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Abstract: We aimed to compare the change in exercise response to taekwondo-specific circuit
workouts before and after competition rule amendments. A total of 240 workouts in 15 elite athletes
were analyzed over two years. Physiological and kinematic data were gathered with the wireless
Bioharness system along with capillary blood samples for lactate concentration. Progressive exercise
tests until exhaustion were periodically performed to obtain reference data. The rule changes resulted
in significant increases (mainly medium or large effects) in the physiological (2.9-14.4%) and kinematic
(4.8-10.1%) response to taekwondo-specific workouts. The largest increases were for peak breathing
rate (12.0%), energy expenditure (6.6%), blood lactate immediately after exercise (10.2%) and at the
30th min of recovery (14.4%), and peak kinematic activity (10.1%). Significant differences between
taekwondo-specific workouts and tournament combats persisted after the shift from old to new rules,
ranging from 2.4 to 38.5% for physiological and from 2.9 to 15.5% for kinematic variables. The largest
workout—-combat differences were revealed for post-exercise (15.9%) and recovery (38.5%) blood
lactate, peak (—15.8%) and relative (—15.0%) breathing rate, and mechanical (13.5%) and physiological
(14.2%) intensity. Our study suggests that the rule amendments significantly modify the exercise
response to discipline-specific workouts and that taekwondo-specific training sessions do not fully
recreate the tournament demands in terms of physiological and kinematic load.

Keywords: acceleration; blood lactate; breathing rate; energy expenditure; heart rate

1. Introduction

Sports rules are amended to strengthen the ethos of a sport discipline, adapt it to capabilities and
needs of specific groups, attract spectators, respond to media pressure and interest, recruit athletes,
or improve sports performance [1,2]. To achieve these goals, structural (space, time, equipment),
functional (athletes” behavior, obligations, rights, prohibitions, penalties), and other rules are being
modified [1]. Asshown in various sport disciplines, rule changes affect exercise response to competition
tasks. In particular, the modifications impact exercise intensity or overall physical load, usually by
increasing [3-9] or, less often, by decreasing it [10,11].

In recent years, World Taekwondo incorporated modern technology into the discipline, i.e.,
the Protector Scoring System (PSS), the instant Video Replay System (VRS), and relevant competition
rule changes [12-16]. The latest revisions in Olympic tackwondo rules penalize non-fighting actions,
the presence of “phantom striking”, and unnecessary leg elevation; limit possible fouls; and modify the
scoring system. Each penalty, regardless of reason, results in a point gain for the opponent. Our previous
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research showed that these amendments of competition rules were linked to a noticeable shift in
taekwondo combat profile toward greater body movement dynamics, higher intensity, and greater
post-exercise fatigue than observed previously. Significant increments in kinematic variables (3—-8%),
heart rate (1.5-1.8%), energy expenditure (3-5%), overall physiological load (2-4%), and lactate
concentration (15% immediately after combat and 25% in recovery) suggest that new rules are more
demanding [5]. Apart from modifying the exercise response to taekwondo combat by increasing its
intensity, the recent rule amendments have forced the coaches and athletes to modify their workout
regime. Even if training sessions have not been changed in terms of exercise volume, repetitions,
or exercise/rest ratio, the exercise intensity could have been altered due to subtle but crucial modifications
in kicking mode.

According to earlier studies, taekwondo-specific workouts, and even simulated combats, although
relatively intense, did not fully recreate the physiological response to tournament combats [17,18].
However, certain types of high-intensity interval training seem to be optimal for adapting to taekwondo
competition [19-22]. Moreover, tackwondo-specific circuit training forms (i.e., incorporating the
fighting techniques) are suggested to be preferred instead of non-specific exercise (e.g., running or
cycling) to combine physical conditioning with fighting specificity [5]. Simulating tournament combat
conditions during training sessions is still a very topical issue. The question arises as to how the rule
changes have affected the exercise profile during taekwondo-specific workouts and how adequately
the taekwondo-specific workouts reflect the demands of the tournament combat in this new situation.
To the best of our knowledge, no scientific investigation has focused on the direct impact of sports rule
amendments on the exercise response to any discipline-specific workouts.

This study aimed to compare the physiological and kinematic exercise response to
taekwondo-specific circuit training sessions in highly trained taekwondo athletes before and after
rule changes. We analyzed a large number of training sessions throughout a longer period (2 years)
as opposed to previous studies [17,18,20,23-35]. We hypothesized that the rule amendments and
related modifications in kicking modality would increase the exercise intensity of taekwondo-specific
workouts and reduce the gap between real combat situation and workout in terms of physiological
and kinematic response.

2. Materials and Methods

2.1. Participants

We monitored 15 highly trained taeckwondo athletes aged 1625 (19.9 + 2.7) years, both male
(n=10) and female (n = 5), in a period of two years. They were black belt holders, members of the Polish
national team, national champions, or medal winners in international tournaments. One athlete took
part in the Olympic games, seven took part in continental championships (four medals), four took part
in world championships (two medals), and nine took part in the Universiade (six medals). The study
was performed according to the ethical standards laid down in the Declaration of Helsinki. The local
bioethics committee at the Poznan University of Medical Sciences approved the study design (decision
nos. 418/13 and 143/15). We informed the participants of the benefits and risks of the research
procedures. All athletes or their parents (for participants aged < 18 years) provided signed, written
consent before the commencement of the research project.

2.2. Experimental Design

Our main idea was to compare the exercise intensity during equivalent taekwondo-specific
workouts conducted before and after taekwondo rule changes. The revisions of taekwondo rules
were the result of an alteration planned beforehand by World Taekwondo (www.worldtaekwondo.
org) (discussed among coaches and members worldwide). We performed the measurements in
old rules from February 2016 until May 2017 and in new rules from June 2017 until March 2018.
We monitored taekwondo-specific training sessions and tournaments using wearable bio-monitors to
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record physiological and kinematic parameters. Athletes underwent blood sampling directly before
and after each training session or combat and after 30 min of recovery. Basic reference physiological
indices were obtained on the basis of progressive cardiorespiratory treadmill tests until exhaustion
performed between training subphases of the annual cycle. Identical procedures were used during
both old and new rule periods. Importantly, the head coach and the members of the coaching staff
remained the same during the whole study period. The coaches organized the taekwondo-specific
training sessions in the same manner in old and new rules, i.e., they used the same kicking techniques,
number of series/repetitions, and exercise-to-rest ratios. The only difference was kicking modality
imposed by new rules. Therefore, potential confounding factors resulting from changing training
approach/strategy, goals, methods, organizational solutions, etc. were minimized or avoided. Before
the rule changes, athletes were allowed to keep the leg elevated to facilitate consecutive strikes or to
deceive opponents. New rules prohibited such behavior. Consequently, coaches forbade athletes to
execute “phantom striking” or continuous leg elevation during training sessions. Instead, athletes
were ordered to set foot on the ground between strikes. Therefore, the strikes investigated in this study,
that is, front kicks, turning kicks, and double roundhouse kicks, were first executed following the old
(February 2016-May 2017) and then following the new (June 2017-March 2018) taekwondo rules.

The number of monitored training person sessions equaled 362 (195 under old rules and 167
under new rules), 122 of which were excluded. Finally, 240-person sessions (127 under old and 113
under new rules) were included in the analysis. We monitored each athlete for 8.4 + 1.6 (range 6-11)
sessions under old rules and 7.5 + 1.0 (range 6-9) sessions under new rules. This difference was not
significant (p = 0.075). Real combat monitoring included 16 tournaments, covering a total of 298
combats (142 under old and 156 under new rules). We excluded 51 combats and analyzed the remaining
247 (126 old vs. 121 new). Each athlete was monitored for 8.4 + 3.2 (range 4-15) combats under old
rules vs. 8.0 + 3.4 (range 3-15) combats under new rules. This difference was also not significant
(p = 0.783). Exclusion criteria for data recordings from training sessions and tournament combats were
(i) insufficient exertion time (i.e., incomplete circuit, knock out, disqualification, injury, or any pause
regardless of source longer than 5 min)—49 and 13 exclusions, respectively; (ii) prolonged time (above
5 min) of VRS challenge during tournament combat—0 and 18 exclusions; (iii) uncommon interferences
(coach interventions, round shortening)—15 and 3 exclusions; (iv) technical issues (signal breaking, lag
spikes, PSS or VRS malfunctions)—4 and 6 exclusions; and (v) insufficient time for blood sampling—54
and 11 exclusions. Laboratory measurements, aimed at obtaining reference cardiorespiratory responses
to a standard progressive exercise, were performed six times under the old rules and three times under
the new rules at intervals of approximately 3 months.

2.3. Laboratory Data Collection

Height and weight were measured using a digital stadiometer (Seca 285, Seca GmbH and Co.,
KG, Hamburg, Germany). Body fat and total lean body mass were measured with dual-energy
X-ray absorptiometry (Lunar Prodigy device, Encore Software 16 Sp.1, GE Healthcare, Chicago, IL,
USA). The same operator scanned the participants according to the standardized protocol described
elsewhere [26]. Then, athletes performed an exercise treadmill tests until exhaustion. Briefly, after 3
min of standing on a treadmill (pulsar 3p, h/p/cosmos sports and medical GmbH, Nussdorf-Traunstein,
Germany), the athletes started the exertion at 4 km/h, with an increase to 8 km-h~! after 3 min.
Afterward, the speed increased by 2 km-h™! every 3 min. Athletes ran until volitional exhaustion
was reached. Cardiorespiratory characteristics were measured breath-by-breath by an ergospirometer
(MetaMax 3B-R2, Metasoft Studio Software 5.2.0, Cortex Biophysik, Leipzig, Germany), calibrated
according to the manufacturer’s guidelines. We used the values of following cardiorespiratory
variables as reference data for a training session and combat analysis: heart rate (HR; Polar Electro
Oy, Kempele, Finland), breathing rate (BR), energy expenditure (EE), and maximum oxygen uptake
(VO2max)- Maximal oxygen uptake was considered achieved if at least three of the following criteria
were met: (i) a plateau in V02 despite an increase in minute ventilation, (ii) blood lactate concentration
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> 9 mmol-L~! in males and >7 mmol-L~! in females, (iii) respiratory exchange ratio > 1.10, (iv) heart
rate > 95% of the maximal value recorded in the previous tests, and (v) the Borg Scale rating > 17.
Athletes were verbally encouraged by coaches and the researchers conducting the test to achieve the
highest possible running speed. Additionally, we determined exercise parameters at the ventilatory
threshold (VT) and respiratory compensation point (RCP) on the basis of the ventilatory equivalents for
oxygen (VE/V O,) and carbon dioxide (VE/V COy), partial pressures of O, (PETO;), and CO, (PETCO,).
Capillary blood samples were obtained from the fingertip before exercise, at exhaustion, and after
30 min of recovery to assay lactate concentration (LA) using the blood analyzer Biosen C-Line (EKF
Diagnostics, Cardiff, United Kingdom).

2.4. Data Collection during Taekwondo-Specific Workouts and Tournaments

Athletes wore bio-monitors (described below) through the whole training session or tournament
day up to 30 min recovery period after the last workout exercise or combat, as described elsewhere [5].
The devices did not hamper their activity. The taekwondo-specific training sessions were organized
in the form of a circuit containing nine exercise sets, each lasting 2 min (Figure 1). Typical combat
consisted of three 2-min rounds with a 1-min rest period between each round.

Each taekwondo-specific circuit session was preceded by a standard ~40-min warm-up involving
stretching (~15-20 min) and jogging (~15 min), followed by preliminary light to moderate kick exercises
(~25 min). All circuits had the same structure and were divided into three series of exercise sets (“mini
circuits”) separated by two 8-min active pauses. Each series, lasting 6 min net, was divided into
three 2-min exercise sets separated by 1-min pauses to reflect the time structure of typical tournament
combat. Each single exercise set contained taekwondo-specific kick techniques normally used during
real combat—a minimum of 16 kicks per one leg, 32 kicks in total [27,28]. The names of the techniques
are given in Figure 1. The circuit exercise was performed in pairs, where one athlete was an “attacker’
(main exercise) and the second a “defender” (during the active 8-min pause). After each set, athletes
changed their roles and exercise partners. The kicks were delivered on the chest protector or target
pad held by the defending partner, depending on a particular technique. The athletes moved forward
and backward during each exercise set to simulate real combat behavior. The total duration of each
taekwondo-specific circuit was 40 min, including intervals between series and exercise sets, whereas
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net exercise time was 18 min.
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Figure 1. The structure of the analyzed taekwondo-specific circuits. Vertical downward arrows denote blood sampling.
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Athletes used identical measuring equipment during training sessions and real combats to ensure
the credibility of comparisons [17]. During tournaments and training sessions, we verified the ambient
temperature with the K204 digital thermometer (Voltcraft, Wollerau, Switzerland). The temperatures
ranged from 20.7 to 22.3 °C and from 19.9 to 22.6 °C, respectively. Capillary blood samples (fingertip)
for lactate concentration were drawn five times during one training session: before the first exercise
set, after each exercise set, and after the 30-min recovery period (Figure 1). During tournaments, blood
was drawn before and immediately after each fight, and after the 30-min recovery period after the last
combat. The physiological and kinematic indices were measured with a portable wireless piezoelectric
recording system (Bioharness 3, Omnisense 3.9.7, Zephyr Technology Corp., Annapolis, MD, USA).
According to the manufacturer’s definitions, the analyzed variables were as follows:

1. Peakactivity (ACTpeak)—squared root of O3+ y2 +22); X, y, and z are peak values of the three axial
accelerations, where ~0.2 represents walking, ~0.5 jogging, ~0.8 running, and ~1.0+ sprinting.

2. Average activity (ACT,yg)—squared root of (x%2 +y? + 2%); x, y, and z are the averages of the three
axial accelerations over the previous 1-s epoch, where ~0.2 represents walking, ~0.5 jogging, ~0.8
running, and ~1.0+ sprinting.

3.  Physiological intensity (PHYS;,;)—range 0-10 (incremental step of 5%), where 0 is below 50%
and 10 equals or exceeds 100% of maximum HR on the basis of the HR range of each athlete.

4.  Physiological load (PHYSjp5q)—the accumulation of the PHYS;; over time (average value
multiplied by the total exertion time).

5. Mechanical intensity (MECHj,¢)—displayed in the range of 0-10 (incremental step of 5%), where
0 denotes motionless, whereas 10 is equal to an acceleration of 3.0 g or greater.

6. Mechanical load (MECHj,,q)—the accumulation of the MECHj,; over time (average value
multiplied by the total exertion time).

7. Training intensity (TRAINj,¢)—arithmetic average of PHYS;,; and MECHjy;.

8.  Training load (TRAINj,q)—arithmetic average of PHYS),,q and MECH]q,4.

9.  Energy expenditure—estimated according to the formula: EE (kcal) = Gender X (—=55.0969 + 0.6309
HR + 0.1988 Weight + 0.2017 Age) + (1 — Gender) x (-20.4022 + 0.4472 HR - 0.1263 Weight
+ 0.074 Age). Gender—1 for male, 0 for female.

Other research teams [29-31] evaluated the reliability and validity of the Bioharness bio-monitor
and recommended it as a high-precision tool in comparison with gold standards (r = 0.91, p < 0.01,
CV (coefficient of variation) < 7.6% for heart rate and r = 0.94, p < 0.01 for acceleration).

2.5. Statistical Analysis

We compared the basic somatic and aerobic capacity profiles between different rule settings using
the t-test for dependent samples. We cleaned raw training and combat data of any technical errors.
The basic unit for analysis was one exercise set (average duration 120 + 5 s) during training sessions
or one combat round during tournaments (~120 s), as well as the last 10 min of the 30-min recovery
following the last circuit or combat exertion. All values were presented as either mean + standard
deviation (general characteristics) or adjusted mean + standard deviation of the mean (workout and
combat data). We applied the analysis of covariance (ANCOVA) for repeated measures to identify the
differences in circuit training and combat profiles between old and new competition rules. We adjusted
the dependent variables for the following covariates that could potentially affect the magnitude of
exercise response: (i) the order of exercise series or combat rounds (first, second, third), (ii) age category
(junior, senior), and (iii) sex (male, female). Partial n? was used as a measure of effect size and the
following scale was adopted: small (0.01), medium (0.06), or large (0.14). An a priori calculation of
required sample size revealed that at least 63 cases (workouts or combats) were needed to perform
ANCOVA, assuming large effect size, p-level = 0.05, statistical power = 0.8, and three covariates, or 155
cases if medium effect size was assumed (G*Power 3.1.9.6, Franz Faul, Universitat Kiel, Germany).
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The significance level was established at p < 0.05. We analyzed the data using Statistica 13.3 (TIBCO
Software Inc., Palo Alto, CA, USA).

3. Results

Basic somatic and aerobic capacity profiles are displayed in Table 1. A vast majority of differences
between old and new rule periods were nonsignificant. Exceptions were a decrease in oxygen uptake
at the ventilatory threshold in males and increases in weight and absolute (but not percentage) lean
body mass in the combined group.

Table 1. Somatic and aerobic capacity profiles of the studied taekwondo athletes at the start of circuit
training under old and new rules.

Male Female Combined Group
Old New Old New Old New
Rules Rules Rules Rules Rules Rules
Age (years) 195+ 3.3 20.5+33 20.8+15 21.8+15 199 +28 209 +2,8
Experience (years) 8.6+£27 9.6 £27 92+22 102 +22 8.8+25 9.8+£25
Height (cm) 182.0+5.9 182.0+59 176.6 £ 8.1 176.6 £ 8.1 180.2 £ 6.9 180.1 £ 6.0
Weight (kg) 66.7 +11.1 70.1+£9.2 67.5+125 689 +11.8 67.0 +11.1 70.1+£9.7*
Lean body mass (kg) 53.8+9.0 57.0+7.6 446+9.2 46.6 +7.4 50.7 £9.8 53.5 +£ 8.9 **
Lean body mass (%) 80.7 £ 2.6 80.9 £2.2 66.4+1.8 68.2+2.0 76.0 £7.4 76.7 £ 6.5
Fat mass (kg) 9.8+24 10.3 £2.3 19.5+43 19.0 +4.2 13.0 5.6 132 +52
Fat mass (%) 14.7 £2.6 145+2.1 289 +2.7 27.7+22 194+74 189 £ 6.7
VOuyt (mL-min~Tkg™1) 41.0+49 352 +£3.7* 30.0+19 32.6+5.7 373 +6.7 343 +44
VO2RCP (mL-min~lkg™) 479 +52 50.7 £33 39.0+1.7 41.0+32 449 +6.1 475+5.7
VOomax (mL-min~kg™1) 541 +42 56.6 + 4.1 446+53 45.6 +4.8 509 + 6.4 529 +6.8
LAmax (mmol-L™1) 84+18 92+17 8.0+15 82+13 83+1.7 89+17

Abbreviations:  LApax—maximum blood lactate concentration after exercise test until exhaustion,

VO max—maximum oxygen uptake, VOZRCP—oxygen uptake at respiratory compensation point, VOZVT—oxygen
uptake at ventilatory threshold; ¢-test: * p < 0.01, ** p < 0.001—significantly different from old rules.

Peak, average, and recovery HR during circuit training were significantly higher under new rules
compared with under old rules (Table 2), and the differences ranged between 2.4% and 6.8% (Figure 2).
Under both old and new rules, peak, average, and recovery HR were significantly higher during
tournament combat (~100% or >100% of maximum HR in the laboratory test until exhaustion) than
taekwondo-specific training. The effect sizes, in general, were large, except for recovery HR (small).
The same pattern of differences was revealed for physiological intensity (medium to large effect size)
and load (small to medium effect size), with a ~4% difference between old and new training sessions
(Figure 2) and ~4-16% difference between training sessions and real combats (Figure 3).



Int. |. Environ. Res. Public Health 2020, 17, 6779 8 of 18

HR peak
%HR max
HR avg
HRrec
PHYS int
PHYSload
BR peak
%BR max
BR avg
BRrec

EE

%EE vt
%EETrcp
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EErec . .3
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MECH load
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TRAIN load
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Figure 2. Percentage differences in exercise response to taekwondo-specific circuit workouts between
new and old rule settings. Black bars denote statistically significant and white bars insignificant changes,
as indicated in Tables 2—6. Positive numbers indicate higher values obtained in new vs. old rules.
See table legends for the explanation of variable abbreviations.
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Table 2. Heart rate and relative physiological intensity/load during taekwondo-specific circuit training and combat—comparison between old and new rules.

Circuit vs. Combat

Circuit Old  Circuit New CombatOld  Combat old Vf‘;f:;f Rules Cm‘g;;;ﬁ:;“bat New Rules
Rules Rules Rules New Rules
p-Value Effect Size p-Value Effect Size p-Value Effect Size
HRypeak (beatsmin™") 1749+71  1857+68  1872+115 1933 +11.3 <0.001 0.37 (large) <0.001 0.29 (large) <0.001 0.14 (large)
%HRmax 92.6 +4.3 98.9 + 4.8 994 +5.8 102.6 £ 6.9 <0.001 0.32 (large) <0.001 0.31 (large) <0.001 0.09 (medium)
HR,yg (beatsmin™) 1658 +67  1746+67  1791+123  184.0+132 <0.001 0.30 (large) <0.001 0.31 (large) <0.001 0.17 (large)
HRyec (beats-min~1) 1028 +84  1053+81 107.6+112  109.3 +10.7 0.022 0.02 (small) 0.002 0.05 (small) <0.001 0.04 (small)
PHYS;,,; (au) 75+0.5 7.8+0.6 8.7+0.6 8.9+ 0.6 <0.001 0.06 (medium) <0.001 0.51 (large) <0.001 0.49 (large)
PHYS)0aq (au1) 184+2.0 192+2.1 194+2.1 20.1 £ 2.0 <0.001 0.03 (small) <0.001 0.06 (medium) <0.001 0.05 (small)

Abbreviations: HRcax—peak heart rate, %HRmax—HRpeak as percentage of maximum heart rate obtained in progressive treadmill test, HRavg—average heart rate during training session
or combat, HRrec—heart rate at the end of a 30 min recovery, PHYS;,-—physiological intensity, PHYS),,q—physiological load.

Table 3. Breathing rate during taekwondo-specific circuit training and combat—comparison between old and new rules.

Circuit vs. Combat

L. Circuit Circuit vs. Combat
Circuit Old Rules Circuit New Combat Old b Old vs. New Rules Old Rules New Rules
Rules Rules Rules

p-Value Effect Size p-Value Effect Size p-Value Effect Size

BRpeak (breaths-min™1) 43.7 £3.1 489 +29 40.2 +4.6 412 +46 <0.001 0.42 (large) <0.001 0.16 (large) <0.001 0.50 (large)

%BRmax 69.7 + 8.8 76.4 +10.0 64.3 +10.0 65.0+9.8 <0.001 0.11 (medium) <0.001 0.08 (medium) <0.001 0.25 (large)

BRavg (breaths-min~1) 36.5+27 38126 359 +5.0 373 +48 <0.001 0.08 (medium) 0.040 0.01 (small) 0.004 0.02 (small)
BRye. (breaths-min!) 16522 17322 17.1 £3.1 17.8£26 0.003 0.03 (small) 0.130 <0.01 (negligible) 0.266 <0.01 (negligible)

Abbreviations: BRpeak—peak breathing rate, %BRmax—BRpeax as percentage of maximum breathing rate obtained in progressive treadmill test, BRayg—average breathing rate during
training session or combat, BRec—breathing rate at the end of a 30 min recovery.

Table 4. Energy expenditure during taekwondo-specific circuit training and combat—comparison between old and new rules.

L. Circuit Circuit vs. Combat Circuit vs. Combat
Circuit Old Rules Circuit New Combat Old Combat New Old vs. New Rules Old Rules New Rules
Rules Rules Rules

p-Value Effect Size p-Value Effect Size p-Value Effect Size

EEavg (keal'’kg™"h~1) 141+12 150+ 1.1 132+25 159 +£2.9 <0.001 0.14 (large) <0.001 0.03 (small) <0.001 0.04 (small)

%EEy¢ 132.4 +22.6 140.5 + 18.0 135.8 + 26.5 147.4 £ 23.0 <0.001 0.04 (medium) 0.06 <0.01 (negligible) <0.001 0.03 (small)

%EERcp 104.2 +£11.9 107.2 £ 9.6 106.8 + 20.4 112.1 £ 155 0.010 0.02 (small) 0.04 0.01 (small) <0.001 0.03 (small)

%EEmax 91.8 +11.7 91576 94.1+17.6 949 +132 0.720 <0.01 (negligible) 0.03 0.01 (small) <0.001 0.02 (small)
eErec (kcalkg™1h71) 53+0.6 5.6 +0.6 58+14 58+12 <0.001 0.08 (medium) <0.001 0.06 (medium) 0.094 <0.01 (negligible)
Yoeerec 372+44 372+43 37.3 +£10.7 36.9+9.7 0.984 <0.01 (negligible) 0.944 <0.01 (negligible) 0.795 <0.01 (negligible)

Abbreviations: EEa,yg—average energy expenditure rate, % EEyr—percentage of energy expenditure rate measured at the ventilatory threshold, %EErcp—percentage of energy expenditure
rate measured at respiratory compensation point, %EE.«—percentage of energy expenditure rate measured at exhaustion in the progressive treadmill test, EE;..—absolute energy
expenditure rate at the end of a 30 min recovery after the last series of the circuit or tournament combat, %EEec—EErec as percentage of EEayg.
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Table 5. Lactate concentration during taekwondo-specific circuit training and combat—comparison between old and new rules.

L. Circuit Circuit vs. Combat Circuit vs. Combat
Circuit Old Rules Circuit New Combat Old Combat New Old vs. New Rules Old Rules New Rules
Rules Rules Rules

p-Value Effect Size p-Value Effect Size p-Value Effect Size

LApre (mmol1™1) 2005 20+04 22£09 21£1.0 0.451 <0.01 (negligible) 0.01 0.03 (small) 0.261 0.01 (small)
LApost (mmol1-1) 10.0 +2.8 11.1+29 112+24 12.8+23 <0.001 0.03 (small) <0.001 0.03 (small) <0.001 0.07 (medium)
Y%L Amax 120.8 + 36.8 126.3 + 34.5 131.1+29.1 142.4 +27.6 0.039 0.01 (small) 0.004 0.02 (small) <0.001 0.06 (medium)

larec (mmol-1~1) 22+05 2.5+ 044 27+08 35+1.0 <0.001 0.11 (medium) <0.001 0.15 (large) <0.001 0.32 (large)

Abbreviations: LApre—resting blood lactate concentration, LApest—post-exercise blood lactate concentration, %LAmax—post-exercise lactate concentration as a percentage of maximum
concentration at exhaustion in progressive treadmill test, LAe.—blood lactate concentration at the end of a 30 min recovery.

Table 6. Kinematic response to taekwondo training and combat—comparison between old and new rules.

L. Circuit Circuit vs. Combat Circuit vs. Combat
Circuit Old Rules Circuit New Combat Old CombatNew Old vs. New Rules Old Rules New Rules
Rules Rules Rules
p-Value Effect Size p-Value Effect Size p-Value Effect Size
ACTpeak (m-s~2) 123+ 15 13.6 1.7 132+25 13.6 +24 <0.001 0.14 (large) <0.001 0.04 (small) 0.944 <0.01 (negligible)
ACTayg (m-s72) 71+05 77+05 75+0.8 8.0+ 0.6 <0.001 0.28 (large) <0.001 0.11 (medium) <0.001 0.04 (small)
MECH;,; (au) 71+05 7.5+0.6 8.1+07 8.5+0.6 <0.001 0.17 (large) <0.001 0.43 (large) <0.001 0.46 (large)
MECH],q (au) 16.8 +1.8 178+ 1.8 17.6 £2.2 19.0+1.9 <0.001 0.07 (medium) <0.001 0.04 (small) <0.001 0.10 (medium)
TRAINjy; (Yau) 73+05 7.6 +05 84+06 8.7+05 <0.001 0.13 (medium) <0.001 0.53 (large) <0.001 0.52 (large)
TRAIN}oaq (Yau) 17.6 £ 1.7 185+ 1.8 185+ 2.0 19.6 +1.8 <0.001 0.06 (medium) <0.001 0.06 (medium) <0.001 0.09 (medium)

Abbreviations: ACTpeak—peak mechanical activity, ACT,yg—average mechanical activity, MECHj,;—mechanical intensity, MECH}y,q—overall mechanical load, TRAIN;,—average

summary of exertion intensity, TRAINj,,g—average summary of exertion loads, au — arbitrary units.
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Figure 3. Percentage differences in exercise response between taekwondo-specific circuit sessions and
real combat. Old rules are displayed as gray bars and new rules as black bars. Positive numbers indicate
higher values obtained during combat vs. training sessions. See table legends for the explanation of
variable abbreviations.

Peak and average breathing rate during circuit training were significantly higher (medium or large
effect size) under new rules compared with under old rules (Table 3). The differences ranged between
4.3% and 12.0% (Figure 2). Peak and average breathing rate were significantly higher during circuit
training when compared with real combat (medium or large effect size), with a smaller difference
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under old (~8%) compared with new (~15%) rules (Figure 3). The differences in breathing rate during
post-exercise recovery were not significant or the effect size was small.

The estimated energy expenditure rate during the taekwondo-specific circuit (expressed as the
percentage of expenditure at the ventilatory threshold and respiratory compensation point as well
as absolute values) was significantly higher under new rules compared with under old rules overall
(small to large effect size, 2.9-6.6% difference; Table 4 and Figure 2). The energy expenditure rate
expressed as the percentage of expenditure at exhaustion during the progressive laboratory test was
not different between rule settings. The average energy expenditure rate during the workouts was
slightly above that for the respiratory compensation point ~104-107%). Absolute, but not percentage,
energy expenditure during post-workout recovery was also significantly higher under new rules
(medium effect size). In both old and new rule settings, the energy expenditure rate was in general
higher during real combats than training circuits by ~0-6%, however, the effect size was small or even
negligible (Table 4 and Figure 3).

Pre-exercise blood lactate concentration was not different between old and new rules (Table 5).
Post-exercise values were significantly higher after training sessions administered under new rules
compared with under old rules for both absolute and percentage values (4.6-10.4% difference; Figure 2),
however, the effect size was small. Lactate levels during post-workout recovery were significantly
higher under new rules compared with under old rule settings (14.4%, medium effect size). In both
rule settings, lactate concentration was higher during tournaments than training sessions, with a small
to medium effect for measurements directly after exercise and a large effect for recovery. The difference
in post-exercise and recovery lactate concentration between training and combat increased from ~12%
to 16% and from ~25% to ~39%, respectively, after rule amendments (Figure 3).

After the change from old to new rules, a significant increase by 4.8-10.1% was revealed in the
levels of kinematic variables measured during taekwondo-specific circuits (Table 6 and Figure 2),
especially in peak activity (medium to large effect size). Moreover, in old rules, the kinematic response
to circuit training sessions was significantly weaker than the response to combat (small to large effect
size). The differences (up to ~15%) persisted into new rules—circuit training was still less intensive
than combat (medium and large effect size), except for peak activity (negligible difference).

4. Discussion

In this study, we found that the rule changes brought about visible increases in the physiological
and kinematic exercise response to taekwondo-specific circuit training sessions. Moreover, significant
differences in physiological and kinematic response to taekwondo-specific circuit sessions vs. real
tournament combat persisted after the shift from old to new rules. Importantly, there was no change in
the circuit protocol between both rule periods. However, one single but crucial qualitative modification,
imposed by new rules, was introduced by coaches. Athletes were instructed to set foot on the ground
between strikes, whereas under old rules athletes were allowed or even encouraged to remain in a fixed
body position with an elevated leg before striking. The current tackwondo technique has become more
dynamic and contains less isometric muscular activity such as keeping the leg elevated or holding the
opponent. While the coaches in our study did not plan training sessions to become more intensive,
they were forced to indirectly increase the circuit intensity after implementing new rule restrictions.
In principle, this should be seen as a positive phenomenon because the taekwondo-specific circuit is
a tool designed to prepare for exertion in real combat, which has become more intense since the rules
were changed. However, there is also a negative side. Because the intensity has risen, the coaches
should avoid a snowballing effect of cumulative training load, which has become substantially greater
than in previous rule settings. It would be beneficial to take this into account when planning workouts
and loads in a longer perspective. For example, coaches could schedule taekwondo-specific workouts
closer to off-training days to prevent excessive fatigue and resulting overload, overtraining, or injuries.

In the past, multiple research teams investigated exercise response to taekwondo-specific training
sessions [17,22-25,27,32-38] and high-intensity interval training [19-22] in male, female, cadet, junior,
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and elite adult taekwondo athletes. The training sessions required high-intensity exertion, resulting
in blood lactate concentrations of 8.0-11.4 mmol-L. 1, heart rate equal to 82-94% of the maximum,
and a very high kinematic activity. Our results, including a large number of training sessions, are in
general consistent with those studies that were only based on single or a few workouts. However,
we obtained even higher lactate and heart rate values (Table 2), especially after the rule changes.
Moreover, we characterized the exercise response with a much wider range of variables.

Our male athletes had a significantly lower oxygen uptake at the ventilatory threshold (VO,yr) at
the start of the new rules period. From the individual perspective of a particular athlete, the temporarily
lower VO,yT means that with increasing exercise intensity, anaerobic metabolic processes (glycolysis)
start to intensify earlier, including a raise in, for example, lactate levels, ventilatory equivalent for
oxygen, and fatigue. Consequently, post-exercise recovery can be somewhat prolonged. However,
during specific workouts and tournament combats, tackwondo athletes exclusively operate in the
exercise intensity range between VOZRCP and VOZmaX [5]. These indicators of ability to high-intensity
exercise were not different between both rules settings. We assume that the VOZVT was of much lesser
significance for exercise response to taekwondo-specific tasks. It also seems that it was an incidental
decline in VOzVT, related to individual athletes, rather than a regular trend across multiple tests
during the study period. In our previous report comparing combats in old and new rule settings [5],
we did not reveal significant differences in VOZVT, neither in male nor in female athletes. Moreover,
in the combined group (Table 1), the differences in aerobic capacity between old and new rules
were insignificant for all three VO, indicators. As we used data from the combined group in our
analysis, only those characteristics were relevant as the background for workout or tournament exercise.
Importantly, across the study period, we used each time reference dataset from the laboratory test
closest to a particular training session or tournament; therefore, the workout parameters were adjusted
to the current threshold or maximum aerobic parameters and any particular laboratory test was not
decisive for the obtained results.

Some studies showed that exercise mode itself (technique or type of muscle contraction) affects
physiological indices without modification of the external load. For example, in elite cross-country
skiers, running, double poling on roller skis, and skating on roller skis resulted in significantly different
heart rates and lactate concentrations, despite the same test protocol [39]. Moreover, equivalent
dynamic and isometric muscular contractions in healthy males elicited different responses, i.e., rating
of exertion, blood pressure, and rate pressure product were higher during isometric contraction,
whereas breathing frequency, minute ventilation, oxygen uptake, and carbon dioxide output were
higher during dynamic contraction [40]. In crawl swimming, it was revealed that the energy cost of
swimming increased linearly along with changes in underwater torque (one of the biomechanical
technique parameters) despite constant speed [41]. This supports the view that it is the change in
kicking mode in tackwondo athletes that modified the exercise response to circuit training sessions in
new competition rules, despite unchanged training session protocol.

There is very scarce research on the effect of rule changes on sport technique. Adam et al.
pointed out that the rule changes in judo imposed important alterations in the efficiency of hand
techniques, importance of leg techniques, as well as decline of all throwing techniques [42]. However,
their study was focused on the combat strategy (choice/frequency of techniques during tournament
combats), not on biomechanical analysis. Studies on the effect of fatigue or exercise intensity on sport
technique are also interesting. Rule changes in tackwondo brought about increases in exercise intensity,
and thus we assume that fatigue also increased. Aragones et al. found that among karate practitioners,
noticeable kinematic changes emerged with fatigue development when repeating a complex action
such as a karate front kick many times, despite the participants’ intention of performing identical
repetitions [43]. Rusidiana et al. [44] revealed that fatigue affected the quality of a header’s motor
performance in soccer. Some water sports-related studies [45—47] demonstrated that increased fatigue
was related to technique including stroke characteristics and fingertip patterns. Prieske et al. concluded
that fatigue was responsible for sex-specific knee motion strategies during jumping in elite volleyball
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players [48]. Grasaas et al. showed that high-intensity exhausting exercise resulted in less efficient
technique in country skiers [49]. Kellis at al. revealed that fatigue induced significant impairment of
soccer kick performance [50]. The above studies strongly indicate that an increase in intensity and
resulting fatigue have a significant impact on movement technique including kinematic properties and
the quality of motion. We suppose that such an effect also occurred in our taekwondo athletes.

With regards to the similarity between taekwondo-specific workout and tournament, the circuit
training we analyzed did not fully recreate the combat situation in either rules version. An acceptable
level of similarity between workout tasks and competition may be debatable. It may be also questioned
as to whether a full identity of any training exercise with real combat is possible at all. Two studies
are available on differences between real combat and taekwondo-specific training sessions, however,
the authors reached opposed conclusions. Bridge et al. [17] demonstrated that taekwondo-specific
exercise did not recreate the physiological responses of real combat (heart rate was higher by ~8% and
post-exercise LA concentration higher by ~70% compared with during specific training). In contrast,
Herrera-Valenzuela et al. [20] concluded that the training can successfully replicate the physiological
demands of the tournament. They showed similar divergences in average heart rate (~2-8%) but
much smaller differences in LA concentration (3-13%). In our study, we obtained divergences equal
to ~5% in average heart rate and ~15% in lactate, thus closer to the latter research. The problem
seems to be more complex than it appears and is not solely a matter of one or two physiological
or kinematic variables. Similarity or discrepancy between training sessions and combat depends
on a particular exercise protocol used, which may be focused either on technical/tactical skills or
athletes’ specific conditioning [17-20]. Striking the balance between the two crucial components to
find a “golden rule” is difficult. Shifting the burden to technical/tactical skills will result in lower
workout intensity (inadequate to combat conditions), whereas focusing primarily on conditioning can
result in technique deterioration. Additionally, other factors also play a role. For example, during
training sessions, our athletes were forced to hit a moving opponent instead of a training kick-bag. We
believe that the lack of a real opponent is the main constraint on combat imitation. During training
sessions, athletes are usually not exposed to the risk of being hit upon by an opponent and, thus,
are less emotionally involved. Bridge et al. [17]. observed a much higher increase in post-exercise
blood adrenaline and noradrenaline levels during real combat than training sessions in international
taekwondo athletes (4.5-4.8-fold difference), which suggests that the high-stress response present
during official competition is hard, if not impossible, to fully recreate during simulated exercise. This
may explain the differences in kinematic and physiological indices between combat and training
sessions in our study, persisting despite the increase in circuit intensity after the rules change.

The discrepancies between training and combat may be unavoidable, however, they can
be diminished by appropriate modification of quantitative and qualitative exercise parameters.
Quantitative parameters, such as volume (exercise time, number of series/sets or repetitions), intensity
(kicking frequency), and intervals between series/sets (short, long), are relatively easy to recreate
during training. Qualitative parameters such as kicking techniques and their variations, non-fighting
activities, opponent’s presence, and emotional involvement seem to be more challenging to imitate,
but they could be crucial. In sports practice, it is important to design such a training protocol that,
on the one hand, mimics the technical and tactical characteristics of real combat and, on the other hand,
can replicate the kinematic and physiological response to combat. The appropriate balance between
kinematic, physiological, technical, and tactical requirements ensures that tackwondo-specific exercise
will be effective. An excessive emphasis on any of the above aspects may result in the loss of exercise
specificity (similarity to real combat).

In our study, the breathing rate during training sessions significantly increased in new rules
and was the only variable for which the discrepancy between training and combat deepened. In our
previous study [5], athletes faced problems with low breathing frequency during combat. Unrestricted
breathing is not possible during tournaments due to body dynamic movements, frequent explosive
kicks, hand strikes, and blocks—all based on the Valsalva maneuver, i.e., the forceful attempt to exhale
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against a closed airway (holding the breath) to stabilize the trunk. Hence, breathing frequency is
limited in combat as opposed to training where athletes can breathe relatively free. The breathing
rate during circuit workouts increased after the rules change, whereas breathing during combat was
limited. As a consequence, the “breathing gap” between the taekwondo-specific circuit and real combat
widened. In new rules, we also observed a significant increase in workout variables measured after
recovery, especially lactate levels, accompanied by a decrease in the discrepancies between training
and combat. It seems that post-session fatigue persisted longer in the new than old rules period.

The results of our study can be seen from a broader perspective. In any sports discipline, the rule
changes directly or indirectly affect specific training exercise load, not only the exertion during
competition. Because the rule changes are an inevitable part of the development of virtually all sports,
it would be beneficial to conduct similar research in other sports to reveal the discipline-specific
direction and magnitude of effects. Coaches should be aware of rule changes and prepare their athletes
for training intensity of a different magnitude than before. As revealed in this study, rule amendments
have a direct impact on exercise response to discipline-specific workouts. Thorough recreation of real
combat situations seems to be necessary to prepare athletes for the modified exercise load imposed by
new rules. Recreating quantitative parameters (intensity, repetitions, etc.) is less cumbersome than
qualitative factors (e.g., opponent, emotional stress). Coaches should be aware that differences in
exercise response between competition and training sessions can be mitigated but will persist. Any
changes in movement technique induced by rule amendments should be seriously taken into account
when designing discipline-specific workouts.

Finally, the uniform nationality and club affiliation of the examined athletes may be seen as
a limitation because one cannot be sure how other groups of taekwondo athletes have physiologically
responded to the rule changes. Undoubtedly, local (national, club) factors could be moderators of the
change in exercise response between the old and new rules. However, there are some arguments that
our results can be generalized to a large extent. Having a homogenous group, we avoided the effect of
some confounding factors. In a mixed group (various countries or sports clubs), it would be difficult to
separate the “local” effects (specific coaching staff, different training methods/programs/schedules,
social and physical environment, etc.) from the real effect of the rule changes. In our study, rule changes
were “isolated”, and three potentially confounding factors were controlled statistically. Importantly,
after the rule changes, the same structure of the taekwondo-specific circuit training was maintained,
as well as the same coaching staff. This may be considered as a strength in the context of the study
goal. Moreover, we examined individuals on a certain sports level who can be representative of the
cohort of highly trained internationally experienced taekwondo athletes. The rule changes apply to
taekwondo athletes worldwide, and thus they all have to adjust their technique and, most likely, they
experience the same associated intensification of exertion in physiological and biomechanical terms.

5. Conclusions

After the competition rules change, the intensity of the taekwondo-specific circuit training sessions
significantly increased due to modifications in the kicking technique itself without any change in
exercise volume, repetitions, and exercise or rest duration. Moreover, the significant differences in
exercise response between taekwondo-specific circuit training and real combat persisted or even
deepened. Our study suggests that the amendments in sports regulations significantly modify the
exercise response to specific training loads and that training sessions do not fully recreate the real
combat situation.

Author Contributions: Conceptualization, M.]. and K.K.; methodology, M.]J. and K.K,; software; M.].; validation,
M.].; formal analysis, M.].; investigation, M.]., ].Z., M.C.-S., A.S., and K.K; resources, M.]., ].Z.,, M.C.-S,, A.S,,
and K.K,; data curation, M.J.; writing—original draft preparation, M.J.; writing—review and editing, J.Z., M.C.-S.,
A.S., and K.K;; visualization, M.]. and K.K.; supervision, K.K.; project administration, K.K. and J.Z.; funding
acquisition, J.Z. and K.K. All authors have read and agreed to the published version of the manuscript.



Int. |. Environ. Res. Public Health 2020, 17, 6779 16 of 18

Funding: This work was supported by funding from the Polish Ministry of Science and Higher Education under
grants RSA2 041 52 and N RSA3 03653.

Acknowledgments: The authors express their sincere thanks to the officials of World Taekwondo, World
Taekwondo Europe, Polish Taekwondo Union, and other national taekwondo associations that made this research
possible. Special thanks to the coaches and their outstanding athletes for participating in this study.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Arias, ].L.; Argudo, EM.; Alonso, ].I. Review of rule modification in sport. J. Sports Sci. Med. 2011, 10, 1-8.
[PubMed]

Eaves, S.J.; Hughes, M.D.; Lamb, K.L. Assessing the impact of the season and rule changes on specific match
and tactical variables in professional rugby league football in the United Kingdom. Int. J. Perform. Anal.
Sport 2008, 8, 104-118. [CrossRef]

Ben Abdelkrim, N.; El Fazaa, S.; El Ati, J. Time-motion analysis and physiological data of elite
under-19-year-old basketball players during competition. Br. J. Sports Med. 2007, 41, 69-75. [CrossRef]
[PubMed]

Halouani, J.; Chtourou, H.; Dellal, A.; Chaouachi, A.; Chamari, K. Physiological responses according to rules
changes during 3 vs. 3 small-sided games in youth soccer players: Stop-ball vs. small-goals rules. . Sports
Sci. 2014, 32, 1485-1490. [PubMed]

Janowski, M.; Zieliniski, J.; Kusy, K. Exercise response to real combat in elite tackwondo athletes before and
after competition rule changes. J. Strength Cond. Res. 2019. Online ahead of print. [CrossRef]

Matthew, D.; Delextrat, A. Heart rate, blood lactate concentration, and time-motion analysis of female
basketball players during competition. J. Sports Sci. 2009, 27, 813-821. [CrossRef]

Meir, R.; Colla, P,; Milligan, C. Impact of the 10-meter rule change on Professional Rugby League: Implications
for training. Strength Cond. . 2001, 23, 42—46.

Murray, S.; James, N.; Hughes, M.D.; Pers, J.; Mandeljc, R.; Vu¢kovié, G. Effects of rule changes on physical
demands and shot characteristics of elite-standard men’s squash and implications for training. J. Sports Sci.
2006, 34, 2170-2174. [CrossRef]

Vickery, W.; Dascombe, B.; Duffield, R.; Kellett, A.; Portus, M. The influence of field size, player number
and rule changes on the physiological responses and movement demands of small-sided games for cricket
training. J. Sports Sci. 2013, 31, 629-638. [CrossRef]

Gastin, P.B.; Allan, M.D.; Bellesini, K.; Spittle, M. Rule modification in junior sport: Does it create differences
in player movement? J. Sci. Med. Sport 2017, 20, 937-942. [CrossRef]

Platanou, T.; Geladas, N. The influence of game duration and playing position on intensity of exercise during
match-play in elite water polo players. J. Sports Sci. 2006, 24, 1173-1181. [CrossRef]

Jae-Ko, Y,; Chang, Y.; Rhee, Y.-C.; Valacih, ].S.; Hur, Y.; Park, C. Value-based stakeholder loyalty toward sport
technology a case of the electronic body protector and scoring system in tackwondo events. RICYDE: Revista
Internacional de Ciencias del Deporte 2014, 10, 46-62.

Moenig, U. Rule and equipment modification issues in World Taekwondo Federation (WTF) competition.
Ido Mov. Cult. . Martial Arts Anthrop. 2015, 15, 3-12.

Moenig, U. Dominant features and negative trends in the current World Taekwondo Federation (WTF)
competition system. Ido Mov. Cult. ]. Martial Arts Anthrop. 2017, 7, 56—67.

Woo, ].H.; Ko, ].Y.; Choi, E.Y.; Her, ].G.; O’Sullivan, D.M. Development and evaluation of a novel taekwondo
chest protector to improve mobility when performing axe kicks. Biol. Sport 2013, 30, 51-56. [CrossRef]
[PubMed]

World Taekwondo. Competition Rules and Interpretation. Available online: http://www.worldtaekwondo.
org (accessed on 15 May 2017).

Bridge, C.A.; McNaughton, L.R.; Close, G.L.; Drust, B. Taekwondo exercise protocols do not recreate the
physiological responses of championship combat. Int. J. Sports Med. 2013, 34, 573-581. [CrossRef]
Obminski, Z.; Lerczak, K.; Witek, K.; Pintera, M.; Blach, W.; Szczuka, E. Blood lactate level and perceptual
responses (RPE) to an official fight and to a sparing in male tackwondo contestants. Pol. ]. Sports Med. 2011,
4,283-287. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/24149289
http://dx.doi.org/10.1080/24748668.2008.11868452
http://dx.doi.org/10.1136/bjsm.2006.032318
http://www.ncbi.nlm.nih.gov/pubmed/17138630
http://www.ncbi.nlm.nih.gov/pubmed/24716549
http://dx.doi.org/10.1519/JSC.0000000000003110
http://dx.doi.org/10.1080/02640410902926420
http://dx.doi.org/10.1080/02640414.2016.1216155
http://dx.doi.org/10.1080/02640414.2012.744080
http://dx.doi.org/10.1016/j.jsams.2017.02.009
http://dx.doi.org/10.1080/02640410500457794
http://dx.doi.org/10.5604/20831862.1029822
http://www.ncbi.nlm.nih.gov/pubmed/24744466
http://www.worldtaekwondo.org
http://www.worldtaekwondo.org
http://dx.doi.org/10.1055/s-0032-1327578
http://dx.doi.org/10.5604/1232406X.979556

Int. |. Environ. Res. Public Health 2020, 17, 6779 17 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Franchini, E.; Cormack, S.; Takito, M.Y. Effects of high-intensity interval training on Olympic combat sports
athletes” performance and physiological adaptation: A systematic review. ]. Strength Cond. Res. 2019,
33, 242-252. [CrossRef]

Herrera-Valenzuela, T.; Zapata-Bastias, J.; Guajardo-Medrano, M.; Pons-Vargas, G.; Valdés-Badilla, P.; Ferreira
Da Silva Santos, J.; Garcia-Hermoso, A.; Lopez-Fuenzalida, A.; Franchini, E.; Orihuela, P. Can simulation
tasks reproduce the taekwondo match physiological responses? Arch. Budo 2018, 14, 25-31.

Laursen, P.B. Training for intense exercise performance: High-intensity or high-volume training? Scan. J.
Med. Sci. Sports 2010, 20, 1-10. [CrossRef]

Monks, L.; Seo, M.W.; Kim, H.B.; Jung, H.C.; Song, ].K. High-intensity interval training and athletic
performance in taekwondo athletes. J. Sports Med. Phys. Fit. 2017, 57, 1252-1260.

Boubhlel, E.; Jouini, A.; Gmad, N.; Nefzi, A.; Abdallah, K.B.; Tabka, Z. Heart rate and blood lactate responses
during taekwondo training and competition. Sci. Sports 2006, 21, 285-290. [CrossRef]

Casolino, E.; Cortis, C.; Lupo, C.; Chiodo, S.; Minganti, C.; Capranica, L. Physiological versus psychological
evaluation in taekwondo elite athletes. Int. J. Sports Physiol. 2012, 7, 322-331. [CrossRef] [PubMed]
Chiodo, S.; Tessitore, A.; Lupo, C.; Ammendolia, A.; Cortis, C.; Capranica, L. Effects of official youth
taekwondo competitions on jump and strength performance. Eur. J. Sport Sci. 2012, 12, 113-120. [CrossRef]
Nana, A.; Slater, G.J.; Hopkins, W.G.; Burke, L.M. Effects of daily activities on dual-energy X-ray
absorptiometry measurements of body composition in active people. Med. Sci. Sport Exerc. 2012,
44,180-189. [CrossRef] [PubMed]

Bridge, C.A.; Jones, M.A,; Drust, B. The activity profile in international taekwondo competition is modulated
by weight category. Int. J. Sports Physiol. 2011, 6, 344-357.

Matsushige, K.A.; Hartmann, K.; Franchini, E. Taekwondo: Physiological responses and match analysis.
J. Strength Cond. Res. 2009, 23, 1112-1117. [CrossRef]

Hailstone, ].; Kilding, A.E. Reliability & validity of the Zephyr Bioharness to measure respiratory responses
to exercise. Meas. Phys. Educ. Exerc. Sci. 2011, 15, 293-300.

Johnstone, J.A.; Ford, P.A.; Hughes, G.; Watson, T.; Mitchell, A.C.; Garrett, A.T. Field based reliability and
validity of the Bioharness multivariable monitoring device. . Sports Sci. Med. 2012, 11, 643-652.

Nazari, G.; Bobos, P.; MacDermid, J.C.; Sinden, K.E.; Richardson, ].; Tang, A. Psychometric properties of the
Zephyr bioharness device: A systematic review. BMC Sports Sci. Med. 2018, 10, 1-8. [CrossRef]

Bridge, C.A.; Jones, M.A,; Hitchen, P; Sanchez, X. Heart rate responses to tackwondo training in experienced
practitioners. J. Strength Cond. Res. 2007, 21, 718-723.

Bridge, C.A.; Santos, ].ED.; Chaaben, H.; Pieter, W.; Franchini, E. Physical and physiological profiles of
taekwondo athletes. Sports Med. 2014, 44, 713-733. [CrossRef] [PubMed]

Haddad, M.; Chaouachi, A.; Wong, D.P; Castagna, C.; Chamari, K. Heart rate responses and training load
during nonspecific and specific aerobic training in adolescent taekwondo athletes. J. Hum. Kinet. 2011,
26, 59-66.

Kim, H.B.; Stebbins, C.H.; Chai, ].H.; Song, J.K. Taekwondo training and fitness in female adolescents.
J. Sports Sci. 2011, 29, 133-138.

Melhim, A.F. Aerobic and anaerobic power responses to the practice of taekwon-do. Br. J. Sports Med. 2011,
35,231-235.

Mota, G.R.; Magalhaes, C.G.; Azevedo, PH.S.M.; Ide, B.N.; Lopes, C.R.; Castardelli, E.; Baldissera, V.V.
Lactate threshold in taekwondo through specifics tests. J. Exerc. Physiol. Online 2011, 14, 60-66.

Nikolaidis, T.P.; Chtourou, H.; Torres-Luque, G.; Tasiopulos, I.G.; Heller, J.; Padulo, J. Effect of a six-week
preparation period on acute physiological responses to a simulated combat in young national-level taekwondo
athletes. . Hum. Kinet. 2015, 47, 115-125.

Larson, A.J. Variations in heart rate at blood lactate threshold due to exercise mode in elite cross-country
skiers. |. Strength Cond. Res. 2006, 20, 855-860.

Weippert, M.; Behrens, M.; Gonschorek, R.; Bruh, S.; Behrens, K. Muscular contraction mode differently
affects autonomic control during heart rate matched exercise. Front. Physiol. 2015, 6, 156-164.

Zamparo, P.; Capelli, C.; Termin, B.; Pandergast, D.R. Effect of the underwater torque on the energy cost,
drag and efficiency of front crawl swimming. Eur. ]. Appl. Physiol. 1996, 73, 195-201.


http://dx.doi.org/10.1519/JSC.0000000000002957
http://dx.doi.org/10.1111/j.1600-0838.2010.01184.x
http://dx.doi.org/10.1016/j.scispo.2006.08.003
http://dx.doi.org/10.1123/ijspp.7.4.322
http://www.ncbi.nlm.nih.gov/pubmed/22694946
http://dx.doi.org/10.1080/17461391.2010.545837
http://dx.doi.org/10.1249/MSS.0b013e318228b60e
http://www.ncbi.nlm.nih.gov/pubmed/22179140
http://dx.doi.org/10.1519/JSC.0b013e3181a3c597
http://dx.doi.org/10.1186/s13102-018-0094-4
http://dx.doi.org/10.1007/s40279-014-0159-9
http://www.ncbi.nlm.nih.gov/pubmed/24549477

Int. |. Environ. Res. Public Health 2020, 17, 6779 18 of 18

42.

43.

44.

45.

46.

47.

48.

49.

50.

Adam, M.; Tabakov, S.; Klimowicz, P.; Paczoska, B.; Laskowski, R.; Smaruj, M. The efficiency of judo
techniques in the light of amendments to the rules of a sports contest. J. Combat Sports Mart. Art. 2012,
2,115-120. [CrossRef]

Aragones, D.; Eekhoff, A.; Horst, F.; Schollhorn, W.I. Fatigue-related changes in technique emerge at different
timescales during repetitive training. J. Sports Sci. 2018, 36, 1296-1304. [CrossRef] [PubMed]

Rusidiana, A.; Rohmat, N.D.; Ray, H.R.; M Syahid, A.M. Effect of fatigue on the kinematic variables of jump
header performance in soccer. J. Phys. Educ. 2020, 20, 649-657.

Figueiredo, P.; Nazario, R.; Sousa, M.; Pelargio, ].G.; Vilas-Boas, J.P.; Fernandes, R. Kinematical analysis along
maximal lactate steady state swimming intensity. J. Sports Sci. Med. 2014, 13, 610-615.

Bassan, N.M.; César, T.E.A.S.; Denadai, B.S.; Greco, C.C. Relationship between fatigue and changes in swim
technique during an exhaustive swim exercise. Inf. J. Sports Phys. Perform. 2016, 11, 33-39. [CrossRef]
[PubMed]

Aujouannet, Y.A.; Bonifazi, M.; Hintzy, F,; Vuillerme, N.; Rouard, A.H. Effects of a high-intensity swim test
on kinematic parameters in high-level athletes. Appl. Physiol. Nutr. Metab. 2006, 31, 150-158. [CrossRef]
Prieske, O.; Demps, M.; Lesinski, M.; Granacher, U. Combined effects of fatigue and surface instability on
jump biomechanics in elite athletes. Int. J. Sports Med. 2017, 38, 781-790. [CrossRef]

Grasaas, C.A.; Ettema, G.; Hegge, A.M.; Skovereng, K.; Sandbakk, O. Changes in technique and efficiency
after high-intensity exercise in cross-country skiers. Int. ]. Sports. Physiol. Perform. 2014, 9, 19-24. [CrossRef]
Kellis, E.; Katis, A.; Vrabas, S. Effects of an intermittent exercise fatigue protocol on biomechanics of soccer
kick performance. Scand. J. Med. Sci. Sports 2016, 16, 334-344. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.5604/20815735.1047658
http://dx.doi.org/10.1080/02640414.2017.1374758
http://www.ncbi.nlm.nih.gov/pubmed/28892460
http://dx.doi.org/10.1123/ijspp.2014-0310
http://www.ncbi.nlm.nih.gov/pubmed/25848804
http://dx.doi.org/10.1139/h05-012
http://dx.doi.org/10.1055/s-0043-111894
http://dx.doi.org/10.1123/ijspp.2013-0344
http://dx.doi.org/10.1111/j.1600-0838.2005.00496.x
http://www.ncbi.nlm.nih.gov/pubmed/16978253
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Design 
	Laboratory Data Collection 
	Data Collection during Taekwondo-Specific Workouts and Tournaments 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

