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1. Introduction

When analyzing the literature investigating the perceptual processes involved in
the execution of complex movements, it is observed that the number of studies
focused on the visual domain is far greater than the number of those focused
on the auditory domain. However, in recent years there is a growing interest
toward the role of auditory information (see for example two recent special issues:
Murgia & Galmonte, 2015; Murgia, Agostini, & McCullagh, 2019). Here, we
provide an overview of relevant studies focusing on two fields, that is, sport and
motor rehabilitation.

2.The Relevance of Auditory Information in Sport

Regarding sport, two main lines of research are being followed: (1) related to the
use of sounds deriving from oneself as a mean to facilitate motor learning and
promote performance improvement; and (2) the study of the reactions to the
sounds produced by the others—opponents, officials, spectators.

The first line of research originates from the observation that athletes are able to
discriminate or differentiate the ecological sound they produce while performing
specific sport movements from the sound produced by other athletes when
performing the same movements (Kennel et al., 2014; Murgia, Hohmann,
Galmonte, Raab, & Agostini, 2012). This observation is further supported by the
neurophysiological evidence that there are different patterns of brain activation
when athletes listen to sport sounds derive from themselves or from other athletes
(Justen, Herbert, Werner, & Raab, 2014).

Such a meaningfulness of the sounds deriving from oneself underlies the fact
that an appropriate use of auditory information can significantly contribute to
motor learning and performance improvement in various sports (for reviews,
see Sors, Murgia, Santoro, & Agostini, 2015; Schaffert, Braun Janzen, Mattes,
& Thaut, 2019). These benefits can derive either by “shaping” the execution
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of the movement on the basis of an ecological auditory model (e.g., Agostini,
Righi, Galmonte, & Bruno, 2004; Pizzera, Hohmann, Streese, Habbig, & Raab,
2017), or by adjusting the execution on the basis of an augmented feedback
(e.g., Effenberg, Fehse, Schmitz, Krueger, & Mechling, 2016; Schaffert, Mattes,
& Effenberg, 2011).

The key aspect of the audio-based techniques is the auditory dominance in
the processing temporal information (Repp & Penel, 2002). Moreover, expert
performers are more sensitive to perceive temporal information related to
complex movements through the auditory modality rather than through the
visual modality (Murgia et al., 2017); further, auditory rhythms spontaneously
activate the motor areas of the brain (Chen, Zatorre, & Penhune, 2006; Chen,
Penhune, & Zatorre, 2008). Thus, athletes would use the auditory information to
adapt/adjust the temporal features of their own movement based on the temporal
cues provided through sounds.

Regarding the second line of research in sport, the pioneering study of Takeuchi
(1993) highlighted the importance of the ecological sounds produced by the
opponents. Experienced tennis players were deprived of auditory information:
results highlighted that, when compared to the normal condition, auditory depri-
vation significantly hindered performances in terms of points obtained; this wor-
sening was mainly due to the decrease of accurately received and returned serves.
Similar results were also recently obtained in rowing in which auditory deprivati-
on led athletes to perform with less precision (Schaffert, Oldag, & Cesari, 2020).

A series of studies in the last few years further corroborated the relevance of
auditory information in anticipating opponents’ actions, not only in tennis
(Canal-Bruland, Miiller, Lach, & Spence, 2018; Miiller, Jauernig, & Canal-
Bruland, 2019), but also in other sports. Particularly, Camponogara, Rodger,
Craig, and Cesari (2017) highlighted that basketball players are able to anticipate
the action as well as intentions of an attacker from the sound he produces while
moving toward them. Moreover, Sors et al. (2017, 2018) observed that early
auditory information provides more relevant perceptual cues than the respective
visual information in anticipating the power of soccer penalty kicks and volleyball
smashes and volleyball serves.

Based on a different but related approach in the 1996 Olympic Games, Julin
and Dapena (2003) observed that the reaction time of sprinters appeared
to progressively increase from lane 1 to lane 8, that is, from the closest to the
farthest lane with respect to the position of the official delivering the gunshot
which is used as “go” signal'. Brown, Kenwell, Maraj, and Collins (2008)

' Nowadays, to avoid such a lane bias, in all major competitions starters use an electronic gunshot delivering a
beep via loudspeakers located behind each starting block.
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manipulated its loudness to experimentally test the hypothesis that this effect
was due to the phenomena of sound propagation and decay of the gunshot. The
results revealed that an increase in the loudness of gunshot promoted a significant
decrease in the reaction time of sprinters. Finally, it has been observed that officials
also are influenced by auditory information: indeed, crowd noise significantly
affects their decisions (e.g., Myers, Nevill, & Al-Nakeeb, 2012; Sors et al., 2019;
Unkelbach & Memmert, 2010).

Based on the novelty of the approaches used and the potential relevance of the
observed results, there is much room for future research on auditory information
in sports. Apart from the basic research, it would be interesting to investigate
whether other kinds of information can be conveyed through the sounds produ-
ced by one’s own and by opponents’ movement. Moreover, it would be important
to understand whether the observations made in one sport can be generalized to
other sports having similar characteristics (e.g., whether the auditory information
observed in soccer and volleyball for shot power perception can be used in similar
other sports). Importantly, future investigations should use experimental tasks
that closely resemble field situations. This suggestion is given in order to build a
bridge between basic and applied research, so that the observations derived from
the former could provide information that are actually useful—and immediately
usable—for the latter. Specifically, the main objective of applied research in this
field is to developing and testing the effectiveness of perceptual-motor training
protocols that could promote significant improvements in athletes’ performan-
ces. In this regard, the challenge of research is to demonstrate that athletes can
somehow use auditory information to modify their own motor behavior and
benefit from it. This would provide sport psychologists with innovative tools to
enhance perceptual-motor skills of their clients.

3. The Relevance of Auditory Information in Motor Rehabilitation

Many studies showed that auditory information is relevant and important for
motor rehabilitation. The seminal studies conducted by Micheal Thaut and his
team in the 90’s showed that it is possible to improve the rehabilitation protocols
of patients with motor disturbance by using auditory cues (McIntosh, Brown,
Rice, & Thaut, 1997; Miller, Thaut, Mclntosh, & Rice, 1996; Thaut, McIntosh,
Prassas, et al., 1993; Thaut, Mclntosh, Rice, et al., 1996). The method used by
these authors is known as Rhythmic Auditory Stimulation (RAS), which consists
of walking in synchronization with an auditory rhythm (e.g., metronome and/or
music). Several protocols have been used in literature: the tempo of the sound is
set on the basis of patients’ cadence at rest or is increased by a certain percentage
(e.g., +5%, +10%), patients are required to walk synchronously with sound few
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hours per week (e.g., 30-60 minutes x 5 days), and the treatment lasts for several
weeks (e.g., 3—5 weeks).

The efficacy of this method has been observed among people with cerebrovascular
accident (Thaut et al., 1993), traumatic brain injury (Hurt, Rice, Mclntosh, &
Thaut, 1998), and multiple sclerosis (Conklyn et al., 2010), but the vast majority
of evidence reported is related to Parkinson’s disease (PD). It is believed that the
basal ganglia damage in PD causes a disfunction of the internal clock, which
results in low performances in motor tasks, and more specifically, irregular acti-
vation/relaxation of muscles controlling the walking. Consequently, the use of a
rhythmic guidance would help patients with PD to self-regulate their own gait
(for reviews see, Murgia et al., 2015; Nombela, Hughes, Owen, & Grahn, 2013;
Schaffert et al., 2019; Thaut & Abiru, 2010).

Previous studies indicate that it is possible to create gait training with RAS and the
effects are still observed at follow-up (e.g., Thaut et al., 1996; Murgia et al., 2018);
but, there is evidence of short-term/immediate effects after one single session
(e.g., Arias & Cudeiro, 2010; Nieuwboer et al., 2009).Actually improvements
have been largely observed in spatio-temporal parameters of gait (e.g., cadence,
velocity, stride length) and also in clinical measures in previous studies
(e.g., UPDRS, FOG, PDQ-39). Interestingly studies using electromyography
showed that modifications are observed in the patterns of muscle activation (Bailey
et al., 2018; Thaut et al., 1996). Moreover, it is observed that the typical gait
pattern of PD patients (e.g., Corona et al., 2016) can be altered by gait training

thereby achieving clinically meaningful improvements in kinematic parameters
(Pau et al., 2016).

Recently, some authors focused on the role of ecological sounds of gait,
hypothesizing that the use of footstep sounds as auditory cues might be useful
for PD patients (Murgia et al., 2015; Rodger & Craig, 2016). The stimuli
typically used in previous studies (metronome or music) provided patients only
with rhythmic information. Though rhythm is the most important factor in
these training, but it represents only “a part” of the perceptual experience of
walking. Conversely, footstep sounds provide patients with “whole” information,
representing the complexity of biological motion (not only its rhythm).
Moreover, they are directly related to the movement to be performed, and could
further contribute to activate some motor areas of the brain (i.e., auditory mirror
neurons; e.g., Gazzola, Aziz-Zadeh, & Keysers, 2000).

In a recent randomized controlled trial (Murgia et al., 2018), PD patients were
assigned either to one of two conditions: training with artificial sounds (metrono-
me) and training with ecological sounds (footsteps). After five weeks of intensive
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training, patients improved in almost all biomechanical and clinical dimensions,
and these effects were maintained at a three-month follow-up. Although the main
analyses did not reveal differences between the two groups, explorative analyses
of separate groups revealed that cadence and gait speed (two parameters directly
related with the stimuli) improved only in the ecological sound group. This evi-
dence is not still adequate and cannot be considered conclusive, but it is in line
with other similar studies (Young, Rodger, et al., 2014; Young, Shreve, et al.,
2016; Rodger, Young, & Craig, 2014) and encourages investigation along this
direction.

4. Conclusions

We highlighted the role of ecological sounds in the perception and execution
of complex movements in our work. Ecological sounds of movement are a
relevant part of human experience in biological motion perception and can be
used to induce motor improvements both in sport and clinical contexts (Agostini
et al., 2004; Pizzera et al., 2017; Murgia et al., 2016, 2018). The importance
of ecological sounds clearly emerges when athletes are deprived of auditory
information in their ecological context (Schaffert et al., 2020; Takeuchi, 1993).
In this case the “whole” multisensory experience is discontinuous leading to poor
performance of athletes. Interestingly, the auditory information itself has an
intrinsic complexity which can be considered a gestalt itself. But certainly athletes
recognize their own movement sounds with the highest percentage when original
sounds are not altered (e.g., Murgia et al., 2012). Finally, promising results are
found for athletes and patients training. But, further studies are needed in these
cases, but preliminary evidence makes us believe that the complexity of ecological
sounds enhances the representation of the movements to be executed, leading to
performance improvements.

Summary

Recent studies explored the contribution of auditory information in ecological contexts
to biological motion perception and its influence on movement execution. This work
provides an overview of the most influential scientific contributions in this domain and
analyzes the most recent findings, both in sport and motor rehabilitation. Overall, the
literature indicates that ecological sounds associated with movements are relevant for
perceiving some important features of sport movements. Auditory information is also
relevant during performance execution, and can be used to create training protocols.
Also, similarly auditory information can be used in clinical contexts to provide rhythmic
information to enhance the efficacy of motor rehabilitation protocols. In conclusion, we
can say that the role of ecological sounds of movements is examined in conveying com-
plexity of information from a gestalt perspective.

Keywords: Ecological sounds, auditory information, sport, rehabilitation, perception.
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Wahrnehmung und Aktion in Komplexen Bewegungen:
Die Wachsende Relevanz Auditiver Information.

Zusammenfassung

Neueste Studien haben den Anteil der akustischen Information an der biologischen
Bewegungswahrnehmung und ihren Einfluss auf die Ausfiihrung der Bewegung
im natiirlichen Kontext untersucht. Diese Arbeit bietet einen Uberblick iiber die
einflussreichsten wissenschaftlichen Beitrige in diesem Bereich und analysiert die
aktuellsten Erkenntnisse, sowohl im Sport als auch in der motorischen Rehabilitation.
Insgesamt weist die Literatur dahin, dass natiirliche Klinge, verbunden mit Bewegungen,
fiir das Wahrnehmen einiger wichtiger Merkmale sportlicher Bewegungen maf3geblich
sind. Akustische Information ist ferner relevant wihrend der Ausfithrung einer Leistung
und kann dazu verwendet werden, Trainingsprotokolle zu entwickeln. Entsprechend
kann akustische Information im klinischen Kontext verwendet werden, um rhythmische
Informationen zur Steigerung der Effizienz von motorischen Rehabilitationsprotokollen
zur Verfiigung zu stellen. Abschlieflend untersuchen wir die Rolle natiirlicher Gerdusche
von Bewegungen und die Komplexitit der Information, die sie aus gestalttheoretischer
Sicht tibermitteln.

Schliisselworter: Natiirliche Gerdusche, akustische Information, Sport, Rehabilitation,
Wahrnehmung.
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