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was lowered in ncc compared to cOn after the run 
(36.4 ± 1.6 °c vs. ncc: 26.0 ± 0.3 °c; p < 0.001). Exer-
cise-induced hyperthermia improved mean reaction time in 
the symbol digit matching test (−134 ± 154 ms; p < 0.05) 
and the PVt (−18 ± 30 ms; p < 0.05). Maximum span was 
increased in the digit span test (1 ± 2; p < 0.05). Application 
of ncc reduced the number of search errors made in level 
3 of the search and memory test (p < 0.05). Mean serum 
BDnF levels were increased following exercise-induced 
hyperthermia in both trials (p < 0.05).
Conclusion Exercise-induced hyperthermia improves 
working memory and alertness. neck cooling may only 
enhance performance in tasks of higher complexity.

Keywords Hyperthermia · Perceptual heat strain ·  
Short-term memory · Working memory alertness · 
neurotrophin · S100B

Abbreviations
cOn  control
ncc  neck cooling collar
BDnF  Brain-derived neurotrophic factor
PVt  Psychomotor vigilance test
Tgi  gastrointestinal temperature
S100B  S100 calcium binding protein B
VO2peak  Peak aerobic capacity
rPE  rating of perceived exertion
rtS  rating of thermal sensation
SPES  Swedish performance evaluation system
trkB  tropomyosin receptor kinase B

Introduction

Maintaining a high level of physical and cognitive per-
formance is pertinent in both sporting and occupational 

Abstract 
Purpose to assess the efficacy of neck cooling on cogni-
tive performance following exertional hyperthermia.
Methods  twelve healthy men completed two experimen-
tal trials [control (cOn) and neck cooling collar (ncc)] in 
a counter-balanced design. they ran on a treadmill at 70 % 
VO2peak under warm and humid conditions (dry bulb tempera-
ture: 30.2 ± 0.3 °c, relative humidity: 71 ± 2 %) for 75 min 
or until volitional exhaustion. gastrointestinal, neck and skin 
temperatures, heart rate and subjective ratings were assessed. 
Serum brain-derived neurotrophic factor (BDnF) levels were 
measured before and after each run. cognitive performance 
comprising symbol digit matching, search and memory, digit 
span, choice reaction time and psychomotor vigilance test 
(PVt) were assessed before and after exercise.
Results Mean gastrointestinal temperature was simi-
lar after exercise between trials (cOn: 39.5 ± 0.4 °c vs. 
ncc: 39.6 ± 0.3 °c; p = 0.15). Mean neck temperature 
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settings. Although the effects of hyperthermia and the 
resultant impact on endurance performance have been 
well documented, its impact on cognitive function remains 
inconclusive (Hancock 1984; ramsey 1995). Several con-
founding factors such as gender (Allen et al. 2003; gur 
et al. 1999; Haier et al. 2005), dehydration (cian et al. 
2001; tomporowski et al. 2007), cognitive task skill level 
(Hancock 1984; ramsey 1995), duration (Hancock and 
Vasmatzidis 2003; lorist et al. 2000) and difficulty (Bris-
swalter et al. 2002; Hogervorst et al. 1996; Moore et al. 
2012) may explain the inconsistencies amongst studies. 
cognitive performance improves with mild heat strain, but 
impairment will ensue at high levels of hyperthermia (raci-
nais et al. 2008).

As impairments in cognitive performance have been 
observed at a high level of hyperthermia (gastrointesti-
nal temperature; Tgi >39.0 °c, racinais et al. 2008; Tgi 
>38.7 °c, gaoua et al. 2011), it is important to investigate 
strategies to mitigate this decay. Due to its proximity to 
the thermoregulatory center of the central nervous system 
(Hammel et al. 1963), the neck is an appropriate site for 
cooling to reduce heat strain (tyler and Sunderland 2011). 
While neck cooling during exercise may serve as an ergo-
genic aid for endurance performance (tyler et al. 2010; 
tyler and Sunderland 2011), data supporting its efficacy 
in enhancing cognitive performance following exercise-
induced hyperthermia is limited.

the blood–brain barrier is a semi permeable membrane 
regulating the transport of selected substances, and changes 
to its permeability may allow the entry and exit of sub-
stances that affect metabolism, brain function and a wide 
range of homeostatic mechanisms (Ballabh et al. 2004). An 
increase in serum S100 calcium binding protein B (S100B) 
concentration is indicative of functional or morphological 
disruption of the blood–brain barrier (Kapural et al. 2002). 
During exercise, elevated serum S100B levels (Bailey 
et al. 2011; Dietrich et al. 2003; Otto et al. 2000; Watson 
et al. 2005) indicate increased permeability of the blood–
brain barrier, which may be the pathway for the transport 
of brain-derived neurotrophic factor (BDnF) from the 
brain to the periphery (rasmussen et al. 2009). Indeed, a 
single bout of aerobic exercise has shown to elevate serum 
BDnF levels (griffin et al. 2011) and most of the increase 
in serum BDnF levels following exercise is derived cen-
trally (rasmussen et al. 2009). As BDnF is believed to 
selectively improve performance in hippocampal-depend-
ent learning tasks (griffin et al. 2011), there may be a link 
between BDnF and cognitive function.

With this background in mind, the aim of the present 
study was to investigate the efficacy of neck cooling on 
cognitive performance following exercise-induced hyper-
thermia. concurrently, we investigated the relationships 
between serum S100B and BDnF levels, and cognitive 

performance following exercise. We hypothesized that the 
use of a neck-cooling collar would improve cognitive func-
tion following a moderate-intensity run in the heat. We also 
hypothesized that the moderate-intensity run would elicit 
increases in serum S100B and BDnF levels, and that the 
latter would be associated with cognitive function.

Methods

Participants

twelve healthy men were recruited for this study, which 
was approved by the Ethics committee of the Defence 
Medical and Environmental research Institute, DSO 
national laboratories, Singapore, and conformed to the 
standards set by the Declaration of Helsinki. they under-
took endurance running and/or cycling regularly (approxi-
mately 5 times per week; each session lasting at least an 
hour). Following a detailed briefing explaining the nature, 
benefits and risks of the study, participants gave their 
informed consent verbally and in writing. Participants were 
certified fit for participation in this study by a physician. 
Before the commencement of each trial, participants com-
pleted a health status questionnaire to ensure that they were 
well.

Preliminary measurements

Height was measured to the nearest 0.1 cm using a stadi-
ometer (Seca, Brooklyn, nY, USA), and baseline body 
mass was obtained to the nearest 0.05 kg using a digital 
scale (ID1 Plus/Kcc150, Mettler-toledo, germany). Skin-
fold measurements were taken at four sites (biceps, tri-
ceps, subscapular and suprailiac) using skin-fold callipers 
(Model HSK-BI-3; Baty International, West Sussex, UK), 
and the mean values were used to calculate total skinfolds. 
Body density (Durnin and Womersley 1974) and body fat 
(Siri 1956) were calculated.

Experimental design

Prior to the full familiarisation trial, two cognitive test 
practice sessions were conducted to familiarise partici-
pants with the cognitive test battery (Ely et al. 2013). In 
these two cognitive test practice sessions, anthropometric 
measurements were taken on the first session and peak 
aerobic capacity (VO2peak) was determined on the second. 
Following the full familiarisation trial, two experimental 
trials were conducted in a counter-balanced design [con-
trol: cOn (no neck collar) and neck cooling collar: ncc]. 
trials were separated by at least 7 days to allow recovery. 
Including the two cognitive test practice sessions, all trials 
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were conducted in the environmental chamber (Heraeus 
Votsch, germany) programmed to maintain a dry bulb tem-
perature of 30 °c and 70 % relative humidity.

Participants were required to standardize their dietary 
intake, as well as refrain from alcohol and strenuous activ-
ity in the 24-h period prior to each trial. A dietary record 
sheet was provided to the participants to aid them in stand-
ardizing their dietary intake. Each participant ingested a 
Jonah™ core temperature capsule (Mini Mitter co., Inc., 
Bend, Or, USA) at least 8 h prior to the commencement 
of trial as a measurement of Tgi. Participants were also 
instructed to consume 500 ml of water 90 min before the 
commencement of each experimental trial and refrain from 
drinking thereafter.

Experimental procedure

Upon arrival at the laboratory for the experimental trials, a 
urine sample was collected and nude body mass was meas-
ured. Urine osmolality was measured using freezing point 
depression (Osmomat 030-D, gonotec, germany). A tel-
emetric check was performed before the initiation of each 
trial to ensure the sensor resided within the participant. the 
VitalSense® temperature logger was sealed in a waterproof 
bag fitted into a padded pouch and worn on a customized 
lightweight harness around the waist positioned in the lum-
bar region of the participant. Skin temperatures were meas-
ured using telemetric iButtons (Maxim Integrated Prod-
ucts, Inc., Sunnyvale, cA, USA) attached with waterproof 
tape (transpore; 3M, Minnesota, USA) on various sites 
on the participant (four on the neck and one each on the 
right chest, tricep, anterior thigh and calf). Each participant 
also wore a chest band and wristwatch heart rate monitor 
(Model S610i; Polar Electro Oy, Kempelem, Finland).

Participants entered an environmental chamber, and a 
baseline blood sample was obtained after 10 min of rest. 
Participants then commenced with the battery of cogni-
tive tests in the following order: symbol digit matching, 
search and memory, digit span, choice reaction time and 
psychomotor vigilance test (PVt). the cognitive tests were 
performed before and after exercise in the environmental 
chamber.

Participants were asked to run on a motorized treadmill 
set to an individual speed calculated to produce an oxygen 
requirement of 70 % of their VO2peak. Participants con-
sumed 1 ml kg−1 body mass of water (at approximately 
30 °c induced by the ambient temperature) immediately 
before the commencement of the run, every 15 min during 
exercise and after the first, second, third and fourth cogni-
tive sub-test post-run. rating of perceived exertion (rPE) 
and rating of thermal sensation (rtS) were assessed before 
the start of the run and every 15 min thereafter until the 
cessation of the run. trials were terminated prematurely 

when a participant’s Tgi reached 40 °c, in adherence with 
pre-determined ethical guidelines. Following completion of 
the run, blood sampling, body mass measurement and urine 
sampling were performed before participants completed the 
post-exercise cognitive test battery. Mass of iButtons were 
then measured and subtracted from body mass readings 
taken post-exercise.

Measurement of VO2peak

Peak aerobic capacity was measured during the sec-
ond session. Each participant ran at four different speeds 
on a treadmill (h/p/cosmos Mercury, germany), starting 
at a speed 1 km h−1 slower than his expected pace for a 
10-km race, with increments of 1 km h−1 every 3 min, for 
a total of 12 min. During the last 10 s of each 3-min stage, 
heart rate and rPE were recorded. Oxygen uptake (VO2) 
was assessed over the final minute of each stage through 
a mouthpiece connected to a metabolic cart (cortex Meta-
lyser 3B, germany). Following 5–10 min rest, the partici-
pant started on a continuous treadmill run with an initial 
gradient of 1 %, which increased by 1 % every 1 min until 
he reached volitional exhaustion. VO2peak was recorded as 
the mean oxygen uptake over the last minute before voli-
tional exhaustion. the relationship between VO2 and speed 
was determined, and the speed corresponding to 70 % 
VO2peak for each participant was used in subsequent experi-
mental trials.

neck-cooling collar

the neck-cooling collar was modified from a commercially 
available neck-cooling device (Black Ice llc, lakeland, 
USA). the cooling component was drained and replaced 
with 120 g of gel refrigerant (BDH laboratory Supplies, 
Poole, Dorset, England, UK; tyler and Sunderland 2011). 
the neck collar was held in direct contact with the skin by 
a 600-mm neoprene wrap secured with Velcro fastenings 
at the anterior aspect of the neck. Details of the collar are 
described by tyler et al. (2010). Prior to the ncc trial, the 
collar was frozen for at least 24 h in a freezer at −80 °c 
and left in ambient conditions for 5 min before application. 
In the ncc trial, participants only donned the cooling col-
lar 5 min into the run and through the post-exercise cogni-
tive tests.

cognitive tests

cognitive performance was assessed using the Swedish 
Performance Evaluation System (SPES) and PVt. Four 
SPES sub-tests were selected to test specific cognitive func-
tions—symbol digit matching, search and memory, digit 
span and choice reaction time. Each sub-test took 8–10 min 
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to complete. cognitive testing commenced immediately 
after the run, regardless of whether participants completed 
the full 75 min of running, and the battery of tests was 
completed in approximately 45 min.

the symbol digit matching test was used as an assess-
ment of working memory, particularly perceptual capac-
ity and speed. During the test, a table of nine numbers, 
with each number corresponding to a specific and unique 
symbol, was provided. While referring to the table, par-
ticipants were tasked to enter numbers in the sequence 
according to the rearranged symbols that appeared in the 
row below. the test ended after ten sets of symbol–digits 
were presented.

the search and memory test was used to evaluate the 
executive control function of the brain. Each participant 
was presented with a letter on the computer screen for 1 s 
and required to reproduce the letter on the keyboard follow-
ing its disappearance. levels 2 and 3 of the test would have 
2 and 3 letters appearing for 2 and 3 s, respectively. If the 
letter(s) was successfully reproduced, a row of 30 letters 
was presented. In the shortest time possible, participants 
were required to search the row and to press a key when 
they recognized any of the letters that appeared in the pre-
vious task.

the digit span test is an assessment of working memory. 
During the test, a string of digits was presented on the com-
puter screen. Each digit appeared a second after the other. 
Beginning with three digits, a maximum of up to 15 could 
be displayed. Immediately after all the digits appeared, 
participants were required to reproduce the string of dig-
its using a number pad. A successful attempt extended 
the string by one digit; an unsuccessful attempt shortened 
the string by one number. the test was stopped when six 
attempts on the same digit span were made.

the choice reaction time test is a sustained attention task 
measuring the speed of response, which involves decisional 
making. A cross with one arm shorter than the others was 
presented on the computer screen. the four directional 
keys on the number pad corresponded to each arm of the 
cross. Participants were required to identify the short arm 
and to press the representative key on the number pad. the 
test ended after 128 presentations.

After the SPES sub-tests were completed, PVt 
(Model PVt-202, cWE, Inc., USA) was used to measure 
alertness and response latency, the time between onset of 
a stimulus and response. During this 5-min test, partici-
pants monitored the screen for the random appearance 
of a stimulus. the stimulus was a number that increased 
according to the amount of time (in milliseconds) that 
elapsed from its time of first appearance. Participants 
were instructed to press a designated button immediately 
when the visual stimulus was detected to stop the num-
ber from increasing. the mean reaction time to several 

exposures of the stimulus was used as a measure of 
vigilance.

Blood analyses

Venous blood samples (5 ml each) were collected after 
the participants were rested for 10 min. the blood was 
dispensed into an anticoagulant-free tube and was tem-
porarily stored in ice until the end of each trial. Blood 
samples were centrifuged (Jouan Br44i centrifuge, DJB 
labcare, UK) at 3,500 rpm, 4 °c for 10 min to obtain 
serum. From the samples, S100B concentrations were 
determined using enzyme-linked immunoabsorbant assay 
(ElISA) (Human S100B ElISA, BioVendor Inc., czech 
republic). BDnF concentrations were determined using 
ElISA (Quantikine Human BDnF ElISA, r&D Sys-
tems Inc., USA).

Statistical analyses

All statistical computations were performed using the Sta-
tistical Package for Social Sciences version 15.0. normal-
ity of experimental trial data was assessed using Shapiro–
Wilk test. Paired t tests were performed on data that were 
normally distributed. Data which did not follow the normal 
distribution were analyzed using Wilcoxon matched-pair 
signed rank test. As intra-individual inter-day variability 
in cognitive performance is inevitable (Ely et al. 2013), 
changes from pre- to post-exercise were compared between 
trials. two-factor repeated measures AnOVA was used to 
evaluate the changes in variables over time. coefficient 
of determination (r2) was used to detect any association 
between the cognitive test results and the change in BDnF 
levels before and after exercise. A statistical significance of 
p < 0.05 was used. Unless otherwise stated, all data are pre-
sented as mean ± SD.

Results

Participant characteristics

Participants’ age and physical characteristics are detailed in 
table 1.

Table 1  Physical characteristics of participants (n = 12)

characteristic Mean ± SD range

Age (years) 24 ± 2 21–27

Mass (kg) 61.6 ± 8.1 51.9–75.7

Height (m) 1.72 ± 0.05 1.65–1.78

Body fat (%) 11.7 ± 3.4 8.3–19.3

VO2peak (ml kg−1 min−1) 59.4 ± 5.3 53.6–70.4
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Exercise duration

no difference was detected in the duration of the run for par-
ticipants between the two trials (cOn: 67 ± 8 min; ncc: 
71 ± 5 min; p = 0.09). three participants exercised for a 
shorter duration in the cOn trial due to exhaustion (Partici-
pant 4, cOn: 64 min vs. ncc: 75 min; Participant 8, cOn: 
50 min vs. ncc: 75 min; Participant 11, cOn: 68 min vs. 
ncc: 75 min). removal of these participants from the anal-
ysis of cognitive, physiological, perceptual and blood data 
had no effect on the interpretation of results, and hence their 
data were included. no participant terminated the exercise 
session due to Tgi reaching 40 °c. Participants were consid-
ered euhydrated prior to each trial, demonstrated by pre-trial 
urine osmolality (cOn: 247 ± 194 mOsmol kg−1 vs. ncc: 
241 ± 168 mOsmol kg−1; p = 0.92).

Environmental conditions and ingested fluid temperature

there were no differences in ambient temperature, relative 
humidity or ingested fluid temperature between trials.

Body mass changes

there were no differences in body mass between trials 
before the pre-exercise cognitive tests. Body mass was sim-
ilar between conditions prior to the run, after the run, and 
2 h after exercise was terminated. A decrease in body mass 
following the run for both cOn (pre-cOn: 61.6 ± 8.5 kg 
vs. post-cOn: 60.2 ± 8.3 kg; p < 0.001) and ncc trials 
(pre-ncc: 61.5 ± 8.5 kg vs. post-ncc: 60.1 ± 8.3 kg; 
p < 0.001) was observed.

gastrointestinal temperature

there were no differences in Tgi between cOn and ncc 
trials before exercise (cOn: 36.7 ± 0.2 °c vs. ncc: 
36.8 ± 0.3 °c; p = 0.21; Fig 1), throughout the run (cOn: 
38.2 ± 0.3 °c vs. ncc: 38.2 ± 0.4 °c; p = 0.31), after 
exercise (cOn: 39.5 ± 0.4 °c vs. ncc: 39.6 ± 0.3 °c; 
p = 0.15) and at the end of the post-exercise cognitive tests 
(cOn: 37.3 ± 0.3 °c vs. ncc: 37.4 ± 0.3 °c; p = 0.19).

neck temperature

no differences were observed in the neck temperature 
between trials prior to the run (cOn: 34.2 ± 0.3 °c vs. 
ncc: 34.4 ± 0.3 °c; p = 0.26; Fig 2). Application of 
the neck collar 5 min into the run resulted in lower mean 
neck temperature in the ncc trial (cOn: 34.9 ± 0.1 °c 
vs. ncc: 24.6 ± 2.1 °c; p < 0.001). Mean neck tem-
perature was lowered in the ncc trial compared to the 
cOn trial throughout the run (cOn: 35.9 ± 0.4 °c vs. 
ncc: 26.3 ± 1.5 °c; p < 0.001), after the run (cOn: 
36.4 ± 1.6 °c vs. ncc: 26.0 ± 0.3 °c; p < 0.001) 
and following the post-exercise cognitive tests (cOn: 
34.4 ± 1.9 °c vs. ncc: 25.1 ± 0.2 °c; p < 0.001).

Weighted mean skin temperature

Mean skin temperature was similar for both trials before 
the run (cOn: 32.6 ± 0.3 °c vs. ncc: 32.8 ± 0.4 °c; 
p = 0.12), throughout the run (cOn: 30.1 ± 4.8 °c vs. 
ncc: 30.2 ± 5.3 °c; p = 0.69), following the termination 
of the run (cOn: 34.7 ± 2.3 °c vs. ncc: 34.8 ± 2.3 °c; 

Fig. 1  gastrointestinal tem-
perature (°c) of participants 
in experimental trials. Mean 
gastrointestinal temperature 
was similar at pre-exercise 
(p = 0.21), throughout exercise 
(p = 0.31), exercise termina-
tion (p = 0.15) and at the end 
of post-exercise cognitive tests 
(p = 0.19) in both cOn and 
ncc trials. the sequences 
of the cognitive tests being 
administered were as follows: 1 
symbol digit matching, 2 search 
and memory, 3 digit span, 4 
choice reaction time, and 5 
psychomotor vigilance test
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p = 0.97) and after the post-run cognitive tests (cOn: 
32.5 ± 1.8 °c vs. ncc: 32.2 ± 2.2 °c; p = 0.80).

Heart rate

there was no difference in heart rate between trials prior to the 
run (cOn: 58 ± 7 beats min−1 vs. ncc: 58 ± 7 beats min−1; 
p = 1.00), throughout the run (cOn: 149 ± 8 beats min−1 vs. 
ncc: 150 ± 6 beats min−1; p = 0.72), at the end of the run 
(cOn: 171 ± 10 beats min−1 vs. ncc: 173 ± 9 beats min−1; 
p = 0.29) and after the post-exercise cognitive tests (cOn: 
82 ± 10 beats min−1 vs. ncc: 80 ± 8 beats min−1; p = 0.28).

cognitive test results

results of the cognitive tests are shown in table 2. Exer-
cise-induced hyperthermia improved reaction time in the 
symbol digit matching test and the PVt for both trials 
(p < 0.05). Maximum span was increased in the digit span 
test for the cOn (p < 0.05), but not in the ncc (p = 0.61) 
trial after exercise. In relation to the cOn trial, wearing the 
neck collar in the ncc trial caused a slight improvement in 
the level 3 search and memory test, as the change in num-
ber of errors was reduced from 0 to −1 (p < 0.05). Exer-
cise-induced hyperthermia had no effect on the remaining 
cognitive tests. 

Subjective ratings

rating of perceived exertion was similar prior to the run 
for both trials (cOn: 7 ± 1 vs. ncc: 7 ± 1; p = 0.37). 

throughout the run, rPE was lower in the ncc trial com-
pared to the cOn trial (cOn: 13 ± 1 vs. ncc: 12 ± 1; 
p < 0.05). rPE was similar at the end of the run (cOn: 
17 ± 2 vs. ncc: 16 ± 1; p = 0.12). rtS was similar 
prior to the run for both trials (cOn: 3.8 ± 0.6 vs. ncc: 
3.7 ± 0.7; p = 0.34) and throughout the run (cOn: 
5.5 ± 0.7 vs. ncc: 5.0 ± 0.4; p = 0.14). At the end of 
the run, rtS was lower in the ncc trial compared to the 
cOn trial (cOn: 6.7 ± 0.8 vs. ncc: 5.9 ± 0.8; p < 0.05), 
but was similar after the post-run cognitive tests (cOn: 
4.3 ± 0.4 vs. ncc: 4.1 ± 0.4; p = 0.08).

Serum S100B and BDnF levels

Baseline serum S100B levels were similar for both tri-
als prior to exercise (p = 0.88). An increase in serum 
S100B levels was observed after exercise in both 
control (pre-cOn = 7.7 ± 4.4 pg ml−1 vs. post-
cOn = 16.1 ± 4.8 pg ml−1; p < 0.05) and col-
lar trials (pre-ncc = 6.8 ± 3.2 pg ml−1 vs. post-
ncc = 12.2 ± 5.2 pg ml−1; p < 0.05). there was no 
difference in the change in S100B levels at the end of 
exercise for both trials (cOn: 8.4 ± 5.4 pg ml−1 vs. ncc: 
5.4 ± 7.1 pg ml−1; p = 0.19). Baseline serum BDnF levels 
were similar in both trials prior to exercise (p = 0.61). Fol-
lowing exercise, an increase in mean serum BDnF levels 
was observed in both cOn (pre-cOn: 23.2 ± 5.6 ng ml−1 
vs. post-cOn: 29.1 ± 5.0 ng ml−1; p < 0.05) and ncc 
trials (pre-ncc: 21.7 ± 5.1 ng ml−1 vs. post-ncc: 
32.1 ± 12.4 ng ml−1; p < 0.05). there was no difference in the 
change in BDnF levels at the end of exercise for both trials 

Fig. 2  neck temperature (°c) 
of participants in experimental 
trials. Mean neck tempera-
ture was lower in ncc trial 
than cOn trial during the run 
(p < 0.001)

Time (minutes)

0 10 20 30 40 50 60 70 80 90 100 110 120

N
ec

k 
te

m
pe

ra
tu

re
 (

ºC
)

0.0

15.0

20.0

25.0

30.0

35.0

40.0

Control (CON)
Neck Cooling
Collar (NCC)

Start Run Post-run cognitive test

*



381Eur J Appl Physiol (2014) 114:375–384 

1 3

(cOn: 6.6 ± 5.1 ng ml−1 vs. ncc: 10.5 ± 13.6 ng ml−1; 
p = 0.45). A strong association was found between the 
change in serum BDnF levels and change in maximum span 
for the digit span test in the cOn trial (r2 = 0.81; p < 0.001; 
Fig 3), but not in the ncc trial (r2 = 0.14; p = 0.26). no 
association was found between serum BDnF levels and the 
remaining cognitive tests (p > 0.05).

Discussion

this study aimed to assess the efficacy of a neck-cooling 
collar on improving cognitive performance following 
exercise-induced hyperthermia. Memory and alertness 
were found to improve after exercise. the neck-cooling 
collar was found to enhance performance in the highest 
level (level 3) of the search and memory test, indicating 
that neck cooling was beneficial only in cognitive tasks of 
higher complexity. the rise in serum S100B concentrations 
after exercise for both trials provides some evidence that 
running in the heat could have caused a disruption of the 
blood brain barrier. An improvement in the digit span test 
paralleled the increase in serum BDnF levels after the run 
in the absence of neck cooling.

reaction time as measured by the PVt was improved 
following exercise-induced hyperthermia. this is consist-
ent with a previous study by gaoua et al. (2011), in which 
participants completed tests associated with attention and 
memory over three separate trials (control: 20 °c, 40 % rH; 
hot: 50 °c, 50 % rH; hot with head kept cool). reac-
tion time improved with heat exposure until Tgi exceeded 
38.7 °c. It is noteworthy that participants’ Tgi in the pre-
sent study following the run had dropped to 37.6 °c by the 
time they attempted the final cognitive test PVt. therefore, 

Table 2  Summary of cognitive test results comparing (mean ± SD) pre-cOn/ncc and post-cOn/ncc trials (n = 12)

* Significant difference between pre-cOn/ncc and post-cOn/ncc (p < 0.05)
#   Significant difference between changes in cOn and ncc (p < 0.05). change = post-cOn/ncc − pre-cOn/ncc

cognitive test Measures Pre-cOn Post-cOn change Pre-ncc Post-ncc change

Symbol digit  
matching

Mean reaction time 
(ms)

1,624 ± 279 1,490 ± 232 −134 ± 154* 1,645 ± 226 1,516 ± 244 −129 ± 75*

no. of errors 2 ± 3 2 ± 2 0 ± 4 1 ± 2 2 ± 2 1 ± 3

Search and memory 
level 1

Mean reaction time 
(ms)

4,437 ± 1,661 4,311 ± 1,309 −126 ± 807 4,455 ± 1,431 4,279 ± 1,478 −176 ± 673

no. of errors 1 ± 1 0 ± 0 0 ± 1 1 ± 1 1 ± 1 0 ± 1

Search and memory 
level 2

Mean reaction time 
(ms)

6,984 ± 2,406 6,693 ± 3,331 −291 ± 1,955 7,147 ± 2,769 6,682 ± 2,126 −464 ± 1,140

no. of errors 1 ± 1 2 ± 2 1 ± 2 1 ± 1 2 ± 2 1 ± 2

Search and memory 
level 3

Mean reaction time 
(ms)

9,711 ± 3,799 9,384 ± 4,314 −328 ± 2,077 9,481 ± 3,140 9,022 ± 3,365 −460 ± 1,609

no. of Errors# 2 ± 2 2 ± 1 0 ± 1 3 ± 2 2 ± 1 −1 ± 2

Digit span Maximum span 10 ± 2 11 ± 2 1 ± 2* 11 ± 2 11 ± 2 0 ± 1

no. of directional 
changes

8 ± 2 9 ± 2 1 ± 3 9 ± 2 9 ± 2 0 ± 3

choice reaction time no. of correct 
responses

121 ± 6 120 ± 15 −1 ± 13 125 ± 4 126 ± 3 1 ± 4

Mean reaction time 
(ms)

574 ± 88 522 ± 71 −51 ± 84 564 ± 145 531 ± 97 −32 ± 61

Psychomotor  
vigilance

Median reaction  
time (ms)

262 ± 55 244 ± 46 −18 ± 30* 238 ± 30 218 ± 29 −20 ± 25*

no. of errors 3 ± 3 1 ± 2 −2 ± 3 1 ± 2 0 ± 1 −1 ± 2

Change in Serum BDNF Levels (ng ml -1 )
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Fig. 3  Association between change in maximum span in digit span 
test and change in serum BDnF levels post-exercise in cOn trial



382 Eur J Appl Physiol (2014) 114:375–384

1 3

participant’s Tgi was below the stipulated threshold of 
38.7 °c as defined by gaoua et al. (2011). Future studies 
should explore maintenance of hyperthermia following 
exercise on cognitive functions. Although a previous study 
by racinais et al. (2008) demonstrated that heat exposure 
increases reaction time, it was based on a passive approach 
of heating (ambient temperature of 50 °c). comparatively, 
the present study employed exertional heat stress on the 
participants. Similarly, the improvements on the digit span 
and symbol digit matching tests following the run indi-
cate that exercise-induced hyperthermia enhances memory 
function. However, the results obtained were different from 
observations by racinais et al. (2008), whereby hyper-
thermia resulted in an impairment of working memory in 
Spatial Span test and Pattern recognition Memory test. 
McMorris (2009) proposed that moderate-intensity exer-
cise was able to elicit optimal levels of arousal that improve 
cognitive function. this was suggested to be more evident 
with relatively simple cognitive tasks compared with more 
complex memory tasks (McMorris 2009). therefore, a lack 
of arousal from a passive approach to hyperthermia in the 
study by racinais et al. (2008) may account for the differ-
ence in outcomes for reaction time and memory function 
in the present study. Johnson and Kobrick (2001) have 
suggested that cognitive performance improves as arousal 
increases above a comfortable level caused by exposure 
to mild heat, but would degrade at high temperatures for a 
sustained duration of time.

With less complex cognitive tests, it appears that the 
impact of neck cooling on performance is minimal and 
is not dependent on whether hyperthermia is achieved 
actively with exercise, as in the present study, or passively 
(Simmons et al. 2008). Simmons et al. (2008) demonstrated 
that cognitive function was heavily dependent on core 
and skin temperature, and that cooling the head and neck 
did not affect cognitive performance. In addition, some 
degree of cognitive resilience compensates for the nega-
tive distraction of alterations in skin temperatures during 
heat stress (20–40 °c; Ely et al. 2013), but not cold stress 
(2 °c; Adam et al. 2008). Interestingly, neck cooling with 
exercise-induced hyperthermia may have a greater influ-
ence on more complex cognitive tasks in the heat. Previ-
ous studies have suggested that cognitive disturbances due 
to hyperthermia are dependent on task complexity (Pilcher 
et al. 2002; ramsey 1995) and perceived heat strain may 
be a plausible limiting factor for more complex cognitive 
performance in the heat. In the present study, lowered rPE 
and rtS with neck cooling resulted in a reduced error rate 
in level 3 of the search and memory test. It is also possible 
that the cognitive domain tested could be different, and that 
ncc is only effective in improving cognitive functions of 
the pre-frontal cortex, temporal lobe and the parietal cor-
tex—brain regions, which are involved in execution of the 

tasks required in the search and memory tests. However, we 
observed no improvement in the symbol digit matching test 
results for the ncc condition even though the specific cog-
nitive function tested was the most similar. Furthermore, 
performance in levels 1 and 2 of the search and memory 
test was also not significantly different between trials, 
although all other factors were kept constant except for task 
complexity. taken together, these results point towards the 
influence of task complexity on the efficacy of neck cool-
ing on cognitive performance. tyler and Sunderland (2011) 
have shown that dampening perceived heat strain with neck 
cooling prolongs exercise time to exhaustion. thus, neck 
cooling may mask the ‘cognitive load’ perceived with exer-
cise-induced hyperthermia and allow a partial restoration of 
cognitive resources, which enhances performance of com-
plex cognitive tasks in the heat.

the results of the present study support previously 
reported increases in S100B after exercise (Watson et al. 
2005) and the similar levels observed with and without 
neck cooling (tyler et al. 2010). Serum BDnF was also 
found to increase concomitantly with serum S100B lev-
els. Pedersen et al. (2009) found that while BDnF produc-
tion increased in muscle during physical activity, it was 
not released into the circulation, suggesting that BDnF is 
derived centrally (rasmussen et al. 2009). Furthermore, 
BDnF is known to be able to cross the blood–brain barrier 
in a saturable transport system (Pan et al. 1998). As such, 
with an increased permeability of the blood–brain barrier 
after exercise (indicated by S100B levels), we propose 
that BDnF is transported from the brain to the periphery, 
accounting for the increase in serum BDnF levels.

A strong association was observed between the change 
in maximum digit span scores and serum BDnF changes 
following exercise in the cOn trial (r2 = 0.81; p < 0.001), 
suggesting a link between working memory and serum 
BDnF levels after exercise. Although previous studies have 
demonstrated an improvement in memory and a concomi-
tant increase in serum BDnF levels after exercise (Fer-
ris et al. 2007; griffin et al. 2011), no associations were 
reported. Based on this association, we hypothesize that 
working memory may be mediated by a BDnF-related 
mechanism. griffin et al. (2011) found that acute exercise 
induced an increase in BDnF that paralleled improved 
performance in a face–name matching task. the research-
ers went on to conclude that acute bouts of intense aero-
bic exercise were selective in improving performance for 
hippocampal-dependent learning task mediated by BDnF 
expression. Furthermore, it has been found that exer-
cise training increased the size of the hippocampus and 
was related to an improvement in the spatial memory test 
(Erickson et al. 2011). neurological studies with rats have 
also uncovered a relationship between BDnF signaling 
after exercise and improvement in memory. recently, lee 
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et al. (2012) found that a bout of resistance wheel run-
ning was able to improve hippocampal-dependent learn-
ing and memory tasks in rats. gomez-Pinalla et al. (2008) 
also found that rats displayed an improvement in spatial 
memory tasks that was dependent on BDnF expression 
in the hippocampus after physical activity. taken together, 
both human and animal studies seem to indicate that an 
improvement in memory is related to BDnF levels follow-
ing exercise, giving support to the association we found.

However, this association was only established in the 
cOn trial. given that the neck collar reduced participant’s 
perceived heat stress in the ncc trial, it raises the ques-
tion as to whether perceptual heat strain impacts BDnF-
mediated mechanisms in improving working memory. Heat 
stress is a ‘cognitive load’ placing attentional demands on 
a limited global workspace, which leaves fewer resources 
available for the participant to use in concurrent cognitive 
tasks (gaoua et al. 2011). Since the neck collar was able to 
reduce the perceived heat stress of participants, this would 
leave them with additional cognitive resources to undertake 
the digit span test. therefore, although BDnF levels also 
increased after the run in the ncc trial, it may not have 
been a crucial mediator of working memory under lower 
perceived thermal strain. It is possible that BDnF may 
be selectively utilized as a mediator for synaptic plastic-
ity only under conditions whereby perceived heat stress 
is more pronounced. Further investigation should be tar-
geted at elucidating the underlying mechanisms of BDnF 
and synaptic plasticity during and following hyperthermia. 
Although we have shown that working memory improve-
ment is correlated with a rise in BDnF post-exercise, we 
did not establish a causal relationship between them. Future 
studies can quantify trkB binding by BDnF to estab-
lish a causal relationship when an up-regulated binding is 
observed after exercise in the heat.

In conclusion, exercise-induced hyperthermia improved 
memory and alertness. neck cooling was only effective in 
enhancing cognitive performance in tasks of higher com-
plexity after exercise-induced hyperthermia, possibly by 
blunting the perceptual heat stress experienced. While the 
neck-cooling collar was ineffective at improving less com-
plex cognitive tasks after exercise-induced hyperthermia, 
it did not impair the performance of these tasks and may 
be applied as a strategy for personnel competing or work-
ing under heat stress to enhance the performance of more 
complex cognitive tasks. the strong association observed 
between BDnF concentrations after exercise and work-
ing memory, but only without neck cooling, suggests that 
working memory may be selectively regulated by a BDnF 
mechanism.
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