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Background/Objectives: The influence of post-exercise cooling on recovery has gained much attention in
the empirical literature, however, data is limited in regards to optimizing recovery from taekwondo
performance when combat is repeated in quick succession within the same day. The aim of this study
was therefore to compare the effects of external and internal cooling after simulated taekwondo combat
upon intestinal temperature (Tint), psychomotor skills (reaction time, response time, movement time),
and neuromuscular function (peak torque, average power, time to reach peak torque).
Methods: Using a randomized counterbalanced crossover design, 10 well-trained male taekwondo ath-
letes completed four recovery methods on separate occasions: passive recovery (CON), a 5-minute
thermoneutral water immersion (35�C) (TWI), a 5-min cold water immersion (15�C) (CWI), and ice
slurry ingestion (-1�C) (ICE; consumed every 5 min for 30 min). Heart rate (HR), blood lactate (Blac)
concentrations, and Tint were determined at rest, immediately after combat, and at selected intervals
during a 90-min recovery period. Neuromuscular functional (measured with isokinetic dynamometer)
and psychomotor indices were assessed at baseline and after the recovery period.
Results: ICE led to a significantly lower Tint at 30 min (P<0.01) and 45 min (P<0.01) after simulated
combat; 15-30 min after cessation of ingesting ice slurry, compared with the CON and TWI conditions,
respectively. However, there were no differences in Tint across time points between the other conditions
(P>0.05). Psychomotor skills and neuromuscular function indices returned to baseline values after the 90
min recovery period (P>0.05) with no differences observed between conditions (P>0.05).
Conclusion: The present findings suggest that internal (ICE) and external (CWI) recovery methods appear
to have little impact on physiological and functional indices over the time course required to influence
repeated taekwondo combat performance.

© 2023 The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier
(Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Taekwondo is amodern Olympic combat sport that is comprised
of three rounds (2 min per round) per match interspersed with
1 min of rest between each round, and completion of up to four
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matches in a single day to reach a final.1 During competition,
taekwondo athletes wear a uniform (Dobok) and protective
equipment comprising of a trunk protector, groin guard, forearm
guard, shin guard, hand protector, sensing socks, gloves, and
mouthpiece.2 Similar to the uniform and protective equipment in
American football, this protective equipment may limit heat loss
and increase the thermal strain of athletes during performance.3

Therefore, optimizing recovery is an important consideration for
taekwondo athletes, particularly when limited time is provided
between consecutive matches.
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A high core temperature can increase physiological strain and
decrease performance3; higher core temperatures demonstrated to
decrease central nervous system function and muscle function.4 In
an attempt to maintain optimal performance, athletes may apply
strategies to lower their core temperature and reduce muscular
fatigue during the rest period between competitive matches.5

Indeed, this can be considered particularly important in taek-
wondo, with multiple matches within a single day separated by as
little as ~1 h during the recent Tokyo Olympic games.6 The cumu-
lative heat stress may be hypothesized to lead to fatigue during
intra-day taekwondo competition bouts and may be further be
exacerbated by weight-making strategies (sauna, fluid restriction)
that are employed to gain a potential competitive advantage.

Cooling techniques that are widely used to decrease core tem-
perature after exercise have included external cooling techniques,
such as cold-water immersion (CWI)7 and cooling vests,8 and in-
ternal cooling techniques, such as ice slurry (ICE)9,10 and cold-water
ingestion.9 External cooling techniques provide a cooling effect on
muscle tissue, resulting in a greater reduction in rectal, muscle, and
skin temperature after exercise.7 In contrast, internal cooling de-
creases core temperaturewithout affecting skin temperature.11 This
may be beneficial as cooling the skin and muscle tissue may result
in reduced nerve conduction properties12 which subsequently
impact neuromuscular performance when the next taekwondo
match is completed in quick succession. Internal cooling may also
initially increase the rate of reduction in core temperature
compared with short-duration CWI (i.e., <15 min) which activates
shivering thermogenesis in an attempt to maintain core tempera-
ture.13 Moreover, the conductive heat transfer kinetics associated
with CWI lowers deep muscle tissue over time14; likely causing an
after-drop in core temperature.15 Nevertheless, heat stress and ef-
ficacy of between-match cooling strategies remains to be estab-
lished in taekwondo athletes,11 with the magnitude and time-
course of core temperature reductions following CWI and ICE ap-
plications, and impact on physiological and neuromuscular re-
sponses, not well documented.

We aimed to compare the effects of CWI and ICE cooling
methods, seated rest (CON) and thermoneutral water immersion
(TWI) after simulated taekwondo combat upon physiological,
psychomotor, and neuromuscular function. We hypothesized that
internal cooling with ICE would initially lower intestinal tempera-
ture (Tint) at a faster rate compared with CWI, CON and TWI,
however, ICE and CWI would be practically equivalent at 1 h post-
intervention. We also hypothesized that external cooling with CWI
would lead to decreased psychomotor and neuromuscular function
compared with ICE, CON and TWI.

2. Methods

2.1. Ethical approval

The study was approved by the Mahidol University Institutional
Review Board (MU-CIRB 2016/062.0804), with all procedures per-
formed in accordance with the latest revision of the declaration of
Helsinki. Participants were briefed on the experimental procedures
and potential risks of the study before providing their written
informed consent to participate.

2.2. Participants

Ten experienced male taekwondo athletes (age, 20 ± 1 yr;
height, 1.69 ± 0.2 m; body mass, 74.7 ± 13.0 kg; taekwondo expe-
rience, 8 ± 1 yr) volunteered to participate in this study. Partici-
pants were excluded from the study if they were currently taking
any pharmacological medications, had an allergy to the cold,
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history of cardiovascular or neurological disease, or an existing
musculoskeletal injury. The participants were requested to abstain
from alcohol and caffeine-containing beverages for at least 24 h
before the commencement of experimental testing and to avoid
strenuous exercise within 48 h of commencing the experimental
protocol. Due to the exploratory nature of our study, a formal
sample size estimation is not presented. The sample size of 10
participants is primarily based on available resources and is
representative of similar within-subject designs within this
domain.16

2.3. Experimental design

A randomized counterbalanced repeated measures design was
employed requiring participants to report to the laboratory on five
separate occasions: one familiarization session and four experi-
mental sessions separated by at least seven days.17 The participants
were briefed on the experimental procedures and recovery in-
terventions during the familiarization session. All experimental ses-
sions were performed at the same time of day to limit the potential
effects of circadian rhythm on physiological (and psychomotor and
neuromuscular) measurements18 and performed at the same envi-
ronmental temperature (~27 �C) and relative humidity (60e65%).

Upon arrival at the laboratory, participants were asked to
change into their Dobok and had a chest heart rate telemetry belt
fitted before resting semi-reclined for �20 min to ensure resting
physiological status (heart rate, and blood pressure) were stabi-
lized.14 Baseline heart rate, Tint, and blood lactate were recorded
and the participants were then asked to complete a psychomotor
skill test and neuromuscular assessments. The participants then
performed simulated taekwondo combat against their coach and
were subsequently moved from the laboratory to the recovery
room. The transition time, including rest before commencing the
recovery intervention, was approximately 10 min, anecdotally
mimicking common practice for taekwondo athletes. Recovery in-
terventions were then performed with participants randomized to
receive passive recovery (CON), 5-min thermoneutral water im-
mersion at 35 �C (TWI), 5-min CWI at 15 �C, or ICE (�1 �C) in a
counterbalanced order. Upon completion of the recovery inter-
vention, the participants were asked to rest in a seated period for
90-min (recovery period) to mimic the typical recovery duration
during taekwondo competitions.19 Intestinal temperature (Tint) and
heart rate (HR) measurements were continuously monitored. Blood
lactate (Blac) concentrations were measured at baseline, immedi-
ately post-exercise, and at 15min, 30min, 60 min, and 90min post-
intervention. Psychomotor skills and neuromuscular function were
assessed at baseline and the end of the 90 min recovery period. A
schematic of the experimental design is displayed in Fig. 1.

2.4. Simulated taekwondo combat

The simulated taekwondo combat was performed in accordance
with World Taekwondo Federation (WTF) official rules.2 The pro-
tocol consisted of three rounds of 2minwork bouts with a 1min rest
period between rounds (passive recovery sat on a chair). To simulate
competition, participants wore their Dobok, and protective head-
gear, trunk protector, groin guard, forearm guards, shin guards, hand
protector, socks, gloves, and mouthpiece, and performed combat
against their coach. The combat movements consisted of both de-
fense and offense techniques to elicit ~85e95% heart rate maximum
(%HRmax).20 In line with past research,21 a 1:7 ratio of high-intensity
(combat) to low-intensity (non-combat) action was employed for
the simulated protocol. High-intensity actions corresponded to
kicking and punching techniques whereas low-intensity actions
included slide, bounce, and step movements.



Fig. 1. Schematic of the experimental protocol. Blac, blood lactate; CON, control; TWI, thermoneutral water immersion (35 �C), CWI cold water immersion (15 �C); ICE, ice slurry
ingestion (�1 �C); TKD, taekwondo.
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2.5. Recovery interventions

In the CON condition, participants passively recovered in a
seated position throughout the recovery period. In the CWI con-
dition, participants were immersed semi-reclined in water up to
the anterior superior iliac spine at a water temperature of 15 �C for
5 min. This duration has been reported to be effective in lowering
body temperature, and CWI at 15 �C is reportedly well-tolerated.22

In TWI, the water temperature was set at 35 �C for 5 min and was
chosen to allow comparisonwith CWI via accounting for the effects
of hydrostatic pressure (i.e., only compare temperature effects).23

After completing 5 min of immersion, participants were towel-
dried, moved to the laboratory, and then seated for the remainder
of the recovery period. During CON, TWI, and CWI, participants
drank 7.5 g/kg BM of warm sports drink (37 �C, Sponsor®, sucrose
7.0%, dextrose 4.0%, NaCl 0.13%, KCl 0.03%). A temperature of 37 �C
was chosen for the sports drink to ensure thermal balance.24 For the
ICE session, participants passively recovered in a seated position
and ingested 7.5 g/kg BM of ice slurry prepared from the sports
drink (aforementioned) using a commercially available ice blender
(Philips, HR2115, 600 W). To ensure a consistent hydration status
between interventions, the rate of ingestion was similar across all
recovery interventions: boluses of 1.25 g/kg BM were taken once
every 5 min between the 10th and 35th minutes of the recovery
period (i.e., 6 times).25
2.6. Physiological measurements

2.6.1. Intestinal temperature
Participants were asked to ingest a telemetric thermometer

capsule (CorTemp®, HQ Inc., FL, U.S.A.) 6 h before each experi-
mental session. The ingestible temperature pill was checked for
288
location in the gastrointestinal tract upon the participants' arrival
at the laboratory. The sensor pill datawas recorded via a data logger
which was worn around the waist of each participant throughout
experimental testing.

2.6.2. Blood lactate
Blac concentration was measured using a fingertip blood sample

and analyzed using a portable analyzer (Lactate Scoutþ, EKF
Diagnostic, Barleben, Germany). The tip of the index finger was
swabbed with an alcohol swab (Alcohol Pad, 3 M, MN, U.S.A.) and
pricked with a lancet (Accu-Chek Safe-T Pro Plus, Roche Di-
agnostics, U.S.A.). The fingertip was then squeezed to expose a drop
of blood and wiped clean with a tissue. The fingertip was squeezed
again and a ~0.7 ml blood sample was collected on the test strip for
analysis.

2.6.3. Heart rate
HR was recorded using a heart rate wrist monitor and telemetry

chest strap (Polar, RS800 Polar Electro Oy, Kempele, Finland). HR
values were averaged over 1 min at the end of baseline, immedi-
ately post-exercise, and every 15 min until the completion of the
recovery period.

2.7. Psychomotor skills

Participants performed five-round kicks against a target using
both the dominant and non-dominant legs in a randomized order,
separated by a 30-s rest between kicks. A movement sensor pad
and the sensor target were connected to a computer, and a light
stimulus was used to indicate when the participant should kick the
target. The participants' heels were placed on themovement sensor
pad to determine the movement of the foot, and the sensor target
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was used to record the moment of impact. The target of the round
kick was set around the abdominal area, and the participant's
trochanteric height (the full length from the trochanter to the floor)
was measured to determine the distance to the target. Response
time was determined as the total time between the light stimulus
and contact with the sensor target. Reaction time was defined as
the time between the light stimulus and the movement of the foot
from the sensor pad. Movement time was calculated from the re-
action time subtracted from the response time and represented the
time between the movement of the foot from the sensor pad to
contact with the sensor target. For each test, the quickest and
slowest kicks were excluded, and the test score was defined as the
mean of the three remaining kicks.21
2.8. Neuromuscular function

An isokinetic dynamometer (Biodex System 3; Biodex Medical,
Inc., Shirley, NY, USA) was used to assess neuromuscular function.
As previously described,26 participants were strapped into the
dynamometer in a seated position with the lateral femoral condyle
of the dominant knee used as the anatomical reference for the axis
of rotation. The pad of the lever arm was placed proximal to the
medial malleolus and a gravity correction was applied to account
for the mass of the lever arm. Following 10 submaximal contrac-
tions (warm-up), the knee extensors and flexors were concentri-
cally measured at an angular velocity of 60�s�1 using 5 maximal
voluntary contractions.26 Indices of peak torque, average power,
and time to attain peak torque were all recorded. The same pro-
cedure was repeated on the non-dominant leg. During the test,
participants were verbally encouraged and allowed to view their
torque graphs as a form of visual feedback.
2.9. Data processing and statistical analyses

A random intercept linear mixed model (estimated using REML
and BOBYQA optimizer) was used to examine differences between
conditions across time points. Standard residual diagnostics were
performed via visual inspection of the residual plots. For physio-
logical (Tint, Blac, and HR), psychomotor (reaction time, response
time, movement time), and functional performance (peak torque,
average power, time to peak torque) variables, fixed effects
included condition [CON, TWI, CWI, ICE], time [baseline, post-bout,
post 15 min, post 30 min, post 45 min, post 60 min, post 75 min,
post 90 min] and leg [dominant, non-dominant] in the model
(formula: outcome ~ condition * time *leg) where appropriate. The
model random effects included participant as the random effect
(formula: ~1 | subject). When significant main effects were found,
post hoc pairwise comparisons were performed using a Holm
correction and the estimated marginal means were interpreted.
Statistical significance was accepted at the P � 0.05 level. All data
are presented as mean ± 95% confidence intervals [95% CI] unless
otherwise stated. Effects sizes are also reported for main effects and
expressed at partial eta squared (hp

2), with 0.01, 0.06, and 0.14
representative of a small, medium, and large effects, respectively.27

Estimated marginal means and lower and upper 95% confidence
intervals were obtained from the linear mixed model to support
inferences related to practical equivalence at 60 min post-
intervention. Equivalence thresholds were based upon an observ-
able 0.1 �C difference between conditions (ingestible temperature
pill accuracy is ±0.1 �C).28 If either the upper or lower 95% CI
bounds included the pre-determined equivalence thresholds,
conditions were declared practically equivalent. Statistical analyses
and figure production were undertaken using the R statistical
framework (version 4.0, R Foundation for Statistical Computing).
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3. Results

3.1. Physiological response

3.1.1. Intestinal temperature
A significant main effect of condition (F(3,279) ¼ 17.85; P < 0.001;

hp
2 ¼ 0.16) and time (F(7,279) ¼ 144.51; P < 0.001; hp

2 ¼ 0.78) were
observed for Tint. There was also a significant interaction between
condition x time (F(21,279) ¼ 2.08; P < 0.01; hp

2 ¼ 0.14). Tint was
similar between all conditions at baseline (P > 0.05; Fig. 2A) and at
the end of the simulated taekwondo combat (P > 0.05; Fig. 2A). At
30e45 min during recovery, Tint was significantly lower in the ICE
condition compared with CON (P < 0.05) and TWI (P < 0.01; Fig. 2.
A) conditions, respectively. Tint values subsequently remained
similar between conditions until the end of the 90-min period
(P > 0.05; Fig. 2. A). At the 60 min post-intervention time point,
differences in intestinal temperature were practically equivalent
between all conditions (Fig. 2. B).

3.1.2. Heart rate
The main effect of condition on HR was significant

(F(3,279) ¼ 3.08; P ¼ 0.028; hp
2 ¼ 0.03). HR values in the CWI con-

dition were generally lower throughout the recovery period
compared with the CON (P ¼ 0.031; Fig. 3. A). There was also a
significant main effect for time on HR (F(7,279) ¼ 1213.94; P < 0.001;
hp
2 ¼ 0.97). HR generally increased after completion of the simu-

lated taekwondo combat (P < 0.001) before rapidly decreasing
during the first 15 min of the recovery (P < 0.001) and stabilizing
until the end of the 90 min period; yet remained above baseline
values (P < 0.001; Fig. 3. A). There was no significant interaction
between condition x time (F(21,279) ¼ 0.52; P ¼ 0.963; hp

2 ¼ 0.04) for
HR observed.

3.1.3. Blood lactate
A significant main effect for time (F(5,207) ¼ 208.18; P < 0.001;

hp
2 ¼ 0.97) was observed for lactate concentration. Lactate con-

centration levels were generally elevated (P < 0.001) immediately
at the end of the simulated taekwondo combat before gradually
decreasing but remaining above baseline values at the end of
90 min recovery period (P < 0.001; Fig. 3. B). There were no sig-
nificant main effects noted for condition (F(3,207) ¼ 2.15; P ¼ 0.096;
hp
2 ¼ 0.03) or condition � time interaction (F(15,207) ¼ 0.52;

P ¼ 0.927; hp
2 ¼ 0.04).

3.2. Psychomotor skills

The main effect of time on response time was significant
(F(1,135) ¼ 37.74; P < 0.001; hp

2 ¼ 0.22). When performing a round
kick, response times were generally quicker at the end of the
90 min recovery period (P < 0.001; Table 1). There were no sig-
nificant main effects for condition (F(3,135) ¼ 0.47; P ¼ 0.702;
hp
2 ¼ 0.01) or interaction between condition x leg x time

(F(3,135) ¼ 0.30; P ¼ 0.829; hp
2 ¼ 0.01; Table 1).

Similarly, the main effect of time on reaction time was signifi-
cant (F(1,135) ¼ 47.26; P < 0.001; hp

2 ¼ 0.26). Reaction times were
generally quicker at the end of the recovery period (P < 0.001;
Table 1). There were no significant main effects for condition
(F(3,135) ¼ 0.24; P ¼ 0.867; hp

2 ¼ 0.01) or interaction between con-
dition x leg x time (F(3,135) ¼ 0.22; P ¼ 0.884; hp

2 ¼ 0.01) for reaction
time (Table 1).

For movement time, there were no significant main effects for
condition (F(3,135) ¼ 1.82; P ¼ 0.146; hp

2 ¼ 0.04), time (F(1,135) ¼ 0.10;
P¼ 0.753; hp

2 ¼ 0.00), or interaction between condition x leg x time
(F(3,135) ¼ 0.67; P ¼ 0.569; hp

2 ¼ 0.01; Table 1).



Fig. 2. Intestinal temperature during the 90 min recovery period (A) and practical equivalence between conditions at 60 min (B). CON ¼ control; TWI ¼ thermoneutral water
immersion (35 �C); CWI ¼ cold water immersion (15 �C); ICE ¼ ice slurry ingestion (�1 �C). z Significant difference between CON and ICE conditions; y significant difference
between TWI and ICE conditions; a, b, c, d indicates CON, CWI, TWI, and ICE, respectively, are significantly different from baseline values at specific time points. Practical equivalence
is based on upper and lower 95% CI's extending beyond a pre-determined ±1 �C threshold (vertical dotted line).

P. Pariyavuth, J.K.W. Lee, P.M.S. Tan et al. Journal of Exercise Science & Fitness 21 (2023) 286e294
3.3. Neuromuscular function

Therewas a significant main effect of time for peak torque of the
knee extensors (F(1,135) ¼ 7.88; P < 0.01; hp

2 ¼ 0.06) and knee flexors
(F(1,135) ¼ 51.19; P < 0.001; hp

2 ¼ 0.27). Peak torque generally
increased during both movements when measured at the end of
the 90 min recovery period (Table 2). However, there were no
significant main effects for condition (P > 0.05) or interaction be-
tween condition x leg x time (P > 0.05; Table 2) for either
movement.

For the time to attain peak torque, there was a significant main
effect of time observed for knee flexion (F(1,135) ¼ 16.28; P < 0.001;
hp
2 ¼ 0.11; Table 2). However, there were no significant main effects

for condition (P > 0.05) or interaction between condition x leg x
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time (P > 0.05; Table 2).
For average power, a significant main effect for time was

observed for both knee extension P ¼ 0.013; hp
2 ¼ 0.04) and flexion

(P < 0.001; hp
2 ¼ 0.16). There were no significant main effects for

condition (P > 0.05) or interaction between condition x leg x time
(P > 0.05; Table 2) observed for either movement.
4. Discussion

We investigated the effects of external (CWI) and internal
cooling (ICE) applications on physiological and neuromuscular
indices after simulated taekwondo combat. Our main findings
demonstrated that ICE reduced Tint at a greater rate compared with
CON and TWI at 30e45 min during the recovery period. However,



Fig. 3. Heart rate (A) and Blood lactate concentration (B) during the 90 min recovery period. CON ¼ control; TWI ¼ thermoneutral water immersion (35 �C); CWI ¼ cold water
immersion (15 �C); ICE ¼ ice slurry ingestion (�1 �C); a, b, c, d indicates CON, CWI, TWI, and ICE, respectively, are significantly different from baseline values at specific time points.
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Table 1
Psychomotor skills of the dominant and non-dominant legs at baseline and after the recovery period (mean ± [95% CI]).

Baseline CON TWI CWI ICE

Response time (s)
Dom 0.77 [0.73,0.82] 0.73 [0.69,0.78] 0.71 [0.66,0.76] 0.71 [0.67,0.76] 0.72 [0.67,0.76]
Ndom 0.76 [0.71,0.81] 0.74 [0.70,0.79] 0.74 [0.70,0.79] 0.73 [0.69,0.78] 0.72 [0.67,0.76]
Reaction time (s)
Dom 0.54 [0.50,0.57] 0.50 [0.46,0.53] 0.49 [0.46,0.53] 0.49 [0.46,0.53] 0.49 [0.46,0.53]
Ndom 0.54 [0.50,0.57] 0.50 [0.47,0.54] 0.52 [0.48,0.55] 0.50 [0.47,0.54] 0.49 [0.46,0.53]
Movement time (s)
Dom 0.24 [0.20,0.27] 0.24 [0.20,0.27] 0.22 [0.18,0.25] 0.22 [0.19,0.25] 0.22 [0.19,0.25]
Ndom 0.24 [0.21,0.27] 0.29 [0.26,0.32] 0.24 [0.20,027] 0.23 [0.20,0.26] 0.23 [0.19,0.26]

CON ¼ control; TWI ¼ thermoneutral water immersion (35 �C); CWI ¼ cold water immersion (15 �C); ICE ¼ ice slurry ingestion (�1 �C); Dom ¼ dominant leg; Ndom ¼ non-
dominant leg

Table 2
Neuromuscular function of the dominant and non-dominant legs during isokinetic knee extension and flexion at baseline and after the recovery period (mean ± [95% CI]).

Baseline CON TWI CWI ICE

Peak torque (N·m)
Extension Dom 132 [121,124] 136 [124,147] 136 [125,148] 139 [127,150] 139 [128,151]

Ndom 129 [117,140] 132 [120,143] 129 [118,141] 131 [120,143] 132 [120,144]
Flexion Dom 62 [54,70] 72 [64,80] 75 [67,83] 77 [69,85] 81 [73,89]

Ndom 62 [54,70] 70 [62,78] 70 [62,78] 75 [66,83] 75 [67,83]
Time to peak torque (msec)
Extension Dom 264 [237,291] 254 [227,281] 259 [232,286] 260 [233,287] 262 [235,289]

Ndom 261 [234,288] 269 [242,297] 262 [235,289] 255 [228,282] 265 [238,292]
Flexion Dom 305 [227,383] 376 [298,454] 348 [270,426] 423 [345,501] 345 [267,423]

Ndom 378 [300,456] 430 [352,508] 410 [332,488] 389 [311,467] 410 [332,488]
Average power (W)
Extension Dom 211 [190,233] 222 [200,244] 221 [199,242] 220 [198,242] 231 [210,253]

Ndom 208 [186,230] 213 [191,235] 210 [189,232] 210 [188,231] 217 [195,239]
Flexion Dom 102 [80,123] 122 [101,143] 125 [104,146] 127 [105,148] 136 [115,157]

Ndom 100 [79,122] 115 [94,137] 111 [90,132] 118 [96,139] 121 [99,142]

CON ¼ control; TWI ¼ thermoneutral water immersion (35 �C); CWI ¼ cold water immersion (15 �C); ICE ¼ ice slurry ingestion (�1 �C); Dom ¼ dominant leg; Ndom ¼ non-
dominant leg.
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we did not observe any marked difference in Tint between condi-
tions beyond this time point; all conditions were practically
equivalent at 1 h post-intervention. We also did not observe any
beneficial (or negative) effect of cooling methods on neuromus-
cular function or psychomotor skills when measured at the end of
the recovery period.

The Tint at the end of simulated taekwondo combat was
increased by ~1 �C from baseline values (Fig. 2A) indicating a
moderate degree of thermal strain imposed on the body from the
exercise protocol. The HR response from the exercise stimulus
(Fig. 3. A) was comparable to both actual taekwondo competition
events16,20,29,30 and previously employed simulated protocols.16 Blac
concentrations at the end of the simulated taekwondo combat
(11e12 mmol/L; Fig. 3. B), were also similar to actual taekwondo
competition events,20,29 suggestive of high activation of anaerobic
glycolysis. In combination, the physiological responses to the
simulated taekwondo combat provided support for the ecological
validity of the adopted protocol in this study.

In the current study, a marked difference in Tint was observed in
ICE compared with the TWI and CON conditions at 35e45 min of
the recovery period; the acute period after which the final ice slurry
bolus was consumed. This observation is similar to a previous study
that reported ice ingestion to acutely decrease rectal temperature
after exercise.11 The likely mechanism of Tint reduction related to
ice slurry absorbing a large amount of heat during its phase change
from solid to liquid.31 In contrast, we did not observe CWI to impact
on Tint throughout the recovery period, with similar core temper-
ature values noted compared with the TWI and CON conditions
(Fig. 2. A). Despite the employed CWI protocol in our study previ-
ously reported to lower body temperature,22 our data suggests that
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lower body immersion in 15 �C water for 5 min was not efficacious
to achieve this outcome. Although difficult to ascertain, the
disparity in findings may be related to differences in participant
characteristics (e.g., body fat, body surface area) providing a body
insulative effect in opposing core temperature reduction.32 Alter-
natively, activation of the shivering response, which can help to
acutely maintain core temperature,13 may have prevented the
reduction in Tint in the CWI condition. Irrespective of CWI not
influencing core temperature, we did not observe any clear differ-
ence in Tint between the cooling conditions throughout the recov-
ery period (Fig. 2. A). Importantly, the primary objective of cooling
the body between competitive taekwondo matches is to reduce
thermal strain (and optimize performance) on the body before the
next competitive match. Our data suggest that Tint was practically
equivalent across all conditions at the 1 h post-exercise time point
(Fig. 2. B). Ultimately, this implies that the ICE and CWI protocols
adopted in this study would be of little benefit in reducing thermal
strain before subsequent taekwondo combat.

The HR response in the CWI condition was generally lower
(condition effect) compared with CON throughout the study period
(Fig. 3. A). The consistently lower heart rate values with external
cooling could be related to CWI promoting faster reactivation of
cardiac parasympathetic activity compared with passive recovery
after intense exercise.33 Another physiological measure, blood
lactate concentration, was similar across all conditions during the
study period (Fig. 3. B). It has been proposed that water immersion
has a hydrostatic pressure effect that promotes fluid shift within
the body from the extremities toward the central cavity. This fluid
shift may increase substrate translocation (i.e., lactate) from pe-
ripheral to central areas, increase venous return, and increase
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cardiac output.34 However, in agreement with a previous study17

which demonstrated CWI after exercise did not affect blood
lactate concentration compared with non-immersed seated re-
covery, we presently did not observe any effect of water immersion,
TWI, or CWI, on blood lactate concentrations.

While an excessive increase in core temperature during sports
competitions is well-documented to decrease sports perfor-
mance,35,36 we did not observe a decrement in indices of neuro-
muscular function or psychomotor skills across recovery
interventions. Indeed, reaction and response times to performing a
round kickwere generally quicker at the end of the 90min recovery
period compared with baseline values (Table 1). It may be specu-
lated that muscle activation from the simulated combat led to a
greater neural drive to the muscle at the end of the recovery period
(i.e., post-activation performance enhancement).37 Nevertheless,
this is difficult to confirmwithout accompanying electromyography
(EMG) data. Alternatively, it may simply be a consequence of the
simulated taekwondo combat not meeting a core temperature
threshold for reducing muscle activation (i.e., >39 �C)35; limiting
the ability to observe a performance benefit with cooling methods.
In regards to this point, as taekwondo athletes often undertake
weight making strategies to gain a potential advantage in a
particular weight category,38 the risk of hypohydration is elevated
prior to competition. While not considered in the present study,
higher post-combat core temperatures may be achieved under
these conditions. Thus, it is recommended that future studies
incorporate ecologically valid study designs, which take into ac-
count weight making strategies (i.e., sauna, fluid restriction). It was
hypothesized that external cooling would slow nerve conduction
velocity to the muscle and impact on muscle force production.12

However, as indices of neuromuscular function and psychomotor
skills were not different between conditions, likely, the magnitude
of reduction in muscle temperature from CWI cooling was not
sufficient to cause a decrement in any key parameter. The absence
of muscle temperature assessment in the present study represents
a study limitation and should also be considered for inclusion in
future work.

Several other limitations are associated with the present study.
To maintain a practical approach required for taekwondo compe-
tition, a relatively short duration of CWI exposure was selected,
however, this may have limited the ability to modulate key physi-
ological indices. It has been suggested that a CWI temperature and
duration of 1:1.1 (i.e., 10 �C for 11 min) should be applied to opti-
mize CWI recovery protocols.39 Accordingly, future studies may
consider using lower water temperatures or longer immersion
durations of CWI when attempting to make comparisons against
other cooling methods. We only assessed neuromuscular and
psychomotor skills at baseline and the end of the recovery period.
Therefore, potential differences between recovery interventions at
the 1 h recovery time point cannot be excluded. Future studies may
also attempt to focus on sport-specific performance by utilizing
longer duration/high repetitive psychomotor tests, and/or under-
take cognitive function assessments to compare ice slurry ingestion
against other cooling methods. Finally, an all-male participant
cohort was chosen, thus the non-recruitment of females, who
typically possess different morphological characteristics, may not
allow direct extrapolation of our findings to females.

5. Conclusions

The current findings may be of interest to coaches and support
practitioners whomake decisions on employing recovery strategies
with taekwondo athletes in competition. The present findings
suggest that either internal cooling with ice slurry ingestion, or
external cooling with CWI, cannot acutely influence physiological,
293
neuromuscular, or psychomotor performance measures. Never-
theless, the ICE protocol did reduce Tint in the immediate 15 min
period after cessation of ingesting ice slurry; 30e45 min after
simulated combat. Accordingly, a similar ICE protocol utilized in
this study may be considered by athletes in other sports disciplines
to rapidly decrease core temperature (thermal load) if repeating
performance within an acute (15 min) period after ICE ingestion.
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