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Abstract: Most studies on sprint performance have focused on kinematics and kinetics of the mus-
culoskeletal system for adults, with little research on the central sensorimotor transmission and
processes, especially for adolescent sprinters. This study aimed to determine whether differences
in the integrity of the central auditory system and audiomotor transmissions between the elite and
sub-elite adolescent sprinters may affect their performance in the 100 m time. Twenty-nine adolescent
junior high school students, including elite national-class and sub-elite regional-class athletes, were
assessed. Visual and auditory evoked potentials (VEP and AEP) as well as electroencephalography
(EEG) and electromyography (EMG) were recorded and analyzed during a sprint start. The electro-
physiological results clearly reveal differences in central auditory transmission between elite and
sub-elite groups, and between sexes. There were significant differences between elite and sub-elite
groups, and during a sprint start, the EEG activities for elite female and male athletes showed signifi-
cant time-dependent differences in peak amplitudes following the three auditory cues (ready, set, and
gunshot). These findings can provide coaches with a more comprehensive consideration for sports-
specific selection based on the athletes” individual conditions, e.g., sensorimotor neuroplastic training
for providing precise and efficient training methods to improve young sprinters’ performance.

Keywords: elite adolescent sprinter; sensorimotor processing; auditory evoked potentials; sprint
start; EEG; EMG; audiomotor reaction time

1. Introduction

Sprint reaction time to initiating movement in a short running race is critical for a
sprinter’s performance and may determine the outcome of the race [1]. The sprint start
response is a multi-phase process initiated by the perception of the gunshot. Following
this, central processing involving transmission, sensorimotor conversion, triggers the onset
of muscle activation and force generation [2]. The duration of each phase significantly
influences the sprinter’s reaction time [3]. Sensorimotor processing in the brain may thus
play an important role during a sprint start.

The adolescent athlete’s central sensorimotor processing differs from that of an adult
athlete, in addition to the differences in physical fitness and muscle mechanics properties
related to sports skills [4,5]. However, most research has focused on biomechanics of
the peripheral movement system in adult sprinters [2,6-9]. There is little information on
central sensorimotor transmission and processing and its correlation to performance in
adolescent sprinters.

The sound of a gunshot is the primary cue triggering the start of a sprinter’s reaction
process. After hearing the gunshot, the rates at which sensory stimuli are processed and
translated into motor reactions in the brain that are involved in movement preparation
and execution may affect the overall sprint start reaction time [10]. Several studies have
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demonstrated that the electrophysiological responses of the central nervous system to
auditory and visual stimuli can be evaluated by auditory (AEP) and visual (VEP) evoked
potential, and that simple reaction time can be used to evaluate the neural activity in
sensorimotor perception and transformation in athletes’ cerebral cortex [5,11]. Significant
differences were noted between volleyball players and the sedentary participants in N145
and P100 waveforms of VEP [12]. Elite badminton players exhibited significantly faster
visual reaction times compared to non-elite players. However, no significant difference
in auditory reaction time was found between the two groups [13]. Other study has also
shown that skilled badminton players had earlier EMG onset times accompanied by a
faster visuomotor reaction time as compared with nonathletes [14]. Therefore, it can be
hypothesized that elite athletes may have different sensorimotor processing capabilities
compared to non-athletes. Reaction training is critical because the physical fitness and
cognitive flexibility of young athletes their competence depends on it [15]. It is thus
worth exploring to what extent the sensorimotor processing between central auditory and
motor systems during a sprint start may determine sprint performance of elite adolescent
sprinters. That is, when an athlete hears the sound of a gun and starts to sprint forward,
will the sensory and motor transmission and transformation affect their sprint performance,
especially for the starting reaction time? In addition, are there differences between elite
and sub-elite adolescents in this auditory-to-motor transmission process?

This study investigated differences in sensorimotor processing between elite and
sub-elite adolescent sprinters by electrophysiological studies, including the AEP, VEP, brain
activity, and audiomotor reaction time during a sprint start. Our key hypothesis proposes
that significant differences of audiomotor processing between elite and sub-elite adolescent
sprinters could be found by electrophysiological studies.

2. Materials and Methods
2.1. Participants

Twenty-nine junior high school students (16 males and 13 females, from 13 to 16 years
old) participated. Based upon an a priori power sample size calculation, a total of 29 partic-
ipants were used with a power of 0.99 with effect size of 1.50 and significance level (x) of
0.05 to detect a significant difference between elite and sub-elite groups (G*Power, version
3.1.9.7). Individuals with auditory or visual dysfunction, central nervous system disease,
upper or lower limb surgery, musculoskeletal system disease, cardiovascular disease, and
those taking any medications affecting their motor and cognitive performance were ex-
cluded. Participants and their parents were informed of the requirements and potential
risks and benefits of participating in this study, and participants were asked to not have
injuries at the time of testing. Written informed consent was obtained from all participants,
as well as parental consent. Ethical approval for this study was obtained from the Research
Ethics Committee of the China Medical University Institutional Review Board (reference
no. CRREC-109-195; NCT04859153) in accordance with the Declaration of Helsinki and the
Guidelines for Good Clinical Practice.

All included participants were students in athletic physical education courses from
Taichung Municipal Shalu Junior High School (Taichung, Taiwan) and had received at
least 1 year of regular sprint training. These well-trained adolescent sprinters were further
categorized into two groups according to their race performance, as elite and sub-elite
groups. The elite group had already participated in several national competitions and their
race time was shorter than the mean best 100 m race time of all participants.

2.2. Performance Assessment

Athletes performed 100 m sprint trials individually at maximum effort on an official
outdoor track after a regular warm-up. Two 100 m trials with a minimum 4 h inter-
vals of complete rest were performed for this assessment (e.g., 2:00 p.m.—the first trial;
6:00 p.m.—the second trial). Running time was recorded by means of manual timing, and
the best 100 m race time was selected as their sprint performance.
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2.3. Electrophysiological Recordings

All electrophysiological recordings, including evoked potentials, EEG, and EMG,
were performed in an electromagnetically isolated room. Any electronic equipment using
alternating current was removed or replaced with direct current. Participants were not
allowed to respond verbally during the experiment.

2.3.1. Auditory and Visual Evoked Potentials

In this study, AEP and VEP served as tools for reflecting the neuronal activities and
sensory processing mechanisms in the brain and primary cortex involved in auditory or
visual input stimulation in adolescent sprinters. Environmental conditions (temperature,
light, silence, and positioning) for recording evoked potentials in the booth were adequate
to maintain the individuals’ comfort, without allowing for them to fall asleep. After careful
skin cleansing, the electrodes were placed with adequate electrolytic paste. The exam
was started when the base line of the EEG was stable, without interference. A 4-channel
Neuro-MEP amplifier (Neuro-MEP, Model no.: 03910508, Neurosoft, Ivanovo, Russia) and
an auditory—visual stimulator (Neuro-MEP, S/N 03550608, Neurosoft, Ivanovo, Russia)
were used for recording AEPs and VEPs to investigate differences of auditory and visual
transmissions between elite and sub-elite groups. AEPs were obtained, including short-
latency AEP (SAEP), mid-latency AEP (MAEP), and long-latency AEP (LAEP). Click-type
auditory stimulation was given to one ear selected randomly with 80 dB sound intensity,
1 Hz stimulus frequency, and a 0.1 ms stimulation duration. The electrodes were placed at
Cz (an active electrode), Al or A2 (a reference electrode, ipsilateral to the earphone), and
Fpz (a ground electrode). Parameters for SAEP recordings were set at a low pass filter of
2000 Hz, a high pass filter at 100 Hz, a stimulus frequency of 10 Hz, and with 2000 click
stimulations in a trial. For MAEP recordings, the low pass filter was set at 300 Hz while
the high pass filter was at 10 Hz with a stimulus frequency of 5 Hz and with 500 click
stimulations; the LAEP recordings were set at a low pass filter of 50 Hz and a high pass
filter of 1 Hz while the number of trials was set at 200 click stimulations in a trial. Peak
latencies of the SAEP (waves I through V), MAEP (Peak P0, Na, Pa, Nb, and Pb), and LAEP
(Peak N1, N2, P2, and P3) were obtained for each participant.

VEP testing is performed at usual ambient light levels during the daytime. The
participants sat in a comfortable chair, relaxed their body as much as possible, kept a
consistent distance of 60 cm from the screen, and then fixed the head on an adjustable chin
rest to ensure that their eyes were level with the center of the screen. Eye position should
be monitored throughout the test, focusing on the screen and minimizing head movements
and blinking. The test should be suspended when the participant’s gaze or attention is
distracted. Visual stimulation was achieved with a checkerboard pattern generated on
the monitor using VEP software (Neuro-MEP, S/N 03550608, Neurosoft, Ivanovo, Russia),
which consisted of black and white checks whose phase was reversed at a fixed rate of two
reversals per second. All pattern-reversal visual stimuli were presented binocularly. The
parameters for VEP recordings were set at a low pass filter of 50 Hz, a high pass filter of
10 Hz, there were 200 trials was 200, and the stimulus frequency was 1 Hz. Electrodes were
placed at the Oz (active), Fz (reference), and Cz as the ground electrode. Peak latencies of
the VEP (N75, P100, and N145 peaks) were obtained for each participant.

2.3.2. Brain Activities and Audiomotor Reaction Time during Sprint Start

To assess central sensorimotor processing during movement preparation including
stimulus detection of three start commands, neurotransmission and brain responsiveness,
brain activities, and audiomotor reaction time, were primarily collected by EEG and EMG.

All participants had competed at various levels from regional or national competition
and were familiar with the use of starting blocks. Before the trials, participants were
informed that they would receive the three commands, “Ready”, “Set”, and then a gunshot
cue, as simulation for the sprint starts, and that each command was at a 1 sec interval.
After a warm-up and familiarization, each participant performed a competitive sprint
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start at the gunshot sound. Three starts were performed, with 15 min of rest between
each trial. The waveforms of EEG, EMG, and force (Neuron-Spectrum-4/P, Model no.:
04900708, Neurosoft, Ivanovo, Russia) were recorded when the participant was hearing
three commands for a sprint start and performing the start. Before mounting the electrodes,
both alcohol pad and abrasive prep gel (Nuprep Skin Prep Gel, Weaver and Company,
Aurora, CO, USA) were used to reduce the impedances of the marked scalp skin where
the electrodes were applied. Standard cup electrodes (1.5 m, #TE/C32-634, Technomad,
Deerfield, MA, USA) were secured by using electrode paste (Ten20, Weaver and Company,
Aurora, CO, USA) and adhesive tape (Hypafix tape, BSN Medical, Luxembourg, Germany).
The EEG electrodes were placed at Cz, Al (reference), and Fpz (ground) for collecting the
N1, N2, P2, and P3 waveforms at the period after the sounds of Ready, Set, and gunshot.
The parameters of EEG were set at a sampling rate of 5000 Hz, a low pass filter of 35 Hz,
and a high pass filter at 0.5 Hz. The EMG activities of the rectus femoris of the rear leg
and flexor carpi ulnaris muscles ipsilateral to the rear leg were recorded telemetrically
using surface electrodes (LEAD2026S0, LEAD152650, Spes Medica S.p.A, Genova, Italy).
Parameters of the EMG were a sampling rate of 5000 Hz, a low pass filter of 150 Hz, and a
high pass filter of 10 Hz. Force in the rear foot footplate of a standard set of starting blocks
and in the ground where the fingers touched and supported were measured with force
sensitive resistors (Sensing area: 1.75” x 1.75”, SEN-09376 (B3-8), SparkFun Electronics,
Boulder, CO, USA) to obtain the force signal produced after the gunshot. The experimental

design and procedures are shown in Figure 1.
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Figure 1. The experimental design (A), setup of electrophysiological recordings (B), and the secure
affixation of EEG electrodes (C). A simulated view of the experimental setup when a participant is
in ready position with their both hands on the ground and legs on the start blocks. The participant
received the three commands, “Ready”, “Set”, and then “Go” (gunshot cue) as simulation with sprint
starts. The waveforms of EEG, EMG, and force were recorded when the participant was hearing three
commands of a sprint start and performing a sprint start. The connections of EEG, EMG, and force
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2.4. Data Processing

A reaction time task (total reaction time, TRT) can be divided into premotor time (PMT)
and motor time (MT), as previously described [16]. PMT is defined by the time interval
from the gunshot signal to the initial EMG activation of muscles, while MT is the elapsed
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time interval between the first change in EMG activity and the onset of exertion (force
production). Data acquisition and processing of audiomotor reaction time was performed
through a custom-developed computer program (Matlab, R2021b, MathWorks, Natick, MA,
USA). The rectified EMG signal was filtered with a cut-off frequency of 35 Hz to obtain
the linear envelope. The baseline EMG amplitude was averaged from the 5000 signals
during the period from when a participant received the start cue of “Set” before hearing the
gunshot. The time elapsed between the auditory signal and the detection of a 5% change
relative to the maximum force applied against the block was determined as the TRT. PMT
was determined as the time elapsed between the gunshot signal and the detection of a
2x standard deviation (SD) change relative to baseline in the EMG envelope, while MT
as the time elapsed between the occurrence of a 2x SD change relative to baseline in the
EMG envelope and a 5% change relative to the maximum force applied against the block.
The start commands, “Ready”, “Set”, and the gunshot, induced EEG alterations in peak
latencies of N1, N2, P2, and P3, as obtained during the PMT period of the sprint start.

2.5. Statistical Analysis

The data are presented as means + SD. Normal distribution of the variables was con-
firmed by histogram charts and the Shapiro-Wilk distribution. Student t-test was used to
compare variables in the two independent groups. Two-way analysis of variance (ANOVA)
was performed to analyze the effects of the group and sex on each variable. A mixed
model two-way analysis of variance was used to analyze the effects of time (within subject
factors), groups (between subject factors), and sex (between subject factors) for exploring
the differences of serial start commands on the EEG outcomes. Relationships between
latencies in electrophysiological studies and 100 m best race time (performance) were
assessed by Pearson’s correlation coefficients. Data were analyzed using SPSS statistical
software package (version 22; SPSS, Inc., Chicago, IL, USA) and the level of significance
was set at alpha = 0.05.

3. Results
3.1. Demographic Characteristics

All data showed normality of variance. The participant’s characteristics and 100 m
race time are described in Table 1. The participants” mean 100 m race times of 11.93 sec
for males and 13.16 sec for females served as the cut-point values for grouping into elite
and sub-elite groups. Two-way ANOVA revealed a sex effect in height, weight, BMI,
and best race time (p < 0.05, Table 1) without sex—group interaction (p > 0.05). The mean
race times in the elite group (n = 16) were significantly shorter in 9 males and 7 females
when compared with those in sub-elite group (n = 13; 7 males and 6 females). According
to the competition records, adolescent sprinters in the elite group had more experience
in national-class competitions and those in the sub-elite group had more experience in
regional-class competitions.

Table 1. Characteristics of the participants in elite and sub-elite groups.

Elite Group Sub-Elite Group 2 p Value
Female Male Female Male
=7 (@ =9) (= 6) =7 Group Sex Group X Sex
Age (years) 14.71 £1.25 15.00 £ 1.12 14.00 £ 1.10 14.43 +0.79 0.13 0.39 0.86
Height (cm) 162.71 + 648 171.40 +5.11% 160.17+8.13 166.57 +8.73 % 0.18 <0.01 0.67
Weight (Kg) 48.86 + 6.44 61.11 +4.78 # 47.67 £+ 6.68 65.06 + 7.27 # 0.71 <0.01 0.50
BMI 18.37 £ 1.15 20.78 + 0.96 * 18.52 +1.70 2317 +4.74* 0.20 <0.01 0.25
100 m race time (s) 1277 £011% 11504+ 0.10%" 13624013 1250+ 0.17% <0.01 <0.01 0.52

a: tested by two-way ANOVA; *: p < 0.05, significant differences between female and male in each group analyzed
by Student’s t-test; *: p < 0.05, significant differences in each sex between elite and sub-elite groups analyzed by
Student’s t-test.
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3.2. Variation of Auditory and Visual Evoked Potentials

The results of AEP and VEP in latency measurements are described in Table 2 and
Figure 2. Of the AEP measures, Wave III, IV, and V in SAEP, as well as PO and Na in
MAEDP, exhibited significantly shorter latencies for females than for males (between-sex,
p < 0.05, Table 2). When calculated between-group, significant differences were found
only in Wave IV in SAEP, PO in MAEP, and P3 in LAEP between two groups (p < 0.05),
while most of the group differences did not achieve significance in AEP peak latencies.
Moreover, there were no interactions between sex and group in all AEP recordings (all
p > 0.05). Of the VEP measures, there were no significant differences found in sex, group,
and sex—group interactions (all p > 0.05, Table 2). The peak latencies of SAEP and MAEP
seem longer in male sprinters than in females. In the elite group, male sprinters” Wave III
and 1V are significantly longer than female sprinters (both p < 0.05, Wave III, d = 1.23; Wave
IV, d = 1.69). In the sub-elite group, male sprinters” Wave V, Na, and Pa were clearly longer
than those of female sprinters (all p < 0.05, Wave V, d = 1.65; Na, d = 1.42; Pa, d = 1.65;
Table 2). There were significant group differences between elite and sub-elite groups in
SAEP wave IV of male sprinters (p < 0.05, d = 1.55), as well as in LAEP N2 of female
sprinters (p < 0.05, d = 0.25, Table 2).

Table 2. The peak latencies of auditory and visual evoked potentials recorded from adolescent
sprinters in elite and sub-elite groups.

Elite Group Sub-Elite Group F Value
Female Male Female Male Grou Sex Group
(N=7) (N=9) (N =+6) (N=7) P X Sex
Auditory evoked potentials
(AEP)
Wave I 1.83 £ 0.40 1.96 + 0.34 1.87 £+ 0.29 1.95 + 0.22 0.01 0.74 0.04
Wave II 2.90 + 0.50 2.91 + 0.40 2.81 + 0.53 3.06 + 0.45 0.02 0.55 0.44
Short-latency Wave III 3.65 £ 0.56 418 £ 0.24% 3.79 £ 0.34 3.96 £ 0.26 0.09 6.741% 1.71
Wave IV 477 +0.41 548 +0.43% 4.55 + 0.44 485+038% 7361 1077% 1.68
Wave V 592 £+ 0.27 6.19 £ 0.46 573 +0.17 595+ 0.08# 3.61 474 % 0.04
PO 11.63 + 0.74 12.08 + 0.64 12.02 + 0.74 12.844+ 088 428% 518% 0.45
Na 15.92 + 1.28 17.36 + 1.51 16.28 & 0.95 17.61 +093% 043 9.04% 0.01
Mid-latency Pa 21.36 + 2.74 21.59 + 2.31 20.99 + 0.74 2227+081*%  0.05 1.06 0.52
Nb 38.13 + 2.40 38.87 +£1.15 39.03 + 1.60 40.13 +£1.23 3.11 2.23 0.08
Pb 61.84 +9.01 6208 +16.27 6029+ 1452  64.74+1557  0.01 0.15 5321%
N1 84.16 +9.71 7917 £17.95  82.72+1516  77.31 4+ 18.95 0.08 0.74 0.00
Lone-latenc P2 123.18 £ 11.34 108.56 + 14.76 11432 +10.66 112.35+1520 0.26 2.73 1.59
5 y N2 17357 £25.71 15483 +13.78 168.75+9.59%T 16743 +17.81 0.34 227 1.71
P3 218.71 + 1526 22617 +22.81 24550 +£27.55 24836 +27.83 7.60% 0.34 0.07
Visual evoked potential
(VEP)
N75 84.29 + 6.66 87.03 + 5.69 84.43 + 5.38 85.44 + 5.45 0.11 0.74 0.16
P100 109.16 + 7.64 11017 £6.78  109.56 + 5.95 11178 £5.77  0.16 0.42 0.06
N145 146.86 £ 21.61 141.83 +£16.01 141.00 + 19.66  144.79 +10.68  0.05 0.01 0.46

The values of peak latency are presented as means + standard deviations. *: p < 0.05, significant differences
between female and male in each group analyzed by Student’s t-test. ': p < 0.05, significant differences in each
sex between elite and sub-elite groups analyzed by Student’s t-test. 1: p < 0.05, tested by a two-way analysis
of variance.
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Figure 2. Representative plots of the auditory evoked potentials (AEP) including short-latency
AEP (SAEP), mid-latency AEP (MAEP), and long-latency AEP (LAEP), as well as visual evoked
potentials (VEP) waveforms recorded from the elite (A) and sub-elite groups (B). The indicative scale
(Sensitivity /Sweep) for SAEP is 2.5 uV/2 ms, for MAEP is 5 uV /10 ms, for LAEP is 4 uV/50 ms, and
for VEP is 4 uV /50 ms.

3.3. Alternations of Brain Activities Following Three Commands during a Sprint Start

Figure 3 shows the alternation of brain activities after Ready, Set, and gunshot (Go)
cues recorded by EEG during a sprint start. The EEG responses usually presented two
positive peaks, i.e., P2, and P3, and two negative peaks, i.e., N1 and N2 (Figure 3). In
the P2 wave, there was a main effect of time (df = 2, F = 9.96, p < 0.05) and a main effect
of group (df = 1, F = 4.62, p < 0.05) found in its amplitude, but a significant interaction
between time and group (df = 2, F = 4.48, p < 0.05) was found in its latency. The mixed
ANOVA with the amplitude of N2 revealed a significant interaction between time and
group (df =2, F = 3.33, p < 0.05). In the P3 wave, there were main effects of time (df = 2,
F =9.96, p < 0.05) in its latency and amplitude but only a significant interaction among
time, group, and sex (df =2, F = 3.66, p < 0.05) was found in its amplitude. As can be seen,
the sub-elite groups, showed insignificant changes in amplitudes and latencies in all peaks
evoked after three commands of Ready, Set, and gunshot throughout the trial (p > 0.05,
Table 3). In contrast, both female and male athletes in the elite group showed significant
time-dependent differences in the peak amplitudes of N1, P2, and P3 at the three time
points (p < 0.05). In the elite group, significant decreases in N1 (female, d = 0.97), P2 (male,
d =1.67), and P3 (female, d =1.75 and male, d = 1.33) peak amplitudes of the gunshot
cue-evoked EEG responses were observed in post-hoc comparison with their values evoked
by the Ready cue (gunshot vs. Ready, all p < 0.05). Pairwise t-tests showed a significant
difference in the P3 peak amplitude evoked after the Set cue between female and male
sprinters of elite groups (p < 0.05, d = 2.09), with those in the male sprinters having lower
amplitudes than those in the female ones. No significant differences in all peak amplitudes
of male sprinters were found between elite and sub-elite groups (all p > 0.05, Table 3). The
female sprinters in elite and sub-elite groups, however, showed significant differences in
peak amplitudes of N1, P2, and P3 evoked individually after Ready, Set, and gunshot cues
(all p < 0.05, Table 3).
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Table 3. The serial alterations of brain activities after ready, set and gunshot cues recorded by EEG during a sprint start in elite and subelite groups.

Within Subjects Comparison

Between Subjects Comparison

Signal Input (Time) Time g‘:};; gg\fi;' Gem;l;l:n; éroup Group Gender Gcl‘g;geif
Wave Group Sex N Ready Set Gunshot F Value F Value F Value F Value F Value F Value F Value
N1 Latency Elite Female 7 75.13 £7.37 76.15 £ 5.36 75.75 £ 7.08 0.35 0.09 0.25 0.28 0.00 1.19 1.26
(ms) Male 9 75.69 £ 4.80 76.31 + 6.86 75.15 £ 7.27
Subelite ~ Female 6 7529 £12.97 79.54 £ 6.68 76.75 £ 10.85
Male 7 73.89 £7.41 73.80 £ 6.29 75.05 £ 8.73
Amplitude Elite Female 7 18.31 £ 16.15 17.22 £12.09 2.64 +16.09 * 1.69 0.51 1.55 1.35 0.80 0.06 0.73
(1V) Male 9 8.96 & 24.47 16.02 + 10.51 5.32 £21.20
Subelite ~ Female 6 13.50 +26.90 8.29 +6.53 16.91 £ 16.88
Male 7 9.10 £ 20.20 14.17 £ 12.09 9.33 +17.51
P2 Latency Elite Female 7 114.89 +10.78 117.13 +10.79 111.89 4+-13.48 0.26 448% 0.45 0.81 0.73 1.16 0.02
(ms) Male 9 115.98 +12.14 112.56 +9.83 109.44 £+ 12.61
Subelite ~ Female 6 111.08 4+ 22.48 108.50 £ 21.20 119.83 + 16.55
Male 7 108.86 + 11.36 109.75 £9.03 113.07 £ 15.15
Amplitude Elite Female 7 46.14 £ 29.66 10.21 £ 16.70 * 27.17 £27.57 9.96 % 1.01 1.70 2.09 4.621% 0.52 0.00
(1V) Male 9 47.71 +12.50 7.45 +20.70 16.46 +23.41 *
Subelite ~ Female 6 20.18 £ 10.95 2127 +16.76 16.25 + 19.04
Male 7 29.20 £ 27.96 21.45 £ 21.77 17.87 + 14.06
N2 Latency Elite Female 7 156.32 + 8.10 155.12 +11.09 156.63 & 14.70 1.06 0.42 0.60 1.84 0.01 1.12 1.15
(ms) Male 9 158.50 &+ 14.25 155.66 + 15.12 154.03 4 16.58
Subelite ~ Female 6 163.71 + 16.76 161.29 £ 20.48 149.50 + 21.41
Male 7 163.06 + 8.90 162.94 £+ 13.11 154.82 +12.12
Amplitude Elite Female 7 20.52 £ 17.48 20.82 £ 25.45 20.52 £ 22.98 1.00 3.33% 0.35 1.88 1.87 0.04 0.13
(1V) Male 9 22.88 £ 23.61 14.08 + 16.84 28.21 £+ 22.49
Subelite ~ Female 6 37.81 £21.74 34.23 £ 22.67 24.14 + 31.69
Male 7 24.08 £ 22.90 49.03 £ 12.22 12.28 +19.76
P3 Latency Elite Female 7 215.77 £27.29 235.49 +22.83 230.06 £ 22.85 453% 1.24 0.76 1.75 2.71 1.38 1.64
(ms) Male 9 221.22 £22.20 231.74 £21.23 229.80 £ 26.09
Subelite ~ Female 6 244.67 £+ 11.88 250.25 + 24.97 225.83 £ 24.58
Male 7 235.56 £ 18.95 242.99 £ 21.30 229.12 £ 18.64
Amplitude Elite Female 7 60.55 £ 25.50 50.11 £ 10.47 25.54 +12.41* 11.32% 0.75 0.23 3661 0.06 0.00 1.90
(1V) Male 9 58.76 £ 28.92 26.81 + 11.78 *# 24.71 £21.96 *
Subelite ~ Female 6 54.53 £ 25.00 21.29 +£11.36 3895+ 17351
Male 7 57.30 £ 35.80 52.28 £ 15.82 31.13 £ 26.87

*: tested by Bonferroni compared with Ready sound; *: p < 0.05, independent t-test between female and male; : p < 0.05, there is significant difference between elite and subelite groups
tested by independent t-test; : p < 0.05, tested by a mixed model two-way analysis of variance.
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Figure 3. Representative plots of serial changes of EEG waveforms after Ready, Set, and gunshot cues
recorded from the elite (A) and sub-elite groups (B). The indicative scale is 10 £V /50 ms.
3.4. Alternations of Audiomotor Reaction Time Following the Gunshot Cue of a Sprint Start
Results of audiomotor reaction time after the gunshot cue of a sprint start containing
PMT and MT are shown in Table 4 and Figure 4. There was a main effect on group in
the PMT of upper extremities (df = 1, F = 5.51, p < 0.05) and a significant interaction
between group and sex found in the PMT and TRT of lower extremities (df = 1, PMT:
F =13.96, p < 0.05; TRT: F = 6.10, p < 0.05). There were no main effects on group, sex, and
interaction between group and sex in MT of upper and lower extremities (all p > 0.05).
Independent t-tests showed a significant difference in PMT of upper extremities in the elite
group between female and male sprinters (p < 0.05, d = 1.67), with male sprinters having
longer PMT of upper extremities. But in the sub-elite group, shorter PMT (d = 1.74) and
TRT (d = 1.74) of lower extremities were found in male sprinters than in females (Table 4).
For female sprinters, the PMT (d = 2.41) and TRT (d = 1.51) of upper and lower extremities
were significantly shorter in the elite group than in the sub-elite group (both p < 0.05,
Table 4).
Table 4. The audiomotor reaction time of upper and lower extremities recorded from adolescent
sprinters in elite and sub-elite groups during a sprint start.
Elite Group Sub-Elite Group Group Sex cj(r(s)gf
Female Male Female Male
=7 (=9 (= 6) =7 FValue FValue F Value
Upper 4 +
Premotor  extremity 399.71 £ 29.99 449.96 £ 30.07 475.87 £ 33.17 457.27 £79.55 551% 0.79 3.75
time (ms) Lower + 4
extremity 394.48 £ 51.81 43471 £27.2 477.38 £ 45.80 402.89 £ 39.43 2.77 1.25 13.96 1
Upper
Motor extremity 240.39 £ 38.17 235.95 + 34.49 255.57 £ 66.43 230.68 £ 32.74 0.09 0.82 0.40
time (ms) Lower
extremity 246.42 £ 54.51 244.03 £ 88.99 301.27 £ 42.20 256.71 £ 45.30 1.98 0.95 0.77
Total e)}ﬂ%ﬂfﬁy 640.1 £+ 54.03 685.90 £ 52.33 731.43 + 66.65 687.95 + 94.99 3.34 0.00 3.06
reaction
time (ms) eXLt;’gVHflrty 6409 +80.40 67874+ 10459 778.65+57367 659.60 +77.85%  3.48 1.63 6.10%

The data are presented as means + standard deviations. #: p < 0.05, significant differences between female and
male in each group analyzed by Student’s t-test. ': p < 0.05, significant differences in each sex between elite and
sub-elite groups analyzed by Student’s t-test. ¥: p < 0.05, tested by a two-way analysis of variance.
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Figure 4. Representative electromyograms (EMG) of flexor carpi ulnaris and rectus femoris muscles of
adolescent sprinters in elite (A) and sub-elite (B) groups during a sprint start trial. Premotor time (RT,
a—b interval) was determined as the time elapsed between the gunshot signal (a) and the detection
of a 2x standard deviation (SD) change relative to baseline in the EMG envelope (b), while motor
time (MT, b—c interval) was the time elapsed between the occurrence of a 2x SD change relative to
baseline in the EMG envelope (b) and a 5% change relative to the maximum force (c) applied against
the block.
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3.5. Correlations of Electrophysiological Measurements and Adolescent Athlete’s Race Time

Without grouping, there were no statistically significant correlations between personal
100 m race time and latencies of electrophysiological studies found in female and male
adolescent sprinters (all p > 0.05). However, some correlations between race times and
latencies were found in female and male sprinters in the elite group (Table 5). Latencies of
Waves I and II of SAEP in elite male sprinters, and Wave V in elite females, were significantly
and positively correlated to 100 m race times (all p < 0.05), implying a positive correlation
with performance. But there were no significant negative correlations to race times in
latencies of PO of MAEP and N2 of Set cue evoked potentials for the elite female sprinters
(p < 0.05, Table 5). The PMT, MT, and TRT had a low to moderate negative correlation with
the best race times of elite male sprinters (—0.49 > r > —0.18), except for the PMT of upper
extremities, where a very low correlation was found (r = —0.01). However, low to moderate
positive correlations with their best race times in the PMT of upper (r = 0.25) and lower
extremities (r = 0.48) in elite female adolescent sprinters (Table 5). Nevertheless, the PMT,
MT, and TRT of the elite group across extremities and sex did not achieve significant levels
correlated with 100 m best race times (p > 0.05).

Table 5. Pearson’s correlation coefficients between latencies of auditory and visual evoked potentials,
single trial of the cue-evoked EEG activities, premotor time, motor time, total reaction time of EMG,
and personal best 100 m race time in sprinters.

Elite Female Sprinter Elite Male Sprinter
r p v p
Wave I —0.24 0.60 0.78 ** 0.01
. Wave I1 0.08 0.87 0.82 ** 0.01
stéizzrmoi‘:i‘;ﬁzy Wave IIT ~0.16 0.73 0.36 0.35
p Wave IV 0.52 0.23 0.03 0.94
Wave V 0.84 * 0.02 0.31 0.41
PO —0.78* 0.04 —0.52 0.16
Mid-term Na —0.56 0.19 0.59 0.09
. auditory evoked Pa —0.01 0.98 0.62 0.08
Evoked potentials potentials Nb 0.37 0.41 —0.09 0.81
Pb —0.59 0.16 —0.03 0.95
N1 —0.27 0.56 0.04 0.91
Long-term auditory P2 —0.21 0.65 0.46 0.21
evoked potentials N2 0.26 0.57 -0.27 0.48
P3 —0.57 0.18 —0.50 0.18
. N75 —0.09 0.84 —0.42 0.27
Vlsﬁiﬁ;’igied P100 —047 0.29 —036 0.34
p N145 0.06 0.89 —0.08 0.83
N1 —0.64 0.12 —0.27 0.49
Read P2 —0.27 0.56 0.19 0.62
y N2 —0.04 0.93 034 0.37
P3 0.26 0.57 0.36 0.34
N1 0.49 0.27 0.54 0.13
P2 —0.24 0.61 —0.16 0.69
Electroencephalography Set N2 077 0.04 015 071
P3 —0.71 0.07 0.59 0.10
N1 0.31 0.49 0.31 0.41
Gunsh P2 0.23 0.62 —0.13 0.74
unshot N2 0.29 0.53 0.03 0.94

P3 0.33 0.48 —0.18 0.64
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Table 5. Cont.
Elite Female Sprinter Elite Male Sprinter
r p r p
Premotor time 0.25 0.59 0.01 0.99
Upper extremity Motor time —0.08 0.87 —0.49 0.18
Total motor time 0.09 0.86 —0.32 041
Electromyography
Premotor time 0.48 0.27 —0.18 0.64
Lower extremity Motor time —0.05 0.92 —0.40 0.29
Total motor time 0.28 0.55 —0.38 0.31

* p < 0.05; *: p < 0.01.

4. Discussion

Athlete performance is influenced by complex multifactorial integration and interplay
in sport techniques, endurance, strength, and speed. A combination of peripheral and
central mechanisms contributes to the speed and motor performance during competition
in athletes, although the interaction between these mechanisms remains complex. Animal
research suggests that motor speed is regulated by brain regions including the basal ganglia,
sensorimotor cortex, and cerebellum [17]. Given this, it is intriguing to explore whether
elite adolescent sprinters possess distinct neural characteristics that enable their superior
sprint start performance compared to their sub-elite peers. This study used VEP, AEP,
EEG, and EMG data from twenty-nine 100 m adolescent sprinters comprising sixteen “elite
athletes”, whose best 100 m race time was faster than the average time, and thirteen “sub-
elite athletes”, whose fastest time was less than the average. This study reveals the distinct
sensorimotor neural profiles of elite adolescent sprinters, highlighting the neural plasticity
during adolescence. These findings not only confirm the distinct neural characteristics of
these athletes but also underscore the importance of targeted training during this critical
developmental period. By utilizing our results, we can design more effective training
programs to maximize the potential and performance of elite adolescent athletes, fostering
their development into high-performance elite adult sprinters.

Electrophysiologically, VEP components exhibited consistent peak latencies across
groups and sexes. In contrast, the early components of AEPs were found to have shorter
latency for female adolescent sprinters than for males. Notably, elite adolescent sprinters
demonstrated faster early AEP components, suggesting enhanced sensory processing and
quicker stimulus response. Early AEP waves (IV and P0) showed significant differences
between elite and sub-elite groups, with elite sprinters exhibiting faster wave components
associated with better race times. In addition, the observed shorter P3 latency in elite sprint-
ers aligns with previous research suggesting a link between P3 amplitude and cognitive
control [18]. Our findings showed that the P3 latency of LAEP (later waves of AEP) was
significantly shorter for elite sprinters compared to sub-elite sprinters. These observations,
demonstrating enhanced cognitive processing speed in elite athletes, may be crucial for
rapid decision-making during competition. Moreover, changes in the main components
of latencies and amplitudes of EEG recordings following start cues were accompanied by
comparable alterations while participants executed three different sprint start sequences
(Ready—-Set—-Go). Both female and male athletes in the elite group showed significant
time-dependent differences in the peak amplitudes of N1, P2, and P3 at the time points of
the three cues, demonstrating increased neural activation and synchronization. There were
high negative correlations between the Set cue trial N2 latency and best race time values for
elite female sprinters, suggesting a critical role of auditory attention in optimizing sprint
performance. Elite female adolescent sprinters had significantly shorter PMT in upper
and lower extremities than elite male and sub-elite female adolescent sprinters, indicating
potential gender-specific neuromuscular advantages. These findings suggest distinct roles
for auditory and motor cortex in elite sprint performance, with elite athletes exhibiting
neural characteristics adapted for optimal performance.
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The electrophysiological responses of the central nervous system to various stimuli
can be measured by brain-evoked potentials. Theoretically, almost all sensory modalities
can be measured, and the integrity and transmission time of sensations (temperature, pain,
etc.) and sense organs (vision, hearing) in the nerve conduction paths can be evaluated.
AEPs and VEPs can be used to detect the effects of sound and visual stimulation on
brain wave potential changes and can be used to evaluate responses of cerebral cortical
activity [19,20]. To date, these response tests have been less commonly used in studies
of sports, especially the impact of hearing on sports. A study examining VEPs for a
sport-specific visuomotor task in international elite young table tennis athletes found
that the amplitude of their VEPs was highly correlated with the visual motor stimulation
conditions [21]. Another study, using checkerboard square visual stimulation to evaluate
the VEPs of fencers, found significant differences in the wave latency and amplitude of
P60, N75, and P100 between fencers and control subjects, especially when processing large
field of view stimuli. The shorter wave latency of the players further demonstrates that the
visual processing model of fencers differs from that of ordinary people [22]. SAEP analysis
revealed significantly shorter III-V interpeak latencies in both male and female tennis and
rowing athletes compared to sedentary controls [23]. Therefore, unlike VEP, which appeared
to be associated more widely with sports requiring high visual acuity, SAEP appeared to
have a broader association with top-level physical activity rather than with specific sensory
abilities [23]. The available evidence suggests that waves of SAEP reflect neural activities
of sound processing in the auditory pathway originating from brainstem and MAEP
reflect intermediate stages of sound processing estimated primarily from mesencephalic
structures, midbrain, and subcortical structures [24]. One hypothesis suggests that the
observed shorter III-V interpeak latencies in athletes might result from faster synaptic
transmission within the superior olivary complex [23]. This current study demonstrates
significant differences between elite and sub-elite groups in early waves of AEP (wave IV
and P0) and a positive relationship between faster early waves of AEP and best race time
in elite adolescent sprinters. Interestingly, between elite and sub-elite sprinters, AEP was
more highly correlated with their performance in elite adolescent sprinters than those of
VEP. Early AEP potentials reflect sensory processing, largely depending on the stimulus
and activities in the lateral lemniscus, inferior colliculus, and the reticular formation [25].
The significant discrepancy found in early AEP potentials may indicate different auditory
synaptic transmission occurring in the brainstem, midbrain (including lateral lemniscus,
inferior colliculus, and reticular formation), and thalamus—cortical pathways between elite
and sub-elite adolescent sprinters. In addition, significant differences on SAEP and MAEP
measures were found between females and males, with greater differences on the former.
These differences in the waveforms of AEP due to gender were mainly found on the latency,
especially the Wave V latency [26], which is consistent with the results of this study. In this
study, sex differences were found for Wave Il and IV latencies in elite sprinters, but for
Waves V, Na, and Pa in sub-elite sprinters. Early waves of AEP in female sprinters were
clearly faster than male sprinters. For most SAEP and MAEP measures, the variability in sex
differences was greater in sub-elite adolescent sprinters compared to elite ones. Moreover,
significant differences between the two groups of adolescent sprinters were noted in early
portions (Wave IV and P0) and late portion (P3) of AEP, indicating faster transmission
processing in the brainstem and cortical area for elite adolescent sprinters compared to
the sub-elite ones. Our findings underscore the critical role of auditory processing in
sprint performance, revealing enhanced auditory processing efficiency in elite adolescent
sprinters. These results provide compelling evidence for a neural basis of adolescent athletic
excellence, emphasizing the importance of auditory perception for rapid decision-making
and response initiation in achieving optimal sprint start performance.

To initiate a sprint, athletes must first perceive the auditory cue of the starting gun,
then rapidly process this information within the central nervous system before their muscles
can react. The sequence of signal processing associated neural transmission is related to the
athlete’s overall response time in the sprint start. In a sprint event, after the gunshot, there
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is a delay of about 3 milliseconds for the sound transmission before it reaches the athlete’s
ears [2]. The sound stimulation will first go through stimulation recognition and neuronal
coding in the sensory system (cochlear hair cells). Subsequently, the auditory signal is
transmitted through the brainstem to the auditory cortex for processing. This information
is then integrated in the cerebral cortex before motor commands are sent via efferent nerve
fibers originating in the motor cortex. The actual neuromuscular—physiological component
(from hair cells, auditory nerve, brain, spinal cord to muscles) of simple auditory reaction
time is probably less than 100 ms, possibly due to triggering of the startle reflex through
the reticulospinal tract located in the brainstem to activate muscles [27,28]. There has been
little research on the sensorimotor component of audiomotor reaction time during sprint
starts. Even when considering the shortest possible neural pathway—a spinal reflex via
the reticulospinal tract—there is an inherent delay between the motor cortex’s signal and
the observable onset of EMG activity [29,30]. The EMG activity of various muscles in
sprinting at constant speeds has been documented [31,32]. But there is currently a lack
of EEG activity evidence to prove the extent to which the sprint start time is affected by
duration of cortical processing in sprinters, and there is even further a lack of relevant
research on those aspects in adolescent athletes. Therefore, the EEG activities during a
sprint start sequence (Ready—Set-Go) were recorded and investigated up to the end of the
first contact after the blocks in this study. In this study, there were no significant variation
in amplitudes and latencies in all EEG peaks evoked after three commands of Ready, Set,
and gunshot sounds in the sub-elite group. But there were significant deviations found in
the peak amplitudes of N1, P2, and P3 among three phases of commands in the elite group.
The early waveforms of N1 and N2 in the auditory cerebral cortex evoked potentials largely
depend on the neural activities of the auditory cortex, mainly reflecting sensory (auditory)
functions, while the later waveforms following P3 mainly record cognitive-related neural
activities, reflecting cognitive processing activities [18]. Some researchers claim that sports
training and professional experience can lead neuroplastic changes in the human central
nervous system and motor cortex for adaptation [33]. It was also shown that that there were
significant differences in cortical excitability for athletes compared to non-athletes [34]. It
may be that adaptive changes and cognitive processing in the cortical activities are probably
critical differences between elite and sub-elite adolescent sprinters. Moreover, we also
found there were significant negative correlations to race time in latencies of N2 during set
position in the elite female sprinters. The results may be related to anticipatory postural
adjustment during set position that must be coordinated by the CNS to achieve desired
movement, while also maintaining stability in a preparatory position in anticipation of the
dynamics of the start [28]. Our findings reveal distinct EEG patterns between elite and sub-
elite athletes, suggesting differences in cortical activation and processing during the sprint
start sequence. The observed variations in N1, P2, and P3 amplitudes in elite sprinters
indicate enhanced neural efficiency in processing auditory stimuli and preparing for the
subsequent motor response. These findings highlight the potential of EEG as a tool to assess
cortical readiness and identify neural factors contributing to sprint start performance.
Previous research, primarily focused on biomechanics, has consistently emphasized
the critical role of an efficient start in determining sprint race outcomes [33,35,36]. Achiev-
ing optimal sprint starts requires a complex interplay of factors, including rapid reaction
time, efficient biomechanics, and the integrated function of central nervous system control,
physical capabilities, energy systems, and body composition [1,36,37]. The length of reac-
tion time depends on a multifactorial signal transmission process, including the reception of
stimulus signals by sensory organs, conversion into neural signals, activation of nerves and
neurons for transmission, brain processing, neuromuscular activation, soft tissue compli-
ance, and the selection of external measurements and parameters [38]. Each of these factors
needs a relevant processing time that may affect overall audiomotor reaction time. While
extensive research has examined the relationship between lower limb reaction time and
sprint start performance [28,39], the contributions of upper extremity involvement remain
relatively unexplored. A systematic review has established a strong correlation between
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upper body strength and overall sprint performance [40]. While evidence suggests that arm
movements enhance sprint start performance, the specific contributions of arm reaction
time and upper body strength remain largely unexplored [41]. To address the limitations
of previous research, this study adopts a novel approach by simultaneously recording
PMT and MT components of both upper and lower extremities during the sprint start. The
results show significantly shorter duration in PMT and TRT of upper and lower extremities
in elite female sprinters over sub-elite females. There are also shorter PMTs and TRTs in
adolescent female sprinters than those for males in the elite group. However, these findings
in contrast to previous results showing that adult male sprinters have significantly shorter
reaction times than adult females [42]. In general, these controversies can be explained
by different study designs, reaction time measures, and participants’ characteristics; as
well as the effect of covariates, such as age; and the different laboratory environment used
in electrophysiological studies. Even so, these findings show a weak correlation between
reaction components (PMT, MT, and TMT) and 100 m race time for both adolescent males
and females, consistent with previous results [42,43]. Male sprinters typically exhibit higher
power output, starting velocity, and acceleration due to greater leg muscle strength and
explosiveness, enabling them to generate force more rapidly than female sprinters [35].
This could explain the superiority in 100 m race time in adolescent male sprinters over
females. Our findings demonstrate significantly shorter reaction times in both upper and
lower extremities for elite female sprinters compared to sub-elite females, suggesting a
potential advantage in neuromuscular coordination. Additionally, the observed differences
between male and female sprinters highlight the complex interplay of factors influencing
sprint start performance. These results emphasize the need for a holistic approach to sprint
start training, incorporating both upper and lower extremity development.

Study Limitations

Several methodological limitations are associated with the present study. First, it is
reasonable to assume that, due to limitations of the experimental venue, the adolescent
sprinters’ start reaction times are longer than for actual performance in a competition
situation. However, the results of this experiment still show differences in neuromuscular-
physiological components between elite athletes and sub-elite athletes. Accordingly,
changes in neuromuscular transmission—-conversion processes at the sprint start are under-
estimated, and the “real” differences between elite and sub-elite groups during the sprint
start may be more pronounced under fatigue conditions in an actual competition [44]. The
case is similar with the interpretation of P3 waves, which under fatigue conditions would
certainly have greater relevance, especially at the sprint start [45,46]. Second, some of these
young sprinters surveyed may be more easily distracted during the electro-physiological
recordings, which may interrupt the data collection, but this inattention did not neces-
sarily alter the experimental results. Third, although the adolescent sprinters recruited
in this study were restricted to junior high school students (13-16 years) and recruited
age-matched sub-elite sprinters for comparison, the biological age range is still wider, and
the bias caused by age differences cannot be ruled out. Further investigation could be con-
ducted by a cross-sectional study containing a control group with age-matched non-athletes.
Additionally, this study may observe talent influences on adolescent athletes under same
sprinter training by the same coach by using electrophysiological measurements. But these
results may not be extended to older athletes that may have sporting performance advan-
tages due to their favorable anthropometric, physical characteristics and kinematics and
experience- or training-related brain plasticity in comparison with adolescent peers [17,47].
However, these findings may be useful because of the homogeneity of the adolescent partic-
ipants. Although this study also reveals the command-induced audiomotor responses on a
sprint start and auditory transmission function, there were limited outcome measurements
to help understand the overall differences between elite and sub-elite adolescent sprinters.
Using kinematics, biomechanics, biomarker, and neuroimaging approaches, future studies
can further evaluate these issues.



Sports 2024, 12, 222

16 of 18

References

5. Conclusions

These findings demonstrate that the central neurotransmissions, especially in auditory
and sensorimotor systems, differ between elite and sub-elite adolescent sprinters, as well
as females and males. The brain activities at the Ready, Set, and Go phases of a sprint
start before muscle force develops also differ between elite sprinters and sub-elite ones.
Furthermore, the audiomotor reaction time is found to relate to race time following a sprint
start. Accordingly, these differences in central sensorimotor processing likely correlate
with the sprint performance of adolescent athletes. While research has yet to identify
specific structural or functional brain differences between elite and sub-elite adolescent
sprinters, the adolescent brain’s capacity for morphological and functional adaptation
following motor training is notable. Our findings demonstrated the complexity of the
sprint start process including the interplay of cognitive, neuromuscular, and biomechanical
components and emphasize the need for a more holistic approach to understanding the
factors influencing adolescent sprint performance. Consequently, neuroplasticity training
emerges as a potential avenue for enhancing sprint performance. These findings may help
coaches develop new training strategies that can modulate neuroplasticity on audiomotor
processing during a sprint start for adolescent sprinters.

Author Contributions: Conceptualization, Y.-L.H., W.-C.L. and H.-Y.C.; methodology, Y.-L.H.; soft-
ware, C.-M.C., W.-C.L. and N.-PY;; validation, H.-Y.C. and Y.-L.H.; formal analysis, Y.-L.H.; investi-
gation, N.-P.Y. and S.-W.Y,; writing—original draft preparation, Y.-L.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by China Medical University and Ministry of Science and
Technology, Taiwan, under grant numbers CMU 112-5-35 and MOST 110-2410-H-039-008.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of China Medical University (reference
no. CRREC-109-195; NCT04859153; 2 Februray 2021).

Informed Consent Statement: Informed consent was obtained from all participants involved in
this study.

Data Availability Statement: The data used in this study, which includes information about minors,
are confidential and cannot be shared due to stringent privacy regulations and ethical considerations.
Access to the data is strictly restricted to the research team to protect the identity and well-being of
the participants.

Acknowledgments: The authors are especially grateful to Po-Cheng Chen for his professional
assistance on technical matters. Experiments and data analysis were performed in part through the
use of the Medical Research Core Facilities, Office of Research and Development at China medical
University, Taichung, Taiwan, R.O.C.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. Harland, M.].; Steele, ].R. Biomechanics of the sprint start. Sports Med. 1997, 23, 11-20. [CrossRef] [PubMed]

2. Crotty, E.D.; Hayes, K.; Harrison, A.J. Sprint start performance: The potential influence of triceps surae electromechanical delay.
Sports Biomech. 2022, 21, 604-621. [CrossRef]

3. Brown, A.M.; Kenwell, Z.R.; Maraj, B.K.; Collins, D.E. “Go” signal intensity influences the sprint start. Med. Sci. Sports Exerc. 2008,
40, 1142-1148. [CrossRef] [PubMed]

4. Aerenhouts, D.; Clarys, P.; Taeymans, J.; Van Cauwenberg, J. Estimating Body Composition in Adolescent Sprint Athletes:
Comparison of Different Methods in a 3 Years Longitudinal Design. PLoS ONE 2015, 10, e0136788. [CrossRef]

5. Song, YH.; Ha, SM; Yook, ].S.; Ha, M.S. Interactive Improvements of Visual and Auditory Function for Enhancing Performance
in Youth Soccer Players. Int. ]. Environ. Res. Public Health 2019, 16, 4909. [CrossRef]

6.  Zhai, S.S.; Wen, D.T,; Liu, T.Y.; Hou, W.Q. A warm-up performed with proper-weight sandbags on the leg improves the speed and
RPE performance of 100m-sprint in collegiate male sprinters. J. Sports Med. Phys. Fitness 2020, 61, 10-17. [CrossRef] [PubMed]


https://doi.org/10.2165/00007256-199723010-00002
https://www.ncbi.nlm.nih.gov/pubmed/9017856
https://doi.org/10.1080/14763141.2019.1657932
https://doi.org/10.1249/MSS.0b013e31816770e1
https://www.ncbi.nlm.nih.gov/pubmed/18460990
https://doi.org/10.1371/journal.pone.0136788
https://doi.org/10.3390/ijerph16244909
https://doi.org/10.23736/S0022-4707.20.10639-X
https://www.ncbi.nlm.nih.gov/pubmed/32878421

Sports 2024, 12, 222 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

Sandamas, P; Gutierrez-Farewik, E.M.; Arndt, A. The relationships between pelvic range of motion, step width and performance
during an athletic sprint start. J. Sports Sci. 2020, 38, 2200-2207. [CrossRef]

Gleadhill, S.; Nagahara, R. Kinetic and kinematic determinants of female sprint performance. J. Sports Sci. 2020, 39, 609-617.
[CrossRef]

Tanaka, T.; Suga, T.; Imai, Y.; Ueno, H.; Misaki, J.; Miyake, Y.; Otsuka, M.; Nagano, A.; Isaka, T. Characteristics of lower leg and
foot muscle thicknesses in sprinters: Does greater foot muscles contribute to sprint performance? Eur. J. Sport. Sci. 2019, 19,
442-450. [CrossRef]

Wang, W.; Hu, L.; Cui, H.; Xie, X.; Hu, Y. Spatio-temporal measures of electrophysiological correlates for behavioral multisensory
enhancement during visual, auditory and somatosensory stimulation: A behavioral and ERP study. Neurosci. Bull. 2013, 29,
715-724. [CrossRef]

Pancar, Z.; Ozdal, M.; Pancar, S.; Bicer, M. Investigation of visual and auditory simple reaction time of 11-18 aged youth. Eur. J.
Phys. Educ. Sport Sci. 2016, 2, 145-152.

Ozmerdivenli, R.; Bulut, S.; Bayar, H.; Karacabey, K.; Ciloglu, F.; Peker, I.; Tan, U. Effects of exercise on visual evoked potentials.
Int. ]. Neurosci. 2005, 115, 1043-1050. [CrossRef]

Kaplan, D.S.; Akcan, E,; Cakir, Z.; Kilic, T.; Yildirim, C. Visuomotor and audiomotor reaction time in elite and non-elite badminton
players. Eur. J. Phys. Educ. Sport Sci. 2017, 3, 84-92.

Hiilsdiinker, T.; Striider, H.K.; Mierau, A. Visual Motion Processing Subserves Faster Visuomotor Reaction in Badminton Players.
Med. Sci. Sports Exerc. 2017, 49, 1097-1110. [CrossRef]

Schumacher, N.; Schmidt, M.; Wellmann, K.; Braumann, K.M. General perceptual-cognitive abilities: Age and position in soccer.
PLoS ONE 2018, 13, €0202627. [CrossRef] [PubMed]

Szpala, A.; Rutkowska-Kucharska, A. Electromechanical response times in the knee muscles in young and old women. Muscle
Nerve 2017, 56, E147-E153. [CrossRef] [PubMed]

Wenzel, U.; Taubert, M.; Ragert, P.; Krug, J.; Villringer, A. Functional and structural correlates of motor speed in the cerebellar
anterior lobe. PLoS ONE 2014, 9, €96871. [CrossRef]

Sur, S.; Sinha, VK. Event-related potential: An overview. Ind. Psychiatry J. 2009, 18, 70-73. [CrossRef]

Cone-Wesson, B.; Wunderlich, J. Auditory evoked potentials from the cortex: Audiology applications. Curr. Opin. Otolaryngol.
Head. Neck Surg. 2003, 11, 372-377. [CrossRef]

Brigell, M.G.; Celesia, G.G. Visual evoked potentials: Advances in clinical and basic sciences. Electroencephalogr. Clin. Neurophysiol.
Suppl. 1999, 49, 95-102.

Hulsdunker, T.; Ostermann, M.; Mierau, A. Motion-Onset Visual Potentials Evoked in a Sport-Specific Visuomotor Reaction Task.
J. Sport. Exerc. Psychol. 2020, 42, 280-291. [CrossRef]

Taddei, F.; Viggiano, M.P.; Mecacci, L. Pattern reversal visual evoked potentials in fencers. Int. J. Psychophysiol. 1991, 11, 257-260.
[CrossRef]

Martin, F; Delpoint, E.; Suisse, G.; Dolisi, C. Brainstem auditory evoked potentials. Differences related to physical activity. Int. J.
Sports Med. 1993, 14, 427-432. [CrossRef]

Itoh, K.; Iwaoki, H.; Konoike, N.; Igarashi, H.; Nakamura, K. Noninvasive scalp recording of the middle latency responses and
cortical auditory evoked potentials in the alert common marmoset. Hear. Res. 2021, 405, 108229. [CrossRef]

Plourde, G. Auditory evoked potentials. Best Pract. Res. Clin. Anaesthesiol. 2006, 20, 129-139. [CrossRef]

McFadden, D.; Champlin, C.A.; Pho, M.H.; Pasanen, E.G.; Maloney, M.M.; Leshikar, E.M. Auditory evoked potentials: Differences
by sex, race, and menstrual cycle and correlations with common psychoacoustical tasks. PLoS ONE 2021, 16, e0251363. [CrossRef]
[PubMed]

Milloz, M.; Hayes, K.; Harrison, A.J. Sprint Start Regulation in Athletics: A Critical Review. Sports Med. 2021, 51, 21-31. [CrossRef]
[PubMed]

Pain, M.T.; Hibbs, A. Sprint starts and the minimum auditory reaction time. J. Sports Sci. 2007, 25, 79-86. [CrossRef]

Winter, E.M.; Brookes, F.B. Electromechanical response times and muscle elasticity in men and women. Eur. J. Appl. Physiol.
Occup. Physiol. 1991, 63, 124-128. [CrossRef]

Collet, C. Strategic aspects of reaction time in world-class sprinters. Percept. Mot. Skills 1999, 88, 65-75. [CrossRef] [PubMed]
Guissard, N.; Duchateau, J.; Hainaut, K. EMG and mechanical changes during sprint starts at different front block obliquities.
Med. Sci. Sports Exerc. 1992, 24, 1257-1263. [CrossRef]

Ricard, M.D.; Ugrinowitsch, C.; Parcell, A.C.; Hilton, S.; Rubley, M.D.; Sawyer, R.; Poole, C.R. Effects of rate of force development
on EMG amplitude and frequency. Int. J. Sports Med. 2005, 26, 66-70. [CrossRef] [PubMed]

Borysiuk, Z.; Waskiewicz, Z.; Piechota, K.; Pakosz, P.; Konieczny, M.; Blaszczyszyn, M.; Nikolaidis, P.T.; Rosemann, T.; Knechtle, B.
Coordination Aspects of an Effective Sprint Start. Front. Physiol. 2018, 9, 1138. [CrossRef]

Sessa, F.; Messina, G.; Valenzano, A.; Messina, A.; Salerno, M.; Marsala, G.; Bertozzi, G.; Daniele, A.; Monda, V.; Russo, R. Sports
training and adaptive changes. Sport. Sci. Health 2018, 14, 705-708. [CrossRef]

Ciacci, S.; Merni, F.; Bartolomei, S.; Di Michele, R. Sprint start kinematics during competition in elite and world-class male and
female sprinters. . Sports Sci. 2017, 35, 1270-1278. [CrossRef] [PubMed]

Bezodis, N.E.; Willwacher, S.; Salo, A.LT. The Biomechanics of the Track and Field Sprint Start: A Narrative Review. Sports Med.
2019, 49, 1345-1364. [CrossRef]


https://doi.org/10.1080/02640414.2020.1776914
https://doi.org/10.1080/02640414.2020.1837449
https://doi.org/10.1080/17461391.2018.1534991
https://doi.org/10.1007/s12264-013-1386-z
https://doi.org/10.1080/00207450590898481
https://doi.org/10.1249/MSS.0000000000001198
https://doi.org/10.1371/journal.pone.0202627
https://www.ncbi.nlm.nih.gov/pubmed/30138420
https://doi.org/10.1002/mus.25647
https://www.ncbi.nlm.nih.gov/pubmed/28321884
https://doi.org/10.1371/journal.pone.0096871
https://doi.org/10.4103/0972-6748.57865
https://doi.org/10.1097/00020840-200310000-00011
https://doi.org/10.1123/jsep.2019-0255
https://doi.org/10.1016/0167-8760(91)90019-T
https://doi.org/10.1055/s-2007-1021204
https://doi.org/10.1016/j.heares.2021.108229
https://doi.org/10.1016/j.bpa.2005.07.012
https://doi.org/10.1371/journal.pone.0251363
https://www.ncbi.nlm.nih.gov/pubmed/33979393
https://doi.org/10.1007/s40279-020-01350-4
https://www.ncbi.nlm.nih.gov/pubmed/33125639
https://doi.org/10.1080/02640410600718004
https://doi.org/10.1007/BF00235181
https://doi.org/10.2466/pms.1999.88.1.65
https://www.ncbi.nlm.nih.gov/pubmed/10214633
https://doi.org/10.1249/00005768-199211000-00010
https://doi.org/10.1055/s-2004-817856
https://www.ncbi.nlm.nih.gov/pubmed/15643537
https://doi.org/10.3389/fphys.2018.01138
https://doi.org/10.1007/s11332-018-0464-z
https://doi.org/10.1080/02640414.2016.1221519
https://www.ncbi.nlm.nih.gov/pubmed/27540875
https://doi.org/10.1007/s40279-019-01138-1

Sports 2024, 12, 222 18 of 18

37.

38.
39.

40.

41.

42.

43.
44.

45.

46.

47.

Haugen, T.A.; Tonnessen, E.; Seiler, S.K. The difference is in the start: Impact of timing and start procedure on sprint running
performance. J. Strength Cond. Res. 2012, 26, 473-479. [CrossRef]

Buckolz, E.; Vigars, B. Sprint start reaction time: On the advisability of sensory vs motor sets. Can. |. Sport Sci. 1987, 12, 51-53.
Mero, A.; Komi, P.V. Reaction time and electromyographic activity during a sprint start. Eur. ]. Appl. Physiol. Occup. Physiol. 1990,
61, 73-80. [CrossRef]

Macadam, P.; Cronin, J.B.; Uthoff, A.M.; Johnston, M.; Knicker, A ]J. Role of Arm Mechanics During Sprint Running: A Review of
the Literature and Practical Applications. Strength Cond. |. 2018, 40, 14-23. [CrossRef]

Slawinski, J.; Bonnefoy, A.; Levéque, ].-M.; Ontanon, G.; Riquet, A.; Dumas, R.; Cheze, L. Kinematic and Kinetic Comparisons of
Elite and Well-Trained Sprinters During Sprint Start. J. Strength Cond. Res. 2010, 24, 896-905. [CrossRef] [PubMed]

Tonnessen, E.; Haugen, T.; Shalfawi, S.A. Reaction time aspects of elite sprinters in athletic world championships. J. Strength Cond.
Res. 2013, 27, 885-892. [CrossRef] [PubMed]

Mero, A.; Komi, P.V.; Gregor, R.J. Biomechanics of sprint running. A review. Sports Med. 1992, 13, 376-392. [CrossRef] [PubMed]
Zwierko, T.; Czepita, D.; Lubiniski, W. The effect of physical effort on retinal activity in the human eye: Rod and cone flicker
electroretinogram studies. Graefe’s Arch. Clin. Exp. Ophthalmol. 2010, 248, 659-666. [CrossRef]

Grego, F.; Vallier, ]. M.; Collardeau, M.; Bermon, S.; Ferrari, P.; Candito, M.; Bayer, P.; Magnié, M.N.; Brisswalter, ]. Effects of long
duration exercise on cognitive function, blood glucose, and counterregulatory hormones in male cyclists. Neurosci. Lett. 2004, 364,
76-80. [CrossRef]

Polich, J.; Kok, A. Cognitive and biological determinants of P300: An integrative review. Biol. Psychol. 1995, 41, 103-146.
[CrossRef]

Abbott, S.; Moulds, K.; Salter, J.; Romann, M.; Edwards, L.; Cobley, S. Testing the application of corrective adjustment procedures
for removal of relative age effects in female youth swimming. J. Sports Sci. 2020, 38, 1077-1084. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1519/JSC.0b013e318226030b
https://doi.org/10.1007/BF00236697
https://doi.org/10.1519/SSC.0000000000000391
https://doi.org/10.1519/JSC.0b013e3181ad3448
https://www.ncbi.nlm.nih.gov/pubmed/19935105
https://doi.org/10.1519/JSC.0b013e31826520c3
https://www.ncbi.nlm.nih.gov/pubmed/22739331
https://doi.org/10.2165/00007256-199213060-00002
https://www.ncbi.nlm.nih.gov/pubmed/1615256
https://doi.org/10.1007/s00417-010-1305-1
https://doi.org/10.1016/j.neulet.2004.03.085
https://doi.org/10.1016/0301-0511(95)05130-9
https://doi.org/10.1080/02640414.2020.1741956

	Introduction 
	Materials and Methods 
	Participants 
	Performance Assessment 
	Electrophysiological Recordings 
	Auditory and Visual Evoked Potentials 
	Brain Activities and Audiomotor Reaction Time during Sprint Start 

	Data Processing 
	Statistical Analysis 

	Results 
	Demographic Characteristics 
	Variation of Auditory and Visual Evoked Potentials 
	Alternations of Brain Activities Following Three Commands during a Sprint Start 
	Alternations of Audiomotor Reaction Time Following the Gunshot Cue of a Sprint Start 
	Correlations of Electrophysiological Measurements and Adolescent Athlete’s Race Time 

	Discussion 
	Conclusions 
	References

