heart rate, but not the systolic or diastolic
blood pressure. Further studies should be carried out
to investigate the relationship between different stress-
ors and individual responses across varied age groups,
i.e. from teenagers to older adults.

It is important to mention the various limitations of
this study. Creating a stress task that is not too severe
and therefore allows to obtain an institutional review
board approval is difficult [12]. Previous research has
employed several tests, which have a very narrow ap-
plication, such as the Trier Social Stress Test [36] or
Sing-a-Song Stress Test [37]. In the implementation
of these tests, research highlights the large variation
in the psychological and physiological effects of indi-
vidual participants’ responses as a limitation of their
usage [36]. In this study, we were focused on investigat-
ing the effect of academic type stress situations which
require concentration/attention during the stress task,
so these existing tests (Trier Social Stress Test and
Sing-a-Song Stress Test) would not have been suitable.
The present study can be perceived as a preliminary
investigation of the use of analysing movement quality
characteristics to detect stress early; by understand-
ing the dimensions in which movement is effected,
a stress relief procedure may be developed engaging
movement in the affected dimensions. The data in this
study show that the stress task affected the movement
pattern in the vertical plane but did not affect it in the
horizontal plane; therefore, we could develop a move-
ment-based intervention focusing on movement in the
vertical (frontal) plane to help reduce stress. In psy-
chological research on removing a nervous habit and
tics [38], the majority of nervous movements tended to
be upward movements of the limbs, i.e. shoulder jerk-
ing, as well as nail-biting, head jerking, and eyelash
plucking. To remove these habits and tics, the authors

Human Movement, Vol. 23, No 2, 2022
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recommended and tested their theory of behavioural
pattern opposite corrective exercises, such as depress-
ing the shoulders, tensing of the neck, holding the
hands and shoulders down. Interestingly, these pat-
tern opposite exercises were reported to be effective
in 11 of the 12 participants of the study. We believe that
the correlations between the physiological states and
movement characteristics and movement quality data
may be helpful to establish more detailed automated
behavioural analysis techniques for an infield high
school classroom-based study.

A major limitation was the difficulty of recruiting
more than 10 students to participate in the study. Even
though the Institutional Review Board consent was re-
ceived from the University Hospital, it was very prob-
lematic to acquire the 3 parties involved (the school
principal, the students, and their parents/guardians)
to agree to partake in the research. As the majority of
high school students in Korea attend after-school in-
stitutes for additional study and classes up until 10:00
or 11:00 p.m. during school days, all the testing had to
be carried out during the weekend, which made the
students even more resistant to participate. We had
planned to test 30 individuals but even after recruit-
ing students for 3 months, we were only able to recruit
10 subjects.

As stress affects both physiological and movement
characteristics and movement quality, advanced com-
puter vision techniques may be developed to analyse
these so that they can be applied in stressful environ-
ments, such as schools, hospitals, flight control centres,
where the tracking of the patrons’ stress level would be
useful for improving quality of care and provide con-
tinuous monitoring of the psychological status. There-
fore, non-invasive behaviour-based stress analysis can
be a very useful method of detecting people’s stress-
based behaviours early. On the basis of the relation-
ship between stress and behaviour, Lefter et al. [11]
are developing a system that can recognize stress
through the analysis of semantics and modulation of
speech and associated gestures. They highlight the
difficulty of measuring stress through behaviour as it
is conveyed by a large variety of combinations of var-
ious communicative acts. Furthermore, the authors
suggest that it is easy to misinterpret a behaviour with-
out considering the overall gestures and other non-
verbal cues such as postures, facial expressions, and
body language.

Conclusions

This study shows that our stress task affected the
stress level and movement quality in male and female

high school students. Secondly, we indicate that stress
reactions to a simulated stress task can be measured
by physiological methods, i.e. changes in heart rate and
cortisol levels. More importantly, the data reveal that
stress affects our movement quality, which can be
measured by movement features calculated from mo-
tion capture data, such as smoothness and jerkiness
of the movements. This study illustrates the possibil-
ity to implement passive motion capture systems as a
diagnostic tool for evaluating mental (stress) and physi-
cal health through the measurement of movement
quality. In future studies, we plan to apply these move-
ment quality analysis techniques in a high school class-
room during class to see if there is a difference in move-
ment quality depending on students’ stress levels.
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ABSTRACT

Purpose. How demands of precision influence the performance during alternated discrete touching is not well established
in the literature. Hence, we compared both hands performance during alternated touching, manipulating the precision
demand.

Methods. Overall, 23 right-handed adults participated in this study. The first task consisted of alternated touching with
a pencil on both sides of a blank paper, performing as fast as possible, considering the first touch as reference for the next
ones. Subsequently, touch dispersion and width were measured, and circular targets were drawn with those proportions.
The second task consisted of performing as many hits as possible inside those targets. Apart from the delimitated target,
increasing precision demand, the task parameters were equal.

Results. Movement time increased and the number of touches decreased from the first to the second task. However, the
preferred hand displayed greater reductions in performance.

Conclusions. The perceptual constraint of adding a visual target affects motor control parameters in alternated touching,

causing decrements in performance in both hands, but more evidently in the preferred right hand.
Key words: motor control, handedness, asymmetry, speed-accuracy trade-off

Introduction

The speed-accuracy trade-off paradigm has been
tested in different contexts and tasks, and strong sup-
port has been found in its formulation (e.g., Elliott et al.
[1] for a review) since Woodworth [2] and Fitts [3].
Higher movement speed leads to impaired accuracy,
while higher accuracy leads to impaired speed. Pre-
vious studies have manipulated task parameters dur-
ing alternated discrete touching, such as target distance
and width, and investigated the characteristics of move-
ment control in this task [4, 5]. However, perception
may play an important role within this paradigm.

Perception has been defined as the interpretation
and attribution of meaning to a given stimulus. It is
a cognitive process involving various aspects of the
central nervous system and higher-order thinking me-
diated by many cortical regions [6]. As such, some re-

search has shown that visual perception affects motor
responses [7, 8]. In the speed-accuracy paradigm, per-
ception manipulations can involve visual layout changes
and/or target illusions, in which both can alter perfor-
mance or movement control parameters (such as pre-
cision and movement speed) during alternated discrete
touching [8-10]. From the notion that motor behaviour
emerges as a product of the interaction between the
individual, the task, and the environment [11], the eco-
logical dynamics approach could be applied to under-
stand modifications in performance imposed by dis-
tinct perceptual manipulations. These modifications
in task parameters can interfere in the movement sys-
tem, leading to a change in the coordinative state of
control [12], as the motor system fluctuates toward the
most stable pattern of coordination given the novel
task demands [13].
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Another way of manipulating perception within
the speed-accuracy trade-off paradigm is the following:
initially, participants are asked to perform alternated
touches in a blank space; secondly, the touch disper-
sion is measured to create targets of the same diameter
as those virtually produced in the first task. Applying
this manipulation, previous investigation has already
demonstrated that performance decreases regarding
movement speed in the target condition, also affecting
movement control by means of increasing the number
of sub-movements [14]. This result suggests that, in-
deed, the affordances (i.e., a clue that the environment
offers to the individual [12]) provided by the drawn
target can interfere in motor performance. However, in
Carlton’s research [14], only 5 participants were tested
with the preferred hand, leaving the question open as
to whether this manipulation could influence (or not)
the non-preferred hand.

Within this scenario, handedness is an essential
factor that affects motor responses [15], as each hand
can be considered as a different effector within the
same individual, which interacts differently with the
constraints imposed by a given motor task. For instance,
Vaughan et al. [16] analysed the impact of handedness
during alternated discrete touching with a stylus in
2 side-by-side targets, aiming to perform as many
touches as possible while still being accurate. These
authors verified that responses with the preferred right
hand were faster and more accurate, occurring in
shorter movement time for tasks of similar difficulty,
just as Woodworth [2] had presented long ago. Perfor-
mance asymmetries and differences in movement con-
trol between hemispheres, therefore, can be key-points
to understand underlying mechanisms involving per-
ception and handedness interactions.

The preferred hand has been associated with greater
control of intersegmental dynamics in predictive en-
vironment, better accounting for interaction torques
during multi-joint movements [17, 18]. The non-pre-
ferred hand, however, is associated with greater sta-
bilizing capacity, especially during conditions of un-
predicted perturbation [18, 19]. Hence, in alternated
touching, the preferred hand has clear advantages given
the dynamic constraints of the task, likely being able to
better coordinate the movement parameters to perform
an increased number of successful touches. In this
context, the same constraint applied in a task could
selectively influence the performance of each hand,
given the specific interaction of task constraints and
the effector [11] (i.e., right vs. left hand). These pieces of
evidence suggest that hemispheric function speciali-
zation can lead to performance differences between

hands in a variety of motor tasks. Considering that
manipulating the demand of precision by the available
visual information can affect movement parameters [8]
and that each hand has specific neural asymmetries
in motor control [18], our experimental approach is rel-
evant to understand how changes in the visual stim-
ulus of a target can impact on motor control in both
the preferred and non-preferred hand.

In the present study, we aimed to analyse the effect
of manipulating the demand of precision by adding the
visual information of a target during the performance
of alternated discrete touching with both hands. We
hypothesized that: (H;) manipulating the demand of
precision, by drawing a target in the alternated touch-
ing task, would impair both hands performance; (H,)
there would be a more significant adverse effect on the
performance of the preferred hand, since this hemi-
sphere might greatly consider environmental clues
(i.e., drawn target) to specify movement parameters.
This research contributes to understanding how the
demand of precision influences motor control during
alternated discrete touching, also providing informa-
tion on distinct motor control processes operating within
the mediating contralateral dominant and non-domi-
nant cerebral hemispheres.

Material and methods
Participants

A priori power analysis for the Wilcoxon signed-
rank test was conducted in G*Power to determine
a sufficient sample size by using an alpha of 0.05,
a power of 0.80, a medium effect size (dz = 0.55), and
one tail [20]. On the basis of the aforementioned as-
sumptions, the desired sample size equalled 23.

A total of 23 right-handed participants, in accord-
ance with the Global Lateral Preference Inventory [21],
comprised a convenience sample for this study (M age
= 28.9years, SD = 13; 10 women, 13 men). Prior to data
acquisition, the task parameters and conditions were
explained, without providing details on the specific
aims and manipulations to be performed.

Task and demand of precision manipulation

In the adapted Fitts task employed, the participants
performed repeated discrete pencil (length: 16.5 cm,
weight: 5.5 g) touches on each side of a paper (A-4 size).
The paper was fixed in front of the participant, who
sat in a height-adjustable chair. The task time (20 s)
was controlled by a digital chronometer in all trials.

39

Human Movement, Vol. 23, No 2, 2022



HUMAN MOVEMENT

A. Marcori, P. Monteiro, V. Okazaki, Precision demand and motor control

The participants performed the following experi-
mental conditions: (a) no target right hand (NT-RH),
(b) no target left hand (NT-LH), (c) visual target right
hand (T-RH), and (d) visual target left hand (T-L.H). Only
the hand performing the initial trial was randomized
between subjects, as no-target conditions were always
performed first.

In the no-target condition, standardized instruc-
tions were to perform as many touches as possible on
each side of the paper (separated by a midline). The
participants were free to touch the paper with the
pencil wherever they wished, with the only constraint
that they should use their first touch as the reference
for the next ones, during the 20-s trial. This procedure
was selected for 2 reasons: (1) to assure that the per-
formance of the alternated touching was as fast and
as accurate as possible, and (2) because we intended to
allow the participant to choose a preferred distance
between the targets. Moreover, delimiting a specific
distance would possibly create an internal constraint
related to where the touches should be directed at,
which could influence the demand of precision. The
task was performed with both hands.

Subsequently, 2 measures were taken from the no-
target condition to draw circular targets for the target

1) First condition (no target)

condition: the smallest distance between a left and
a right-side point, and the greatest distance between
2 points in the same side. These measures allowed ex-
perimenters to draw 2 circular targets that were the
same distance apart from each other as the touches
performed in the no-target condition, as well as targets
with the same diameter as the touch dispersion per-
formed in the no-target condition. This procedure was
performed individually, producing unique target set-
tings for each participant. With this measuring ap-
proach, the differences in performance between the no-
target and the target conditions can be interpreted as
solely caused by the effect of the perceived target — since
the area available for touching was equal in size to the
dispersion produced in the no-target condition. Then,
the subjects performed the target conditions, with both
hands, following the same instructions as in the pre-
vious condition (to perform hits as fast and as accu-
rately as possible during the 20-s trial). Figure 1 illus-
trates the experimental procedures performed to set
each target between conditions. When the participants
finished the no-target condition, they were instructed
to wait outside of the room while the target condition
was being prepared. The subjects had a 2-minute rest
between hands and conditions.

2) End of first condition

cm ‘ I

20s p
—_— T
-y
(1]
Q—T 3
29,7cm
3) Dispersion measures 4) Targets drawing
13cm 1
w | —| O
Scm F;cm @
5) Second condition (with target) 6) End of second condition
20s

O 1O |—| ®

Figure 1. Experimental procedures
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Hence, from one condition to the other, besides per-
forming with both hands, the participants underwent
a manipulation that increased the demand of precision,
keeping all task parameters the same, except for the
visual perception constraint created by the drawn target.
The individuals had visual feedback on their perfor-
mance throughout the entire protocol. In both condi-
tions, instructions were given to ensure no focus on
either speed or accuracy was prioritized.

Data acquisition and statistical analysis

To precisely compute the number of successful
touches (ST), we recorded trials with an iPhone 6s at
60 Hz (Apple, Inc.). Two researchers viewed the videos
at 1/4 the original speed, and each researcher counted
the number of ST twice (all touches were considered
successful in the no-target condition, while only the
ones inside the target were considered successful in
the target condition). No cases of divergent results in
the counting happened. The participants performed
the task sitting comfortably in a height-adjustable chair,
in a quiet and well-illuminated room.

The distance measures presented in Figure 1 were
acquired by using a rigid metric tape with a precision of
1 mm. Targets were further manually drawn with the
assistance of a compass and checked by 2 researchers
to assure measurement precision. We computed the
following variables: the number of ST and total touches

(TT), movement time (MT) (%), target distance and

width (Figure 1), and index of difficulty (ID), repre-

senting the rate of information processing in bits, in

accordance with the Fitts equation: log, ( 2d ) Addition-

w
ally, we calculated percentage performance differences
( ( (TIperformance » 100) ) - 100) for ST and MT between the
N’I;)erformance
no-target and target conditions in order to compare
the effect of the increased demand of precision in
each hand.

Normality and sphericity were not verified by the
Shapiro-Wilk or Mauchly’s tests, so we presented data
as median and interquartile range. Comparisons be-
tween ST and MT in each condition were performed
with Friedman’s test, followed by the Wilcoxon signed-
rank test when necessary. Significance correction was
performed in the Wilcoxon test and set at p < 0.025.
Considering that distance and target width were not
the same between right and left hand, comparing ST
and MT between hands would not be appropriate.

Aiming to understand in which hemisphere the
demand of precision exerts greater influence in move-

ment control parameters, we compared the percentage
performance difference of each hand using the Wil-
coxon test. [Ds, target distance, and width were also
compared between hands with the Wilcoxon test. Effect
sizes for all the Wilcoxon tests were calculated by di-
viding the Z value by the square root of n (number of
observations over both time points) [22] and interpreted
in accordance with Cohen [23]. To check if males and
females did not differ in their performance, the Mann-
Whitney U test was conducted to compare their results.
All data were processed in SPSS (v. 23, IBM Statistics)
and, except when differently specified, the significance
was set at p < 0.05.

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the au-
thors’ institutional Ethics Committee.

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study.

Results

No performance differences were observed between
males and females, for any of the variables analysed
(p > 0.153; Z < 1.42). Table 1 presents comparisons be-
tween ST and MT in each experimental condition, as
well as comparisons between IDs, target distance, and
width between the right and left hand.

In the condition with targets, performance decreased
for both hands. Effect sizes were considered large for
the reductions in ST and MT of the right hand (r =
-0.60) and moderate for the left hand (r = -0.47).
A greater target size was verified with the non-preferred
left hand, with a moderate effect size (r = -0.46), while
the other variables did not differ significantly. The num-
ber of unsuccessful touches (out of the target area)
was not significantly different between hands (right
hand: 1, Q1 =0, Q3 = 2; left hand: 1, Q1 = 0, Q3 = 2;
p = 0.55; Z = -0.60). Figure 2 presents the amount of
ST and average MT in both hands and conditions, as
well as the performance percentage differences in ST
and MT.

The percentage difference was significantly high-
er for the right hand in both variables, with large ef-
fect sizes (r = —0.53), which means that the preferred
hand performance was proportionally more affected
by the demand of precision compared with the non-
preferred hand.
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Table 1. Comparisons of successful touches, movement time, index of difficulty, distance, and target width
in each experimental condition

NT-RH NT-LH T-RH T-LH ,
X P
Median (Q1-Q3) Median (Q1-Q3) Median (Q1-Q3) Median (Q1-Q3)
ST 88 (78-97) 73 (69-82) 75 (65-82)* 69 (59-75)" 52.3 <0.01
MT (ms) 227 (206-255) 274 (244-290) 267 (231-303)* 290 (261-326)" 44.8 <0.01
Z
ID 2.20 (2.07-2.68)  2.16 (1.67-2.54) -1.76 0.078
Distance (cm) 6 (4.5-9.9) 7.5 (4.8-9.8) -0.75 0.456
Width (cm) 2.6 (2.1-3.4) 3.1(2.4-4.1) -3.13 0.002

NT - no target, T — with target, RH - right hand, LH - left hand, Q1 - first quartile, Q3 - third quartile,
ST - successful touches, MT — movement time, ID - index of difficulty

“p <0.01 vs. NT-RH (Z = -4.10), " p < 0.01 vs. NT-LH (Z = -3.15)

Significance in Wilcoxon comparisons was corrected to p < 0.025.

A
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Figure 2. Percentage difference in successful touches (A) and movement time (B) between hands in each condition

Discussion

The main result of this study was a reduction in ST
and an increase in MT when a visual perception con-
straint was added to the task, which increased the
demand of precision. The drawn target manipulation
affected proportionally more the preferred hand per-
formance. Thus, both initial hypotheses were confirmed.
The findings imply that how the targets are built and
perceived in alternated touching can provide differ-
ent strategies to control accuracy and speed. Indeed,
the trade-off between speed and accuracy is one of the
most consistent paradigms in motor behaviour. Speed
might be diminished at the cost of increased accuracy
and vice-versa, depending on the task constraints. The
following factors are known to influence performance
during alternated discrete touching: time available for
feedback information [2, 24], control of acceleration
and deceleration movement phases [25], limited ca-
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pacity of information processing in the central nervous
system [3, 26], variability in the motor output [27], and
parametrization of movement control [28]. In line with
these previous investigations, our results advance with
the speed-accuracy trade-off paradigm by verifying the
influence of the demand of precision in alternated
touching.

The performance losses in the target condition are
consistent with previous research analysing percep-
tion effects on motor tasks [8-10]. Applying a very simi-
lar protocol, Carlton [14] revealed that MT was, on aver-
age, 22.7% slower in the condition with a delimited
target, which is very similar to our observed 19.7%
value (Figure 2, panel B, average value for RH). Both
these results refer to the preferred hand performance,
indicating a consistent finding regarding how much
of movement speed can be compromised when a target
is delimited with previous dots displacement. Simi-
larly, Skewes et al. [9] manipulated perception in a dis-
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crete touching task, using same-size targets with a visual
illusion that made them look different. These authors
verified that bigger target perceptions led to higher
amounts of ST, highlighting the impact of perception
on motor control. The similarity to our experimental
approach and results lies in the fact that our partici-
pants judged the target to be bigger in the first condi-
tion (without any target), leading to performance im-
pairments when target perception suggested a smaller
area to touch.

From a theoretical standpoint, the ecological dy-
namics approach poses that the perception-action cycle
is influenced by a constant interaction between 3 fac-
tors: the individual, the environment, and the task con-
straints [11]. Within this perspective, performance dif-
ferences between the experimental conditions were
expected, as the addition of the target imposes an ad-
ditional constraint on movement control. According to
Carlton [14], the condition with a target requires the
individual to divide their attention into both the spatial
and the temporal monitoring of the task - leading to
a less efficient use of visual feedback [29], which ex-
plains the performance loss. It is also worth noting that,
in the current investigation, all participants used the
entire virtual target area in the target condition, which
provided trials with equivalent movement distance and
spatial accuracy demands. Hence, it is safe to conjec-
ture that the performance differences are primarily
attributed to the increased precision demand perceived
by the participant.

Regarding the preferred and non-preferred hand
performances, our results also agree with prior re-
search by Woodworth [2], Todor and Doane [30], and
Vaughan et al. [16], by verifying greater precision and
speed for the preferred hand on similar IDs. Although
task parameters slightly varied between hands, ham-
pering between-hand comparisons, there was a clear
performance superiority with the preferred hand (more
ST and faster MT). Previous research has suggested
distinct control forms between the 2 hemispheres of the
brain, noting linear trajectory advantages and better
dynamic movement control for the preferred hand [19].
These control asymmetries relate to our findings be-
cause of the dynamic nature of the alternated touch-
ing task. Hence, the preferred right hand was expected
to perform better given its increase capacity to coor-
dinate movement parameters.

How each hand was differently impacted on by the
precision manipulation performed in the present re-
search also fits within the ecological dynamics frame-
work. Considering that the effectors are different (right
vs. left hand), the interaction with the task constraint is

also modified within the perception-action cycle. As
such, it seems that the drawn target can be considered
as an affordance [12], with a stronger influence in the
right hand, causing it to fluctuate towards a propor-
tionally slower state of stability within the alternated
touching coordinative movement pattern. Further sup-
porting our findings, the dynamic dominance model,
proposed by Sainburg [18], can also aid the interpre-
tation of our results. According to the model, the left
cerebral hemisphere is specialized in the dynamic
aspects of motor control, such as intersegmental co-
ordination and torque interactions during multi-joint
movements. Hence, we speculate that the parameters
specified by the increased demand of precision (drawn
target) are mostly used to control movement dynamics
and coordination, thus greatly affecting the preferred
hemisphere performance. Contrarily, the right cerebral
hemisphere, specialized in impedance control (stabi-
lizing and positioning capacity), might not use percep-
tual visual clues as a major affordance related to the
control pathway specifying movement parameters.
Taken together, this theoretical background explains
why the same manipulation could produce distinct re-
sults in each hand.

Some limitations, however, should be noted. While
our behavioural data do not allow a confirmation of
this explanation, this theoretical approach fits the cur-
rent literature and explains the relatively higher per-
formance loss, from one experimental condition to the
other, in the preferred hand. Using a pen on a blank
sheet of paper allows a condition without target only in
the initial part of the task, as further dot placements
create a supposed target reference. Applying this pro-
tocol in a digitalized manner, with additional kinematic
measures in both right- and left-handed participants,
would also provide further information on the topic.

Conclusions

Imposing demands of precision, by adding a circu-
lar target to the alternated touching task, reduces the
number of ST and increases MT. Possibly, the percep-
tual constraint of a visual target affects motor control
parameters, thus causing the decrements in perfor-
mance. We also conclude that this manipulation has
a superior influence on the right hand, likely owing
to the left cerebral hemisphere specificity in dynamic
control, which may be more prone to use environmental
clues to set movement parameters. These results add to
the literature of motor control, enhancing the compre-
hension of precision demands during alternated dis-
crete touching.
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ABSTRACT

Purpose. Research on empirical aesthetics suggests that specific kinematic parameters are related to the perception of mo-
tion aesthetics. Furthermore, an observer’s expertise seems to be related to the perception of motion aesthetics when com-
plex biological motion stimuli are present. The central aim of this study was to investigate whether the amount that specific
body parts moved during a complex motor skill was related to the perception of motion aesthetics in observers with different
levels of sensory-motor expertise.

Methods. Overall, 36 participants divided into 2 groups (18 dancers and 18 non-dancers) were asked to indicate their
perceived motion aesthetics when they watched stick-figure video sequences of 3 different semi-standardized dance skills.
The stick-figure video sequences were generated from original motion stimuli, and motion aesthetics were measured via
Likert scales.

Results. The perception of motion aesthetics in relation to the amount that specific body parts move is skill- and expertise-
specific. Dance poses are perceived similarly by dancers and non-dancers, but motion aesthetics during dance jumps and
turns are perceived differently. Furthermore, the amount that specific body parts move affects whether the observer perceives
the motor skills as more or less aesthetic.

Conclusions. The observer’s sensory-motor expertise regarding the observed motor skills can shape their perception of
motion aesthetics. The findings of this study demonstrate that there is a skill- and expertise-specific relationship between
motion kinematics and motion aesthetics.

Key words: empirical aesthetics, Likert scale, markerless motion capturing, motion perception, stick-figure video sequences

Introduction

Imagine a dancer performing a complex turn dur-
ing a dance; the dancer’s goal is to execute the turn in
an aesthetically pleasing manner. During the creative
process, the dancer may implement different dance
techniques, motions, and body expressions to satisfy
the performance demands and attract the attention
of the audience in terms of aesthetics. The resulting
impression of the motor skill may differ across the
audience members, especially across observers with
and without sensory-motor experience related to the
observed skill. The following questions arise: What
shapes an individual’s impression of a skill being
performed in terms of aesthetics? Is it affected by the
performer’s motion kinematics, the observer’s exper-

tise, or the contextual interaction of both factors? With
these questions in mind, the central aim of this study
was to investigate whether the amount that specific
body parts move during a complex motor skill is related
to the perception of motion aesthetics in observers
with different experience.

Previous research on (empirical) aesthetics has in-
vestigated the properties and features of aesthetic
objects, the resulting response mechanisms to such
objects by the observer, and the resulting interplay
between the object and the observer in a given context
[1-5]. When aesthetic objects associated with biologi-
cal motion are studied, as is typical in artistic sports
and performing arts, aspects of an embodiment are
additionally taken into account [6-9]. For the purpose
and understanding of this paper, the following key
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terms are defined: Motion aesthetics is defined as the
relationship between properties and features of mo-
tion stimuli, the resulting response mechanisms to
such stimuli by the observer(s), and the interplay be-
tween aspects of the motion stimuli and an observer’s
response to such stimuli within a given context. Aes-
thetic motion perception or the perception of motion
aesthetics refers to the overall perception of aesthetic
(biological) motion stimuli. Furthermore, the term aes-
thetic features refers to parameters that are related to
stimuli’s perceived motion aesthetics, which have the
potential to increase stimuli’s motion aesthetics.

In dance and performing arts, the object of interest
can, in general, not be observed independently from
the artist’s body. Compared with watching nonbiologi-
cal figural shapes or paintings of landscapes for ex-
ample, watching human biological movement evokes
different response processes by the observer [3, 6, 10].
Although the brain areas whose activity is correlated
with aesthetic perception are independent of the stim-
ulus modality [1], previous research on the so-called
action observation network [11] has shown that spe-
cific brain regions, such as the mirror neuron system,
as well as the premotor and occipitotemporal cortices,
respond equally to the physical and observational
learning of complex skills. Furthermore, it has been
argued that cognitive bottom-up mechanisms, as well
as relevant top-down mechanisms, are integrated dur-
ing the visual perception of biological motion [10]. Con-
sequently, to shed light on the interplay of aesthetic
motion perception, the relationship between the object-
driven aesthetic features of motion stimuli and an
observer expertise to such motion stimuli should be
investigated cohesively. In this study, contextual fac-
tors were controlled for and original motion stimuli
were reduced with the use of stick-figure video se-
quences, thereby preventing biases related to visual
perception [10].

The perception of motion aesthetics in complex
motor skills seems to be expertise-specific. The find-
ings of studies among performers with different lev-
els of expertise are quite consistent. Motor skills pre-
sented by performers with higher expertise levels are
perceived as more aesthetically pleasing than the same
motor skills exhibited by performers with lower exper-
tise levels [12, 13]. However, the relationship between
the observer’s sensory-motor and contextual experi-
ence and the perception of motion aesthetics seems
to be complex.

Expert and novice observers of dance seem to im-
plement different strategies when watching [14], dis-
criminating [15], and evaluating [16] dance sequences.

Novice dance observers, compared with expert dance
observers, have longer fixation times and different
fixation locations when watching a dance sequence
[14]. The observer’s expertise regarding the perceived
motion stimuli may thus be related to what the ob-
server can perceive when watching a motor skill, which
then may also be related to their aesthetic motion per-
ception (cf. aesthetic triad) [2]. For example, female
dancers are more able to discriminate point-light dis-
plays of female dance skills than male dancers. Al-
though dancers in general outperform both male and
female non-dancers, authors suggest that female danc-
ers outperform their male counterparts as well as fe-
male and male non-dancers because they have both
visual and motor experience of the female dance skills
that are discriminated [15]. Furthermore, naive dance
observers seem to aesthetically prefer the dance skills
that they do not think they are able to perform [16].
Consequently, the degree of (multi)sensory experience
seems to be related to an observer’s ability to perceive
a motor skill’s motion aesthetics. Whether observers
with sensory-motor experience differ in their percep-
tion of motion aesthetics compared with observers
without sensory-motor experience watching the same
motor skills is still open for investigation, and the an-
swer to this question may shed light on whether motion
aesthetics are more strongly related to the object, the
performer, or the interaction of both factors.
Previous research on motion aesthetics has pointed
out specific object-driven aesthetic features. On the
one hand, qualitative and dance-specific motion de-
scriptors, such as the direction of movement, a high
(joint) flexibility of the performer, or a large and di-
agonal spread of the body during postures, have been
identified [6, 7, 17]. On the other hand, quantitative and
motion-related kinematic parameters, such as the am-
plitude or range of motion of specific joints, balance
time, vertical angles of body segments, jump height,
(turning) speed and movement velocity, as well as mo-
tion smoothness [6, 12, 18, 19], have been described.
Although methodological differences within these
studies impede the identification of overarching aes-
thetic features, the relationship between kinematic
parameters and the perception of motion aesthetics has
been shown to be skill-dependent. The perceptual rat-
ings of dance skills seem specific to the requirements
and mechanics of the motor skill [6, 18]. If a motor
skill requires the performer to jump, kinematic pa-
rameters of jumping ability seem to be related to the
aesthetic perception of the skill. In contrast, if as kill
requires balance and limb displacement, the balance
time and elongation angle of the moving limb may be
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the kinematic parameters related to the observer’s
aesthetic ratings [17, 18]. Therefore, the relationship
between motion kinematics and motion aesthetics is
quite skill-specific, and skill-independent relationships
between motion kinematics and motion aesthetics
are limited. It is thus assumed that comparing stick-
figure video sequences of motor skills with different
requirements and modifying a skill-independent ki-
nematic parameter can provide information to fill the
research gap and is a useful approach, especially to in-
vestigate the relationship between object-driven kine-
matic parameters, such as the amount that specific body
parts move, and the perception of motion aesthetics.

In general, the human visual system allows an in-
dividual to perceive moving lines, corresponding body
angles, and motions in space when they observe stick-
figure video sequences [10]. Regarding angle percep-
tion and discrimination, psychophysical theories have
suggested critical values for just-noticeable differ-
ences (JNDs) in visual perception (cf. Weber’s law or
theory of line combinations) [20]. In psychophysical
research, JNDs between 1.5° and 3.5° indicate that
the human visual system detects angular changes of
at least approximately 3°. Those findings are hardly
transferrable to the perception of complex biological
motor skills, where multiple body angles and segment
orientations are holistically viewed and perceived.
However, research on body angle discrimination and
related visual biases has suggested that there is a criti-
cal JND in the magnitude of body angles that can be
perceived. Body angles above a conservative percep-
tual threshold of 15° per body segment seem to be
applicable for complex biological motion kinematics
[20-23]. For example, Giblin et al. [21] investigated
whether expert coaches, novice coaches, and tennis
players differred in their ability to detect kinematic
changes in tennis serves. The angle of maximum knee
flexion, the angle of maximum trunk rotation, and the
height of ball toss were manipulated by a tennis player
executing the tennis serve. Observers wrote down
whether they perceived changes in point-light sequences
of the manipulated tennis serves. The results indicate
that coaching expertise provides no additional bene-
fits in detecting holistic kinematic changes. However,
with regard to perceived changes in knee flexion, ex-
perts seem more sensitive in their ability to detect knee
flexion angle differences between -5.8° and +7.5° in
a reference tennis serve [21].

Investigating whether the amount that specific body
parts move affects the perceived aesthetics of dance
skills requires a skill-independent comparison of the
motion kinematics with the perceived motion aes-
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thetics. Measuring the amount of movement in com-
plex motor skills such as dance jumps, poses, and
turns by calculating and comparing the summed an-
gular motion difference per second of movement en-
ables kinematic parameters to be compared across
different skills. Furthermore, this skill-independent
approach and the kinematic measure of the summed
angular motion difference per second of movement
may help reveal previous research investigating the
relationship between motion kinematics and motion
aesthetics quantitively in terms of skill-specific kine-
matic parameters [12, 18, 19], qualitatively [13, 24],
and technically [24].

In sum, previous research has suggested that there
are specific kinematic parameters related to the per-
ception of motion aesthetics. However, the formerly
assessed kinematic parameters seem to be strongly
skill-specific, and skill-independent parameters and
their relation to motion aesthetics still need to be in-
vestigated. Furthermore, an observer’s expertise seems
to be related to the perception of motion aesthetics and
should be taken into account when one aims to iden-
tify fundamental kinematic parameters of motion
aesthetics. According to previous research, observ-
ers’ holistic impression when aesthetically perceiving
complex motor skills has not yet been studied quan-
titively or skill-independently [17, 18, 25]. Additionally,
observers with different expertise may implement dif-
ferent perceptual strategies when observing motion
stimuli, which then shape their motion aesthetics dif-
ferently [13, 14]. Consequently, measuring kinematic
variations of complex motor skills in combination
with subjective indications of motion aesthetics from
observers with different sensory-motor expertise to
such motor skills seems to be an appropriate approach
to obtain insight into the relation between motion ki-
nematics and motion aesthetics. Thus, it seems to be
the method in which observers can indicate their per-
ceived motion aesthetics in the most unbiased manner
possible [3]. Furthermore, implementing rating scales,
such as Likert scales, is appropriate when large num-
bers of displays have to be rated aesthetically [26].

In this study, it was hypothesized that the amount
that specific body parts move during a complex mo-
tor skill would be related to the perception of motion
aesthetics by observers with different experience. More
precisely, it was hypothesized that the amount that
specific body parts move and its relation to the per-
ception of motion aesthetics would differ depending
on the dance skill being performed. Second, it was
hypothesized that the perception of motion aesthetics
by observers with and without sensory-motor experi-
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ence would differ depending on the amount that spe-
cific body parts move. Moreover, how the amount
that specific body parts move shapes the perception
of dance skills regarding the extent to which they are
considered aesthetically was explored.

Material and methods
Participants

The study sample consisted of 36 participants in
2 groups: n; = 18 participants with dance experience
in classical, modern, and jazz dance (dancers) and n, =
18 participants without dance experience (non-danc-
ers). The dancers (16 females, 2 males) were 29 + 11
years old and had an average of 16 + 12 years of danc-
ing experience with 6 = 5 training hours per week.
The non-dancers (9 females, 9 males) were 22 + 2
years old and reported not having any dance experi-
ence but participated in different sports regularly with
an average of 6 + 5 years of general sport experience
and 3 *+ 2 hours of practice per week. The subjects’
task was to indicate their perceived motion aesthet-
ics when they watched stick-figure video sequences
of 3 different semi-standardized dance skills, namely,
jumps, poses, and turns.

An additional stimulus group of 9 experienced fe-
male dancers (mean age: 29 + 3 years) was recruited
to generate the video stimuli. The dancers reported
having substantial experience in different dance styles,
such as classical dance, modern dance, and jazz dance.
Their average duration of dancing experience was 21 +
8 years, with 4 + 1 hours per week of regular practice.
The dancers’ task was to perform semi-standardized
jumps, poses, and turns.

The study participation was voluntary. All partici-
pants received an hourly credit if administrable for
their studies.

Instruments
Stimuli generation

The procedure used to generate stimuli was simi-
lar to the one proposed by Vinken and Heinen [17]. For
the sake of clarity, the relevant steps are described
here.

The dancers who visited the gymnasium were in-
formed about the general purpose of the study, as well
as the video stimuli generation process. Each dancer
filled out a short questionnaire about their dance ex-
perience. The dancers were asked to individually warm

up and prepare for the upcoming task. Video stimuli for
the 3 dance skills, namely, jumps, poses, and turns,
were generated randomly for each dancer.

Each dancer was informed about the motion pre-
requisites of the dance skill being performed first,
for example, the jump. The instructions and prereq-
uisites of the 3 dance skills were as follows. For the
dance jump, the dancer was told: ‘Stand upright with
your feet hip-width apart and your arms hanging
loosely. Jump from the left leg with a 45° turn to land
on the right leg and then come back to the upright
stance with your feet hip-width apart and arms posi-
tioned to the side of the body. Please show variations
of this jump by individually varying the movement of
the legs, arms, trunk, and whole body as well as accen-
tuation and complexity’. For the dance pose, the dancer
was told: ‘Stand upright with your feet hip-width apart
and arms hanging loosely. Use the left leg as the stand-
ing leg, exhibit a one-legged pose and then come back
to the upright stance with your feet hip-width apart
and arms positioned to the side of the body. Please
show variations of this pose by individually varying
the movement of the legs, arms, trunk, and whole body
as well as accentuation and complexity’. For the dance
turn, the dancer was told: ‘Stand upright with your
feet hip-width apart and arms hanging loosely. Do
a 450° turn to the left with your right leg as the stand-
ing leg and then come back to the upright stance with
your feet hip-width apart and arms positioned to the
side of the body’.

The dancer was allowed to individually practise
the skill and ask questions about the movement vari-
ations, instructions, and the video stimuli generation
process. Then, each dancer was asked to perform at
least 4 variations of the first dance skill. Afterward,
each dancer was asked whether they were satisfied
with their performance or wanted to do another repe-
tition or variation. When at least 4 variations of the
first dance skill were successfully performed and cap-
tured, the dance skill performance and video capture
processes were repeated twice for the remaining dance
skills. When each dancer performed at least 4 varia-
tions of each dance skill, she was debriefed.

The dance skills were performed in a capture area
of 5 x 5 meters, and they were videotaped by 6 video
cameras sampling at 60 Hz (640 x 480 pixels). Each
recorded video sequence was processed with a silhou-
ette-based computer-based algorithm to extract the
movement kinematics (iPi Motion Capture ™, iPi Soft,
Russia). The video recordings from all 6 cameras were
used to generate a 3D volume model of a human body
consisting of a head, a trunk, 2 upper and lower limbs,
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2 hands, 2 thighs and shanks, 2 feet, and the appropri-
ate joints, namely, the neck, shoulders, elbows and
wrists, chest, hips, knees, and ankles.

Stick-figure video sequences were generated from
the extracted movement kinematics. To that end, the
original video recordings were reduced to the kine-
matic motion information, which allowed potential
contextual and bodily biases to be controlled [10]. To
achieve a sufficient variety of stimuli dance skills,
uniform variations of dance skills were grouped, and
one stick-figure sequence was randomly selected for
the stimuli sample. The uniform variations consist-
ed, for example, of equal implementation of arm and
leg displacement, head and trunk involvement, and
dance skill-specific movement vocabulary. Ten stick-
figure video sequences of each dance skill were se-
lected for stimuli presentation and evaluation, thus
representing a sufficient variety of different jumps,
poses, and turns. At the end of the steps mentioned
above, there were 30 stick-figure video sequences of
dance skills: 10 for jumps, 10 for poses, and 10 for
turns.

Stimuli evaluation

The stick-figure video sequences of the dance skills
were prepared for a randomized stimuli presentation.
Each video sequence of the first dance skill, for ex-
ample, the pose, was presented twice at the original
tempo on a 2.5 X 1.8-meter projection screen. The
dancers and the non-dancers were asked to respond
to the question: ‘How do you perceive the sequence
aesthetically?’ [16, 27] by selecting the correspond-
ing number on a 7-point Likert scale ranging from -3
to +3 [28] on a piece of paper. When the first dance
skill was evaluated, the same procedure was repeated
for the remaining 2 dance skills. This procedure took
approximately 30 minutes per participant. Neither
the terms ‘aesthetics’ nor ‘aesthetically’ were defined so
that the participants answered the question in the least
unbiased manner possible [3]. Ten responses were re-
corded per participant and dance skill, which resulted
in a total of 1080 values that were used for data analysis.

After the participants’ responses, the dance skills
were divided into 2 groups, the 5 most and 5 least aes-
thetically perceived ones. Therefore, the median splits
of the participants’ responses to the dance skills were
assessed for each dance skill [28].

Procedure

The dance skills were evaluated in 3 phases. First,
each dancer and non-dancer was invited separately to

50

a laboratory room at the local university. They were
informed about the general purpose of this study,
signed an informed consent form, and completed
a short questionnaire about their dance experience.
Afterward and before the data were collected, the
experimenter introduced the evaluation procedure
by showing exemplary stick-figure video sequences
and explaining the data collection process. Likert scale
assessments were performed separately for each of the
3 dance skills, and the jumps, poses, and turns were
presented in a random order for the participants.

Second, to collect the study data, 10 stick-figure
video sequences of the first dance skill, for example,
the turn, were randomly presented to each participant
at the original tempo. Each stick-figure video sequence
was presented twice in the middle of the screen. Af-
ter each turn, the participant responded to the ques-
tion: ‘How do you perceive the sequence aesthetically?,
which was written on the presentation slide. The re-
sponses were recorded on a piece of paper with a 7-point
Likert scale. After the participant responded, the stick-
figure sequence for the next turn was presented. This
procedure was repeated for each of the 10 turns. After
evaluating the first dance skill, the participants were
allowed to take a short break. The same procedure was
repeated twice for the remaining dance skills. The
participants were not pressured to respond quickly,
but they were instructed to indicate the first response
that came to mind.

Third, after data collection, each participant was
debriefed and received an hourly credit if adminis-
trable for their studies.

Data analysis

Data analysis was conducted with the statistical
software R (R Core Team, 2018). The data set of one
trial contained angle-time information for 63 vari-
ables that were divided into 3 categories: (1) whole-
body translation was defined by 3 variables (x-, y-,
and z-position of body); (2) whole-body rotation was
defined by another 3 variables (x-, y-, and z-rotation of
body); (3) the joint movements of each of the 19 joints
were defined by 3 variables (x-, y-, and z-rotation of
each joint). The trials lasted an average of 4.39 seconds
with a standard deviation of + 0.57 seconds. First,
each trial’s variables were time-normalized by spline
interpolation to ensure structural comparability be-
tween trials of different durations [29]. Second, the
time-normalized trials of each dance skill in each of
the 2 categories (more vs. less aesthetic) were aver-
aged (see Stimuli evaluation). This approach resulted
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in one time-normalized data frame representing an
‘average’ performance of a ‘more aesthetic’ skill and
one time-normalized data frame representing an ‘av-
erage’ performance of a ‘less aesthetic’ skill. This was
done for each of the 3 skills. Third, the summed an-
gular motion differences of the variables correspond-
ing to each body segment (1. movements of the left arm,
2. movements of the right arm, 3. movements of the left
leg, 4. movements of the right leg, and 5. movements
of the trunk and head) were calculated for each of the
3 skills to assess the similarity between more and less
aesthetic performances [30].

The summed angular motion differences of the
body segments were normalized to skill duration so
that between-trial comparisons could be performed.
This calculation allowed the extent to which each vari-
able category contributed to the overall impression of
motion aesthetics to be estimated. A positive differ-
ence in one variable category thus indicates that this
category shows a larger amount of movement for more
aesthetic skills. In contrast, a negative difference im-
plies that this category shows a larger amount of move-
ment for less aesthetic skills. A summed difference of
zero denoted that both the more and less aesthetic
skills exhibited the same amount of movement in the
particular categories. For example, a movement of 90°
in the elbow joint in one second of movement and
another movement of 45° in the elbow joint within the
same second were represented as a summed angular
motion difference of 45°. This procedure was per-
formed to compare the dancers’ and non-dancers’ in-
dications of perceived motion aesthetics by the level of
the observer’s expertise.

Finally, a conservative critical value of 15° was
chosen to differentiate between a perceptually rele-
vant amount of movement, assuming that perceptual
salience was larger for the larger summed angular
motion differences [20-23].

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the au-
thors’ institutional ethics committee.

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study.

Results

In accordance with the median split procedure for
the more vs. less aesthetic dance skills, a descriptive
inspection of the means showed a clear distinction in
the Likert scale ratings of more and less aesthetic dance
skills among the 3 dance skills and the 2 observer
groups (dancers and non-dancers). For the dancers,
the rating was 1.21 + 0.35 vs. -0.20 = 0.78, t(8) = 3.71,
p < 0.05 for the jumps, 1.15 + 0.63 vs. -0.39 + 0.58,
t(8) = 4.54, p < 0.05 for the poses, and 1.08 + 0.34
vs. -0.62 = 0.82, ¢(8) = 4.10, p < 0.05 for the turns. For
the non-dancers, it was 1.64 + 0.63 vs. -0.40 + 1.03,
t(8) = 4.03, p < 0.05 for the jumps, 1.33 + 0.71 vs.
-0.29 + 0.42, ¢(8) = 4.51, p < 0.05 for the poses, and
1.59 = 0.50 vs. -0.34 + 0.81, t(8) = 4.70, p < 0.05 for
the turns. On average, the rating scales of more vs. less
aesthetic dance skills differed by 1.7 points, equalling
24% of the overall scale and a range of 1.41-2.04.

Figure 1 shows the dancers’ and non-dancers’ per-
ceived motion aesthetics of the dance skills and their
summed angular motion differences (means and
95% confidence intervals). A summed angular motion
difference of = 15° represents a conservative critical
value [20-23]. Values above +15° correspond to the
dance skills showing a larger amount of movement in
the corresponding body part which is perceived as more
aesthetic. Values below —-15° correspond to the dance
skills showing a larger amount of movement in the
corresponding body part which is perceived as less
aesthetic.

Both dancers and non-dancers perceived poses
with a larger amount of movement in the right arm
and the left standing leg as less aesthetic. Dancers’
and non-dancers’ perceptions of motion aesthetics dif-
fered for jumps and turns. Concerning dance jumps,
dancers perceived dance jumps with a larger amount
of movement in the left arm as more aesthetic and
dance jumps with a larger amount of movement in
the trunk and head as less aesthetic. Non-dancers
perceived dance jumps with a larger amount of move-
ment in the left take-off leg as less aesthetic. Con-
cerning turns, dancers perceived turns with a larger
amount of movement in the left gesture leg as more
aesthetic, while non-dancers perceived turns with
a larger amount of movement in the left arm as more
aesthetic.

Discussion

The central aim of this study was to investigate
whether the amount that specific body parts move dur-
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Figure 1. lllustration of the dancers’ and non-dancers’ perception of motion aesthetics of the dance skills in relation
to the summed angular motion differences in the corresponding body parts (means and 95% confidence intervals [CI]).
The dashed lines indicate a conservative critical value. Values above +15° correspond to the dance skills showing larger
summed angular motion differences in the corresponding body part which are perceived as more aesthetic. Values below
-15° correspond to the dance skills showing larger summed angular motion differences in the corresponding body part
which are perceived as less aesthetic. The summed angular motion differences are normalized to skill duration,
thus representing the amount of movement in the corresponding body part per second of movement

ing a complex motor skill was related to the percep-
tion of motion aesthetics by observers with different
experience. It was hypothesized that the amount that
specific body parts moved and its relation to the per-
ception of motion aesthetics would differ depending
on the dance skill and the observer’s sensory-motor
expertise. Additionally, it was explored how the amount
that specific body parts moved shaped the perception
of dance skills, which are perceived as more or less
aesthetic. The results indicate that the perception of
motion aesthetics in relation to the amount that spe-
cific body parts move is skill- and expertise-specific.
For dance poses, the amount that specific body parts
move affects dancers’ and non-dancers’ perception
of motion aesthetics similarly, whereas dancers’ and
non-dancers’ perceptions of motion aesthetics differ
for dance jumps and turns.

Interestingly, for dance poses, a larger amount of
movement in the right arm and the left standing leg
was perceived as less aesthetic by both dancers and
non-dancers. This finding may indicate that, concern-
ing dance poses, less is more. Observers with and with-
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out sensory-motor experience related to the observed
stimuli may perceive several accentuations within the
motor skill as less aesthetic than a single accentuation
[17]. Furthermore, this finding implies that simple
dance skills are perceived as more aesthetic when they
are executed softly and expansively [25]. However, in
this case, simplicity is not related to the difficulty of
the executed motor skill but rather the overall amount
that the body segments move. In general, dance poses
may demonstrate the performer’s ability to remain
balanced while reducing the magnitude of movement
of specific body parts. Therefore, observers seem to
prefer motor skills that may focus, for example, on
a single but large inclination of the gesture leg com-
pared with several accentuations where the gesture leg
is, for example, moved up, then down, and additionally
rotated at the hip and knee joint.

In dance jumps, dancers’ and non-dancers’ per-
ceptions of motion aesthetics differed concerning the
amount that specific body parts moved. Dancers per-
ceived a larger amount of movement in the left arm
as more aesthetic and a larger amount of movement in
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the head and trunk as less aesthetic. In contrast, non-
dancers perceived a larger amount of movement in
the left take-off leg as less aesthetic. A larger amount
of movement in the head and trunk may be related to
the performer’s inability to stabilize the head and
trunk while implementing arms and legs to perform
the dance jump. To master a jump skill, the performer
must be able to take off from the floor, remain a suf-
ficient flight phase, and then prepare an appropriate
landing. In general, a performer’s aim during jump-
ing is to achieve the impression of ease [6]. A lack of
strength and motor control for explosive jumping can
be partly compensated by using a countermovement
in the trunk during take-off and landing [28]. This
aspect may be ‘detectable’ or not depending on the
observers’ sensory-motor and contextual experience
related to the observed skill and thus may be related
to their perception of motion aesthetics.

Previous research has indicated that motor skills
involving energetic jumping are perceived as more
aesthetic than motor skills lacking significant hori-
zontal or vertical displacement of the performer in
space [6]. Moreover, the extent to which limbs move
during jumping seems to be related to the observer’s
aesthetic perception of a jump. When specific body
parts, namely, the left arm, move by a larger amount,
dancers with sensory-motor experience related to the
observed skill may perceive the movement to be more
aesthetic. However, when different body parts, namely,
the left take-off leg, move by a larger amount, observers
without sensory-motor experience related to the ob-
served skill may perceive the movement to be less aes-
thetic. Therefore, the level of accentuation and imple-
mentation of the moving limbs during jumping, as well
as the observer’s expertise level, can affect the percep-
tion of motion aesthetics in general.

Regarding turns in dance, the dancers’ and non-
dancers’ perceptions of motion aesthetics differed in
relation to the amount that the left gesture leg and the
left arm moved. Dancers perceived dance turns in
which the left gesture leg moved more as more aes-
thetic. Non-dancers perceived dance turns in which
the left arm moved more as more aesthetic. In general,
moving the limbs away from the performer’s longitu-
dinal axis increases the performer’s moment of inertia,
which challenges physical laws [29] and thus the per-
former’s ability to successfully master turning. Hence,
this study results suggest that motor skills which seem
more difficult and challenging to perform are perceived
as more aesthetic [16].

Dancers and non-dancers perceive motion aesthet-
ics differently depending on the amount that different

body parts move, which may indicate that observers
with and without sensory-motor expertise may imple-
ment different strategies when perceiving and evalu-
ating motion aesthetics. As eye-tracking studies sug-
gest, expert and novice dance observers fixate on
different body parts when watching a dance perfor-
mance [14]. Therefore, the amount that different body
parts move may be related to dancers’ and non-dancers’
perception of motion aesthetics. However, according
to the results of this study, non-dancers perceive dance
turns in which the left or the right arm moves a large
amount differently in relation to motion aesthetics.
Non-dancers perceive dance turns with a large amount
of movement in the right arm as less aesthetic, while
dance turns with a large amount of movement in the
left arm are perceived as more aesthetic. This finding
may be related to the aesthetic fundamental of sym-
metry [1, 26]. The dance turn performed in this study
used the right leg as the standing leg. One may argue
that non-dancers seek symmetry in the limbs of the
same body side. While the right standing leg shows
a restricted amount of movement, non-dancers may
perceive asymmetry when the corresponding right arm
shows a large amount of movement, an aspect that may
shape motion aesthetics in such a way that the corre-
sponding dance turns are perceived as less aesthetic.

The findings of this study reveal a relationship
between motion kinematics and motion aesthetics. The
summed angular motion difference and amount that
specific body parts move are parameters that allow
the results to be interpreted independently of the skill.
It is assumed that in the perception of complex motor
skills, motion aesthetics and motion kinematics are
related and that, specifically, motion kinematics affect
motion aesthetics [13, 19]. Different skills can be com-
pared via a single kinematic parameter. This finding
expands upon previous knowledge on the relationship
of skill-specific parameters and their relations to the
perception of motion aesthetics. Finally, the expertise-
specific relationship between motion kinematics and
motion aesthetics builds upon previous research among
observers with [12, 17] or without [6, 12, 16, 19] sen-
sory-motor experience. Therefore, future studies should
replicate these methods across different groups of ob-
servers. It seems that the relationship between motion
kinematics and motion aesthetics is expertise-specific
[13-15] and embodied [7-9].

When interpreting the results of this study, the
following limitations should be taken into account.
First, the summed angular motion difference, repre-
senting the amount that specific body parts moved,
was considered a kinematic parameter. It remains
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unclear whether focusing on a single joint instead of
specific body parts can deepen our understanding of
underlying motion kinematics. However, concentrating
on the amount that specific body parts move by sum-
ming the kinematics of several body segments seems to
provide a holistic assessment of movements compared
with, for example, the inspection of single body joints
and the amount that they move. Second, behavioural
measures were implemented when observers were
asked to indicate their perception of motion aesthetics
after observing stick-figure video sequences of origi-
nal dance skills. Future studies should additionally
incorporate other measures, such as neurological or
eye-tracking measures, to determine whether observers
with different sensory-motor experience implement
different strategies when assessing the motion aes-
thetics of complex motor skills. Third, the original
motion stimuli were reduced to stick-figure video se-
quences. Future studies that manipulate a standard-
ized motor skill by, for example, artificially manipu-
lating the kinematic parameters, may deepen our
understanding of the relationship between motion kin-
ematics and motion aesthetics.

From the results of this study, the following prac-
tical implications can be derived. When aiming to cre-
ate and perform aesthetic motor skills, the sensory-
motor and contextual expertise of the observer and
target audience should be taken into account. Depend-
ing on the observed skill, observers with sensory-mo-
tor experience perceive dance skills in which specific
body parts move more as more or less aesthetically
pleasing than observers without sensory-motor ex-
pertise. Furthermore, the amount that specific body
parts move and its relation to the perception of mo-
tion aesthetics are skill-specific. While dancers and
non-dancers similarly perceive dance poses in which
the right arm and left standing leg move a large amount
as less aesthetic, dancers’ and non-dancers’ percep-
tions of motion aesthetics differ for dance jumps and
turns. For example, dance turns with a large amount
of movement in the left gesture leg are perceived as
more aesthetic by dancers, whereas non-dancers per-
ceive dance turns with a large amount of movement
in the left arm as more aesthetic.

Finally, performers, coaches, choreographers, and
researchers should keep in mind that the amount that
specific body parts move when a motor skill is being
performed may shape the perception of motion aes-
thetics, especially among observers with different sen-
sory-motor expertise related to the observed motor
skill. Therefore, ways of optimizing dance motions to
make them able to trigger the observer’s aesthetic per-
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ception should be developed [7]. As a result, fruitful
interdisciplinary collaboration between researchers
and dancers may develop for the study of motion aes-
thetics.

Conclusions

The perception of motion aesthetics arises from
a complex interplay between aspects of the object, the
observer, and the context. The findings of this study
demonstrate that there is a skill- and expertise-spe-
cific relationship between motion kinematics and
motion aesthetics. It is concluded that an observer’s
sensory-motor and contextual expertise related to the
observed motor skills can shape the perception of mo-
tion aesthetics. In other words, the amount that spe-
cific body parts move is related to an observer’s percep-
tion of motion aesthetics. However, observers with
different levels of expertise partly perceive different
motion kinematics as more or less aesthetically pleas-
ing. Although original motion stimuli were reduced
to stick-figure video sequences of dance skills, it is
assumed that this study results are generalizable to
original video sequences, laboratory performances,
and original performances. Fruitful collaboration be-
tween researchers and dancers regarding the study of
motion aesthetics may develop in the future, broad-
ening our knowledge on the relationship between mo-
tion kinematics and motion aesthetics. When research-
ers understand the underlying processes of motion
aesthetics, practitioners will be able to develop and
justify their (implicit) knowledge of creating and per-
forming aesthetic motion stimuli.
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ABSTRACT

Purpose. Balance is a highly demanded motor ability in artistic gymnasts; however, it is unknown what type of training
can improve this variable. The purpose was to determine if Star Excursion Balance Test (SEBT) and neuromuscular (NM)
trainings are more effective than conventional artistic gymnastics training (CONV) for improving balance control in female
artistic gymnasts.

Methods. Overall, 33 female artistic gymnasts were selected and randomly assigned to 3 training groups: CONV, SEBT,
or NM. The Y-Balance Test evaluated balance control. ANOVA (group X time) with repeated measures was used to compare
the effects of training.

Results. In the dominant lower limb, significant pre- and post-intervention differences were observed for SEBT training
in the posteromedial direction (p = 0.0003; % change = 13.4), as well as in NM in the anterior (p = 0.0001; % change = 23.9),
posteromedial (p = 0.0001; % change = 23.1), and total index (p = 0.0001; % change = 17.8) of the Y-Balance Test. Moreover, NM
training presented significant differences compared with CONV (p = 0.0001; % change = 14.0) and SEBT (p = 0.0001; %
change = 12.8) in the posteromedial direction; it also exhibited differences compared with CONV (p = 0.0392; % change = 8.8)
and SEBT (p = 0.0065; % change = 11.3) in the total index.

Conclusions. NM training results in a significant improvement in balance control compared with CONV and SEBT training

in female artistic gymnasts.

Key words: proprioceptive training, neuromuscular training, sport, athletes

Introduction

Artistic gymnastics is a sport characterized by high-
flying acrobatics and feats of strength [1]. However, it
also requires other motor capacities such as flexibil-
ity, agility, and balance in the upper and lower limbs
while performing motor skills (jumps, landing, push,
and pull) in extreme joint positions [2]. Artistic gym-
nastics consists of 4 apparatuses for women (jump,
uneven bars, balance beam, and floor exercises) [3].
The prevalence of injuries in artistic gymnastics is
especially worrying, as younger athletes are being re-
cruited, and they are in very early stages of motor and
musculoskeletal development [4]. Specifically, in col-
legiate artistic gymnastics, an injury rate of 9.2-22.7

injuries per 1000 hours of exposure is reported, and
about 70% of these injuries occur during disassembly
from the apparatus [5]. Taking this information into
account is important to understand the factors that
could influence injuries and, subsequently, decreased
sports performance.

The International Gymnastics Federation deter-
mines that the most difficult apparatus for women’s
gymnastics is the balance beam [3]. This apparatus
is one of the most demanding disciplines in general
female competition and requires the ability to balance
to a high level, as it has an extremely small (10 cm)
surface support with a height of 1.25 m and a length
of 5 m. In this context, a joint injury impairs the pro-
prioceptive system, causing the musculoskeletal system
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to be more prone to repetitive injuries and decreased
motor abilities, especially balance control during the
performance of complex acrobatic elements [6].

The difficulty of the apparatus forces artistic gym-
nasts to demonstrate the ability to control balance dur-
ing performance. The balance control represents the
subject’s ability to maintain the centre of mass within
a support base and is considered a fundamental mo-
tor capacity for the execution of activities of daily living
and sports [6-8]. Balance control requires constant
postural adjustments owing to the displacement of the
centre of mass, all of this through sensory and neuro-
muscular mechanisms that try to keep the centre of
mass within the support base [6, 7, 9]. The balance
control deficit mainly affects people with various pa-
thologies, but less likely gymnasts as they usually have
an adequate development of balance control since the
centre of their trainings consists of exercises on bal-
ance beam. Therefore, determining a possible training
focused on improving balance control in artistic gym-
nasts could be beneficial for optimizing athletic per-
formance [5, 7].

Artistic gymnastics commonly bases its training on
the development of flexibility, power, balance, lumbar-
pelvic strengthening (core), and strengthening of the
upper and lower limbs [10]. In recent years, various
sports have used training based on proprioception and
neuromuscular responses to improve balance control.
These interventions are training through the Star Ex-
cursion Balance Test (SEBT) [11] and neuromuscular
(NM) training [12, 13]. SEBT has been tested as a bal-
ance control evaluation method that involves loading
one foot on the ground and trying the maximum reach
with the opposite foot [11, 14], which challenges pos-
tural control, strength, range of motion, and proprio-

ception of the subjects. This type of evaluation, and its
use as training, is very similar to the technical perfor-
mance that a gymnast must demonstrate within a com-
petition. In turn, NM training is defined as a multi-com-
ponent program [13] that integrates the development
of motor skills (jumps, landings, running, etc.) with
motor abilities (strength, endurance, flexibility, and
balance) through plyometric and weight-bearing ex-
ercises [15-17]. Both methods - SEBT and NM train-
ing - attempt to improve balance control in various dis-
ciplines, but their effects on balance control in artistic
gymnasts are unknown.

To our knowledge, there are few reports about bal-
ance control in artistic gymnasts evaluated through
clinical or field tests. For this reason, the Y-Balance
Test can be a tool applicable to artistic gymnasts, since
it offers a simple, short-term, low-cost, and highly re-
liable evaluation [18, 19] and would also allow deter-
mining the effect of various trainings on balance con-
trol. In this context, the objective of this research was
to establish if SEBT and NM training are more effective
than conventional artistic gymnastics training (CONV)
for improving balance control in female artistic gym-
nasts.

Material and methods
Participants

The study was a single-blind randomized controlled
trial and followed the Consolidated Standards of Re-
porting Trials (CONSORT) recommendations. The re-
search considered female participants aged 11-17 years
belonging to the Escuela Chilena de Gimnasia (La Se-
rena, Region de Coquimbo, Chile) (Table 1). The par-

Table 1. Baseline characteristics of the participants

CONV (n = 11)

SEBT (n = 11) NM (n =11)

Characteristics (mean + SD) (mean + SD) (mean + SD) F
Age category 11-12 years (n) 3 2 3
Age category 13-15 years (n) 6 8 7
Age category 16-17 years (n) 2 1 1
Average training experience (years) 3.1+0.7 2.8 +£0.8 29+18 0.7580  0.2796
Average weekly training duration (h) 156 = 2.1 15.2 + 3.0 15.2 + 3.4 0.9455 0.5618
Age (years) 13.0+ 1.5 13.1 1.2 13.7+ 1.6 0.5532  0.6039
Weight (kg) 50.3 + 84 51.0 9.0 50.3 = 6.8 0.9713  0.0291
Height (m) 1.54 = 0.05 1.58 + 0.05 1.56 + 0.05 0.2680  1.3760
Body mass index (kg/m?) 20.8 £ 2.7 20.1 £ 2.5 205 £ 2.2 0.8191  0.2009
Dominant lower limb length (cm) 82.6 5.5 84.4 + 3.6 83.8 + 3.4 0.6256  0.4765
Non-dominant lower limb length (cm) 82.6 +5.6 84.0 £ 3.8 83.6 + 3.1 0.7239  0.3326
CONV - conventional training, SEBT - Star Excursion Balance Test training, NM - neuromuscular training
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ticipants were selected through simple random sam-
pling and subsequently assigned to 3 groups: CONV,
SEBT, or NM training. The following inclusion crite-
ria were considered: (a) being an artistic gymnast aged
11-17 years, (b) presenting a federated gymnast reg-
istry, and (c) having participated in a regional or na-
tional competition during the previous year. The ar-
tistic gymnasts were classified as sub-elite since they
all participated in official international championships,
namely South American or Pan American, and/or in
national championships and obtained a classification
between the 1 and 10" place of the general individual
classification of their competitive category. For this re-
search, the following exclusion criteria were applied:
(a) consecutive training time less than 1 year, (b) 1 or no
weekly training sessions, and (c) a lower limb injury
within the previous 12 months or during the training
period.

Although there is no research comparing the pro-
posed training methods, previous reports show that
a 15% change for a direction of the Y-Balance Test
demonstrates significant differences between artistic
gymnasts of a low and high level of specialization [20].
For this reason, accepting an alpha risk of 0.05 and
a beta risk of 0.2 in a bilateral contrast, 11 participants
in each training group were required to detect a mini-
mum difference of 15% between 2 groups, assuming
a standard deviation of 10% and a loss to follow-up
rate of 15%.

Y-Balance Test

Balance control was evaluated with the Y-Balance
Test Kit™ (Functional Movement Systems, Inc., Chat-
ham, VA, USA) before and after the intervention. This
device comprises a support platform to which 3 tubes
are attached in the directions of anterior, posterome-
dial, and posterolateral reach. Each tube has mark-
ings in 5-mm increments. The first toe was posi-
tioned at the junction of the Y. Then, with the opposite
foot, the participant had to push an ‘indicator’ along
the tube trying to reach the greatest possible distance
without putting the foot on the ground. The subjects
were allowed to practise the test only twice in order
to reduce the learning factor. At the end of the prac-
tice time, they were given a 2-minute break, and the
dominant lower limb was evaluated in 3 directions
(anterior, posterolateral, and posteromedial) [11, 18, 19].
In each direction, the procedure was repeated 3 times,
and the average was recorded. Then, the participants
rested for 5 minutes and repeated the procedure with
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the non-dominant lower limb. A trial was classified
as invalid if the subject removed the hands from the
hips, did not return to the starting position, did move
the support foot (dominant), or loaded with the reach
foot (non-dominant) [15, 21]. This abbreviated test is
used in view of the limitations regarding the amount
of time devoted to develop all directions of SEBT [18]
and has demonstrated reliability and validity in pre-
dicting lower extremity injuries [19, 22].

The raw results of the Y-Balance Test were nor-
malized. For this, the protocol described by Gribble
et al. [23], who divided the distance reached by the
length of the lower limb and then multiplied by 100,
was used. The length of the leg was measured from
the anterior superior iliac spine to the most distal
part of the medial malleolus. Additionally, a total in-
dex of the Y-Balance Test was calculated by dividing
the sum of the 3 directions by 3 times the length of the
evaluated lower limb and then multiplying by 100 [21].
Once the Y-Balance Test was carried out, the training
period of the 3 groups began. At the end of the 8 weeks
of training, a post-intervention Y-Balance Test was
performed in each participant.

Interventions

The intervention time was 8 weeks, with 2 weekly
training sessions [21]. Each training session lasted
20 minutes, and then the usual training was continued.

Conventional training

This training consisted of 8 minutes of jogging
with joint mobility and 10-12 exercises of displace-
ments in quadruped positions, rebounds on feet, and
throws of legs in all directions, with 3 series of 12
repetitions per exercise. Twelve minutes were spent
practising more specific ggymnastic positions, such as
split, straddle, lunge, bridge, and handstand, with 3 se-
ries of 15 repetitions.

Training with Star Excursion Balance Test

This training consisted of performing a warm-up
of 6-8 minutes that included joint mobility and fa-
miliarizing each limb in the 8 directions of SEBT, in-
tercepted at 45° from one another. Then, the gymnasts
executed SEBT, conducting 3 sets of 15 repetitions
per direction (anterior, anterolateral, lateral, postero-
lateral, posterior, posteromedial, medial, and antero-
medial) and lower limb, trying to reach the greatest
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distance with the leg without support in each of the
directions, maintaining the posture for a second and
then returning to the centre [11, 18, 19].

Neuromuscular training

This training consisted of quadruped positions,
coordination of body segments, muscular strength-
ening, and bipedal and unipedal positions on stable
and unstable bases, which involved weight bearing
or control of the lower limbs and trunk [13, 15-17].
The NM training was based on 8 different exercises
per session applied to the lower limbs, with 3 series of
15 repetitions in the unipedal exercises and 3 series
of 15-30 repetitions in the bipedal exercises, depend-
ing on their complexity. The workouts were distrib-
uted as follows:

— Weeks 1 and 2: coordination exercises on a stable
surface, strengthening of the lower limb, bipedal and
unipedal supports, with open eyes.

— Weeks 3 and 4: coordination exercises on a gym-
nastic mat, strengthening of the lower limb, supports
and bipedal and unipedal jumps, with the eyes closed.

- Weeks 5 and 6: specific exercises for the lower
limb with TheraBand, unipedal and bipedal exer-
cises with open and closed eyes.

- Weeks 7 and 8: use of unstable surfaces (BOSU),
supports and jumps, bipedal and unipedal exercises,
with open and closed eyes.

When the artistic gymnasts finished one of the pre-
vious training sessions, they proceeded to continue
their traditional training on the apparatus, with the
exercises difficulty adjusted to the level of each gym-
nast. Two different apparatuses were trained daily,
with the allocation of 30 minutes to each one (jump,
asymmetric parallels, balance beam, and floor) de-
fined weekly by the coach, and ending flexibility ex-
ercises performed for 15 minutes.

Data analysis

For all analyses, an alpha of 0.05 was considered
and the GraphPad Prism software version 8.0.0 for Mac
was used (GraphPad Software, San Diego, CA, USA).
All variables were presented as mean and standard
deviation. The Shapiro-Wilk test, Levene’s test, and
Mauchly’s test were applied to evaluate the distribu-
tion, homogeneity of variance, and sphericity of the
data, respectively. To establish significant differenc-
es between training groups (CONV, SEBT, and NM)
and time (before and after intervention), a 2-way anal-

ysis of variance (ANOVA) was used (group X time)
with repeated measures. Post-hoc analysis was per-
formed with Tukey’s multiple comparison test. The
percentage change between comparisons and the ef-
fect size (ES) were calculated with Cohen’s d, consid-
ering a trivial (0-0.19), small (0.20-0.49), medium
(0.50-0.79), or large (0.80 or greater) result.

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Declara-
tion of Helsinki, and has been approved by the Ethics
Scientific Committee of the Santo Tomas University
(Chile) (Folio ID-149-19).

Informed consent

Informed consent has been obtained from all tu-
tors and individuals included in this study and from
the participants’ legal guardians.

Results

All participants were included in the study analy-
sis as there was 100% adherence to the training plan.
The baseline characteristics of the sample can be
seen in Table 1. The mean and standard deviation of
the pre- and post-intervention variables are reported
in Table 2. All the data presented a normal distribution,
homogeneity of variance, and sphericity (p > 0.05).

In the dominant lower limb, the 2-way ANOVA
with repeated measures implied significant interac-
tions between factors (group X time) in the Y-Balance
Test: anterior (gl = 2; F = 6.28; p = 0.0076), postero-
medial (gl = 2; F = 14.07; p = 0.0002), and total index
(gl = 2; F= 6.60; p = 0.0063). Post-hoc analysis can be
seen in Tables 2 and 3. Specifically, the SEBT training
group presented significant pre- and post-intervention
differences in the posteromedial Y-Balance Test (p =
0.0003; ES = 1.53; % change = 13.4). Furthermore,
the NM training group presented significant pre- and
post-intervention differences in the anterior (p = 0.0001;
ES = 2.19; % change = 23.9), posteromedial (p =
0.0001; ES = 2.64; % change = 23.1), and total index
(p = 0.0001; ES = 2.11; % change = 17.8) of the Y-Bal-
ance Test. In contrast, in the non-dominant lower limb,
the 2-way ANOVA with repeated measures did not
report significant interactions between factors (train-
ing group x time) (p > 0.05).

When comparing the effects of post-intervention
training on the dominant lower limb, the post-hoc
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Table 2. Y-Balance Test results for each training

.. Before After Mean o s o
Y-Balance Test Training (mean + SD) (mean + SD) _difference 95% CI p Cohen’s d % change
Dominant lower limb
CONV 91.8 +7.0 95.4 + 10.8 -3.6 -144 7.3 0.9021 0.39 3.9
Anterior (%) SEBT 87.8 + 8.8 96.1 £+ 7.5 -82 -19.1 2.6 0.2092 1.01 9.4
NM 85.0 + 8.5 105.3 + 10.0 -20.3 -31.2 -9.5 0.0001 2.19 23.9
CONV 97.0 + 6.9 102.4 + 9.6 -54 -12.3 1.5 0.1855 0.64 5.6
Posteromedial (%) SEBT 91.2 +6.3 103.4 = 9.3 -12.2 -19.2 -5.3 0.0003 1.53 13.4
NM 949 £+ 104 116.8+5.5 -21.9 -288 -15.0 0.0001 2.64 23.1
CONV 98.0 £ 12.6 97.0 £ 17.4 1.0 -139 159 0.9999 0.07 -1.0
Posterolateral (%) SEBT 85.0 £ 10.2 88.6 £ 13.0 -3.6 -185 11.3 009711 0.31 4.2
NM 92.3 +10.5 98.7 + 10.6 -6.4 -21.3 85 0.7503 0.61 7.0
CONV 951+ 7.1 98.3 £ 9.6 -2.6 -11.0 5.7 0.9136 0.31 2.8
Total index (%) SEBT 88.0 + 5.7 96.0 + 9.1 -8.0 -164 0.3 0.0636 1.05 9.1
NM 90.7 + 8.6 106.9 + 6.6 -16.2 245 -79 0.0001 2.11 17.8
Non-dominant lower limb
CONV 90.4 + 8.7 100.9 + 12.2 -10.5 -21.3 0.3 0.0607 1.00 11.6
Anterior (%) SEBT 85.2+3.5 94.1 + 13.8 -89 -19.7 1.9 0.1465 0.88 10.4
NM 87.7 £ 9.5 98.2 + 13.5 -10.5 -21.3 0.3 0.0607 0.90 11.9
CONV  103.5+15.7 110.6 +15.8 =71 -22.7 8.5 0.7099 0.46 6.9
Posteromedial (%) SEBT 92.4 + 8.6 104.4 + 12.7 -12.1 -27.7 3.6 0.1937 1.10 13.1
NM 94.6 + 8.3 114.7 + 15.1 -20.1 -35.7 -44 0.0072 1.65 21.2
CONV 98.4 + 10.2 945 + 12.4 3.8 -74 151 0.8868 0.34 -3.9
Posterolateral (%) SEBT 89.9 + 10.1 91.2 + 13.0 -1.3 -12.53 10.1 0.9991 0.11 1.4
NM 91.5+9.2 100.6 + 11.6 -9.1 -20.3 2.2 0.1596 0.87 9.9
CONV 97.1 +9.6 102.0 + 11.9 -47 -15.0 5.8 0.7382 0.42 4.7
Total index (%) SEBT 89.1 + 5.7 96.6 + 11.0 -74  -17.8 3.0 0.2650 0.85 8.3
NM 91.3 +6.8 104.5 + 11.6 -13.2 -23.6 -2.8 0.0080 1.39 14.5

CONV - conventional training, SEBT - Star Excursion Balance Test training, NM - neuromuscular training
The effect size is represented by Cohen’s d.

analysis showed significant differences between NM
training and CONV (p = 0.0001; ES = 1.82; % change =
14.0) and SEBT (p = 0.0001; ES = 1.74; % change =
12.8) in the posteromedial direction of the Y-Balance
Test (Figure 1). Similarly, NM training presented sig-
nificant differences compared with CONV (p = 0.0392;
ES = 1.05; % change = 8.8) and SEBT (p = 0.0065;
ES = 1.36; % change = 11.3) in the total index of the
Y-Balance Test (Figure 1).

Discussion

The purpose of this study was to compare the ef-
fects of CONV, SEBT, and NM training on balance
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control in female artistic gymnasts. The main result
was that when comparing the post-intervention ef-
fects on the dominant lower limb, it was observed
that the NM training generated significant improve-
ment in the balance control in the posteromedial di-
rection of 14% in relation to CONV, and the same
NM training presented a 12.8% change over the
SEBT training. In addition, in relation to the total in-
dex of the dominant lower limb, the NM training
caused a change of 8.8% in relation to CONV, and a
change of 11.3% compared with the SEBT training.
In this way, NM training is the method that produces
the best results in artistic gymnasts’ balance control
evaluated with the Y-Balance Test. To the best of our
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Table 3. Dominant lower limb results of the Y-Balance Test between trainings before and after intervention

Y-Balance Test Comparison diyeizzce 95% CI p Cohen’sd % change
Pre CONV vs. Pre SEBT 4.0 -6.9 14.8 0.8526 0.50 -4.3
Pre CONV vs. Pre NM 6.8 -4.0 17.7 0.3874 0.88 -7.4
Anterior (%) Pre SEBT vs. Pre NM 2.8 -8.0 13.7 0.9593 0.33 -3.2
Post CONV vs. Post SEBT -0.7 -11.5 10.2 0.9999 0.07 0.7
Post CONV vs. Post NM -9.9 -20.8 0.9 0.0850 0.95 10.4
Post SEBT vs. Post NM -9.2 -20.1 1.6 0.1236 1.05 9.6
Pre CONV vs. Pre SEBT 5.8 -1.1  12.7 0.1355 0.88 -6.0
Pre CONV vs. Pre NM 2.2 -4.8 9.1 0.9173 0.25 -2.2
Posteromedial (%) Pre SEBT vs. Pre NM -3.6 -10.6 3.3 0.5805 0.42 4.0
Post CONV vs. Post SEBT -1.0 -8.0 5.9 0.9970 0.11 1.0
Post CONV vs. Post NM -14.3 -21.2 -74 0.0001 1.82 14.0
Post SEBT vs. Post NM -13.3 -20.2 -6.3 0.0001 1.74 12.8
Pre CONV vs. Pre SEBT 8.5 -2.8 19.7 0.2157 1.13 -13.2
Pre CONV vs. Pre NM 6.8 -44 18.1 0.4251 0.49 -5.8
Posterolateral (%) Pre SEBT vs. Pre NM -1.6 -12.8 9.6 0.9972 0.70 8.6
Post CONV vs. Post SEBT 3.4 -79 14.6 0.9320 0.55 -8.6
Post CONV vs. Post NM -6.1 -17.3 5.2 0.5463 0.12 1.8
Post SEBT vs. Post NM -9.5 -20.7 1.8 0.1335 0.85 11.4
Pre CONV vs. Pre SEBT 7.6 -0.8 15.9 0.0879 1.18 -7.9
Pre CONV vs. Pre NM 4.9 -3.5 13.2 0.4628 0.62 -5.1
Total index (%) Pre SEBT vs. Pre NM -2.7 -11.0 5.6 0.9067 0.37 3.1
Post CONV vs. Post SEBT 2.2 -6.1 10.6 0.9578 0.24 -2.2
Post CONV vs. Post NM -8.7 -17.0 -0.3 0.0392 1.05 8.8
Post SEBT vs. Post NM -10.9 -19.2 -2.5 0.0065 1.36 11.3

CONYV - conventional training, SEBT - Star Excursion Balance

The effect size is represented by Cohen’s d.

knowledge, there are no previous studies comparing
training methods through balance control in artistic
gymnasts only; generally, the studies were carried
out in other sports or in adult patients with various
pathologies [7, 15, 21, 24, 25].

It is common to find in the literature research
comparing gymnasts with other athletes or a seden-
tary population, concluding that artistic gymnastics
training stimulates the development of balance con-
trol and allows an almost perfect stability in relation
to other disciplines [26-28]. Currently, an improve-
ment in balance control has been demonstrated
through NM training lasting 6-8 weeks, in sessions
conducted 3-5 times a week, with an average time of
20 minutes per session, in different athlete and non-
athlete populations [13, 15, 17]. Physiologically, the
nervous system is in charge of using the information
from somatosensory mechanoreceptors [12], causing
the skin, joints, ligaments, tendons, and muscles to

Test training, NM - neuromuscular training

provide sensory input to the central nervous system
to generate a neuromuscular response and thus sta-
bilize the joints [16]. Blomechanically, as the balance
control difficulty increases, postural strategies more
proximal to the ankle are requested, generating pos-
tural adjustments that continually help control bal-
ance [29]. In this sense, the inverted pendulum theo-
ry is the first to help the sagittal plane to create a
compensatory response, locating its axis of rotation
at the ankle joint [30]. Also, in the frontal plane, the
hip weight change strategy controls the mediolateral
balance, transferring the weight of the body from one
leg to the other [30, 31]. It could be deduced that the
significant improvement observed in NM and SEBT
training could be due to a greater request for pos-
tural control strategies, described above, in each
training session. In this way, these settings resulted
in significant improvements in the balance control of
artistic gymnasts by training in the different planes
of movement and requesting a greater number of
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Figure 1. Comparisons between trainings in the pre- and post-intervention times

neuromuscular responses to the demands of balance
control.

Michalski Peres et al. [32] showed that an NM
training program applied in volleyball players was
effective in increasing the balance control in both lower
limbs. In the same context, Vitale et al. [33] applied
the Y-Balance Test before and after intervention with
an NM training in skiers, showing that the experimen-
tal group achieved positive effects in the posterome-
dial and posterolateral directions, as well as in the
total percentage of the Y-Balance Test. As in the team
sports noted above, our research has indicated that
NM training in individual sports is more effective
than CONYV, as it leads to improvements in balance
control. Possibly, these improvements could increase
the performance of artistic gymnasts in the balance
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beam apparatus and could hypothetically modify the
incidence of injuries. However, this assumption must
be tested in future research related to the identifica-
tion of risk factors and prevention of sports injuries.
This research has limitations related to the selec-
tion for convenience of the participants because of the
small number of gymnasts in order to obtain an ad-
equate sample size. Furthermore, considering only the
balance control variable, it is not really known which
is the best training to generate global changes in the
performance of gymnasts. Future research could con-
sider balance platforms or test batteries that can quan-
tify the balance control in gymnastic positions typical
of the sport technique or of the different devices used
in competitions. Finally, other essential training meth-
ods in gymnastics based on flexibility, strength, and
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power could be compared, and it could even be taken
into account how the development of balance control
is affected by other factors, such as the emotional state
and muscle fatigue of the subjects [34, 35].

Conclusions

NM training results in significant improvement of
balance control compared with CONV and SEBT in
female artistic gymnasts. In this context, this study
contributes to the comparison among different train-
ing methods focused on improving balance control,
which is important for a sports improvement approach
that leads to optimal performance in artistic gym-
nastics.
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ABSTRACT

Purpose. The objectives were to analyse differences of static and dynamic balance between sexes and test the correlations
between static and dynamic balance measures.

Methods. The study involved 77 physically active adults, university students (age: 19.1 = 1.1 years; height: 170.2 + 9.2 cm;
body mass: 64.1 + 10.7 kg). Static balance was assessed with a force platform under Romberg conditions: a foam surface,
eyes open (EOFS); eyes closed (ECFS); challenging the visual-vestibular system (CVVS). The Y Balance Test (YBT) evaluated
dynamic balance in anterior, posteromedial, and posterolateral directions. One-way ANOVA examined potential differences
between sexes, and the Pearson product-moment test verified the correlations between YBT and static balance measures.
Results. Sex differences were found for all conditions in static balance variables: ellipse area (EA), centre of pressure
displacement anteroposterior (DAP) and mediolateral (DML), mean velocity anteroposterior (VAP) and mediolateral (VML),
total mean velocity (TV). Females presented a better stability index than males for EOFS (25% DAP, 20% DML, 30% VAP,
21% VML, 19% TV), ECFS (26% DAP, 32% DML, 28% VAP, 32% VML, 32% TV), and CVVS (27% EA, 26% DAP, 19% DML,
17% VAP, 20% VML, 18% TV). Males demonstrated 6% better performance on YBT posterolateral. Correlation tests revealed
small to moderate correlations between static and dynamic balance, except for a large positive correlation between YBT
anterior and sway area under the CVVS condition [r = 0.54 (0.19; 0.77)] for women.

Conclusions. The findings indicate a weak relationship between static and dynamic balance in controlling posture.
Key words: static balance, force plate, young adults, dynamic balance, Y Balance Test, university students

or exercise [1, 2]. Postural balance is considered as the
state in which all forces acting on the human body
(gravity, muscle strength, and inertial forces) are con-

Introduction

Postural control is a complex motor function based

on interactions between multiple dynamic sensorimo-
tor processes whose main functional goals are body
stability, postural orientation, and balance [1]. Postural
balance is the ability to control one’s position while
maintaining the centre of gravity within the limits of
stability over a base of support. Movement strategies
and muscular synergies must be coordinated to stabi-
lize the centre of body mass and minimize the displace-
ments of the centre of pressure (COP) while assuming
a quasi-static position or performing daily movements

trolled and the body adopts a desired position, achieves
quasi-static balance, or performs a specific movement
without losing balance [1-4].

Previous literature related to postural balance is
grouped into static and dynamic categories [1, 2]. Static
postural stability can be defined as the maintenance
of a steady position on a fixed, firm, stable support base.
Dynamic postural stability is the ability to transfer the
vertical projection of one’s centre of gravity around
the supporting base using a perturbation on the sup-
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port surface or the individual. Dynamic postural sta-
bility can also refer to an individual’s ability to main-
tain their balance after a change in position or location
[1, 2, 4]. The central nervous system needs to keep
the body position under static and dynamic condi-
tions to maintain balance and produce suitable forces.
Proper balance control constitutes the basis for the
execution of complex technical movements and im-
provements in athletic performance [5]. In fact, meas-
uring postural stability and static and dynamic bal-
ance is critical to determine predictors of sports
performance [6], rehabilitation, injury prevention [7],
as well as to assess the efficacy of balance training in
the neuromuscular system, balance control, and func-
tional performance among children, adolescents [8],
and active young adults [9-11]. Therefore, balance
control has attracted the interest of professionals from
different fields.

When the goal of a study is to assess static or dy-
namic posture, the most common posturographic
measure used is the COP sway [4]. COP expresses the
point of application of the resultant from the vertical
force action on the support surface [4]. The literature
has cited the importance of analysing COP oscillations
while standing on a force plate, as such COP oscilla-
tions represent a complex output signal of postural
control and the inherent complexity of cognitive, per-
ceptual, and motor processes [4] while challenging
the sensory system by altering vision, stance, or surface
conditions [4, 12]. The equipment most often used to
evaluate COP is a force plate [4, 13-15]. The param-
eters collected from force plate output (i.e., COP path
length, COP excursion, speed of COP change, mean
amplitude of COP sway) can represent stability when
in a quiet standing position or when maintaining
a stable position while carrying out a prescribed move-
ment [4]. However, beyond posturography based on
force plate assessments, previous researchers have
utilized different instruments to assess dynamic bal-
ance. Such instruments include the Balance Error
Scoring System [16], the jumping test [17], the Star Ex-
cursion Balance Test (SEBT) [18], and the Y Balance
Test (YBT) [19, 20]. In fact, dynamic postural control
involves various dimensions that also represent the
performance of proprioception, the range of motion of
lower limb joints, and muscle strength. Researchers
have shown that YBT is an effective and objective method
for assessing dynamic balance [20-22]. This instru-
ment significantly challenges the postural control
system through the completion of a functional task
while maintaining a single-leg stance and reaching
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towards the anterior, posteromedial, or posterolater-
al direction with the free limb without losing balance
[23]. YBT imposes additional demands related to pro-
prioception, range of motion, and strength while the
participant remains in a steady, upright position [23].

Although several studies have assessed postural
balance in young adults [24, 25], it has not been thor-
oughly investigated whether static balance reflects dy-
namic balance. It also remains unclear if sex differ-
ences influence this analysis. Hrysomallis et al. [26]
were the first to determine the association between
static and dynamic balance. Their results indicate
a low correlation between the balance scores for the
static test (single-limb stance) and the stepping test
on an unstable surface. Karimi and Solomonidis [27]
instructed the participants to stand on a force plate in
a quiet standing position while undertaking various
tasks involving their hands. They observed no signifi-
cant correlation between static and dynamic stability
parameters [27]. Sell [28] assessed static postural sta-
bility while the participants assumed a single-leg
stance (eyes open and eyes closed) and dynamic sta-
bility by using the anteroposterior and mediolateral
jump. No correlation was found between static and
dynamic postural measures.

All the researchers mentioned above studied the
relationship between static and dynamic balance, and
they all stated that there was no relationship between
static and dynamic measures. However, their works
varied in terms of methodology - specifically, each study
involved different participants and balance tests [26-29)].
Most of them implemented a static balance test with
a stable surface, though unstable surfaces seem to
make the static balance test more challenging and closer
to sports contexts for young adults [15, 30]. Addition-
ally, previous research used only one condition to assess
static balance test performance; however, it is crucial
to evaluate participants’ balance when different sys-
tems (i.e., visual, proprioceptive [31], and vestibular)
are challenged.

There are many balance assessment methods, rang-
ing from simple observations, clinical tests, scales, and
posturographic measurements, to integrated evalua-
tion systems of greater complexity. Each method has
advantages and limitations and can demonstrate dif-
ferent results with multiple interpretations; this is ex-
acerbated by the lack of consensus regarding which
characteristics (e.g., gender) are important [31, 32]. Few
studies have examined gender differences in terms of
postural stability among young adults as measured by
static balance (COP displacement and velocity) and
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dynamic balance (maximal lower limb reach scores).
Additional literature does not seem congruent. Some
studies show that women have a better stability index
than men [31-33], while others report contradictory
results [34, 35]. The relationship between static and
dynamic balance control considering sex differences
has not been researched. Thus, it is important to know
whether males differ from females in terms of balance
control and to understand the relationship between
gender and balance control measures [31, 32]. A better
understanding of the influence of sex on balance control
is central to establishing reference data that would
allow the detection of balance disorders. Such an un-
derstanding might also assist physical activity and
health professionals and coaches in prescribing bal-
ance training programs.

In short, there is a lack of evidence regarding the
relationship between static (force plate with an unsta-
ble surface) and dynamic balance (anterior, postero-
medial, and posterolateral lower limb reach). An under-
standing of whether sex influences COP parameters
and YBT measures is also lacking. Thus, the purpose
of this study was twofold: (i) to analyse the variations
in static and dynamic balance between the sexes and
(ii) to establish the relationships between static and
dynamic balance measures.

Material and methods
Experimental approach to the problem

A cross-sectional design was used to analyse the
relationship between static and dynamic balance con-
trol measures. The sample consisted of physically ac-
tive young adults, university students, taking leisure
sports courses (1% and 2™ year) who participated in
training at least 3 days per week. The participants’
anthropometric measures (height, body weight, and
8-site skinfolds) were assessed in a laboratory at a con-
stant environmental temperature and humidity (20-
23°C and 50-60%, respectively) before breakfast on
a weekday (48 hours after the last training/exercise
session) between 8:30 a.m. and 10:00 a.m. All par-
ticipants wore light clothing and stood barefoot. They
were instructed to avoid exercise for a minimum of
24 hours before testing and not to consume alcoholic
drinks for a minimum of 48 hours before testing.
Static balance control was recorded by using a force
plate (Kistler, model 9260AA6, Winterthur, Switzer-
land). The subjects completed three 30-second trials
on a foam surface under 3 different conditions: eyes

open (EOFS), eyes closed (ECFES), and challenging the
visual-vestibular system (CVVS). The trial order was
randomized across the participants to reduce order
effects [36].

Before the testing began, each individual performed
one practice trial for each condition. Dynamic postural
control was assessed by using YBT (anterior, poster-
omedial, and posterolateral reach directions). Each
participant performed 4 experimental practice trials
for each direction to become comfortable with per-
forming the task [37]. After 2 minutes of rest, each
subject performed 3 test trials in each direction (ac-
counted tests) [20]. The trial order (i.e., anterior, pos-
teromedial, and posterolateral reach directions) was
randomized across the participants to reduce order
effects [36]. The results of both tests were recorded
by an expert with experience in using the necessary
equipment; the order of static and dynamic tests was
randomized.

Participants and design

A total of 77 physically active young adults volun-
tarily participated in this study. Their anthropomet-
ric characteristics can be found in Table 1. The sub-
jects completed a medical history questionnaire and
the International Physical Activity Questionnaire
(IPAQ-short form) so that physical activity could be
measured. The inclusion criteria in the study were
(1) training at least 3 days per week and (2) absence of
acute injuries. The exclusion criteria involved (1) pre-
vious experience with functional training with un-
stable platforms or sports that develop balance and
proprioceptive skills (e.g., dance, ballet, hockey) and
(2) neuromuscular diseases, vestibular disorders, cer-
ebral concussions, chronic lower limb injuries or any
pathology or health problem that affects balance and
postural control [15, 38].

Anthropometric measures

Each participant’s height was measured to the near-
est 0.1 cm with a portable stadiometer (Seca 217, Ham-
burg, Germany). Body weight was determined to the
nearest 0.1 kg with mechanical floor scales (Seca 760,
Germany). Eight skinfolds were assessed with a Har-
penden calliper (British Indicators, Ltd., London, UK)
to estimate body fat percentage. All anthropometric
variables were measured in accordance with the Inter-
national Society for the Advancement of Kinanthro-
pometry (ISAK) protocol by a single certified expert
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(ISAK Level 2). A test-retest analysis was made to the
observer aiming to ensure an appropriate level of re-
liability. Using 10% of the full data, 3 trials were
tested and the reliability level of intraclass correla-
tion tested revealed a value of intraclass correlation
coefficient of 0.96, i.e. an excellent reliability level.

Lower limb length

The leg that kicked the ball was considered the
dominant leg. Limb length (from the anterior superior
iliac spine to the most distal portion of the medial
malleolus) was measured in centimetres for 3 trials
with a tape measure. The average of the 3 trials was
recorded. Leg length was used to normalize YBT ex-
cursion distances by dividing the average of 3 maximal
reaches by leg length and multiplying the result by 100
[23, 39].

Postural control measures

Static postural control was recorded by using a force
plate under 3 different conditions on a foam surface;
dynamic postural control was assessed by YBT with
anterior, posteromedial, and posterolateral reach di-
rections.

Static postural control

Static postural control under unstable conditions was
assessed by measuring COP fluctuations at 1000 Hz
with a force plate (Kistler, model 9260AA6). The par-
ticipants stood barefoot on a foam surface (density:
50 kg/m?; dimensions: 49 x 39 x 5.5 cm) placed on top
of a force plate. They completed three 30-second trials
under 3 different conditions: (a) quiet standing, eyes
open (EOFS); (b) quiet standing, eyes closed (ECFS);
and (c¢) quiet standing, eyes open, challenging the
visual-vestibular system (CVVS) (looking at light sig-
nals that changed 10 to 10 seconds: 1° eye level, 1.80 m
off the ground; 2° looking up, 3.60 m off the ground;
3° looking to the ground; 4° eye level). The participants
were given 1 minute of rest between the trials [36] and
1 minute of rest between the conditions [15]. The trial
order (i.e., EOFS, ECFS, CVVS) was randomized across
the subjects to reduce order effects [36]. Each individual
could select their preferred stance width [4] and was
instructed to stand quietly with their arms hanging
at the sides while they placed their head in a normal
forward-looking position and focused on a target lo-
cated at the eye level, approximately 3 m away [15].
Before testing, each participant performed one exper-
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imental practice trial for each condition, and then data
for 3 trials were collected for each condition. The aver-
age of the 3 trials was used for further analysis.

The force and torque signals were amplified (data
acquisition system type 5695B, Winterthur, Switzer-
land) and recorded with commercial software (Bio-
Ware, 2812A), which computed the COP time series
in the anteroposterior and mediolateral directions.
After filtering (fourth-order zero-lag 20 Hz low-pass
Butterworth filter), classical sway measures were com-
puted to assess the direction, distance, and velocity of
the COP trajectory, with greater values indicating poorer
balance. These measures included: sway area, de-
fined as the ellipse area that fits 95% of the COP data
points (cm?); total COP displacement, which represents
the overall anteroposterior and mediolateral move-
ment over 30 seconds (cm); and total mean velocity,
which signifies the total COP distance travelled in one
trial divided by the duration of the trial. Displacement
and mean velocity in the anteroposterior and mediolat-
eral directions were also computed. The length ver-
sus surface area parameter indicates the ratio of sta-
tokinesigram plot length to its area and assesses the
energy expended by the subject during the examina-
tion [40]. All sway measures were computed through
scripts written in the MATLAB code (R2013a, Math-
Works Inc., Natick, MA, USA).

Dynamic postural control

Each participant completed YBT for the anterior,
posteromedial, and posterolateral directions (Figure 1),
modelled in accordance with the methodology de-
scribed by Plisky et al. [39].

Demonstrations and verbal instruction were giv-
en to the subjects to inform them how the test should
be performed. YBT was evaluated with a commer-
cially available device (Octo Balance premium version
system, Check your MOtion, SKU 1008, Spain). While
the participants maintained a single-leg stance, the
free limb moved to reach the anterior, posteromedial,
and posterolateral directions (maximum possible reach)
in relation to the stance foot. The participant then re-
turned to a starting position without losing their bal-
ance [10, 39].

Each individual performed 4 experimental practice
trials (unaccounted tests) for each direction so that
they became comfortable performing the task. After
2 minutes of rest, each participant performed 3 test
trials in each direction (accounted tests) [10]. The av-
erage of 3 maximal reaches was calculated and re-
corded. A 10-second rest was provided between the
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1 2

Figure 1. Y Balance Test: (1) anterior reach direction; (2) posterolateral reach direction; (3) posteromedial reach direction

reach trials [7]. A trial was classified as invalid if the
participant removed their hands from their hips, did
not return to the starting position, or failed to main-
tain a unilateral stance on the platform (e.g., if they
placed the reach foot on the ground, raised or moved
the stance foot during the test, or kicked the plate with
the reach foot to gain distance) [7, 39, 41].

Statistical procedures

Descriptive statistics included mean, standard de-
viation, and 95% confidence interval values. The nor-
mality of the sample was tested by using the Kolmogo-
rov-Smirnov test. After confirming the assumption of
normality, one-way ANOVA was executed to test the
differences between the sexes in static and dynamic
balance tests for each condition (EOFS, ECFS, and
CVVS). For each condition, the Pearson product-mo-
ment (1) test was applied to assess the magnitudes of
correlations between YBT measures (anterior, pos-
teromedial, and posterolateral directions) and static
balance measures: ellipse area (EA), length versus sur-
face area (LVS), COP displacement anteroposterior
(DAP) and mediolateral (DML), mean velocity anter-
oposterior (VAP) and mediolateral (VML), total mean
velocity (T'V). The magnitudes of the correlations were
inferred on the basis of the following thresholds:
0.0-0.1, trivial; 0.1-0.3, small; 0.3-0.5, moderate;
0.5-0.7, large; 0.7-0.9, very large; > 0.9, nearly per-
fect [42].

The significance of all statistical tests was set at p
< 0.05. All statistical analyses were executed with
the SPSS statistical analysis software (version 25.0,
Chicago, USA).

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the lo-
cal ethical committee of the Polytechnic Institute of
Viana do Castelo, School of Sport and Leisure, with
the code number [PVC-ESDL180801.

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

Results

The baseline anthropometric characteristics of
the participants are presented in Table 1.

Males were taller than females and had a greater
body weight and lower body fat percentage (p < 0.05).

The descriptive statistics of the static balance test
and differences between the sexes are presented in
Table 2.

Males were significantly different (p < 0.05) than
females in terms of static balance measures for all con-
ditions (EOFS, ECFS, and CVVS). Females presented

Table 1. Baseline anthropometric characteristics of the studied population (mean + SD)

Category Age (years) Height (cm) Body weight (kg) Body fat (%)
Total (n = 77) 19.1 £ 1.1 170.2 £ 9.2 64.1 + 10.7 15.1 £5.6
Males (n = 48) 19.1 1.1 1752 +7.1* 68.5 + 10.4* 13.1 £5.1*
Females (n = 29) 19.0 £ 1.1 162.0 £ 5.9 56.9 + 6.4 18.4 +49

* significant differences between sexes (p < 0.05)
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Table 2. Descriptive statistics (mean = SD) of static balance test for the overall population and by sex

Cateco EA LVS DAP DML VAP VML vV

gory (cm?) (cm/cm?) (cm) (cm) (cm/s) (cm/s) (cm/s)
EOFS
Total 412 +1.82 1492 +540 25.37 +6.25 40.74 = 9.39 0.84 +£ 0.21 1.36 = 0.31 1.69 = 0.30
(n=177)
Males 415 +1.44 1499 £4.82 27.22 £ 6.56* 43.24 +9.29* 091 +0.22* 144 +0.31* 1.79 £ 0.29*
(n=48)
Females 4.06 =242 1478 +6.45 21.81 +3.60 35.96 + 7.68 0.70 £ 0.12 1.19 £ 0.26 1.50 + 0.21
(n=29)
ECFS
Total 524 +227 1426 £+5.72 3099 +996 57.13+16.82 1.05+0.35 1.90 £+ 0.56 2.38 £0.70
(n=177)
Males 5.63 +2.31 13.88 +5.51 33.51 +10.54* 62.76 + 17.00* 1.14 = 0.37* 2.09 £ 0.57* 2.61 £ 0.71*
(n=48)
Females 4.58 = 2.07 14.91 £6.14 26.69 = 7.23 47.53+11.49 0.89 +£0.24 1.58 £ 0.38 1.98 + 0.43
(n=29)
CVVS
Total 419 +1.69 13.66 +4.68 2482 +6.36 41.24 +9.70 0.83 = 0.22 1.37 £ 0.32 1.75 + 0.40
(n=177)
Males 455 + 1.70* 13.69 + 4.82 26.14 + 5.25* 43.87 £894* 0.88 +0.18* 1.46 +0.30* 1.86 + 0.35*
(n =48)
Females 3.57 = 1.51 13.60 +4.52 22.57 +7.48 36.79 + 947 0.75 £ 0.27 1.22 + 0.32 1.58 + 0.43
(n=29)

FS - foam surface, EO - eyes open, EC - eyes closed, CVVS - challenging the visual-vestibular system,
EA - ellipse area (sway area), LVS - length versus surface area, DAP - centre of pressure displacement anteroposterior,
DML - centre of pressure displacement mediolateral, VAP — mean velocity anteroposterior, VML — mean velocity mediolateral,

TV - total mean velocity
* significant differences between sexes (p < 0.05)

Table 3. Descriptive statistics (mean + SD) of the Y Balance Test for the overall population and by sex

Category A (cm) PM (cm) PL (cm)
Total (n = 77) 54.70 + 4.97 72.61 + 7.21 70.02 + 6.25
Males (n = 48) 54.25 + 4.99 73.75 + 7.28 71.54 = 5.83*
Females (n = 29) 55.44 + 4.93 70.73 + 6.81 67.49 + 6.20

A - anterior direction, PM - posteromedial direction, PL — posterolateral direction

* significant differences between sexes (p < 0.05)

a better stability index compared with males. Specifi-
cally, in EOFS, females improved 25% DAP (p = 0.01,
d = 0.96), 20% DML (p < 0.01, d = 0.83), 30% VAP
(p <0.01,d = 1.11), 21% VML (p < 0.01, d = 0.86),
19% TV (p < 0.01, d = 1.10) as compared with males.
In ECFS, the improvements were 26% DAP (p < 0.01,
d=0.72), 32% DML (p < 0.01, d = 1.00), 28% VAP
(p <0.01,d = 0.76), 32% VML (p < 0.01, d = 1.01), and
32% TV (p < 0.01, d = 1.02). In CVVS, they equalled
27% EA (p = 0.02, d = 0.60), 26% DAP (p = 0.02, d =
0.58), 19% DML (p < 0.01, d = 0.77), 17% VAP (p = 0.02,
d = 0.60), 20% VML (p < 0.01, d = 0.78), and 18% TV
(p=0.01,d = 0.73).
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The descriptive statistics of the dynamic balance
test are presented in Table 3.

Males were significantly different (p < 0.05) than
females in terms of YBT test results only for the pos-
terolateral direction (Table 3). Males presented 6%
better performance in YBT posterolateral than females
(p =0.01, d = 0.68).

The magnitudes of correlations between YBT meas-
ures and static balance measures under different un-
stable conditions were also assessed, first for the par-
ticipants overall and then by sex (Figure 2).

No large correlations were found between YBT
and static balance measures for the EOFS condition
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(Figure 2-1) or the ECFS condition (Figure 2-2). Large
positive correlations were observed between YBT an-
terior direction and EA in women [r = 0.54 (0.19; 0.77)]
for the CVVS condition (Figure 2-3A).

Discussion

This study aimed to compare the static and dynamic
balance of men and women and to analyse the rela-
tionship between static and dynamic balance meas-
ures. Females presented better stability indices than
males under all conditions, and small to moderate
correlations were found between static and dynamic
balance.

Despite the inconsistency of previously reported
results, most recent studies have shown that men and
women differ in terms of balance. Females seem to
have better static balance control than males in antero-
posterior and mediolateral stability indices [31-33, 43].
Our data are consistent with previous literature, as
female participants presented lower COP displacement
and velocity COP displacement values than men in all
conditions (EOFS, ECFS, and CVVS), which reflects
a better stability index. This observation could be due
to anthropometric factors (postural balance seems more
influenced by anthropometric factors in men) [43],
neuromuscular factors (flexibility/mobility), neuro-
physiologic factors (processing of inferences); a reason
may also be that women often wear high heels, which
constantly challenges their balance [32].

However, our observations were different for dy-
namic balance control. Specifically, YBT assessment
revealed that males performed better than females but
only in the posterolateral reach direction. This is not
consistent with the findings by Ericksen and Gribble
[44], who showed that women demonstrated greater
reach distances for anterior, medial, and posterior reach-
es in SEBT. The difference between the 2 studies can
perhaps be explained by the fact that Ericksen and
Gribble [44] utilized medial and posterior reaches in
SEBT, whereas the present study considered the pos-
teromedial and posterolateral reach directions. To
the best of our knowledge, no authors have previously
compared the reaches of young adult men and wom-
en in the anterior, posteromedial, and posterolateral
directions.

Previous literature reports a relationship between
static and dynamic balance [27-29, 45]. For example,
Karimi and Solomonidis [27] concluded that there
was no significant correlation between static and dy-
namic stability parameters. This is because static
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balance tests assess the stability of participants while
in a quiet standing position; meanwhile, dynamic bal-
ance tests are more specific and challenging than static
tests. The authors suggest that static test performance
does not reflect balance task performance [27].

Additionally, Sell [28] examined the relationship
and differences between static and dynamic postural
stability in healthy, physically active adults. A lack of
correlation between static and dynamic balance was
found, and the dynamic postural stability scores were
significantly higher than static postural stability scores.
Dynamic balance tests seem to be more challenging
than static balance tests, which could explain the weak
relationship between the 2 types of tests [28].

Furthermore, Kim et al. [29] verified the differences
between the static and dynamic stability of partici-
pants with flexible flatfeet and neutral feet. No rela-
tionship was observed between COP speed and YBT
scores in either group. In another work, Pau et al. [45]
analysed young adults and professional elite soccer
players and arrived at the same conclusions (i.e., there
was no significant correlation between static and dy-
namic balance parameters).

Generally, our data show small to moderate cor-
relations between static and dynamic postural balance
test performance, which is consistent with most pre-
vious research involving active young adults [27, 28]
and young athletes [45]. The present results suggest
that static balance assessments involving a force plate
(with an unstable surface and challenging the visual-
vestibular system) seem to differ from YBT assessments
of cognitive and motor skills. This difference might be
because static and dynamic balance are regulated by
different mechanisms [27-29, 45]. In fact, although
YBT has been considered a reliable instrument for
assessing dynamic balance, some studies have reported
that this test requires strength, proprioception, and
joint mobility in addition to balance [39].

Another possible reason for the present result is re-
lated to the different requirements concerning muscle
strength and muscular activation to perform static and
dynamic tests. It seems that to maintain body control
during YBT (which involves anterior, posteromedial,
and posterolateral maximal reaches), participants
need neuromuscular control, which is gained through
proper joint positioning and proper strength in the
principal musculature [23, 46]. Additionally, during
a static postural control task, the objective is to mini-
mize COP displacement, which is derivative of the ver-
tical ground reaction force [23, 46]. Meanwhile, the
goal of YBT is to assess dynamic postural control by
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forcing participants to disturb their balance as they
try to reach maximum distances while maintaining
unilateral support [23, 46].

YBT movement patterns differ from the movements
carried out during everyday activities [46], as people
do not commonly challenge their balance to the joint
range of motion required during YBT. In fact, these
static and dynamic tests seem to be different, as they
require different skills. YBT is considered a dynamic
balance test that demands specific skills that differ
from those inherent in the static balance test.

The present data also showed a large and positive
correlation between the YBT anterior direction and
sway area for the CVVS condition in females. No other
significant correlations were found between static and
dynamic balance in males or females. This observation
suggests that females with higher performance in YBT
anterior (i.e., females with better dynamic balance)
tend to present higher values in the sway area (i.e.,
they have weaker static balance) when instructed to
move their head to challenge their visual-vestibular
system.

The lack of previous evidence from studies with
a similar objective makes it difficult to provide a gen-
eral discussion of the results.

Limitations of the study
and future directions

There are several limitations in the present study.
The sample was composed of active young adults with
different sports experiences. Therefore, before the static
and dynamic balance assessment, it would be impor-
tant to characterize the type, frequency, and inten-
sity of the sports activity, as well as divide the partici-
pants in accordance with these factors.

The study investigated the relationship between
static and dynamic balance. For the static balance as-
sessment, the subjects performed the test with bipedal
support, and for YBT, they were forced to use unipedal
support. This may bias the results and discussion as
the lower-extremity, trunk, and core muscular acti-
vation and joint stability/mobility during each YBT
direction reach was not controlled. It should be inter-
esting to investigate the differences between YBT
measures in muscular activation and joint stability/
mobility in the same sample (young adults undertak-
ing sports activity). Also, it will be noteworthy to verify
the influence of mobility program training on the YBT
performance, and the influence or contributions of
the proximal and distal joints range of motion.

Practical applications
and study relevance implications

- The balance and postural control assessment can
help to understand why balance disorders occur and
how to prevent injuries.

— The small to moderate correlations between static
and dynamic measures of balance and postural con-
trol indicate that people present different responses
when attempting to maintain postural balance sta-
bility. Static and dynamic balance appear to be inde-
pendent of each other; thus, they might need to be test-
ed and trained complementarily. Dynamic balance
tests seem to be more specific and challenging than
static tests, particularly for young adults.

- Static and dynamic balance measures are useful
for assessing both balance and postural control. How-
ever, we suggest that tests should be carefully chosen
to ensure that they are appropriate for the study pop-
ulation of interest.

Conclusions

This study reveals small to moderate correlations
between static and dynamic measures of balance and
postural control, suggesting a weak relationship be-
tween static and dynamic balance test performance.

However, the positive correlation between YBT and
sway area implies that females with high YBT ante-
rior performance (i.e., good dynamic balance) tend to
present a greater sway area (i.e., poor static balance)
when instructed to move their head and challenge
their visual-vestibular system.
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ABSTRACT

Purpose. The aim of the study was to detect the immediate and late effects of using a smartphone for 30 consecutive minutes
on dynamic balance in healthy adolescents.

Methods. Overall, 96 healthy adolescents of both genders, aged 15-18 years, were randomly assigned to the study and the
control group. The subjects in the study group used a smartphone for 30 consecutive minutes; smartphones were not allowed
in the control group. A Biodex system was used to assess the dynamic balance initially, as well as immediately after and
1 hour after the intervention.

Results. MANOVA test revealed that there were statistically significant differences in the overall stability index and an-
teroposterior stability index (p = 0.002 and 0.04, respectively), with a statistically insignificant difference in the mediolat-
eral stability index (p = 0.46) within the study group. Significant differences were observed in the immediate measurements
of both overall stability index and anteroposterior stability index (p = 0.0001 and 0.03, respectively), while statistically
insignificant differences were noted in the measurements of mediolateral stability index between the groups.
Conclusions. The dynamic balance decreased after 30 consecutive minutes of smartphone use, so care should be taken to
avoid accidents while walking or performing other daily activities. This effect, however, disappeared 1 hour later.

Key words: smartphone, dynamic balance, adolescent

Introduction

The smartphone has already become a part of ado-
lescents’ daily life; it offers many conveniences, but
its negative effects should not be overlooked. Adoles-
cents turn out to be habitually dependent on smart-
phones and when they do not use them, they feel nerv-
ous [1]. Smartphone usage influences clients both
physically and mentally. A longer span of smartphone
use causes a consistent mechanical load on the mus-
cles and ligaments, which can result in musculoskel-

etal side effects as undeniable irritation of neck and
shoulders because of expanded pressure brought about
by a persistently forward neck posture [2].

The increase in the using rate of a smartphone,
especially at young age, constitutes a high-risk factor
for many physical health problems. Several symptoms
reported at follow-up were greatest among smart-
phone users; these include visual exhaustion, myalgia,
neural brokenness, tension, visual and auditory inat-
tentions [3-6]. Adolescents can be more vulnerable to
the adverse effects of smartphone use because they are
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uncritically receptive and easily adapted to new tech-
nologies, which can cause addictions similar to those
of substances [7].

The balance study is essential for different ages,
genders, races, and athletic abilities. Good posture,
including static and dynamic balance, is very impor-
tant for the adequate performance of many daily ba-
sic and recreational activities, so any balance altera-
tions may lead to difficulties in the activates of daily
living [8].

Different methods have been developed to assess
posture stability, starting from the Timed Up and Go
test, implemented by Mathias in 1986, which consti-
tutes the shortest, simplest clinical balance test, though
itis less objective [9]. After that, a forward-reaching test
was used to assess the dynamic balance by measur-
ing the maximum distance of reaching forward with
either an arm or foot while remaining stable. That
was followed by arm raising tests to measure a per-
son’s ability to maintain balance when raising and
lowering the arms [10]. Another developed test to as-
sess dynamic stability was the stepping test: the sub-
ject is asked to step a foot on and off a block as many
times as possible in a detected time [10].

The methods of postural stability assessment should
consider the effort needed to maintain the stability of
dynamic balance. The total value of the stabilizing
torque must counteract the destabilizing torque due
to gravity in quiet standing [11]. The NeuroCom pos-
tural stability balance master systems have low to
moderate reliability outcomes in measuring dynamic
balance [12] but the assessment of postural stability
with the Biodex Balance System constitutes the best
selection for dynamic balance evaluation as it provides
a valid, reliable, and repeatable objective assessment
of balance on stable and unstable surfaces; it is also
applied for training services. The device offers visual
feedback of a patient’s ability to control the body pos-
ture and enhance regaining the balance [13].

Another method to evaluate dynamic balance is
the wobble board, which offers different biomechani-
cal and neuromuscular control strategies that are more
significant than balance tests on a firm surface. Dif-
ferences in control strategies have implications for the
understanding of various rehabilitation programs
mechanisms [14]. In addition, balance performance
measurement methods include static and dynamic
balance tests in upright position standing which con-
sider anthropometric characteristics, sex, and lower
limb strength; these differently influence the Y Balance
Test measures, regardless of limb dominance. The

static and dynamic balances have been determined
bilaterally by the Single Leg Stance Balance Test and
the Star Excursion Balance Test, respectively. The lat-
ter provides scores for the anterior, posterolateral, and
posteromedial directions, as well as an overall com-
posite score [15].

Proper dynamic balance control is the basis in the
achievement of motor skills. It mainly involves multiple
strategies to minimize the displacements of the centre
of gravity; these strategies are needed for numerous
daily activities [16]. Many previous studies have dis-
cussed the effects of smartphone use on neck pain,
cervical posture, muscle fatigue, gait, and many other
aspects [17-19], but limited research has referred to
the influence on dynamic balance and, to our knowl-
edge, there are no studies concerning adolescents.
Therefore, this study aimed to investigate the influ-
ence of smartphone use on dynamic balance in healthy
adolescents. It was hypothesized that there was no in-
fluence (immediate or late) of smartphone use on dy-
namic balance in healthy adolescents.

Material and methods
Participants

A randomized controlled trial was conducted be-
tween August 2019 and October 2019 at the Labora-
tory of Biomechanics, Faculty of Physical Therapy,
Modern University for Technology and Information,
Cairo, Egypt. A total of 96 healthy adolescents of both
genders (36 males and 60 females) participated in the
study; they were recruited through online social media.
The inclusion criteria involved age of 15-18 years, nor-
mal body mass index in accordance with the growth
chart [20], and having been a smartphone user for at
least 1 year. Excluded were all subjects who had a his-
tory of a disease affecting balance or neuromuscular
control (cerebellum, basal ganglia, middle ear, proprio-
ceptors), a musculoskeletal disorder, or even a com-
plaint about any lower limb weakness. Each participant
received a verbal explanation of all test procedures
and applied them once before starting the proper test
to become familiar with them. The subjects were ran-
domly assigned, by coin tossing, to 2 groups (study and
control group) (Figure 1).

Procedures

A Biodex system (Biodex Medical Systems Inc.,
Shirley, NY, USA, serial no: 13020193) was used for
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Assessed for eligibility (n = 100)

Excluded (n =4)
| +2 had a recent ankle sprain

« 2 had BMI exceeding
the norm for age and sex

Randomized (n = 96)

Allocation

/\

Study group
(n =47, 19 males and 28 females)

Control group
(n =49, 17 males and 32 females)

1 assessment

A4

A4

Participants underwent 1* postural
stability test (pre-test) (n = 47)

Participants underwent 1* postural
stability test (pre-test) (n = 49)

2" assessment

A4

v

Participants used a smartphone
for 30 consecutive minutes
for writing, reading, or playing a game;
then underwent the 2™ postural stability
test immediately (n = 47)

Participants were not allowed
to use a smartphone
for 30 consecutive minutes;
then underwent the 2™ postural
stability test immediately (n = 49)

3" assessment

A4

A4

Participants were not allowed to use
a smartphone for an hour until applying
the 3" postural stability test
(late test) (n = 47)

Participants were still not allowed to use
a smartphone for an hour until applying
the 3" postural stability test
(late test) (n = 49)

An

alysis

A 4

v

Study group (n = 47)
Completed the analysis

Control group (n = 49)
Completed the analysis

Figure 1. The study flow chart

dynamic balance assessment. The components of Bio-
dex include a circular foot platform with a diameter
of 21.5 inches which permits 20° tilting in all direc-
tions, a height-adjustable screen, height support rails,
and a printer. The device allows static balance meas-
urements plus 12 levels of dynamic balance measure-
ments. Dynamic balance was assessed by the ability
to control the tilting angle of the Biodex platform,
which was reported as a stability index including the
anteroposterior stability index (APSI), the mediolateral
stability index (MLSI), and the overall stability index
(OSI). Increasing values of the indices demonstrate
a significant amount of sway, which implies a balance
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problem [21]. The Biodex system constitutes a valid
and reliable objective measurement tool for dynamic
balance assessment [22]. Regarding the smartphone,
Galaxy Note 3 (SM-N900S, Samsung Electronics Co.,
Ltd., Seoul, Korea) was used (with Internet access con-
nection).

The test procedures started by entering the partici-
pant’s personal data (name, age, and height); then, the
subject was asked to stand barefoot on the Biodex
platform. After selecting the postural stability test,
the level of stability was adjusted at the sixth level for
30 seconds (test period). When starting the test, the
participant was asked to control their balance as much
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Table 3. Pairwise comparisons

Mean difference

Slandered

95% confidence interval
for difference

Time X Time Y (X-Y) error P
Lower bound  Upper bound
Pre-intervention Immediate 0.37* 0.03 <0.001 0.31 0.43
Late 0.36* 0.02 <0.001 0.32 0.41
Immediate Late -0.012 0.02 0.560 -0.06 0.03

* p <0.05

committee of the Faculty of Physical Therapy, Cairo
University, Egypt (No. PT.REC/012/002420). The study
has been registered in the Pan African Clinical Trials
Registry (No. PACTR201908659527420.

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study and their legal guardians.

Results
General demographic data

The mean age, body mass index, weight (males and
females), height (males and females), and duration of
smartphone use (+ standard deviation) revealed that
there were statistically insignificant differences be-
tween groups (¢t = 0.18, 0.61, 0.17, 0.06, 0.78, 0.41,
and 0.43; p = 0.86, 0.55, 0.87, 0.95, 0.45, 0.69, and
0.67, respectively) (Table 1).

Postural stability test

There were significant effects of groups and meas-
urements (p = 0.0001, F=132.88; p=0.0001, F=68.39,
respectively, with hypothesis degree of freedom = 2).
An insignificant interaction was observed between
groups and measurements (p = 0.19, F = 1.75). The
intra-group comparisons in the study group showed
statistically significant differences in both OSI and
APSI (p = 0.002 and 0.04, respectively) and a statis-
tically insignificant difference in MLSI (p = 0.46).

All postural stability indices (OSI, APSI, and MLSI)
presented statistically insignificant differences (p = 0.2,
0.61, and 0.5, respectively) within the control group.

The inter-group comparisons of both OSI and APSI
revealed statistically insignificant differences in the
pre-intervention and late measurements (p = 1, 0.18,
0.71, 0.19, 1, and 1, respectively). There were signifi-
cant differences in the immediate measurements of
both OSI and APSI (p = 0.0001 and 0.03, respectively)
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and a statistically insignificant difference in MLSI
(p = 1). Partial eta squared was used to detect the
effect size and it was found to be large for both OSI
and APSI (i’ = 0.88 and 0.64, respectively), while it
was small for MLSI (n* = 0.08) (Table 2).

Post-hoc least significant difference

Pairwise comparisons showed statistically signif-
icant differences between the pre-intervention meas-
urement and both the immediate and late measure-
ments (p < 0.001 for both). There was a statistically
insignificant difference between the immediate and
late measurements (p = 0.56) (Table 3).

Discussion

The study showed statistically significant differ-
ences in both OSI and APSI (p = 0.002 and 0.04,
respectively), as well as a statistically insignificant
difference in MLSI (p = 0.46) within the study group.
Statistically insignificant differences were observed
in all postural stability indices (OSI, APSI, and MLSI;
p = 0.2, 0.61, and 0.5, respectively) within the con-
trol group. The study also revealed statistically insig-
nificant differences in the pre-intervention and late
measurements (p = 1, 0.18, 0.71, 0.19, 1, and 1, respec-
tively) for all postural stability indices, while there
were statistically significant differences in the imme-
diate measurements of both OSTand APSI (p = 0.0001
and 0.03, respectively) and a statistically insignifi-
cant difference for MLSI (p > 0.05).

Regarding the significant decrease of OSI and APSI
in the study group immediately after the smartphone
use and the disappearance of this negative effect af-
ter 1 hour, these detected changes in the dynamic bal-
ance may be due to the influence of the smartphone
on the information that flows through the interacting
vestibular system, visual and proprioception infor-
mation in the central nervous system [23]. Also, the
electromagnetic waves of the smartphone result in
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a balance disturbance that occurs owing to the affec-
tion of visual and auditory factors. Because the afferent
information required for normal body balance depends
on superficial sensory perception and proprioception,
any loss in these different body structures leads to in-
creasing posture sway [19, 24].

The present study revealed statistically significant
differences between the study and control groups in
both OSI and APSI in the immediate measurements.
These findings confirm that using the smartphone re-
sults in postural adjustments of neck and shoulder.
This was discussed by Brown and Palvia [25], who
concluded that neck pain and muscle tension after
a smartphone use could change the sensitivity of neck
proprioception as a result of muscle fatigue and in-
creased loading of the neck and shoulder muscles due
to the repeated motions of hands, wrists, and arms,
all these factors affecting dynamic balance ability. The
significant affection of the balance score in smartphone
users may also be attributed to a disturbing cervical
afferent function. Sustained muscle tension changes
the sensitivity of neck proprioception, which affects
the dynamic balance ability and increases posture
sway [26]. A previous study found that cervical muscle
fatigue caused a decrease in the dynamic balance ow-
ing to enhanced muscle spindle discharge, which oc-
curred with muscle fatigue and obstructed the afferent
feedback input to the central nervous system; this
brought about changes in the proprioceptive and ki-
naesthetic properties of joints, which had a negative
effect on the postural control ability [27].

Furthermore, Roy [28] showed that the major cause
of balance alteration after an isometric contraction of
cervical muscles appeared to be proprioceptive inter-
ference, which in turn increased the velocity of sway
during quiet standing. Suboccipital muscle fatigue may
change balance because of the activation of tonic gam-
ma motor neurons due to the accumulation of metabo-
lites during muscle contraction. The accumulation of
potassium, as well as arachidonic and lactic acids leads
to positive feedback, increased excitation of muscle
spindles, and gamma motor system hyperactivity.

The study findings agreed with those presented by
Cho et al. [29], who observed that using a smartphone
could increase the instability of the dynamic postural
balance. Therefore, smartphone use in such situations
as walking or driving a vehicle should be discouraged.
Also, Lamberg and Muratori [30] indicated that smart-
phone use had negative effects on gait pattern and pa-
rameters, as it decreased walking speed by 33% and
increased lateral deviation during gait by 61% owing
to reduced concentration.

Surprisingly, the current study revealed a signifi-
cant immediate influence of smartphone use on OSI
and APSI; there was also an insignificant influence
on MLSI. This can be explained by the fact that bal-
ance is a complex motor control task involving the
detection and integration of sensory information to
assess the position and motion of the body in space
and the execution of appropriate musculoskeletal re-
sponses to control body position within the context of
the environment and task. Thus, balance control re-
quires the interaction of the nervous and musculo-
skeletal systems and contextual effects [31, 32]. Al-
though all the significant influences of the smartphone
use on the dynamic balance appeared immediately,
all disappeared after 1 hour, which implies that this
impact is transient and improves through the inter-
action of body components, which helps to maintain
balance by sensory detection of body motion (visual,
vestibular, and somatosensory inputs), integration of
sensorimotor information within the central nervous
system, and execution of musculoskeletal responses
[19, 33].

In contrast with the results found regarding mobile
device use, researches examining the relation between
physical activity, posture stability, and phone usage re-
ported negative associations between mobile device use
and physical activity: greater mobile device or appli-
cation use was associated with declined physical ac-
tivity and posture stability [34, 35]. Dual tasking while
using different functions of a smartphone is wide-
spread in the social life; it reduces the cognitive ability
and thus affects postural control [36].

In addition, dynamic balance decreased in all 3 di-
rections while playing games, sending messages, Web
surfing, and listening to music using a smartphone.
Playing games decreased cognitive ability most signifi-
cantly, which resulted in the greatest decrease in dy-
namic balance. This was followed by sending a mes-
sage, Web surfing, and listening to music [16].

Therefore, the hypothesis of immediate effect was
rejected because the smartphone decreased the dy-
namic balance, while the hypothesis of late effect was
accepted because the immediate decrease of dynamic
balance was transient and the balance was regained
an hour after smartphone use. Smartphone users
should not perform activities that need a good bal-
ance immediately after using their smartphones for
a long period (30 minutes). Also, trainers and sports
educators should inform athletes to stop using their
smartphones directly before sports activity as it could
affect their dynamic balance during the participation
in different sports.
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Limitations

Limiting the study sample size to only 96 subjects
may affect generalization. The study is also limited to
a specific age (adolescent) and to 30 minutes of smart-
phone activities, so more research is needed for dif-
ferent ages and periods of using a smartphone (shorter
and longer than the investigated 30 minutes).

Conclusions

From the obtained results of this study, we conclude
that dynamic balance could be decreased immedi-
ately after 30 consecutive minutes of using a smart-
phone for reading, writing, or playing games. Care
should be thus taken to avoid any accidents while
walking, sports participation, or other daily activities.
This negative effect on dynamic balance can, however,
disappear after 1 hour.
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ABSTRACT
Purpose. This study aimed to verify the reliability of estimating ballet dancers’ postural stability during the unshod and
the en pointe relevé position with a smartphone application
Methods. The participants (13 ballet dancers, 22.4 + 2.5 years of age) were tested in the unshod and the en pointe relevé
position (YMED Balance Test application, smartphone secured at the L5 level for centre of mass approximation, 10 trials for
each condition, 10 seconds per trial, 2-minute intertrial break, arms relaxed at bodyside, gaze fixated at an eye-level target,
preferred feet width and orientation). Paired t-tests examined the inter-condition differences. Relative (intraclass correlation
coefficient, ICC) and absolute (standard error of measurement, SEM, SEM%) reliability indices (for accumulated and paired
trials) were computed for each condition (SPSS software v. 26.0, p < 0.05).
Results. The total balance score and all centre of mass spatial measures indicated worse postural stability in the en pointe
condition (p < 0.05), with no significant temporal differences (p > 0.05). The total body balance score was the most reliable
measure (good to excellent ICCs, low to moderate SEM%) with a minimum of 8 trials ensuring reliability in both the unshod
and the en pointe relevé positions.
Conclusions. Taken a minimum of 8 trials and the measure of total balance score, we may obtain a reliable estimation
of ballet dancers’ postural stability in the unshod and the en pointe relevé position by using the YMED Balance Test smart-
phone application.
Key words: balance, centre of mass, tip-toe stance, accelerometer, inertial sensors

Introduction The gold standard of postural stability evaluation in
a laboratory setting is the force plate in general popu-

The postural stability of ballet dancers has been
evaluated in a variety of stances [1-5]. The en pointe
relevé position is an ultimate postural stability chal-
lenge for ballet dancers owing to the extreme ankle
joint configuration (full plantar flexion) [6], which
together with the very small base of support provided
by the pointe shoes induces a very sensitive equilibrium
and an increased falling risk [1]. Nevertheless, the en
pointe relevé position is not common among the rele-
vant postural stability studies in ballet dancers. Evalu-
ation of ballet dancers’ postural stability in the en pointe
relevé position allows to determine the skill level and
may contribute to specified training technical recom-
mendations [2].

lation studies [7] but also among ballet dancers [2, 5],
followed by elaborated motion capture systems [6, 8, 9].
Inrecent years, wearable sensors based on miniaturized
inertial measurement units (typically including accel-
erometers and gyroscopes) have increasingly been used
in postural stability studies [7, 10-12], ballet dancers
studies inclusive [3, 13].

Although the laboratory devices provide a state-of-
the-art quantitative evaluation of postural stability, they
involve a high cost in both money and time, the evalu-
ation procedure is complex, and a field setting is often
not applicable because of the limited portability of the
devices [14-16]. Smartphones can be regarded as a solu-
tion for overcoming the limitations of laboratory-based
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assessments. Portability, together with their built-in ac-
celerometers, have turned smartphones into a major
potential for objective and convenient (easy, portable,
and affordable) postural stability assessment in a field
setting [14, 16-18]. In such a case, the reliability of the
smartphone application itself, as well as of the par-
ticular standing position and the examinee specificity
remains an issue of concern [9, 15, 17]. Thus, the pur-
pose of this study was to evaluate the reliability of
determining ballet dancers’ postural stability during
the unshod and the en pointe relevé position by using
a smartphone application.

Material and methods
Sample

Thirteen young women (age: 22.4 + 2.5 years, body
height: 162.6 + 5.95 cm, body mass: 54.62 + 8.03 kg)
experienced in classic ballet dance (11.8 = 4.1 years),
as well as in the en pointe relevé position (5.6 = 3.1
years) participated in the study. They all used their reg-
ular pointe shoes as the time of use does not appear to
affect stability [19]. The participants were free of mus-
culoskeletal injuries or vestibular disorders that would
potentially affect their postural stability.

Smartphone application

The YMED Balance Test application for an Android-
based smartphone (Xiaomi Redmi Note 5, released in
February 2018, https://www.mi.com/global/redmi-
note-5/specs/) was used in the present study. The Xi-
aomi Redmi Note 5 smartphone has an accelerometer
sensor resolution at 0.0024 m/s?, which is a common
one among the smartphone accelerometer sensors
(https://phyphox.org/sensordb/). The application (de-
veloped in 2012 by Physiotools YMED, http://physio-
tool.blogspot.com/2011/) uses only the accelerometer
sensor embedded in smartphones and is available from
the Google Play Store (https://play.google.com/store/
apps/details?id=com.hyunc.rehatrain.balancecheck
&hl=el&gl=US).

The YMED Balance Test was selected from among
3 smartphone applications (Balance Test, Sway, and
YMED Balance Test) [17]. The selection criteria were
the low cost together with the specificity of the offered
tasks, which allows the assessment of static postural
stability through an easy and non-expensive software
acquisition. Specifically, among the 3 smartphone ap-
plications, the Balance Test by Slani is free of cost but
designed as a balance board test, and the Sway has

to be paid by a minimum of 50 profiles per year ($4.50
per profile) [17]. Instead, the YMED Balance Test can
be used completely through a final $8.00 payment,
without having to pay again in the future [17]. Fur-
thermore, it is reported to provide values of moderate
to high relative reliability with intraclass correlation
coefficients (ICCs) ranging from 0.62 to 0.91 [17], and
has been validated against the Biodex Stability System
with a rather low systematic error at 0.01-0.08 [15].

Data collection procedure

The YMED Balance Test offers 4 types of tasks (ves-
tibule, sitting, knee, balance board) with a 10-second
data collection period. In their validation study against
the Biodex Stability System, Park et al. [15] report its
sampling frequency as 1 dot every 60 ms and 1000
dots per minute, which infers a sampling frequency
of 16.6 Hz. Since its first release in 2012 (personal
communication with the developer at yhc0869@han-
mail.net), the YMED Balance Test has been updated
and the sampling frequency is 100 Hz (resulting in
1000 dots for the standardized 10-second sampling
duration). The calibration of the accelerometer sensor
of the smartphone was tested by using the RedPi Apps
Tools (available from the Google Play Store at https://
play.google.com/store/apps/details?id=redpi.apps.ac
celerometercalibrationfree&hl=en&gl=US). Also, the
procedures described by Ma et al. [20] were applied for
static bias testing.

The vestibule task of the YMED Balance Test was
used in both the unshod and the en pointe relevé con-
ditions. Data collection began via the start button, ini-
tiating the 5-second zeroing calibration procedure (ac-
companied with a visual 5-4-3-2-1-START countdown),
which is immediately followed by the 10-second data
collection. The first centre of mass (CoM) point imme-
diately after the completion of the 5-second calibration
procedure defines the zero CoM position (personal com-
munication with the developer). After data collection,
a report is saved on the mobile phone including the
total balance score, as well as octadrant-based direc-
tional variables (Figure 1D). In both the unshod and
the en pointe conditions, 3 familiarization trials were
allowed per condition. Ten trials were performed in each
condition (2-minute break among trials, 5-minute
break before the main data collection procedure). In
case the participants failed to maintain their relevé po-
sition throughout the 10-second data collection period,
the trial was repeated. The subjects were instructed
to stand in front of a ballet bar (typical height), place
their hands on the bar, and remain in full contact
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SR SRt

Total Balance Score YMED report =

D 999.1 577.3 Fointe. .,
base

Directional Variables YMED repott

Figure. 1. Illustration of the unshod (A) and the en pointe (B) relevé stance, as well as the smartphone placement (C)

To ensure the same feet repositioning in all trials, a piece of paper secured on the floor surface was used to outline
the base of support. Panel D shows extracts of the YMED Balance Test reports saved in the smartphone for the total
balance score (1 decimal point resolution), as well as for the directional variables of the sum (cm), the maximum (cm)
(2 decimal points resolution), and the time percentage (% ttotal, decimal point resolution, 100% = 10-second data
collection duration). Red font indicates the octadrant where the peak directional values were recorded. Panel E illustrates
the base of support outline for a representative participant (to facilitate visualization, the dotted lines indicate the full
floor contact). Panel F presents the original directional octadrants (Oct) in which the YMED Balance Test provides
the spatial and temporal directional variables of the centre of mass point displacement, and the directional quartiles
(Q) used to facilitate the conceptualization of the centre of mass orientation results.
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Figure 2. Participants’ responses to the 4-point Likert scale concerning postural stability and perceived fatigue
immediately after each trial of the unshod (grey bars) and the en pointe (black bars) relevé conditions

with the floor until instructed to adopt the relevé po-
sition. After adopting the relevé position (Figure 1A, B),
a vocal cue informed them to slowly release the bar and
relax their arms at the side of their body just before the
calibration initiation (a vocal instruction was provided
for gaze fixation on a target in front of them, at eye level).
The mobile phone was securely positioned (narrow
elastic ring band) on the dorsal body surface at the O5
level (i.e., approximating the CoM position) (Figure 1C).
In both the unshod and the en pointe condition, the pe-
rimeter of the initial feet placement (preferred width
and orientation) was outlined on a piece of paper se-
cured on the floor, to ensure the same feet reposition-
ing in all trials (Figure 1E).

After each one of the trials, all participants rated
their postural stability and sense of fatigue using
a 4-point Likert scale. The ratings (Figure 2) indicated
that the postural stability in the en pointe relevé was
about 50% lower than in the unshod relevé. Despite an
increasing trend after the 6™ trial in the en pointe rel-
evé, the fatigue ratings did not exceed the low level.
Overall, the Likert scale ratings allow the inference of
no learning or fatigue effect along with the 10 trials in
both the unshod and the en pointe relevé. The presence
of a learning and/or fatigue effect was further exam-
ined through statistical procedures; these are described
in the statistics section and their outcomes are pre-
sented in the results section.

Variables
The YMED Balance Test provides a total postural

stability estimation (total balance score with 1 decimal
point resolution) ranging from 0 to 1000 (0: worst bal-

ance, 1000: best balance). The YMED Balance Test (per-
sonal communication with the developer) estimates
the total balance score from the CoM point displace-
ment within 10 concentric circular zones, with zero
CoM position defining the centre of the concentric cir-
cular zones, and the inner and outer zone indicating
the better and the worse stability, respectively. It also
provides spatial and temporal data for the CoM point
orientation within octadrant zones, that is, the sum of
the CoM point displacements (cm, 2 decimal points
resolution), the maximum CoM point displacement
(cm, 2 decimal points resolution), and the time percent-
age of the CoM point displacement (% ttotal, 10 s =
100%, 1 decimal point resolution), in each of the 8 oc-
tadrants. The 10-trial average consisted of the value
of the balance score, as well as of the octadrant spa-
tial and temporal values of the CoM point displace-
ment. For conceptual facilitation of the CoM orienta-
tion, the octadrant values (Octl, Oct2, Oct3, Oct4, Oct5,
Oct6, Oct7, Oct8) were summed into quartile values
indicating the anterior (Q1 = Octl + Oct2), rightwards
(Q2 = Oct3 + Oct4), posterior (Q3 = Oct5 + Oct6), and
leftwards (Q4 = Oct7 + Oct8) CoM point displacement
(Figure 1F).

Statistical analysis

The statistical analysis included paired t-tests be-
tween the unshod and the en pointe relevé conditions,
with the 10-trial average constituting the individual
value (respectively for each of the examined variables)
inserted in the statistical analysis. Data normality was
not tested as with less than 30 cases such a test is not
actually of usefulness, and a similar or even lower
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number of cases is not uncommon in other relevant
studies (n =15 [7], n =10 [21], n = 10 [22], n = 5 [23]).
However, we applied the Spearman-Brown prophecy
formula [24] to estimate the number of measurements
(k) necessary to achieve the desired level of optimal re-
liability (Ry):

k=[R*(1 - BRI/ IR*1 - Ry

The application of this formula in our study, with
the desired level of reliability (Ry) set at 0.70, 0.80 and
with R being the value of the intraclass correlation co-
efficient (ICC) for the reliability between the 1* and
2™ trial (R = 0.20 and R = 0.80 for the unshod and
the en pointe, respectively), led to confirming the use
of at least 9 trials in the unshod and just 2 trials in
the en pointe relevé in this respect. As we aimed at a
balanced design, we finally chose 10 trials for both
relevé conditions.

Relative and absolute reliability measures were ap-
plied separately in the unshod and the en pointe relevé
conditions. There are several forms of the ICC [25],
but considering that the reliability that is in question
concerns absolute agreement, the 2-way random effects
absolute agreement method, also known as ICC(2,1),
was the most appropriate for the present study [21].
The ICC’s upper and lower bounds of their 95% con-
fidence interval were also extracted. Relative reliability
was classified in accordance with Fleiss [26] (ICC >
0.75: excellent, ICC between 0.40 and 0.75: fair to
good, ICC < 0.40: poor). Absolute reliability was esti-
mated by using the standard error of measurement
(SEM) and the percentage SEM (SEM%). SEM accounts
for the within-subject variability, assesses how pre-
cisely a test measures a subject’s true value, has the
same units as the measure of interest, and is not sen-
sitive to the between-subject variability of the data.
Thus SEM, indicates the expected variation in observed
values that occurs owing to the measurement error
(if reliability = 0, SEM will equal the standard devia-
tion of the observed values; if test reliability = 1.00,
SEM will be zero). SEM was estimated as the square
root of the mean square error term from ANOVA, as
this estimation has the advantage of being independ-
ent of the specific ICC and allows more consistency in
interpreting SEM values from different studies [27].
Furthermore, SEM% allows a comparison of the ex-
pected variation in observed values between different
conditions (as the 2 relevé conditions of the present
study) and was defined as (SEM/xX) x 100, where X is
the average of all observed values. Following the sug-
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gestion by Hopkins [28], the potential learning or fa-
tigue effects on ICC and SEM were examined with
separate analyses of accumulated trials (1% to 2™, 1%
to 3", ..., 15" to 10™), as well as of consecutive pairs of
trials (15 vs. 2™, 2™ vs. 3™, .., 9" vs. 10'"). Also, in
each relevé condition, we tested the trial effect (total
of 10 trials) via repeated measures analysis, separately
for each variable. If the Mauchly’s test indicated a vio-
lation of data sphericity (p < 0.05), the Greenhouse-
Geisser correction was used to estimate the trial ef-
fect significance. All statistical analyses were carried
out with the IBM SPSS software v. 26.0, with the level
of significance set at a = 0.05.

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Declara-
tion of Helsinki, and has been approved by the School
of Physical Education and Sport Science, National and
Kapodistrian University of Athens, Greece (approval
protocol number: 1165/12-02-2020).

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study.

Results
Comparison between unshod and en pointe relevé

Figure 3 presents the mean of accumulated trials,
as well as its lower and upper bound of the 95% con-
fidence intervals, for the total balance score and the
spatial and temporal directional variables, for the
total of 10 trials for testing the trial effect via repeat-
ed measures analysis, separately for each variable.
No significant trial effect was found, either for the
total balance score or for any of the spatial and tem-
poral directional variables (p > 0.05).

The total balance score was 946.6 = 43.59 in the
unshod relevé, with a significantly lower value in the
en pointe condition (553.3 + 263.4) (t = 5.053, df = 12,
p < 0.001) (Figure 2). All spatial quartile measures
were also significantly lower in the en pointe condition
(p < 0.05), with no significant difference (p > 0.05)
concerning the temporal measures (time percentage of
the CoM displacement) (Figure 2).
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Figure 3. Mean (standard deviation) of the total balance score in the unshod (grey bars)
and the en pointe (black bars) condition

Spatial (sum and maximum of the CoM point displacement) and temporal (time percentage of the CoM point displace-
ment) per quartile direction. The significance (p value) of the difference between the unshod and the en pointe condi-
tions is noted. There was no significant difference between anterior and posterior direction (unshod relevé: p = 0.211,
0.380, 0.947; en pointe relevé: p = 0.977, 0.712, 0.519 for the sum, maximum and time percentage (% ttotal) of the CoM
point displacement, respectively). Concerning the rightwards vs. leftwards comparison, no significant difference was
found for the spatial measures (unshod relevé: p = 0.997, 0.712; en pointe relevé: p = 0.946, 0.796 for the sum and
maximum of the CoM point displacement, respectively). However, the leftwards % ttotal was significantly greater
compared with rightwards in the unshod relevé (p = 0.037), with no significant difference in the en pointe condition
(p = 0.937) (paired t-tests, separately for each variable, were applied for all bi-directional comparisons)

Relative — absolute reliability just 2 trials in the en pointe relevé for significant rela-
tive reliability. The paired trials reliability was not sig-

Total balance score nificant in the unshod condition, whereas all consecu-
tive pairs indicated significant reliability in the en

The reliability indices imply a consistently lower pointe condition. The absolute reliability points at an
relative and a consistently higher absolute reliability of about triple SEM% in the en pointe compared with the
the total balance score in the unshod compared with unshod relevé consistently for all trial accumulations
the en pointe condition, both in the accumulated and except the first 2 ones. The mean + standard deviation
paired trials (Figure 4). The trial accumulation indi- of total balance score SEM% equalled, in the unshod
cates a minimum of 6 trials in the unshod relevé and and the en pointe relevé, respectively, 9.5 = 1.2%
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Figure 4. Relative (ICC) and absolute (SEM%) total balance score for the accumulated and paired trials
in the unshod (grey markers) and the en pointe (black markers) conditions. The error bars indicate the lower
and upper bound of the 95% confidence intervals

and 27.9 + 7.2% for overall accumulated trials and
9.0. = 3.2% and 26.9 + 8.3% for overall paired trials
(Figure 4).

Directional variables

The directional variables demonstrated cases of sig-
nificant fair to good reliability for the sum of the CoM
displacement, and excellent reliability for the maximum
of CoM displacement (in the accumulated and paired
trials), whereas the time percentage of the CoM dis-
placement presented overall non-significant reliability.
However, no consistent pattern of significant reliability
was demonstrated either for trial accumulation or for
pairs of trials (Table 1, Figure 5). The absolute reliability
of the directional variables (Figure 6) indicates a de-
crease and a stabilization of SEM% after a 6-trial ac-
cumulation; however, the SEM% of the directional

20

variables is rather too high in both the unshod and the
en pointe relevé (mean =+ standard deviation of SEM%
across all 4 directions for the sum, the maximum, and
the time percentage of the CoM point displacement,
respectively: overall for accumulated trials: 114.1 *
20.6%, 105.5 + 35.8%, and 109.4 + 15.1%; overall
for paired trials: 106.1 = 25.3%, 96.5 + 35.9%, and
115.7 + 29.2%).

Discussion

The purpose of this study was to evaluate the reli-
ability of assessing ballet dancers’ postural stability
in the unshod and the en pointe relevé position with
a smartphone application.

As expected, postural stability was significantly
lower (by about 48%) in the en pointe compared with
the unshod relevé position. Similarly, all CoM spatial
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Figure 5. Relative reliability (ICC) of the directional variables for the accumulated and paired trials in the unshod
(grey markers) and the en pointe (black markers) relevé conditions. The error bars indicate the lower and upper bound
of the 95% confidence intervals. The significance of ICCs is presented in Table 1
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Table 1. Relative reliability significance (p < 0.05) for the directional variables presented in Figure 5

Sum of CoM displacement Max of CoM displacement %Time of CoM displacement

Unshod En pointe Unshod En pointe | Unshod En pointe Unshod En pointe | Unshod En pointe Unshod En pointe

AP A P R L R L|A P A P R L R L|A P A P R L R L

Accumulated trials

2 ns ns ns ns ns * NS ns| * NS NS NS NS NS NS NS |NS NS NS ns NS NS ns ns
3 ns ns ns * NS * NS NS |NS NS * NS NS NS NS ** NS NS NS * NS NS NS ns
4 ns ns ns * NS NS NS ns | * ns ns x * * ns * |ns NS ns * NS * ns NS
5 x MS NS * NS NS NS nNs | * ns x x NS ** NS * NS NS NS NS NS * NS ns
6 ¥** ¥ NS * NS NS * NS | * * NS * NS xx % * |ns NS NS ns ns ns ns ns
7 *x % NS * NS NS  * * | *xx xx ns§ * N8 *x x %% [ %« x* NS NS NS NS NS ns
8 xx x ns * % ns * *x | *% %% nS§ * NS **x % xx | x x NS NS NS NS NS NS
9 xx % nN§ * x NS * * | *xx xx n§ * NS *x x %% NS * NS NS NS NS NS ns
10 ¥* x NS * x NS % %% | ¥x %% x %% NS ** % *x |NS * NS NS NS NS NS NS
Paired trials

1-2 ns ns ns ns ns * NS NS| * NS NS NS NS NS NS ns |ns NS ns NS ns * NS NS
2-3 **x NS NS **x NS NS NS NS |NS NS NS NS NS NS NS +#%* |NS NS NS ** NS NS NS NS
34 ns ns ns nNns ns NS NS NS (NS NS NS NS NS NS NS NS |NS NS NS NS ns NS NS ns

4-5 **x ns ns NS NS NS NS NS | ** NS NS NS NS ** NS NS (NS NS NS NS NS NS NS ns
56 ** ns ns NS ns NS NS NS (NS NS NS NS NS NS * NS (NS NS NS NS NS NS NS ns
6-7 *x nms NS NS NS NS NS ns | ** %% NS NS NS ns * ** NS NS NS NS NS NS ns ns
7-8 mns ns ns ns ** ns = * * % NS NS NS NS NS #**% |NS NS NS NS NS NS NS ns
89 ns ns ns * ns ns ns NS (NS ** NS NS NS NS NS ** NS NS NS NS NS ns ns ns

9-10 ** ns ns ns ns * ns ** ns ns ns * ns ns ns ** * ns nsS ns ns ns ** ns

CoM - centre of mass, A - anteriorly, P — posteriorly, R - rightwards, L - leftwards, ns — non-significant reliability
* fair to good reliability (0.40 > ICC > 0.75), ** excellent reliability (ICC > 0.75) (intraclass correlation coefficient [ICC]
classification in accordance with Fleiss [26])

measures indicated significantly lower postural sta-
bility in the en pointe compared with the unshod con-
dition, whereas the directional temporal distribution
of the CoM point displacement did not differ between
conditions. Overall, taken an adequate number of
trials, the results encourage the use of a smartphone
application for testing standing postural stability in
ballet dancers. This approach employs a low-cost and
of high-portability tool for field assessment compared
with expensive and of limited-portability laboratory
equipment such as the force plate gold standard [2, 7,
26], accelerometers [3, 7, 10-12], or a motion capture
system [6, 8, 9].

The results indicate the total balance score as the
most reliable postural stability measure provided by
the YMED Balance Test application used in the pre-
sent study, whereas the directional CoM information
(spatial or temporal) appears of relative but not of ab-
solute reliability value. The superior reliability of the
total balance score over the directional CoM measures
is supported by both the relative and absolute relia-
bility indices and agrees with studies of varying smart-
phone reliability depending on the variable used to
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examine postural stability [16]. Overall, the total bal-
ance score reliability appears similar to other smart-
phone applications; Amick et al. [14] report excellent
relative reliability with ICCs of 0.78 (SEM: 5.82) in
standing tasks (full contact with the floor, double or
single leg standing, 2 trials) using the Sway balance
mobile application. Good to excellent relative reliability
ICC indices are also reported for postural stability as-
sessments with accelerometers (ICC: 0.62-0.71 [10],
ICC: 0.736-0.972 [12]).

The reliability criteria themselves warrant careful
computation and interpretation owing to the variety of
computational models and the wide range of classifi-
cation boundaries [25, 26]. Furthermore, one should
realize the different interpretations of relative (the de-
gree to which individuals maintain their position in
a sample over repeated measurements) vs. absolute
(the degree to which repeated measurements vary for
individuals) reliability indices [26]. Specifically, the
ICC indices in our study indicate good relative relia-
bility for the total balance score in the unshod condi-
tion and excellent relative reliability in the en pointe
condition. Nevertheless, as may be inferred from its
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Figure 6. Absolute reliability (SEM%) of the directional variables for the accumulated and paired trials in the unshod
(grey markers) and the en pointe (black markers) relevé conditions. The error bars indicate the lower and upper bound

of the 95% confidence intervals
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about 1/3 lower SEM%, the absolute reliability of the
total balance score is better in the unshod than the
en pointe condition. Also, the degree of reliability of
the spatial measures is not consistent in the unshod vs.
the en pointe condition, indicating a directional inter-
condition differentiation for the sum, but not for the
maximum of the CoM point displacement. Precisely,
in the unshod condition, the relative reliability was
fair to good in the anterior and posterior directions but
poor in the medial and lateral ones, while the opposite
was found for the en pointe condition. Concerning the
maximum of the CoM point displacement, in both the
unshod and the en pointe conditions, the relative re-
liability appears consistently higher (good to excellent
or fair to good) in the medial and lateral directions
compared with the anterior and posterior ones. Never-
theless, despite the existence of good or excellent rela-
tive reliability for the spatial directional variables, their
high SEM% indicates that the directional absolute re-
liability of the YMED Balance Test is poor.

One may argue that a methodological bias may un-
derlie the directional reliability differences, as well as
the greater leftward rather than rightward spatial and
temporal measures. Bias in research is an important
issue; as it may not be totally eliminated, it is impor-
tant to understand it in order to consider strategies to
minimize it. However, an accelerometer sensor bias
or an environmental attractor (i.e. the examiner’s po-
sition or a wall nearby) are not likely to explain the
directional differences observed in the present study.
Before the initiation of the measurements, the accel-
erometer sensor of the smartphone was calibrated and
the procedures described by Ma et al. [20] were applied
for static bias testing. Furthermore, the examiner was
standing behind and not laterally to the participant to
monitor the smartphone’s screen, and although a wall
existed nearby, it was not consistently on the right or
left side of the participants. The stance leg dominance
could possibly associate with the directional difference
(the left leg was reported as the preferred stance leg for
work en pointe and also the left leg was indicated as
the stance dominant one in the leg dominance test). In-
deed, leg dominance appears to differentiate the asym-
metrical function of the feet (by how one foot performs
the mobilizing function, emphasizing the precision of
the movement, whereas the other foot stabilizes the
upper body, providing support for the tracing foot) [29].
However, leg dominance does not appear to influence
postural stability during the quiet upright stance or the
single-legged stance [29].

Force plates are considered the gold standard for
postural stability evaluation and allow a high test-retest
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reliability, but they are generally expensive and inac-
cessible for field testing [11, 15, 16]. In turn, accelerom-
eters demonstrate reliability indices that are compa-
rable with those allowed by force plates [11]. Indeed,
it is not of surprise that some researchers suggest ac-
celerometers as superior to force plates owing to their
ability to quantify human movement in natural envi-
ronments [11]. Thus, because of their built-in accel-
erometers, smartphone applications may provide a valid
alternative to the force plate gold standard for a field
setting evaluation of postural stability [9, 11, 14, 16, 17].
Nevertheless, the reliability of measurements acquired
with smartphone applications remains an issue of
concern [9, 14, 16, 17].

The mobile phone was positioned at the lumbar
level (CoM approximation) in accordance with the
YMED Balance Test guidelines, coinciding with the
majority of research using accelerometers to assess
postural stability [11, 22]. It must be noted, though,
that other body placements are also applied in smart-
phone application studies (i.e. thorax, knee, ankle),
with the degree of reliability varying not only owing
to placement but also in conjunction with the type of
standing test [9, 13, 18]. For instance, depending on
the type of balance test (static or dynamic), reliability
might be higher in the thoracic than the lumbar level [9].
Similarly, depending on the degree of test difficulty,
the ankle location may provide a greater detection sen-
sitivity, easiness of application, and feasibility, but this
would be at the cost of potentially greater asymmetry
between the left and right legs [18]. Shah et al. [18]
attribute the lower reliability of the trunk placement
to the low sampling rate of their smartphone built-in
accelerometer (i.e. 14-15 Hz). They associate the low
sampling rate with a potential failure of trunk move-
ment detection if the individual’s balance is not sig-
nificantly challenged. Thus, the sampling rate should
be taken into consideration when comparing results
with other studies, particularly when research-grade
accelerometers are used, which allow a sampling rate
of up to 1000 samples per second [22]. However, as mo-
bile phone technology advances and the embedded ac-
celerometers improve, they may be able to provide higher
sampling rates and more robust measures of standing
balance. Indeed, the main limitation of the present
study is that the measurements of the smartphone
application were not compared with a gold standard
such as a force plate or a research-grade accelerom-
eter tested for validity and reliability.

The number of trials necessary to obtain a good reli-
ability index is a concern in many studies [14, 21], even
for the most reliable among assessment tools, i.e. the
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force plate gold standard, where just 2 or 3 trials may
ensure excellent relative reliability [21]. Just 2 trials are
also reported to provide excellent intersession rela-
tive reliability when using a smartphone application to
evaluate postural stability in the typical bipedal stance
[14]. However, the relevé position, and particularly the
en pointe one, is not among the stances commonly ex-
amined in previous studies concerning ballet danc-
ers’ postural stability [1-5]. Thus, a total of 10 trials
were selected to ensure that the number of trials would
be adequate to extract safe reliability conclusions for
both the unshod and the en pointe relevé stances.

As emphasized by Atkinson and Nevill [30], the
higher the SEM%, the lower the absolute reliability and
the lower the precision of the obtained results. However,
to the best of our knowledge, there do not appear spe-
cific criteria concerning SEM% classification. SEM%
of 9-14% was classified by Jaworski et al. [10] as very
good reliability, while values of 40% were interpreted
as significantly worse (single-legged standing, inertial
sensor accelerometer). Similarly, Pooranawatthanakul
and Siriphorn [9] report SEM% at about 16% for com-
mon standing balance tests performed with a mobile
phone application. Taken into account these 2 studies,
we may infer very good absolute reliability of the total
balance score in the unshod condition and moderate
absolute reliability in the en pointe condition, with
the latter most likely within a normal range owing to
its extreme anatomical and mechanical configuration.
Nevertheless, future studies are necessary to provide
normative data concerning the reliability of assessing
postural stability during the en pointe relevé position,
which is not among the standing positions commonly
examined in the existing literature.

Conclusions

Postural stability was significantly lower (by about
48%) in the en pointe compared with the unshod rel-
evé position. The total balance score is highlighted of
good and excellent relative reliability in the unshod
relevé, as well as of good and moderate absolute reli-
ability in the en pointe relevé. The directional param-
eters of the CoM point displacement demonstrate an
overall good relative reliability but their absolute re-
liability is rather poor. Overall, a minimum of 8 trials
are suggested for reliable results in both the unshod
and the en pointe relevé. The results encourage the use
of a smartphone application for testing standing pos-
tural stability in ballet dancers as it constitutes a low-
cost and high-portability tool for field assessment.
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ABSTRACT

Purpose. Back squat (BS) is a popular exercise owing to its capacity to develop lower limb strength. During BS, trunk incli-
nation and knee range of motion (RoM) are relevant aspects of a proper technique, and these movement kinematics parameters
can be positively altered with official weightlifting shoes lifting the heel 13 mm above the ground. Wedges are a low-cost
alternative to lifting the heel to different heights, but movement kinematics adaptations with higher elevations, above 25 mm,
are not well described in the literature. Thus, we compared the effect of different heights of heel wedges on BS kinematics.
Methods. Fifteen experienced recreational weightlifters (22 + 5.4 years; 83 + 11 kg; 179 + 6 cm; 5 + 2.1 years of BS
experience) were conveniently selected. Three randomized conditions were applied: barefoot (B), 25-mm (W25), and 50-mm
wedges (W50). BS movement was assessed by kinematic analysis with an optoelectronic camera system.

Results. After ANOVA, the post-hoc indicated significant RoM differences in reducing trunk (¥ = 27.27; p < 0.01) and
increasing knee (F = 16.87; p < 0.01) flexions between conditions. Post-hoc analysis verified decreasing trunk inclination
(B > W25 > W50; p < 0.05) and increasing knee (B < W25 < W50; p < 0.05) RoM with increasing wedge height.
Conclusions. Higher wedges allowed positive adaptations by promoting a more upright trunk position and greater BS depth.
Using a heel wedge can be a low-cost and viable strategy to optimize BS technique in a variety of training settings and contexts.

Key words: resistance training, range of motion, injury prevention, biomechanics, wedge

Introduction

Back squat is a major exercise used in resistance
training [1] and several sports modalities. An organ-
ized and systematic practice of back squat may pro-
mote lower limb strength and power gains [2], hyper-
trophy [3], assistance in rehabilitation processes [4],
and maintenance of elderly strength and functionality
[5]. Given the enhanced applicability of this exercise,
performing it properly is essential for different goals
and sports. Within this context, range of motion (RoM)
is an aspect of performance that needs to be cautiously
considered during back squats. Besides being propor-
tionally related to different gluteus maximus activa-
tion [6] during back squat, higher RoMs on key joints
(e.g. knee) also promote better adaptations in resist-

ance training programs mainly owing to increased
time under tension: a significant variable that aids mus-
cle gains [7]. Recent experimental evidence showed
that performing a full squat is superior to half squat
training regarding gluteus maximus and adductor
hypertrophy [3]. Another issue that deserves attention
in back squat kinematics is the lower limb and lumbar
spine joints overload. For instance, these areas are re-
lated to increased injury risk during a back squat,
especially when performing with inappropriate form
or heavy loads [8-10]. This increases muscle torque
and shear forces on the lumbar spine, which interact
better with compressive forces that shear [1]. There-
fore, proper movement technique is crucial.
Previous research has shown that adequate tech-
nique is related to the distance between feet, appropri-
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ated shoes wearing, and vertical trunk position (to
mention a few) [1], since these points decrease shear
forces at lower limbs and lumbar spine [1]. To improve
some of these aspects, it has been documented that
using proper weightlifting shoes while back squat-
ting can increase knee RoM [11]. Weightlifting shoes
are designed with a 13-mm elevation between the fore-
foot and the heel; this parameter has been defined by
the International Weightlifting Federation and the
value is sufficient to promote a more vertical trunk po-
sition, greater RoM in the knee joint, and better sta-
bility during back squat [12, 13]. While these inves-
tigations suggest technical positive adaptations with
weightlifting shoes, more recent research has been un-
able to verify benefits of squatting with raised heel,
since similar kinematics were observed when partici-
pants squatted barefoot [14, 15]. Additionally, general
practitioners include other training methods on regular
routines, like post-activation potential, being more
practical with using running shoes than weightlifting
shoes. Hence, an alternative approach to lifting the heel
during this exercise can be an adapted wedge with-
out a standard height, such as iron plates or a squared
wooden block. With this approach, it would be pos-
sible to evaluate the effects of squatting with the heel
elevated above the 13-mm height provided by weight-
lifting shoes. For instance, Charlton et al. [16] described
positive outcomes (e.g. less trunk flexion) with a 25-mm
wooden block beneath the heel during back squat in
trained male subjects. In turn, Lee et al. [14] did not
verify modifications in the knee, thoracic, or lumbar
joint kinematics when comparing back squat per-
formed barefoot vs. with 33-mm elevated heels. It is
important to highlight that Lee et al. [14] investigated
recreational weightlifters, while Charlton et al. [16]
assessed trained participants. Considering that most
skilled participants present a gold standard technique
[17], investigating this population is a way to attribute
kinematic differences by using wedges.

In the previous evidence, the literature remains
inconclusive regarding the benefits of squatting with
the heel elevated above 25 mm, and no investigation up
to date has analysed the modifications of back squat
kinematics using wedges higher than those. Thus, to
understand the greater height that promotes positive
adaptations, without an uncomfortable heel elevation,
can be useful for practitioners to apply wedges in the
height range in daily practice. Furthermore, frontal
plane analysis of the hip joint (adduction and abduc-
tion movements) is lacking in the previous research.
Given this scenario, this topic still needs further re-
search to clarify whether lifting the heel while back
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squatting is an adequate strategy to optimize biome-
chanical movement parameters. This study aimed to
describe the modifications that heel wedges can pro-
mote in back squat kinematics. We analysed the kine-
matics of the lower limb joints (ankle, knee, and hip)
and trunk motion in 3 back squat conditions: barefoot
(B), 25-mm wedge (W25), and 50-mm wedge (W50).
We set 50 mm as this was the height limit to lift the
heel with comfort. Considering previous evidence of
load influence in knee and hip kinematics during back
squat [18], and that load may promote fatigue (which
is a potentially confounding effect in our results), it was
decided that the back squat would be implemented
without load in this study. Thus, our study aimed to
assess maximal RoM without external interferences
and with minimal variation of technique across trials.
We hypothesized that a higher heel elevation would
(H1) decrease anterior trunk inclination and (H2) in-
crease knee and ankle RoM. The results can contribute
to better understanding the influence of an elevated
heel during back squat kinematics, aiding an adequate
prescription that can be considered in different con-
texts by coaches, athletes, resistance training profes-
sionals, and practitioners.

Material and methods
Participants

The sample size was calculated by G*Power 3.1
(Franz Faul, Germany) for a repeated-measures ANOVA
within factors (1 group x 3 measures), considering
a moderate effect size according to Cohen (d = 0.5),
a error probability = 0.05, and power (1 - p) = 0.8,
following the recommendations by Faul et al. [19]. On
the basis of these parameters, a minimum of 9 sub-
jects was estimated.

A total of 15 men, resistance-trained adults (22 +
5.4 years of age, 83 + 11 kg, 179 + 6 cm), were conveni-
ently selected for this study. They had been injury-
free in the lower limbs and trunk for at least 6 months
before the research. All subjects had a minimum ex-
perience with back squat exercise of 3 years (5 + 2.1
years on average), performing it at least once a week
in their training routine.

Procedures

The participants performed the exercise shirtless,
barefoot, and with standardized shorts. We positioned
a wooden block below the participants’ heel (on cal-
caneus) to provide the elevations during both experi-
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mental conditions (W25 and W50), as represented in
Figure 1A. For this study, we made 2 wooden blocks
that presented the same measures to support calca-
neus between the different heights. For kinematic anal-
yses, reflective markers were positioned on the sub-
ject’s skin, and the camera manufacturer’s calibration
procedure was followed. Next, a warm-up set (10
repetitions) in each experimental condition (B, W25,
and W50) was performed, followed by rate of perceived
exertion scale answer to ensure that the participants
were not fatigued. This procedure was in line with
the literature recommendations of Borg scale, and all
subjects had previous experience with the scale. On
resting 2 minutes after the warm-up, the participants
performed 3 sets of 6 repetitions in each experimental
condition (B, W25, and W50), and rate of perceived
exertion scale was measured after each series. The
subjects were instructed to perform the back squat
with full RoM in all conditions. Another 2-minute sit-
ting interval between sets was allowed. A light wood-
en stick (Figure 1B) was used to replace the iron bar
during the back squat to simulate movement kinemat-
ics without additional overload. The condition orders
were randomized among the subjects, and a researcher
was responsible for replacing the wedge when neces-
sary. Movement speed was controlled by a digital met-
ronome (2 seconds eccentric, 1 second concentric), and
the first warm-up series served as a familiarization
protocol for the metronome tempo. A black dot fixed
at the eye level was positioned on the wall (2 m away)
to standardize the visual focus.

Figure 1. Wooden block
representation (A) and sagittal
plane angle interpretations (B)

Motion analysis

Movement kinematics were assessed by 7 optoe-
lectronic cameras (MX-T-Series) of the Vicon System
(v. 1.8.5, Vicon Motion System, Oxford, UK) with a sam-
pling frequency of 100 Hz. The cameras were posi-
tioned in a way that at least 2 of them visualized the
reflective markers throughout the movement, avoiding
gaps during data collection and ensuring accuracy.
A total of 35 reflective markers were positioned in the
subject’s body, in accordance with the Vicon Plug-in
Gait Full Body model. The following variables were
analysed: maximum, minimum, and RoM of relative
angles of hip flexion and abduction, knee flexion, and
dorsiflexion, as well as maximum, minimum, and RoM
of absolute angles of trunk inclination. Angles in the
sagittal plane were interpreted as presented in Fig-
ure 1B. The hip abduction angle was interpreted with
180° in the anatomic position, with decreasing angles
during abduction and increasing angles during adduc-
tion. The right body side was analysed.

All variables (minimum, maximum, and RoM) were
acquired in each repetition, and then averaged for each
set. Finally, the average of the 3 sets in each condition
was used for statistical purposes. Repetition begin-
ning was determined when the spatial position of the
C7 marker reached a reduction greater than 4 mm from
one frame to another (eccentric phase), while repeti-
tion ending was determined when the same marker
reached the highest spatial value (concentric phase).
The deepest point of the squat movement was deter-
mined on the basis of the minimum value of the knee
flexion angle.
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Data processing

Data were processed by using Vicon Nexus (v. 1.8.5,
Vicon Motion system, Oxford, UK). The time series of
the joint angles were filtered with a low-pass recursive
digital Butterworth filter (4" order, a cut-off frequency
of 3 Hz). The filtering parameters were determined
after spectral and residual analysis of the signal [20].
Filtering and analysis, as well as the calculation of the
variables, were executed by a personalized MATLAB
routine (2017a, MathWorks, USA).

Statistical analyses

Normality and sphericity were verified by Shapiro-
Wilk’s and Mauchly’s test, respectively. Mean and
standard deviation were used to describe the angles and
joint RoMs, while repeated-measures ANOVA com-
pared the RoM between the different heel elevations
in each joint. Bonferroni’s post-hoc test was performed
when necessary. Effect sizes were calculated for RoM
in a paired measure design (B vs. W50), considering
the correlation between both measures [21], and in-
terpreted in accordance with Cohen [22] in light of
recommendations by Rhea [23] for trained subjects.
All analyses were conducted with the SPSS software
(v. 21.0, IBM Statistics), and significance was set at
p < 0.05.

Ethical approval
The research related to human use has complied
with all the relevant national regulations and institu-

tional policies, has followed the tenets of the Declara-
tion of Helsinki, and has been approved by the State
University of Londrina Ethics Committee.

Informed consent
Informed consent has been obtained from all indi-
viduals included in this study.

Results

The results showed significant differences in the
trunk, knee, and ankle RoM between conditions (Ta-
ble 1). Post-hoc comparisons verified decreased RoM
in the absolute trunk inclination with increasing wedge
height (B > W25 > W50; p < 0.05). RoM in knee flex-
ion increased as the wedges were higher (B < W25 <
W50; p < 0.05), while for dorsiflexion, RoM was only
significantly increased between the W25 and the W50
conditions (p < 0.05). When comparing B against W50,
effect sizes indicated a strong effect for absolute trunk
(d =1.97), knee (d = 1.23), and ankle (d = 4.68) RoM.
No significant differences were verified in the results
of hip flexion or adduction.

Discussion

The heel elevation height significantly affected back
squat kinematics, decreasing anterior trunk inclina-
tion and increasing knee and ankle RoM. Hence, both
hypotheses initially raised (H1 and H2) were accepted.
As such, elevating the heel at 25 and 50 mm can pro-
duce positive adaptations in back squat kinematics,

Table 1. Range of motion, minimum and maximum displacement of joints during back squat
with different heel elevations

B W25 W50
Parameter RoM / Min-Max RoM / Min-Max RoM / Min-Max F P
(SD) (SD) (SD)
. 32.8/176.1-143.2 28.6/176.8-148.1 25.3/177.0-151.8*
Trunk (%) (7.1/5.9-7.8) (7.9 / 6.0-7.8) (7.5 / 5.9-7.4) 2727 <0001

98.6/170.4-71.8

Hip flexion (°) (13.6 / 6.5-10.7)

97.5/170.0-72.5
(13.1/7.0-10.11)

95.9/170.1-74.1

(11.9 / 6.8-9.6) 2.67 0.107

19.2 /172.9-153.7

Hip adduction (°) (7.5/3.2-7.7)

19.9/173.3-153.4
(6.3 / 2.7-6.9)

19.3/172.7-153.4

(5.6 /2.9-6.3) 1.28 0.165

115.1/175.7-60.6

Knee (°) (17.8 / 5.3-15.9)

121.7 / 174.3-52.6
(15.8 / 6.8-12.5)

126.2 / 173.6-47.4*"

(11.6 / 7.6-8.0) 1687 <0001

32.3/93.1-60.7

Ankle (°) (6.5/3.6-4.8)

36.7/97.9-61.2
(11.4 / 4.0-9.9)

38.2/103.0-64.8"

(11.6 / 4.0-10.4) 6.97  0.009

B - barefoot, W25 - 25-mm wedge, W50 - 50-mm wedge, RoM - range of motion

“p <0.05vs.B," p<0.05vs. W25
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being possibly applied in different training programs
with various exercising goals. Our results corroborate
previous studies in the literature, allowing to further
understand the effect of elevating the heel during back
squat execution and providing information on how
professionals and practitioners can use it in exercise
programs that involve back squatting.

Lumbar joints are among the most injury-prone
areas during back squatting, excessive anterior trunk
inclination seems to be the leading cause [8, 10]. There-
fore, our results reveal that elevating the heel at either
25 or 50 mm can promote positive adaptations in squat
kinematics owing to its capacity to induce a more up-
right trunk position. Equivalent results have also been
verified in resistance-trained practitioners who per-
formed back squat with wooden blocks of 25 mm [16]
or weightlifting shoes [12, 13]. This adaptation leads
to smaller overload in the lumbar region [24] and may
potentially improve the technique in novices. By squat-
ting with less anterior trunk inclination, novices are
closer to a movement pattern that is observed in expe-
rienced practitioners [17]. Indeed, the maintenance
of natural lumbar lordosis curvature, achieved by an
upright trunk position, is related to lifting higher loads
during the back squat, which suggests another posi-
tive outcome of squatting with elevated heels. Practi-
cal applications of these results may also be found in
rehabilitation programs, whereas professionals can uti-
lize this strategy to aid patients with movement re-
strictions in these joints, reducing load-related stress
in the lumbar region and developing specific protocols
to reach individualized goals [4].

Some previous research did not reveal adaptations
in trunk inclination as described earlier by elevating
the heels [14, 15]. We believe, however, that methodo-
logical differences between our and their investigations
can account for the divergent results. For instance, Lee
et al. [14] analysed women, implemented a load of 80%
of one-repetition maximum, and did not instruct par-
ticipants to squat as deep as possible; in turn, Whit-
ting et al. [15] also analysed loaded conditions (50%,
70%, and 90% of one-repetition maximum). Consider-
ing that there are significant differences in kinemat-
ics between sexes [25] and that loading affects move-
ment kinematics [15] during back squat, we propose
that these differences might explain the distinct out-
comes between our analyses. More pressingly, the in-
struction not to squat as deep as possible hinders fur-
ther comparisons between the experiments, especially
when considering the notion of achieving maximal
RoMs. It could be speculated that reduced anterior
trunk inclination promoted by a heel elevation would

only be observable when squatting at a full depth, as
half-squats do not require excessive inclination of the
trunk to maintain balance and perform the exercise.

Greater knee RoM values during a back squat with
elevated heels, on the other hand, seem to be a more
consistent finding in the literature [12-14, 16], espe-
cially when participants are asked to perform maxi-
mal RoM. This result should be highlighted, as larger
RoM increases time under tension, which is a key vari-
able in muscle hypertrophy protocols [26]. The in-
creased RoM leads to superior stretching of the muscle
fibres recruited for the movement in question, which
induces greater muscle activation patterns in resist-
ance training exercise [27]. Thus, larger RoMs enhance
2 important aspects related to strength and hyper-
trophy training: time under tension and muscle activa-
tion. These adaptations, therefore, are critical to prac-
titioners seeking strength and muscle mass gains [28].
In line with this evidence, it has been verified that
squatting at a greater depth induces additional hyper-
trophy in the gluteus maximus and adductor muscles
when compared with half squats (knee joint stopping
at 90° of flexion) [3]. Thus, it is safe to suggest that
using a wedge, as implied in our research, may be
a promising approach to allow a greater depth while
back squatting.

Regarding the ankle joint, significant differences
were determined for dorsiflexion between W25 and
W50, with increased RoM in the W50 condition. This
result can be explained by the induced plantar flexion
caused by the wooden block, which altered the joint
kinematics, increasing its RoM. Furthermore, it is es-
sential to mention that the lack of ankle mobility can be
a factor contributing to an increase in anterior trunk
inclination [29]. Hence, elevating the heel with a wood-
en block or iron plates could be an alternative to mo-
mentarily compensate impaired ankle mobility, in-
ducing a more upright trunk position during back
squat execution. With reference to the hip joint, our
results were similar to the findings by Legg et al. [12],
in which experienced practitioners did not present
RoM alterations in this joint with or without the ele-
vated heel. However, the present experiment is the first
to report results of the hip joint in the frontal plane.
Adduction and abduction RoM were not different be-
tween the wedges and barefoot conditions, which sug-
gests that modifications in the heel height impact
primarily on the flexion and extension movements in
the sagittal plane.

To the best of our knowledge, this is the first ex-
periment to analyse a 50-mm heel height while back
squatting, showing an additional benefit compared
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with the 25-mm elevation. Even though previous analy-
ses are divergent regarding the possible benefits of
squatting with weightlifting shoes or a wooden block
beneath the heels, most evidence points toward posi-
tive adaptions. We must also highlight that our par-
ticipants had an average of 5-year experience with this
exercise. Considering that trained subjects are less
sensitive to adaptations because of their higher train-
ing levels, elevating the heel during back squat seems
a promising strategy to improve movement kinematics.
We should also consider that the back squat is used
in many training programs, like protocols for rehabili-
tation [4], elderly functionality [30], and lower limb
hypertrophy [2]. Therefore, our results can be applied
to a variety of training programs. Our study, however,
is not without limitations. The results are restricted
to the current study design. It is uncertain whether
elevating the heel during back squat would promote
similar adaptations in other populations (i.e., women,
novices, or older adults) or loading conditions.

Conclusions

We conclude that using a 25- or 50-mm wooden
block beneath the heel while back squatting is a viable
alternative to weightlifting shoes, leading to a reduced
trunk inclination and increased knee RoM in trained
males. Hence, a wooden block might be an accessible
and low-cost alternative to promote positive adapta-
tions during back squat in a variety of training facili-
ties and programs.
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ABSTRACT
Purpose. The purpose of this study was to analyse the goals in soccer Italian League Serie A (2018-2019) in relation to
(a) the number of total attempts; (b) the time reached; (c) the area from which the final action occurred. Also, the effect of
achieving the first goal in the match outcome was studied.
Methods. A total of 380 matches were studied, with 1019 goals scored. All matches were analysed with the SportScout
software. Chi-square test was used to find differences between the display frequencies of each variable.
Results. More goals were scored in the second half of the match (y*> = 25.438, p < 0.05) and in the last 15 minutes. Most
goal attempts were made through the penalty box and outside of it (? = 2365.002, p < 0.05), though the highest success
rates were shown in the attempts from the goal box. Overall, 30% of the total number of goals were scored from set plays
(> = 171.493, p < 0.05), most of them after a corner shot (3> = 18.488, p < 0.05). Furthermore, it appeared that the first goal
had a strong impact on the final outcome since in 67.34% of the cases, the team that scored first won the match.
Conclusions. More goals were scored in the second half, especially in the last 15 minutes. Coaches should prepare their
players to be fit to cope with the whole match. They will also need to improve their defensive and offensive tactics in set plays.
Key words: Italian League Serie A, goal, video analysis, time period, set play

Introduction they had to make during a match [5]. These studies
indicate that human memory may not be very reliable

Soccer is one of the most popular sports in the world.
At the beginning of the 21* century, more than 250
million athletes were registered, while more than 1.3
billion people were involved in the sport [1]. Match
analysis is vital in team sports in order to understand
the constraints that promote sporting success [2]. Per-
formance in soccer depends on many factors that in-
teract with one another, such as technique, tactics,
and fitness [3]. Match analysis is used to identify the
strengths and weaknesses of teams and players in order
to improve their performance [4].

Research on international soccer has shown that
coaches could only remember 42% of the corrections

for feedback of an event or a match [5]. In turn, an ob-
jective assessment derived from video analysis offers,
as much as possible, analytical, realistic, and more ac-
curate information illustrating the performance pro-
file of the team and players in real game conditions [6].

One of the most studied variables is the goal be-
cause it is critical for the success of a team [4]. Previ-
ous studies have reported that the number of goals
achieved varies depending on the time of the match
[7, 8], with more goals obtained in the second half.
Also, if we divide the 90 minutes of the game into pe-
riods of 15 minutes, the most goals were scored in the
last period (76-90" min) [7, 9, 10]. Other factors re-

Correspondence address: Yiannis Michailidis, Laboratory of Evaluation of Human Biological Performance, Department
of Physical Education and Sport Science, Aristotle University of Thessaloniki, New Buildings of Laboratories, P.O. 57001,
University Campus of Thermi, Thessaloniki, Greece, e-mail: ioannimd@phed.auth.gr

Received: November 7, 2020
Accepted for publication: February 8, 2021

Citation: Bamplekis C, Michailidis Y, Margonis K, Kyranoudis A, Zelenitsas C, Metaxas T. Goal analysis of the entire Italian
National League Serie A. Hum Mov. 2022;23(2):104-111; doi: https://doi.org/10.5114/hm.2021.106172.



HUMAN MOVEMENT

C. Bamplekis et al., Goal analysis

Table 1. Terms and definition

Term

Definition

Goal The ball crosses the goal line under the crossbar and the referee awards it
Goal attempt  Kick the ball to the goalpost without the ball being blocked

Free kick
Penalty kick

Corner kick
the goal line [17]

Set play after foul from the opposition, outside penalty box [17]
Set play after foul from the opposition, inside penalty box [17]
The ball is restored from the corner of the field when an opponent last touched the ball and it crossed

Pass A player passes on to a teammate and the ball reaches its destination

Open play
Set play

The ball moves and can be claimed by both teams
Used to get the ball back to a state of open play after foul, corner, penalty [18]

lated to goal are being studied, such as the type and
area of the action prior to a goal, the effectiveness of the
team, etc. [8, 11].

Another important factor in the performance of
a soccer team is the effectiveness in set plays, both in
the attack phase and in the defence phase [12, 13].
Other factors have also been studied, such as the ef-
fect of the first goal of a match on the final match out-
come [8, 11, 14, 15] and the place of the match (home
or away) [16]. Although there are several studies on
the technical and tactical characteristics of national
teams participating in world and European tourna-
ments, research on full national championships is more
limited.

The purpose of this study was to analyse all the
national competition goals in soccer Italian League
Serie A in relation to (a) the number of total attempts;
(b) the time reached; (c) the area from which the final
action occurred. The place of the match (home or away)
and the effect of achieving the first goal on the match
outcome were also investigated. It was hypothesized
that (a) goal scoring frequency was higher in the sec-
ond half; (b) most goal attempts were made through
the penalty box; (c) most goals were scored from open
plays; and (d) the first goal had a strong impact on the
final outcome.

Material and methods
Sample

A total of 380 matches of the Italian League Serie
A were analysed. Overall, 1019 goals were scored and
7723 final actions (attempts for goals) were performed.
These matches were played by 20 teams that partici-
pated in the championship during the season of 2018-
2019.

Instrument

The soccer matches were videotaped and digitized
with a Sony video SLV-SE210D, a PC AMD-XP pro-
fessional 1333 GHz, and a television capture board
for PC (PCTV, Pinnacle Systems GmbH, Braunschweig,
Germany). The study was based on the personal obser-
vation of one of the researchers, who recorded the time
when goals were scored. The SportScout (SportScout
STA) video-analysis program for PC was used for the
data recording. The operational definitions applied
are presented in Table 1.

Procedures

The SportScout software (SportScout STA) allowed
to analyse the number of goals per half and every
15 minutes (6 periods: 1-15 min, 16-30 min, 31-45"
min, 46-60 min, 61-75 min, 76-90" min) [19], whether
the goal came in the open play or from a set play, and
the effect of the first goal on the match outcome. Also,
the number of goals, penalties, own goals, and counter-
attacks of home and visitor teams were recorded. The
spaces outside and inside the penalty box and inside
the goal box were these 3 spaces to distinguish the fi-
nal actions for goals.

Reliability

To determine the reliability in data recording, the
first author of the article recorded all variables from
3 matches. A certified football analyst did the same.
The comparison of the data that emerged showed that
the recordings of the first author were very reliable.
The values of kappa statistic (r) test were between 0.97
and 1, i.e. particularly high according to Altman [20].
More specifically:

— the r for the number of goals per half and every
15 minutes was 1;
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— the r for whether the goal came in the open play
or from a set play was 0.99;

— the r for the number of goals, penalties, own goals
was 1;

— the r for the counter-attacks of home and visitor
teams was 0.97;

— the r for spaces outside and inside the penalty
box and inside the goal box that were the 3 spaces to
distinguish the final actions for goals was 0.98.

Statistical analysis

The statistical software SPSS 18 (IBM, SPSS Sta-
tistics, version 18, Armonk, NY, USA) was used for
data analysis. Apart from descriptive statistics, the
chi-square test (x?) was applied to find differences
between the display frequencies of each variable, as
well as the effect of the first goal on the match outcome.
Statistical significance of the results was accepted at
p < 0.05.

Ethical approval
The conducted research is not related to either hu-
man or animal use.

Results

Goals frequency of each half is presented in Fig-
ure 1A. The results show that there were significant
differences in the number of goals scored between
the 2 halves (x* = 25.438, p < 0.05). In the first half,
42.1% of goals were scored, and 57.9% of goals were
scored in the second half.

Figure 1B depicts the frequency of the appearance
of goals in the 6 match periods of 15 minutes. Differ-
ences in the frequency of goals occurred between the
6" period (76-90" minutes) and all the other periods
(¢* = 50.631, p < 0.05). It was found that most goals
were scored at the end of the match (22.6%), at the
beginning of the second half (18.2%), and at the end
of the first half (18%).

Most goals (698) were scored during open play,
while 287 goals during set play (x* = 171.493, p < 0.05).
Figure 2A shows the differences in frequency by the
type of goal. As for counter-attacks, the home teams
made 7801 while the visitor teams 7053. These vari-
ables are presented in Figure 2B.

Figure 3A shows the frequencies of final actions
depending on the space where they occurred. Most final
actions were performed in the penalty box and out-
side the penalty box (x* = 2365.002, p < 0.05). Home
teams performed 48.4% of their final actions through
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(%)
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* significant difference with other groups (p < 0.05)

Figure 1. Frequency of goals: (A) in the game halves,
(B) in the 15-minute periods
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Figure 2. (A) Percentages of open play and set play goals
(B) Numbers of counter-attacks of home and visitor teams
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* significant difference with other groups (p < 0.05)

Figure 5. (A) Set play goals

(B) Percentage of own goals of home and visitor teams
(C) Percentage of won penalties of home and visitor teams

the penalty box, 43.8% outside the penalty box, and
7.8% through the goal box (x> = 1266.232, p < 0.05).
The respective percentages for visitor teams were
48.4%, 44.8%, and 6.8% (x* = 1101.321, p < 0.05).
Figure 3B shows the frequency of goal attempts and
goals from each field area for the home team and visi-
tor team.

Overall, 62.4% of goals were scored from the pen-
alty box, 21% from the goal box, and 16.6% from out-
side the penalty box (x* = 378.380, p < 0.05). Home
teams scored 61.2% of their goals from inside the
penalty box, while the corresponding percentage for
visitor teams was 64%. Home teams scored 21.8% of
their goals and visitor teams 20% of theirs through the
goal box, whereas the respective percentages for out-
side the penalty box were 17% and 16%. Differences
were observed in both home teams (y* = 190.695, p <
0.05) and visitor teams (x* = 188.554, p < 0.05). The
frequency differences are shown in Figure 4A, B.

The results show that home teams won more pen-
alties (79) than visitor teams (43) (x* = 10.623, p =
0.001). Also, home teams scored fewer own goals (11)
than visitors (23) (x* = 4.235, p = 0.04). In set plays,
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most goals were scored after corners (123) and pen-
alties (100) compared with fouls (64) (x> = 18.488,
p < 0.05). The above frequencies are presented in
Figure 5A-C.

The study revealed that for the 195 occasions where
home teams scored first, they won 143 matches, while
for the 151 occasions where visitor teams scored first,
they won 90 matches (x* = 240.9, p < 0.05).

Discussion

The main objectives of the research were to anal-
yse the goals in soccer Italian League Serie A (2018-
2019) in relation to (a) the number of total attempts;
(b) the time reached; (c) the area from which the final
action occurred. Also, with regard to the place of the
match (home or away), goals, attempts to score, and
the effect of achieving the first goal on the match out-
come were studied. A difference was observed in the
frequency of goals scored in relation to the time (match
halves, 15-minute periods) and the area from which
most final actions were performed. Moreover, differ-
ences were found in the frequency of goals between

Human Movement, Vol. 23, No 2, 2022
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open play and set play. Finally, there were differences
between home teams and visitor ones in the number
of goals scored and in penalties that they won.

The results imply that more goals were scored in
the second half than in the first half. This finding is in
line with previous studies carried out in both national
leagues [19] and international tournaments involv-
ing national teams [14, 15, 21, 22]. The difference is
also reflected in the 15-minute periods, where the
periods of the second half presented higher frequen-
cies of goals than those in the first half. A high fre-
quency of goals in the 76-90" period has also been
reported in previous studies [7, 8, 19, 21, 23].

A goal depends on many factors. So, one cannot ac-
curately point out the cause of this phenomenon. The
tactics of the team that is behind the scoring, the tactics
of the winning team, the physical and mental fatigue,
lack of concentration are all factors that can affect the
achievement of more goals in the last minutes of a match.
However, in previous studies, it has been reported
that fatigue as well as its effect on the concentration
of defenders may be an important factor in the emer-
gence of more goals at the end of a match [24]. Similar
results were mentioned in a recent study that ana-
lysed goals in the English Premier League [19]. More
specifically, previous studies have shown that defend-
ers cover shorter distances with high intensity in the
last 15 minutes compared with the first 15 minutes,
while the corresponding drop for forwards is smaller
[25]. Also, it has been reported that fatigue can affect
the correct decision making during matches [26]. With
these 2 factors, the strikers who find more space to
perform their final action seem to be favoured during
open play [27].

As far as the area of the final action is concerned,
differences were noted with most attempts performed
in (48.4%) and outside (44.3%) the penalty box and the
least through the goal box (7.4%). Similar percentages
were presented for home teams (48.4%, 43.9%, and
7.8%, respectively) and for visitor teams (48.4%, 44.8%,
and 6.8%, respectively).

With reducing the distance of the final action from
the goalpost, the chance of scoring a goal increased.
However, as the opponent approaches the focus, de-
fenders restrict spaces so that it was very difficult for
forwards to enter the goal box. Also, when a forward
is inside the penalty box, he believes that he is close
enough to the goalpost to perform a final action (like
a shoot). As the distance from the goalpost increases,
the effectiveness of players decreases, though the de-
fence is less pressing, allowing for more final actions.
The above fact is reflected in the percentage of goals

scored (effectiveness) from the different field areas,
with the highest percentage in actions through the goal
box (36.4%), followed by actions from the penalty box
(16.5%), followed by goals from outside the penalty box
(4.8%). Similar percentages were shown for home teams
(35.5% for goal box, 16.0% for penalty box, and 4.9%
for outside the penalty box) and visitor teams (37.9%,
17.0%, and 4.6%, respectively).

Goals scored from open play constituted 70.9% of
the total number of goals. This percentage is similar
to those reported in previous studies on the English
Premier League [28]. Watching over time, it is found
that the percentage of goals scored by open play moves
close to 70%. This indicates that a very significant part
of the total number of goals are scored by set plays.
This suggests that coaches should pay particular at-
tention to the offensive and defensive function of their
players during set plays.

Of goals scored during set plays, 42.9% came from
corners, 34.8% from a penalty shootout, and 22.3%
from fouls. On this basis, it appears that the corner is
the most dangerous set play as it resulted in almost
twice as many goals scored as compared with fouls.
High goal scoring rates from the corner were also men-
tioned in previous studies [29]. To interpret this obser-
vation, we should consider that during corners, for-
wards occupy spaces in very dangerous positions in
front and near the goalpost, so defenders cannot take
advantage of the regulation of offside. In turn, in many
cases of fouls, defenders take advantage of the regu-
lation of offside by keeping the opposing forwards at
a long distance from their goalpost, thereby reducing
the chance of conceding a goal. However, in order to
get an accurate picture, we need to know the total num-
ber of corners and fouls executed by the teams to esti-
mate the effectiveness of each set play.

Among the total number of penalties, 64.8% were
given to home teams and the remaining 35.2% to visi-
tor teams. Home teams also scored 11 own goals, while
visitors scored 23 own goals. The above percentages
reflect particularly the pressure that home teams put
on visitor teams to receive a positive match outcome.
Teams competing at home, with the encouragement
of their fans, probably put more pressure on visitors,
forcing them to fall into the penalty shootout or score
an own goal. Although we would expect visitor teams
to show a higher counter-attack rate per match in this
league, it was found that the average number of coun-
ter-attacks per match was 20.5 for the home team
and 18.6 for the visitor team. Counter-attack can be
not only a method for a team’s building up in specific
match situations, but also the basic offensive tactic of
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a team, especially when it competes against a higher
level team.

Finally, the results showed that the team that scored
the first goal gained significant advantage in winning
the match, as it was indicated in 73.33% of the cases
in which home teams scored first goals and in 59.6%
of the cases in which visitor teams scored the first goal,
eventually winning the match. A similar effect of the
first goal on the match outcome has been reported in
previous studies [8, 11, 14, 15, 22]. When a team scores
the first goal, there is an improvement in performance
and the players present more self-confidence and pas-
sion [30, 31]. Moreover, tactical changes with more
attention in defence were observed when a team was
in the lead [32].

With regard to the limitations of the present study,
our analysis was mainly focused on the last action prior
to a goal, which means that other important actions
of the whole attacking process were not explored. Ad-
ditionally, variables like team tactics were not consid-
ered. This could be an aspect for future studies; cap-
turing so many complex and interactive behaviours
prior to a goal would require the use of multiple re-
search methodologies.

Conclusions

The study results showed that in the Italian League
Serie A, more goals were scored in the second half,
especially in the last 15 minutes. Coaches should pre-
pare their players to be fit to cope with the whole match.
This will help players to act more effectively and not
to be affected by fatigue. They will also need to im-
prove their defensive and offensive tactics in set plays
as 30% of the total number of goals is achieved in
this way. One more thing to watch out for is that each
team should seek to score the first goal as this can
have a significant impact on the final match outcome.
However, coaches have to prepare players to deal with
a situation in which the opponent takes the lead. Fi-
nally, coaches should improve the efficiency of their
teams outside the penalty box, probably enhancing
both the technique and tactics for the correct selec-
tion of conditions for a final action.
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ABSTRACT

Purpose. This study investigated the occurrence of relative age effect (RAE) in Brazilian elite soccer athletes depending on
age categories, playing position, and competitive level.

Methods. Data from 2660 male elite soccer athletes who participated in the 2019 Brazilian soccer championships were
analysed. To determine RAE, the players were divided by their quarter of birth: Q1 (January-March), Q2 (April-June), Q3
(July-September), and Q4 (October-December). Data were obtained from the Brazilian Soccer Confederation (CBF) official
website, and from each club’s website when no information was available at the CBF website. Were included the athletes
who participated in the 2019 Brazilian soccer championships in series A and B. Data were organized in accordance with
age categories (under-20 or senior), playing position (forwards, midfielders, defenders, and goalkeepers), and competitive
level (Series A or B).

Results. An overrepresentation of soccer players born in the first quarter of the year was found when compared with the
other quarters, whereas players born in the last quarter of the year were underrepresented, regardless of the age category
and competitive level. Regarding playing position, an overrepresentation of soccer players born in the first quarter of the
year was found for all playing positions in both age categories, except for the goalkeepers in the senior category.
Conclusions. Our results showed a prevalence of RAE in U-20 and senior age categories in elite Brazilian soccer athletes,
in both competitive levels, and for all playing positions, except for goalkeepers in the senior category.

Key words: relative age effect, elite soccer athletes, selection process bias, maturation

Introduction

In youth sports organizations around the world,
children and adolescents are categorized in accord-
ance with annual age grouping policies. The main pur-
pose of this process is to provide young athletes with
fair competition and equal opportunities to develop
their skills [1]. However, differences in chronological
age within the same age cohort are expected owing
to the inherent variability in biological developmen-
tal processes [2]. Children born closer to the cut-off

date are more likely to be more developed in cogni-
tive, psychological, and physical aspects than players
born further from the cut-off date [2, 3]. The conse-
quences generated by the chronological differences
among athletes in the same age group are known as
the relative age effect (RAE). In this regard, RAE pro-
vides an immediate competitive advantage, within the
same age group, to relatively older players and disad-
vantages for relatively younger athletes, which can be
reflected in higher dropout rates and lower chances
to achieve long-term success in sport [4, 5].
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RAE is a widespread phenomenon across many
sports, especially team sports [3, 6, 7]. This effect mani-
fests to a greater extent in young male athletes, espe-
cially in highly competitive contexts [1, 3, 8]. Thus, as
it could be expected, RAE is well established in the
Brazilian youth soccer [9-11], where a large pool of ath-
letes competes for a limited number of spots. Since
soccer is a sport characterized by high physical and
physiological demands [12, 13], coaches are biased
towards selecting those athletes who present better
developed physical attributes. One aspect to consider
is that inter-individual variations related to growth
and maturity are especially pronounced in infancy and
adolescence [2], that is, when talent selection processes
usually occur. Consequently, relatively older athletes
are more likely to progress in sport than relatively
younger players because of a ‘biased’ view of their real
potential [3].

The primary mechanism that explains the occur-
rence of RAE as a bias factor in the early stages of the
athletes’ development process is the role of physical
maturation (i.e. maturation-selection hypothesis) [3].
Although the RAE phenomenon exists, its consequences
tend to disappear when the age category and compe-
tition level increase, and the athletes have already gone
through the growth spurt (e.g. under-20 and senior).
Nevertheless, sometimes RAE is so pervasive in youth
categories that it remains up to U-20 and even senior
categories [5, 7, 14, 15]. This phenomenon may cause
the systematic loss of potential sporting talents as
a result of biased decisions made in the earlier age
categories.

RAE is a multifactorial phenomenon in nature,
and many aspects associated with the individual, the
environment, and the task constraints provide a the-
oretical rationale to explain its occurrence in differ-
ent sports contexts [8]. Among several aspects, the
relationship between playing position and RAE has
received attention in recent years. In soccer, some stud-
ies were carried out to verify whether the specific de-
mands of each playing position could modulate the
occurrence of RAE. Romann and Fuchslocher [16]
addressed this matter in elite Swiss junior soccer play-
ers and found that relatively older defenders were over-
represented compared with the other playing positions,
suggesting that RAE might be determined by playing
position. Conversely, Campos et al. [14] investigated
elite U-20 South American soccer athletes and ob-
served RAE in all playing positions, except for goal-
keepers. Thereby, to date, the effect of playing position
on RAE in soccer is still controversial and seems con-
text-dependent. Hence, the relationship between RAE

and playing positions remains a topic to be addressed
in the Brazilian soccer system.

Another factor that may modulate RAE is the com-
petitive level. Overall, the most skilled players are ex-
pected to play in more competitive tiers (Series A in
the case of Brazilian soccer). The lower divisions (Se-
ries B), on the other hand, could serve as back doors
for the first-tiers competitions, being especially im-
portant for players who might have previously been
neglected owing to maturational aspects [5]. Aiming
to verify whether the second tiers leagues indeed rep-
resented a second opportunity for late-born athletes,
Rada et al. [5] investigated RAE in first and second
tiers leagues in 5 of the most prestigious European soc-
cer leagues. The results indicated that RAE occurred
in the same magnitude in both tiers, which may reduce
the chance for late-born athletes to reach first tiers
leagues.

Despite the fact that RAE is a widely investigated
phenomenon in soccer, most research on this topic
referred to European leagues [17, 18]. The European
context has different characteristics from Brazil with
regard to organizational structure, competitive level,
selection, training, and development of talents for soc-
cer. To illustrate, recent evidence indicates that Bra-
zilian players born in the first 6 months of the year,
from cities with a demographic rate of up to 100,000
inhabitants and a Human Development Index above
0.501, are more likely to reach the elite of Brazilian
soccer (Series A) [19]. Considering that the occurrence
and magnitude of RAE seems to be directly influenced
by environmental constraints [8], it is relevant to ex-
plore how this phenomenon manifests itself in the
Brazilian soccer context. This is particularly neces-
sary because studies that investigated RAE among
Brazilian elite soccer athletes are limited. Costa et al.
[20] studied RAE depending on the competitive level
(Series A and B) in the 2008 elite Brazilian champion-
ship and confirmed the presence of this effect in both
tiers of competition. More recently, a historical analysis
that comprised a wide sample of players born in years
1921-1996 showed that RAE was present in the Bra-
zilian soccer system during the decades of 1960s,
1970s, 1980s, and 1990s [21]. However, current data
on RAE existence among elite athletes in the Brazilian
soccer are scarce in the literature. Additionally, to the
limit of our knowledge, previous studies did not ac-
count for the players’ competitive levels, playing posi-
tions, and age categories together, precluding specific
conclusions regarding the roles of these aspects on RAE
occurrence in the Brazilian soccer system. A broad
analysis of RAE among Brazilian elite players has im-
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portant practical implications for different reasons.
Soccer is a sport played by millions of children and
teenagers in the country. The institutional policies
used by federations and methodological approaches
applied by professionals during the selection of young
athletes can influence the formation and development
of talents for the sport. Sports systems in which RAE
is predominant may result in the loss of potential tal-
ents because of inequalities generated by age group-
ing systems based on athletes’ birthdates [1, 3, 22].
Therefore, investigating how RAE manifests depend-
ing on age category, playing position, and competitive
level is crucial to reduce potential inequalities in the
Brazilian soccer system.

This study aimed to investigate the existence of RAE
in Brazilian elite soccer athletes from U-20 and senior
categories. Moreover, we sought to observe whether
playing position and competitive level were associated
with RAE. We hypothesized that RAE would be found
in athletes from both age categories, with a smaller ef-
fect in the senior category, with small expected matu-
ration differences [2]. Moreover, we expected to verify
RAE regardless of playing positions or competitive
level, owing to the highly competitive nature of the
Brazilian soccer system, which increases the likeli-
hood of RAE [1].

Material and methods
Participants

The sample of this study was composed of 2660
male elite soccer athletes who were part of the U-20
(mean age: 18.6 + 1.1 years) and senior (mean age: 26.0
+ 4.9 years) squads of professional teams that partici-
pated in the 2019 Brazilian soccer championships, in
series A or B (first and second tiers of the Brazilian soc-
cer championships, respectively). The athletes were or-
ganized by the variable analysed as follows: age cate-
gory (U-20, n = 1471; senior, n = 1189); competitive
level (series A, n = 1399; series B, n = 1261); playing
position (forwards, n = 647; midfielders, n = 902; de-
fenders, n = 837; goalkeepers, n = 274).

Data collection and procedures

Data were obtained from rosters available at the
Brazilian Soccer Confederation (CBF) official website
(www.cbf.com.br). When no information was available
at the CBF website, the clubs’ websites were consulted.
Data collection was performed in January 2019. The
information obtained included players’ full names,
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dates of birth, playing positions, and age categories.
Athletes whose information was incomplete were not
considered for the study.

The cut-off date for youth categories of teams par-
ticipating in the Brazilian soccer championships is Jan-
uary 1 (quarters are composed as a function of this
cut-off). The variables analysed included the quar-
ters of the year the athletes were born: Q1 (January,
February, March), Q2 (April, May, June), Q3 (July, Au-
gust, September), and Q4 (October, November, De-
cember), and were split depending on age categories
(U-20 and senior), competitive levels (Series A and B),
and playing positions (forwards, midfielders, defend-
ers, and goalkeepers). Players who composed a squad
in more than one category were considered only once
in the analysis, on the playing position they played in
the senior category.

Statistical analysis

Athletes’ frequencies were presented in absolute
and relative values. We analysed the occurrence of
RAE among players by comparing the frequency of
athletes born in each quarter observed in our sample
and the frequency expected (Exp) for the Brazilian
population on the basis of Brazilian reports. This is
a methodological procedure traditionally used in the
RAE literature with the purpose of minimizing the
bias associated with seasonal variations in the birth
rate between months of the year [22, 23]. Thus, in our
analysis, we considered the number of births in each
quarter of the year based on Brazilian reports from
1994-2001 (Brazilian Ministry of Health), which led
to the following expected observations for each quarter:
Q1: 25.7%, Q2: 26.3%, Q3: 24.8%, and Q4: = 23.2%.

A chi-square test (x°) was performed to compare
the athletes’ birthdates distribution depending on sex,
event type, and age category. For all analyses, the ef-
fect size (w) of the chi-square tests was calculated.
Additionally, odds ratio (OR) and 95% confidence in-
terval for Q1 vs. Q4 and first semester vs. second se-
mester were calculated. Analyses were performed in
the Statistical Package for the Social Sciences (SPSS),
version 20.0 (Chicago, USA). The level of significance
was 0.05. Whenever multiple comparisons between
quarters were necessary, Bonferroni’s corrections were
performed. In these cases, the significance level was
adjusted to 0.008.

Ethical approval
The conducted research is not related to either hu-
man or animal use.
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Results
Birthdate distribution by quarters

Figure 1 shows the relative frequency of the ob-
served and expected birthdate distribution of the pooled
Brazilian soccer players. Our analysis indicated an un-
even distribution of birthdates (p < 0.001; ® = 0.33;
Q1 =970; Exp = 682.6; Q2 = 830; Exp = 701.4; Q3 =
502; Exp 660.5; Q4 = 358; Exp = 615.5). Players born
in the first 3 months of the year were overrepresented
compared with those born in the other quarters (p <
0.001; OR Q1:Q4 = 3.69; OR S1:S2 = 4.38). Moreover,
players born in the last 3 months of the year were less
frequent than athletes born in all the other quarters
(p <0.001).

Relative age effect vs. age categories

When athletes were analysed by age categories
(Table 1), the chi-square analysis indicated uneven
birthdate distributions in both U-20 (p < 0.001; ® = 0.42)
and senior (p < 0.001; ® = 0.21) age categories. In the
U-20 category, athletes born in the first 3 months of
the year were overrepresented in comparison with
those born in the last 3 months of the year (p < 0.002).
In addition, players born in the last 3 months of the
year were less frequent than those born in the other
quarters of the year (p < 0.002). In the senior category,
athletes born in Q1 (p < 0.001), Q2 (p < 0.001), and Q3
(p < 0.007) were overrepresented in comparison with
those born in the last 3 months of the year.

Relative age effect vs. competitive level

When athletes were analysed by age category and
competitive level (Table 2), the chi-square analysis in-
dicated that players born in the first semester of the
year were overrepresented in both age categories and
competitive levels (p < 0.001). However, the magnitude
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Figure 1. Relative observed and expected birthdate
frequencies of elite soccer athletes

of this overrepresentation was larger in the U-20 cate-
gory, in both competitive level A and level B (o = 0.46,
® = 0.36, respectively), than in senior players (o =
0.196, o = 0.23, respectively). Overall, athletes born
in Q1 and Q2 were more frequent than those born in
Q4 (p < 0.001), regardless of the age category or com-
petitive level. However, it was only in the U-20 cate-
gory that players born in Q4 were less frequent than
those born in all the other quarters of the year (p <
0.005).

Relative age effect vs. playing position

When players were analysed by their age category
and playing position (Table 3), the chi-square analy-
sis indicated that athletes born in the first semester
were more frequent in all playing positions in both
U-20 (p < 0.001) and senior (p < 0.001) categories,
except for the goalkeepers in the latter (p = 0.89). For
all the other playing positions, athletes born in the
first semester were more frequent than those born in
the last 3 months of the year (p < 0.003). The magni-
tude of the effect was larger in U-20 forwards (o =

Table 1. Brazilian senior and U-20 soccer players’ birthdates distribution by age category

Q1 Q2 Q3 Q4 OR Q1:Q4 OR 1521
Category 2 p ®
(Exp) (Exp) (Exp) (Exp) 95% CI 95% CI
. 390%¢ 353« 243 203 2.37 1.96
Senior (3055) (313.9) (205.4) (274.3) 0745 <0001 0218 o0 ) eg 1.67-2.31
580bcd  477¢4 250 155 5.53 6.52
Under20 3075 (387.9) (365.2) (340.4) 201025 <0001 0421 oy 675 555766

Q - birth quarter, (Exp) - expected distribution, ® - effect size, OR Q1:Q4 - odds ratio from Q1 to Q4, OR 1*:2™ - odds
ratio from 1°*' semester to 2" semester, ” different from Q2, ¢ different from Q3, ¢ different from Q4
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Table 2. Brazilian senior and U-20 soccer players’ birthdates distribution by series played

Q1 Q2 Q3 Q4 ORQ1:Q4 OR 12
Series Category 2 p o
(Exp) (Exp) (Exp) (Exp) 95% CI 95% CI
_ 1804 168 119 99 2.199 2.548
Senior (145.2) (149.3) (1405 (31) 21781 <0001 0196 oo vo1 2324
A
342bed  p72ed 1401 79 6.648 7.86
Under20 0137) (219.7) (206.8) (o928 175154 <0001 0462 o 0 o270  6.32-9.78
. 210 185 124 104 2.537 3.001
Senior (159.9) (164.3) (1547) (1442 °00615 <0001 0239 o) 50y 538378
B
2384 2054 119 76 4.399 5.048
Under20 qea 2 (1682) (1584) (147.6) 00307 <0001 0367 5 o0 398640

Q - birth quarter, (Exp) - expected distribution, @ — effect size, OR Q1:Q4 - odds ratio from Q1 to Q4, OR 1°:2™ - odds
ratio from 1°* semester to 2" semester, » different from Q2, ¢ different from Q3, ¢ different from Q4

Table 3. Brazilian senior and U-20 soccer players’ birthdates distribution by playing position

Q1 Q2 Q3 Q4 ORQ1:Q4  OR 1%:2™
Category Position $ p o
Fxp)  (Fxp)  (Exp)  (Exp) 95% CI  95% CI
91 gge 56 46 2.45 3.08
ATK (72.1)  (741)  (69.8) (65 1084 0001 0237y o s66 2.18-4.343
136 1204 76 65 2.66 3.3
MDL (1019) (1047) (98.6) (o1.9) 20701 <0001 0259 o5 500 546441
Senior . . p
1280 108 80 64 251 2.69
DEF 97.5)  (100.2) (944) (87.9) 10839 <0001 0223 20 55s 204-3.60
35 37 32 27 1.4 1.49
GLK (33.6) (345 (32.5) (30.3) 0002 0896 0067 o0 549 092-2.42
1514 116 640 35 6.86 7.27
ATK 93.9) (965 (90.9) (847) 787 <0001 0455, o0 1031 525-10.08
186 186 78 55 477 7.82
MDL (1173) (1205 (1135) (057 o177 <0001 0436 5 ) 665 5.91-10.35
U-20
186b4 1310 8o 51 5.46 5.13
DEF (129.6) (1332) (1254) (116.9) 824 <0001 0405 00 -2 387679
570 44 28 14 6.11 5.78
GLK 367) (377 (355 (33.1) 4887 <0001 0417 .., 1156 348-9.62

Q - birth quarter, (Exp) - expected distribution, @ — effect size, OR Q1:Q4 - odds ratio from Q1 to Q4, OR 1°:2" - odds
ratio from 1°' semester to 2" semester, ATK - attacker, MDL — midfielder, DEF - defender, GLK — goalkeeper

b different from Q2, © different from Q3, ¢ different from Q4

0.45), midfielders (o = 0.43), defenders (® = 0.40), and
goalkeepers (o = 0.41) when compared with senior for-
wards (o = 0.23), midfielders (o = 0.25), defenders
(o = 0.22), and goalkeepers (o = 0.06).

Discussion

In the present study, we investigated the presence
of RAE in Brazilian elite soccer athletes from U-20
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and senior categories and analysed whether playing
position and competitive level were associated with
RAE. As predicted, our main findings confirmed the
existence of RAE among athletes in both age catego-
ries (more pronounced in the U-20 category), both
competitive levels (Series A or B), and all playing po-
sitions, except for goalkeepers in the senior category.
These observations corroborate those from previous
studies with elite soccer athletes both in Brazil [11,
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21] and worldwide [5, 18]. Moreover, this study indi-
cated different RAE magnitudes in U-20 and Senior
Brazilian National Soccer League athletes, depend-
ing on playing position and competitive level. Since
RAE occurs in Brazilian elite soccer athletes, coaches
and stakeholders are warranted to implement coun-
ter-RAE interventions, aiming to reduce the loss of
potential sporting talents because of inequalities re-
sulting from the age grouping system.

In our study, RAE of different magnitudes was
found in U-20 and senior categories (0 = 0.42, ® = 0.21,
respectively). Even though RAE decreased as age cate-
gories increased in our study, it was still present in
both age categories, which indicates that athletes’ birth-
dates continue to play an important role in the selec-
tion of elite players, even in the senior category [3]. This
seems to be associated with the pressure for immediate
results imposed on coaches of Brazilian youth cate-
gories [24]. Indeed, previous studies have consistently
shown that Brazilian youth coaches are more likely
to select relatively older players, as they may achieve
higher performance in the short term [10, 25]. Never-
theless, the reduction in the magnitude of the effect
suggests that selecting supposedly more physically de-
veloped athletes in younger categories because they
are relatively older does not represent great advan-
tages for the insertion of players in the senior level. In
fact, the reduction of RAE magnitude as the catego-
ries advance indicates that a significant proportion of
young athletes born closer to the cut-off dates are not
reaching the senior category. This idea has already
been reported in the Brazilian soccer context, along
with the notion that relatively younger athletes may
actually benefit in the long run from competing with
relatively older peers [24].

The reduction in the magnitude of the RAE with
the increase in age category may be a result of the in-
teraction between several factors (e.g. technical, tac-
tical, and psychological aspects) that are warranted
to influence elite athletes’ selection and adherence in
older age categories [3, 15]. It has been proposed that
relatively younger athletes may benefit from competing
with relatively older peers [5]. Since relatively older ath-
letes are more likely to be bigger, faster, and stronger,
relatively younger athletes need to develop other re-
sources to thrive in this disadvantaged environment.
The constant competition with older peers, however,
may result in the development of more skilled players,
which in the long-term could provide younger players
with a greater chance of success if they ever manage to
reach the senior category [5]. In line with these propo-
sitions, Ramos-Filho and Ferreira [24] identified a re-

verse RAE concerning sports performance in profes-
sional Brazilian soccer players. Similarly, Ashworth and
Heyndels [26] demonstrated that relatively younger
German soccer players tended to earn higher wages
when they reached the professional league. Taken to-
gether, these results suggest that coaches must account
for factors other than age-related differences in the
early selection of elite athletes.

The analysis of players by the competitive level
showed that RAE was present in both divisions, re-
gardless of the age category. The analysis of the odds
ratios, however, indicated a contrary trend for the mag-
nitude of the effect in the U-20 and senior categories.
In the U-20 category, players born in the first semes-
ter were 7.86 times more likely to be part of Series A
squads than those born in the second semester (OR =
5.05 in Series B). On the other hand, in the senior cat-
egory, players born in the first semester were 2.55 times
more likely to be part of Series A squads than those
born in the second semester (OR = 3.0 in Series B).
These results indicate that the composition of Series A
in the U-20 squads seems to have greater remnants of
decisions made by coaches in lower categories, based
on possible advantages in the development stages. Con-
versely, in the senior category, the opposite occurs,
since fewer relatively younger players compose Series
A squads compared with Series B squads. Since the
most skilled athletes (not necessarily those who are
bigger and stronger) are expected in a greater propor-
tion in the Series A teams, these results indicate that
over time, there seems to be a natural re-evaluation
of players [5]. This correction, via the athletes’ trans-
fer market, seems to reposition the younger athletes
to more qualified teams in the senior category.

The playing position analyses indicated an over-
representation of relatively older players in all the line
playing positions (i.e. forwards, midfielders, and de-
fenders), in both age categories. Once again, higher
magnitude effects were found in the U-20 category
(medium-sized effects) rather than in the senior cat-
egory (small-sized effects). These analyses also imply
that effects were similar among positions in the U-20
and all line positions in the senior category. Our results
are different from those obtained by Salinero et al. [27],
who only found RAE in some of the playing positions,
which varied depending on the different European
leagues investigated. Overall, evidence reinforces the
notion that RAE is multifactorial [8] and that the re-
sults found in playing position analysis are context-
dependent. We assume that the prevalence of RAE in
most playing positions in our study is a consequence
of the high competition for spots as line players in Bra-
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zilian soccer because of the high popularity of this
sport. The prevalence of RAE in all line positions also
follows the current soccer physical demands. Since
elite soccer increasingly demands high game intensi-
ties [28], faster and stronger athletes tend to be pre-
ferred in all line positions. This could explain why youth
coaches continuously favour relatively older athletes
since they are more likely to show increased physical
performance earlier, owing to maturation [17].

An exception was the case of goalkeepers since
RAE was not found in this position in any age category
investigated in this study. This finding is in line with
the observations by de Souza et al. [29], who also did
not report RAE for elite senior Brazilian goalkeepers.
One of the explanations provided by these authors to
these results is based on the greater prestige and finan-
cial gains provided by line positions, which would
make young athletes more prone to compete for spots
in these positions rather than for goalkeeper spots in
younger categories. Our results provide some advances
in this discussion since RAE on the goalkeeper posi-
tion was only verified in the U-20 category, but not in
the senior category. The absence of RAE in elite Bra-
zilian goalkeepers seems to be specific to the senior
category, and not to result from low competitiveness in
the grassroots categories. The lack of RAE elimination
in goalkeepers from the senior category is likely due to
the specificity of the skills, training, and selection in
this position [30]. The presence of goalkeepers’ coaches
and trainers in the selection processes and through-
out the development of sports talents may minimize
the focus on maturational aspects and promote the
emphasis on the position-specific skills, aiming at long-
term development [29]. Furthermore, the goalkeep-
ers’ careers tend to be longer, with their peak perfor-
mance reaching later than in line players [30]. These
facts demonstrate that in this position, the players need
more time to develop specific skills, which allows the
valuation of aspects other than maturation in the se-
lection processes. To confirm these hypotheses, future
longitudinal studies are warranted to further under-
stand the role of RAE among goalkeepers.

One of the limitations of the present study was that
data were collected in a single moment in time, com-
prising male athletes who were part of squads partici-
pating in the 2019 Brazilian soccer championships.
This precluded an overview of the phenomenon in elite
soccer athletes, allowing the rather specific context of
RAE in the Brazilian soccer league only. Also, we did
not control the effective participation times of athletes
in the competitions, only their registration in CBF to
participate in a squad. This information could pro-
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vide important insights into the effects of RAE not
only on selection but also on the athletic development
opportunities received by athletes depending on their
birthdates [31]. Future investigations are warranted
to overcome these limitations by using longitudinal
approaches and by controlling the participation of ath-
letes in official matches.

Conclusions

In summary, RAE is present in U-20 and senior age
categories in elite Brazilian soccer athletes, in both
competitive levels and all playing positions, except for
goalkeepers in the senior category. This indicates that
relatively older athletes are systematically favoured in
the Brazilian youth soccer system, owing to develop-
mental advantages that might cause better performance
in the short term [25]. These results have important
practical implications for the development of talents in
Brazilian soccer, especially regarding the athlete se-
lection processes. Since research has consistently shown
that this selection bias in the early stage of athletes’
development is not associated with long-term sports
achievements [32], counter-RAE policies are neces-
sary to minimize the loss of potential sports talents.
Some interventions in this direction have been pro-
posed, such as educating coaches about RAE inci-
dence in soccer systems [1]; using numbered shirts
depending on birthdates during tests to highlight
chronological differences between players [33]; and
changing the regulations in youth soccer competitions,
including the mandatory registration of a minimum
number of athletes born in the second semester [5].

A paradigm shift in youth categories is necessary
to reduce the extensive RAE in the Brazilian soccer
context, as coaches and stakeholders should place less
investment in the short-term pursuit for sporting
achievements in these categories. As long as coaches
feel the pressure to win competitions in the grassroots
categories, they are likely to favour relatively older
young athletes, as they tend to be bigger and stronger
[6]. In this sense, technical, tactical, and psychological
aspects that are so important in elite-level sport be-
come secondary factors when it comes to selection and
playing opportunities. Unless long-term talent devel-
opment policies are implemented in Brazilian soccer,
the inequalities generated by RAE will tend to be
maintained in this sports system, even reaching the
senior category.
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ABSTRACT

Purpose. This study aimed to analyse the correlations between individual technical determinants and the overall team
performance in rink hockey sport.

Methods. Retrospective observational data were collected from 182 matches played by 14 teams competing at the first
division of the Portuguese national senior rink hockey championship (full season, 2018/19). Goals scored, goals conceded,
direct free-hits, penalties, and final classifications were collected by team, on the basis of the official scoresheets of the
games, validated by the official referees.

Results. The results revealed that direct free-hits were more prevalent, although teams were more effective on penalties
(40.4%) than direct free-hits (27.1%). Strong inverse relationships between direct free-hits effectiveness and final classifica-
tion in the league (r = -0.71, p = 0.004) as well as penalties (r = -0.58, p = 0.029) were found. The effectiveness of the
technical determinants, penalties, and direct free-hits increased with the proficiency of the teams in the classification. How-
ever, the bottom teams experienced significantly higher weights of these technical determinants on the team’s total goals
scored (1°-4": 15.3%, 5"-9"™: 25.6%, 10"-14™: 23.9%; p < 0.05).

Conclusions. In conclusion, individual technical determinants’ effectiveness was a strong predictor of team performance,
accounting for at least 22.1% of the total goals scored in the full season, highlighting athletes’ specialization in the training
process.

Key words: rink hockey, match analysis, direct free-hits, penalties, effectiveness, technical performance

Introduction (at both the individual and team levels) that must be

improved during the training process [2].

Team sports practitioners have been progressing
their knowledge in relation to the individual and tech-
nical determinants needed to outperform their oppo-
nents by observing and analysing the training- and
match-related physical, technical, and tactical demands,
which has led to the development of match analysis
systems to collect and gather data from various sports
[1]. In an environment of extreme competitivity, these
data analyses could be crucial for determining and
identifying training and match weakness and strengths

Despite the lack of research regarding rink hockey;,
efforts have been made to understand the demands
of this team sport. Such efforts have demonstrated
a common pattern of typical intermittent demands [3],
where it is expected that players have to deal with
performance stressors such as sprints with high ac-
celerations and decelerations and changes of direc-
tion, resulting in its high-intensity nature, as it has
been well-documented in other team sports, such as
soccer, handball, basketball, and futsal [4-8].
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Rink hockey, as any other team sport, is charac-
terized by its complex dynamic system [3] in which
players are expected to engage in interactions of or-
der vs. disorder between them that may affect their
behaviours throughout the game, as well as the final
outcome of the match [9]. Considering the dynamic
and uncertain nature of the behaviours (and for the
purpose of performance analysis of this sport), the
roller-hockey indoor field area has been divided into
3 corridors (left, right, and centre), 6 areas, and 18
zones [10]. Areas 1 and 2 are the defensive areas;
areas 3 and 4 are the intermediate areas; and areas
5 and 6 are the definition areas, which are where the
players’ role actions occur during a match.

With the aim to analyse the goalkeepers’ perfor-
mance, Sousa et al. [10] found that the goalkeepers
tended to be more effective during the first half than
the second half, which might be caused by the levels
of physical and mental fatigue that occurred during
the match, thus decreasing goalkeeper performance
determinants in the late phases of the match, as previ-
ously documented in other studies related to soccer [11].
Because of the aforementioned mental and physical
fatigue — and the game-specific rules regarding faults
accumulation during the second half - opportunities
for direct free-hits increase as the match progresses.
Further, recent research has revealed that goalkeepers
are more effective in defending direct free-hits when
they use the technique of moving their arms and when
they assume a squatting position with a knee on the
floor. Also, goalkeepers were less effective in defending
direct free-hits when converted by left-handed play-
ers [12].

The team performance depends on the interaction
between players on the field, supported in different
moments that characterize the game: positional attack,
positional defence, transitions, period of inferiority, and
free shots (penalty and direct free-hit). Recent research
on similar team sports (e.g., soccer, basketball, hand-
ball, futsal) has described the moments of the game
when the offensive playing style of a team and offen-
sive transitions tend to favour goal scoring for the at-
tacking team, as well as the analysis of global perfor-
mance [13-16].

Even though rink hockey is played by many athletes
around the world, little is known about this sport, and
the empirical knowledge of rink hockey is supported
only in practice and through experience. Moreover,
performing penalties and direct free-hits gives players
more chances to score when compared with indirect
free-hits and other moments of the game (e.g., during
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positional attacks and periods of inferiority), proving
the importance of match analysis and previous obser-
vation. Moreover, to the best of our knowledge, specific
metrics on this topic are innovative and helpful to
coaches when designing training sessions.

Therefore, considering the complexity of this game,
this paper analyses the correlations between team
performance and individual technical determinants
of rink hockey game actions. The findings may allow
coaches to periodize training in accordance with the
specific match demands and typical behaviour pat-
terns of play.

Material and methods
Sample

In this study, 182 matches played by 14 teams were
analysed. The teams competed in the first division of
the Portuguese national hockey championship organ-
ized by the Portuguese Roller Sports Federation (Fed-
eragao de Patinagem de Portugal, FPP) [17] during the
2018/19 season. As such, this cohort study includes
a retrospective observational data collection for a full
season.

Materials and procedures

For data collection, the FPP website was used [17],
which contains all the official match details, includ-
ing official spreadsheets of the games validated by
the referees nominated by the FPP and available to
the public. The data were subdivided into 3 parts: (1)
the first round of the championship; (2) the second
round of the championship; and (3) the entire cham-
pionship. Data for the full 2018/19 season were col-
lected retrospectively by 2 trained coaches of level 11
and III specific of rink hockey sport. As outcomes of
interest, variables such as goals scored, goals conceded
(and the ratio between these 2 variables), direct free-
hits, penalties, and final classifications were analysed.
Data from each team participating in the Portuguese
championship were considered. In addition, the set
pieces of each team (i.e., converted and unconverted
penalties in favour and against each team and con-
verted and unconverted direct free-hits in favour and
against each team) were investigated.

On the basis of the final classification of data col-
lected from the 2018/19 season, stratification in 3 dif-
ferent groups was carried out in accordance with the
rankings in the competitive table, which are as fol-

Human Movement, Vol. 23, No 2, 2022



HUMAN MOVEMENT

M. Camboes et al., Rink hockey performance and technical determinants

Table 1. Descriptive statistics of total goals scored, penalties, and direct free-hits converted over the full season

Descriptive data among 14 teams Mean (SD) Min. Max.
Total goals scored 95.1 (26.0) 64 150
Total penalties in favour 20.8 (4.7) 15 29
Converted penalties in favour 8.4 (2.5) 4 14
Ratio penalties converted:total goals scored (%) 9.2 (3.3) 5.6 18.0
Total free-hits in favour 42.8 (11.2) 23 59
Converted free-hits in favour 11.6 (3.6) 3 17
Ratio free-hits converted:total goals scored (%) 12.9 (5.2) 4.0 21.5
Ratio converted penalties and free-hits:total goals scored 22.1 (5.7) 12.4 30.4
lows: (i) champions (1%-4"); (ii) CERS (Confédération Results

Européenne de Roller Skating) (5""-9"); (iii) others
(10"-14"). This stratification served to analyse the
technical determinants efficacy, weight on total goals
scored, and final classification of the championship.

Statistical procedures

The results were expressed as mean (standard de-
viation) for descriptive statistics. For efficacy calcula-
tion (%), converted set pieces were considered divided
by the total situations of a specific technical determi-
nant (direct free-hits and penalties) or total goals of
the season (weight on the total goals scored). To test the
reliability between the 2 coaches, kappa coefficients
(k) were calculated for the outcome variables of in-
terest (above 0.90), indicating an almost perfect level
of agreement.

The data followed normal distribution and Pear-
son bivariate correlations were used to analyse the re-
lationship of the efficacy of offensive direct free-hits
and penalties with the final classification in the league.
As implied in the literature [18], the magnitudes of
correlations were classified as trivial (0.0-0.1), small
(0.1-0.3), moderate (0.3-0.5), large (0.5-0.7), very large
(0.7-0.9), and nearly perfect (0.9-1.0). Comparisons
between technical skills efficacy, weight of these de-
terminants on total goals scored and final classifica-
tion were executed by using one-way ANOVA, with
significance value of p < 0.05. The Bonferroni proce-
dure was applied as a multiple comparison between-
group post-hoc test. All statistical analyses were per-
formed with the IBM SPSS® Statistics (version 25,
Chicago, USA) for the value of p < 0.05.

Ethical approval
The conducted research is not related to either hu-
man or animal use.

As presented in Table 1, each team had an aver-
age (SD) of 20.8 (4.7) penalties and 42.8 (11.2) direct
free-hits on the basis of the Portuguese senior rink
hockey full-season analysis. Of the offensive penal-
ties per team, a mean (SD) of 8.4 (2.5) were converted
(40.3%). In addition, even with the medium effective-
ness of this technical issue on the game, the mean
(SD) weight of the converted penalties on total goals
scored was 9.2% (3.3%).

Regarding another technical determinant of the
game, offensive direct free-hits were more prevalent:
mean (SD) of 42.8 (11.2) per team, full-season break-
down. Despite the higher prevalence of direct free-
hits, the effectiveness of this parameter was lower
than that of penalties (27.1%). In consequence, the
mean (SD) weight of the converted direct free-hits on
total goals scored was 12.9% (5.2%). Overall, both
types of technical determinants described above had
a significant weight (22.1%) on team performance,
namely on total goals scored.

When applying the Pearson bivariate correlation
between the effectiveness of direct free-hits and the
final classification in the rink hockey first league,
a consistent inverse relationship was observed, rep-
resenting a very large correlation between both (r =
-0.71 [-0.29; -0.9], p = 0.004). The same dimensions
of inverse associations were observed among penalties’
effectiveness and the final classifications, represent-
ing a large correlation between both (r=-0.58 [-0.07;
-0.85], p = 0.029). This linear pattern is illustrated
in Figure 1.

When the analysis was stratified by the proficiency
level (Table 2), the teams that were in the champions’
places (19-4") presented greater efficacy of direct free-
hits and penalties, indicating means (SD) of 32.7 (2.8)
and of 43.5 (3.7), respectively. In comparison, teams
in CERS places (5"-9") had means (SD) of 30.6 (6.1)
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Figure 1. Relationship between the effectiveness of direct free-hits, penalties, and final classification
in the championship

and 43.5 (5.6), respectively, and lower-rank teams o NN i
(10™-14"™) had means (SD) of 21.0 (7.7) and 34.4 (9.0), s " N
respectively. Despite their higher efficacy, the top 4 g 11 \\
teams revealed significantly lower weights of converted N 1o N
direct free-hits and penalties on total goals scored in % ) \
the league when compared with the other groups. The 2 P RN N4
weights for this metric were as follows: 15.3% (15-4™), g .
25.6% (5"-9™), 23.9% (10"-14™) (p < 0.05). 2 ; DN

After applying the Bonferroni procedure, in multiple ° AN NI
comparisons, consistent significant differences were = : \' N
found between groups 1 and 2 (p = 0.006) and groups -
1 and 3 (p = 0.020) regarding the weight of direct Racio goals scored/conceded 2018/2019

free-hits and penalties on total goals scored.

) . Figure 2. Relationship between the ratio
As mentioned above, the effectiveness of these tech-

of goals scored and goals conceded with final

nical determinants is an important predictor of team classification in the championship
performance that increases the positive balance be-

tween attack and defence. A clear linear relationship Discussion

was observed between the ratio of goals scored and

goals conceded with the final classification in the rink Rink hockey is characterized by consistent inter-
hockey championship (Figure 2). This ratio explains mittent changes between phases/moments during
83% of the variation in the final classification. In addi- the game, as is expected of any invasion sport. The dif-
tion, Figure 2 illustrates a clear gap between the 5 teams ferent moments of a match lead to offensive actions that
above in the table and the other teams, with the 5 best may result in a goal. Currently, the offensive phases or
teams in the final classification all presenting ratios moments that characterize goals are marked by tactical
between attack and defence of above 0. complexity. The main findings of this study showed

Table 2. Technical determinants of efficacy and weight on total goals scored by category of final championship

classification
Mean (SD) Group 1* Group 2**  Group 3*** p
Efficacy of direct free-hit (%) 32.7 (2.8) 30.6 (6.1) 21.0 (7.7) 0.030
Weight of converted direct free-hits on total goals scored (%) 8.8 (1.5) 16.0 (3.8) 13.1 (6.4) 0.106
Efficacy of penalties (%) 43.5 (3.7) 43.5 (5.6) 34.4 (9.0) 0.091
Weight of converted penalties on total goals scored (%) 6.5 (0.8) 9.6 (1.6) 10.8 (4.7) 0.137

Weight of converted direct free-hits and penalties on total
goals scored (%)

* champions (1°'-4'"), ** CERS (Confédération Européenne de Roller Skating) (5"-9"), ***others (10"-14")

153(22) 256(3.7)  23.9(4.8) 0.005
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that individual technical offensive determinants were
consequences of tactical offensive actions, such as di-
rect free-hits and penalties, and their effectiveness had
a great impact on the final classification of the first
league, accounting for at least 22.1% of the total goals
scored. As expected, the higher classified teams exhib-
ited higher scores of effectiveness in individual tech-
nical determinants. However, the weight of this efficacy
on the total number of goals scored by each team was
significantly higher on the below categories of the fi-
nal classification.

Regarding the ratio of goals scored to those conced-
ed and its linear relationship with the final classifi-
cation, the top 5 teams presented a greater difference
in relation to the other teams. In fact, winning teams in
other team sport contexts — such as futsal [19] or hand-
ball [20] - presented greater offensive technical actions,
as well as a higher ratio of goals scored to goals con-
ceded, which resulted in better final outcomes (i.e.,
higher final classification) [21], which is in line with
our results. This may be because the best teams gen-
erally have the best players and the best goalkeepers, as
well as the best training conditions, which potentiates
the balance between offensive and defensive deter-
minants.

In rink hockey, in terms of total goals scored, direct
free-hits were the most influential individual techni-
cal determinant. However, it was not as effective as
total penalties in favour. These data indicate that de-
spite being less frequent, penalties have a higher suc-
cess rate in offensive terms than direct free-hits. In pen-
alties, the goalkeepers, regarding technical issues, are
more conditionate to have a global success; these are
a difficult individual technical action to reproduce in
training sessions. The precision and power of shots and
the rule penalizing goalkeeper movements are some
of the conditions that minimize exposure during train-
ing process.

Despite these differences in effectiveness, both tech-
nical determinants had an important role in the final
classification. In line with the present results is a de-
scriptive observational study of 3 games played by the
Portuguese national futsal team, in which it was found
that out of 56.9% of organized attacks that resulted
in goals scored, 25.8% were from set pieces and only
17.4% were from counterattacks [21]. This indicates
that set pieces have a great weight in the final result of
a match and, therefore, in the final classification of
a team. Also, in other team sport contexts (handball),
it was observed that the shots from 6 m, 7 m, and 9 m
were the most effective offensive actions [22].

Penalties and direct free-hits are very important in
rink hockey, as they are 1 x 1 actions, with the remain-
ing players at a considerable distance, which often gives
the player who scores the set ball a second ball (i.e.,
another chance to score). Moreover, the greater effec-
tiveness in scoring from penalties than from direct free-
hits might be because the goalkeepers can only act
from the moment the field player touches the ball. As
penalties are executed closer to the goal than direct
free-hits, the time that goalkeepers have to act is re-
duced, which may affect the final result. Also, the fact
that the players start 1 x 1 actions (in the case of di-
rect free-hits) gives goalkeepers the same probabilities
as the field players. In addition, it makes the training
process of direct free-hits more frequent, thereby im-
proving the performance of both players involved in the
technical action in contrast to the penalties exposure.

Considering the correlations of the efficacy of offen-
sive direct free-hits and penalties with the final clas-
sification of the league, an inverse relationship was
found between both situations, meaning that higher
rankings depend on the effectiveness of offensive deter-
minants. In fact, in a descriptive observational study
that analysed 3 matches played by the Portuguese fut-
sal national team in the European Selection Champi-
onship, set piece actions presented a higher rate of ef-
fectiveness (46.2%) than organized actions (15.4%) and
counterattacks (38.5%) [21].

Research in the handball context demonstrated
a high prevalence of goals scored from 7-m hits among
senior winning teams [23]. Furthermore, it was doc-
umented that winning teams had greater 7-m hit effec-
tiveness (around 79.5%) when compared with all other
technical determinants, as well as in relation to losing
teams [24]. Moreover, a clear gap was shown between
winning teams and losing teams in terms of the effec-
tiveness of offensive actions, which is in concordance
with the results of the present study.

Despite these results, the top 4 teams were signifi-
cantly more effective in scoring from direct free-hits
and penalties than the other teams owing to the more
proficient patterns of their athletes. In a study conducted
during the 2013 World Handball Championship, the
authors stratified teams into 3 groups by their rank-
ings, as was done in the present study. They found that
better teams had greater effectiveness in terms of total
attempted shots in relation to their lower-ranked coun-
terparts [25]. In another study that analysed perfor-
mance determinants of Olympic, World, and European
handball teams, it was observed that highly ranked
European teams (among the top 8) had greater offen-
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sive actions efficiency than the other teams [26]. How-
ever, those offensive actions were related to offensive
transitions and not set pieces. In addition, our study
described that in rink hockey teams, these individu-
al technical determinants were weighted more heav-
ily in terms of total goals scored in low-ranked teams.
This finding highlights the importance of achieving
effectiveness and designing the season while prepar-
ing a specificity in the squad available.

As the effectiveness of offensive technical determi-
nants is related to winning teams [7], it is expected that
teams placed at the top of the classification depend
relatively little on set pieces, as their style of play may
result in better-organized attacks, transitions, and spe-
cific moments of recovering the ball, which result in
goals. In contrast, other teams have significantly fewer
opportunities, thus giving more weight to the individ-
ual situations that are available. Also, with regard to
ball repossession and its natural offensive transition,
which is typical of invasion games and of rink hockey
in particular, it is more likely that a team will regain the
ball in the defensive area of the field nearest to their
goal [7]. Little is known about the types and direction
patterns of shooting or the direct free-hit, and some
studies were based on the previous rules, which placed
different constraints on the actual game. However,
recent research has revealed that direct free-hits in
zone 3, with previous dribbling, converted by left-
handed players are the most effective [12].

The present study has some limitations. We were
unable to make indirect or direct observations of the
games; however, we had access to the official game bul-
letins provided by the FPP, validated by the official ref-
erees. All data were collected and analysed by level II
and III coaches. In addition, we performed a double
check of the variables of interest by trained technicians;
this showed an almost perfect reliability.

On the other hand, the use of retrospective data
from all teams across a full season among senior ath-
letes provides a representative sample size of some im-
portant determinants of rink hockey. As such, this study
presents some practical applications. As the efficiency
of set pieces has a great influence on the final classifi-
cation, the bottom teams would benefit from more ex-
posure to set pieces during training. Observations and
analyses of opponents’ defensive and offensive set pieces
could also help these teams to improve their effective-
ness. Moreover, coaches should use players who are
more comfortable converting set pieces and are highly
effective in doing so, thereby promoting a cross-sec-
tional athlete specificity.
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Conclusions

This study aimed to analyse the correlations be-
tween team performance and individual technical
determinants of rink-hockey actions. Top teams, spe-
cially the top 5, clearly have higher ratios of goals scored
to goals conceded than low-ranked teams, which dem-
onstrates the importance of defensive/offensive bal-
ance. While offensive direct free-hits were the most
prevalent parameter, penalties were the most effective
technical determinant in terms of total goals scored.
Both had a direct impact (above 20% of total goals
scored) on the overall season performance - final clas-
sification. Despite the importance of the individual
technical determinants, the success of the top 4 teams
depended relatively little on set pieces because of their
offensive style of play. Knowing what individual tech-
nical determinants are more closely related to strong
team performance allows coaches to prioritize train-
ing sessions so that they can highlight their athletes’
specializations.
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ABSTRACT

Purpose. The purpose was to identify possible gender-specific differences in long-term serve efficiency development in
professional women’s and men’s tennis.

Methods. The analyses focused on 2 approaches: (1) total tournament comparison and (2) 2™ tournament week vs. 1%tour-
nament week comparison. The data include all single matches at the Wimbledon Championship between 2002 and 2015
(ladies: n = 1771, gentlemen: n = 1772).

Results. The findings showed significant development differences in favour of elite men over elite women in both com-
parisons. Regarding the total tournament comparison, men’s development of 2™ serve points won (p < 0.001; r = 0.86),
1*' serves in (p < 0.05; r = 0.72), and double fault (p < 0.001; r = 0.85) percentages improved significantly more. As per the
2" tournament week vs. 1% tournament week comparison, men’s development of 2™ serve points won (p < 0.05; r = 0.68)
and double fault (p < 0.01; r = 0.86) percentages improved significantly more.

Conclusions. The study revealed serve efficiency development advantages for men over women in both comparisons, espe-
cially regarding the quality of the 2™ serve, whereas no development advantages in favour of women over men could be

observed in any analysed parameter, indicating possible needs to adapt elite women’s coaching.
Key words: elite, coaching, practice, gender, game opening, Wimbledon

Introduction

The importance of the serve in professional women’s
and men’s tennis is well-known [1-4], with an even
bigger impact on grass court at Wimbledon compared
with the Australian, French and US Open [5-7]. Pre-
vious research offers distinguished scientific analyses
on elite men’s and women’s tennis [1, 3-5, 7, 8-14];
however, just over a handful of them took gender-
specific differences into account [6, 15-19]. Recently,
long-term serve efficiency development has been re-
ported across 14 years (2002-2015) of the Ladies and
Gentlemen All England Championships at Wimble-
don, stating advantages for players competing in the
2" tournament week compared with players compet-
ing in the 1* tournament week; this is particularly

prominent in men’s tennis [8, 14]. Directly compar-
ing women’s with men’s serve efficiency may offer valu-
able insights not only for players and coaches of both
genders, but also for the scientific community. This
is by raising the awareness of possible serve efficiency
development advantages for women over men or vice
versa and if so, players, coaches, and scientist could
try to identify differences in the individual training
methods. Earlier studies showed that elite men hit
significantly more aces and won significantly more
points while serving than elite women [17, 20-23]. On
this basis, Verlinden et al. [23] speculated about the
disparity in physical strength and stature, as well as
serve speed as the reason of these gender differences
of served aces [24]. Comparing the fastest known serves
(Samuel Groth: 263 km/h, 2012; Sabine Lisicki:
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210.8 km/h, 2014) may underline the gender-specific
biological disparities between men and women, giving
men strategical advantages, since the serve is poten-
tially the most dominant shot in modern tennis [25].
With respect to commonly accepted body constitutional
differences [23, 26, 27], it may be considered mislead-
ing to interpersonally compare women’s with men’s
serve efficiency. Cumulated by Elliott et al. [26], pre-
vious research suggests anthropometric and physio-
logical differences referring to height (i.e., absolute
size), muscular strength, flexibility, and power [28, 29],
Moreover, and referring to movement learning and mo-
tor control, analogous movement patterns have been
reported to be functionally improbable [30]. Thus, both
physical and motor performance are well-reported to
cause a gender-specific impact on serve performance,
which has also been based on match-play data [26].
However, with the consideration of intrapersonal com-
parisons, analysing gender-specific serve efficiency
development over time seems reasonable and purpose-
ful, particularly with recently published long-term
serve efficiency results of elite men and women [8, 14].
Bearing the above in mind, serve efficiency develop-
ment in women compared with men competing in the
1% tournament week and 2™ tournament week may
help understand gender-specific differences in success-
fully competing and eventually setting a match strat-
egy as well as preparatory practice patterns.

Therefore, the present study aimed to analyse pos-
sible serve efficiency development differences in pro-
fessional women’s and men’s tennis within the last
2 decades (Wimbledon 2002-2015; ladies’ matches:
n = 1771, gentlemen’s matches: n = 1772) in order to
specify possible gender-specific serve efficiency recom-
mendations to enhance future practices. It was intended
to generally identify gender-specific serve efficiency
development differences within prominent serve-re-
lated parameters based on earlier research (e.g., ser-
vice game, 1% serve and 2" serve points won, aces, and
double fault percentages) [8, 14]. Further, the aware-
ness of development advantages in women’s compared
with men’s tennis or vice versa may offer purposeful/
valuable knowledge for players, coaches, and scien-
tist, allowing to draw conclusions for their own prac-
tice patterns (e.g., increased focus on improving 2"
serve quality) or future research (e.g., survey of practice
time and focus asking players and coaches of both
genders).

Since the modern game of tennis has become less
technique-based and increasingly more explosive and
dynamic, the serve constitutes a key factor of success
and significant tactical changes [25, 31].

Material and methods

Based on the results of 2 earlier studies by Gram-
bow et al. [8, 14] which focused on long-term serve ef-
ficiency development in elite women’s and men’s tennis,
as well as possible performance differences within
world class tennis players by comparing data of play-
ers competing in the 1** tournament week with data
of players competing in the 2" tournament week of
the All England Championships between 2002 and
2015, the present study involves 2 main gender-spe-
cific comparisons: (1) total tournament comparison
and (2) 2" tournament week vs. 1* tournament week
comparison.

Data set

The total tournament data contain all matches
played at Wimbledon between 2002 and 2015, specifi-
cally 1771 ladies’ matches (service games: n = 37,717;
serves: n = 248,135) and 1772 gentlemen’s matches
(service games: n = 63,838; serves: n = 401,527). In
turn, 1% tournament week data contain 1562 ladies’
matches (service games: n = 33,150; serves: n=218,028)
and 1563 gentlemen’s matches (service games: n =
55,989; serves: n = 352,748), and 2™ tournament week
data contain 209 ladies’ matches (service games: n =
4567; serves: n = 30,107) and 209 gentlemen’s match-
es (service games: n = 7849; serves: n = 48,779). The
data were retrieved from the Wimbledon Information
System (presented by IBM) in collaboration with Brain
Game Tennis and with the approval of the German
Sport University Ethics Committee.

Analyses

As explained earlier, body constitutional differences
[23, 26, 27] seem to disqualify direct comparisons by
absolute numbers; therefore, the gender-specific de-
velopment over time referring to the individual starting
level and improvement percentages should be inves-
tigated (i.e., intrapersonal comparison).

For the intrapersonal gender-specific total tourna-
ment comparison, yearly women’s and men’s data were
merged in 2-year groups (2002 + 2003, 2004 + 2005,
et seq.) for each of the 8 analysed serve parameters to
minimize potential statistical peaks. The observed
development over the course of the 7 combined tour-
nament year groups (starting with 2002 + 2003 until
2014 + 2015) for both the women’s and men’s data was
compared to identify gender-specific differences, by
analysing mean values of the following years, with
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the 2002 + 2003 value serving as baseline, and look-
ing for the possible intrapersonal gender-specific dif-
ferences.

Contrary to this, the intrapersonal gender-specific
2" tournament week vs. 1% tournament week compari-
son involved development differences within each
2-year group for the respective world class cohort.

Following the research methodology of Grambow
et al. [8, 14], the analysed serve parameters listed be-
low, which are commonly known as valid measures for
serve efficiency [32, 33], were applied, with only one
parameter added (i.e., 1* serve in):

— the number of 1* and 2™ serve points won by each
player (i.e., serve success);

- the number of service games won by each player
(i.e., serve success);

— the number of 1* serves in served by each player
(i.e., serve performance);

— the number of double faults served by each player
(i.e., serve performance);

- the number of aces served by each player (i.e.,
serve performance);

- the number of serve and volley points played by
each player (i.e., serve strategy);

- the number of serve and volley points won by each
player (i.e., serve strategy).

The 8 recorded serve efficiency parameters were
categorized and divided into 3 groups, again following
the methodology of Grambow et al. [8, 14]. The percent-
ages for 2" serve points won, 1*' serve points won, and
service games won were assigned to the category serve
success, since these parameters display how successful
men and women were against their opponents while
serving. The percentages for valid 1° serves, double
faults, and aces were assigned to the category serve
performance, since these parameters are only influ-
enced by the players’ own performance, without their
opponents playing any shot. The percentages for serve
and volley points played and serve and volley points won
were assigned to the third category, serve strategy.

Statistical procedures

The statistical procedures were performed by us-
ing SPSS Statistics for Macintosh, version 27.0 (IBM
Corp., Armonk, NY, USA), as well as Excel 2016 (Mi-
crosoft Corp., Redmond, WA, USA).

After t-tests application for predefined parame-
ters in both comparisons, effect sizes were calculated
by using Pearson’s correlation coefficient and inter-
preted as small (r > 0.1), medium (r 2 0.3), and large
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(r20.5) [34], more recently augmented as very large
(r=0.7) and extremely large (r>0.9) [35].

Mean (M) and standard deviation (SD) are pre-
sented as percentages in Tables 1 and 2. The level of
significance was set at p < 0.05 and, if applicable,
further at p < 0.01 and p < 0.001.

Tables 1 and 2 present the minimum (™) and maxi-
mum ("*) marks for the relevant percentages, which
may be of value for coaches as benchmarks during
practice with their athletes.

Ethical approval
The conducted research is not related to either hu-
man or animal use.

Results
Serve success

Following the intrapersonal gender-specific total
tournament comparison over time, the analyses for
2" serve points won showed significant development
advantages for men’s (M = 1.04; SD = 0.01) compared
with women’s (M = 1.01; SD = 0.10) percentages (p <
0.001; r = 0.86) (Table 1). The analyses for 1* serve
points won revealed no significant development differ-
ences when comparing men’s (M = 1.02; SD = 0.01)
and women’s (M = 1.01; SD = 0.01) percentages (p =
0.29), as well as when comparing service games won
(men: M = 1.04, SD = 0.01; women: M = 1.03, SD = 0.15)
percentages (p = 0.05) (Table 1).

Following the intrapersonal gender-specific 2™ tour-
nament week vs. 1* tournament week comparison for
2™ serve points won, the analyses showed significant
development advantages for men’s (M = 1.04; SD = 0.28)
compared with women’s (M = 0.99; SD = 0.02) percent-
ages (p <0.05; r= 0.68) (Table 2, Figure 1). The analyses
for 1* serve points won revealed no significant develop-
ment differences when comparing men’s (M = 1.03;
SD = 0.02) and women’s (M = 1.03; SD = 0.03) 2"
tournament week and 1% tournament week percentages
(p = 0.86), as well as when comparing service games
won (men: M = 1.04, SD = 0.28; women: M = 1.03,
SD = 0.05) percentages (p = 0.61) (Table 2, Figure 1).

Serve performance

Following the intrapersonal gender-specific total
tournament comparison over time, the analyses for
1* serves in showed significant development advan-
tages for men’s (M = 1.05; SD = 0.01) compared with
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women’s (M = 1.03; SD = 0.01) percentages (p < 0.05;
r = 0.72) (Table 1). The analyses for double faults re-
vealed significant development advantages for men’s
(M =0.72; SD = 0.07) compared with women’s (M =
0.88; SD = 0.04) percentages (p < 0.001; r = 0.85)
(Table 1). The analyses for aces determined no signifi-
cant development differences when comparing men’s
(M =1.14; SD = 0.09) and women’s (M = 1.16; SD = 0.12)
percentages (p = 0.79) (Table 1).

Following the intrapersonal gender-specific 2" tour-
nament week vs. 1 tournament week comparison for
1* serves in, the analyses showed no significant de-
velopment advantages for men’s (M = 1.00; SD =
0.02) compared with women’s (M = 0.99; SD = 0.24)
percentages (p = 0.72) (Table 2, Figure 1). The analyses
for double faults revealed significant development ad-
vantages for men’s (M = 0.79; SD = 0.03) compared with
women’s (M = 1.02; SD = 0.11) percentages (p < 0.01;
r = 0.86) when comparing the 2" tournament week
data vs. the 1* tournament week data (Table 2, Figure 1).
The analyses for aces determined no significant de-
velopment differences when comparing men’s (M =
1.10; SD = 0.14) and women’s (M = 1.24; SD = 0.31)
percentages (p = 0.30) (Table 2, Figure 1).

Serve strategy

Following the intrapersonal gender-specific total
tournament comparison over time, the analyses for
serve and volley points played (p = 0.96) and serve and
volley points won (p = 0.58) showed no significant
development differences when comparing men’s (played:
M =1.02, SD = 0.18; won: M = 0.39, SD = 0.18) and
women’s (played: M = 1.02, SD = 0.04; won: M = 0.46,
SD = 0.25) percentages (Table 1).

Following the intrapersonal gender-specific 2"
tournament week vs. 1* tournament week comparison
for serve and volley points played (p = 0.70) and serve
and volley points won (p = 0.86), the analyses re-
vealed no significant development differences when
comparing men’s (played: M = 1.02, SD = 0.03; won:
M =1.03, SD = 0.17) and women’s (played: M = 1.04,
SD = 0.15; won: M = 1.08, SD = 0.81) percentages
(Table 2, Figure 1).

Discussion

Following earlier longitudinal research on women’s
and men’s serve efficiency development at Wimbledon
[8, 14], the present study aimed to find gender-specific
differences regarding the individual development dur-
ing the analysed period by using 2 different approaches

to be able to directly compare women’s and men’s de-
velopment. The findings of the intrapersonal gender-
specific total tournament comparison over time showed
significant advantages in favour of men’s development
in serve success (2" serve points won percentages)
and serve performance (1* serve in and double fault
percentages) parameters. In the analysis of the in-
trapersonal gender-specific development differences
of the 2" tournament week vs. 1% tournament week
comparison, again the same parameters (i.e. serve suc-
cess: 2" serve points won percentages; serve perfor-
mance: double fault percentages) revealed significant
advantages in favour of men’s serve efficiency devel-
opment.

On the basis of the results of earlier studies, in-
creased serve efficiency for elite women’s and men’s
tennis is well accepted [1-4, 6, 8, 9, 13, 14, 36], which
ultimately leads to the question if there are differ-
ences regarding the elements and extent of the devel-
opment between women and men.

Development is driven by competition and its im-
pact on winning, which results in an increasingly more
dynamic and faster paced while less technique-based
modern game of tennis, characterized by strength,
speed, and power; this makes the serve a key factor to
strategic advantages and, by this, to winning [25, 31].
With the consideration of commonly accepted body
constitutional differences [23, 26, 27] and the above
indicated role of the serve in tactics and winning in
tennis, increased serve efficiency parameters may be
of more importance in elite men’s tennis compared
with elite women’s tennis.

Total tournament data for men and women over time
depict a general increase, as reported earlier [8, 14|, but
the intrapersonal gender-specific total tournament
comparison shows significant advantages for men over
women in 3 out of the 8 analysed serve efficiency pa-
rameters (i.e., 1°' serve in, 2™ serve points won, and
double fault percentages), with no parameters in fa-
vour of women over men. Men’s development of 1*
serve in percentages was significantly more efficient
(p <0.05; r=0.72) compared with women’s 1* serve in
percentages, reasonably based on the lower starting
level (men: 60.18%, women: 61.13%) in the combined
Wimbledon tournaments of 2002 + 2003, since both
men and women serve at around 63% of their 1* serves
in over the following years with very close peak values
(e.g. men: 63.89% in 2012 + 2013; women: 63.81% in
2006 + 2007). These percentages in both men and
women confirm the previously reported 1% serve in
percentages being around 60% [16, 24, 37], but at the
same time show an increasing development, with
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a significant development advantage in favour of elite
men.

Men’s development of 2™ serve points won (p <
0.001; r = 0.86) and double fault (p < 0.001; r = 0.85)
percentages, both being significantly more improved
than women’s development, seems even more im-
pressive if one considers that men’s starting level in
both categories was already on a much higher level in
the merged 2002 + 2003 Wimbledon percentages
(e.g. 2" serve points won: men: 50.05%, women: 45.53%;
double faults: men: 4.74%, women: 5.43%). While men
won their points following a 2" serve at around 52%
in the following years (peak value: 52.7% in 2014 +
2015), women increased to around 46% (peak value:
46.85% in 2010 + 2011). The mean value of the 2™
serve points won development difference in elite men’s
tennis (M = 1.04) presents an advantage compared with
elite women’s tennis (M = 1.01). Bearing in mind that
all analysed matches were Main Draw Singles matches
at Wimbledon, which relates to high performance elite
tennis, an increase of 4% appears to be very impres-
sive, even more so when this increase is 4 times as
big as the 1% in women’s tennis over the same time.
Simultaneously, another plausible interpretation of
these statistical numbers could be found in the wom-
en’s return performance. The winning percentages of
service points, especially for 2" serves, are influenced
by the return quality of the opponent. With this line
of thought, an increased return performance in elite
women’s tennis (compared with a possibly less in-
creased men’s return performance) may cause the dif-
ferences. Since the following double fault percentages,
where again significant differences in favour of elite
men were observed, obviously have a direct impact on
the 2" serve points won percentages — because every
double fault is a lost point following a 2™ serve -
a development advantage in favour of both men’s cate-
gories seems more reliable. Double fault percentages
decreased in both women’s and men’s tennis, but sig-
nificantly more in men’s tennis. While women served
their weakest percentage of 5.43% compared with
4.74% among men (both in the merged 2002 + 2003
events), women managed to decrease to 4.53% (2012 +
2013) and men managed to decrease to 3.04% (2012
+ 2013). Men’s percentages are between 3.04% and
3.48% over the last 10 years, while women’s percent-
ages are between 4.53% and 5.02% in the same time.
The difference of development in this area raises ques-
tions regarding the importance of practising 2™ serves,
underlining earlier findings of 2™ serve winning per-
centages in elite women’s tennis [15]. Previous research
has shown that the serve has an even bigger impact
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in elite men’s tennis [20, 38], but if one considers speed
differences, not least due to body constitutional differ-
ences, and the individual starting level (e.g. men: 4.74%,
women: 5.43%), it seems plausible to ask for a similar
development possibility over such a long time. Never-
theless, men’s (double fault) percentages improved
significantly more, which leads to the conclusion that
women’s tennis may increase the amount of time and/
or the way of practising 2" serves.

The findings regarding development differences in
the intrapersonal gender-specific 2™ tournament vs.
1*' tournament week comparison showed advantages
in the same categories. As in the total tournament com-
parison, men’s development improved significantly
more in 2™ serve points won percentages (p < 0.05;
r = 0.68) and in double fault percentages (p < 0.01;
r = 0.86) compared with women’s development.

Preventing any misleading interpretation, it should
be stated that men and women competing in the 2™
tournament week perform at higher percentages across
all analysed categories compared with players com-
peting in the 1% tournament week, as earlier evidence
has shown [8, 14]. Men and women improved their 2"
tournament week percentages over time across all
categories, but like in the gender-specific total tour-
nament comparison, advantages in the development can
be proven statistically in favour of men over women
in 2" serve points won and double fault percentages.
Adding to these findings and although only descrip-
tive, Figure 1 illustrates and directly compares men’s
and women’s serve efficiency parameters, showing
the percentages and the trend lines for these percent-
ages. Especially noticeable are the differences be-
tween men’s and women'’s trend lines, presenting im-
provement for men’s 2™ tournament week data
compared with men’s 1* tournament week data in all
6 categories of serve success and serve performance;
over the same time, the trend for women’s 2™ tourna-
ment week data compared with 1* tournament week
data slightly decreased. This does not mean that
women’s percentages in the 2™ tournament week are
decreasing; the slightly decreasing trend lines rather
seem to origin in 1% tournament week improvements.
This adds to former research implying that an extended
world class cohort in women’s tennis [14], and at the
same time men competing in the 2™ tournament week,
maintained and increased their advantages.

The findings of both intrapersonal gender-specific
comparisons revealed no statistically relevant devel-
opment differences in favour of women over men or vice
versa for the two serve strategy parameters (e.g. serve
and volley points played percentages and serve and vol-
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ley points won percentages). Even if any advantages or
disadvantages, especially in the 2™ tournament week
vs. 1** tournament week approach, had been observed,
they would have to be considered with care, since the
serve and volley percentages of women competing in
the 2™ tournament week were close to zero.

The findings of both intrapersonal gender-specific
comparisons showed no development advantages at
all in favour of women over men in any of the analysed
parameters. This adds to previous research by Brown
and O’Donoghue [20], who analysed similar param-
eters and reported significantly greater 1 and 2" serve
winning percentages for men over women, who were
also serving higher ace and fewer double fault per-
centages. These percentages relate to matches of all 4
Grand Slam tournaments in 2007. If one considers
the long-term approach and the number of categories
analysed while comparing the intrapersonal serve effi-
ciency development differences of the respective world
class in women’s and men’s tennis, finding no devel-
opment advantages at all in favour of women may be
seen as a surprise. Previous research comparing elite
women’s and men’s tennis showed mostly advantag-
es on either side [15, 17, 19] or in favour of elite men,
but these findings were related to shorter periods of
observation [6, 24].

Limitations

In science, prospective trials should be used rather
than retrospective analyses, which is not feasible when
investigating professional tennis at the highest inter-
national levels of competition, especially when ana-
lysing long-term data over a period of 14 years.

Using data of pre-set categories (i.e., presented by
IBM) may be considered limiting itself, since official
category definitions are most reasonable but ultimately
non-verifiable pre-set definitions; moreover, they are
delivered by a third party. This remains true even if
the company is well-established and the data presented
are used as official and commonly well-accepted data
(e.g. media coverage, coaching).

Big data analyses have tendencies to present sig-
nificant results because of the large amount of data,
which raises the problem of translating these results to
the actual practical impact. Effect sizes were calcu-
lated to minimize this risk and weigh in the presented
significances.

The comparability of the collected findings may be
limited in certain areas, since the gender-specific de-
velopment differences were analysed exclusively for
elite men’s and women’s tennis competition on grass

court. This should be taken into consideration when
comparing the findings with e.g. hard court or clay
court tournaments, lower level competitions, or boys
and girls performance.

The data set did not present any biological param-
eters, such as size/height, weight, or playing hand of
the players, so all performed analyses could not ac-
count for possible differences in these areas.

Finally, the risk of statistical bias exists, since find-
ings regarding serve success, serve performance, or
serve strategy may be influenced by medical issues if
the players starting or resuming match-play are not in
their best health condition. However, given the enor-
mous number of total matches (e.g. men: 59 injury
retirements / 1772 total matches; women: 24 injury
retirements / 1771 total matches), the potential data
interference may be considered as minor to none.

Conclusions

The aim of the present study was to directly com-
pare long-term serve efficiency development in elite
women’s and men’s professional tennis in order to iden-
tify possible advantages for women or men. Therefore,
the study based its comparative approach on earlier
research, which focused on the Ladies’ and, respectively,
Gentlemen’s Wimbledon Championships held between
2002 and 2015. Furthermore, at some point, most
coaches work not only with female or male athletes
exclusively, so a better understanding of gender-spe-
cific serve efficiency benchmarks (descriptive) may
be of general interest, particularly for coaches.

The findings imply significant advantages for elite
men’s development over elite women’s development
regarding serve success and serve performance param-
eters for the intrapersonal gender-specific total tour-
nament comparison over time: in detail, 2" gerve points
won percentages, double fault percentages, and 1* serve
in percentages. The findings of the intrapersonal gen-
der-specific 2™ tournament week vs. 1% tournament
week comparison also depict significant development
advantages for elite men over elite women for 2™ serve
points won percentages and double fault percentag-
es. The findings for intrapersonal gender-specific 2"
tournament week vs. 1* tournament week comparison
additionally suggest an increasing development in all
6 serve success and serve performance parameters
in favour of men competing in the 2" tournament
week (last 16 of the world cohort) over men compet-
ing in the 1* tournament week (extended world class
cohort), whereas the opposite development is suggested
for elite women’s tennis since the trend lines for all
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6 serve success and serve performance parameters
are decreasing, which means that the extended world
class cohort (women competing in the 1°' tournament
week) closes the serve efficiency gap to the women
competing in the 2" tournament week (last 16 of the
world cohort). For both intrapersonal approaches, the
gender-specific total tournament comparison over
time and the gender-specific 2™ tournament week vs.
1*' tournament week comparison, the serve strategy
parameters (i.e. serve and volley points played and
won percentages) showed no significant findings.

Conclusively, no development advantages were ob-
served at all in any of the analysed serve efficiency
parameters for women over men, while the results for
2" serve points won, double fault, and 1% serve in per-
centages prove significant development advantages in
favour of men over women. Adding the higher start-
ing level at the 2™ serve points won and double fault
percentages in men, it seems plausible to suggest an
increase of training time or a change of training style
regarding practice patterns of 2™ serves in elite wom-
en’s professional tennis, and taking up earlier sug-
gestions by Grambow et al. [14] regarding coaching
implications in elite women’s tennis, particularly the
1% and 2™ serve drill, as well as the serve target zone
drill. Percentages shown in Tables 1 and 2 can be used
as benchmarks.

Development differences may be driven by the im-
portance of the (analysed) parameters for the strategy
and, by this, the success of players, which leads to
a conclusion that serve efficiency parameters may have
an even bigger impact on strategic advantages and thus
on the chances of winning in general in elite men’s
tennis compared with elite women’s tennis.

In this context, future research may focus on scien-
tific surveys directly interviewing professional tennis
players and coaches to identify possible gender-specific
differences regarding e.g. the actual amount of prac-
tice time put into training contents, such as practis-
ing 2" serves, the importance women and men (play-
ers and coaches) ascribe to certain training contents,
and the possibly different ways of practising serve ef-
ficiency related training contents. Future research may
also focus on different surfaces, as well as junior ten-
nis to succeed in tomorrow’s tennis practice and,
eventually, competition.
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ABSTRACT

Purpose. There are many instruments to test children’s motor coordination, but the problem is that none of them evaluates
accuracy and precision during motor tasks. Therefore, the aim of the study was to develop and test the applicability of
electrical buzz wire (EBW) as an instrument for assessing eye-hand coordination and object control skill in children, as
well as to delimit the mean time and errors in tasks involving speed and/or accuracy.

Methods. The cross-sectional study involved 66 children (28 boys and 38 girls) aged 7-12 years. The variables evaluated
were anthropometrics, hand dominance, and Movement Assessment Battery for Children (MABC-2). The outcomes were
time (s) and error (n) during 4 tasks while changing speed and wire loop size.

Results. The ANOVA analysis showed statistically significant differences in the time variable [F(4, 502) = 8.6155, p < 0.001]
and in the error [F(6, 502) = 69.209, p < 0.001]. The mean values of time and errors in each task were standardized after
linear regression: 2.38 errors and 37 seconds in task 1; 3.2 errors and 35 seconds in task 2; 6.4 errors and 24 seconds in
task 3; and 6.4 errors and 23.1 seconds in task 4. The error and time variables in EBW presented weak negative correlations
with all MABC-2 domains.

Conclusions. EBW was developed; the time and errors with a comfortable speed were lower than with a high speed,
regardless of the difficulty level. Time and error values were also standardized in this age group.

Key words: children, eye-hand coordination, motor skill, health evaluation, task performance, functional performance

Introduction

The evaluation of motor coordination in children is
important to identify delays in motor development [1],
treatment evolution [2], performance between gen-
ders [3], physical fitness [4, 5]. So, it can be useful in
different settings: clinical, sports and physical edu-
cation classes. Applying instruments and scales that
contain playful and challenging principles is there-
fore an interesting approach. There are many instru-
ments to test children’s motor coordination, but there
is no gold standard, especially to evaluate eye-hand
coordination and object control skill [6]. Most of these

instruments focus on identifying children with fun-
damental movement skill development disorders and
are rather time-consuming [7].

The ludic principle can be mainly employed to as-
sess the eye-hand coordination and object control
skill in children. In this way, an electrical buzz wire
(EBW) was built as an attractive therapeutic tool. Some
authors have demonstrated the use of EBW to assess
children’s facial expression during errors [8], manual
dexterity training [9], and attentional and neuropsy-
chiatric deficits [10], but none investigated the accu-
racy and precision during eye-hand coordination and
object control skill assessment in children.
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EBW is considered an easy-to-reproduce, low-cost,
and ludic instrument. So, can it be used as an evalu-
ation tool for eye-hand coordination, focusing on the
accuracy and precision when performing the activity?
There is one study involving eye-hand coordination
and object control skill in adults based on children’s
toys [11], but none has applied EBW to assess object
control skill in children, and there are no parameters
of the task protocol in this population.

A child needs to develop a great motor repertoire,
especially for tasks that require reach and hand grip
[12]. These patterns can change and self-organize de-
pending on different environments [13, 14]. The use
of EBW allows an interaction between reach and grip
in several trajectories and challenges, and the child
constantly needs to adapt the movement patterns of
the upper limb, as well as the task speed. In addition,
the instrument provides visual and auditory cues that
require more attention during the performance. The
use of EBW may reflect motor skills that the child
performs in their usual environment.

On the basis of this background, we highlighted
the relevance of testing eye-hand coordination and ob-
ject control skill by using an instrument with a high
level of practical feasibility. Therefore, the aim of the
study was to develop and test the applicability of EBW
as an instrument for assessing eye-hand coordination
and object control skill in children, as well as to delimit
the mean time and errors in tasks involving speed
and/or accuracy. The hypotheses of this study were
as follows: (1) EMW allows to evaluate the accuracy
and precision of object control skill; (2) tasks involv-
ing higher speed decrease the time and increase er-
rors; (3) tasks involving higher accuracy increase the
time and decrease errors.

Material and methods
Study design, setting, and participants

This was a cross-sectional study with a convenience
sample of 66 children (28 boys and 38 girls) aged 7-12
years, of both sexes, and regularly enrolled at school.
The children were recruited at a public school of
Uberaba (Minas Gerais, Brazil) between March 2018
and July 2019.

Eligibility criteria
The inclusion criteria involved: absence of motor,

neurological, or cognitive impairments, age 7-12 years,
standard score > 8 in the Movement Assessment Bat-

tery for Children (MABC-2), and no use of any prescrip-
tion medications. We excluded children who did not
conclude the tests at any moment.

Data collection setting

The collections were carried out in the school en-
vironment, in a reserved room, without noise, during
a break from classes. Two independent observers ac-
companied the collections. There was a warm-up
period with EBW (1 minute of EBW free exploration
was allowed).

Data sources and measurement
Anthropometric variables

Body mass was measured with digital scales (Fili-
zola®), and height with a stadiometer (Welmy®). Body
mass index (BMI) was calculated in accordance with
the Quetelet equation (BMI = body mass / height?) by
using body mass measured in kilograms and height
measured in meters. Upper arm length was deter-
mined on the left side of the subject.

Lateral dominance

The Harris test of lateral dominance was used to
establish each child’s dominant hand. The test ap-
pears to be the one most often used in research studies
determining lateral dominance. It is easily adminis-
tered and usually turns out enjoyable to the subjects.
The Harris test is validated for children and the reli-
ability for the 4 hand dominance tasks equals 0.89 [15].

The Movement Assessment Battery for Children,
2" edition

This test is used to identify motor disorders in chil-
dren aged 3-16 years [16]. The MABC-2 protocol con-
sists of manual dexterity, aim and catch, and static
and dynamic balancing tests. It was applied just one
time, in accordance with the instrument recommen-
dation. The score ranges from 1 to 19 for each item,
and for each value, there is a corresponding percent-
age, which can range from 0.1% to 99.9% [17]. A score
equal to or smaller than the 5™ percentile or 8 stan-
dard score is the cut-off point for motor difficulties in
coordination [18]. The MABC-2 used in this research
was original and complete, and was provided by the
Federal University of Sao Carlos. The internal con-
sistency for MABC-2 equalled a = 0.90. The test-re-
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test reliability for the total score was excellent, with an
intraclass correlation coefficient of 0.97 in children
[19, 20].

Buzz wire coordination test

An EBW coordination evaluation system was de-
veloped by researchers from the Biomechanics and
Motor Control Laboratory of Federal University of Tridn-
gulo Mineiro, on the basis of children’s toys and the
instrument proposed by Read et al. [11]. The device
measurements are specified in Figure 1. As can be ob-
served in Figure 2, one must guide a wire loop around
a complicated wire track without touching the loop to
the track, using binocular vision. A buzzing noise in-
dicates whenever contact is made.

Figure 1. Electrical buzz wire

Figure 2. [llustration of a child executing the task

The buzzing noises indicated errors and they were
registered by 2 independent evaluators. The task time
was recorded with a stopwatch (Akso®). All tasks fol-
lowed the commands presented in Table 1.

Four tasks were performed with 2 commands and
2 wire loop sizes (Table 1). Five trials were conducted in
each task. A 1-minute rest was applied between the
trials. For data analysis, the first trial was eliminated
and the mean values of error and time of the other tri-
als were considered.

The index of task difficulty was proposed by Fitts’s
law [21]:

t=a+b - log2 (d/w)

where t — index of difficulty, a - fixes cost portion, b —
control rate, d — distance from the starting point to EBW,
and w - width of the wire loop. In tasks 1 and 3, the
index of difficulty was 1.34, and in tasks 2 and 4, the
index was 1.42.

Sample size

The sample size calculation involved the moderate
correlation coefficient (r = -0.4) between EBW time
and error and MABC-2 scale considering the statistical
significance of 0.05 (95%), type II error of 0.1 (90%),
and effect size of 0.63. The sample size was calculated
by using the PASS 13 application. The minimum sam-
ple size for this study was 61 children.

Statistical analysis

Descriptive statistics were used to describe the char-
acteristics of the participants. Mean and standard de-
viation values were reported for continuous variables,
and number and percent were provided for categorical
variables. The Shapiro-Wilk test was performed to
verify the normality of the data. One-way ANOVA was
applied for error and time variables in EBW, and post-
hoc Tukey’s test for multiple comparisons between the
tasks. Linear regression was used to establish the re-
lationship between error and time during each task.

Table 1. Tasks and commands during the electrical buzz wire test

Task  Wire loop Command
1 8.0cm Do the test in a comfortable speed, as accurately as possible. Try not to touch the ring in the buzz wire
2 6.0 cm Do the test in a comfortable speed, as accurately as possible. Try not to touch the ring in the buzz wire
3 8.0cm Do the test as fast and accurately as possible. Try not to touch the ring in the buzz wire
4 6.0 cm Do the test as fast and accurately as possible. Try not to touch the ring in the buzz wire
140
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Spearman’s correlation served to verify the associa-
tions between error and time variables in EBW and
MABC-2 (total and domain scores). The inter-rater
reliability was determined by Cohen’s kappa coeffi-
cient (). Statistical significance of the results was
accepted at p < 0.05. All data were analysed with the
IBM SPSS Statistics for Windows (version 23.0; IBM
Corp., Armonk, NY, USA).

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Declara-
tion of Helsinki, and has been approved by the Human
Research Ethics Committee of the Federal University
of Triangulo Mineiro.

Informed consent
Informed consent has been obtained from the par-
ents of all individuals included in this study.

Results

The demographic variables and performance in
the EBW tasks are shown in Table 2. The inter-rater
reliability was 0.86 for error and 0.67 for time.

The ANOVA analysis revealed a statistically signifi-
cant difference in the time variable [F(4, 502) = 8.6155,
p < 0.001] and in the number of errors [F(6, 502) =
69.209, p < 0.001]. The post-hoc analysis demonstrated
that the mean time in task 1 (wire loop with 8 cm and
low speed) was statistically significantly different when
compared with the mean time in task 3 (wire loop with
8 cm and high speed) (mean difference [MD]: 10.3;
CIL: -11.72 to -7.557; p < 0.0001) and task 4 (wire loop
with 6 cm and high speed) (MD: 12.2; CI: -12.65 to
-8.497; p < 0.0001). A statistically significant differ-

A

10—
cab d_a;b

Error
Q
o

O 1 1 1 1

T1 T2 T3 T4

Table 2. Demographic variables and task performance
in the sample (n = 66)

Parameters Average SD
Age (years) 9.50 1.721
Sex (male:female) 28:38
Lateral dominance (right:left) 56:10
Body mass index (kg/m?) 17.67 4.438
Upper arm length (cm) 54.70 2.997
Task 1

Time (s) 33.70 4.307

Errors (number of buzzing noises)  2.52 1.850
Task 2

Time (s) 35.05 5.290

Errors (number of buzzing noises)  2.31 1.870
Task 3

Time (s) 24.02 4.560

Errors (number of buzzing noises) 6.45 2.359
Task 4

Time (s) 23.11 4.202

Errors (number of buzzing noises) 6.45 2.818

ence was observed between the mean time in task 2
(wire loop with 6 cm and low speed) and that in task 3
(MD: 8.8; CI: 9.042 to 13.2; p < 0.0001) and task 4
(MD: 10.7; CI: 9.982 to 14.14; p < 0.0001). In the error
variable, it was noted that the mean error in task 1
showed a statistically significant difference when com-
pared with the mean error in task 3 (MD: -5.1;
CI: -4.921 t0 -2.898; p < 0.0001) and task 4 (MD: -5.4;
CI: -4.951 to -2.928; p < 0.0001). The mean error in
task 2 presented a statistically significant difference
when compared with the mean error in task 3 (MD: -5.6;
CI: -5.133 to -3.11; p < 0.0001) and task 4 (MD: -5.8;
CI: -5.163 to -3.14; p < 0.0001) (Figure 3).

50
40 a
cab

30 dab

Time

20

10+

O 1 1 1 1
T T2 T3 T4

Figure 3. Comparison of error numbers (A) and time (B) between tasks in the electrical buzz wire test.
The same letter indicates a statistically significant difference (p < 0.05)
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From the data obtained in the linear regression to
establish the relation between error and time during
each task in the EBW test, equations were created for
normalized values in this population:

Error = -0.31 + 0.08 x time (for task 1)
Error = 2.78 + 0.013 X time (for task 2)
Error = 9.11 - 0.11 x time (for task 3)

Error = 7.57 - 0.048 X time (for task 4)

The mean values of time obtained in each task were
used to establish the number of normal errors in the
EBW test in the population: 2.38 errors for 37 seconds
in task 1; 3.2 errors for 35 seconds in task 2; 6.4 errors
for 24 seconds in task 3; and 6.4 errors for 23.1 seconds
in task 4.

The error and time variables in EBW presented weak
correlations with all MABC-2 domains. The correla-
tions are shown in Supplementary Table 1.

Discussion

EBW is an applicable tool to investigate object con-
trol skill in children aged 7-12 years. With the equa-
tions based on the mean execution times in the tasks,
it was possible to relate the number of errors with the
time of execution for this population. The findings in-
dicate that our hypotheses were partially confirmed
because a higher speed was related to a greater number
of errors in EBW, independently of the level of diffi-
culty determined by the size of the wire loop.

Some motor coordination tasks require the volun-
teer to perform with speed and accuracy. We often ob-
serve a speed-accuracy trade-off phenomenon. Fitts’s
law has played an important role in quantifying the
speed-accuracy trade-off. According to Fitts [21], the
time to do some activity is directly related to the speed
used. With the inverse relation of velocity and accuracy
of a movement, it leads us to conclude that with higher
speeds, the accuracy is impaired [22]. Our methodo-
logical approach allowed us to visualize the differences
between the tasks. In tasks 3 and 4, there was a change
of strategy: priority of speed over accuracy, showing
a higher number of errors and shorter execution time
in EBW. In tasks 1 and 2, the chosen strategy was pri-
ority of accuracy over speed, implying a low number of
errors and higher time of execution.

In the present study, we did not find a relationship
between the wire loop sizes and number of errors in the
tasks. However, we can assume that the type of control
used was the cyclic or open-loop control in all tasks.
This type of control results from pre-planned movement
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commands that are stored and then activated in the
central nervous system (CNS). In 1960, Henry and Rog-
ers [23] described the memory drum theory, which
postulates that motor coordination patterns are stored
in the form of neural patterns in the higher centres of
the CNS, and predicts that simple reaction time increas-
es with task complexity [23, 24]. In contrast, there are
movements characterized as less cyclical or closed-loop
controlled; these are thought to result from an initial
movement command generated in the CNS that is sub-
sequently adjusted or corrected as movement errors
are detected [25-27]. Unfortunately, in our study, there
was no task to activate this type of control, and maybe
this is the cause of the same responses in the differ-
ent wire loop sizes.

We highlight the importance of EBW association
with manual dexterity of MABC-2, as there are specific
coordination assessment tasks. We found a weak as-
sociation (r < 0.5) between error/time in EBW and the
MABC-2 manual dexterity and aim and catch items.
According to French et al. [28], MABC-2, while use-
ful in clinical settings and assessment of individuals,
might not be as efficient for quantitative research and
larger numbers of participants. Alves Bakke et al. [29]
emphasized the divergence in the multidimensionality
of MABC-2. This can compromise the practical utility
of the test since the capacity to evaluate motor perfor-
mance as predicted was not confirmed. The results of
its subscales (manual dexterity, aiming and catching,
and balance) should be interpreted with caution as
they may be prone to errors.

We also did not use perceptual, visual, or cognitive
scales, which can be considered a limitation of the pre-
sent study. Despite these limitations, which can be
solved in future studies, the tool used is easy to apply,
constructed of low-cost material, and playful for the
population. The instrument allows evaluation of move-
ment control to guide a wire loop around a compli-
cated wire track. During this task, controlled move-
ments are necessary, such as hand grip, ulnar and
radial deviations, wrist flexion and extension, prona-
tion and supination of the forearm, and other shoulder
and elbow movements. These movements are essential
for the object control skill, including all necessary vari-
ables to guarantee a coordinated movement. We can
infer the possibility of EBW use in other age ranges and
also in specific disabilities.

Conclusions

EBW was developed and the results showed that the
time and number of errors with a comfortable speed
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were lower when compared with high speed, regard-
less of the level of difficulty. Time and error values
were also standardized in this age group (7-12 years).
EBW is an interesting tool that could be more inves-
tigated and incorporated into the evaluation of eye-
hand coordination and object control skill in children.
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Table 1. Associations between error and time variables in electrical buzz wire and Movement Assessment Battery
for Children (total and domain scores)

Task 1 Task 2 Task 3 Task 4

D ) Error Error Error Error
omains . (number . (number . (number ) (number
Time (s of buzzing Time (9 of buzzing Time () of buzzing Time () of buzzing

noises) noises) noises) noises)
Manual dexterity " -0.05 r=-0.06 r=-0.12 r=-027 r=-012 r=-0.12 r=-0.19 r=-0.05
Y p=067 p=058 p=030 p=002* p=034 p=034 p=0.12 p =0.64
Aiming r=-017 r=-005 r=-0.11 r=-012 r=-006 r=-022 r=-0.05 r=-0.07
and catching p=017 p=069 p=038 p=035 p=063 p=0.07 p=0.68 p=0.58
Balance r=-0.10 r=-0.05 r=-005 r=-005 r=-017 r=-0.01 r=-0.18 r=-0.02
p=042 p=068 p=067 p=065 p=017 p=093 p=0.13 p=0.90
Total r=-017 r=-005 r=-011 r=-030 r=-022 r=-019 r=-0.35 r=-0.06
o p=095 p=070 p=026 p=001* p=004* p=004 p=0.004* p=091

* statistically significant
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