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Abstract. Aim. Neuromuscular fatigue is a critical determinant of sprint performance, particularly in
adolescent athletes. This study aims to assess the effects of 8 weeks of neuromuscular training on the fatigue
thresholds and its impact on sprint performance. Materials and methods. Thirty-six adolescent sprinters
aged 15-17 years were recruited from three different academies in Lahore city. The forty-meter sprint test
was conducted through Brower Timing Systems, a laser timing gate, followed by the analysis of the vastus
lateralis and biceps femoris during maximal sprints, measured through electromyography (EMG), while the
Borg Rating of Perceived Exertion (RPE) scale (6—20) was used to measure the perception of the subjective
fatigue among the participants. Results. Significant improvements in sprint performance were observed at
10 m (*p* = 0.012) and 40 m (*p* = 0.003) times decreased in post-intervention. Increased root mean square
(RMS) amplitude in both vastus lateralis (*p* = 0.008) and biceps femoris (*p* = 0.021) in EMG analyses
was noted, reflecting improved neuromuscular activation. Moreover, perceived exertion (RPE) decreased
significantly (¥p* < 0.05), highlighting improved fatigue tolerance. Conclusion. Neuromuscular training
improves fatigue thresholds in adolescent sprinters by delaying the onset of fatigue. Future research may
explore long-term adaptations and include female athletes for broader generalizability and applicability.
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Annomayusn. Iens. HelipoMbliedHOE yTOMIIEHHE ONIPEAEISET PE3yJIbTaTUBHOCTD B Oere Ha KOPOTKHE
JUCTaHIINHM, OCOOEHHO CpeIy CIIOPTCMEHOB IOJPOCTKOBOTO Bo3pacTa. Llenbio HACTOSIIETro MCCIea0BaHUs
SIBISIETCSI OLICHKA BIMSHMSA §-HEIEIBHOM MPOrpaMMBbl HEMPOMBIIIEYHOW TPEHHUPOBKH Ha TIOPOTH YTOMIICHUS
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Y UX BJIMSHHE Ha Pe3y/IbTaTHBHOCTh B Oere Ha KOPOTKHE AMCTaHIMK. MarepuaJyisl 1 MeToabl. B nccneno-
BaHMU NPHUHSIN y4yacTie 36 OeryHOB Ha KOPOTKHE IUCTaHIMU B Bo3pacTe 15—17 net, oOyvatomuecs B Tpex
pasHbIx akanemusix ropoxa Jlaxopa. Tect Ha Ger Ha 40 MEeTpPOB NMPOBOAMIN C MCHOJIB30BAHUEM JIa3€pPHOU
cucTeMbl XpoHoMmeTpaka Brower Timing Systems ¢ mocienyrorei anekrpoMuorpapuaeckoil oneHkoi vastus
lateralis u biceps femoris Bo BpeMs MaKCHMaNbHBIX CIPUHTEPCKUX MOMBITOK. CyOBEKTUBHYIO OLICHKY
YTOMJIIEMOCTH PETHCTPUPOBAIN C MCIIOIb30BAHNEM IKAJIBl BOCIPHHNMAaeMOro HanpsbkeHust bopra (Rating
of Perceived Exertion, RPE) ¢ mmanmazonom 6-20 GamtoB. Pe3ynbTaTrhl. 3aperucTpupoBaHbl 3HAYNMEIE
yaydimeHus pe3ynbratuBHOCTH B Oere Ha 10 M (p = 0,012) u 40 M (p = 0,003), 4T0 BBIpaX)aoch B COKparie-
HHUH BPEMEHH MPOXOXKICHUS 3TUX JUCTAHLUN mocie uccaegoBanus. OTMEYEHO yBEIMUEHUE CPEIHEKBAIPa-
THYHOW amrmuuTyasl Mbim Vastus lateralis (p = 0,008) u biceps femoris (p = 0,021) o manusiM OMI -
aHaJM3a, YTO CBUAETEIBCTBYET 00 YIyYIIEHUH HEHPOMBIMIEYHOH akTuBanuu. Kpome Toro, 3aperucTpupo-
BaHO 3HaunMoe (p < 0,05) cHIKeHHE OLIEHKH BOCHPHUHHUMAEMOTO HANPSKEHUS, CBUICTENbCTBYIOIIEE O 10-
BBILIEHUH YCTOWYMBOCTH K yTOMJICHUIO. 3akiiouenue. HelipoMblilieuHast TpEHUPOBKaA MOBBILIAET ITIOPOTH
YTOMJICHHSI Y TIOJPOCTKOB-OEr'yHOB Ha KOPOTKHME AMCTAHIMM 33 CHET OTCPOYKU HACTYIUICHHS yTOMIICHHMSI.
[Mocnenyromue nccnenoBaHus MOTYT OBITH HAlPaBJICHbI HA U3yYEHUE JIOIATOCPOYHBIX aJanTanuii py ydyac-
THH CIIOPTCMEHOK JIJIst O0JIbIIei 000011aeMOCTH U IPUMEHUMOCTH PE3YJIbTaTOB.
Kntouegvie cnosa: 3phexTHBHOCTH, BBIHOCINBOCTD, MBIIIIIBI, yCTOHYNBOCTD, TPEHUPOBKA

na yumupoeanua: Examining the neuromuscular fatigue thresholds in male adolescent sprinters /
M.K. Marwat, Y. Igbal, T. Arif et al. / Uenosek. Criopt. Meaummna. 2026. T. 26, Ne 3. C. 135-142. DOI:

10.14529/hsm260316

Introduction. Neuromuscular fatigue is a
critical determinant of sprint performance, par-
ticularly in adolescent athletes passing through
rapid physiological and biomechanical develop-
ment [8]. Fatigue is a threshold of muscle per-
formance decline due to sustained exertion asso-
ciated with the metabolic, neural, and mechanical
factors [6]. Muscular fatigue is a common expe-
rience of sports life, whether it is training or
competition [7]. Understanding these thresholds
in adolescent sprinters is essential for optimizing
training programs, minimizing injury risks, and
improving their overall performance. Adoles-
cence is a period marked by significant changes
due to musculoskeletal growth, hormonal fluctua-
tions, and neuromuscular maturation; all these
factors are linked with the ability to resist fatigue
and the capacity for recovery [12]. Sprinting re-
quires maximal neuromuscular recruitment and
rapid energy supply on the one hand; however,
fatigue-induced performance decrements can
have substantial consequences for both competi-
tion outcomes and long-term athletic develop-
ment [5]. Adolescent athletes experience unique
neuromuscular adaptations due to ongoing growth
and maturation [12]. During this developmental
stage, muscle-tendon stiffness, motor unit re-
cruitment efficiency, and energy metabolism un-
dergo significant changes, all of which affect the
fatigue resistance of the person concerned [15].
Sprint performance relies significantly on the
phosphagen energy system and anaerobic glyco-
lysis, both of which are highly susceptible to fa-

tigue during repeated high-intensity exertions [4].
However, the detailed mechanisms by which neu-
romuscular fatigue functions in adolescent sprin-
ters, particularly about growth-related biome-
chanical adjustments, remain insufficiently ex-
plored.

From a technical perspective, it is vital to
understand neuromuscular fatigue thresholds in
adolescent sprinters, which play a significant role
in improving sports performance and enhancing
adaptability. The phase of adolescence is very
crucial for neuromuscular development, wherein
fatigue thresholds directly affect sprint perfor-
mance [1]. It is a matter of high significance for
sports practitioners to know the fatigue thre-
sholds, which help them design a structured trai-
ning regime that leads to optimizing power,
speed, and adaptability and minimizing the risk
of injuries. Performance changes associated with
fatigue help in preventing sports injuries like
muscular strain and tendon sprain [16]. Neuro-
muscular fatigue in adolescent sprinters manifests
decline in force production, deficient recruitment
of motor units, and an extended duration of re-
covery [11].

Recent research suggests that adolescent ath-
letes exhibit different fatigue responses compared
to adults due to differences in muscle composi-
tion, motor control, and recovery capacity [8].
For instance, younger athletes may experience
an earlier onset of peripheral fatigue due to me-
tabolic accumulation in muscle fibers but demon-
strate faster recovery rates due to enhanced
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oxidative capacity and mitochondrial efficiency
[15]. Conversely, central fatigue, mediated by
reduced neural drive from the central nervous
system, may be more prominent in adolescents
due to ongoing neural maturation [3]. These dis-
tinctions highlight the need for age-specific fa-
tigue monitoring and training strategies to maxi-
mize performance while mitigating injury risks
[10]. The significance of this research extends
beyond performance optimization. Fatigue-related
biomechanical alterations, such as reduced stride
frequency, decreased ground contact efficiency,
and compromised postural stability, increase the
likelihood of acute and overuse injuries [5]. Ado-
lescent athletes are particularly vulnerable to
growth plate injuries, muscle strains, and tendi-
nopathies due to the asynchronous development
of bone, muscle, and connective tissues [4].
By identifying fatigue thresholds and their neu-
romuscular correlates, coaches and sports scien-
tists can design more effective training interven-
tions that balance performance enhancement with
injury prevention.

Neuromuscular fatigue in sprinting arises
from a complex interplay of peripheral and cent-
ral mechanisms [6]. Peripheral fatigue primarily
stems from metabolic byproduct accumulation,
e.g., inorganic phosphate, hydrogen ions, that
impair cross-bridge cycling and calcium release
within muscle fibers [8]. This is particularly rele-
vant in short-duration, high-intensity sprints,
where rapid ATP depletion and glycolytic flux
lead to the onset of early fatigue [15]. Additio-
nally, impaired sodium-potassium pump activity
during repeated sprints can disrupt sarcolemma
excitability, which further compromises force
production [5]. Central fatigue, on the other hand,
involves reduced motor cortex output and altered
spinal reflex modulation, limiting voluntary
muscle activation [12]. Studies using transcranial
magnetic stimulation (TMS) have demonstrated
that adolescent athletes exhibit greater central
fatigue following high-intensity sprint repetitions
compared to adults, possibly due to immature
corticospinal pathways [8]. This has critical im-
plications for training prescription, as excessive
fatigue accumulation may hinder motor skill ac-
quisition and technical proficiency in developing
sprinters. Biological maturation significantly in-
fluences neuromuscular fatigue thresholds in ado-
lescent athletes [15]. The rapid growth spurts as-
sociated with adolescence can also introduce
biomechanical inefficiencies such as altered limb
lever lengths and temporary reductions in coor-

dination that worsen fatigue [5]. Emerging evi-
dence suggests that sex differences further mo-
dulate fatigue responses in adolescent sprinters
[8]. Female athletes, for instance, may experience
greater neuromuscular fatigue due to lower base-
line muscle mass and differences in neuromus-
cular activation patterns [15]. These findings
underscore the need for individualized fatigue
monitoring strategies that account for maturation
status, sex, and training background.

Despite growing recognition of fatigue’s im-
pact on adolescent sprint performance, few stu-
dies have systematically examined fatigue thre-
sholds in this population [6]. Current training
guidelines often infer from adult data, potentially
overlooking the unique physiological and biome-
chanical constraints of adolescent athletes [4].
Additionally, existing fatigue assessment tools,
such as countermovement jump (CMJ) decrement
tests or surface electromyography (EMGQG), have
not been sufficiently validated in younger co-
horts [5]. This study was undertaken to quantify
the thresholds of fatigue among adolescent sprin-
ters and to examine the effect of biological matu-
ration on the ability of fatigue resistance among
the participants. Exploring the relationship be-
tween the chemistry of fatigue and different fac-
tors associated with the development of adoles-
cents, this study will provide scientific evidence-
based information, ensuring safe and effective
training mechanisms for adolescent sprinters.

Materials and methods. This experimental
research study was conducted to assess the effect
of an 8-week neuromuscular training intervention
to determine the thresholds of fatigue and its ef-
fects on the sprint performance of adolescent
male sprinters. Participants of the study comprised
36 volunteer adolescent male sprinters aged be-
tween 15-17 years recruited from three different
academies, namely (1) Glowing Star, (2) Health
Support, and (3) Fitness and Health, in Lahore
city. Inclusion criteria included > 2 years of com-
petitive experience, falling within the prescribed
age limit, and having no musculoskeletal issues
for the last six months. Participants with any
chronic medical condition, cardio-respiratory
history, or recent surgery were excluded from the
study. Before inclusion in the study, informed
consent was obtained from all the participants.
At the beginning, an initial evaluation of various
aspects of fatigue-related factors was performed.
This included a forty-meter sprint test conducted
through Brower Timing Systems, a laser timing
gate, followed by the analysis of the vastus late-
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ralis and biceps femoris during maximal sprints,
measured through electromyography (EMG),
while the Borg Rating of Perceived Exertion
(RPE) scale (6-20) was used to measure the pivot
of the study: the perception of the subjective fa-
tigue among the participants. The intervention
program was followed for 8 weeks at a frequency
of four sessions a week. Plyometric activities of
depth jumps and bounding, added by resisted
sprints with sled towing at 20% body mass, ac-
companied by endurance activities with gradual
progressive overload. A two-phased implementa-
tion strategy was used; during the initial 1-4 weeks,
moderate-intensity activities, focusing on tech-
nique development, were followed, and during
the next 5-8 weeks, activities of high intensity
were emphasized. After 8 weeks of treatment,
post-treatment assessments were made to have
post-treatment data and to see any possible
changes in the sprint performance, neuromuscu-
lar coordination, and fatigue resistance capacity
of the experimental group. For the analysis of data,
Statistical Package for Social Sciences (SPSS)
version 28.0 was used. Different metrics of pre-
and post-treatment were compared by the paired
t-tests. Similarly, relationships between the EMG-
derived fatigue markers, median frequency shifts,
and the timing of the sprint performance were
examined by Pearson’s correlation coefficients.
For the analysis of data, statistical significance
was set at p < 0.05, and Cohen’s d was used for
the assessment of effect size. Regular attendance
of more than 90% and adherence of the partici-
pants to the principles of the training protocol
were ensured during the entire course of inter-
vention.

Results. To ensure the appropriateness of
the parametric statistical analyses, the Shapiro —
Wilk test was conducted to assess data normality
for all variables. The Shapiro — Wilk test was used
to assess normality (W-values close to 1 indicate
normality). All variables had *p* > 0.05, con-
firming normal distribution, supporting the use
of parametric tests (e.., paired *t*-tests) for
comparisons. Since data were normally distri-
buted, mean £ SD and *p*-values from *t*-tests
(Tables 1-3) are valid for interpretation.

Table 2 shows the effect of the 8-week inter-
vention, reflecting a statistically significant im-
provement in both 10 m and 40 m sprints. Be-
cause of the improved explosive acceleration pro-
ficiency, there was a 3.3% reduction in 10 m
sprint time (A = 0.06 s) and a 2.8% improvement
in 40m performance (A = 0.16 s) on account of
better maintenance of velocity during the efforts
for an extended period. Findings of the study
support the notion that neuromuscular training
plays a significant role in improving the initial
acceleration and subsequent fatigue resistance
capability during strenuous exertion in adolescent
sprinters. Notable improvement in the 40 m
sprint timing is a testimony to the efficacy of
the intervention for withstanding the feelings
of fatigue threshold during high-intensity sprin-
ting activities.

Table 3 depicts that post-intervention electro-
myographic analyses confirm significant increas-
es in the RMS amplitude (*p* < 0.05) for both
variables, the vastus lateralis with a 15.6% in-
crease and the biceps femoris with a 13.2%
increase during maximal sprint efforts. These
findings indicate enhanced neuromuscular recruit-

Table 1

Normality Test (Shapiro — Wilk Test)

Variable

Pre-Test (W-value, *p*)

Post-Test (W-value, *p*)

10 m sprint (s)

0.97, *p* = 0.421

0.96, *p* =0.372

40 m sprint (s)

0.98, *p* = 0.512

0.97, *p* = 0.465

Vastus lateralis (mV)

0.95, *p* =0.285

0.96, *p* = 0.340

Biceps femoris (mV)

0.96, *p* =0.398

0.97, *p* = 0.410

RPE (10m sprint)

0.94, *p* =0.210

0.95, *p* =0.302

RPE (40m sprint)

0.96, *p* = 0.375

0.95, *p* = 0.276

Table 2
Sprint performance changes in the experimental group
Variable Pre-Test (Mean + SD) Post-Test (Mean + SD) p-value
10 m sprint (s) 1.82£0.11 1.76 £ 0.09 0.012%*
40 m sprint (s) 5.64+0.23 548 £0.19 0.003*
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Table 3
EMG Activity (Root Mean Square Amplitude, mV)

Muscle Pre-Test (Mean + SD) Post-Test (Mean + SD) *p*-value
Vastus lateralis 0.45+0.08 0.52 +0.07 0.008*
Biceps femoris 0.38 £0.06 0.43 £0.05 0.021%*

Table 4
Perceived Exertion (RPE Scale 6-20) Session Phase
Pre-Test (Mean + SD) Post-Test (Mean = SD) *p*-value
After 10 m sprint 152+1.4 13.8+1.1 0.004*
After 40 m sprint 18.6+1.8 16.3+1.5 0.001*

*RPE (Rating of Perceived Exertion): a subjective scale (6-20) quantifying an ath-
lete’s effort perception, integrating physiological, e.g., cardiorespiratory stress, muscle

fatigue, and psychological strain.

ment in the form of activation of high-threshold
motor units, which are critical for sprint perfor-
mance. Secondly, greater activation of the vastus
lateralis (knee extensor) and biceps femoris
(hamstring) has significant functional implica-
tions, particularly in sprinting activity, which cor-
relates with improved acceleration, reducing the
risk of injuries, and alternately improving stride
efficiency. The interplay of training and adapta-
tion works on physical as well as neural fronts,
which finally supports fatigue resistance capabi-
lity during strenuous exertions.

Table 4 shows a significant reduction in the
post-intervention assessment in perceived exer-
tion (*p* < 0.01), reflecting enhanced tolerance
to heavy exertion of sprint efforts as the 10m
sprint: 9.2% decrease (RPE 15.2 — 13.8) reflects
lower neuromuscular and metabolic demand dur-
ing acceleration. Lower RPE aligns with im-
proved acceleration efficiency. Similarly, opti-
mum fatigue resistance at maximal speed was
also observed in the 40-meter sprint; a 12.4%
decrease (RPE 18.6 — 16.3), which shows anae-
robic proficiency and neuromuscular endurance.
Greater RPE reduction suggests adaptations in
anaerobic glycolysis buffering and/or delayed
motor unit fatigue, supported by increased ham-
string activation. In addition, reduced RPE im-
plies improved movement efficiency, e. g., better
stretch-shortening cycle utilization and reduced
energy leakage. The greater RPE reduction in the
40m case particularly supports the effectiveness
of the intervention in enhancing fatigue resis-
tance capability.

Discussion. This study aims to quantify the
thresholds of fatigue among male adolescent
sprinters and to examine the effect of 8-week
neuromuscular training on the ability of fatigue

resistance among the adolescent sprinters. Fin-
dings of the study have confirmed significant
improvement in the fatigue thresholds and sprint
performance of the participants. The structured
and plyometric training of adolescents can en-
hance fatigue thresholds and sprint performance
[17]. As depicted in Table 1, the improvement in
the sprint performance is associated with the re-
cruitment of the additional motor units. These
results align with the research that high-inten-
sity structured training enhances neural drive to
muscles actively engaged in the activity [14].
Moreover, the EMG data manifest enhanced acti-
vation of muscles in the case of the vastus late-
ralis and biceps femoris. Neuromuscular adapta-
tions guide towards morphological improvement
in adolescents [13]. The improved fatigue ma-
nagement is linked with both physiological and
psychological adaptations reflected in a reduction
in perceived exertion (Table 3). The findings of
the present study claim that on account of en-
hanced neuromuscular efficiency, adolescents
manifest improved fatigue resistance [15]. How-
ever, short-term training intervention documents
only nominal improvement in RPE of the adoles-
cents [8]. This inconsistency in the findings
is likely to be associated with the difference in
the volume and intensity of the intervention.

The focus of the intervention of the present
study was based on neuromuscular specificity
employing sprints and plyometrics. EMG results
of the present study confirm the activation of ad-
ditional motor units during optimal efforts. In this
regard, improving stretch-shortening cycle effi-
ciency and motor unit synchronization [9]. Like-
wise, a decrease in the RPE reflects movement
economy as neuromuscular training improves
coordination among different organs and parts
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of the body, thereby delaying symptoms of fa-
tigue [6]. Regardless of the favorable results of
the present study, there are a few studies showing
conflicting evidence opposing the findings of this
study. Maturation of the central nervous system,
adolescents manifest limited neuromuscular adap-
tation in comparison to adults [2, 15]. Adoles-
cents require prolonged intervention for proper
neuromuscular adaptation [13]. Considering the
findings of the present study, coaches, trainers,
and sports practitioners should prioritize the inte-
gration of neuromuscular training into adolescent
sprint conditioning programs. Firstly, it will en-
hance the recruitment of additional motor units
during continuous exertion, and secondly, it will
enhance the muscular efficiency of the stretch-
shortening cycle. Using the progressive overload
technique will lead to continuous adaptation and
result in prolongation of the fatigue threshold
among adolescents. For future research, it is sug-
gested to conduct a research study to assess long-
term (>12 weeks) neuromuscular adaptation and
include athletes from both genders to view sex-
specific responses toward neuromuscular adapta-
tion and fatigue threshold. The present study
highlights the role of a structured neuromuscular
training program in improving neuromuscular
adaptation and fatigue resistance; hence, properly
tailored neuromuscular training improves fatigue
thresholds among adolescent sprinters through
the activation of additional motor units and per-
ceived exertion.

Conclusions. The 8-week neuromuscular
training program has potentially increased sprint
performance and fatigue thresholds in adolescent
sprinters aged 15-18 years. Visible improve-
ments in 10 m and 40 m sprint times (*p* < 0.05)
provide scientific evidence confirming the role of
neuromuscular training in enhancing the explo-
sive power and speed maintenance attributes in

adolescent sprinters. In addition to the improve-
ment in performance, enhanced EMG perfor-
mance of the vastus lateralis and biceps femoris,
the basic sprinting muscles, was also observed,
confirming greater recruitment of the additional
motor units. Intervention efficacy is further
strengthened by the subsequent reduction in per-
ceived exertion in terms of enhancing fatigue
resistance, which can be linked with the collec-
tive adaptation of metabolic, neural, and psycho-
logical aspects. Integration of the neuromuscular
training in adolescent sprint training programs
and monitoring of the sprint performance and
physiological markers, EMG, and RPE will help
the coaches and practitioners to make the training
program more productive. The present study has
advanced the understanding regarding the thre-
sholds of fatigue in adolescent sprinters by re-
cognizing different patterns of fatigue, decline
in performance, and physiological adaptation.
The present study concludes with evidence-based
practical measures for enhancing training loads,
improving recovery time, minimizing the risk of
injuries, and adding useful insights to the field of
sports sciences and physical education. It is sug-
gested that future researchers include female par-
ticipants, focus on longer-term adaptations (>12
weeks), and utilize the latest monitoring tech-
niques, such as force plates and biomarker ana-
lysis, to better understand the biological and phy-
siological factors underlying these improvements.
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CnopTuBHaA TPeHMpOBKa
Sports training

Hugpopmauusn 06 asmopax
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