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Abstract: This study explores the multifaceted effects of acute physical fatigue on information pro-
cessing, pain threshold, and muscular performance. Enrolling 28 recreational athletes, we used a high-
intensity interval training (HIIT) protocol to induce fatigue and conducted pre- and post-intervention
assessments. Our findings revealed significant physiological and performance adaptations following
the HIIT sessions. Key observations included increased heart rate and rate of perceived exertion
and an enhancement in horizontal jump performance and isometric hand strength but no significant
change in cognitive processing speed. Remarkably, participants demonstrated a notable increase in
pain threshold and blood lactate levels post-exercise. These results challenge traditional views of
fatigue, indicating not only a physiological but also a psychological resilience to high-intensity stress.
This study provides new insights into the complex interplay between physical fatigue, cognitive
function, and pain perception, highlighting the comprehensive effects of HIIT on both physiological
and psychological dimensions of human performance.

Keywords: acute physical fatigue; high-intensity interval training; muscular performance; pain
threshold; cognitive processing

1. Introduction

Acute physical fatigue profoundly impacts multiple facets of human physiology and
psychology, particularly in the domains of muscular function, cortical function, and pain
perception. This significance stems from the observation that fatigue not only affects
individual health and well-being but also has critical implications for athletic performance,
influencing both short-term outcomes and long-term adaptations. This comprehensive
exploration integrates various strands of research to offer a cohesive understanding of
these interrelated phenomena, thereby underscoring the importance of addressing fatigue
in sports science and clinical practice [1–3].

Muscular function is significantly affected by acute physical fatigue, which manifests
as a decline in the muscle’s ability to generate force. This decline is influenced by a multi-
tude of factors, including metabolic changes, the depletion of energy reserves, and altered
recruitment of muscle fibers [4]. During high-intensity activities, muscle fibers experience
significant changes such as decreased phosphocreatine stores, lactate accumulation, and
ion balance disruption, contributing to fatigue [5]. Additionally, the generation of reactive
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oxygen species during intense physical activities leads to oxidative stress, further impacting
muscle function [6]. Central fatigue also plays a crucial role, involving neural factors like
motor neuron excitability and voluntary activation [7]. Furthermore, recent advancements
in understanding muscular function under fatigue reveal the concept of ‘muscle wisdom’,
where there is a reduction in motor unit firing rates during prolonged activities to preserve
muscle force output [8]. Furthermore, near-infrared spectroscopy has provided deeper in-
sights into muscle oxygenation and energy metabolism during fatigue [9], underscoring the
complex physiological and biochemical interplay in muscles under exhaustive conditions.

The impact of fatigue on cortical function, including processes like motor control,
decision-making, and cognitive functions, is profound. Fatigue can alter cortical excitability
and the efficiency of neural pathways involved in these processes [10]. It can lead to
decreased attention, reaction time, and decision-making abilities, critical in sports perfor-
mance [11]. Furthermore, recent neuroscientific developments have shown that physical
fatigue significantly alters brain activity, particularly in the prefrontal cortex, implicat-
ing a direct link between fatigue and cognitive impairment [12]. Transcranial magnetic
stimulation studies have demonstrated changes in motor-evoked potentials with fatigue,
suggesting alterations in synaptic efficacy and neuronal excitability in the motor cortex [13].
Fatigue impairs the brain’s ability to filter out irrelevant stimuli, leading to decreased
attentional focus [14], and biases individuals towards more impulsive decision-making [15].
The interaction between mental and physical fatigue highlights the need to consider both
aspects in sports and athletic performance [16].

Pain perception, a complex interplay between sensory input and psychological factors,
is also influenced by physical fatigue. It is modulated by physiological impacts of exercise
and psychological factors like attention, emotion, and motivation [17]. Athletes often
exhibit higher pain thresholds, possibly due to physiological adaptations and psychological
conditioning [18]. Indeed, studies have highlighted the phenomenon of exercise-induced
hypoalgesia, where acute exercise leads to a temporary reduction in pain sensitivity, partic-
ularly evident in endurance athletes [19]. This is attributed to physiological factors, like the
release of endorphins and endocannabinoids, and psychological factors such as increased
pain tolerance due to regular exposure to physical stress [20]. Mental fatigue exacerbates
pain perception and impairs performance, indicating a complex link between cognitive
fatigue, pain processing, and physical performance [13].

Therefore, the effects of acute physical fatigue on muscular and cortical functions
and pain perception are intricate and multifaceted. The ongoing research in these areas
continues to refine our understanding, emphasizing the importance of addressing both
physiological and psychological aspects in managing fatigue and optimizing athletic per-
formance. This integrated approach offers crucial insights for enhancing training regimens,
recovery strategies, and overall performance in sports and athletics. High-intensity in-
terval training (HIIT), a training method that alternates short anaerobic efforts with brief
recovery periods, is recognized for its significant benefits to physical conditioning and
mental health [21–24]. While numerous studies highlight HIIT’s effectiveness, it is acknowl-
edged that other training methods, such as Moderate Continuous Training (MCT) and
Sprint Interval Training (SIT), also offer valuable benefits. The comparative effectiveness
of these methods varies depending on individual goals, preferences, and physiological
responses [25,26].

Thus, this current study, conducted under an intervention-based research design,
aims to empirically investigate the effects of acute physical fatigue brought about by a
specific intervention with HIIT. Our hypothesis is that the intervention, designed to induce
acute physical fatigue, will have observable impacts on athletes’ information processing
abilities, pain thresholds, and muscular performance. By measuring these variables pre-
and post-intervention, this study seeks to provide concrete evidence on how acute physical
fatigue manifests in these key areas. Such a research design, focusing on before-and-
after comparisons following a specific intervention, is crucial in understanding the direct
consequences of fatigue on athletic performance and recovery strategies.
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2. Materials and Methods
2.1. Experimental Approach

In our study, the experimental approach was meticulously designed to comprehen-
sively evaluate the effects of high-intensity interval training (HIIT) on acute physical fatigue
and its subsequent impacts on physiological, psychological, and performance-based metrics.
Participants underwent a series of pre-, during-, and post-exercise assessments, including
heart rate monitoring for cardiovascular response, the Borg Scale for perceived exertion,
dynamometry for upper body strength, horizontal jump tests for lower body power, blood
lactate concentration analysis for metabolic stress, and a mobile app-based reaction time
test for cognitive function. These diverse and rigorous measures were chosen to capture the
multidimensional effects of acute physical fatigue induced by HIIT, ensuring a holistic un-
derstanding of its impact on recreational athletes. By leveraging state-of-the-art technology
and established testing protocols, our methodology offers a robust framework for dissect-
ing the complex interplay between physical exertion and its wide-ranging consequences,
thereby providing valuable insights into optimizing training regimens and enhancing
overall human performance. This experimental approach underscores the study’s goal
to elucidate the comprehensive effects of HIIT, facilitating a deeper comprehension of its
physiological and psychological dimensions.

2.2. Study Participants

The study enrolled 28 recreational athletes, consisting of 25 men and 7 women, all
of whom engaged in a variety of athletic activities. This mix provided a rich basis for
assessing the universal applicability and benefits of high-intensity interval training (HIIT)
across different sports disciplines, allowing for a comprehensive analysis of HIIT’s effects
on physical fatigue and recovery in a recreational athletic population. The participants had
an age of 22.61 years (SD = 3.15) and had a mean body weight of 64.13 kg (SD = 7.64). Their
average height was 1.71 m (SD = 0.07), and the mean body mass index (BMI) was 21.58
(SD = 1.89). The participants were recruited based on their engagement in regular recre-
ational athletic activities. Ethical approval for this study was granted by the university’s
ethics committee (approval number: CI-PI/21/082). All participants provided written
informed consent prior to their involvement in the study, adhering to ethical guidelines.

2.3. Acute Fatigue Protocol

This study’s primary aim was to examine the effects of acute physical fatigue, induced
through a HIIT protocol. HIIT is known to elicit significant psychophysiological responses
and efficiently induce fatigue in a short timeframe [27].

The HIIT protocol commenced with a standardized warm-up: 5 min of light aerobic
running at 50−60% of their maximum heart rate, calculated using Tanaka’s Formula
‘208–0.7 × age’ [28], followed by 2 series of 20 m of progressive running intensity. The main
HIIT session consisted of 2 series of 10 repetitions of 30 s maximal running, interspersed
with 30 s intervals of passive rest, and a 3 min passive rest between the series. This design
was based on established HIIT protocols shown to be effective in eliciting acute fatigue [29].

2.4. Parameters Analyzed

To evaluate the impact of the HIIT protocol on various physiological and psychological
parameters, we employed a series of tests conducted before, during, and after the HIIT
sessions. These tests were carefully selected to provide a comprehensive overview of the
participants’ performance and condition, ensuring a multifaceted understanding of the
effects of acute physical fatigue. It is crucial to note that all the participants had previous ex-
perience with these tests, effectively minimizing the potential for a learning effect that could
skew the results. This prior familiarity allows for more reliable assessments of changes
attributable to the HIIT protocol itself rather than improvements in test performance due
to repeated exposure.
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Cardiovascular Response: To assess the cardiovascular response to the HIIT protocol,
we monitored participants’ heart rate (HR) in real-time using a Polar V800 heart rate
monitor, a sophisticated device known for its accuracy and reliability in capturing heart
rate data. This device, manufactured by Polar Electro in Kempele, Finland, is specifically
designed for sports and fitness research, offering precise heart rate measurements that are
crucial for evaluating the intensity and effectiveness of the HIIT sessions. By analyzing
these heart rate data, we could determine how participants’ cardiovascular systems reacted
to the stress of high-intensity exercise, providing valuable insights into their physical
condition and endurance capabilities [30].

Rate of Perceived Exertion (RPE): The subjective intensity of the training sessions
was quantified using the Borg Scale, a widely recognized method for assessing perceived
exertion. This scale ranges from 6 to 20 levels, where higher numbers correspond to higher
levels of exertion [31]. The Borg Scale is an effective tool for measuring an individual’s
perception of exercise intensity, allowing for a subjective assessment that complements the
objective physiological data collected. By employing this scale, we could gauge participants’
subjective experiences of the HIIT protocol, offering a holistic view of its impact.

Upper Body Muscular Performance: To evaluate the muscular performance of the
upper body, we used a dynamometer to measure the maximum isometric contraction force
of the dominant hand. This test, conducted with a device from Takei Kiki Koyo, Japan, is a
standard measure of grip strength but also serves as an indicator of overall upper body
strength. Participants were asked to perform the test twice, with the highest value recorded
for analysis. This approach ensures accuracy and reliability in assessing the muscular
endurance and strength gains from the HIIT sessions [32].

Lower Body Muscular Performance: Lower body muscular performance was assessed
through a horizontal jump test, which is a simple yet effective measure of leg power and
explosiveness. Participants were instructed to jump as far as possible with their hands
placed on their waist to prevent the use of arm swing, thus focusing the assessment on
leg strength. The test was performed twice, with the longest distance jumped recorded
for analysis. This test provides a direct measure of the lower body’s power, an essential
component of overall athletic performance and a key indicator of the effectiveness of the
HIIT protocol in enhancing muscular performance [30].

Algometer Test: To evaluate the pain threshold, the algometer test was meticulously
conducted on the anterior border of the upper trapezius muscle, both pre- and post-test
and among all participants, adhering to a standardized procedure [33]. Pressure was
consistently increased at a controlled pace of 1 kg/sec. Participants were instructed to
signal the moment they first perceived pain, at which point the pain threshold was recorded.

Blood Lactate Concentration: The measurement of blood lactate concentration post-
exercise provides critical insights into the metabolic impact of the HIIT protocol on partici-
pants. For this purpose, capillary blood samples of 5 µL were collected from the index finger
of each participant, utilizing a minimally invasive method that ensures quick recovery and
minimal discomfort. These samples were then analyzed using the Lactate Pro 2 analyzer
from Arkay, Inc., based in Kyoto, Japan. This device is renowned for its precision and
reliability in measuring lactate levels, offering immediate feedback on the metabolic stress
exerted by the exercise regimen. The procedure follows established protocols to ensure
consistency and accuracy of the results, thereby allowing us to evaluate the aerobic and
anaerobic contributions to exercise metabolism and their changes in response to HIIT [30].

Information Processing Assessment: To assess cognitive function in terms of infor-
mation processing, we utilized a mobile app designed to measure reaction time. This
innovative approach leverages technology to provide a convenient and effective method
for assessing cognitive performance. The app presents a simple interface where a white
screen changes color at random intervals, and participants are instructed to tap the screen
as quickly as possible upon color change. The average reaction time from five trials was
calculated for each participant, offering a quantitative measure of their cognitive process-
ing speed. This test is particularly relevant for understanding how physical fatigue may
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influence cognitive functions, including attention and psychomotor speed, thereby offering
insights into the broader impacts of HIIT on cognitive performance [34].

By integrating these physiological and cognitive assessments, our study aims to
provide a comprehensive evaluation of the effects of acute physical fatigue induced by
HIIT. The methodology encompasses a wide range of measures to capture the multifaceted
impacts of fatigue on recreational athletes, from metabolic and muscular responses to
cognitive processing abilities. This approach not only enriches our understanding of the
physiological and psychological dimensions of fatigue but also contributes significantly to
the literature on exercise science and human performance.

2.5. Innovative Aspects of Our Study

Our study introduces a novel perspective on the intricate interplay between physical
fatigue and its consequent effects on both physiological and psychological dimensions
of human performance, particularly through the lens of high-intensity interval training
(HIIT). By seamlessly integrating assessments of information processing, pain threshold,
and muscular performance, we provide a comprehensive analysis that transcends the
traditional boundaries of physical and cognitive research. The methodological rigor of our
approach is further enhanced by the adoption of a specially designed HIIT protocol, aimed
at inducing acute physical fatigue, thereby allowing us to probe the depth of its impact on
cognitive functions alongside physical capabilities. This multifaceted approach not only
enriches the current understanding but also introduces methodological innovation in the
study of exercise-induced fatigue, positioning our research at the forefront of uncovering
the holistic effects of HIIT on human performance. Through this, we shed light on the
nuanced ways in which intense physical activity can influence an individual’s cognitive
and physical realms, offering valuable insights into the optimization of training regimens
and the enhancement of athletic performance.

2.6. Statistical Analysis

The Statistical Package for the Social Sciences (SPSS) version 24.0 (SPSS Inc., Chicago,
IL, USA) was used to analyze the data. Descriptive statistics (mean and standard devi-
ation) were calculated. Before using parametric tests, the assumption of normality and
homoscedasticity were verified using the Kolmogorov–Smirnov test. A one-factor (time)
ANOVA-repeated measurement with a Bonferroni post hoc test was used to compare the
results obtained in variables with 3 evaluation moments. A dependent t test was used to
analyze differences in variables with 2 evaluation moments. The threshold for significant
difference was set at p < 0.05 for all comparisons.

3. Results

High-intensity interval training (HIIT) resulted in significant physiological and per-
formance changes. There was a notable increase in both heart rate and rate of perceived
exertion among participants. Additionally, a significant improvement was observed in
the horizontal jump performance across both HIIT series compared to the rest state. Inter-
estingly, the isometric hand strength showed a notable increase but only in the last series.
By contrast, the reaction time remained unaffected by the HIIT, indicating no significant
change in cognitive processing speed following the exercise (Table 1). The ‘Moment Com-
parison’ column indicates the statistical significance of differences observed across the
measured moments.

Table 2 presents notable findings in terms of pain threshold and blood lactate levels
following the HIIT sessions. There was a significant increase in the pain threshold, with
values rising from a pre-intervention average of 7.6 ± 2.4 to a post-intervention average
of 18.8 ± 23.9. This change indicates a heightened tolerance to pain among participants
after undergoing the HIIT. In addition, blood lactate levels showed a substantial increase
post-HIIT, reflecting the intensity of the exercise. The levels escalated from a baseline of
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2.4 ± 0.5 mmol/L to a post-intervention average of 14.5 ± 2.6 mmol/L, underscoring the
metabolic demands of the high-intensity exercise on the participants’ bodies.

Table 1. Changes in heart rate, rate of perceived exertion, horizontal jump, isometric hand strength,
and reaction time before and after the first and second HIIT series.

Variable Pre (1) 1st Series (2) 2nd Series (3) F Moment
Comparison

Heart rate (bpm) 69.8 ± 9.1 163.5 ± 23.3 167.7 ± 23.9 143.278 2 > 1; 3 > 1

Rate of perceived exertion 6.2 ± 0.8 14.4 ± 2.4 16.3 ± 1.8 419.129 2 > 1; 3 > 1; 3 > 2

Horizontal jump (cm) 145.0 ± 33.4 150.0 ± 34.3 169.7 ± 18.3 11.354 2 > 1; 3 > 1; 3 > 2

Isometric hand strength (N) 36.1 ± 7.1 36.9 ± 6.2 38.1 ± 5.7 3.651 3 > 1

Reaction Time (ms) 283.4 ± 25.6 289.7 ± 35.6 280.4 ± 30.9 1.720

Table 2. Changes in perceived pain before and after the first and second HIIT series.

Variable Pre Post t p Upper Lower

Pain threshold 7.6 ± 2.4 18.8 ±
23.9 −2.625 0.014 −20.12 −2.45

Blood lactate
(mmol/L) 2.4 ± 0.5 14.5 ± 2.6 −23.494 p < 0.001 −13.04 −10.94

4. Discussion

At the outset of this study, our primary objective was to investigate the effects of
high-intensity interval training (HIIT) on acute physical fatigue, alongside an exploration of
the physiological and psychological responses across genders. Based on the comprehensive
analysis of our results, we can affirm that our hypothesis—that HIIT significantly impacts
acute physical fatigue, with potential variations in responses between genders—has been
addressed. Our findings demonstrate that HIIT induces notable changes in physiological
and psychological states, yet, contrary to our initial hypothesis, these effects were consistent
across both male and female participants, suggesting a universal applicability of HIIT in
inducing acute physical fatigue without significant gender-specific differences.

In this study, the significant elevations observed in lactate levels, heart rate, and RPE
following the HIIT protocol are consistent with established findings in the sports science
literature. These physiological responses are well-documented markers of the intense
metabolic and cardiovascular stress imposed by high-intensity exercise regimens [22,24].
In this line, elevated lactate levels post-HIIT reflect enhanced glycolytic activity, a hallmark
of intensive anaerobic metabolism. This metabolic shift is a direct consequence of the
body’s efforts to meet the high energy demands during short, intense bursts of exercise,
characteristic of HIIT. The lactate accumulation can be interpreted not merely as a byproduct
of anaerobic metabolism but also as a valuable energy source that muscles utilize during
prolonged exercise [35]. Additionally, the analysis of the data did not reveal any significant
gender-specific differences in response to high-intensity interval training (HIIT). Both male
and female participants exhibited similar physiological and psychological responses to
the HIIT regimen. This finding suggests that, within the context of this study, HIIT can be
equally effective for both genders in terms of acute physical fatigue, recovery, and overall
performance outcomes. However, it is important to note that individual variability in
training response exists, and further research could explore potential subtle differences or
tailor training programs to individual needs.

The significant elevation in heart rate observed during our study is a direct reflection
of the cardiovascular system’s adaptive response to the increased demands for oxygen
and nutrients by the muscles engaged in high-intensity interval training (HIIT). This
pronounced increase not only demonstrates the effectiveness of HIIT in stimulating car-
diovascular adaptations but also highlights its role in augmenting aerobic capacity. Such
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enhancements are pivotal for improving endurance and have been widely corroborated
by existing research [36]. Additionally, the post-HIIT rise in the rate of perceived exertion
(RPE) offers a vital subjective perspective on the participants’ perceived levels of exertion
and the physiological stress endured. RPE serves as an indispensable tool for gauging
the subjective intensity of the workout, where its elevation following HIIT sessions in this
study reveals the substantial effort and energy participants invested in the regimen [37].

Expanding upon these findings, our study not only confirms the acute physiological
impacts of HIIT but also sheds light on its effectiveness as a potent training modality.
The observed metabolic and cardiovascular responses provide strong evidence of HIIT’s
capacity to foster significant physiological adaptations. These adaptations are instrumental
in boosting athletic performance and elevating physical fitness levels. By engaging in
HIIT, individuals can experience profound improvements in both their cardiovascular
efficiency and metabolic function, underscoring the multifaceted benefits of this training
approach. This comprehensive analysis emphasizes HIIT’s dynamic role in advancing
physical conditioning and enhancing endurance, positioning it as a key component of
fitness regimens aiming to achieve optimal health and performance outcomes.

The observed post-HIIT enhancement in muscular performance intriguingly chal-
lenges the traditional notion that fatigue invariably leads to diminished muscle function.
Contrary to expectations, our study found a notable increase in muscular strength, espe-
cially in those muscle groups directly involved in the HIIT protocols. This was particularly
evident in the enhanced outcomes of the horizontal jump tests, which point to a significant
boost in lower body muscle power and strength. Additionally, an improvement was also
noted in muscle groups not directly engaged in the HIIT exercises, as demonstrated by the
increased isometric hand strength observed after the second series of HIIT. This broadening
of benefits across various muscle groups underscores the comprehensive impact of HIIT,
suggesting that its effects transcend the specific muscles actively engaged in the exercises.

The unexpected improvement in muscular strength, despite the presence of fatigue,
could be attributed to the heightened sympathetic activation that accompanies HIIT. This
activation is believed to enhance the transmission of neural signals to the muscles, thereby
potentially augmenting muscular performance. Such a mechanism is supported by studies
suggesting that increased sympathetic activity can lead to a more efficient recruitment of
muscle fibers [38]. This enhanced neural engagement may not only counteract the effects of
fatigue but also facilitate a greater activation of muscle groups, including those not directly
involved in the exercise regimen. This phenomenon provides a plausible explanation for the
observed improvements in muscle function post-HIIT, highlighting the complex interplay
between neural mechanisms and muscular adaptations induced by high-intensity exercise.

The incorporation of intermittent recovery periods within the HIIT design is pivotal
in facilitating sustained muscular performance, even amidst escalating fatigue. These
strategically placed rest intervals allow for transient recovery phases, potentially aiding in
the preservation of muscle function and performance throughout the exercise bout. This
concept is supported by literature suggesting that intermittent high-intensity exercises can
foster enhancements in muscle strength and endurance [29]. Our findings lend further
support to the notion that HIIT, with its unique structure of alternating intense activity and
recovery, can significantly benefit not just the specific muscles engaged in the exercises but
also contribute to an overall improvement in muscular strength. This insight is particularly
valuable for the design of training programs, indicating the efficacy of HIIT in promoting
comprehensive muscular development and suggesting its inclusion as a key component
for achieving broad-based muscular improvements.

Additionally, the stability of reaction times post-HIIT observed in our study offers
intriguing insights into the resilience of cognitive functions, particularly information pro-
cessing speed, against the backdrop of acute physical fatigue. Contrary to the commonly
held belief that intense physical exertion adversely affects cognitive performance, our find-
ings reveal that reaction times remain unaffected following HIIT. This challenges previous
assertions and contributes to a nuanced understanding of the interplay between physical
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activity and cognitive functions, suggesting that high-intensity exercise may not necessarily
compromise, and can even maintain, cognitive processing speed despite the physiological
demands imposed [11].

This stability in reaction times could be attributed to the unique structure of HIIT,
which alternates between periods of intense physical activity and recovery. The intermittent
nature of HIIT could play a crucial role in maintaining cortical activation and cognitive
function. During the recovery intervals, the body may not only regain physical readiness
but also achieve a cognitive reset, allowing for the maintenance of cognitive performance
levels, even under the strain of physical exertion. The implications of this finding are
significant, particularly in the context of athletic training and performance. It suggests that
HIIT, by virtue of its design, may be an effective training modality in preserving or even
enhancing cognitive functions, such as reaction time, in the face of physical fatigue. This
counteracts the traditional view of fatigue as a limiting factor for cognitive function and
highlights the potential for specific exercise regimens to maintain or even bolster cognitive
performance post-exercise.

Moreover, the preservation of cognitive function post-exercise is a critical aspect of
athletic performance, especially in sports requiring quick decision-making and rapid re-
actions under physically demanding conditions. Thus, the insights from this study could
inform training strategies, emphasizing the inclusion of HIIT as a means not only to im-
prove physical fitness but also to sustain cognitive acuity. Additionally, another significant
finding from this study was the increase in pain threshold following the HIIT sessions.
This suggests that acute physical fatigue may enhance pain tolerance, possibly due to
increased sympathetic modulation. This physiological response, which is evolutionarily
linked to survival mechanisms, is often associated with the release of neurotransmitters
like endorphins, enhancing the body’s ability to tolerate pain in stressful or threatening
situations [39]. This study contributes to a more nuanced understanding of the effects of
acute physical fatigue, especially fatigue induced by HIIT. The findings challenge some
preconceived notions about the detrimental effects of fatigue on performance and cog-
nitive function, suggesting instead that the body’s response to high-intensity exercise is
complex and multifaceted. This research highlights the importance of considering both
the physiological and psychological dimensions of exercise when examining its effects on
human performance.

4.1. Practical Applications

This study’s findings have several practical applications that can benefit athletes,
coaches, and individuals looking to optimize their training and improve performance.
Firstly, this research highlights the effectiveness of HIIT in inducing physiological adap-
tations, such as increased heart rate and RPE. This information can be used by coaches
and athletes to design training programs that target specific performance goals, taking
advantage of the acute physiological responses associated with HIIT. Secondly, this study
challenges the conventional belief that acute physical fatigue leads to a decrease in muscular
performance. Instead, it reveals that HIIT can lead to improvements in muscular strength,
particularly in muscles actively engaged in exercise. This insight can guide athletes and
trainers in developing strategies to enhance muscle function, ultimately contributing to
improved athletic performance.

Additionally, this study’s findings regarding cognitive function are noteworthy. De-
spite the physical stress induced by HIIT, the stability of reaction times suggests that acute
physical fatigue does not necessarily impair cognitive functions related to processing speed.
This has implications for individuals who need to balance physical training with cognitive
demands, such as students or professionals [40]. Lastly, the increase in pain threshold
observed following HIIT sessions provides an interesting perspective. It suggests that
acute physical fatigue may enhance pain tolerance, possibly due to increased sympathetic
modulation. This finding could be valuable for individuals dealing with pain or discomfort,
offering a potential non-pharmacological approach to increase their pain tolerance [41].
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4.2. Limitations and Future Research Lines

It is essential to acknowledge this study’s limitations to provide context for our
findings and guide future research. Primarily, the sample size for our investigation was
determined by convenience, reflecting the challenges inherent in recruiting participants
fitting our specific study criteria. This reliance on a convenience sample poses limitations,
including potential biases and the difficulty in generalizing our findings to a broader
population. Such a sampling approach was necessitated by logistical constraints and the
niche nature of the study population. Moreover, we included this sampling methodology
as a limitation within this study to maintain transparency and provide a comprehensive
understanding of the context within which our results should be interpreted. Future
investigations should aim to utilize larger and more diverse sample sizes to enhance the
generalizability of their findings. Despite these limitations, this study offers valuable
insights into the multifaceted effects of acute physical fatigue induced by HIIT, highlighting
areas for further exploration in the nuances of these effects across different populations and
sports contexts.

Building upon the insights and limitations identified in this study, future research
should focus on expanding the understanding of acute physical fatigue’s effects across a
broader spectrum of populations and athletic disciplines. Investigations could include a
wider variety of training modalities and participant demographics to enhance the general-
izability of findings. Additionally, longitudinal studies are needed to explore the long-term
impacts of HIIT on physiological and psychological aspects of fatigue, recovery, and perfor-
mance. Incorporating advanced technologies for real-time monitoring and analysis can also
provide deeper insights into the immediate and cumulative effects of training on athlete
health and performance. Finally, future research to engage larger and more diverse cohorts
is necessary in order to enhance the external validity of our findings.

5. Conclusions

This study offers comprehensive insights into the effects of acute physical fatigue
induced by HIIT on various aspects of human physiology and performance. Contrary
to conventional expectations, the research revealed that HIIT can lead to an increase in
muscular strength, not only in muscles directly involved in the exercise but also in those
not primarily engaged. Additionally, cognitive functions related to processing speed
remained stable post-HIIT, challenging the belief that physical fatigue invariably impairs
cognitive performance. Furthermore, this study found that acute physical fatigue may
enhance pain tolerance, possibly due to increased sympathetic modulation and the release
of pain-relieving neurotransmitters.

These findings have practical applications for athletes, coaches, and individuals seek-
ing to optimize their training regimens and improve performance. HIIT can be used
strategically to target specific performance goals, taking advantage of the acute physio-
logical responses it elicits. This study’s insights on muscular performance suggest that
HIIT can contribute to comprehensive muscle development. The stability of cognitive
function during and after HIIT is valuable for individuals balancing physical training with
cognitive demands.

Moreover, the increase in pain tolerance following HIIT sessions offers a non-pharmacological
approach to managing discomfort. Overall, this research challenges preconceived notions
about the effects of acute physical fatigue and highlights the need to consider both physio-
logical and psychological dimensions when examining its impact on athletic performance.
Future research can further explore these effects in diverse populations and sports contexts,
providing a deeper understanding of the mechanisms and long-term adaptations to HIIT.

Author Contributions: Conceptualization, all authors; Formal analysis, M.A.C., V.J.C.-S., J.F.T.-A. and
I.M.-G.; Investigation, V.J.C.-S. and I.M.-G.; Methodology, V.J.C.-S., J.P.F.-G. and I.M.-G.; Supervision,
V.J.C.-S.; Writing—original draft, all authors; Writing—review and editing, all authors. All authors
have read and agreed to the published version of the manuscript.



Appl. Sci. 2024, 14, 2036 10 of 11

Funding: M.A.C. acknowledges the support of the Centre for Mechanical Engineering, Materials and
Processes—CEMMPRE, University of Coimbra, which is sponsored by Fundação para a Ciência e
Tecnologia (FCT) (UIDB/00285/2020, LA/P/0112/2020).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University of Extremadura (protocol
code CIPI/18/093).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Aguilera, J.F.T.; Elias, V.F.; Clemente-Suárez, V.J. Autonomic and Cortical Response of Soldiers in Different Combat Scenarios.

BMJ Mil. Health 2021, 167, 172–176. [CrossRef]
2. Clemente-Suárez, V.J. The Application of Cortical Arousal Assessment to Control Neuromuscular Fatigue during Strength

Training. J. Mot. Behav. 2017, 49, 429–434. [CrossRef]
3. Gonçalves, C.; Parraca, J.A.; Bravo, J.; Abreu, A.; Pais, J.; Raimundo, A.; Clemente-Suárez, V.J. Influence of Two Exercise Programs

on Heart Rate Variability, Body Temperature, Central Nervous System Fatigue, and Cortical Arousal after a Heart Attack. Int. J.
Environ. Res. Public Health 2022, 20, 199. [CrossRef] [PubMed]

4. Gandevia, S.C. Spinal and Supraspinal Factors in Human Muscle Fatigue. Physiol. Rev. 2001, 81, 1725–1789. [CrossRef] [PubMed]
5. Allen, D.G.; Lamb, G.D.; Westerblad, H. Skeletal Muscle Fatigue: Cellular Mechanisms. Physiol. Rev. 2008, 88, 287–332. [CrossRef]

[PubMed]
6. Reid, M.B. Free Radicals and Muscle Fatigue: Of ROS, Canaries, and the IOC. Free Radic. Biol. Med. 2008, 44, 169–179. [CrossRef]
7. Taylor, J.L.; Gandevia, S.C. A Comparison of Central Aspects of Fatigue in Submaximal and Maximal Voluntary Contractions.

J. Appl. Physiol. 2008, 104, 542–550. [CrossRef]
8. Hunter, S.K. Sex Differences in Fatigability of Dynamic Contractions. Exp. Physiol. 2016, 101, 250–255. [CrossRef]
9. Grassi, B.; Quaresima, V. Near-Infrared Spectroscopy and Skeletal Muscle Oxidative Function in Vivo in Health and Disease: A

Review from an Exercise Physiology Perspective. J. Biomed. Opt. 2016, 21, 091313. [CrossRef]
10. Marcora, S.M.; Staiano, W.; Manning, V. Mental Fatigue Impairs Physical Performance in Humans. J. Appl. Physiol. 2009,

106, 857–864. [CrossRef]
11. Smith, M.R.; Marcora, S.M.; Coutts, A.J. Mental Fatigue Impairs Intermittent Running Performance. Med. Sci. Sports Exerc. 2015,

47, 1682–1690. [CrossRef]
12. McMorris, T. Cognitive Fatigue Effects on Physical Performance: The Role of Interoception. Sports Med. 2020, 50, 1703–1708.

[CrossRef]
13. Goodall, S.; González-Alonso, J.; Ali, L.; Ross, E.Z.; Romer, L.M. Supraspinal Fatigue after Normoxic and Hypoxic Exercise in

Humans. J. Physiol. 2012, 590, 2767–2782. [CrossRef]
14. Boksem, M.A.; Meijman, T.F.; Lorist, M.M. Effects of Mental Fatigue on Attention: An ERP Study. Cogn. Brain Res. 2005,

25, 107–116. [CrossRef]
15. Pignatiello, G.A.; Martin, R.J.; Hickman, R.L. Decision Fatigue: A Conceptual Analysis. J. Health Psychol. 2020, 25, 123–135.

[CrossRef]
16. Van Cutsem, J.; Marcora, S.; De Pauw, K.; Bailey, S.; Meeusen, R.; Roelands, B. The Effects of Mental Fatigue on Physical

Performance: A Systematic Review. Sports Med. 2017, 47, 1569–1588. [CrossRef] [PubMed]
17. Lima, L.V.; Abner, T.S.S.; Sluka, K.A. Does Exercise Increase or Decrease Pain? Central Mechanisms Underlying These Two

Phenomena. J. Physiol. 2017, 595, 4141–4150. [CrossRef] [PubMed]
18. Tesarz, J.; Schuster, A.K.; Hartmann, M.; Gerhardt, A.; Eich, W. Pain Perception in Athletes Compared to Normally Active

Controls: A Systematic Review with Meta-Analysis. Pain 2012, 153, 1253–1262. [CrossRef] [PubMed]
19. Jones, M.D.; Valenzuela, T.; Booth, J.; Taylor, J.L.; Barry, B.K. Explicit Education about Exercise-Induced Hypoalgesia Influences

Pain Responses to Acute Exercise in Healthy Adults: A Randomized Controlled Trial. J. Pain 2017, 18, 1409–1416. [CrossRef]
[PubMed]

20. Årnes, A.P.; Nielsen, C.S.; Stubhaug, A.; Fjeld, M.K.; Hopstock, L.A.; Horsch, A.; Johansen, A.; Morseth, B.; Wilsgaard, T.;
Steingrímsdóttir, Ó.A. Physical Activity and Cold Pain Tolerance in the General Population. Eur. J. Pain 2021, 25, 637–650.
[CrossRef] [PubMed]

21. Clemente-Suárez, V.J.; Villafaina, S.; García-Calvo, T.; Fuentes-García, J.P. Impact of HIIT Sessions with and without Cognitive
Load on Cortical Arousal, Accuracy and Perceived Exertion in Amateur Tennis Players. Healthcare 2022, 10, 767. [CrossRef]

22. Borrega-Mouquinho, Y.; Sánchez-Gómez, J.; Fuentes-García, J.P.; Collado-Mateo, D.; Villafaina, S. Effects of High-Intensity
Interval Training and Moderate-Intensity Training on Stress, Depression, Anxiety, and Resilience in Healthy Adults during
Coronavirus Disease 2019 Confinement: A Randomized Controlled Trial. Front. Psychol. 2021, 12, 643069. [CrossRef]

https://doi.org/10.1136/jramc-2019-001285
https://doi.org/10.1080/00222895.2016.1241741
https://doi.org/10.3390/ijerph20010199
https://www.ncbi.nlm.nih.gov/pubmed/36612521
https://doi.org/10.1152/physrev.2001.81.4.1725
https://www.ncbi.nlm.nih.gov/pubmed/11581501
https://doi.org/10.1152/physrev.00015.2007
https://www.ncbi.nlm.nih.gov/pubmed/18195089
https://doi.org/10.1016/j.freeradbiomed.2007.03.002
https://doi.org/10.1152/japplphysiol.01053.2007
https://doi.org/10.1113/EP085370
https://doi.org/10.1117/1.JBO.21.9.091313
https://doi.org/10.1152/japplphysiol.91324.2008
https://doi.org/10.1249/MSS.0000000000000592
https://doi.org/10.1007/s40279-020-01320-w
https://doi.org/10.1113/jphysiol.2012.228890
https://doi.org/10.1016/j.cogbrainres.2005.04.011
https://doi.org/10.1177/1359105318763510
https://doi.org/10.1007/s40279-016-0672-0
https://www.ncbi.nlm.nih.gov/pubmed/28044281
https://doi.org/10.1113/JP273355
https://www.ncbi.nlm.nih.gov/pubmed/28369946
https://doi.org/10.1016/j.pain.2012.03.005
https://www.ncbi.nlm.nih.gov/pubmed/22607985
https://doi.org/10.1016/j.jpain.2017.07.006
https://www.ncbi.nlm.nih.gov/pubmed/28778814
https://doi.org/10.1002/ejp.1699
https://www.ncbi.nlm.nih.gov/pubmed/33165994
https://doi.org/10.3390/healthcare10050767
https://doi.org/10.3389/fpsyg.2021.643069


Appl. Sci. 2024, 14, 2036 11 of 11

23. Díaz-García, J.; Clemente-Suárez, V.J.; Fuentes-García, J.P.; Villafaina, S. Combining HIIT Plus Cognitive Task Increased Mental
Fatigue but Not Physical Workload in Tennis Players. Appl. Sci. 2023, 13, 7046. [CrossRef]

24. Smith, M.R.; Zeuwts, L.; Lenoir, M.; Hens, N.; De Jong, L.M.S.; Coutts, A.J. Mental Fatigue Impairs Soccer-Specific Decision-
Making Skill. J. Sports Sci. 2016, 34, 1297–1304. [CrossRef]

25. Men, J.; Zou, S.; Ma, J.; Xiang, C.; Li, S.; Wang, J. Effects of High-Intensity Interval Training on Physical Morphology, Cardiorespi-
ratory Fitness and Metabolic Risk Factors of Cardiovascular Disease in Children and Adolescents: A Systematic Review and
Meta-Analysis. PLoS ONE 2023, 18, e0271845. [CrossRef] [PubMed]

26. Yu, H.; Zhao, X.; Wu, X.; Yang, J.; Wang, J.; Hou, L. High-Intensity Interval Training versus Moderate-Intensity Continuous
Training on Patient Quality of Life in Cardiovascular Disease: A Systematic Review and Meta-Analysis. Sci. Rep. 2023, 13, 13915.
[CrossRef] [PubMed]

27. Gibala, M.J.; Little, J.P.; MacDonald, M.J.; Hawley, J.A. Physiological Adaptations to Low-volume, High-intensity Interval Training
in Health and Disease. J. Physiol. 2012, 590, 1077–1084. [CrossRef] [PubMed]

28. Tanaka, H.; Monahan, K.D.; Seals, D.R. Age-Predicted Maximal Heart Rate Revisited. J. Am. Coll. Cardiol. 2001, 37, 153–156.
[CrossRef] [PubMed]

29. Buchheit, M.; Laursen, P.B. High-Intensity Interval Training, Solutions to the Programming Puzzle: Part I: Cardiopulmonary
Emphasis. Sports Med. 2013, 43, 313–338. [CrossRef] [PubMed]

30. Clemente-Suárez, V.J.; Delgado-Moreno, R.; González, B.; Ortega, J.; Ramos-Campo, D.J. Amateur Endurance Triathletes’
Performance Is Improved Independently of Volume or Intensity Based Training. Physiol. Behav. 2019, 205, 2–8. [CrossRef]
[PubMed]

31. Borg, G. Perceived Exertion as an Indicator of Somatic Stress. Scand. J. Rehabil. Med. 1970, 2, 92–98. [CrossRef] [PubMed]
32. Curiel-Regueros, A.; Fernández-Lucas, J.; Clemente-Suárez, V.J. Effectiveness of an Applied High Intensity Interval Training as a

Specific Operative Training. Physiol. Behav. 2019, 201, 208–211. [CrossRef] [PubMed]
33. Nussbaum, E.L.; Downes, L. Reliability of Clinical Pressure-Pain Algometric Measurements Obtained on Consecutive Days. Phys.

Ther. 1998, 78, 160–169. [CrossRef]
34. Tornero-Aguilera, J.F.; Rubio-Zarapuz, A.; Clemente-Suárez, V.J. Implications of Surgical Mask Use in Physical Education Lessons.

Physiol. Behav. 2021, 239, 113513. [CrossRef]
35. Brooks, G.A. Lactate Shuttles in Nature. Biochem. Soc. Trans. 2002, 30, 258–264. [CrossRef] [PubMed]
36. Wisløff, U.; Støylen, A.; Loennechen, J.P.; Bruvold, M.; Rognmo, Ø.; Haram, P.M.; Tjønna, A.E.; Helgerud, J.; Slørdahl, S.A.; Lee,

S.J.; et al. Superior Cardiovascular Effect of Aerobic Interval Training Versus Moderate Continuous Training in Heart Failure
Patients: A Randomized Study. Circulation 2007, 115, 3086–3094. [CrossRef] [PubMed]

37. Foster, C.; Florhaug, J.A.; Franklin, J.; Gottschall, L.; Hrovatin, L.A.; Parker, S.; Doleshal, P.; Dodge, C. A New Approach to
Monitoring Exercise Training. J. Strength Cond. Res. 2001, 15, 109–115.

38. Roatta, S.; Farina, D. Sympathetic Actions on the Skeletal Muscle. Exerc. Sport Sci. Rev. 2010, 38, 31–35. [CrossRef]
39. Koltyn, K.F.; Brellenthin, A.G.; Cook, D.B.; Sehgal, N.; Hillard, C. Mechanisms of Exercise-Induced Hypoalgesia. J. Pain 2014,

15, 1294–1304. [CrossRef]
40. Delgado-Moreno, R.; Robles-Pérez, J.J.; Aznar-Laín, S.; Clemente-Suárez, V.J. Effect of experience and psychophysiological

modification by combat stress in soldier’s memory. J. Med. Syst. 2019, 43, 150. [CrossRef] [PubMed]
41. Clemente-Suárez, V.J.; Bustamante-Sanchez, Á.; Tornero-Aguilera, J.F.; Ruisoto, P.; Mielgo-Ayuso, J. Inflammation in COVID-19

and the Effects of Non-Pharmacological Interventions during the Pandemic: A Review. Int. J. Mol. Sci. 2022, 23, 15584. [CrossRef]
[PubMed]

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/10.3390/app13127046
https://doi.org/10.1080/02640414.2016.1156241
https://doi.org/10.1371/journal.pone.0271845
https://www.ncbi.nlm.nih.gov/pubmed/37167291
https://doi.org/10.1038/s41598-023-40589-5
https://www.ncbi.nlm.nih.gov/pubmed/37626066
https://doi.org/10.1113/jphysiol.2011.224725
https://www.ncbi.nlm.nih.gov/pubmed/22289907
https://doi.org/10.1016/S0735-1097(00)01054-8
https://www.ncbi.nlm.nih.gov/pubmed/11153730
https://doi.org/10.1007/s40279-013-0029-x
https://www.ncbi.nlm.nih.gov/pubmed/23539308
https://doi.org/10.1016/j.physbeh.2018.04.014
https://www.ncbi.nlm.nih.gov/pubmed/29655762
https://doi.org/10.2340/1650197719702239298
https://www.ncbi.nlm.nih.gov/pubmed/5523831
https://doi.org/10.1016/j.physbeh.2019.01.009
https://www.ncbi.nlm.nih.gov/pubmed/30641080
https://doi.org/10.1093/ptj/78.2.160
https://doi.org/10.1016/j.physbeh.2021.113513
https://doi.org/10.1042/bst0300258
https://www.ncbi.nlm.nih.gov/pubmed/12023861
https://doi.org/10.1161/CIRCULATIONAHA.106.675041
https://www.ncbi.nlm.nih.gov/pubmed/17548726
https://doi.org/10.1097/JES.0b013e3181c5cde7
https://doi.org/10.1016/j.jpain.2014.09.006
https://doi.org/10.1007/s10916-019-1261-1
https://www.ncbi.nlm.nih.gov/pubmed/31011891
https://doi.org/10.3390/ijms232415584
https://www.ncbi.nlm.nih.gov/pubmed/36555231

	Introduction 
	Materials and Methods 
	Experimental Approach 
	Study Participants 
	Acute Fatigue Protocol 
	Parameters Analyzed 
	Innovative Aspects of Our Study 
	Statistical Analysis 

	Results 
	Discussion 
	Practical Applications 
	Limitations and Future Research Lines 

	Conclusions 
	References

