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Abstract

Despite optimal cognitive function being essential for performance, there is a lack of

research on the effectiveness of combined cooling interventions on team sport

athlete's cognitive function when exercising in the heat. In a randomised, crossover

design, 12 unacclimatised men (age: 22.3 � 3.0 years, body mass: 73.4 � 5.1 kg,

height: 181.0 � 5.3 cm and _VO2 max: 51.2 � 9.5 mL/kg/min) participated in a

control (CON) and combined cooling trial (ice slurry and ice collar; COOL). A battery

of cognitive tests were completed prior to, during (at half‐time) and following a 90‐
min intermittent running protocol in the heat (33°C, 50% relative humidity (RH)).

Perceptual and physiological measures were taken throughout the protocol. In

CON, response times were quicker on the Stroop task complex level (p = 0.002) and

the visual search test complex level at full‐time (p = 0.014) compared to COOL.

During COOL, response times were quicker at half‐time on the Stroop task complex
level (p = 0.024) compared to CON. Lower rectal temperatures were seen during

COOL (CON: 37.44 � 0.65°C and COOL: 37.28 � 0.68°C) as well as lower skin,

neck and forehead temperatures (main effect of trial, all p < 0.05). Lower ratings of

thermal sensation and perceived exertion and enhanced thermal comfort were

recorded during COOL (main effect of trial, all p < 0.05). Whilst minimal differences

in cognitive function were found when using the combined cooling intervention, the

findings highlight a practical and effective strategy to improving many physiological

and perceptual responses to intermittent exercise in the heat.
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Highlights

� Many studies have investigated the use of a combined cooling strategy on endurance ex-

ercise in the heat and found positive benefits on physiological, perceptual and cognitive

responses to the intervention; however, there is a lack of research on intermittent exercise.
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� The combined cooling intervention, consisting of an ice slurry and ice collar, was successful

at lowering rectal, neck, forehead and skin temperatures as well as perceptual ratings of

thermal sensation, comfort and perceived exertion.

� However, the combined cooling strategy did not elicit any consistent findings regarding

cognitive function.

1 | INTRODUCTION

Team sports can be characterised by intense acceleration and

deceleration actions (Harper et al., 2019) as well as its intermittent

nature due to the intensity of the activity differing from standing still

to sprinting at any given time during a match (Bangsbo, 2000).

Additionally, aerobic fitness and speed are pivotal to team sports as

previous research has highlighted that an elite, outfield football

player covers between 10 and 13 km during a match and sprint

speeds can reach peak values of 32 km.h−1 (Bangsbo & Mohr, 2005;

Bangsbo et al., 2006). However, a commonality present in football,

for example, is that individuals experience temporary fatigue whilst

playing, which results in lower amounts of sprinting, high intensity

running and distance covered, particularly in the second half

(Bangsbo et al., 1991; Mohr et al., 2003; Reilly & Thomas, 1979).

These implications for performance are also coupled with increases in

heart rate (HR), core temperature and rate of oxygen uptake

(Ekblom, 1986; Krustrup, Mohr & Bangsbo, 2005; Reilly &

Thomas, 1979). Whilst it is important to recognise the physiological

responses and physical demands of team sport, the cognitive de-

mands must be understood also and how these may be related.

Cognitive function can be defined as brain‐mediated processes

that allow individuals to perceive, evaluate, store and utilise infor-

mation from both external (i.e., environment) and internal sources

(i.e., memory) (Schmitt et al., 2005). There are six main domains,

which are executive function, memory, attention, perception, psy-

chomotor function and language (Schmitt et al., 2005). These play a

vital role in sport and are essential for optimal performance, partic-

ularly in an intermittent, team sport where perceptual–cognitive

demands are high (Casanova et al., 2013; Sarmento et al., 2018).

Furthermore, executive functions (i.e., working memory) have been

shown to be associated with football‐specific motor skills (i.e., drib-
bling and ball control; Scharfen & Memmert, 2019). Differences have

also been found between elite and non‐elite players (Huijgen

et al., 2015), which underpins the importance of these cognitive

abilities for success and the need to understand the factors that

affect cognitive function in team sport athletes.

Many major sporting competitions have taken place in hot en-

vironments, for example, the 2021 Tokyo Olympics, which pose a

variety of challenges and risks for athletes. These include the po-

tential negative effects of hot environmental conditions on cognitive

function and subsequently, decision‐making skills that are critical in
sport (Helper, 2015). When exercising in the heat, increased

perceived exertion as well as elevated skin and core temperatures,

which is accompanied by augmented skin blood flow, are prominent

for athletes (Périard et al., 2011). Consequently, at these higher core

temperatures, it has been suggested that the heat strain experienced

overloads the ability to deal with both the heat and the cognitive task

due to heat‐strain induced depletion of attentional resources (Han-

cock, 1986; Schmit et al., 2017). More specifically, complex cognitive

tasks (i.e., working memory and executive function) are impaired

when core temperatures of ~38.7°C reached, as they are more

vulnerable to heat stress and require greater neural resources in

comparison to simple tasks (i.e., match to sample visual search test)

(Gaoua et al., 2011; Racinais et al., 2008; Taylor et al., 2016). This

highlights a problem for team sport athletes in the heat as these

sports, for example, football, involve not only high physical demands

but also high levels of cognitive functioning for optimal performance

including working memory, attention and perception (Furley &

Memmert, 2010). Therefore, it is imperative that not only are the

effects of performing these sports in the heat on athlete's cognitive

function investigated but also practical strategies to maintain

cognitive performance under heat strain.

In the limited existing research to date, Donnan et al. (2021)

explored the effects of heat exposure on cognitive performance

during prolonged (80‐min) intermittent cycling in the heat. No dif-

ferences were seen on the numerical vigilance task (simple) regard-

less of the environmental conditions (32°C, 50% relative humidity

(RH) vs. 18°C. 50% RH), whilst incongruent Stroop task accuracy

(used as an indicator of executive function, complex) was impaired

when exercising irrespective of the heat. However, participants' core

temperatures (38.40°C) did not reach the same level that would

typically be seen by athletes exercising in the heat (~39°C; Girard

et al., 2015). Therefore, an intermittent running protocol may be

more beneficial to reflect the demands on team sport (i.e., football)

and produce similar levels of metabolic heat production to that seen

during competition (Donnan et al., 2021). Despite the limited

research using intermittent running protocols, MacLeod et al. (2018)

implemented a shorter 50‐min intermittent running protocol to

explore the effects of heat (33.3°C, 59% RH) on cognitive perfor-

mance in hockey players. They found enhanced response times and

accuracy on the visual search test (complex level) and Sternberg

paradigm (simple and complex levels). This is in line with previous

research that has found improvements in cognitive function,

including working memory tasks and psychomotor vigilance perfor-

mances, following initial elevations in core temperature to ~38.2°C

(Lee et al., 2014; Simmons et al., 2008). Whilst the findings and

mechanisms responsible for the effect of heat strain during exercise

on cognition remain somewhat intertwined and unclear in the liter-

ature (Schmit et al., 2017), the duration of exercise is a factor that
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has been shown to influence the cognitive response. Prolonged ac-

tivity (>60‐min) has been shown to be detrimental to information

processing and memory function (Tomporowski, 2003); therefore, it

is important that exercise protocols reflect the length of exercise that

competitive athletes will participate in (e.g., 90 min for footballers).

The potential negative impacts of prolonged exercise in hot

conditions for cognitive performance have led researchers to inves-

tigate strategies to help maintain performance in such conditions.

Cooling is used to slow the accumulation of heat and in turn, at-

tempts to limit any increases in core temperature (Schmit

et al., 2017), which is known to lead to cognitive performance dec-

rements (Périard et al., 2011). Cooling interventions involve both

external strategies (e.g., neck collars) and internal strategies (e.g., ice

slurry ingestion). Neck collars, which are effective likely because of

the high allethesial thermosensitivity of the neck region (Cotter &

Taylor, 2005), have been successful at increasing time to volitional

exhaustion, whilst running in the heat and enhance cognitive per-

formance in tasks of higher complexity such as working memory (Lee

et al., 2014; Tyler & Sunderland, 2011). Additionally, using ice slurries

during exercise has been shown to lower head temperature, which

helps prevent the deterioration of cognitive function in the heat

(Onitsuka et al., 2020), and reduce pre‐exercise core and forehead

temperature, which led to improved decision‐making following

90 min of continuous running at 65% of _VO2 peak in the heat (35°C,

53.1% RH; Saldaris et al., 2019). This further highlights the potential

benefit ice slurry ingestion may have on cognitive function when

exercising in the heat due to its ability to lower brain temperature.

A small number of studies have explored combined cooling

strategies to determine if they may synergistically enhance cognitive

function and performance compared to a single cooling intervention.

For instance, Mazalan et al. (2022) combined head cooling and an ice

slurry whilst in a hot environment (35°C, 68.2% RH), which saw im-

provements in working memory on the serial seven test during

60 min of running compared to head cooling alone and a control. This

finding was attributed to lower core and forehead temperatures as

well as a reduced thermal sensation. Additionally, the close proximity

of the head to the thermoregulatory centre located in the preoptic

and anterior regions of the hypothalamus (Haymaker, 1969) as well

as thermoreceptors located in the stomach and gastrointestinal re-

gion (Morris et al., 2014) may have potentially played a role in these

findings. Moreover, during a 15 km cycling time trial in the heat

(30°C, 50% RH), Levels et al. (2013) implemented a combined cooling

strategy involving scalp cooling and an ice slurry and found lower

skin and rectal temperatures as well as a lowered thermal sensation.

These studies highlight the benefits of a combined cooling strategy

on cognitive function during endurance exercise in the heat. How-

ever, no research to date has been conducted to examine the effects

of combined cooling interventions on cognitive function during

intermittent exercise, which will be beneficial for team sport players

in the heat.

Therefore, the aim of the current study was to investigate if a

combined cooling intervention affects cognitive function in game

players during an intermittent‐simulated football match in the heat. It
was hypothesised that the combined cooling intervention imple-

mented would attenuate the negative effects of intermittent exercise

in the heat on cognitive function, specifically complex tasks such as

executive function. Additionally, it was hypothesised that physio-

logical and perceptual responses to exercising in the heat would be

improved when the combined cooling intervention was implemented.

2 | MATERIALS AND METHODS

2.1 | Participants

Twelve unacclimatised, male team‐sport players (age:

22.3 � 3.0 years, body mass: 73.4 � 5.1 kg, height: 181.0 � 5.3 cm

and _VO2 max: 51.2 � 9.5 mL/kg/min) who participated in a range of

team sports, with the most common being football, voluntarily

participated in the study after providing informed consent and

completing a health screen questionnaire to ensure no health con-

ditions were present that may be exacerbated by participating. Prior

to taking part, participants received written and verbal information

and were able to ask questions regarding the study. The current

study was granted ethical approval from Nottingham Trent Uni-

versity's ethical advisory committee.

2.2 | Study design

The current study followed a randomised, within‐subject design with
all participants completing a preliminary visit involving a speed

lactate and _VO2 max test, a familiarisation session, which preceded

the first experimental trial by ~7‐day, followed by a combined cooling
intervention trial and a control trial. The familiarisation session and

two fully counter‐balanced experimental trials were performed in a

hot environment (33°C, 50% RH), informed by recent major sporting

events (i.e., Tokyo Olympics). Experimental trials were separated by

7‐day and completed at the same time of the day (9 a.m. to 1 p.m.) to
eliminate the effect of circadian rhythm (Van Dongen &

Dinges, 2005). Prior to arriving at the laboratory, participants were

asked to arrive 2‐h post‐prandial, consume 500 mL of water and

refrain from drinking caffeine the morning of the main trials. Stren-

uous exercise and alcohol were also avoided 24‐h prior to each main
trial. Diet was replicated in the 24‐h prior to each main trial.

2.3 | Speed lactate and _VO2 max test

To calculate the running speeds for the intermittent running proto-

col, the participants completed a speed lactate incremental running

test (modified from Weltman et al., 1990). Participant's lactate

threshold was indicated when blood lactate increased by 1 mmol/L

from the previous measurement or reached 4 mmol/L. When this
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occurred, the test was terminated and the speed at which this was

seen was used for the constant speed for the _VO2 max test.

Following a 10‐min rest, the participants completed a running test

until exhaustion at the previously determined constant speed. The

gradient started at 1% and subsequently increased by 1% every

minute. When the participant could only continue for 1 more minute,

expired air was collected via a Douglas bag as well as blood lactate,

HR and rating of perceived exertion (RPE) collected at the end of the

test. The expired air samples from both the speed lactate stages and

_VO2 max test were analysed to calculate _VO2 during each stage of

the first phase of testing and _VO2 max from the second phase of

testing. With regards to _VO2 max values, to ensure a maximum was

achieved, the following criteria were used; a max lactate of 8 mmol/L

or higher, age predicted max HR and an RPE of 18 or above.

2.4 | Familiarisation

The familiarisation included the same protocol as the main trials

(Figure 1) (including the ice collar and ice slurry ingestion) up until the

half‐time period (130 min total); however, participants completed a

final full battery of cognitive tests insteadof a short battery tominimise

learning effects (Cooper, Bandelow, Morris & Nevill, 2015b).

2.5 | Main trials

Upon arrival, participant's nude body mass was recorded (WLK 150

Warrior Washdown Scales, Adam Equipment), a urine sample was

provided to measure urine osmolality and a rectal probe for core

temperature measurements was self‐inserted. Blood glucose and

lactate concentrations were also measured via a capillary blood

sample. Baseline physiological and perceptual measures and a full

battery of cognitive tests were completed in the laboratory (CON:

16.9� 2.1°C, 47.7 � 6.6%; COOL: 18.0 � 2.4°C, 45.7 � 6.6%) prior to

an acclimation period (10‐min) and a pre‐cool period (30‐min)
completed in the Environmental Chamber (33°C, 50% RH). Physio-

logical and perceptual measures as well as short and full batteries of

cognitive function tests were carried out at various points during the

main trials (Figure 1). The participants were required to complete an

intermittent running protocol (adapted from Greig et al., 2006),

which induced similar physiological strain to a 90‐min football match.
At the end of the main trials, participant's nude body mass was firstly

recorded, then a urine sample was given and finally, blood glucose

and lactate concentrations were measured.

2.6 | Intermittent running protocol

An intermittent running protocol informed by a 90‐min football

match was implemented, which consisted of four periods of inter-

mittent activity lasting 22.5‐min each. Participants completed a 15‐
min half‐time period outside of the environmental chamber, which

preceded a short battery of cognitive tests participants completed

seated in the chamber. Participants also completed a seated drink

break in the chamber halfway through each half of exercise lasting 4‐
min (Figure 1). The intermittent running protocol consisted of

standing, walking (4.0 km/h), jogging (8 km/h), low‐speed running

F I GUR E 1 Schematic of the main trial protocol. Key: CF Full, full battery of cognitive function tests; CF Short–short battery of cognitive

function tests; FSITP, intermittent running protocol; DB–drink break; HT, half‐time; RPE, rate of perceived exertion; TS, thermal sensation; TC,
thermal comfort; FS, feeling scale; FAS, felt arousal scale; Trec, rectal temperature; Tforehead, forehead temperature; Tchest, chest temperature;
Tforearm, forearm temperature; Tthigh, thigh temperature; Tcalf, calf temperature; Tneck, neck temperature and HR, heart rate.
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(85% of _VO2 max), high‐speed running (100% of _VO2 max), fast

running (21 km/h) and sprinting (25 km/h), based on the variable

speeds calculated from the speed lactate and _VO2 max test, to

emulate the physical demands of a football match. The protocol was

adapted from Greig et al. (2006) as low‐ and high‐speed running was

calculated from participants' _VO2 max, whereas Greig et al. (2006)

used absolute speeds.

2.7 | Combined cooling method

The combined cooling trial involved ice slurry ingestion and an ice

collar as positive benefits have been shown individually (Lee

et al., 2014; Saldaris et al., 2019; Tyler & Sunderland, 2011). The ice

slurry consisted of 50% ice and 50% water weighing 7.5 g per kilo-

gramme of body mass during the pre‐cool period, 3.75 g per kilo-

gramme of body mass during half‐time and 1 g per kilogramme of

body mass during the drink breaks. During the pre‐cool period, the
overall weight of the ice slurry was divided into thirds and given in

10‐min intervals. The participants were given an ice collar, which

consisted of three cups of crushed ice being placed in a cotton sheet

and secured with cable ties, during pre‐cool, half‐time and drink

breaks. In the control trial, participants were not given a neck collar

and received thermoneutral (37°C) water equalling the amounts

discussed above instead of the ice slurry during the pre‐cool, half‐
time and drink breaks.

2.8 | Measurements

2.8.1 | Cognitive function tests

The full battery of cognitive function tests involved all cognitive tests

explained below completed in the same order which took place prior

to the acclimation period and following the intermittent running

protocol (Figure 1). Whereas, the short battery of cognitive function

tests consisted of the complex level of the visual search test, complex

level of the Stroop task and 3‐min of the Rapid visual information

processing (RVIP) test. Similar to the full battery, all tests were

completed in the same order and took place following the pre‐cool
session and prior to the half‐time break. All tests were adminis-

tered on a laptop computer (Lenovo ThinkPad, Lenovo PC HK

Limited) using a custom‐made software and participants wore ear

defenders to minimise external distractions. Prior to each test, the

participants were presented with three to six practice stimuli to re‐
familiarise them with the test and negate potential learning effects

(Malcolm et al., 2018). Feedback was provided on the accuracy of the

response for the practice stimuli; and data for these stimuli were

discarded. No feedback was provided once the test started. The

variables of interest for each of the cognitive function tests were

response times of correct responses, calculated as the time between

stimuli presentation and the response, and the percentage of correct

responses (response accuracy). The minimum and maximum cut offs

for response time for each test were as follows: visual search min:

100‐ms; visual search max: 1500‐ms (simple) and 3000‐ms (complex);
Stroop min: 100‐ms; Stroop max: 1500‐ms (simple) and 3000‐ms
(complex); Sternberg min: 100 ms; Sternberg max: 2000‐ms (one‐
item level), 3000‐ms (three‐item level) and 4000‐ms (five‐item level);

RVIP min: 200 ms and RVIP max: 1500 ms. These were based on

excluding unreasonably fast (anticipatory) responses and undue slow

responses (Malcolm et al., 2018).

2.8.2 | Visual search

The visual search test measured participant's perception and visual

processing, which has been used in previous research (Cooper

et al., 2015a). The test consisted of a simple and complex level, both

containing 21 stimuli. During the simple level, participants were

required to respond as quickly as possible when a green, bold out-

lined triangle appeared on the black screen by pressing the space bar.

The complex level involved participants responding as quickly as

possible to a triangle shape comprised of a number of dots once it

appeared on the screen. The screen was covered with green dots,

which made up the background, and were redrawn every 250‐ms to
induce a flickering effect.

2.8.3 | Stroop task

To measure participant's executive function and ability to suppress

automated responses (Stroop, 1935), the second cognitive test

completed was the Stroop task, involving a congruent and an

incongruent level (Malcolm et al., 2018). Throughout the congruent

level, which involved 20 stimuli, a word written in white ink appeared

in the centre of a black screen and the participants were instructed to

choose the word on the left or right of the screen, using the arrow

keys, which matched the central word. Throughout the incongruent

level, which involved 40 stimuli, the participants were instructed to

choose the word on the left or right of the screen that matched the

ink colour the central word was written in rather than the word itself.

2.8.4 | Sternberg paradigm

The Sternberg paradigm was used to measure participant's working

memory (Sternberg, 1966) and involved three levels–one item with

16 stimuli, three items with 32 stimuli and five items with 32 stimuli.

During each level, a number/letter was presented on the screen and

participants were required to decide if the letter was a target or a

distractor from the initial number/letters they were shown at the

beginning of each level. If the letter was a target, they pressed the

right arrow, and if the letter was a distractor, they pressed the left

arrow. On the number level (one item), the target was always ‘3’;

whereas, on the three and five item levels, the letters were randomly

generated.

EUROPEAN JOURNAL OF SPORT SCIENCE - 5
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2.8.5 | Rapid visual information processing

The RVIP test measured the participant's sustained attention (Hilti

et al., 2010). At baseline and post‐exercise, the test lasted 5‐min and
consisted of numbers from two to nine appearing on the screen, one

at a time at 600‐ms intervals with eight target sequences per minute
totalling 40 stimuli. At post pre‐cool and half‐time, a shortened

version of RVIP was used and lasted 3‐min with a total of 24 stimuli.
The participants were instructed to press the spacebar when a

sequence of three odd or even consecutive numbers appeared on the

screen (e.g., 2–8–4 and 3–9–5). Correct responses could be regis-

tered, whilst the final digit of a target sequence was presented and

the subsequent 1500‐ms.

2.8.6 | Physiological measures

All physiological measures were taken at various timepoints

throughout the main trials (taken a total of 17 times), which are

outlined in Figure 1. Core temperature was recorded using a self‐
inserted rectal probe (MEAS 4400 Series Temperature Probe, Mea-

surement Specialities Inc), placed 10 cm past the anal sphincter. To

measure core temperature, a core temperature logger was used

(4600 Thermometer, Measurement Specialities Inc). Forehead and

neck temperatures were measured from the mid‐point of the fore-

head and the neck (RS 51 Digital Thermometer, RS Pro, RS Compo-

nents LTD). Mean weighted skin temperature was recorded using

thermistors (Squirrel Data Logger, Grant 2020 Series, Grant In-

struments, Cambridgeshire, UK) placed at four sites around the body

(chest, forearm, thigh and calf) and calculated using the formula of

Ramanathan (1964). HR was measured using a watch (Forerunner

945) and chest‐worn HR belt (HRM‐Pro). Blood glucose and lactate

concentrations were taken at the beginning and end of the trials via a

finger prick blood sample and analysed using a Biosen blood analyser

(EKF Diagnostics). A urine sample was collected at the beginning and

end of the trials and analysed using a pocket refractometer (Atago

CO LTD) to identify differences in urine specific gravity.

2.8.7 | Perceptual measures

All perceptual measures were taken at various timepoints throughout

themain trials (taken a total of 12 times),which are outlined inFigure1.

Ratings of feeling (FS) weremeasured on a scale of−5 (very bad) toþ5
(very good) (Hardy & Rejeski, 1989). Felt arousal (FAS) was measured

using a scale from 1 (low activation) to 6 (high activation) (Svebak &

Murgatroyd, 1985). Validity of both of these scales has been proven

(Brito et al., 2022; Hardy & Rejeski, 1989). Thermal sensation (TS),

which has been shown to be a valid measure of perceived heat stress

(Casa et al., 2007), wasmeasured on a scale from0 (unbearably cold) to

8 (unbearably hot) (Toner et al., 1986) and ratings of thermal comfort

(TC) weremeasured on a previously validated scale from−3 (much too
cool) to þ3 (much too warm) (Bedford, 1936, 1950). RPE, which has

been shown to be valid for intermittent exercise (Pereira et al., 2011),

wasmeasured on a scale from6 (very, very light) to 20 (very, very hard)

(Morgan & Borg, 1976).

2.9 | Statistical analyses

All physiological and perceptual data were analysed using the Sta-

tistical Packages for Social Sciences (SPSS, version 26.0) using a two‐
way repeated measures ANOVA (trial � time). Effect size (Cohen's d)

was calculated for all physiological and perceptual measures, as well

as cognitive function variables, using trial pairings. The following

ranges were used to interpret the effect size: <0.2 = trivial effect,

0.2–<0.5 = small effect, 0.5–<0.8 = medium effect and ≥0.8 = large

effect (Cohen, 1992). All cognitive data from the full and short bat-

teries were analysed using the software R (www.R‐project.org) using
mixed effect models. Separate analyses were performed for each test

and test level, due to the differing levels of cognitive processing

required (Cooper et al., 2016). All analyses were performed using

repeated measures (trial � time interactions). Response time ana-

lyses were conducted using the lme package, whilst accuracy analyses

were conducted using the glmer package (with a binomial outcome

due to the binomial nature of data). To allow for direct comparisons,

the first 3 min of the full version of RVIP from baseline and post‐
exercise have been included and analyses has been conducted with

the shortened version of RVIP at post pre‐cool and half‐time. For all
analyses, significance was accepted at the p < 0.05 level. All data are

presented as mean � standard deviation.

3 | RESULTS

3.1 | Cognitive function

3.1.1 | Visual search

Following a 2 (trial) � 2 (timepoints; baseline and post‐exercise)
repeated measures ANOVA, no changes were seen in response times

on the simple level of the visual search test between the control and

cooling trials (main effect of trial, t (1025) = −0.011 and p = 0.992;

Table 1) nor did the pattern of change differ (trial � time interaction,

t (1025) = 0.663 and p = 0.508).

Additionally, on the complex level of the visual search test, a 2

(trial) � 4 (timepoints; baseline, post pre‐cool, half‐time and post‐ex-
ercise) repeatedmeasures ANOVA revealed that response times were

not different between the trials (main effect of trial, t (2005) = 0.546

and p = 0.585) and the pattern of change in response times was un-

affected following the pre‐cool and at half‐time (trial � time in-

teractions, t (2005) = 0.846 and p = 0.398; t (2005) = −0.659 and

p =0.510, respectively; Table 2).However,when compared tobaseline,

response times were quicker post‐exercise on the control trial,

whereas they remained similar in the cooling trial (trial � time inter-

action, t (2005) = −2.472 and p = 0.014).
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For both the simple and complex level of the visual search test,

accuracy did not differ between trials (main effect of trial, simple: z

(1054) = −0.070 and p = 0.944; complex: z (2061) = −0.080 and

p = 0.936) and the pattern of change in accuracy was not different

across the simple level (trial � time interaction, z (1054) = 0.393 and

p = 0.695) or following the pre‐cool, at half‐time and post‐exercise
(trial � time interactions, z (2061) = −0.180 and p = 0.857, z

(2061) = 0.062 and p = 0.951 and z (2061) = −0.520 and p = 0.603,

respectively).

3.1.2 | Stroop task

On the simple level of the Stroop task, a 2 (trial) � 2 (timepoints;

baseline and post‐exercise) repeated measures ANOVA highlighted

that response times were not different between the control and

cooling trials (main effect of trial, t (637) = −0.041, p = 0.968;

Table 1) nor was the pattern of change affected (trial � time inter-

action, t (637) = −0.134 and p = 0.894).

However, a 2 (trial) � 4 (timepoints; baseline, post pre‐cool, half‐
time and post‐exercise) repeated measures ANOVA revealed that on

the complex level of the Stroop task; overall, response times were

quicker in the control trial in comparison to the cooling trial (main

effect of trial, t (1816) = −3.083 and p = 0.002; Table 2).

Furthermore, response times at half‐time were improved on the

cooling trial in comparison to baseline whereas remained similar on

the control trial (trial � time interaction, t (1816) = 2.256 and

p = 0.024). Despite this, following the pre‐cool and post‐exercise, the
pattern of change in response times did not differ between trials

(trial � time interaction, pre‐cool: t (1816) = 0.999 and p = 0.318 and

post‐exercise: t (1816) = 0.737 and p = 0.461).

No changes were seen in accuracy on either the simple or

complex level of the Stroop task between the control and cooling

trials (main effect of trial, simple: z (672) = −0.341 and p = 0.733 and

complex: z (1920) = 1.174 and p = 0.240). Additionally, the pattern of

change in accuracy across the trials on the simple level of the Stroop

task was not different (trial � time interaction, z (672) = 0.044 and

p = 0.965) nor did they differ following the pre‐cool, at half‐time or
post‐exercise on the complex level (trial � time interactions, z

(1920) = −1.443 and p = 0.149; z (1920) = −1.353 and p = 0.176; z

(1920) = −1.317 and p = 0.188, respectively).

3.1.3 | Sternberg paradigm

A 2 (trial) � 2 (timepoints; baseline and full‐time) repeated measures
ANOVA found on the one‐item, three‐item and five‐item level of the

Sternberg paradigm; response times were not different between the

TAB L E 1 Response times (ms) and accuracy (%) for the levels of the cognitive function tests used at baseline and post‐exercise (full
battery of the cognitive function tests).

Test Variable Test level

Control trial Cooling trial

Trial
effect

Interaction
effect

Effect
sizeBaseline

Post‐
Exercise Baseline

Post‐
Exercise

Visual search Response

time (ms)

Simple 360 � 32 364 � 41 359 � 38 356 � 44 p = 0.992 p = 0.508 0.08 trivial

Accuracy (%) 98.6 � 2.1 99.2 � 1.8 98.7 � 2.1 98.9 � 2.1 p = 0.944 p = 0.695 0.05 trivial

Stroop task Response

time (ms)

Simple 692 � 105 712 � 154 691 � 70 718 � 197 p = 0.968 p = 0.894 0.02 trivial

Accuracy (%) 97.0 � 3.7 96.4 � 5.7 97.6 � 3.5 97.0 � 4.8 p = 0.733 p = 0.965 0.14 trivial

Sternberg paradigm Response

time (ms)

1‐Item
level

440 � 51 428 � 97 461 � 111 419 � 68 p = 0.147 p = 0.190 0.07 trivial

3‐Item
level

534 � 91 564 � 111 551 � 89 561 � 154 p = 0.074 p = 0.062 0.06 trivial

5‐Item
level

662 � 129 711 � 180 680 � 121 706 � 202 p = 0.239 p = 0.195 0.04 trivial

Accuracy (%) 1‐Item
level

100 � 0 98.4 � 2.8 97.9 � 3.1 97.4 � 4.2 p = 0.997 p = 0.997 0.54

medium

3‐Item
level

98.7 � 2.1 96.4 � 4.2 97.1 � 2.5 95.3 � 3.7 p = 0.137 p = 0.405 0.44 small

5‐Item
level

98.7 � 2.5 96.9 � 3.3 97.9 � 3.4 94.0 � 8.3 p = 0.389 p = 0.741 0.39 small

RVIP (full version–

5 min)

Response

time (ms)

511 � 80 509 � 76 552 � 100 509 � 81 p = 0.207 p = 0.347 0.25 small

Accuracy (%) 57.0 � 20.3 58.0 � 21.6 51.8 � 18.7 51.4 � 19.6 p = 0.654 p = 0.209 0.29 small

Note: All data reported as mean � SD.
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control and cooling trials (main effects of trial, t (739) = −1.452 and

p = 0.147; t (1472) = −1.787 and p = 0.074 and t (1471) = −1.178 and
p = 0.239, respectively) nor was the pattern of change in response

times different across the trials (trial � time interaction, one‐item, t

(739)=1.313andp =0.190; three‐item, t (1472)=1.869andp =0.062;

five‐item, t (1471) = 1.297 and p = 0.195; Table 1). Accuracy was also

not different between trials on the one‐item, three‐item or five‐item
level (main effects of trial, z (767) = 0.004 and p = 0.997; z

(1536) = 1.488 and p = 0.137; z (1536) = 0.862 and p = 0.389,

respectively) and the pattern of change in accuracy did not differ on all

levels between the control and cooling trials (trial� time interactions,

one‐item, z (767) = −0.003 and p = 0.997; three‐item, z

(1536) = −0.832 and p = 0.405 and five‐item, z (1536) = 0.331 and

p = 0.741).

3.1.4 | RVIP

A 2 (trial) � 2 (timepoints; baseline, post‐exercise) repeated mea-

sures ANOVA found that, response times and accuracy on the full

version of RVIP were not different between the control and cooling

trials (main effect of trial, response time: t (1781) = −1.217 and

p = 0.207; accuracy: z (3426) = 0.449 and p = 0.654), nor was the

pattern of change in response time and accuracy different across the

trials (trial � time interactions, t (1781) = 0.940 and p = 0.347; z

(3426) = 1.258 and p = 0.209, respectively; Table 1).

A 2 (trial) � 4 (timepoints; baseline, post pre‐cool, half‐time and
post‐exercise) repeated measures ANOVA on the shortened version

of RVIP, which was analysed with the first 3‐min of the full version

from baseline and post‐exercise, found that, response times and ac-

curacy were not different between the trials (main effect of trial,

response time: t (653) = −1.059 and p = 0.290; accuracy: z

(1187) = 1.742 and p = 0.082). Moreover, the pattern of change in

response times and accuracy on the shortened version of RVIP were

unaffected across both trials (trial � time interaction, response time:

t (653) = −0.517 and p = 0.605; accuracy: z (1187) = −0.639 and

p = 0.523).

3.2 | Thermoregulatory responses

3.2.1 | Rectal temperature

Rectal temperature was lower during the cooling trial (main effect

of trial, F (1, 9) = 6.533, p = 0.031 and d = 0.24) and the pattern

of change differed across the trials (trial � time interaction, F (16,

144) = 1.717 and p = 0.049). More specifically, rectal temperature

was lower during the cooling trial from the end of the pre‐cool
until after the first drinks break as well as at the end of half‐
time (Figure 2). Despite this, a paired samples t‐test revealed

that there was no significant difference in peak rectal temperature

between the control and cooling trials (t (−1.133) = 9 and

p = 0.143).

3.2.2 | Skin temperature

Lower skin temperature was recorded during the cooling trial in

comparison to the control trial (main effect of trial, F (1, 11) = 50.017,

p < 0.001 and d = 0.41; Figure 2). Skin temperature differed across the

trials (trial � time interaction, F (16, 176) = 13.329 and p < 0.001),

with it being lower during the cooling trial from the midpoint of the

pre‐cool until the end of the first period of exercise as well as from the

end of half‐time until the end of the fourth period of exercise.

3.2.3 | Neck temperature

The combined cooling intervention led to lower neck temperatures

(main effect of trial, F (1, 10) = 81.722, p < 0.001 and d = 0.97) and

differences in the pattern of change between the trials (trial � time

interaction, F (16, 160) = 33.869, p < 0.001; Figure 2). Neck tem-

perature was lower during the cooling trial from the start of the pre‐
cool until the first drinks break as well as at the end of half‐time until
the second drinks break.

3.2.4 | Forehead temperature

Whilst lower forehead temperatures were recorded during the

cooling trial (main effect of trial, F (1, 10) = 5.445, p = 0.042 and

d = 0.19), the pattern of change did not differ across the

trials (trial � time interaction, F (16, 160) = 1.298, p = 0.204;

Figure 2).

3.3 | Perceptual responses

3.3.1 | Thermal sensation

Ratings of thermal sensation were lower during the cooling trial

(main effect of trial, F (1, 11) = 10.737, p = 0.007 and d = 0.39) and

the pattern of change differed across the trials as ratings of thermal

sensation were lower in the cooling trial from the end of the pre‐cool
until the end of the first half of exercise as well as at the end of the

half‐time break and the end of the second half of exercise

(trial � time interaction, F (3.464, 38.107) = 5.656, p = 0.002;

Figure 3).

3.3.2 | Thermal comfort

During the cooling trial, ratings of thermal comfort were lower (main

effect of trial, F (1, 11) = 17.499, p = 0.002 and d = 0.37) and a

trial � time interaction was seen as ratings of thermal comfort were

lower in the cooling trial from the end of the pre‐cool until the start
of the first period of exercise, at the end of the first half as well as at

the end of half‐time (F (11, 121) = 6.434, p < 0.001; Figure 3).
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3.3.3 | Ratings of perceived exertion

Participants rated lower levels of perceived exertion during the

cooling trial (main effect of trial, F (1, 11) = 6.636, p = 0.026 and

d = 0.15, Figure 4); however, the pattern of change in ratings of

perceived exertion did not differ across the trials (trial � time

interaction, F (3.873, 42.604 = 1.833, p = 0.142; Table S1).

3.3.4 | Felt arousal scale and feeling scale

There were no differences seen in ratings of arousal or ratings on the

feeling scale between the control and cooling trials (main effect of

trial, FAS: F (1, 11) = 0.945, p = 0.352 and d = 0.15; FS: F (1,

11) = 0.646, p = 0.439 and d = 0.11 and Table S1). The pattern of

change in these perceptual variables also did not differ across the

F I GUR E 3 Ratings of thermal sensation (A) and thermal comfort (B) during the control and cooling trials (mean � SD). Thermal sensation,

main effect of trial: p = 0.007 and d = 0.39; trial � time interaction: p = 0.002; thermal comfort, main effect of trial: p = 0.002 and d = 0.37;
trial � time interaction: p < 0.001. Key: PC, pre‐cool; 1st EXC, first half of exercise; HT, half‐time; 2nd EXC, second half of exercise and DB–
drinks break. Significant pairwise comparisons are denoted by *.

F I GUR E 2 Rectal (A), skin (B), neck (C) and forehead (D) temperature during the control and cooling trials (mean � SD). Rectal

temperature, main effect of trial: p = 0.031 and d = 0.24; trial � time interaction: p = 0.049; skin temperature, main effect of trial: p < 0.001
and d = 0.31; trial � time interaction: p < 0.001; neck temperature main, effect of trial: p < 0.001 and d = 0.97; trial � time interaction:
p < 0.001; forehead temperature, main effect of trial: p = 0.042 and d = 0.19; trial � time interaction: p = 0.204. Key: PC, pre‐cool; 1st EXC,
first half of exercise; HT, half‐time; 2nd EXC, second half of exercise and DB, drinks break. Significant pairwise comparisons are denoted by *.
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trials (trial � time interaction, FAS: F (4.084, 44.922) = 0.913 and

p = 0.466 and FS: F (2.751, 30.258) = 1.801 and p = 0.172).

3.4 | Heart Rate, blood glucose and lactate
concentrations

HR, blood glucose or lactate concentrations were not different be-

tween the control and cooling trials (main effect of trial, HR: F (1,

10) = 0.366, p = 0.558 and d = 0.02, Figure 4; blood glucose: F (1,

11) = 0.650, p = 0.437 and d = 0.20 and blood lactate: F (1,

11) = 0.235, p = 0.637 and d = 0.06) nor was the pattern of change

different across the trials (trial � time interaction, HR: F (16,

160) = 0.654 and p = 0.835; blood glucose: F (1, 11) = 0.129 and

p = 0.727 and blood lactate: F (1, 11) = 0.299 and p = 0.595).

4 | DISCUSSION

The aim of the current study was to investigate if a combined cooling

intervention had an effect on cognitive function in team sport ath-

letes during a prolonged intermittent treadmill protocol designed to

replicate the demands of a football match in the heat. Lower ratings

of thermal sensation, thermal comfort and perceived exertion as well

as lower rectal, skin, neck and forehead temperatures were recorded

during the cooling trial. In addition to this, response times on the

complex level of the Stroop task were quicker at half‐time in the

cooling trial. In contrast, during the control trial, response times were

quicker overall on the complex level of the Stroop task as well as on

the complex level of the visual search test at full‐time. However,
these findings were present in the absence of accuracy changes.

The combined cooling intervention was successful at lowering

neck and forehead temperatures, which has been associated with

improvements in cognitive function, particularly in tasks of high

complexity, when exercising in the heat (Lee et al., 2014). Research

conducted by Saldaris et al. (2019) found, when compared to a

control, fewer errors in working memory and decision‐making tasks

coupled with decreases in pre‐exercise forehead temperature when

ingesting crushed ice. However, no differences in response time or

accuracy were seen on the Sternberg paradigm or RVIP in the cur-

rent study, which is consistent with literature that investigated the

use of head cooling on working memory (Mazalan et al., 2021) and

sustained attention (Gaoua et al., 2011). A potential explanation for

this is due to the participant's rectal temperature not reaching a level

where cognitive declines occur. It has been established that in-

dividuals who reach a core temperature of 39°C or higher will

experience cognitive declines (Gaoua et al., 2011). However, rectal

temperature in the current study only reached a maximum of

38.22°C and 38.31°C in the cooling and control trials, respectively,

and were not statistically different. Due to the fixed paced nature of

the protocol and participants exercising in a non‐competitive situa-

tion, the demands of the intermittent treadmill protocol may have

been lower than that typically seen when exercising in the heat. This

was evidenced by participant's RPE and HR not reaching the same

levels that has been previously found when playing football in hot

conditions (Mohr et al., 2010; figure 4). This demonstrates that the

demands of the protocol were not high enough to increase partici-

pant's rectal temperature to a level where cognitive declines occur,

thus the cooling was ineffective.

On the contrary, at half‐time, response times were quicker, in the
absence of accuracy changes, on the complex level of the Stroop task

during the cooling trial, which is in line with previous work conducted

on the effects of a combined cooling strategy on executive function

(Wen et al., 2022). Elevated core temperatures following exercise

have been found to lead to detrimental effects on response times

(Bandelow et al., 2010) as well as lower neck temperatures being

associated with improvements in cognitive function during tasks of

high complexity (Lee et al., 2014). At half‐time, rectal temperatures
were 37.98°C and 38.12°C and neck temperatures were 31.40°C and

32.30°C in the cooling and control trials, respectively. This highlights

that due to the differing levels of physiological strain experienced,

participants may have been able to provide more neural resources to

the Stroop task at half‐time during the cooling trial and cope better

with the combination of heat strain and the cognitive task. It may also

F I GUR E 4 Ratings of perceived exertion (A) and heart rate (B) during the control and cooling trials (mean � SD). Rating of perceived
exertion, main effect of trial: p = 0.026 and d = 0.15; trial � time interaction: p = 0.142; Heart rate, main effect of trial: p = 0.558 and d = 0.02;
trial � time interaction: p = 0.835. Key: PC, pre‐cool; 1st EXC, first half of exercise; HT, half‐time; 2nd EXC, second half of exercise and DB,

drinks break.
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be linked to the perceptual responses experienced as a result of the

combined cooling intervention as participant's rated lower levels of

thermal sensation and comfort in the cooling trial up until half‐time
(Figure 3). This coincides with the quickened response times, high-

lighting that they may have felt cooler and better at this time point

compared to full‐time, where no differences were seen. Despite this,
during the control trial, response times were quicker overall on the

complex level of the Stroop task and on the complex level of the

visual search test at full‐time compared to after the pre‐cool and
half‐time. Previous research has found that cognitive improvements

occur following moderate‐intensity exercise due to increases in

arousal (Johnson & Kobrick, 2001; McMorris, Tomporowski & Audi-

ffren, 2009), which may explain why response times were quicker.

However, due to a lack of consistent results throughout the cooling

and control trials as well as at different time points, it is difficult to

determine the exact mechanisms causing these differences found in

response times during the control trial. Consequently, more research

is needed to explore the effects of a combined cooling intervention

on cognitive function during intermittent exercise in the heat.

In line with previous research (Levels et al., 2013; Mazalan

et al., 2022), the combined cooling intervention was successful at

lowering rectal and mean skin temperatures (Figure 1). This finding

may be associated with both the location of the ice slurry ingestion

as well as the mixing of cooled cutaneous blood whilst returning

back to the core due to neck cooling (Price et al., 2009). Benefits of

lower rectal temperatures include reductions in thermoregulatory

responses, for example, sweating that can increase the risk of

dehydration (Schmitt et al., 2017), and increases in time to

exhaustion during exercise (Tyler & Sunderland, 2011). Lower skin

temperature as a result of cooling was also found and was consis-

tent with previous research (Price et al., 2009), where following the

pre‐cool, skin temperature values were significantly lower during

the cooling trial. However, skin temperature returned to similar

levels of the control trial throughout the exercise protocol, specif-

ically following the first half of exercise. This highlights the need for

a combined cooling intervention as cooling the skin alone, particu-

larly via pre‐cooling, does not have lasting beneficial effects when

exercising commences.

The current study highlights the effectiveness of using a com-

bined cooling intervention to lower ratings of thermal sensations,

thermal comfort and perceived exertion during exercise. These

findings are consistent with previous research on ice slurry ingestion

alone and in combination with external cooling methods (i.e., ice

packs) (Aldous et al., 2019; Naito et al., 2020). Due to the high alle-

thesial thermosensitivity of the neck (Cotter & Taylor, 2005), the

effectiveness of the combined cooling strategy could be associated

with initial differences seen in mean skin temperatures. Even though

the cooling strategy's ability to reduce the rise in skin temperature

lessened as exercise continued (Figure 2), an extended perception of

cooling likely occurred when actual cooling was not taking place

(Galpin et al., 2016). This was evident through lower ratings of

thermal sensation, thermal comfort and perceived exertion

throughout the cooling trial. Additionally, due to the location of the

thermoreceptors in the gastrointestinal region and thermoregulatory

centre in close proximity to the neck (Haymaker, 1969; Morris

et al., 2014), the combined cooling strategy may have directly or

indirectly influenced the afferent signals and masked the extent of

thermal strain experienced, subsequently making the participants

feel cooler and less exerted at times (Morris et al., 2014; Tyler &

Sunderland, 2011).

From a practical applications standpoint, due to the simplicity of

the implementation of the ice slurry and ice collar, it can easily be

introduced before and during a football match, specifically at half‐
time and throughout drink breaks. Physiologically and perceptually,

it is evident that the combined cooling strategy was beneficial,

however, the participant's rectal temperature did not reach a level

where cognitive declines have occurred previously (Gaoua

et al., 2011). Therefore, participants may not have experienced the

same level of physiological strain as they would during match play.

The potential reasons for this are linked to the exercise protocol.

Whilst informed by a football match, the protocol was fixed paced

and conducted in a non‐competitive environment, which does not

best reflect the settings and physical demands that would transpire in

a real‐life scenario. Additionally, whilst difficult to implement, the

cognitive tasks included in the current study were not sport specific

and thus, may not wholly represent the cognitive demands of inter-

mittent, team sports. Therefore, future research should investigate

the effect of a combined cooling intervention on games player's

cognitive function utilising self‐paced exercise and sport specific

cognitive tasks.

In conclusion, the combined cooling method employed in the

current study was successful at lowering ratings of thermal sensation,

thermal comfort and perceived exertion potentially due to a

continual perception of cooling as well as the locality of the inter-

vention. Despite lower neck and forehead temperatures, no consis-

tent differences were seen in cognitive function between the trials as

rectal temperatures did not reach a critical level where declines in

cognition normally occur. The present study has practical applica-

tions for intermittent sports in the heat, in particular football; how-

ever, attention should be given to the environmental conditions used

in future research.
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