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Abstract

Combat sports, encompassing a range of activities from striking and grappling to mixed and

weapon-based disciplines, have witnessed a surge in popularity worldwide. These sports

are demanding, requiring athletes to harness energy from different metabolic pathways to

perform short, high-intensity activities interspersed with periods of lower intensity. While it is

established that the anaerobic alactic (ATP-PC) and anaerobic lactic systems are pivotal for

high-intensity training sessions typical in combat sports, the precise contribution of these

systems, particularly in varied training modalities such as single (SMT) and intermittent

(IST) forms of the 30-second Wingate test, remains inadequately explored. This study aims

at comparing performance outputs, physiological responses and gender differences during

the SMT and IST forms of the 30-second Wingate test. Thirty-three highly trained combat

sports athletes (17 women, 16 men; 10 boxing, 8 wrestling, 8 taekwondo and 7 karate) ran-

domly performed SMT and IST. The IST consisted of three 10-second all-out attempts sepa-

rated by 30 seconds of passive recovery, whereas the SMT was a single 30-second

maximal effort. Resting, exercise and post-exercise oxygen uptake and peak blood lactate

value were used to determine the metabolic energy demands via the PCr-LA-O2 method.

The findings showed that total metabolic energy expenditure (TEE), ATP-PCr system contri-

bution and the output of mechanical variables were higher in the IST than in the SMT form

(all p<0.001). In contrast, the contribution of glycolytic and oxidative systems was higher in

the SMT form (all p<0.001). However, exercise form and gender interaction were not signifi-

cant (p>0.05). In combat sports, performance is not only determined by physiological and

technical skills but also by metabolic energy input and efficiency. Therefore, our results can

provide a comparison regarding the effects of exercise type and gender on metabolic energy

metabolism to design the training of combat sports athletes.
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Introduction

Combat sports have been increasing in popularity, attracting a larger audience [1]. These

sports, which are influenced by numerous physiological variables, encompass striking (e.g.,

boxing, karate and taekwondo), grappling (e.g., judo, Greco-Roman and freestyle wrestling),

mixed (such as hapkido and mixed martial arts) and weapon-based (e.g., fencing and kendo)

[1, 2]. To enhance the training and athletic performance of combat sports athletes, it is essen-

tial to understand the physiological responses associated with each sport [3]. Combat sports

require the combination of different metabolic energy systems during training and fights

[1, 4]. The activities require short bursts of high-intensity movement, interspersed by extended

periods of lower-intensity activities [5]. The specific metabolic energy system contributions

depend on the type of training being performed [1, 3]. For instance, during high-intensity

training sessions such as sparring or pad work, the anaerobic energy systems are primarily

used [6]. In particular, the anaerobic alactic (ATP-PC) system is activated during the initial

few seconds of the activity, providing the immediate energy required for explosive movements

such as throwing a punch or executing a takedown [7]. Afterwards, the anaerobic lactic system

takes over, providing substantial metabolic energy for up to two minutes of high-intensity

exercise [1, 8].

Sprint interval training (SIT) is a high-intensity exercise modality that can improve both

aerobic and anaerobic fitness [9]. Evidence suggests that SIT induces diverse physiological

adaptations, including an increase in skeletal muscle oxygenation, enhanced muscle oxidative

capacity and peak oxygen absorption [10, 11]. Additionally, SIT has been associated with an

increase in both anaerobic power and glycolytic enzyme activity [12]. As this type of training

requires a much lower time commitment than traditional aerobic exercise, it is an attractive

option for many populations, from the sedentary to the highly trained athlete [10]. Modified

SIT protocols typically consist of 10–15 second work bouts with 2–4 min of rest, as opposed to

the original SIT protocol. which involved 4–6 30-second all-out work bouts with 4 min of

recovery [10].

The physiological differences between repeated and single exercise forms have yet to be

fully elucidated. Previous studies have largely focused on comparing the energy provided by

various metabolic pathways during various types and durations of maximal exercises, such as

running, cycling and swimming [13–15]. However, the effect of repeated-sprint components

on performance measures, physiological responses and metabolic energy expenditure has yet

to be thoroughly investigated [16]. It is apparent that varying the design of a repeated-sprint

exercise can produce distinct results [17]. Whereas in team sports training can be performed

using protocols with standard rest intervals, protocols with a work-to-rest ratio are better

suited for individual workouts [18]. Thus, further research is needed to determine how an ath-

lete’s energy metabolism changes when he or she completes maximal repetitions of an exercise

rather than a single all-out effort.

Research on the influences of gender on physiological and performance characteristics and

gender-related variances and similarities in sports performance has recently attracted more

attention [19, 20]. It is commonly known that men have stronger muscles than women and

they produce more power [21]. However, studies have also shown that women are more resis-

tant to fatigue than men [22]. Moreover, it has been demonstrated that men outperform

women in repeated sprint tests [21, 23]. Furthermore, researches suggest that men and women

have different energy metabolisms connected to exercise [1, 21]. Specifically, women, for

instance, use less glycogen when exercising at the same intensity as males [24, 25]. Anaerobic-

based energy systems are supposed to contribute to maximum performance during repeated

sprints [26, 27]. Therefore, another factor contributing to this performance gap between men
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and women may be the more considerable contribution of anaerobic-based energy systems in

males than in women during repeated sprints [28, 29].

Previous researches have largely focused on performance factors, fatigue, recovery mecha-

nisms and gender differences during an exercise task [23, 30–32]. However, there is a dearth of

data on gender differences in the contribution of metabolic energy systems between repeated

and single forms of 30-second Wingate exercise bouts [21, 23]. Consequently, this study aims

to compare performance, physiological responses and gender differences during the 30s and

3×10s Wingate exercise types and to ascertain the impact of gender on these procedures. We

hypothesized that variations in the single all-out and repeated exercise designs and gender

may affect the metabolic energy the system contributes overall or during rest periods.

Materials and methods

Participants

The sample size estimation was determined using the G*Power software (Version 3.1.9.4, Uni-

versity of Kiel, Kiel, Germany). Using the F test family (ANOVA: repeated measures and

within-between factors) with α set at 0.05 and power (1-β) set at 0.80, the effect size f calculated

was 0.257. The analysis revealed that 32 participants were required to approach an actual

power of 81%.

The study enlisted highly trained combat sports athletes through a structured recruitment

process that took place from February 3rd, 2023, until August 1st, 2023. Athletes were primar-

ily recruited from national combat sports (boxing, wrestling, taekwondo and karate) teams

and clubs, ensuring a high level of training and competitive experience. Our methodology,

which consolidates athletes from various martial arts into a single group, aims to improve the

applicability of our results across the spectrum of combat sports. This decision is based on the

widespread popularity and the physical diversity—from striking to grappling—of these four

martial arts, along with their status as both Olympic and non-Olympic disciplines. The inclu-

sion criteria were as follows: (1) a minimum of seven years of training experience in combat

sports; (2) active participation in official national competitions; and (3) aged between 18 to 30

years, to ensure participants were within the peak performance age range for combat sports.

Exclusion criteria included (1) any musculoskeletal injury reported within six months prior to

the study, which could affect performance in the Wingate test; (2) use of performance-enhanc-

ing drugs or any medical condition that could influence metabolic responses to high-intensity

exercise; and (3) inability to comply with the study’s protocols, including the dietary restric-

tions before testing sessions.

A total of 33 highly trained combat athletes (17 women, 16 men; 10 boxing, 8 wrestling, 8

taekwondo and 7 karate) volunteered to participate in this study. The descriptive characteris-

tics of participants are presented in Table 1. This study was conducted in accordance with the

principles of the Declaration of Helsinki and approved by the Trabzon University Non-Inter-

ventional Clinical Research Ethics Board (Date: 08.10.2022; NO: E-81614018-2200045613).

Written informed consent was obtained from all subjects involved in the study.

Experimental design

In this descriptive and repeated-measures study design, participants visited the Trabzon Uni-

versity of Sports Performance Analysis and Talent Center Laboratory three times, separated by

48–72 hours. Prior to the assessments, participants were familiarized with the testing tools and

procedures and, after that, performed a graded exercise test to exhaustion to calculate the max-

imum oxygen consumption (VO2max). They performed SMT and IST (with 30-second rest

breaks) in random order, and oxygen consumption (VO2) and heart rate (HR) were
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simultaneously monitored throughout the tests. Rating of perceived exertion (RPE) was

assessed immediately after the tests, VO2 was also measured for 15 min post-test and peak lac-

tate values were assessed at 7 min post-test. The laboratory conditions were 20–22˚C and 38–

40% relative humidity. Menstruation was not taken into consideration for female participants,

as it has no effect on repeated sprints and anaerobic performance [33].

Anthropometric and physiological-perceptual measurements

Anthropometric measurements were taken when the participants were fasting (12 h). Height

was measured using a portable stadiometer with a 0.1-cm accuracy (Holtain, London, United

Kingdom) and body mass and composition were measured with a multifrequency bioelectrical

impedance analyzer with a 0.1-kg accuracy (TANITA MC-780, Japan). To measure the partici-

pants’ VO2max, a mobile cardiopulmonary exercise test device (Cosmed K5, Italy) was used

during a ramp procedure on a cycle ergometer [34]. During the Wingate tests, VO2 and HR

(Polar 810i, Polar Electro, Kempele, Finland) were constantly monitored. Additionally, VO2

was measured for 15 min after the tests to observe the fast and slow phases of excess post-exer-

cise oxygen intake (EPOC) and 10 min prior to the tests to identify resting VO2 (the last 5 min

were used in the analysis). A portable hand analyzer (Lactate Scout +, SensLab GmbH, Ger-

many) was used to quantify lactate from capillary blood samples taken from the left hand’s fin-

gertip before the tests and 1st, 3rd, 5th and 7th min post-exercise. For each measurement, the

manufacturer’s instructions were followed for calibration of the portable metabolic gas ana-

lyzer. The Borg’s 15-grade scale (6–20) for RPE was used to assess participant responses, and

scores were recorded immediately following each test [35].

Thirty-second lower-body Wingate tests

Participants completed a typical warm-up consisting of five bouts of 30 seconds each at 100 W

(20 s at 60 rpm and 10 s at 110 rpm) on a bike ergometer (894E, Monark, Vansbro, Sweden)

before performing the 30-second lower-body Wingate tests with a load set to 0.10 kg�kg-1. The

test was conducted in both intermittent (IST) and single (SMT) forms. The IST consisted of

three 10-second all-out attempts separated by 30 seconds of passive recovery, whereas the

SMT was a single 30-second maximal effort. The saddle height was adjusted to the participant’s

height to generate 5 to 10 degrees of knee flexion with the foot in the low position of the central

void. Participants were instructed to cycle as quickly as possible and were given the same ver-

bal encouragement before the start of each sprint. Performance variables such as peak power

Table 1. Descriptive characteristics of men and women athletes.

Variables Men (n = 16) Women (n = 17) p d

Age (y) 21.56 ± 2.6 20.82 ± 2.3 0.335 0.30

Experience (y) 8.66 ± 1.2 7,50 ± 1.3 0.910 0.93

Height (cm) 180.3 ± 4.4 167.2 ±3.6 0.000 3.26

Body weight (kg) 75.18 ± 6.6 63.16 ± 7.5 0.000 1.70

Body fat (%) 14.11 ± 2.0 18.19 ± 4.4 0.000 1.19

Fat Mass (kg) 10.52 ± 6.1 11.40 ± 3.6 0.070 0.18

Fat Free Mass (kg) 64.66 ± 4.1 51.76 ± 4.5 0.000 2.99

Body Mass Index (kg/m2) 23.20 ± 3.3 22.63 ± 2.0 0.740 0.20

VO2 (L.min-1) 4.14 ± 0.4 3.40 ± 0.3 0.000 2.09

VO2(ml�kg�min−1) 55.20 ± 5.9 54.62 ± 5.1 0.357 0.10

Note. Values are means ± standard deviations.

https://doi.org/10.1371/journal.pone.0303888.t001
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(PP), minimum power (MinP) and mean power (MP) were determined by measuring the

highest and lowest values throughout the tests. The fatigue index (FI) was determined by calcu-

lating the difference between PP and MinP, dividing it by PP and multiplying the result by

100.

Determination of energy systems contribution

By using breath-by-breath metabolic gas analysis, oxygen uptake during the resting, exercise

and 15-min recovery period post-exercise were measured to determine the contributions of

the oxidative and ATP-PCr systems. The fast component of EPOC kinetics was used to esti-

mate the ATP-PCr pathway contribution using OriginPro 8.0 software (OriginLab Corp.,

Northampton, USA). To accurately quantify the ATP-PCr system’s contribution to the energy

expended during high-intensity exercise, we employed a mono-exponential model to the

EPOC kinetics. This approach involves analyzing the initial rapid increase in oxygen uptake

immediately after exercise, which reflects the body’s efforts to replenish the phosphocreatine

(PCr) stores depleted during high-intensity activity [36]. The total contribution of the

ATP-PCr was calculated using the fast component of EPOC following the final sprint and the

sum of VO2-time integral during the rest intervals [37, 38]. The contribution from the oxida-

tive pathway was calculated as the exercise-VO2 minus resting-VO2 [39–41]. Blood samples

were taken from the left fingertip before the Wingate test and at 1, 3, 5 and 7 min post-exercise

to assess the highest plasma lactate concentration. di Prampero equivalence, in which 1

mmol�L-1 of BLa accumulation corresponds to 3 mL of oxygen per kg of body weight, was

used to determine the glycolytic contribution [42, 43].

Statistical analyses

The data were analyzed using SPSS 21.0 (IBM Corp, Armonk, NY, USA), and significance was

set at p� 0.05. The data were reported as the mean and standard deviation, and normality was

verified using the Shapiro–Wilk test. The independent samples t-test was used to compare the

body composition and VO2max test results of male and female groups. Cohen’s d was used to

calculate the effect size for the independent samples t-test, and these were classified according

to Hopkins [44]. The mixed 2 × 2 (gender × protocol) analysis of variance (ANOVA) with

repeated measures was used to compare variables related to different Wingate protocols and

gender. Partial eta square values (ηp
2) were calculated for the effect size in the ANOVA and

effect sizes were classified as small (ηp
2�0.01), medium (0.01<ηp

2�0.06) and large

(0.06<ηp
2�0.14).

Results

Table 1 showed that significant differences in all variables in favor of men, with the exception

of age, experience, fat mass, and body mass index. Men had higher absolute VO2 (L/min)

(p<0.001; d = 2.09), while no significant difference was observed for relative VO2 (ml/kg/min)

(p = 0.357; d = 0.10).

Table 2 revealed that significant gender-based differences in absolute PP (APP) (F1;33 =

40.808; p<0.001; Z2
p = 0.671) and relative PP (RPP) (F1;33 = 7.283; p = 0.011; Z2

p = 0.281). Men

had significantly higher APP and RPP values than women. However, no significant differences

were observed in either protocol effect (APP [F1;33 = 0.076; p = 3.508; Z2
p = 0.149], RPP [F1;33 =

1.260; p = 0.275; Z2
p = 0.065] as well as gender × protocol interaction (APP [F1;33 = 0.011;

p = 0.916; Z2
p = 0.001), RPP [F1;33 = 0.042; p = 0.840; Z2

p = 0.002]).
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Gender and protocol were found to have significant effects on mean power. Men had

higher relative (RPP) and absolute mean power (AMP) than women (AMP [F1;33 = 38.665;

p<0.001; Z2
p = 0.659] and RPP [F1;33 = 5.504; p = 0.029; Z2

p = 0.216]). Furthermore, both

women and men achieved higher power values in IST protocol than in SMT protocol (AMP:

F1;33 = 39.200; p<0.001; Z2
p = 0.662 and RMP [F1;33 = 36.371; p<0.001; Z2

p = 0.645]). However,

the gender × protocol interaction was not significant (AMP [F1;33 = 3.935; p = 0.061; Z2
p =

0.164] and RMP [F1;33 = 0.945; p = 0.343; Z2
p = 0.045]).

There was a significant effect of protocol on fatigue index (%), with higher power decre-

ment (PD) observed during SMT protocol compared to IST protocol (F1;33 = 66.908; p<0.001;

Z2
p = 0.770). There was no gender effect (F1;33 = 0.000; p = 0.995; Z2

p = 0.000) or

gender × protocol interaction (F1;33 = 0.052; p = 0.822; Z2
p = 0.003), indicating no difference in

power decrement between men and women for the different repeated sprint protocols.

Significant differences in Ladelta values were found dependent on the protocol used, with a

significant protocol effect (F1;33 = 8.276; p = 0.008; Z2
p = 0.294) observed. Gender had no signif-

icant effect (F1;33 = 0.021; p = 0.885; Z2
p = 0.001) and no interaction effect between gender and

protocol was recorded (F1;33 = 0.647; p = 0.077; Z2
p = 0.012). Both men and women showed

higher Ladelta responses following IST than SMT.

There was no significant gender effect on the contribution of ATP-PCr (F1;33 = 0.137;

p = 0.715, Z2
p = 0.006), glycolytic (F1;33 = 0.093; p = 0.763; Z2

p = 0.004), and oxidative (F1;33 =

0.007; p = 0.933, ƞ2 = 0.000) energy pathways (Table 3). However, there was a significant pro-

tocol effect on the contribution of ATP-PCr (F1;33 = 270.310; p<0.001, Z2
p = 0.928), glycolytic

(F1;33 = 44,206; p = 0.0001, Z2
p = 0.678) and oxidative (F1;33 = 204.552; p<0.001, Z2

p = 0.907)

energy pathways. No significant gender × protocol interaction was observed on the contribu-

tion of ATP-PCr (F1;33 = 0.504; p = 0.612; Z2
p = 0.057), glycolytic (F1;33 = 0.074; p = 0.656; Z2

p =

0.004) and oxidative (F1;33 = 0.653; p = 0.428; Z2
p = 0.030) energy pathways.

Fig 1 showed that the percent contribution of energy during IST and SMT protocols

(sprints only). Significant gender (Total energy expenditure (TEE) [F1;33 = 29.070, p = 0.0001,

Z2
p = 0.581]; PCrEPOC [F1;33 = 19.003; p<0.001; Z2

p = 0.475]) and protocol effects (TEE [F1;33 =

131.775; p<0.001; Z2
p = 0.863]; PCrEPOC [F1;33 = 4.275; p = 0.050; Z2

p = 0.169]) were observed,

with no significant gender × protocol interaction (TEE [F1;33 = 4.343; p = 0.060; Z2
p = 0.171];

PCrEPOC [F1;33 = 3.211; p = 0.088; Z2
p = 0.133]).

Table 2. Physiological and performance responses for the 3×10-second IST and 30-second SMT form.

IST SMT Gender effect Exercise effect Gender × Exercise Interaction

Men Women Men Women

Absolute PP (W) 933.8±143.4 636.8±113.8 965.1±139.3 652.5±105.0 F = 40.808* F = 3.508 F = 0.011

Relative PP (W.kg-1) 12.8±1.8a 10.9±1.9 13.2±2.1 11.1±1.5 F = 7.283* F = 1.260 F = 0.042

Absolute MP (W) 754.9±125.8 530.8±102.6 669.5±7.6 479.6±65.7 F = 38.665* F = 39.200* F = 3.965

Relative MP (W.kg-1) 10.4±1.6 9.10±1.7 9.1±1.0 8.2±0.9 F = 5.504* F = 36.371* F = 0.945

Fatigue index (%) 35.2±6.0 34.6±17.7 56.2±8.6 57.5±9.9 F = 0.000 F = 66.908* F = 0.052

Lactate delta (mmol.L-1) 12.7±2.2 11.7±2.6 10.7±2.9 11.5±2.1 F = 0.021 F = 8.276* F = 5.647 *
HR peak (bpm) 166.3±10.1 168.0±6.7 170.1±8.3 172.8±9.2 F = 0.008 F = 0.750 F = 0.700

RPE 12.4±1.1 14.2±1.4 15.6±0.5 17.8±0.4 F = 22.412* F = 40.450* F = 0.165

IST = intermittent sprint test, SMT = single maximal test, PP = peak power, MP = mean power, HR = heart rate, RPE = rating of perceived exertion.
a p< 0.05.

https://doi.org/10.1371/journal.pone.0303888.t002
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Men and women had higher (TEE) and (PCrEPOC) in IST protocol, and men had higher

TEE and PCrEPOC than women in both protocols.

Discussion

To the authors’ current knowledge, this study is the first to compare metabolic energy system

contributions, physiological responses and performance outcomes of different forms of Win-

gate test in combat sports’ athletes according to gender. Our hypothesis that variations in the

single all-out and repeated exercise designs would affect the amount of metabolic energy

Fig 1. The percentage contribution of energy during IST and SMT protocols (sprints only).

https://doi.org/10.1371/journal.pone.0303888.g001

Table 3. Estimated relative and absolute energy system contribution during the 3 × 10-second IST and 30-second SMT form.

ISTsprints SMT Two-way ANOVA

Men Women Men Women Gender effect Exercise effect Gender × Exercise Interaction

ATP-PCr (%) 61.4 ± 4.9 63.2 ± 3.4 48.7 ± 6.9 45.45 ± 4.2 F = 0.137 F = 270.310 * F = 7.504

Glycolytic (%) 31.1 ± 5.7 28.8 ± 5.0 34.5 ± 8.3 38.3 ± 5.5 F = 0.093 F = 44.206 * F = 0.074

Oxidative (%) 7.6 ± 2.3 8.0 ± 2.6 16.8 ± 2.5 16.2 ± 2.5 F = 0.007 F = 204.552 * F = 0.653

ATP-PCr (kJ) 105.3 ± 11.6 83.3 ± 8.7 61.4 ± 8.0 45.7 ± 9.1 F = 28.397* F = 502.519 * F = 3.009

Glycolytic (kJ) 53.8 ± 13.3 38.8 ± 8.8 44.5 ± 14.1 38.4 ± 8.0 F = 6.036 * F = 9.153 * F = 2.172

Oxidative (kJ) 13.2 ± 4.8 10.8 ± 3.7 21.3 ± 3.6 16.2 ± 3.1 F = 8.575* F = 47.579 * F = 1.941

Energy Demand (L of O2) 8.2 ± 1.0 6.3 ± 0.7 6.1 ± 0.7 4.8 ± 0.8 F = 22.451* F = 110.874 * F = 2.451

TEE (kJ) 172.4 ± 21.4 132.9 ± 14.5 127.2 ± 14.5 100.3 ± 16.4 F = 29.070* F = 131.775* F = 4.343

PCr_Epocfast (L of O2) 2.6 ± 0.4 2.2 ± 0.3 2.9 ± 0.4 2.2 ± 0.4 F = 19.003 * F = 4.275 * F = 3.211

ISTsprints = intermittent sprint test (for sprints only), SMT = single maximal test, TEE = total energy expenditure; PCr_EPOCfast: = estimated PCr repayment during fast

phase of EPOC (kJ).

* p< 0.05

https://doi.org/10.1371/journal.pone.0303888.t003
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contributed by the bioenergetic pathways overall or during rest periods and would differ

between genders was supported by the primary results. Men had higher performance and

physiological responses than women, with higher relative and absolute power outputs. How-

ever, the fatigue index showed differences according to protocols, whereas no difference was

observed between genders.

These results match with those reported in previous researches [21, 45], suggesting that

women may have lower anaerobic thresholds than men during repeated sprints leading to a

steeper decline in sprint performance at the end of the sprints. A previous study has evidenced

that a considerable proportion of type II muscle fibers are activated during maximal cycle

sprints [46]. Additionally, smaller cross-sectional areas of type II fibers in women may explain

why men usually have higher power values than women in both protocols [46].

Differences in neuromuscular activity between men and women, as well as the reduced

mechanical alteration experienced by women during repeated sprint exercises, could be con-

tributing factors to the observed differences in output decrement. It has been shown that

women are more efficient at clearing ammonia from the blood than males during repeated

30-second sprints [47]. Additionally, the slight difference in peak power decrement between

males and females in both protocols is consistent with prior research [23]. While the perfor-

mance and physiological variables mentioned produced results that were in line with the litera-

ture [26, 48], there is currently a lack of researches comparing the contribution of the

metabolic energy systems using various repeated-sprint protocols. Actually, findings related to

intermittent maximal exercises within women are not sufficient since the Wingate test is a

popular choice for assessing metabolic energy system contributions due to its practical conve-

nience [2, 28, 37, 39, 49].

In both protocols (i.e., IST-SMT), the contribution of the ATP-PCr system was higher. In

both groups, ATP-PCr system contribution was greater in IST compared with SMT, whereas

the glycolytic and oxidative systems had a higher contribution in SMT. This "lighter" metabolic

stress by IST may have allowed for greater PCr resynthesis and lactate removal during the test.

The total metabolic energy demand for men and women in IST was 8.2 ± 1.0 and 6.3 ± 0.7 and

in SMT 6.1 ± 0.7 and 4.8 ± 0.8 L of O2, respectively, and there was no gender difference in the

percentage of metabolic energy system contribution. Outcomes from mechanical variables

supported these findings, with higher absolute and relative MP in IST compared with SMT,

which had a higher contribution from the TEE and ATP-PCr pathway and, consequently, a

lower FI%.

The post-sprint VO2-time integral can be used to determine the contribution of PCr stores,

given that PCr stores’ recovery is likely to be the main focus of the 30-second rest intervals

between sprints [28, 37, 38]. This approach is currently the only non-invasive approach avail-

able that can distinguish the contributions of three different metabolic energy systems [2, 50–

52]. Researches have demonstrated that VO2 during rest intervals can significantly alter meta-

bolic energy pathways’ absolute and percentage contributions during intermittent sprint exer-

cises when the overall exercise duration is matched [26, 36, 53]. The results of this study

showed considerable differences between the protocols’ effects on total sprint duration and the

percentage of performance decline (Table 3).

The glycolytic system is estimated to provide approximately 45–52% of the lower body’s

work during Wingate test [54, 55]. This research determined the glycolytic system’s contribu-

tion to a short maximal test (SMT) protocol to be 48.7% for men and 45.5% for women. Stud-

ies have reported the aerobic contribution during a lower-body Wingate test ranged from 18–

29% [54, 56]. It has been suggested that increasing sprint duration or distance increases the

metabolic energy contribution by the aerobic system, but decreases performance [30, 53]. In

both groups, increasing relative oxidative system contribution in the SMT resulted in
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decreased fatigue index (%) and mean power (absolute and relative). Studies have demon-

strated that combat athletes possess well-developed anaerobic characteristics [2, 40, 57], and,

thus, the relative contribution of the three metabolic energy systems during a 30-second exer-

cise would likely vary between a single maximal exertion and an intermittent sprint. Perfor-

mance during repeated sprints attempts is largely determined by the balance between

phosphocreatine (PCr) storage and resynthesis [28, 30, 53]. PCr storage and resynthesis are

key to combat athletes’ success in crucial fight times, as explosive actions rely on ATP-PCr

energy contribution. PCr concentrations may drop by as much as 55% after 10 seconds or 83%

after 30 seconds of lower-body cycling effort [36, 53], and pH levels may be reduced after addi-

tional sprints, which could further inhibit glycolytic enzymes [30, 58].

The majority of PCr (85% of baseline values) and ATP (93% of baseline values) can be resyn-

thesized after a period of passive rest (i.e., 6 min). However, H+ concentration may remain sig-

nificantly higher than baseline values (144 ± 32%) [2, 40, 57]. PCr resynthesis is a complex

process, relying heavily on oxygen availability (the fast component) and intramuscular acidosis

(the slow component) [30, 58]. Therefore, it is likely that the IST used in the current research

caused a minor reduction in PCr compared with SMT. Due to the high glycolytic demand of

the Wingate test (used to quantify metabolic energy system contribution [41, 49, 56], it is specu-

lated that shorter work bouts (10s "all-out") or increased resistance during training may be nec-

essary to elicit performance improvements (peak and mean power and total work [28, 36].

Longer-term training programs with higher work-to-rest ratios (e.g., 1:30, 1:36 and 1:42)

are needed to induce changes in the use of oxidative and glycolytic energy systems. The rate of

phosphocreatine resynthesis is affected by various factors, such as muscle pH and adenosine

diphosphate concentrations, as highlighted in a review by McMahon and Jenkins [59]. This is

supported by a previous study [29], which found that musculoskeletal performance depends

on non-mitochondrial metabolism for mechanical function during sprints, regardless of the

absolute force produced. Additionally, a strong correlation was found between the results of

the Wingate test and the contributions of the phosphagen and glycolytic pathways measured

by maximal accumulated oxygen deficit (PP and ATP-PCr) [60]. The importance of the PCr

has been highlighted as a determinant for ATP resynthesis during RSA (10 × 6 s sprints with

30 s of passive recovery on a cycle ergometer) [28] and 12 × 20 m running sprints with 20 s of

recovery [61]. This emphasizes the significance of non-mitochondrial metabolism in force/

power generation during all-out efforts, particularly the ATP-PCr, despite some differences

between the test protocols of the current research and the studies previously cited [61].

In both groups, PCrEPOCfast was higher in SMT than IST. This may be due to variations in

exercise intensity, since it is known that exercise intensity and EPOC magnitude and duration

are correlated [62–64]. Men had higher absolute and relative power output on each Wingate

bout compared to women, with high effect sizes, indicating that exercise intensity was also

higher. However, no differences in HR peak and lactate, which can also be used as indicators

of exercise intensity, were observed, despite being affected by sex- and hormone-related differ-

ences [65, 66]. Compared with previous studies [50, 67] that used the same methodology to

assess metabolic energy demand and energy system contributions in repeated exercises, our

study produced higher energy demands (IST: 172.4–132.9 kJ�min-1; SMT: 127.2–100.3 kJ�min-

1 for men and women, respectively) due to the inclusion of sprint exercises, which caused

more metabolic stress in both groups (Table 3). The improvement and testing of anaerobic sys-

tems (ATP-PCr and glycolytic systems), which are thought to be essential metabolic factors for

the performance of repeated-sprint exercises, were also compared across various designs in

this research. Exercises performed repeatedly at maximum effort with brief rest periods have

the benefit of increasing the percentage of anaerobic energy expenditure, particularly that

from the phosphagen system.
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This study has some limitations in calculating the metabolic energy contribution from the

glycolytic and phosphagen systems. For example, lactate concentrations were only measured

before and after the protocols, not during the exercises, thus not providing data on lactate

kinetics during exercise. Additionally, the oxygen consumed during the recovery intervals and

during the fast phase of EPOC was entirely attributed to the ATP-PCr system, disregarding the

amount of oxygen rebinding to myoglobin. Though the current approach provided a theoreti-

cal estimation of the distinct fraction of energy metabolism, more precise data could not be

obtained regarding physiological processes at the cellular level.

Conclusions

This study provides critical insights into the contributions of metabolic energy systems during the

30-second Wingate anaerobic test among combat sports athletes. By comparing the IST and SMT

forms of the test and examining gender differences, the research contributes significantly to our

understanding of energy system dynamics in high-intensity exercise. The findings suggest that

TEE and ATP-PCr system contribution are higher in IST than in SMT, offering valuable implica-

tions for training strategies in combat sports. Although both energy systems contribute to perfor-

mance, the differential impact observed between exercise forms underscores the importance of

tailored training programs. Furthermore, the absence of significant exercise form and gender

interaction highlights the universal applicability of these results across genders, providing a foun-

dational basis for optimizing athlete performance in combat sports. Its strength lies in the depth

of analysis, robust methodology, and the practical relevance of its findings, which offer insights

for optimizing training strategies in combat sports. However, the study’s scope, centered on highly

trained athletes, may limit the applicability of its results to wider populations. Future research is

encouraged to broaden participant diversity, incorporate longitudinal training studies, and utilize

advanced measurement techniques for a more detailed physiological understanding. Overall, this

investigation highlights the significance of tailored training programs, acknowledging the distinct

metabolic demands and individual athlete characteristics, thereby contributing to the enhance-

ment of athletic performance and efficiency in combat sports. In conclusion, the study’s explora-

tion of energy system contributions during high-intensity exercise offers essential contributions to

sports science, particularly within the realm of combat sports, paving the way for future research

to build upon these findings and explore practical applications further.
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