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Abstract
BACKGROUND: Japanese kickboxing is a combat sport designed to accommodate fighters from different combat sports styles. However, the physiological profile of this discipline is unknown. Therefore, this study describes the neuromuscular, metabolic and cognitive responses to an official Japanese kickboxing (K-1) fight in 8 kickboxers. 
METHODS: Measurements before and after the competition involved a simple reaction time test (SRT), countermovement jump (CMJ), blood lactate (BLA) and rating of perceived exertion (RPE). Additionally, each participant’s volume of strikes was extracted from a match-analysis. 
RESULTS: CMJ height was unaffected by the fight (p = 0.230 max; p = 0.208 mean). SRT increased post-fight (p = 0.0036). Peak BLA concentration was 15.3 ± 1.6 mmol·L-1 at 2 minutes post-fight. RPE increased post-fight (p < 0.001). Match-analysis showed 86 ± 23 total blows. For rounds 1, 2, and 3, blow distribution was 32.7%, 32.6% and 34.7%, respectively. Total punches were significantly greater (p < 0.001) than knee-strikes. Total kicks were also significantly greater than knee-strikes (p = 0.002). No difference was found between numbers of punches and kicks (p = 0.952). There was a positive correlation (p = 0.029; r = 0.76) between the sum of all strikes in the first two rounds and ΔBLA. 
CONCLUSIONS: The data obtained here indicate that K-1 fighters need to improve tolerance to lactate accumulation to perform greater number of actions. Furthermore, the results of this study suggest that CMJ height was not sensitive to specific fatigue induced by fighting.
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Introduction
Japanese kickboxing is commonly known as K-1 style kickboxing (K-1); it is a combat sport that originated in 1993 and is designed to accommodate fighters from different combat sports styles, under a common set of rules.1 Briefly, punches, knee-strokes and a variety of kicks are permitted. Fighters challenge each other in a 6.4 × 6.4 m square ring surrounded by 4-level ropes according to Japanese K-1 official international rules.1 Nowadays, rules can vary slightly depending on the fight promotion company. Generally speaking, fighting time depends on the level of the athletes’ ability, and varies from 3 rounds of 90 s (amateurs) to 3-5 rounds of 180 s (professionals) with 60 s breaks between rounds. 
K-1 is characterized by a range of intense actions with brief rest periods, resulting in both anaerobic and aerobic efforts comparable to low-kick kickboxing (i.e. WAKO style), and more closely relating to Muay Thai (MT).2,3 In a MT study, maximal oxygen uptake reached 48.5 mL·kg-1·min-1 and energy derived from anaerobic glycolysis was deemed crucial based on CO2 excess.4 In another study, 13.6 mmol·L-1 of blood lactate (BLA) was recorded at the end of a low-kick kickboxing unofficial simulated competition,5 while a similar study reported 14.9 mmol·L-1  at the end of a kickboxing sparring bout.6 Vertical jumps have been used as indicators of fighting-specific fatigue on neuromuscular function. One study reported a significant pre-post (competitive sparring) decrease in countermovement jump (CMJ) and squat jump (SJ) heights,6 while another found no difference in the same measures when evaluated before and after an unofficial kickboxing event.5 

Results obtained in the above studies were based on fight simulations or competitive sparring, rather than real amateur or professional fights involving prizes or titles.4–6 A rewarding goal is known to improve intrinsic motivation, which in turn optimizes the arousal-performance interaction, leading to a significantly better performance.7 Recently, one study investigated the effect of actual MT contests on physiological responses, reporting 12.6 mmol·L-1 of BLA at the end of the 4th round, and maximal heart rate responses of 182 bpm, confirming the recruitment of both anaerobic glycolytic and aerobic energy systems.2 The latter study also concluded that the level of physical condition required by both winners and losers was equal, since video-analysis showed no difference in the number of attack actions.2
However, although MT and low-kick kickboxing actions resemble those of K-1, the techniques are different (e.g. in K-1 prolonged clinching and elbow-strikes are forbidden), implying diverse tactical behaviours, which in turn should lead to specific physiological responses during K-1 fights. Indeed, other standing-striking combat sports such as French boxing (i.e. Savate) and Chinese boxing (i.e. Sanda) have evolved independently and asynchronously from each other, creating unique technical, tactical, psychological and physiological features.8 Moreover, combat sports are classified as open skill activities.9 Therefore, cognitive functions (i.e. anticipation and reaction time) are essential for match-winning situations.10 Nevertheless, although there is evidence that information processing is influenced by physical load, as measured by reaction time in professional fencers,11 and that moderate-intensity activity enhances arousal, leading to a faster speed of processing,12 little is known about the impact of striking combat sports on cognitive function parameters.

In summary, specific physiological and cognitive responses to actual K-1 fights remain unclear. While several studies of striking combat sports have reported physiological profiles and described cognitive functions during fights, there is no similar research on K-1. A greater understanding of the acute physiological and cognitive responses to official K-1 competitions is required to provide benchmarks and to objectively describe this sport. Therefore, the goal of this study was to profile the neuromuscular, metabolic and cognitive responses to an official K-1 fight. It was hypothesized that fatigue would affect both neuromuscular and metabolic indicators. It was also hypothesized that simple reaction time (SRT) would increase as a result of the effort involved in the fight.  The outcome of this study should inform coaches about the specific demands of K-1, providing scope for improved, evidence-based training prescriptions.
Materials and methods
Experimental Approach to the Problem 
All fighters reported to the testing facility on two occasions, each separated by 24h (Figure 1). During Visit 1 all fighters were familiarised with the testing procedures, and anthropometric data were collected. Visit 2 represented the day of the competition and participants took part in this non-experimental repeated-measures study. After a standardised warm-up, countermovement jump height (CMJ) and SRT baseline measurements were taken (in a randomised order) and BLA was measured before the start of the competition. All measurements were repeated after the competition. 
****Figure 1 near here****
Participants
Eight male semi-professional fighters were recruited during an official Italian K-1-style kickboxing competition. Mean (± SD) age, height, body mass and training experience were 24.3 ± 1.8 years, 173.8 ± 5.6 cm, 73.3 ± 9.4 kg, 5.6 ± 2.2 years, respectively. Sample size was constrained by the number of competitions and the availability of fighters with similar characteristics to guarantee the highest homogeneity possible in terms of experience and weight class. All fighters were injury-free in the 2 months preceding the study and none presented any physical impairments. All abstained from strenuous exercise in the 48 h before testing. The participants were informed of the potential risks and discomforts associated with the testing procedures and all provided written consent. The study was formally approved by the local human subject Ethics Committee and conducted according to the Declaration of Helsinki.
Procedures
During the first visit to the testing facility, fighters practiced CMJ and SRT tests supervised by an experienced strength and conditioning coach who interrupted the session when participants were correctly performing both tests. Instructions were delivered for providing ratings of perceived exertion (RPE) using a 15-point scale.13 After 24 h, during Visit 2, participants performed a 20-minute standardised warm-up before testing. Warm-up drills consisted of 5 minutes of jump rope exercise followed by 5 minutes of lower limb dynamic stretching, 3 minutes of specific kickboxing pad work (50% of the maximum perceived effort) and 5 minutes of shadow boxing to reflect a traditional pre-competition routine. Participants were provided with 10 minutes of recovery before CMJ and SRT assessments, ensuring a balance between fatigue and post-activation potentiation effects.14 Simple randomization determined the order of testing for the CMJ and SRT tests because speed of cognition can be enhanced by moderate physical activity.12 For the CMJ test, fighters were asked to stand upright between parallel beams from a series of photoelectric cells (Optojump, Microgate, Bolzano, Italy), a technique which has been previously shown to provide a valid and reliable measure of vertical jump height.15 Fighters stood with feet approximately shoulder-width apart and with hands on hips. They were then instructed to bend their knees to approximately 90° as quickly as possible before jumping as high as possible, leaving the floor with the knees and ankles extended and landing in a similarly extended position.16 Three CMJs were performed with a 30 s rest interval between jumps. The best and the mean flight times were recorded and stored for further analysis.17 CMJ height was estimated from 9.81 × flight time2/8.16 For SRT, fighters stood upright astride the beams of the photoelectric cells such that only the dominant leg could activate the cells. The proprietary software (Optojump software, version 3.01.0001) provided a visual stimulus that appeared on the screen of a laptop, corresponding to the start of the time count. Participants were instructed to lift the foot as fast as possible following the appearance of the visual signal, which appeared randomly within 3 s of the foot being placed between the photoelectric cells. The time taken to remove the foot following the appearance of the visual signal provided the measurement of SRT.18 Ten attempts at the SRT were performed. The average times were recorded and used in the subsequent analysis.19 Immediately before the commencement of the fight, baseline BLA and RPE data were measured. For the analysis of BLA, a 5 μL capillary blood sample was collected from the participant’s fingertip and analysed using a portable lactate analyser (Lactate Pro, Carlton, NSW, Australia) as used in previous reports.20 An official referee presided over the fights, which consisted of three rounds of 90 s, with 60 s of rest between rounds. Each participant was accompanied by his own coach, and the audience (approximately 250 people) provided verbal encouragement throughout the fights. All competitions were evaluated based on points accrued as judged by the referee. Perpendicular to one side of the ring, 10 m away from the ropes, a full-HD camcorder (GZ-R415, JVC, Yokohama, Japan) was placed at a height of 1.70 m from the ground facing one side of the ring. Footage was subsequently analysed frame by frame using open-source software (Kinovea 0.8.15). The number of punches, kicks and knee strikes were determined for each round by a single investigator highly experienced with K-1 competitions to minimize inter-observer variability. Because all movements (i.e. low/high intensity) should contribute to overall fatigue, a valid strike was defined as a clear blow thrown, touching or missing the target (i.e. opponent’s body), regardless of the technique (i.e. jabs, crosses, hooks and uppercuts were recorded as punches; low kicks, middle kicks and high kicks were reported as kicks). The video analysis was performed twice 48h apart. The average intra-class correlation coefficient was 0.99 representing a high degree of reliability. RPE scores were recorded 2 minutes after the end of the fight, and BLA measurements were made at 2, 4, and 6 minutes post fight. To allow time for referee decisions and prize-giving, post-fight CMJ and SRT tests were performed 8 minutes after the end of the fight. 

Statistical Analyses 
All tests were conducted using Matlab, version R2014a (MathWorks, Inc., Natick, MA). Measures of centrality and spread are presented as means ± standard deviation. Shapiro-Wilk tests indicated normality. A paired t-test was used to detect differences between pre- and post-fight measures of CMJ (max and mean values), SRT (mean values), and RPE data. BLA kinetics and fight actions (total blows per round, number of blows per technique) were determined using one-way ANOVA with repeated measures. For all analyses α was set at 0.05 with Benjamini-Hochberg adjustments.21 Effect sizes (ES) were calculated using Cohen’s d and defined as: trivial = 0.2; small = 0.21–0.6; moderate = 0.61–1.2; large = 1.21–1.99; very large >2.0.22 The likelihood that the volume of strikes influenced BLA levels was investigated by deriving Pearson’s linear correlations between the number of blows (overall and by rounds) and BLA data. Correlation coefficients (r) were interpreted as: small = <0.3; medium = 0.31-0.5; large = >0.51.23 The above analyses provided 95% confidence limits for all estimates.
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Results
CMJ. No difference was found between pre and post measurements of maximum (p = 0.230; ES = 0.25, small; 95% CIs = -0.032, 0.009) and mean CMJ data (p = 0.208; ES = 0.32, moderate; 95% CIs = -0.034, 0.009) (Figure 2). Reaction time. Mean SRT after the fights was 7.8% ± 5.6 longer than the pre-fight value (p = 0.0036; ES = 0.97, large; 95% CIs = 6.39%, 9.21%) (Figure 2). Blood lactate. The participants’ mean BLA concentration at rest before the competition was 1.9 ± 1.1 mmol·L-1. At 2 minutes after the fight, BLA significantly increased to 15.3 ± 1.6 mmol·L-1 (p < 0.001; ES = 1.90, large; 95% CIs = 11.00, 15.76). There were no differences between BLA concentrations measured 2, 4, and 6 minutes after the fight (Figure 3). RPE. RPE increased significantly from pre (9.5 ± 1.8) to post (16.8 ± 3.0) fight (p < 0.001; ES = 1.64, large; 95% CIs = 16.1, 17.6). Match analysis. Video-analysis showed 86 ± 23 total blows. The distribution of the blows for rounds 1, 2, and 3, were 32.7%, 32.6% and 34.7%, respectively (Figure 4). There was no difference between rounds in the number of blows (p = 0.976). However, total punches (39 ± 16) were significantly greater (p < 0.001; ES = 1.45, large; 95% CIs = 11.6, 45.2) than knee-strikes (10 ± 10) (Figure 4). Total kicks (37 ± 13) were also significantly greater than knee-strikes (p = 0.002; ES = 1.50, large; 95% CIs = 9.6, 43.2) (Figure 4). No difference was found between the number of punches and kicks (p = 0.952; ES = 0.14, trivial; 95% CIs = -14.8, 18.8) (Figure 4). There was a positive correlation (p = 0.029; r = 0.76, large) between the sum of all strikes in the first two rounds (57 ± 19) and ΔBLA (13.4 ± 1.6 mmol·L-1) (Figure 4).

****Figures 4 near here****
Discussion
The goal of this study was to quantify acute neuromuscular, cognitive and physiological responses to an official K-1 fight. The main findings were: neuromuscular fatigue was not detected by CMJ tests; processing speed, as measured by SRT, increased after the fight; and the total number of blows in the first two rounds was strongly associated with BLA concentration. 
Although average CMJ height values appear to be appropriate for monitoring neuromuscular status,17 it was surprising that neither average nor maximum values changed from the baseline. One reason may be the delayed measurement after the end of the competition, which allowed recovery (i.e., 8 min due to logistic constraints). This is acknowledged as a limitation. Moreover, fatigue detection-sensitivity of the CMJ test may be limited by: (1) the analysis of average or highest values 17 and (2) the jump height calculation derived either by ground reaction force, or flight time measures.17 The photocell system used in this study only allowed estimations of CMJ height based on the flight time method.15 When a photocell system is used to assess jumping performance, incorrect landing technique (i.e., bent knee) compromises flight time, altering the height values.24 A subtly incorrect landing technique could however occur due to fatigue conditions,25 such as those occurring at the end of a fight. This seems unlikely given that all CMJ tests were visually inspected and incorrect trials were repeated, minimising landing mistakes. 

Moreover, CMJ performance relies on neural and intrinsic muscular properties;26 in this study, it is unlikely that some type of neuromuscular fatigue did not develop. In fact, neuromuscular fatigue induced by a sustained physical effort can be due to both central and peripheral aspects.27 The latter is divided into low- and high-frequency fatigue, which is a specific loss of force tested at high or low frequencies of electrical stimulation.28 Central fatigue shows a faster recovery time (2 min) after brief high-intensity exercise,27 suggesting that a complete recovery of all the supraspinal and spinal physiological phenomena, modulating motoneuron excitation, may have occurred by the time of CMJ testing (i.e., 8 min post-fight completion). In contrast to central fatigue, there is evidence showing that peripheral fatigue may last longer.27 However, in a previous study investigating skeletal muscle contractility after high- and moderate-intensity strength exercise, CMJ and SJ performance appeared to be less sensitive to high-frequency peripheral fatigue (HFF).29 Furthermore, HFF depends on action potential alteration over sarcolemma or t-tubules,30 and could be restored within approximately 2 min.30 Contrarily, low-frequency fatigue (LFF) is likely to impair a functional movement such as vertical jumping.28,29 It is expected that LFF developed during the fight; this is supported by the presence of a high BLA concentration (i.e., 15.3±1.6 mmol·L-1), which probably led to an accumulation of other metabolic byproducts (such as Pi) that could play a major role in muscle fatigue.31 Therefore, it could be speculated that LFF may have developed because of the fight, but not significantly enough to impair CMJ height 8 min post-effort cessation. 

Another explanation may be that the neuromuscular system attempts to compensate for fatigue by implementing a variety of nervous and muscle-related mechanisms.32 For example, potentiation-associated effects that counteract the negative effects of fatigue 14 and lead to diverse outcomes when estimating fatigue. In fact, previous studies covering a range of combat sports such as karate kumite,33 kickboxing,34 taekwondo 35 and judo 36 reported different results when evaluating acute neuromuscular responses from CMJ height (i.e., height unaffected, decreased, increased). However, results from these studies are difficult to interpret due to methodological differences. 

In summation, there is ambiguity in the ability to estimate acute neuromuscular fatigue in striking combat sports after a single match using CMJ (height). Consequently, because fatigue is well known to be dependent on the task performed, the type of the exercise, its’ intensity and duration; future studies should determine: (1) the optimal time-window for post-combat CMJ testing and (2) an alternative sensitive neuromuscular field-based test relevant to stand-up striking combat sports. 
Simple reaction time was negatively affected by the competition. In other words, the elapsed time between the presentation of the visual stimulus and the subsequent motor response was longer post-fight compared to the baseline. A possible reason for this outcome is that the high-intensity workload (supported by BLA and RPE data) impairs both SRT 37 and choice reaction time.38 However, SRT was measured 8 min post-fight, meaning caution is needed when interpreting the data. In fact, an increased level of fatigue is associated with increased arousal, which may decrease reaction time.39 Therefore, recovery may reduce arousal (i.e., an inverted U hypothesis) and influence the results.40 Moreover, arousal and activation (i.e., change in arousal from a resting baseline to the task situation) may be defined as two different aspects 41 and their individual impact on reaction time is not known. Additionally, there is opposing evidence for the effect of physical load on reaction time tasks,11 due to different physical load intensities used across studies resulting in diverse outcomes.11,39 Nevertheless, decision-making workload is crucial in this sport, therefore, it is tempting to consider fighting as the main factor responsible for longer SRT and recommend that coaches perform tactical training under a fatigue status to replicate competition cognitive conditions. However, data from this study do not allow further speculation, but highlight the need to further research the relationship between fatigue induced by K-1 competition and reaction time (i.e., mental speed of processing). 

Similar to the findings of others,2,34 high BLA concentrations confirmed the key role of the energy derived from anaerobic glycolysis in combat sports, which are characterised by high-intensity efforts and powerful intermittent phases 2,3,8 to try and overwhelm an opponent. In this study, a peak of 15.3±1.6 mmol·L-1 was found, which is in line with BLA concentrations found in response to “all-out” maximal effort lasting 30–120 s and observed 3–8 min post-exercise. However, BLA concentrations reported in this study appeared greater compared to previous studies of low-kick kickboxing after three 2 min rounds,6 after an international Taekwondo competition of three 2 min rounds with 30 s of recovery between each round,42 at the end of two 4 min Mixed Martial Arts sparring sessions,43 and after amateur Muay Thai matches (four 2 min rounds with 1 min recovery).2 In all likelihood, the shorter fight duration forced fighters to perform most actions aggressively, relying on anaerobic sources, purportedly minimizing passive strategic thinking phases that, in contrast, could have reduced the overall intensity.

Moreover, there is every likelihood that passive recovery maintained elevated BLA concentrations for longer than 6 min after the fight, which is in agreement with previous findings.44 In summary, although technical and tactical behaviours may differ between fighters and combat sports, data from this study together with previous findings confirm that BLA is consistently over 10 mmol·L-1. This implies that fight-specific anaerobic conditioning is vital to sustain competitions ranging from three 1.5 min to four 2 min rounds, regardless of the fight style (fighting using arms and legs). Therefore, kickboxing coaches and strength and conditioning trainers are recommended to include specific anaerobic drills for athletes to confer a tangible benefit for competition. The available information suggests that studies on the effectiveness of specific anaerobic training in striking combat sports are warranted to determine optimal anaerobic training prescription. 

High post-fight RPE scores also confirmed the intense nature of each fight. RPE scores (i.e., perceived exertion) theoretically depend on the degree of corollary discharge and represent an effort close to exhaustion or task disengagement proximity.45.Therefore, fighters challenged each other close to their subjective physical limits during the fight. According to a preliminary study investigating metabolic needs in MMA,46 this result further supports the use of RPE levels as a training benchmark to ensure an effort similar to K-1 competitions.

Finally, striking volume was similar across rounds. However, punching and kicking were preferred over knee-strikes, probably either due to the ability level of participants or more likely to unknown pre-determined strategic plans. Although punching and kicking were preferred over knee-strikes, equal distributions of strike numbers over all rounds indicated similar attacks volume between opponents, suggesting similar levels of ability between the participants. To date, no other studies focusing on K-1 match analysis are available, making direct fighting behaviour comparisons impossible. Interestingly, ΔBLA was associated with blows thrown in the first two rounds. The total number of blows in the first two rounds accounted for as much as 58% of the variance in ΔBLA values. Considering that the competition occurred over three 1.5 min rounds rather than the more common three 3 min rounds (semi-professional and professional athletes), fighters may have intensified their actions from the very beginning (rounds 1–2). Therefore, actions at the beginning certainly used the energy derived from anaerobic glycolysis. Although three 1.5 min rounds are not common in professional fights, BLA data have direct implications for amateur athletes taking part to 3 × 1.5 min matches. In addition, professional fighters may also benefit from performing training sparring (i.e. three 1.5 min rounds) as a form of specific anaerobic training. When wearable technology becomes available (e.g., devices able to recognise strikes and their intensity) the relationship between striking intensity and physiological markers will provide a better understanding of the mechanisms behind the accumulation of BLA induced by a K-1 bout.
Conclusions
This was the first study investigating Japanese kickboxing fight physical demands. The results of this study indicate that K-1 athletes need to improve tolerance to lactate accumulation to perform greater number of attacking or defensive actions. The ability to perform defensive techniques may also reduce the probability of injury because defence remains efficient. Thus, the design of conditioning drills for K-1 fighters should consider the significant involvement of anaerobic glycolysis during a 3 × 1.5 min match. Furthermore, the data obtained here showed that physical fight demands also affect reaction times, which can negatively impact decision-making skills. Consequently, training protocols should include anaerobic drills and tactical drills in a state of fatigue to stimulate specific competition mechanisms. It is also suggested that ratings of perceived exertion may be used as a benchmark for training. Finally, neuromuscular fatigue (perhaps the peripheral component) is likely to accumulate, but the CMJ test did not detect it. Therefore, further research is encouraged to: (1) explore K-1 style-specific anaerobic drill effectiveness, (2) explore alternative tests sensitive to fatigue induced by striking combat sports and (3) profile professional K-1 fights.
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Figure 1. – Experiment timeline. CMJ = countermovement jump; SRT = simple reaction time; RPE = rate of perceived exertion; BLA = blood lactate.
Figure 2. – Neuromuscular and cognitive indicators: A) Max and mean (± standard deviation) CMJ height values before and after the fight;  as a percentage change from baseline (n = 8); Figure 3. – B) simple reaction time pre and post competition (n = 8).  ** = significantly different (P = 0.00036) from baseline (pre) scores. Centre lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend to minimum and maximum values; data points are plotted as open circles.
Figure 3. – Physiological and perception responses: A) Blood lactate PRE- and POST-fight using a one-way repeated measures ANOVA (P=0.008) *** PRE lactate differences (P < 0.001) from POST2, POST4, POST6 (n = 8); B) the rate of perceived exertion scores immediately before the effort and 2 minutes after the fight; *** = p < 0.001 (n = 8). Centre lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend to minimum and maximum values.
Figure 4. – A) Correlation (p = 0.029) between the capillary blood lactate concentrations (ΔBLA = POST2 - PRE values) after the performance, and the sum of the strikes in the first and second rounds, with regression line (solid) R2 = 0.58 (n = 8); B) total blows per round expressed as percentages of the total number of strikes in the fight (n = 8); C) distribution of techniques used expressed as percentages of the total number of blows within the fight (n = 8)*** = significantly different (P < 0.001) from kicks and knees; ** = significantly different (P = 0.002) from knees.
Figure 6. – 

Figure 7. – 
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