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Abstract

Exercise performance and capacity are both impaired in hot compared to moderate
environments although the mechanisms behind the premature termination of exercise are
not fully understood. It is clear that the development of hyperthermia plays an integral role
and so a variety of cooling interventions have been investigated in an attempt to attenuate
the reduction in exercise performance and capacity observed. Cooling the torso has
received substantial attention however, based upon data from animal, human and
modelling studies, cooling the neck has been proposed as a more effective site to cool. The
current thesis investigated the effect of a cooling collar on running performance and
capacity in hot conditions (30 - 32°C; 53% rh). The thesis also examined the effect of the
cooling collar on the physiological, perceptual and neuroendocrinological responses to the
exercise bout. Chapter 4 reported that 15 min time-trial running performance was impaired
by 9.8% in hot (30°C), compared to moderate (14°C), conditions. The application of the
cooling-collar improved 15 min time-trial performance in a hot environment (30°C) in
subsequent studies by -6% and -7% (Chapters 5, 6 and 8); attenuating much of the
impairment in performance observed in Chapter 4. The improvements were observed
without alterations in the physiological or neuroendocrinological response to the exercise
bout. The rating of perceived exertion was also unaffected, although the collar positively
altered the perception of thermal sensation. Cooling the neck also improved exercise
capacity in a hot environment (32°) (by ~14%) due to a dampening of the perceived level
of thermal and cardiovascular strain. Chapter 7 reported that cooling the neck had no
performance benefit when the body was under insufficient thermal strain while Chapter 8
reported that there is a limit to the performance improvements that can be achieved. The
data presented within the current thesis demonstrates that cooling the neck via a practical
neck collar can improve running perfonnance and capacity in a hot environment; this

improvement has many potential advantages for athletes and coaches.
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Chapter 1: General Introduction



It has been suggested that a moderate elevation in body temperature may be advantageous
for exercise because it has been demonstrated that the speed of the mechanical and
metabolic processes increases by a factor of approximately two for every 10°C increase in
muscle temperature. This is referred to as the Qio temperature quotient or Van’t Hoff-
Arrhenius law (Belehradek, 1957). In contrast to the benefits associated with moderate
increases in body temperature, excessive elevations have regularly been shown to impair
both prolonged submaximal exercise (Gonzalez-Alonso et al., 1999; Tucker et al., 2004;
Watson et al, 2005c) and short-duration higher-intensity bouts (Gonzalez-Alonso &
Calbet, 2003; Nybo & Nielsen, 2001a; Saltin et al., 1970).

120

105 acd

bd

% 93.52

8139 81.15 Figure 2.1. The effect of
abe ambient temperature on
exercise capacity
[reproduced from
Galloway and Maughan
(1997), with
permission].

51.55

TEMPERATURE (°C)

The detrimental effect of hot environmental conditions on exercise performance is well
documented (Galloway & Maughan, 1997; Marino et al., 2004). Galloway and Maughan
(1997) demonstrated the adverse effect of elevated ambient temperatures on exercise

capacity (Figure 2.1.). They investigated the effect of different ambient temperatures on

the ability to sustain steady-state (70% V 02nmx) cycle ergometer exercise and reported that
participants managed to sustain the exercise bout for the longest period of time at
temperatures of 11°C with an impairment in capacity observed in the trials conducted in
temperatures in excess of this (21 and 31°C). Participants cycled for 93.5 & 6 min at 11°C;
however, exercise capacity was reduced to 81.2 =+ 6 min when the temperature was
increased to 21°C and was further reduced to 51.6 + 4 min when the ambient temperatures
were at their highest (31 °C). The reduced ability to sustain exercise in hot environmental
conditions is not contained to laboratory investigations. The fastest times for races of
distances between 5000m and 100km are rarely recorded in temperatures in excess of 14°C

(Marino, 2004), while the percentage of athletes completing the Olympic marathons



occurring between 1896 and 2000 drops from -79% to -54% when the ambient
temperature exceeds 25°C (Marino, 2004; Martin & Gynn, 2000).

Although the exercise-limiting effect of high ambient and internal temperatures is well-
documented, the mechanisms involved are not fully understood. A number of theories have
been proposed and these are reviewed in Chapter 2 of this thesis. A common theme to all
of the proposed mechanisms is the development of hyperthermia. Hyperthermia is defined
as an increase in the temperature ofthe body above the normal range specified for a normal
active state and is therefore classified as an elevation of core temperature above ~38°C
during moderate-intensity exercise (IUPS Thermal Commission, 1987). Due to the
impairment in exercise performance and capacity being heavily linked to an increase in
body temperature a variety of cooling methods have been investigated in an attempt to
attenuate the reduction in the ability to exercise observed in a hot environment (Marino,
2002). Many studies have examined cooling the body prior to exercise (pre-cooling) and
the majority have reported an improvement in perfonnance in the subsequent exercise bout
(Gonzalez-Alonso et al., 1999; Lee & Haymes, 1995; Marino, 2002). The improved
perfonnance observed following pre-cooling is often attributed to a reduction in initial core
temperature, and an attenuated rate at which it increases, widening the range ofthe internal
temperature which can be tolerated (Gonzalez-Alonso ef al, 1999; Lee & Haymes, 1995).
Despite this proposal performance benefits have been observed following pre-cooling in
the absence of core temperature alterations and the positive effect of pre-cooling on
thermal comfort and the disruption ofthennal feedback channels has also been proposed as
an explanation for the ergogenic effect (Hessemer et al, 1984; Kay et al, 1999). The exact
mechanisms by which pre-cooling improves performance in hot environments remain
unclear. The majority of pre-cooling interventions lack practical application in a
competitive sporting environment but despite this there is a lack of research investigating
the effect of practical cooling devices. Cooling vests have been investigated, with mixed
results (Arngrimsson et a/, 2004; Duffield ef a/, 2003). The mixed results appear to be
largely due to the provision of an insufficient magnitude of cooling which is a common
problem with practical cooling devices. A potential solution to this is cooling the neck
region as it has been demonstrated that cooling this region is more effective in improving
thermal tolerance than cooling the same surface area of the torso (Shvartz, 1976) and so
perhaps a reduced magnitude of cooling is required if cooling there. Under conditions of
severe thermal strain, cooling the head and neck can elicit beneficial thermoregulatory and
cardiovascular changes (Nunneley ef a/, 1971; Shvartz, 1970; Simmons ef al, 2008)

although improvements in perceptual variables are more common {e.g. Armada-da-Silva et

3



al., 2004; Mundel et al., 2005; Simmons et al., 2008). The head and neck region is a site of
high sudomotor and alliesthesial thermosensitivity (Cotter & Taylor, 2005) and so

improvements in perceptual responses following cooling this region is unsurprising.

Despite the data from Shvartz (1976) and Cotter and Taylor (2005), which suggests that
the neck region might be an optimal site to cool, there is a lack of research investigating
the effects of cooling the neck during exercise performed in a hot environment. The aim of
this thesis was to examine the effects of cooling the neck via a practical neck cooling
device on running performance and capacity in a hot environment and to investigate the

physiological, perceptual and neuroendocrinological responses to the cooling intervention.

The thesis is presented in nine main Chapters (Chapter 2 - 10); the contents of which are

outlined below:

* Chapter 2 presents a review of literature examining the mechanisms proposed to
explain the reduced ability to exercise in hot environmental conditions, the cooling
strategies investigated in an attempt to attenuate this reduction and the rationale for
cooling the neck region.

* In Chapter 3 the general procedures, measurements, equipment and methods of
analysis used within the experimental Chapters are presented.

e Chapter 4 investigates the effect of ambient temperature on the reliability of a
preloaded treadmill time-trial.

+ Chapter 5 investigates the effect that a practical neck cooling collar has on
preloaded time-trial running performance in a hot environment.

* Chapter 6 presents data collected during the experiment reported in Chapter 5 and
investigates the effect of the neck cooling collar on a marker of blood-brain barrier
and neuronal damage.

* The effect of the cooling collar on short-duration time-trial perfonnance in a hot
environment is investigated in Chapter 7.

* In Chapter 8 the effect of maintaining the neck at a reduced temperature, via the
replacement of a neck cooling collar, on pre-loaded time-trial perfonnance in a hot
enviromnent is investigated.

* In Chapter 9 the effect of the cooling collar on exercise capacity in a hot

enviromnent is examined.



» The final Chapter ofthesis (Chapter 10) discusses and summarises the results from
the six preceding experimental Chapters and addresses some of the questions that

subsequent research should seek to resolve.



Chapter 2: Review of Literature



2.1. Overview

This Chapter collates data from the most pertinent research studies that have proposed
differing theories to explain the premature termination of exercise in hot, compared to
moderate, environments and from studies that have investigated a variety of methods to
combat the reduced ability to exercise. The review of literature is divided into three main
sections. The first section (section 2.2) examines the proposed mechanisms for fatigue
during exercise in a hot environment. Section 2.3 reviews the literature investigating the
effects of different cooling interventions adopted both prior to, and during exercise.
Section 2.3 is divided into three main sub-sections focussing on pre-cooling, cooling the
torso and cooling the head, neck and face region. Section 2.4 examines the theoretical basis

for cooling the neck region.

2.2. Proposed mechanisms of fatigue during exercise in hot environments

2.2.1. Introduction

Exercise capacity is limited in a hot environment (Galloway & Maughan, 1997) and it has
been proposed that, from an evolutional perspective, there should be physiological
safeguards in place to initiate the termination of physical activity (e.g. exercise or work)
prior to the onset of catastrophic hyperthermia (MacDougall et al, 1974; Nielsen et al.,
1993; Cheung, 2007). Two major paradigms have been proposed in an attempt to explain
the premature termination of exercise in a hot environment. One theory suggests that
fatigue occurs upon the attainment of a critical internal temperature (Gonzalez-Alonso et
al., 1999; Nielsen et al, 1993; Walters et al, 2000), while the alternative perspective
proposes that the body reduces its workload prior to the attaimnent of a dangerously high
temperature due to a complex feed-forward and feedback system or a central governor
(Marino, 2004; Noakes & St Clair, 2004). Often these two models are seen as conflicting
and exclusive of each other (Marino, 2004); however, it has also been proposed that the
two models are in fact complementary and that the existence of both protective systems
would be advantageous to survival (Cheung, 2007). The critical core temperature
hypothesis can only be examined during fixed intensity work while the anticipatory,
central governor, model can only be assessed using performance tests with a variable
work-load and this fundamental difference probably accounts for much of the proposed

conflict. The purpose of this section is to review the literature that has focused on these



models of exercise fatigue in a hot environment and to explore the similarities and

differences between the two.

2.2.2. The critical core temperature hypothesis

Observations that participants consistently terminate fixed-intensity exercise at core
temperatures of ~40°C regardless of acclimation status (Nielsen et al., 1993) or initial core
temperature (Gonzalez-Alonso et al, 1999) led to the hypothesis that there is a critical
body temperature that limits exercise in the heat (Nielsen et al., 1993). The mechanical
efficiency of the human body is normally below ~25% and more than 75% of the total
energy used is converted into heat (Astrand et al., 2003). During exercise performed in
environmental temperatures below ~28°C, the magnitude of elevation in core temperature
is largely independent of the ambient temperature and is proportional to the metabolic rate
(Gonzalez et al., 1978); however, in higher temperatures the metabolic load acts in

combination with the ambient conditions to increase the elevation of core temperature.

The recent interest in the possible existence of a critical core temperature stemmed largely
from a study investigating the effect of heat acclimation on the human circulatory and
thermoregulatory response to exercise in a hot environment (Nielsen et al., 1993). Nielsen
et al. (1993) reported that, although exercise capacity time almost doubled after a 9 - 12
day acclimation protocol, voluntary exhaustion occurred consistently at an internal
(oesophageal) temperature of ~39.7°C regardless of acclimation status following
submaximal (60% V 02max) cycle ergometer capacity tests in hot, dry conditions (40°C;
10% rh). At the point of exhaustion there were no reductions in cardiac output, muscle
blood flow or skin blood flow and there was no lack of substrate or any accumulation of
any substance traditionally thought to cause fatigue such as lactate or potassium ions and
therefore the authors proposed the concept of exercise-limiting hyperthermia. A similar
consistency of terminal core temperature was observed in moderately fit participants
exposed to uncompensable heat stress while wearing nuclear, biological and chemical
protective clothing (Cheung & McLellan, 1998) and in individuals commencing exercise at
different starting temperatures (Gonzalez-Alonso et al, 1999). Participants wearing the
protective clothing were divided into two groups depending on fitness status and were

restricted to a cut off core temperature of 39.3°C due to ethical constraints. In the high

fitness group (V 02max > 55 mlI'kgM'min"]), 24 trials were terminated due to reaching the

ethically enforced cut-off core temperature with only 8 trials voluntarily terminated prior to

the attainment of this temperature. In the lower fitness group (V 02nmx40 - 50 ml'kg'ImiiT



*) all trials were voluntarily terminated below the 39.3°C ethically approved ceiling
temperature and at consistent temperature of ~38.7°C. This data demonstrates that training
status can affect thermal tolerance because individuals with higher levels of aerobic fitness
were able to tolerate higher core temperatures. Further support for the idea of a critical cut-

off core temperature was provided by Gonzalez-Alonso and colleagues (1999). Participants

performed submaximal (60% V C'max) cycle ergometer exercise to volitional exhaustion
on three occasions with manipulated starting core temperatures of 36, 37 and 38°C.
Exercise capacity was inversely related to the starting core temperature. Participants
completed 63 + 3, 46 + 3 and 28 + 2 min in the cool, control and hot trials respectively.
Despite the marked differences in capacity time, all trials were voluntarily terminated at
remarkably consistent core temperatures- 40.1 £+ 0.1, 40.2 £0.1 and 40.1 = 0.1°C
(Gonzalez-Alonso et al, 1999) (Figure 2.2.).

Precooling
Control
Preheating
Figure 2.2. The consistency
in core temperature
0 observed at voluntary
exercise termination
ﬁ) }f)a [reproduced from Gonzalez-
Alonso et al (1999), with
0. permission].
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w
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The data from Nielsen et al. (1993), Cheung and McLellan (1998) and Gonzalez-Alonso et
al (1999) demonstrates the consistency of temperatures at which human participants
voluntarily terminate exercise. The idea that the attainment of a high internal temperature
is a major factor limiting exercise performance, capacity and/or adherence had already
been demonstrated in animal research (Caputa et al, 1986). Caputa et al (1986)
investigated the relative contributions of elevated brain and trunk temperatures on the
limitation of exercise performance in the heat (32°C). Toggenburg goats were trained daily
for approximately one month walking on a treadmill at 3km h'L There was a daily increase
in the gradient ofthe treadmill until the largest workload that could be tolerated for 60 min

for each animal was established. Once this workload had been established the goats
9



repeatedly walked on the treadmill for 60 min at 3km.hr'l (16 - 20% gradient) in hot
conditions (32°C). During the trials the temperature of the hypothalamus and trunk were
manipulated via implanted thermoelements. Caputa et al. (1986) demonstrated that core
and hypothalamic temperatures ofup to 43.5°C and 42.6°C respectively could be tolerated
and that the animals could complete 60 min of moderate exercise despite experiencing
such high internal temperatures. These were the highest single levels oftolerance and both
were greater than the highest combined thermal load tolerated for 60 min which was 43°C
and 42°C for trunk and hypothalamic temperatures respectively. This data demonstrates
that higher core than hypothalamic temperatures can be tolerated and indicates that a high
hypothalamic temperature is the main factor that limits motor activity. More recent animal-
model research has confirmed the existence of consistent hypothalamic temperatures at the
point of fatigue and added support for the existence ofa ‘safety switch’ (Fuller ez al., 1998;
Walters et al., 2000). Fuller et al. (1998) exercised male Sprague-Dewley rats to
exhaustion in ambient temperatures of 23°C and 33°C and reported that although capacity
time was significantly greater in the 23°C trials the abdominal temperatures and
hypothalamic temperatures at fatigue were not significantly different between conditions.
The rats fatigued at higher hypothalamic than abdominal temperatures (-40.1°C vs.
39.9°C) although the difference between the two sites was less pronounced than observed
in the Toggenburg goats (Caputa et al.y 1986; Fuller et al., 1998). Further support for the
existence of a safety switch was provided by Walters et al. (2000) who rapidly heated
Sprague-Dewley rats via exposure to microwaves to three different levels ofthermal strain.
As previously reported there was a significant negative correlation between capacity time
and initial core temperature but in this study there was no significant difference between
the rectal and hypothalamic temperatures at fatigue (41.9 - 42.2 vs. 42.2 - 42.5°C).
Different exercise models have demonstrated that rats will run to heatstroke leading to
death (Fruth & Gisolfi, 1983) however the rats in the study by Walters et al. (2000)
fatigued prior to reaching a critical thermal load and all survived the exercise bout
suggesting that exercise was voluntarily terminated by the animals before health and

physiological function was compromised.

2.2.2.1, Hyperthermia and neuromuscular impairment

Due to the consensus amongst thermal physiologists that the premature termination of
exercise in hot, compared to moderate, environments occurs due to the obtainment of a
high internal temperature, the focus of research has begun to shift to investigations

examining the mechanism(s) that trigger the termination of exercise.
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It has been suggested that hyperthermia may have a direct effect upon the central nervous
system (Nielsen et al, 2001; Nybo & Nielsen, 2001b; Nybo & Nielsen, 2001a). More
specifically, it has been suggested that hyperthermia may result in a reduction in the drive
to the motomeuon pool (Gandevia, 2001) and there appears to be a centrally regulated
reduction in neuromuscular activity when internal temperatures are elevated (Nybo &
Nielsen, 2001a). Nybo and Nielsen (2001a) demonstrated that force production and the
percentage of voluntary activation in exercised muscle groups (knee extensors) was

reduced during sustained isometric maximal voluntary contraction following submaximal

(60% V CG2nmmx) cycle ergometer exercise in hot (40°C) compared to temperate (18°C)
conditions (Figure 2.3.). During the submaximal cycle preload in the hot conditions the
participants reached core temperatures of ~40°C and prematurely terminated exercise after
-50 min while in the cooler conditions core temperature plateaued at ~38°C and the lh of
exercise was completed without exhaustion occurring. Despite reaching exhaustion in the
hot trials superimposed electrical stimulation induced the same overall force in both
conditions demonstrating that the capacity for the muscle to generate force was unaffected
by the ambient conditions or the elevated core and muscle temperatures observed in the hot

trials (Figure 2.3.).
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Figure 2.3. The changes in
force (A) and voluntary
activation (B) during 2
min of sustained maximal
voluntary contraction with
the knee extensors during
hyperthermia and control.
*=P <0.05 [reproduced
from Nybo and Nielsen,
(2001 a), with permission].
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Nybo and Nielsen (2001a) also reported that the attenuated ability to generate force was
not limited to the working muscles as a similar pattern was observed for non-exercised
muscles during sustained hand-grip contraction. Although these results demonstrate a
reduction in central activation as a result of hyperthermia, additional results from this study
demonstrate that the central nervous system can quickly regain the ability to activate the
skeletal muscles (Nybo & Nielsen, 2001a). In this adjoining study, Nybo and Nielsen
(2001 a) reported that although the ability to sustain an isometric contraction was reduced
due to hyperthermia the elevated core temperature had no effect on maximal force
development or central activation in 2 second repeated maximal voluntary contractions
when they were interspersed with 3 second bouts ofrecovery. Although Nybo and Nielsen
(2001a) demonstrated that hyperthermia reduced the ability to sustain an isometric
contraction as a result of the study design, in which only pre and post measurements were
taken, it was not possible to establish the nature of the decline in force generation. For
example, the decline may have been progressive or may only have occurred upon the
attaimnent of a high internal temperature. To allow for the collection of data as the
individual becomes progressively hyperthermic, and to further explore the relationship
between hyperthermia and the reduction in muscular contraction, passive-heating models
have been used in an attempt to establish the nature of the decline (Cheung & Sleivert,

2004a; Morrison et al, 2004).

Morrison et a/ (2004) investigated the effect of manipulating core and skin temperature on
the ability to produce a maximal voluntary isometric contraction of the quadriceps femoris
muscle group. Maximal voluntary isometric contractions were performed at 0.5°C core
temperature intervals increasing from ~37.5°C to ~39.5°C and then at the same intervals
returning to ~37.5°C. Warming and cooling were both induced via a fluid-perfused
garment circulated with either 52°C or 8°C fluid. The force produced during the maximal
voluntary contractions and the percentage of voluntary activation decreased significantly
from the start to the end of the passive wanning bout. After the passive warming bout,
rapid cooling of the skin (- 8°C) was initiated. Despite decreasing cardiovascular and
psychophysical strain, the skin cooling intervention had no effect on core temperature (it
remained stable at ~39.5°C), maximal voluntary contraction or voluntary activation (Figure
2.4). This data suggests that an elevated core temperature was the primary limiting factor.
Further support for this proposal was provided by data which showed that the percentage
voluntary activation and the maximal voluntary contraction returned to baseline levels at
the end of the cooling bout when the core temperature had returned to ~37.5°C with a

progressive recovery observed as core temperature decreased. Data from a subsequent
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investigation from the same research group also reported a decline in voluntary isometric
force production and muscle activation with progressive hyperthermia and established, via
bilateral investigation (heating one calf while maintaining the other thermoneutral), that
core rather than local muscle temperature is the key factor that causes this reduction
(Thomas et al, 2006). Isometric contractions are impaired following passive and active
hyperthermia (Morrison et al, 2004; Nybo & Nielsen, 2001a; Thomas ef a/, 2006) and the
impairment appears to be core temperature dependent (Morrison et al/, 2004). However,
during isokinetic contractions, lowering skin temperature decreases the maximal voluntary
contraction independent of core temperature (Cheung & Sleivert, 2004a). Cheung and
Sleivert (2004a) passively warmed their participants from ~37.5°C to ~39.5°C via water
immersion and then cooled as per Morrison ef al (2004) back down to a core temperature
of~38°C. Isokinetic maximal voluntary contractions were performed at speeds of 60, 120
and 240 degs" at 0.5°C core temperature intervals. The torque output of the isokinetic
contractions at all three speeds was unaffected by the elevation in core temperature but was
significantly reduced during the cooling-phase at all comparative core temperatures
observed during the warming-phase. The data from these studies clearly demonstrate the
effect that manipulating the thermal state of the body can have on the ability to generate
force. The effect of the thermal manipulation and the magnitude of the impairment
observed appear dependent on the length and type of contraction (dynamic v static),
although the exact mechanisms behind this remain unclear (Cheung & Sleivert, 2004b;
Nybo & Nielsen, 2001a)

Figure 2.4. Knee extension
maximal voluntary
contraction (top) and
voluntary activation
(bottom) during passive
heating and cooling.
Matching letters indicate
significant difference ( P <
0.001) [reproduced from
Morrison et al. (2004), with
permission].
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2.2.2.2. The critical core temperature hypothesis summary

During fixed-intensity exercise, voluntary termination consistently occurs at core
temperatures of ~40°C in both humans and animals (Caputa et al, 1986; Fuller et al,
1998; Gonzalez-Alonso et al, 1999; Nielsen et al, 1993; Walters et al, 2000). The
temperature at which termination occurs is influenced by factors such as motivation and
training status (Cheung & McLellan, 1998; Pugh et al/, 1967). The reason for the
termination of exercise at such temperatures is not fully understood although voluntary
force production is attenuated with hyperthermia (Cheung & Sleivert, 2004a; Morrison et
al, 2004; Nybo & Nielsen, 2001a; Thomas et al, 2006) and therefore this down-regulation

in force development may play a key role in the reduced ability to sustain exercise.

2.2.3. The central governor theory

The critical core temperature theory proposes that exercise is terminated due to the
attainment of a high core temperature which results in a catastrophic physiological event;
however, it has been shown that, during self-paced exercise, a down-regulation of running
speed and power output occurs long before such temperatures are reached (Marino et al,
2004; Tucker et al, 2004). Tucker et al (2004) reported that rectal temperatures were the
same for the first 15km (75%) of a 20km cycling time-trial in hot and moderate conditions,
but despite the similar temperatures, work rate and skeletal muscle recruitment were down-
regulated in the hot conditions within the first 30% of the trial. Based upon these
observations it has been suggested that pacing strategies are adopted during exercise which
prevent the attainment of a critically high temperature. This theory, termed the central
governor theory, suggests that exercise in the heat is not limited by a fatigue process at a
critical physiological threshold but by an anticipatory process regulated by an internal
feedforward and feedback system which is activated as soon as exercise is initiated and
ensures that catastrophe is avoided and that the task can be completed within homeostatic
limits (Lambert et al, 2005; Marino et al, 2004; Marino, 2004; Morrison et al, 2004;
Tucker et al, 2004) (Figure 2.6).

An anticipatory down-regulation in exercise intensity can only be observed in self-paced
investigations because in capacity tests the exercise intensity is externally controlled and
the physiological responses occur proportionally to the intensity and metabolic rate

(Marino, 2004). Tatterson et al/ (2000) reported that 30 min cycling time-trial performance
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was impaired in hot (32°C) compared to moderate (23°C) conditions but despite the
differences in ambient conditions and total work done participants finished the time-trial at
near identical core temperatures (39.2 £ 0.2 v 39.0 £ 0.1°C; P > 0.05). Tatterson et al.
(2000) proposed that the cyclists adjusted their power output to ensure that the core
temperature did not prematurely reach a ‘critical’ level. Marino et al. (2004) provided

further support for the anticipatory mechanism when comparing Caucasian and African

runners. Participants ran a 30 min preload at 70% V 0 2nex prior to a self-paced skm
performance test in both hot (35°C) and cool (15°C) conditions. The African runners
outperformed the Caucasian runners in the hot (29.7 + 2.3 v 33 £ 1.6 min) but not cool
trials (27.4 £ 1.0 v 27.4 £ 0.4 min). In the hot trials, the rectal temperature at the end ofthe
preload phase was almost identical for both groups (~38.4°C) and was similar at the end of
the self-paced perfonnance test (39.2 = 0.2 vs. 39.5 £ 0.5°C) despite the Caucasians
immediately starting the performance test at a significantly lower self-selected speed and
adopting a lower mean speed than the African runners throughout (Figure 2.5). The
selection of a lower speed took place immediately and therefore prior to the attaimnent of a

limiting temperature.

Figure 2.5. Rectal
temperatures observed
in Caucasian (C) and
African (A) runners in
hot (T35) and temperate
(T15) conditions. *=P <
0.05 [reproduced from
Marino et al. (2004),

i with permission].
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Marino et al. (2004) proposed that rather than being limited by the attainment of a
critically high temperature, exercise performance is determined by the rate at which body
temperature increases. In the study comparing Caucasian and African runners, the larger
Caucasian runners (1.98 + 0.2 vs. 1.66 £ 0.1m2) reduced their pace early in the time-trial.
Marino et al. (2004) postulated that this was due to the larger Caucasian runners having a
reduced heat storage capacity and reducing their speed in anticipation of that. Participants
tenninated exercise at similar rectal temperatures in both the Caucasian and African groups

and the magnitude of core temperature change was ~1.7°C in both groups. Further research
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by Marino and colleagues (2004) reported that the provision of enough fluid to maintain
body mass during exercise had 110 effect on the final rectal temperature recorded compared
to a no fluid trial however it attenuated the rate at which rectal temperature increased
which allowed participants to exercise for longer in the euhydration trial. Similar findings
were reported by Fuller ez al. (1998) who exercised rats in ambient conditions of 33°C and
38°C and manipulated their brain temperatures to be identical in each trial. Prior to the
exercise bouts the rats were held in either cool (23°C) or hot (38°C) conditions. The rats
that were pre-cooled in the 23°C conditions had a greater exercise capacity in both hot
conditions (33°C and 38°C) which was attributed to the lower rate of core temperature rise

(-5 and 6.4°Ch°‘l) compared to the rate ofrise observed in the rats held at 38°C (7.3°C'h"]).

As eluded to earlier, in a study by Tucker ef al. (2004), participants were asked to run two
20km time-trials at a self-selected pace, one in hot conditions (35°C) and one in cool
(15°C). Tucker et al. (2004) reported that, although rectal temperatures were the same
between trials for the first 75% of the performance test, participants reduced their self-
selected speed in the hot conditions after only -30% of the time-trial had been completed
and well before the onset of a critically high core temperature. Marino et al. (2004) also
identified that runners reduced their running speed in hyperthermic conditions well before
the onset of an excessive core temperature (<38.5°C) while Castle et al. (2006) reported
that peak power output during the last (20th) cycle sprint was elevated compared to the
penultimate sprint showing that peripheral fatigue was not the cause of the reduction in
exercise performance and suggesting that the participants “held something back” during
the latter sprints. It is unclear what signal, or integrated signals, governs self-paced effort
and establishing the signal(s) is troublesome as it is likely that it is a combination of
physiological and psychological sources with added difficulty provided by individual
mediators {e.g. training status) (Cheung, 2007). It would seem prudent to suggest that core
temperature may provide cues for self-pacing as high core temperature is often linked to
the termination of exercise (Gonzalez-Alonso et al,, 1999; Nielsen et al, 1993), although it
appears that there are other cues too as many studies have reported improvements in power
output in cooler conditions {e.g. 23°C v 32°C; (Tatterson et a/, 2000)) or following pre-

cooling (Kay et al., 1999) despite similar core temperatures.

Evidence for the role of the central nervous system in the down-regulation of skeletal
muscle recruitment during exercise-induced hyperthermia has been provided by electrical
stimulation studies. By superimposing an electrical stimulation o11 top of a voluntary

contraction and calculating the ratio between the voluntary and evoked contractions the
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level of central activation can be evaluated (Nybo & Nielsen, 2001a). As previously
discussed, Morrison et al. (2004) reported a gradual reduction in voluntary activation
percentage when participants were passively warmed from rectal temperatures of ~37.5°C
to temperatures ~39.5°C. The activation percentage was restored when the internal
temperatures returned to the initial values indicating a gradual reduction in central nervous
system drive as hyperthermia develops. The central activation ratio was reduced in
hyperthermic compared to normothermic conditions when the hyperthermia was induced
by both active and passive means in exercised muscles (Nybo & Nielsen, 2001a). In
addition, although central activation was not evaluated, hyperthermia also resulted in a
reduction in the maximal voluntary contraction of non-exercised muscles (Nybo &
Nielsen, 2001a). Saboisky et al. (2003) also reported that exercise-induced hyperthermia
resulted in a reduction in force output and central activation in exercised muscle (leg
extensors) but failed to observe similar findings in the non-exercise muscles (forearm
flexors) investigated. The terminal temperature was only ~38.8°C- well below the
temperatures often cited as limiting (~40°C) suggesting that rather than the obtaimnent of
an extreme core temperature, hyperthermia per se may reduce the central drive to the
skeletal muscle (Saboisky et al., 2003). The discrepancy between the studies regarding the
non-exercise muscle groups suggests that the hyperthermia-induced skeletal muscle down-

regulation may be a selective, rather than consistent, outcome.

2.2.3.1. The central governor theory summary

The obtainment of a high core temperature results in the termination of exercise in tests of
fixed intensity (Gonzalez-Alonso et al., 1999; Walters et al, 2000) whereas the central
governor theory highlights that in self-paced activity work-rate is down-regulated well
before a high core temperature is reached (Marino et al., 2004; Tatterson et al.,, 2000). The
central governor theory proposes that this down-regulation is an evolutionary adaptation to
prevent developing core temperatures that would lead to the onset of heat illness or injury.
The central governor theory and critical core temperature models are often reported as
being opposing viewpoints; however, they are in fact very similar in their main theme of
preventing the development of a high core temperature and the onset of potentially fatal
heat illness. The differences reported appear to exist largely as a result of the exercise

model investigated.
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Subconscious setting of
exercise intensity based
on prior experience to expected outcomes;
complete a task within conscious perception of
biomechanical/metabolic effort
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Reset homoeostatic
control forecasting

Efferent commands Muscle and heart

Figure 2.6. Diagrammatic representation of the central governor theory and the proposed
teleoanticipatory control of exercise intensity [reproduced from Lambert et al. (2005), with

permission].

2.2.4. The central fatigue theory

Exercise is regularly impaired in hot environments and although the exact mechanisms are
yet to be established the development of hyperthermia appears to be a key factor in both
constant and variable work-rate models (Gonzalez-Alonso et al,, 1999; Noakes & St Clair,
2004; Thomas ef al., 2006; Tucker et al., 2004). Depending on the exercise test adopted the
attainment of a high internal temperature results in either the cessation of exercise or the
down-regulation of self-selected intensity and although the critical core temperature and
central fatigue hypotheses provide models from which to gain a greater understanding of
the reasons limiting performance, they do not describe how hyperthermia ultimately limits

exercise.

Fatigue is a complex, multi-faceted phenomenon. Exercise is believed to start and end in
the brain (Kayser, 2003) and therefore many researchers have suggested that the fatigue
observed due to hyperthermia may occur due to alterations in cerebral neurotransmitter

activity and concentrations (Meeusen ef al., 2006). The altered synthesis and metabolism
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of central monoamines forms the basis of the central fatigue hypothesis and the

monoamines that are particularly implicated are serotonin and dopamine (Meeusen et al,

20006).

2.2.4.1. Serotonin and the central fatigue hypothesis

The neurotransmitter that has probably received the greatest level of interest is serotonin
(Blomstrand, 2001; Davis et al, 1993; Davis & Bailey, 1997; Newsholme & Blomstrand,
1995; Newsholme & Blomstrand, 2006). Serotonin (5-hydoxytryptamine) is a monoamine
neurotransmitter linked to the augmentation of lethargy and the loss of drive and serotonin
forms the basis of the original central fatigue hypothesis (Newsholme & Blomstrand,
1995). Serotonin is unable to cross the blood-brain barrier and therefore for cerebral
concentrations to increase cerebral neurons are required to synthesise it from serotonin’s
precursor, the amino acid tryptophan. The increased synthesis observed during exercise is
thought to occur as a result of an exercise-induced increase in serum concentrations of
nonesterified fatty acids (NEFA) and the subsequent indirect elevation of the cerebral
levels of free tryptophan. Tryptophan binds to albumin in the blood, as do NEFA, and the
binding processes of tryptophan and the fatty acids to albumin is a competitive one
(McMenamy et al, 1957). Tryptophan hydroxylase is the enzyme that converts tryptophan
to serotonin- under normal conditions it remains unsaturated and therefore the limiting
factor for the synthesis of serotonin is the availability of free tryptophan (Femstrom, 1983).
At rest only about 10-20% of the total tryptophan found within the circulation is free,
unbound tryptophan however during exercise substantially greater levels of free tryptophan
are present as a result of the elevated NEFA concentrations. The central fatigue hypothesis
proposes that during exercise the increase in NEFA concentrations observed during
prolonged exercise displaces tryptophan molecules from the albumin causing an increase
in the circulating free tryptophan concentrations (Curzon et al, 1974) which causes a
subsequent increase in tryptophan crossing the blood-brain barrier and an increase in the

synthesis of serotonin in the brain.

Support for this theory was provided by Chaouloff et al! (1986) who demonstrated that
forced treadmill exercise elevated concentrations of free peripheral and cerebral tryptophan
but had no effect on the total tryptophan concentrations in rats. They interpreted these
findings to indicate that exercise resulted in an increase in serotonin synthesis, turnover
and release due to a NEFA-induced increase in free (but not total) tryptophan (Chaouloff et
al, 1986).
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This model was accepted by most exercise research groups but this area had previously
received extensive attention in the pharmacological communities and the general
consensus appears to be that peripheral free tryptophan concentrations have very little
influence on the cerebral uptake of the amino acid. Studies have demonstrated that
although dietary manipulation of free tryptophan via the administration of a high fat diet
resulted in a sustained (2h) two-fold increase in serum free tryptophan, comparable to the
increases observed following exercise (Blomstrand et a/, 1989; Chaouloff et al., 1985;
Chaouloff et al., 1986) it had no effect on the tryptophan levels within the cerebral cortex
or hypothalamus (Femstrom & Femstrom, 1993). Similar results were reported by
Chaouloff et al. (1985) who abolished the rise in plasma NEFA via the administration of
nicotinic acid and showed that despite abolishing the rise in free tryptophan the
concentrations within the brain still increased. These findings demonstrate that the
exercise-induced elevations in cerebral tryptophan concentrations do not require an
increase in free tryptophan and this discrepancy raises questions regarding the cause of the

exercise-induced tryptophan elevations.

Additionally, according to the central fatigue theory the administration of a serotonin
antagonist would be expected to impair exercise capacity while a serotonin agonist would
have the opposite effect and improve time to exhaustion. The administration of a serotonin
receptor antagonist had no effect on running capacity (Pannier et al., 1995) or performance
in hot conditions (35°C) (Strachan et al., 2005) nor did it alter cycle ergometer capacity in
laboratory temperatures (Meeusen et al, 1997) and so although the rationale for the
serotonin-centred central fatigue hypothesis is clear human experimental data is not

convincing (Nybo, 2007).

2.2.4.2. Dopamine and the central fatigue hypothesis

Several neurotransmitter systems are activated during exercise and many of these are
located within key thermoregulatory areas such as the hypothalamus and preoptic region
(Meeusen et al., 2006). Although the serotonin hypothesis is the most widely discussed,
evidence in human studies is lacking and it would seem naive to suggest that the multi-
faceted phenomenon that is fatigue is under the control of one physiological or
neuroendocrinological pathway (Nybo, 2007). One alternative suggestion involves the

neurotransmitter dopamine. Where as serotonin is linked to feelings of lethargy and a lack
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of motivation dopamine is linked with feelings of arousal and motivation (Chaouloff,

1989).

Dopamine elevations caused by the administration of amphetamines benefits exercise
performance in rats (Gerald, 1978; Bailey et al/, 1993) and humans (Chandler & Blair,
1980). It is thought that the benefit may be due to a reduction in the level of serotonergic
activity occurring within the brain as concentrations of the serotonin metabolite 5-HIAA
are reduced following amphetamine administration (Chaouloff et al., 1987). Despite the
link between dopamine and exercise relatively few studies have investigated this area in
humans. In one investigation the effect of L-3,4-dihydroxyphenylalanine (L-DOPA) was
explored (Meeusen et al., 1997). L-DOPA is an intermediate in the synthesis of the
catecholamine and used in the management of Parkinson’s disease (Meeusen et al., 2006).
Previous data has demonstrated that L-DOPA elevates extra-cellular dopamine
concentrations in the rat striatum (Dethy ef al/, 1995) however Meeusen et al. (1997)
reported that ingestion of L-DOPA had no effect on the exercise capacity of endurance
trained males cycling to exhaustion in temperate conditions. Two recent publications have
replicated these results reporting that the acute administration of both bupropion, a
dopamine/noradrenaline reuptake inhibitor, and Methylphenidate (Ritalin), a dopamine
reuptake inhibitor, had no effect on pre-loaded time-trial performance in ambient
conditions of 18°C, however significantly improved performance in hot (30°C) conditions
(Roelands et al, 2008a; Watson et al., 2005c). These results suggest that the role of

dopamine in the onset of fatigue may be important only in hyperthermic conditions.

2.2.4.3. Central fatigue and hyperthermia

Although both serotonin and dopamine have been implicated in the control of
thermoregulation (Lipton & Clark, 1986; Strachan et al., 2005) and despite the fact that the
areas of fatigue in a hot environment and central fatigue have received a substantial
amount of interest individually, relatively few investigations that explored the effect of

pharmacological manipulation during exercise in a hot environment.

The role of serotonin in the onset of central fatigue is an often cited explanation for the
reduction in exercise performance and/or capacity in hot conditions but few studies have
investigated the effects of hyperthermia on cerebral serotonin levels and those that have
appear to dispute this proposed mechanism (Hasegawa et al., 2000; Ishiwata et al., 2004).

Manipulation of cerebral levels of serotonin via the administration of fluoxetine (a
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selective serotonin reuptake inhibitor) and 8-OH-DPAT (a 5-HTia agonist) following hot
(35°C) or cold (5°C) exposure demonstrated that core temperature was unaffected by
alterations in PO/AH serotonin levels (Ishiwata et al,, 2004). This suggests that serotonin
may not be the mediator of thermoregulatory adjustments and Hasegawa et al. (2000)
proposed that dopamine, rather than serotonin, may be the key thermoregulatory
neurotransmitter. Hasegawa et al. (2000) reported that PO/AH dopaminergic neural
activity was increased by moderate exercise and the increased activity was associated with
a reduction in the heat storage observed. While dopaminergic activity was elevated the

extracellular concentrations of serotonin and its metabolite 5-HIA A were unaffected.

Acute administration ofbupropion (a duel dopamine/noradrenaline reuptake inhibitor) has
been shown to improve pre-loaded time-trial performance in hot (30°C) conditions by -9%
however it had no effect on the same perfonnance test conducted in moderate (18°C)
temperatures (Watson et al., 2005¢). Watson et al. (2005a) reported that seven of the nine
participants in this study achieved rectal temperatures of > 40°C in the bupropion trial
compared to only 2 achieving such temperatures in the control trial. The enhanced
perfonnance in the wann trials was observed without an alteration in the perceptual
measurements despite higher core temperatures. This suggests that the administration of
the pharmacological agent may have overridden inhibitory signals allowing the participants
to upregulate their work rate. Recent data has shown that although an acute dose of
bupropion can improve time-trial perfonnance in the heat (Watson et al., 2005¢) chronic
bupropion supplementation (10-day programme) has no effect in identical conditions
(Roelands et al.,, 2008b) suggesting that chronic administration may result in an adaptation
of the central neurotransmitter homeostasis and a subsequent alteration in the response to
the drug. This highlights the difficulty in elucidating the role of the neurotransmitter
systems on the onset of fatigue and in the regulation of body temperature. In an attempt to
further explore the mechanisms two recent follow-up studies investigated the effects of
administering a specific noradrenaline reuptake inhibitor (reboxetine) (Roelands et al,
2008c) and a specific dopamine reuptake inhibitor (Ritalin) (Roelands et al, 2008a) on
exercise in moderate (18°C) and hot (30°C) environments (Figure 2.7). The same pre-
loaded time-trial protocol adopted in the previous bupropion study was used. It was
established that preloaded time-trial perfonnance was improved by -16% following the
administration of Ritalin in warm conditions (30°C), although elevating dopamine
concentrations had no effect on performance in moderate (18°C) trials (Roelands et al.,
2008a) and that perfonnance was impaired in both conditions (by - 10% in moderate and

by -20% in hot) following reboxetine administration. The exercise performance benefit
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observed following Ritalin dosage in a hot environment was greater than that observed
following bupropion and this, in addition to the impaired time-trial performance observed
following reboxetine suggests that dopamine plays a dominant role in thermoregulation

and the enhancement of exercise in a hot environment.

2.2.4.4. Central fatigue during exercise in a hot environment summary

Although the rationale for the serotonin-centred central fatigue theory is clear, evidence
from studies conducted in elevated conditions and on human participants is not convincing.
In contrast, the role of dopamine in the onset of fatigue appears to be particularly important
during exercise in hot environments. The manipulation of cerebral concentrations of
dopamine via the acute administration of a dopamine/noradrenaline reuptake inhibitor and
a selective dopamine reuptake inhibitor has been shown to improve time-trial performance
in hot, but not moderate conditions (Roelands et al., 2008a; Watson et al., 2005c). Chronic
administration of a dopamine/noradrenaline reuptake inhibitor had no effect on time-trial
performance in a hot environment suggesting that central neurotransmitter homeostasis can
adapt and demonstrating that there is still much that is unknown about this area (Roelands
et al., 2008b). Recent data from acute administration studies shows that in a hot
environment the inhibition ofnoradrenaline reuptake impairs perfonnance (Roelands et a/,
2008c) while the inhibition of dopamine reuptake improves perfonnance (Roelands et al,
2008a) and therefore dopamine appears to play a major role in the enhancement of time-

trial performance in a hot environment (Figure 2.7).
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2.2.5. Summary of proposed mechanisms for fatigue in the heat

Exercise performance and capacity are regularly impaired in hot compared to moderate
conditions however the reason for the reduced ability is not fully understood. It is clear that
during fixed-intensity protocols exercise capacity is voluntarily terminated at a core
temperature of ~40°C in both human and animal studies (Fuller et al., 1998; Gonzalez-
Alonso et al., 1999; Nielsen et al., 1993; Walters et al., 2000), and that it is likely to be the
obtainment of a high brain, rather than body, temperature that results in the termination
(Caputa et al., 1986). In performance studies self-selected workloads are reduced in hot
conditions prior to the obtainment of high internal temperatures and it has been suggested
that the anticipatory down-regulation allows for the task to be completed within
homeostatic limits (Noakes & St Clair, 2004; Tucker et al., 2004). Fatigue in the heat does
not occur as a result of many peripherally-located causes of fatigue in temperate conditions
(Nielsen et al, 1993) and therefore the suggestion that it is a centrally regulated fatigue
appears to be the most plausible proposal. Central levels of a variety of neurotransmitters
have been implicated in the onset of fatigue during exercise and the data suggests that

cerebral dopamine concentrations play a dominant role in the regulation of exercise
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perfonnance and adherence in hot environmental conditions (Roelands et al, 2008a;

Roelands et al., 2008c¢).

2.3. Cooling interventions adopted prior to and during exercise

2.3.1. Introduction

Despite the mechanisms underpinning fatigue in the heat not being fully understood the
detrimental effect of hyperthermia is well documented and therefore many applied
researchers have investigated methods designed to confront the problem ofhyperthermia in
an attempt to offset the reduction in perfonnance observed during exercise heat stress.
These methods have included acclimation programmes (Sunderland et al., 2008), hydration
strategies (Watson et al., 2008) and, the focus ofthis thesis, cooling interventions (Quod et
al., 2006). A variety of different cooling methods have been investigated differing in their
times and sites of application. In this section pre-cooling interventions as well as those

adopted during exercise and rest bouts will be reviewed.

2.3.2. Whole-body cooling prior to exercise (pre-cooling)

Many different methods of pre-cooling have been investigated and these include water-
immersion up to the supra-illiac crest (Duffield & Marino, 2007; Wilson et al., 2002) or up
to the to suprasternal notch (Bolster et al., 1999; Booth et al, 1997; Hasegawa et al, 2006;
Kay et al, 1999; Booth et al, 2004; Marino & Booth, 1998); cool water showering (Drust
et al, 2000); the wearing of ice-cooling garments (Amgrimsson et al, 2004; Cheung &
Robinson, 2004; Duffield et al, 2003; Duffield & Marino, 2007; Webster et al, 2005);
cold air exposure with air at 0°C (Hessemer et al, 1984; Olschewski & Brack, 1988S;
Schmidt & Brack, 1981) or 5°C (Lee & Haymes, 1995) and a combination of cool-air
exposure with the addition of fan-cooling and water-spraying (Ansley et a/, 2007; Mitchell
et al, 2003). The different effects of these pre-cooling interventions are reviewed in this

section.

2.3.2.1: Thermoregulatory response

2.3.2.1.1. Core temperature

Tolerance to high ambient heat exposure is inversely related to the initial core temperature

(Veghte & Webb, 1961) and the physiological response to exercise appears to be largely
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dependent on the magnitude of change observed in core temperature during the bout
(Marino et al., 2004). As discussed previously, an elevated core temperature has been
shown to limit endurance capacity and performance (Fuller et a/, 1998; Gonzalez-Alonso
et al, 1999) and it has been suggested that a major way in which pre-cooling could
improve exercise performance is by decreasing the core temperature experienced during
exercise at any given time-point thereby reducing the thermal strain, improving the heat
storage capacity (Booth et al, 1997; Lee & Haymes, 1995; Wilson ef al, 2002), and
widening the core temperature range that can be tolerated before a high level of

hyperthermia is reached (Marino, 2002).

Pre-cooling has often been shown to result in an initial increase in core temperature
(Hessemer et al, 1984; Lee & Haymes, 1995; Olschewski & Bruck, 1988) and it has been
proposed that this initial elevation may be due to the rapid cooling-induced
vasoconstriction of the peripheral blood vessels directing the warm blood to the core
(Schmidt & Bruck, 1981) and/or shivering-induced heat production (Lee & Haymes,
1995). When aggressive cooling methods are adopted a lag-time between the
commencement of pre-cooling and a decrease in core temperature is observed (Booth er
al, 1997). This phenomenon has been described as an ‘afterdrop’ in core temperature
(Romet, 1988). Kay et al. (1999) reported that core temperature was unaffected by the pre-
cooling intervention at the onset of an exercise bout following pre-cooling; however, 15
min into the bout of self-paced cycling core temperature was significantly reduced
compared to the non-cooled trial. Other studies have reported that core temperature was
significantly lower at the beginning of exercise compared to at the end of the pre-cooling
intervention (Booth ef al, 2004; Drust et al., 2000; Marino & Booth, 1998). It seems most
likely that the ‘afterdrop’ occurs as a result of the cooled peripheral blood returning to the
core and that the delay is due to the necessity to remove the extra heat transferred to the
core as a result of the redirection of the peripheral blood caused by the initial
vasoconstriction (Schmidt & Bruck, 1981). Less extreme magnitudes of cooling may
prevent this ‘afterdrop’ in core temperature by providing an insufficient stimulus to
promote vasoconstriction (Marino & Booth, 1998). Despite the initial increases in core
temperature that are regularly observed following a pre-cooling intervention, pre-cooling
has been shown to significantly lower the core temperature at the onset of exercise in most
(Booth et al, 1997; Castle et al, 2006; Cheung & Robinson, 2004; Duffield & Marino,
2007; Hasegawa et al, 2006; Mitchell et al, 2003; Wilson & Maughan, 1992;
Arngrimsson et al, 2004) but not all (Duffield et a/, 2003; Duffield & Marino, 2007)
studies. Duffield and Marino (2007) investigated the effect of pre-cooling via cooling vests
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and water immersion and found that core temperature was only significantly lowered via
the water immersion protocol suggesting that the method and magnitude ofthe pre-cooling
intervention is important. Arngrimsson et a/ (2004) also investigated the effects of pre-
cooling via a cooling vest. They reported that the vest significantly lowered core
temperature for the first 3.6km of the Skm time-trial after which there was no difference
between the control and the cooling groups. This demonstrates that cooling vests can
reduce core temperature and have a practical application but also suggests that their effect
is heavily magnitude dependent. Despite some studies showing no alterations in core
temperature following pre-cooling the majority show that pre-cooling can reduce core
temperature but that a sufficient lag time between the cessation of the pre-cooling and
commencement of the exercise bout is required to allow for the ‘afterdrop’ phenomenon
(Romet, 1988). In addition to increasing the core temperature range that can be tolerated,
by lowering the initial core temperature, pre-cooling has also been shown to attenuate the
rate at which core temperature rises during exercise (Hunter et al/, 2006; Webster et al,
2005) and has been shown to result in a decreased core temperature for up to 90 min of
exercise (Booth et al, 1997; Cheung & Robinson, 2004; Drust et a/, 2000; Hasegawa et
al, 2006; Wilson et al, 2002). The rate at which core temperature rises has been heavily
implemented in the regulation of exercise performance and capacity (Marino et a/, 2004;

Marino, 2004).

2.3.2.1.2. Skin temperature

Pre-cooling often results in a reduction in skin temperature, lasting up to 60 min, during
exercise (Booth et al, 1997; Castle et al/, 2006; Cheung & Robinson, 2004; Hasegawa et
al, 2006; Kay et al, 1999; Lee & Haymes, 1995; Mitchell ef al, 2003; Arngrimsson et al,
2004) and an attenuation of the rate at which skin temperature increases (Webster et al,
2005) however Duffield et al (2003) and Duffield and Marino (2007) found no reductions
in skin temperature following pre-cooling via the application of a cooling vest. It is likely
that the observations of Duffield et a/ (2003) and Duffield and Marino (2007) are as a
result of the cooling mechanism used (a cooling vest worn over the exercise attire), the
short duration of the cooling intervention (5 to 15 min) and the fact that 3 of the 4
thermistors worn were in no direct contact with the vest because Arngrimsson et a/ (2004)
reported that skin temperature could be lowered at the onset of exercise via the application
of a cooling vest during a 38 min active warm-up bout. As the underlying mechanism by
which pre-cooling is thought to work relies on the constant cooling of the circulating

peripheral blood, it is unsurprising that pre-cooling regularly reduces the temperature of
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the skin and it is possible that the extent of the benefits gained from pre-cooling are

directly related to the magnitude by which the intervention can cool the skin.

2.3.2.1.3. Muscle temperature

To the author’s knowledge only three studies have measured muscle temperature following
pre-cooling. Gonzalez-Alonso ef al. (1999) cooled to a specific muscle temperature (~4°C
reduction) via 30 min of cold (17°C) water immersion and so the reduction in muscle
temperature was deliberately manipulated where as Booth ef al. (2004) and Castle et al.
(2006) monitored muscle temperature following pre-cooling interventions. Booth et al

(2004) reported that muscle temperature was significantly reduced by 6.3°C following 60

min of cool-water immersion prior to 35 min of submaximal (-60% Vv c>2max) cycling.
During the submaximal cycling bout the rate at which the temperature of the pre-cooled
muscle increased was significantly greater than in the control group (0.23 + 0.01 °Cmin'1v
0.10 = 0.01°C'min 1) however the tenninal muscle temperature remained lower following
pre-cooling. Castle et al. (2006) investigated the effect of three different methods of pre-
cooling (Cooling vest, cold water immersion (18°C) and cool pack application placed on
the thigh- all applied for a 20 min bout) on peak power output and repeated 5-second sprint
perfonnance. While there was no reduction in the temperature of the vastus lateralis
observed in the control or vest trials, muscle temperature was lowered at a rate of 0.06 =+
0.002°C'min‘1 and 0.1 £ 0.03°C'min'l with the cool water immersion and cool packs
respectively. Although the muscle temperature was lower at the beginning of the exercise
in both the cool water immersion and cool pack groups the difference was only significant
in the cool pack group (lower by 1.0 = 2.5°C, P < 0.05). Castle et al. (2006) reported that
the cooling effect ofthe ice packs lasted until the eighth sprint (time =16 min) while water
immersion maintained the muscle at a significantly lower temperature than observed in the
control throughout the protocol. In summary, pre-cooling can reduce muscle temperature
and the extent to which it does so is dependent on the magnitude of the cooling (i.e. the
water temperature) and the duration which the muscle is exposed to the cooling

intervention.

2.3.2.2. Cardiovascular response

Mixed results have been reported for the heart rate response to pre-cooling. Some studies
have shown heart rate is unaffected by pre-cooling (Drust et al., 2000; Duffield et al.,
2003; Hessemer et al, 1984; Homery et al, 2005; Kay et al., 1999; Marsh & Sleivert,
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1999; Olschewski & Bruck, 1988; Webster et al., 2005) while others have reported
cooling-induced bradycardia following such an intervention (Arngrimsson et al., 2004;
Bolster et al, 1999; Castle et al, 2006; Cheung & Robinson, 2004; Duffield & Marino,
2007; Hasegawa et al, 2006; Lee & Haymes, 1995; Mitchell et al, 2003; Schmidt &
Bruck, 1981; Sleivert et al, 2001; Uckert & Joch, 2007; Wilson et al, 2002). Castle  al
(2006) investigated three different cooling methods and found that heart rate was
unaffected when cooling was induced by cooling packs or a cooling vest but it was
lowered via cool water immersion for the first 16 min of the 40 min protocol. Similar
results were reported by Duffield and Marino (2007), who also reported that pre-cooling
via a cooling vest had no effect on the heart rate recorded while water immersion reduced
the heart rate for the first 10 min of the protocol, and Arngrimsson ef a/ (2004), Booth et
al. (1997) and Lee and Haymes (1995) who all reported that although heart rate can be
reduced during the early stages of exercise by pre-cooling there are no prolonged effects. It
has been suggested that the cooling-induced bradycardia may be due to the cooled skin
resulting in decreased cutaneous blood flow and thus a reduced need to elevate heart rate to
maintain cardiac output (Drust et al/, 2000). This may explain the lack of a prolonged
response because as the cooling stimulus decreases and body temperatures increase over
time, the skin will warm and blood will be redirected to the periphery compromising

cardiac output unless heart rate is elevated.

2.3.2.3. Body fluid regulation

Pre-cooling appears to help maintain body fluid balance during exercise. In the absence of
any differences in voluntary water intake (Kay et al, 1999) pre-cooling has been shown to
consistently decrease total body sweating during exercise in moderate conditions
(Hessemer ef al, 1984; Lee & Haymes, 1995; Olschewski & Bruck, 1988) and decrease
sweat loss in some (Duffield & Marino, 2007; Hasegawa et al., 2006; Kay et al, 1999), but
not all (Booth et al, 1997; Drust et al,, 2000), trials conducted in elevated temperatures.
Pre-cooling has also been shown to have an effect on sweat rate and has been shown to
reduce it in most (Lee & Haymes, 1995; Webster et al, 2005; Wilson et al, 2002) but not
all (Bolster et a/, 1999) studies.

It has been suggested that pre-cooling may reduce the thermoregulatory drive to dissipate
heat due to the manipulation of body temperatures (Lee & Haymes, 1995) and this
certainly appears to be the case with regards to sweat response regulation. The sweat

response is believed to be initiated by a combination of core and skin temperature neural
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inputs (Nadel et al., 1971b; Nadel & Stolwijk, 1971; Nadel et al., 1971a). The extent to
which the ratio between core and peripheral inputs dictate the sweat response is not fully
understood however Sawka and Wenger (Sawka & Wenger, 1988) suggested that a 1°C
decrease in core temperature has a nine times greater thermoregulatory effector response

than the same change in skin temperature.

To the author’s knowledge no studies have directly looked at the effect of pre-cooling on
the maintenance, or otherwise, of hydration status however the consistently reported
decrease in sweat loss and sweat rate combined with unaltered voluntary water
consumption (Kay et al., 1999) suggests that pre-cooling may indirectly help prevent the

onset of dehydration during exercise in a hot environment.

2.3.2.4. Rating ofperceived exertion and thermal comfort

It has been suggested that fatigue is a conscious sensation and that it is the sensation of
exertion that governs exercise adherence and/or termination (Noakes & St Clair, 2004).
This conscious sensation is often assessed in an exercise setting using the rating of
perceived exertion scale (Borg, 1982) on the assumption that the rating given is derived
from integrated feedback from a variety of physiological systems (Crewe et al., 2008). As
documented, pre-cooling is highly effective in altering the physiological state ofthe human
body however, perhaps surprisingly due to this, it does not reduce the rating of perceived
exertion during subsequent exercise in most studies (Arngrimsson et al.,, 2004; Bolster et
al., 1999; Booth et al, 1997; Cheung & Robinson, 2004; Drust et al., 2000; Duffield &
Marino, 2007; Hasegawa ef al., 2006; Kay et al, 1999; Sleivert et al., 2001; Wilson et al,,
2002; Arngrimsson et al., 2004; Duffield & Marino, 2007) although reductions (Homery et
al., 2005; Simmons et al., 2008) have been reported. The studies in which a reduction in
the rating of perceived exertion was reported both adopted cooling during exercise and
therefore prior to a subsequent bout rather than a single bout. The reduction observed may,
therefore, be due to the cooling being administered at a time which the participants were
already feeling thermally and physically stressed. Thermal comfort is regularly improved
with a pre-cooling intervention (Arngrimsson et al., 2004; Bolster et al.,, 1999; Booth et al,
1997; Castle et al., 2006; Cheung & Robinson, 2004; Duffield & Marino, 2007; Hasegawa
et al., 2006; Mitchell et al, 2003; Sleivert et al., 2001; Wilson et al., 2002) however the
improvement is not always observed (Bolster et al.,, 1999; Homery et al., 2005; Webster et
al, 2005). Of those studies that did not report an improvement Bolster ef al. (1999) noted

that there was a large variation between individual responses and suggested that
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comparisons of such a subjective scale was extremely difficult while Hornery et al. (2005)
and Webster ef al. (2005) both cooled via a cooling vest which has been shown to be less
effective than cooling via other methods (Lopez et al, 2008). Castle et al. (2006)
compared three types of pre-cooling and found that there was no effect on thermal comfort
when individuals were cooled via a cooling vest for 20 min however thermal comfort was
significantly improved following cool water immersion for the same duration (P < 0.01).
This further supports the notion that the magnitude of the cooling dictates the benefits that

can be achieved.

2.3.2.5. Exercise performance

One of the main problems with assessing the effectiveness of pre-cooling interventions on
exercise performance is the method of assessment chosen by the investigators. Tests to
exhaustion (also referred to as capacity/open-loop tests) are regularly used to investigate
physiological mechanisms during steady-state exercise however they are not directly
applicable to sporting settings and have been found to suffer from poor test-retest
reliability and high levels of within-subject variation during cycling (Graham & McLellan,
1989; Jeukendrup et al., 1996; Krebs & Powers, 1989; McLellan ef al, 1995), running
(Billat et al., 1994) and swimming (Alberty et al., 2006). Most studies have used exercise
capacity, rather than performance, tests and so the benefit of pre-cooling on perfonnance
can only be inferred in the majority of studies however there is a beneficial trend evident,

particularly during prolonged exercise.

2.3.2.5.1. Short duration and high intensity exercise

The effectiveness of pre-cooling on short duration and high intensity exercise is an area of
contention, even within research groups. Marsh and Sleivert (1999) reported that >30 min
of pre-cooling improved 70s high intensity cycling perfonnance by -3.3% in wann, humid
(29°C, 80% rh) conditions. The authors suggested that the improvement may have been
due greater metabolite removal resulting from the pre-cooling induced peripheral
vasoconstriction increasing central blood volume and elevating muscle blood flow (Marsh
& Sleivert, 1999). This however relies in part upon exercise being limited by impaired
muscle blood flow, something that has been shown to not be the case (Nielsen et al, 1993).
Homery et al (2005) investigated the effect ofhalf-time cooling and found that there was a
trend for a higher mean work output to be achieved during the 10 min performance section

of the trial with 11 of the 14 participants producing a greater work output following
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cooling while Webster et al (2005) reported a significant improvement in exercise
capacity at 95% V Cznax following 35 min ofpre-cooling (20 min rest, 5 min stretching and
10 min warming-up at 50% V o2nmx) via the application of a cooling vest. Cooling the
vastus lateralis area via cooling packs increased peak power output by -4% however there
was no difference in the peak power output of the trials in which cooling was induced by
water immersion or vest compared to control (Castle et a/, 2006). In the same study pre-
cooling via the cool packs and the cooling vest significantly improved the total work done
in 20 repeated 5-second sprints compared to the control however the water immersion
protocol had no effect. These findings highlight differences in the effectiveness of various
pre-cooling strategies and methodological differences help explain why pre-cooling has
been shown to have no significant effect on work done or power produced during repeated
sprinting in other studies (Cheung & Robinson, 2004; Duffield er al, 2003; Duffield &
Marino, 2007; Sleivert et al, 2001). In one study, similar to that of Webster et a/ (2005),
Mitchell et al (2003) reported that 20 min of pre-cooling prior to a treadmill run to

exhaustion at 100% V Chmex significantly impaired running performance despite significant
reductions in core, skin and body temperatures. In contrast, Duffield and Marino (2007),
who also compared cooling vests and water immersion, found no differences in mean 15m
sprint time, total sprint time or percentage decline in sprint time between bouts for either
cooling intervention compared to control. It has been suggested that high muscle
temperatures may be a reason for the onset of fatigue (Drust ef a/, 2005) and reductions in
mean power output (Linnane et al, 2004), however the temperature of the muscle in the
study by Castle ef a/ (2006) was ~40°C at the end of the exercise in both the control and
the vest group despite differences in performance measures and so muscle temperature
alone camiot explain the reduction in performance observed in the control group compared

to the vest.

2.3.2.5.2. Prolonged exercise

Although there is some controversy regarding the effectiveness of pre-cooling during
intense exercise pre-cooling has regularly been shown to enhance exercise endurance in
hot environmental conditions during closed {i.e. performance tests) (Booth et al., 1997;
Hessemer et al, 1984; Kay et al, 1999; Amgrimsson et al, 2004; Castle et al, 2006;
Marsh & Sleivert, 1999) and open {ie capacity tests) (Gonzalez-Alonso et al, 1999;
Hessemer et al., 1984; Lee & Haymes, 1995; Olschewski & Bruck, 1988; Hasegawa et al,
2006; Uckert & Joch, 2007; Webster et al, 2005) exercise tests.
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In a classic study by Gonzalez-Alonso et al. (1999) it was demonstrated that exercise
tolerance time was inversely related to the core temperature at the beginning of the test to
exhaustion (Figure 2.2.). They reported that exercise capacity could be enhanced by -37%
by pre-cooling to an oesophageal temperature of 35.9 = 0.2°C and reduced by -39% by
wanning to a temperature of 38.2 £ 0.1°C. Despite the wide range of performance times
between conditions participants fatigued at almost identical temperatures (~40.1°C) in all
three conditions. Many of the studies that have shown pre-cooling to enhance exercise
performance or capacity have attributed the improvement to a reduction in core
temperature at any given time-point during the exercise bout. Booth et al. (1997) reported
that 30 min time-trial running performance in elevated ambient conditions (32°C, 60% rh)
was improved by 4% after pre-cooling via the immersion to the neck in cool water (28-
29°C). Booth et al. (1997) used a progressive cooling method which resulted in a reduction
in core temperature of ~0.7°C during the interval between cooling and exercise and no
further ‘afterdrop’ as documented in other pre-cooling studies that used a faster pre-cooling
intervention (Hessemer et al., 1984; Schmidt & Bruck, 1981). The pre-cooling method
adopted by Hessemer et al. (1984) consisted of two bouts of cool air exposure with an
intermediate re-warming phase. The re-warming phase was used to try and restore thermal
comfort, reduce shivering and minimise metabolic changes while still reducing core
temperature. Hessemer et al. (1984) reported that participants achieved a 6.8% greater
(172W v 161W) mean work rate following pre-cooling compared to the control trial in a
60 min cycle ergometer time-trial at 18°C despite no significant main effect between
conditions for oesophageal temperature. The core temperatures recorded differed between
conditions in their time course with pre-cooling initially lowering core temperature during
the first 15 min by up to 0.4°C but resulting in higher core temperatures after 20 min of the
protocol. Skin temperature was significantly lowered by the pre-cooling intervention
(Hessemer et al., 1984) and it has been shown that a reduction in skin temperature in the
absence of a reduce core temperature can result in improved time-trial performance (Kay et
al, 1999). Kay et al. (1999) demonstrated that pre-cooling via water immersion improved
30 min self-paced cycling performance (14.9 = 0.8km to 15.8 + 0.7km) without observed
reductions in core temperature while Amgrimsson et al. (2004) reported a 1.1%
improvement in Skm time-trial performance following vest-induced pre-cooling despite the
reductions in core and skin temperatures observed at the beginning of the bout
disappearing for the final third (3.6km onwards). The authors noted that out of the 12
participants who improved with the vest 17.4% of the improvement occurred during the
first 1.6km of'the race when the effects of the cooling were most pronounced with 55.0%

and 27.6% occurring in the second and third sections of the time-trial respectively. This
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shows that participants were still able to increase their self-selected pace during the later
stages of the time-trial when the physiological effects of the pre-cooling were either
reduced or not evident supporting suggestions that perceptual cues regarding thermal state
may have a pace-regulating influence.

2.3.2.6 . Pre-cooling summary

Pre-cooling appears to elicit thermoregulatory and cardiovascular changes that benefit
endurance performance. Ifthe cooling stimulus is sufficient pre-cooling has been shown to
regularly decrease the thermal strain experienced by lowering core temperature,
attenuating its rate of rise and/or decreasing skin temperature (Amgrimsson et al., 2004;
Bolster et al, 1999; Booth et al., 1997; Booth et al., 2004; Castle et al, 2006; Cheung &
Robinson, 2004; Drust et al, 2000; Duffield et al, 2003; Duffield & Marino, 2007;
Gonzalez-Alonso et al., 1999; Hasegawa et al,, 2005; Hasegawa et al., 2006; Kay et al,
1999; Lee & Haymes, 1995; Marino & Booth, 1998; Marino, 2002; Marsh & Sleivert,
1999; Mitchell et al., 2003; Olschewski & Bruck, 1988; Palmer et al, 2001; Schmidt &
Bruck, 1981; Simmons et al., 2008; Sleivert et al., 2001; Uckert & Joch, 2007; Webster et
al, 2005; Wilson et al, 2002). Decreasing core temperature prior to exercise and
attenuating the rate at which it rises during exercise has been shown to increase the time
taken to reach the high internal temperatures associated with the termination of exercise
(Gonzalez-Alonso et al,, 1999; Nielsen et al, 1993) while reductions in skin temperature
would be expected to improve perceptions of thennal comfort (Cotter & Taylor, 2005).
The effects of pre-cooling on acute short-duration exercise is yet to be fully understood
with methodological differences making comparisons between existing data sets difficult
however such activities are unlikely to be compromised due to thermoregulatory strain and
therefore the mechanisms by which pre-cooling may enhance short-duration exercise
appear to differ markedly from those which may explain enhanced prolonged exercise
performance. Prolonged exercise performance and capacity are far more likely to be
compromised by thermoregulatory strain and therefore the thermoregulatory alterations
that occur due to the cooling strategies adopted prior to exercise help explain the regular
enhancement observed in subsequent prolonged exercise (Amgrimsson et al, 2004; Booth
et al, 1997; Gonzalez-Alonso et al., 1999; Hasegawa et al, 2006; Hessemer et al., 1984;
Kay et al., 1999; Lee & Haymes, 1995; Olschewski & Bruck, 1988; Uckert & Joch, 2007;
Webster et al, 2005). Pre-cooling can improve endurance performance in the absence of
alterations in core temperature (Hessemer et al, 1984; Kay ef al, 1999) and therefore it

seems that it may be the enhancement of thermal comfort, due to the disruption of the

34



thermal feedback channels (regularly accompanied with beneficial reductions in actual

thermoregulatory strain), that explains the benefits ofpre-cooling.

2.3.3. Cooling the torso at rest and during exercise

2.3.3.1. Introduction

Often the pre-cooling treatments used are impractical for sporting settings due to the time
required prior to exercise or the intervention used itself (e.g. water-immersion (Kay et a/,
1999)) and therefore a practical cooling intervention that could be adopted during exercise
(during the warm-up or bout itself) and enhance performance would be of great interest to
athletes, coaches and physiologists. It seems prudent to suggest that if pre-cooling the body
prior to exercise can enhance performance due to the manipulation of physiological and
perceptual parameters, sufficient cooling interventions applied during exercise may have
similar, or indeed cumulative, effects if combined. Relatively few studies have looked at
cooling the torso during exercise with one focusing on cooling the skin via skin-wetting
(Bassett, Jr. et al, 1987) and another five investigating the effect of wearing a cooling
garment (Amgrimsson ef a/, 2004; Hasegawa ef al, 2005; Shvartz, 1976; Webster et al,
2005; Shvartz et al, 1976). As with many of the pre-cooling interventions there are
practical problems associated with the interventions investigated regarding torso cooling.
The water-spray intervention used by Basset et al/ (1987) and the water perfused heat-
exchange cooling systems investigated by Shvartz and co-workers (1976a; 1976b) have
obvious limitations that prevent their application in a sporting setting while wearing a
cooling vest has been shown to increase the energy demands of running and result in some
reports of participant dislike due to excess weight (~4.5 kg) and skin irritation
(Amgrimsson et al, 2004). The discomfort associated with such cooling devices may
account for the lack of interest in this area. The effects of cooling the torso at rest and
during exercise on the physiological and perceptual responses to exercise and on exercise
performance and capacity are reviewed in this section. Investigations examining the effect

of cooling the torso during exercise are summarised in Table 2.1.

2.3.3.2. Thermoregulatory response

2.3.3.2.1. Core temperature

As previously discussed pre-cooling the torso has been shown to lower core temperature

by cooling the peripheral blood that travels to the core and cooling during exercise would
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be expected to work via the same mechanism however mixed results have been reported.
Cooling vests have been shown to reduce core temperature during active wann-ups lasting
between 9 and 38 min (Amgrimsson ef al, 2004; Webster et al., 2005) but not during a
prolonged (-65 min) bout of submaximal exercise (Hasegawa et a/, 2005). Shvartz and
colleagues (1976a; 1976b) used a water-perfused cooling heat exchanger to cool a small
section of the chest or back and found that this reduced core temperature during bench-
stepping in very hot conditions (39.5°C) however Bassett et al. (1987) failed to see similar
results using a less intensive cooling technique, mist spray, during exercise in less sever
conditions (29.5°C). These findings suggest that, as with cooling at rest, the effectiveness
of the cooling intervention appears to be heavily magnitude and duration dependent.
Amgrimsson et al. (2004) and Webster et al. (2005) both reported reductions in core
temperature with the acute application of a cooling vest where as Hasegawa et al. (2005)
did not see reductions in core temperature after a longer exposure. The two former studies
both measured the temperature beneath the vest and found a significant reduction in skin
temperature however Hasegawa ef al. (2005) did not measure the direct cooling effect of
the vest. Despite the lack of data regarding the direct effect of the cooling it would seem
prudent to suggest that the effects of the cooling vest on the temperature of the area it was
cooling was reduced over time. If, as assumed, the cooling vest began to warm-up during
the 60 min protocol a point was probably reached during the trial in which the vest became
an active insulator rather than a cooler and restricted the amount of heat that could be lost
negating the earlier cooling benefits. When the vests were worn for shorter durations
during the active wann-up phases of the studies by Amgrimsson et al. (2004) and Webster
et al. (2005) the temperature immediately beneath the vest was maintained at a cooler
temperature showing that although it may have wanned slightly in comparison to the
temperature recorded at the time of application, the vest did not become an insulator during

those trials.

2.3.3.2.2. Skin temperature

Unsurprisingly, due to the rationale of the cooling-intervention and the direct application
of the cooling intervention, all of the interventions adopted to cool the torso during active
wann-ups and exercise bouts in the heat are effective in significantly reducing skin
temperatures during exercise (Amgrimsson et al., 2004; Bassett, Jr. et al., 1987; Hasegawa
et al., 2005; Shvartz, 1976; Shvartz et al., 1976; Webster et al, 2005). Mean skin
temperature is usually expressed as a weighted skin temperature and therefore care needs

to be taken when interpreting the data. Amgrimsson et al. (2004) and Hasegawa et al.
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(2005) both reported a reduction in mean skin temperature using a skin weighting system
biased towards the torso (0.5 and 0.3 respectively) and so may have overestimated the
magnitude of changes due to direct cooling from the vests however the other investigators
used formulae that were not torso-biased and all reported reductions in skin temperature
(Bassett, Jr. et al, 1987; Shvartz, 1976; Shvartz et al, 1976; Webster et al, 2005).
Webster et al. (2005) recognised the potential to overestimate the cooling effect using
conventional skin temperature assessment techniques and therefore reported the
temperature measured at the abdomen and bicep to represent the temperatures of the skin
in regions covered and uncovered by the vest. There was a marked decline in skin
temperature measured at the abdomen and a lesser, but still significant, reduction in skin
temperature measured at the bicep. This data, in addition to that reported in other
investigations, shows that torso cooling via the application of a cooling vest can lower the

skin temperature in areas uncovered as well as in those directly cooled.

2.3.3.3. Cardiovascular response

Despite consistently reducing skin temperature (Amgrimsson et al, 2004; Bassett, Jr. et
al, 1987; Hasegawa et al, 2005; Shvartz, 1976; Shvartz et al, 1976; Webster et al, 2005),
and therefore presumably skin blood flow, the effects of torso cooling during exercise on
the heart rate response to exercise are mixed with some studies reporting cooling-induced
bradycardia (Amgrimsson et al/, 2004; Hasegawa et al, 2005; Shvartz et al, 1976) and
some reporting no effect (Bassett, Jr. et al, 1987; Shvartz, 1976; Webster et al, 2005). The
findings of Basset et a/ (1987) and Shvartz (1976), who cooled via mist spaying and a
small chest heat exchange device respectively, suggest that the effectiveness of cooling
during exercise on reducing cardiovascular strain is once more magnitude-dependent,
however Webster et al (2005) also reported no effect of cooling despite investigating three
highly effective cooling vests. They acknowledged that their findings differed from a
number of published articles and attributed the difference to other studies using cooling
during longer, submaximal bouts rather than during the shorter maximal oxygen
consumptions test that they investigated. In the torso-cooling studies that showed a
reduction in the heart rate response to exercise the cooling was administered for 38 to 120
min during submaximal exercise (Amgrimsson et al, 2004; Hasegawa et a/, 2005; Shvartz
et al, 1976) supporting the suggestion of Webster et al (2005). Drust et al (2000)
suggested that if cooling was sufficient to result in a decreased need to dissipate heat there
would be an associated reduction in the need for cutaneous blood flow which in turn would

reduce the need to elevate heart rate to maintain cardiac output. During exercise however,
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cooling-induced reductions in heart rate do not appear to be dependent on reductions in
core or skin temperature as Shvartz (1976) and Webster er al. (2005) both reported
significant reductions in core and skin temperature without any change in the heart rate
response to exercise. Although the literature is not conclusive it appears that cooling the
torso during exercise can reduce the cardiovascular strain experienced by reducing the
heart rate during exercise if the cooling intervention is worn during a prolonged period (>

38 min) of submaximal exercise.

2.3.3.4. Body fluid regulation

Amgrimsson et al. (2004), Hasegawa et al. (2005) and Webster et al. (2005) all reported
that wearing a cooling vest during exercise reduced the sweat rate and total sweat loss
observed however these findings were not replicated by Bassset et al. (1987) or Shvartz
and colleagues (1976). This data suggests that, as with other physiological responses, the
effectiveness of the cooling intervention used dictates the magnitude of the physiological
response evoked. The reductions in the sweat response following the application of a
cooling vest would be expected due to the cooling-induced dismption of heat loss
mechanisms (Lee & Haymes, 1995) and are in line with the majority of pre-cooling studies
(Duffield & Marino, 2007; Hasegawa et al., 2006; Kay et al., 1999; Lee & Haymes, 1995;
Wilson et al., 2002) supporting the idea that cooling interventions may be effective in the

conservation ofbody water during exercise.

2.3.3.5. Rating ofperceived exertion and thermal comfort

The subjective sensation of task difficulty as represented by the rating of perceived
exertion can be reduced via the application of a cooling vest (Amgrimsson et al., 2004;
Hasegawa et al., 2005) but not by mist spraying (Bassett, Jr. et al., 1987) during exercise in
a hot environment. It has been suggested that rating of perceived exertion is a key
component of the regulatory system during exercise and plays a role in the termination of
exercise (Crewe et al, 2008). If this is tme it would be prudent to suggest that dismpting
the perception oftask difficulty (e.g. via a cooling vest) and altering the rating of perceived
exertion at any given point would have beneficial perfonnance implications. This may also
apply to alterations in thermal comfort or sensation and although cooling is ineffective
when applied prior to exercise (Castle et al., 2006), Amgrimsson et al. (2004), Hasegawa
et al. (2005) and Webster et al. (2005) reported that wearing a cooling vest significantly

improved the perception of thennal comfort during exercise. In the study by Castle et al.
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(2006) participants wore a vest while at rest so it is likely that the exercise-generated heat
counteracted the potentially noxious cooling stimulus and allowed the participants to gain a

benefit from the vest during the exercise studies.

2.3.3.6. Exercise performance

To the author’s knowledge Shvartz et al. (1976) is the only study to have looked at the
effects of cooling the torso during exercise on perfonnance although it has been shown to
improve subsequent performance (Amgrimsson et al, 2004; Hasegawa et al, 2005;
Webster et al, 2005). Shvartz et al. (1976) investigated the effect of cooling -10% of the
total body surface using a heat exchanger placed on the back of the participants during
submaximal bench stepping in very hot conditions (49.3°C). They reported that the mean
tolerance time was 45 min in the no cooling trial but that the participants completed the
entire 70 min protocol ‘without any signs of exhaustion’ in the cooling trial. The study
only included three individuals rendering statistical interpretation redundant however this
small study suggests that cooling during exercise can have positive effects upon exercise
performance. The improvement in tolerance time was accompanied by a reduction in core
and skin temperature and it seems pmdent to suggest that if a cooling intervention worn
during exercise can elicit a sufficient cooling stimulus, as with pre-cooling, and elicit
similar beneficial thermoregulatory and cardiovascular changes then these findings could
be replicated. This is an area that warrants further investigation because although wearing
such garments during exercise may be impractical or in breach ofthe mles and regulations
of the sporting event they may have a role to play in maximising the gain from training

sessions or out-of-competition events.

2.33.1. Cooling the torso summary

The physiological, perceptual and performance data presented from studies which have
investigated the effects of cooling the torso during exercise demonstrates that the effect
that cooling the torso can elicit is heavily magnitude dependent. When the cooling is
sufficient it can lead to reductions in the temperatures recorded at the core and the skin,
attenuated heart rate and improvements in the perception of task difficulty and thermal
comfort (Amgrimsson et al.,, 2004; Hasegawa et al., 2005; Shvartz, 1976; Webster et al,
2005) however many cooling interventions have a mixed effect and appear to offer an
insufficiently prolonged cooling effect (Bassett, Jr. et al, 1987, Hasegawa et al, 2005;
Shvartz, 1976; Webster et a/, 2005). Although cooling vests are often touted as practical
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cooling devices and they are used by many elite sporting teams (Martin et a/, 1998) data
from the studies reviewed suggest that more work is required before cooling the torso
during exercise can be recommended as an effective, practical intervention for the

improvement of performance in a hot environment.
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2.3.4. Cooling the head/face/neck region

2.3.4.1. Introduction

It has been suggested that thermal sensation and/or comfort may be determined in part by
regional variation in the thermosensitivity ofthe skin surface and that this comfort could be
manipulated with local heating or cooling (Cheung, 2007). The head and face have been
shown to be sites of high alliesthesial thennosensitivity (Cotter & Taylor, 2005) and it has
been suggested that cooling the head may represent a greater thermoregulatory advantage
compared to cooling other parts of the body (Kissen et a/, 1971; McCaffrey et al., 1975;
Nunneley et al, 1971; Shvartz, 1970). Despite this, and the fact that pre-cooling studies
can be impractical (Wilson et al, 2002), studies that have investigated the effect of cooling
the head and neck region during periods of rest and exercise over the last 40 years are

scarce.

Despite the scarcity of studies a wide variety of cooling methods have been used to lower
the temperature of the head, face and/or neck during periods of rest and exercise. The
methods fall into three main categories; the application of water-perfused garments
(Greenleaf et al, 1980; Nunneley et al, 1971; Palmer et al, 2001; Shvartz, 1970; Shvartz,
1976; Shvartz et al, 1976; Watanuki, 1993); the supply of convectional air currents (with
or without water mist spraying) (Ansley et a/, 2007; Armada-da-Silva et al, 2004; Brisson
etal, 1987; Brisson et al, 1989; Brisson et al, 1991; Desruelle & Candas, 2000; Hamada
et al, 2006; Kratzing & Cross, 1984; Mundel et a/, 2005; Mundel et al, 2006; Mundel et
al, 2007; Nybo et al, 2002a; Quirion et a/, 1989; Riggs, Jr. et al, 1981; Riggs, Jr. et al,
1983; Stroud, 1991; Williams & Kilgour, 1993) and the direct application ofice packs or a
specific neck cooling device (Bulbulian et al, 1999; Gordon et al, 1990; Hamada et a/,
2006; Simmons et al, 2008). The effects of the various interventions are reviewed in this

section and practical neck cooling investigations are summarised in table 2 2.

2.3.4.2. Thermoregulatory response

2.3.4.2.1. Core temperature

The effectiveness of cooling the head, face or neck region on altering core temperature
appears to heavily depend on both the extent of the cooling stimulus provided and the
thermal stress experienced. Cooling the head and neck region via facial fanning or cool air

(2°C - 27°C) provides an insufficient cooling stimulus to alter deep body temperature at
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rest (Brisson ef al., 1991; Desruelle & Candas, 2000; Kissen et al, 1971; Nunneley ef al.,
1971) or during exercise (Ansley et al., 2007; Armada-da-Silva et a/, 2004; Brisson et al,
1991; Desruelle & Candas, 2000; Hamada ef al, 2006; Mundel et al, 2006; Riggs, Jr. et
al, 1981; Williams & Kilgour, 1993) in a wide range of ambient conditions (22°C - 66 °C).
The same findings are reported when cooling is achieved via water-perfused cooling
garments at rest (Brown & Williams, 1982; Greenleaf et al, 1980; Kissen et al, 1971;
Nunneley ef al, 1971) however during exercise cooling the head and neck region has been
shown to reduce core temperature in most (Nunneley et a/, 1971; Palmer et al, 1996;
Shvartz, 1970; Shvartz, 1976; Shvartz et al, 1976), but not all (Nunneley et al, 1971),
studies. Nunneley et al (1971) investigated the effect of cooling the head via a water-
perfused cap (in which progressively cooler water (22°C to 10°C) was circulated at a rate
0of 720 mI'min'1 during exercise for the 120 min protocol) on the physiological response to
exercise at -50% V Ozmax in three different ambient temperatures, 20°C, 30°C and 40°C.
They reported that cooling the head had no effect on core temperature in the trials
conducted at 20°C and 30°C however it reduced core temperature in the 40°C trials when
the thermal stress was greatest. In the other studies that reported a reduction in core

temperature with the water-perfused head/neck cooling garment either the exercise

intensity (60%VO2nmx (Palmer et al, 1996)) or ambient conditions (39.5°C (Shvartz,
1976); 50°C (Shvartz, 1970)) were of a greater magnitude than in the two conditions in the
study by Nunneley et al. (1971) in which no effect was observed. This provides further
support for the suggestion that cooling the head and neck region is only effective at
reducing core temperature when the cooling stimulus is of a sufficient magnitude and in

conditions during which the body is under sufficient thermal stress.

In the four studies investigating direct neck cooling via the application of ice-packs or
specific cooling collar devices only Gordon et al. (1990) and Simmons et al (2008)
reported changes in core temperature as a result of the interventions investigated. Simmons
et al. (2008) observed that the application of cooling packs, combined with water mist

cooling, during a period ofprolonged (-85 min) resting sauna exposure between two bouts

ofmoderate intensity cycle ergometer exercise (-70% V Chmax) increased the rate at which
core temperature dropped and allowed the participants to commence the second bout of
exercise with a significantly lower core temperature. Gordon et al (1990) reported that
core temperature and the rate at which it rose was attenuated with a neck cooling device
during 45 min of submaximal track-running in moderate ambient conditions (21°C)
however neither Bulbulian et al (1999) nor Hamada et al (2006) replicated these findings.

Bulbulian et al (1999) found no differences in the core temperature (measured at both the
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rectum and oesophagus) response to 30 min of cycle ergometer exercise at 60% V 02 nax in
hot ambient conditions (30°C; 25% rh) with the application of a commercially available
head-neck cooling device despite significantly lowering the temperature of the neck (P <
0.01). Hamada et al. (2006) cooled the neck to 23.59 + 2.18°C via the application of ice

packs placed superior to the bilateral carotid arteries during the last 20 min of a 40 min

bout of submaximal (60% V Chmax) cycle ergometer. The ice packs were replaced at 10 min
intervals in attempt to maximise the cooling stimulus achieved however despite
maintaining a strong cooling stimulus they found that their intervention had no effect on

core temperature.

Most of'the literature suggests that in contrast to whole-body cooling, cooling the head and
neck region has no effect on core temperature, particularly in temperatures below those
that are approaching a “very hot” classification (>35°C). This is particularly true for the
more practical, non-water pump based, methods of achieving the cooling. The proposed
mechanism by which whole-body cooling is thought to work relies on the cooling of the
blood in the periphery and the subsequent circulation of this cooler blood to the core
(Schmidt & Bruck, 1981) and therefore the ineffectiveness of cooling the neck in altering
core temperature is unsurprising. When cooling larger areas of the body there is a greater
potential for the cooling of large volumes of peripheral blood resulting in a larger amount
of cooled blood travelling to the centre of the body. The neck region only accounts for
approximately - 12% of the total body surface area and thus the potential for cooling a

sufficient volume ofthe blood that penetrates the body’s core is greatly reduced.

2.3.4.2.2. Skin temperature

As discussed in most cases cooling the neck fails to alter the core temperature response to
exercise-induced or passive hyperthermia due to the cooling of an insufficient surface area
of the body. Due to this and the multi-site techniques used to measure skin temperature
cooling the neck would be unlikely to alter skin temperature. The majority of studies have
shown that cooling the head and neck region has no effect on skin temperature at rest or
during exercise regardless of whether the cooling was achieved via water-perfused
garments, cool air or neck cooling devices (Armada-da-Silva et al, 2004; Brown &
Williams, 1982; Bulbulian et al., 1999; Desruelle & Candas, 2000; Hamada et al., 2006;
Mundel et al.,, 2006; Nunneley et al.,, 1971; Shvartz, 1976; Simmons et al., 2008) however
some studies have reported reductions in skin temperature (Ansley et al., 2007; Hamada et
al., 2006; Kissen et al., 1971; Shvartz, 1970). Kissen et al. (1971) reported that head and
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neck cooling via a liquid-cooled helmet reduced skin temperature while individuals rested
in very high temperatures (66°C) and in similarly hot conditions (50°C) Shvartz (1976)
reported that cooling the head and neck via a water-perfused hood reduced skin
temperature during exercise-induced hyperthermia created by prolonged (120 min)
walking. It is worth noting that the studies by Kissen et al. (1971) and Shvartz (1976) only
involved six participants each and that no statistical analysis was conducted by the authors.
Visual representation of the data shows that there was a tendency for the cooling
interventions used to reduce skin temperature however with the lack of statistical analysis
full, accurate interpretation regarding the extent of the reduction is difficult to quantify.
Hamada et al. (2006) compared three different methods of cooling and reported that
although cooling the neck via the application of a cooling collar had no effect on skin

temperature cooling the head via facial fanning significantly reduced skin temperature

during 40 min of submaximal cycling (60% V 0 2nex) at 30°C. Ansley et al. (2007) also
reported that facial cooling lowered skin temperature during cycle ergometer exercise to
exhaustion, in ambient conditions of ~30°C. Hamada et al. (2006) reported that the
reduction in skin temperature observed coincided with a cooling-induced reduction in skin
blood flow. The reduction in skin blood flow may help account for the reduction in skin
temperature because the internal heat accumulating within the body due to the elevations in
body temperature (~1°C in the study by Hamada et al. (2006)) would usually be directed,
via the circulating blood, to the skin to be dissipated. The cooling intervention may have
altered the thermoregulatory effector responses due to the presentation of a “false”,
misleading, thermoregulatory input, reducing blood flow to the skin and reducing the
amount of heat brought to the periphery. It is also possible that the differences in findings
could be attributed to an increase in convectional cooling via inadvertent cooling of other
areas via the fanning protocols. Ansley ef al. (2007) stated that the fans used were directed
at the face to “only cool the face” however within the confined space of an environmental
chamber it seems likely that the introduction ofmoving air would increase the total amount
of air current within the chamber which could help explain some of the decreases in skin

temperatures observed in the studies by Ansley ef al. (2007) and Hamada et al. (2006).

2.3.4.3. Cardiovascular response

It appears that cooling the head and neck region has a similar effect on heart rate as it does
on skin temperature. Despite a variety of cooling methods being implemented in a variety
of different hot environmental conditions the majority of studies have shown that cooling

the head and neck has no effect on heart rate during exercise (Ansley et al., 2007;
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Bulbulian et al, 1999; Gordon et al, 1990; Hamada et al, 2006; Kratzing & Cross, 1984;
Nunneley et al, 1971; Palmer et al, 1996; Shvartz et al, 1976; Simmons et al, 2008).
However, as observed with the skin temperature response to cooling, cooling of a
sufficient magnitude can attenuate the elevation in heart rate observed in hot conditions.
Shvartz (1970), Hamada et al, (2006) and Mundel et a/ (2006) all reported that cooling the
head, neck and face induced bradycardia during submaximal exercise in hot conditions
(30-50°C). Heistad et a/ (1973) and Yamazaki and Sone (2000) have both demonstrated
that during hyperthermia heart rate is controlled at a central level by an interaction between
the thennoreceptor and baroreceptor reflexes as demonstrated by the independent nature of
core and skin temperatures in heart rate regulation. Yamazaki and Sone (2000) proposed
that a decrease in heart rate was due to an increase in vagal activity occurring due to the
location of the vagus nerves and their proximity to the cooling stimulus. The cardiac
parasympathetic fibres originate in the medulla oblongata and the efferent vagal nerves
pass inferiorly through the neck lying adjacent to the carotid arteries and therefore it is has
been proposed that cooling the neck regions could lower heart rate by direct vagal

stimulation (Yamazaki & Sone, 2000).

2.3.4.4. Body fluid regulation

Cooling the head and neck region has been shown to decrease the sweat rate observed
during exercise in a hot environment in some (Desruelle & Candas, 2000; Gordon et a/,
1990; Hamada et a/, 2006; Nunneley ef a/, 1971; Shvartz, 1970; Shvartz, 1976) but not all
(Bulbulian et al, 1999; Desruelle & Candas, 2000; Mundel et al, 2006; Palmer et al,
1996) studies. Desruelle and Candas (2000) investigated three variations of cool air
breathing and facial fanning and reported that only a combination of both- and therefore
the greatest cooling stimulus investigated- attenuated the sweat rate observed. Further
evidence to suggest that the effect of a cooling intervention of the sweat response is
dependent on the magnitude of the cooling stimulus and thermal stress is provided by the
observations that at rest the sweat response is unaltered by head, neck or face-cooling
(Brown & Williams, 1982; Desruelle & Candas, 2000) unless the thermal stress is of a
severe magnitude (ambient temperature of 66 °C (Kissen et a/, 1971)). Cooling the head
neck and throat via cooling hood has also been shown to significantly reduce voluntary
water intake during 2h of walking in very high ambient conditions (~50°C) (Shvartz, 1970)
and so it appears that cooling this region may disrupt the feedback systems responsible for
sweat response initiation and the thirst response when the thermal stress is severe. The

sweat response is initiated due to signals from both peripheral and internal thermal
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receptors with brain temperature being the main regulating factor (Smiles et a/, 1976). It is
possible that any ‘false’ signal, detected via the thermoregulatory centre within the brain,
provided about the thermal status of the body as a result of a the cooling intervention,
either directly via the cooling of carotid blood or indirectly via neural signal, may cause the

drive to dissipate heat to be reduced.

2.3.4.5. Rating ofperceived exertion and thermal comfort

Participants who have their head, neck and/or face region cooled often report an enhanced
level of thermal comfort (Brown & Williams, 1982; Hamada ef a/, 2006; Kissen et al,
1971; Mundel et al, 2006; Palmer ef al, 1996; Simmons ef al, 2008; Annada-da-Silva et
al, 2004) however two studies have shown that cooling this region had no effect on
thermal sensation (Bulbulian et al, 1999; Gordon ef al, 1990). Bulbulian et al. (1999) and
Gordon et al. (1990) both investigated commercially available cooling collars and it.is
possible that the ineffectiveness of the collars on the perception of thermal comfort is due
to the provision of an inadequate level of cooling. To gain the maximal benefit from a
cooling intervention it seems clear that the cooling stimulus must offer a prolonged bout of
sustained cooling however Bulbulian et al. (1999) reported that their cooling collar only
remained cool for —0 min of their 30 min submaximal (60% V o2nmx) bout of cycle
ergometer exercise in elevated temperatures (30°C; 25% rh). Gordon et al. (1990) did not
report the localised effect of the collar tested however as demonstrated by Bulbulian et al.
(1999) and the in-house collar design work (see general methods section) commercially

available collars tend to provide a limited cooling stimulus.

Despite the majority of studies reporting an improvement in the perception of thermal
comfort, cooling the head, neck and face region has been shown to have a mixed effect on
the rating of perceived exertion. Cooling has been shown to both, reduce (Ansley et a/,
2007; Mundel et al, 2006; Simmons et a/, 2008; Annada-da-Silva et al., 2004) and have
no effect (Bulbulian et al., 1999; Gordon ef al, 1990) on the rating of perceived exertion
reported during exercise. Simmons et al. (2008) reported that cooling the head via a
combination of ice-pack application and water spraying during a prolonged (-6 8 min) bout
of sauna exposure sandwiched between two 12 min bouts of moderate exercise performed
in a hot environment reduced the rating of perceived exertion during the second bout of
exercise. They also showed that the cooling intervention attenuated the rate at which core
temperature rose and reported a significant correlation (r = 0.82; P < 0.001) between the

rating of perceived exertion and core temperature providing further support for the
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suggestion that the increase in the rating of perceived exertion during exercise in hot
conditions is related to the increase in core temperature (Crewe et al., 2008). Ansley et al.
(2007) and Armada-da-Silva et al. (2004) both suggested that the rating of perceived
exertion is heavily influenced by the subjective level of thermal comfort and the review of
the literature reveals that when thermal sensation is enhanced the rating of perceived
exertion reacts similarly. In contrast when the cooling intervention is ineffective at
improving thermal comfort the rating of perceived exertion is unaffected (Bulbulian et al.,
1999; Gordon et al, 1990). As with the physiological response to cooling the effect of
cooling on the subjective perception of exertion appears to be magnitude dependent. If
sufficient cooling can be provided to alter the perception of thermal comfort then it seems
that the rating of perceived exertion can be reduced which would be expected to delay the

termination of exercise (Crewe et al., 2008).

2.3.4.6. Exercise performance

To the author’s knowledge only two studies have investigated the effect of cooling the
head and neck region on exercise capacity or performance. Ansley et al. (2007)
investigated the effects ofhead cooling via three fans placed 50cm away from the cyclist’s
face in combination with a fine mist of water administered at 30-second intervals. They
reported that such a cooling intervention resulted in median cycling capacity being
enhanced by 51% (21-65% inter-quartile range). The improvement was achieved without
alterations in core temperature or heart rate but with reductions in skin temperature and
ratings of perceived exertion. The authors postulated that the improvements may be due to
improvements in perceived exertion and a thermoregulatory mediated suppression in the
prolactin response to exercise. Palmer et al. (2001) looked at the effect of cooling the head
via a water-perfused garment inducing the cooling via the circulation of 1°C water at a rate

of I.IL.min'l The participants rested for 60 min before completing 30 min of submaximal

(60% V 0xmax) treadmill exercise prior to a 15 min time-trial performed in an
environmental chamber regulated at 33°C. On separate visits to the lab the cooling garment
was either worn during the combination of rest and exercise, just at rest or just during the
bout of exercise. Full-time cooling (rest and exercise) improved the distance covered in the
15 min compared to no cooling and pre-cooling by 3.3 £ 3.4% and 23 £ 2.9%
respectively. The cooling intervention at rest reduced core temperature and heart rate prior
to exercise and when continued, or added, during exercise maintained a reduction in core

temperature during the bout and improved thermal comfort. This limited data demonstrates
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that water-perfused cooling and facial fanning can both enhance the ability to perform

exercise in hot environments.

2.3.4.7. Cooling the head/neck/face region summary

Many of the thermoregulatory and cardiovascular benefits associated with pre-cooling and
torso cooling during exercise occur due to the large surface area cooled which in turns
increases the magnitude of the response that it can invoke. This helps to explain why the
benefits of cooling the head, neck and face region are heavily dependent on the magnitude
of'the cooling intervention and the severity of the thermal strain that the body experiences.
It has been shown that if the magnitude of cooling provided is sufficient and/or the thermal
strain is severe enough cooling the head, neck and face region can elicit beneficial
thermoregulatory and cardiovascular adjustments (Nunneley et al, 1971; Shvartz, 1970;
Simmons et al, 2008) however practical cooling mechanisms rarely provide sufficient
cooling (Bulbulian et al, 1999; Gordon ef al, 1990). Cooling the body at any site appears
to alter the perception of thermal comfort and this is the case when cooling the neck
however the benefits of cooling on thermal comfort (Annada-da-Silva et a/, 2004; Brown
& Williams, 1982; Hamada et al, 2006; Kissen et al, 1971; Mundel et al, 2005; Palmer et
al, 2001; Simmons et al, 2008) are not always matched with alterations in the
participants’ perception of the task difficulty as expressed via the rating of perceived
exertion scale (Bulbulian et al, 1999; Gordon et al, 1990). The effects of practically
cooling the head and neck on exercise performance are unclear as few studies have
investigated this and mixed results have been presented. Based upon the data from other
cooling studies in circumstances where the cooling stimulus and the thermal stress are of a
(as yet un-known) sufficient magnitude the beneficial physiological changes would be
expected to have an ergogenic effect however this is an area that requires further

investigation.
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2.4. Theoretical basis for the application of a cooling collar

2.4.1. Introduction

Hyperthermia impairs exercise capacity and performance (e.g. Galloway and Maughan,
1997) and, as reviewed in previous sections, a variety of cooling interventions have been
investigated in an attempt to attenuate the decline in exercise ability observed. Pre-cooling
and cooling the torso during exercise have both been shown to elicit physiological and
perceptual adjustments which benefit exercise performance in a hot environment (e.g.
Amgrimsson et al,, 2004). Cooling the neck region has received substantially less interest
however when there is a sufficient gradient between the cooling and the enviromnental
conditions cooling this area can evoke similar physiological and perceptual adjustments
(e.g. Nunneley et al., 1971) and improve performance (Palmer et al., 2001). Researchers
that have investigated cooling this region have suggested that cooling the neck offers many
theoretical advantages over cooling elsewhere and these theories are reviewed in the

following section.

2.4.2. Selective brain cooling in animals

The brain is one of the most metabolically active organs and is thus heavily dependent on
the constant removal of the excess metabolically-produced heat to maintain thermal
balance (Caputa, 2004). This is particularly important as it has been shown that neuronal
tissue is particularly susceptible to overheating. Protein synthesis within the brain has been
shown to be inhibited in rats when cerebral temperatures reach 41°C due to the
disaggregation of polyribosomes to monosomes however the reduction in synthesis is not
observed in other tissues (e.g. kidney, liver, spleen and testes) subjected to similar thermal
conditions (Millan et al., 1979). Due to the vulnerability of the cerebral tissue it would
seem pmdent for there to be a protective mechanism in place to protect the brain from the

threat ofhyperthermia and in many species such a mechanism exists.

It has been demonstrated that the temperatures of the cerebral arteries and brain can fall
below central arterial blood temperature when upper respiratory heat loss is enhanced in a
wide-range of species including cats (Baker, 1972), goats (Baker & Nijland, 1993), sheep
(Baker & Hayward, 1968), dogs (Baker ef al., 1974), kestrels (Bernstein et al, 1979) and
horses (McConaghy ef al., 1995). The magnitude ofthe cooling response is proportional to

the level of hyperthermia experienced and thus the response elicited is greater during
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exercise than at rest (Bernstein et al., 1979). In normothermic animals during walking it
occurs weakly and intermittently whereas selective brain cooling occurs continuously and
at a far greater intensity during hyperthermia (Caputa, 2004). To demonstrate this it has
been shown that the core-brain temperature difference increases from 0.7°C at rest to 1.2°C
during exercise in the American Kestrel (Bernstein et al.,, 1979) and that during exercise
the magnitude of the selective brain cooling is enhanced proportionally in goats (Baker &
Nijland, 1993) (Figure 2.8). The lowering of the temperature of the brain below that of the
trunk has been tenned ‘selective brain cooling’. The existence of selective brain cooling in
anumber of animal species is now widely accepted (Baker, 1979) and it has been shown to
be a method employed by many species which pant and possess a carotid rete (Baker,

1982).
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Selective brain cooling during hyperthermia has been shown to occur in a variety of
species including dogs, antelopes, sheep, reindeer, gazelles, rabbits and pigeons (Baker,
1982; Johnsen et al, 1987). The existence of'the selective brain cooling mechanism allows
these species to tolerate extremely high temperatures which would otherwise be lethal.
Grant’s gazelles deprived of water and in hyperthermic conditions are able to tolerate body
temperatures of 46.5°C for durations of up to ¢h due to the maintenance of a brain
temperature below the temperature of the torso due to a highly efficient selective brain
cooling mechanism (Taylor, 1970). The selective brain cooling mechanism that exists in

most species involves the lowering of the temperature of the venous blood via the cool air
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introduced by the act of panting (Johnsen ef al., 1987) and the movement of this cooled
blood to the intracranium from the surface of the nasal cavity which cools the incoming
arterial blood. It is thought that most of this cooling occurs within the carotid rete. The
carotid rete is a network of medium-sized arteries which lay in a lake of venous blood in
either the cavernous sinus or in the pterygoid plexus. Due to the position of the carotid rete
network and the fact that the arterial and venous blood are only separated by the relatively
thin arterial and venous walls there is a large potential for counter-current heat exchange
(also called arteriovenous heat transfer (Nunneley & Nelson, 1994)) to occur. It has been
proposed that this counter-current heat exchange mechanism can enhance the thermal
tolerance of many species by reducing the temperature of the brain (Baker, 1982; Hayward
& Baker, 1969). The temperature of the mammalian brain is essentially determined by
three main factors; the rate of heat production of the brain; the blood flow through the
brain and the temperature of blood supplying the brain (Baker, 1982; Kiyatkin, 2007).
Kiyatkin et al. (2007) reported that the changes in the brain temperature of rats following
stimulation (in this case social interaction and tail pinching) were more rapidly occurring
and pronounced than the changes observed in the temperature of arterial blood suggesting
that the temperature of the brain may also be compromised by intra-brain heat production

as well as the heat delivered via the circulatory system.

Despite the contribution of intra-heat production it has consistently been shown that
temperature changes in arterial blood result in almost immediate changes in temperature
throughout the brain and that the temperature of this blood is the most variable and
influential factor concerning the changes in brain temperature (Baker, 1972; Baker et al,
1974; Baker, 1982; Hayward, 1968; Hayward & Baker, 1969). This data forms the premise
of selective brain cooling and has led to the proposal that lowering the temperature of the
blood that reaches the human brain would offer the same benefits as observed in animal

species (Cabanac & Caputa, 1979).

2.4.3. Selective brain cooling in humans?

Humans do not possess a carotid rete (Cabanac, 1986) and therefore the potential for
cooling the blood on route to the brain is reduced however it has been shown that the
presence of a carotid rete is not a prerequisite for intracranial heat exchange as it is a
feature absent in the rabbit, a species that has been shown to utilise selective brain cooling
as a method of lowering the temperature of the brain (Cabanac, 1986). Blood is supplied to

the human brain via the right and left common carotid arteries which split into internal and
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external carotid arteries at the upper level of the larynx (Figure 2.9) (Gray, 1918) while the
right and left internal jugular veins receive the blood drained from the face, neck and the
sinuses such as the superior and inferior sagittal sinuses, straight sinus and transverse sinus
(Zhu, 2000). The carotid arteries and jugular veins lie adjacent to each other and because
this anatomical arrangement may facilitate heat exchange between the carotid and jugular
blood flow (Cabanac, 1986) it has been suggested that a form of selective brain cooling

may occur in humans.

Cricolhyreoid
artery

Figure 2.9. The major blood vessels of the human neck. A = internal jugular vein; B =
external carotid artery; C = internal carotid artery; D = common carotid artery (modified

from Grays, 1918)

It has been proposed that because an excessive heat load could severely damage the brain,
a method of cooling is a survival necessity (Cabanac & Brinnel, 1985). During exercise-
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induced hyperthermia the heat introduced to the cerebral blood flow poses a threat to brain
homeothermia (Rasch et al., 1991). The thermal stability of the brain is heavily dependent
on the continuous removal of excess heat at rest and during exercise (Caputa, 2004) and
the only way that excess cerebral heat can be removed is via the circulation ofblood cooler
than the tissue it perfuses (Caputa, 2004). Cabanac and Caputa (1979) proposed that one
mechanism by which brain temperature could be reduced is via the pre-cooling of the
arterial blood supply to the brain as observed with selective brain cooling in many animal

species.

The idea that selective brain cooling occurs in humans has often been suggested by
researchers who have observed tympanic temperatures below those recorded in the core of
the body in hyperthermic individuals at rest and during exercise (Rasch et al, 1991)

however there are anatomical limitations to this suggestion.

The temperature of the arterial blood destined for the human brain is the main determinant
of deep brain temperature (Hayward & Baker, 1969) and it has been suggested because the
tympanic membrane is located ‘close’ to the stem ofthe internal carotid artery and to the
hypothalamus (Benzinger, 1969) tympanic membrane temperature can be used as a
surrogate for brain temperature and evidence of selective brain cooling. Although this
practical measurement is an attractive option, strong evidence suggests that its usage as a
surrogate of brain temperature is incorrect (Brengelmann, 1993; Shiraki et al, 1988). In
contrast to being ‘close’ the tympanic membrane and carotid artery are separated by - lem
in an adult human, with the space being occupied by effective insulators such as bone
while the membrane’s blood supply comes from the external, not internal, carotid artery
(Brengelmann, 1993). Further opposition to the use of tympanic temperature was provided
by Nielsen (1988) and Shiraki et al. (1988). Nielsen (1988) reported that tympanic
temperature was 1°C lower than the temperature measured at the oesophagus while
participants cycled outdoors with a wind velocity of S-Tmsec' 1 however there was no
difference when they cycled indoors in still-air conditions. Due to wax-plugging and
insulation of the ear conductional heat loss was unlikely to explain the difference while
computation by Nielsen (1988) suggested that only ~0.2°C of the reduction could be
explained by convectional heat exchange as a result of the cooler face (~8°C) in the
outdoor trials. The external carotid artery provides -80% ofthe blood flow to the tympanic
membrane and Nielsen (1988) concluded that the difference observed between the
tympanic and oesophageal temperatures was explained by local cooling of the regions

supplied by the external carotid in the trials conducted outdoors. Shiraki et al. (1988)
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measured the brain, oesophageal and tympanic temperatures of an anesthetised patient
while looking at the effect of facial fanning under various conditions. Facial fanning
decreased tympanic temperature, as reported elsewhere (Brown & Williams,
1982),;however ,it had no effect on the temperature of the brain demonstrating directly the
independent nature of brain and tympanic temperature. Despite reviews to the contrary
(Cabanac, 1993) the evidence from Brenglemenn (1993), Nielsen (1988) and Shiraki et al.
(1988) highlights the problems with using tympanic temperature as evidence for selective
brain cooling in humans and as such the investigations which have used this measurement
to highlight the existence of selective brain cooling in humans should be treated with
appropriate caution. It appears that direct, rather than surrogate, measurements are required
to establish the existence, or non-existence, of a human selective brain cooling mechanism

however direct assessment is only possible in exceptional circumstances.

2.4.3.1. Mathematical modelling

Assessment of brain temperature in humans has many physiological and medical
applications however, as previously discussed, it can not be measured, except during rare
cases (Shiraki et a /, 1988), due to the intrusiveness and risk of the procedure. This has led
to interest in other ways to indirectly measure or predict the temperature of the brain and
factors that may influence brain temperature in a variety of settings. Nunneley and Nelson
(1994) suggested that due to the relative simplicity ofthe anatomy ofthe neck and the well
known thermal properties of the various tissues mathematical modelling of arteriovenous

heat transfer can accurately be performed for humans.

A mathematical modelling paper by Nelson and Nunneley (1998) reported that surface
cooling of the head was an ineffective method of cooling the human brain because, due to
the dense capillarisation ofthe human brain, the cerebral temperature is largely dictated by
the temperature of arterial blood supply and independent of cranial surface temperature.
Further computation calculated that brain temperature is typically close to the temperature
ofthe blood in the internal carotid artery before it reaches the circle of Willis (Zhu & Diao,
2001) and that arteriovenous heat transfer is ultimately limited in humans due to the lack of
a sufficient temperature difference between the arterial and venous blood (Nunneley &
Nelson, 1994). This would suggest that cooling the blood destined for the brain and thus
increasing the temperature gradient between the arterial and venous blood may be able to
lower the temperature of the brain and Zhu (2000) proposed that theoretically external

cooling could lower the temperature of arterial blood on route to the brain.
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Sukstanskii and Yablonskiy (2007) attempted to compute the effects of an external cooling
device on the temperature of the brain using a different mathematical approach. They
suggested that brain temperature is higher than that of the carotid blood as a result of
metabolic heat production within the brain- a term they called ‘metabolic temperature
shift’. It has been shown that significant decreases in brain temperature can only be
observed near to the brain surface- within a ‘shielding length’ inversely proportional to the
square root of cerebral blood flow (Sukstanskii & Yablonskiy, 2004; Zhu et al, 2006). The
typical human cerebral blood flow is ~50 mlITOOg"'min'1 which results in a shielding
length of ~3-4mm, far shallower than the diameter of the human brain which is ~14cm
(Sukstanskii & Yablonskiy, 2007). The consequence of this is that in normal conditions the
temperature of the human brain remains essentially constant except for minor variation
within a 3-4mm superficial shell. They computed that for deep cooling to occur (defined as
a drop of 2-3°C at a depth of ~2-3cm) cerebral blood flow would have to fall to less than
10 mIT00g"1imin"1l. This cerebral blood flow computed by Sukstanskii and Yablonskiy
(2007) has been reported in pre-term and full-term infants (Altman et ah, 1988) however it
is well below the values observed by Nybo ef al. (2001) during prolonged hyperthermic
cycle ergometer exercise an adults (42.9 + 4.3 mITOOg min"1). This suggests that although
deep brain cooling may be theoretically possible, particularly in neonates, via the
application of an external cooling device, during exercise a cooling device can only
influence the extremities of the brain at best and have no influence on the temperature of
the deep cerebral tissue. It is worth noting that due to the narrow temperature window in
which life exists a drop of2-3cm may be far in excess of what is actually required to gain a

cooling benefit.

Although the deep brain temperature is practically homogenous it has been proposed that
the application of an external cooling device may be able to alter the temperature of the
blood on route to the thermoregulatory centre located within the hypothalamus (Zhu,
2000). The hypothalamus is located at the base of the brain, below the level of the
thalamus. The blood is supplied to the hypothalamus via the terminal branches of'the circle
of Willis; the interior carotid; the anterior and posterior cerebral; the anterior and posterior
communicating; and the basiliar arteries (Daniel, 1966). Extensive study of the human
hypothalamus has established that the arterial blood supply can be separated into anterior,
intermediate and posterior groups and that it is split between the three rostro-caudal
regions of the hypothalamus (Haymaker, 1969). The preoptic and anterior hypothalmus

regions which make up the thermoregulatory centre are primarily supplied by the anterior
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cerebral and anterior communicating arteries (Haymaker, 1969). The anterior
communicating arteries branch off from the anterior cerebral arteries which themselves
branch off from the internal carotid artery. This relationship demonstrates the relatively
direct route that the arterial blood takes from the carotid artery to the thermoregulatory
centre and offers further support for theoretically being able to directly influence
hypothalamic temperature via the manipulation of the temperature of the blood that
supplies it which travels from the heart to the brain via the neck region. This theory

requires further, direct, investigation.

2.4.3.2. Data from human investigations

Brain temperature is primarily determined by the temperature of the blood reaching the
brain and changes in cerebral arterial blood temperature result in similar changes
throughout the brain within seconds (Baker, 1982). As a result of this relationship a
cooling intervention that was able to lower the temperature of the arterial blood would be
expected to reduce the temperature of the brain. Shiraki ef al. (1988) measured the brain
temperature of a 12-year old male patient subjected to passive hyperthermia with 20 min of
facial cooling while undergoing surgery to relieve intracranial pressure caused by a pineal
tumour. Facial fanning decreased the tympanic temperature however it had no effect on the
temperature of the brain (Figure 2.10). Similarly, Nybo et al. (2002) reported that there
was no change in the arterial-to-venous blood temperature across the brain after 5 min of
facial famiing. Although both studies reported that facial fanning had no effect on the
temperature of the brain, as proposed by Nybo ef al. (2002), it is possible that the short
periods of facial famiing were insufficient to cool the human brain and that a longer
exposure may have an effect or that a more aggressive cooling method may elicit different

results.
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Figure 2.10. Temperatures recorded during fanning of the face. Tbr = brain temperature;
Tve = temperature in lateral ventricle; Tes = oesophageal temperature; Tty = tympanic

temperature [reproduced from Shiraki ef al. (1988) with permission]

Direct cooling of the anterior aspect of the homolateral side of the forehead and the face
with cotton-encased ice chips has been demonstrated to decrease the temperature of
common carotid blood by 0.2-0.5°C in patients undergoing arteriography although
breathing air cooled to 4°C did not have any effect (Rubenstein et a/, 1960). This is in
contrast to Mariak et al. (1999) who investigated the effect of inhaling cool air (22°C)
intensively (18-20 breaths per min) for 3 min. Mariak et al. (1999) reported that under mild
passive hyperthermia (induced via a small heating pad) the passage of the inhaled cool air
through the upper respiratory tract is able to lower the temperature of the ffontobasal brain
surface below the temperature recorded at the oesophagus. Further evidence disputing the
ability to lower the temperature of the human brain via direct, external, cooling
interventions was provided by Corbett and Laptook (1998). Localised cooling of the head
via ice-water has been shown to decrease scalp temperatures to -25°C and subsequently
brain temperature to ~30°C in less than 25 min in rats (Barone et al,, 1997; Towfighi et al,
1994) and cats (Horn ef al., 1991). Due to the difficulty in directly measuring human brain
temperature following localised cooling Corbett and Laptook (1998) investigated the
effects of localised head cooling on human brain temperature via a method called proton
magnetic resonance spectroscopy (!H-MRS) which is a validated non-invasive method to
assess brain temperature (Corbett et al, 1995). In the study participants had their scalp
cooled to ~16°C (a reduction of ~19°C) via two cooling caps wrapped over the skull and

neck worn for 50 min. They reported that the cooling intervention rapidly cooled the head
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reaching its lowest value after only 5 min however despite the rapid and pronounced
reduction there was no effect on deep o1*superficial brain temperature. It was postulated
that a longer period of cooling may reduce brain temperature but this was not investigated.
This data shows that further investigation is required however; from the literature to date it
appears that direct cooling via a variety of means has no effect on the temperature of the

brain.

2.4.4. Central fatigue and head cooling

Although the evidence with regards to head and neck cooling and the direct alleviation of
cerebral hyperthermia is lacking, indirect assessment has suggested that cooling this region

may have a direct effect on the central aspect of fatigue.

As reviewed earlier the role of the neurotransmitters serotonin and, more dominantly,
dopamine in the premature termination of exercise in a hot environment has received
recent interest. It appears that dopamine levels within the brain have a strong influence on
exercise adherence (Roelands et al, 2008a; Roelands et a/, 2008c; Watson ef al, 2005c¢).
Direct measurement of cerebral levels during exercise is not possible in humans and
therefore peripheral hormone concentrations have been employed as an index of central
neurotransmission (Chandler & Blair, 1980). The most commonly used peripheral marker
is prolactin. Prolactin is a polypeptide hormone involved in many homeostatic roles.
Prolactin release is inhibited by dopaminergic activity, due to its interaction with the
prolactin-releasing factors thyrotropin-releasing hormone and oxytocin, and stimulated by
serotonergic pathways (Freeman et a/, 2000) and therefore it has been proposed as a

peripheral marker of central fatigue in hot environments.

Hyperthermia has been implicated in the elevation of prolactin levels because it has been
demonstrated that heat exposure (Frewin et a/, 1976; Mills & Robertshaw, 1981) and
exercise (Brisson et al, 1986b; Brisson et al, 1986a) both result in increased peripheral
prolactin concentrations. It has been proposed that the temperature ofthe brain may play a
key role in the secretion of prolactin (Radomski et al, 1998) and therefore the effect of
cooling of the head and face region has on the prolactin response has been investigated.
Cooling the head via cool air and misting has been shown to have little effect on the
physiological response to exercise (Brisson et a/, 1987; Brisson ef al, 1989) however has
been shown to attenuate the prolactin response to exercise performed in warm to hot (26 —

41 °C) temperatures in most (Ansley et a/, 2007; Armada-da-Silva et al, 2004; Brisson et
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al., 1987; Brisson et al, 1989; Mundel et al, 2006) but not all (Brisson et al., 1991)
studies. In the study by Brisson et al. (1991) two methods of facial cooling were
investigated during either 45 min of submaximal cycle ergometer exercise in high ambient
temperatures (41 °C) or 30 min hot water immersion (41°C). Participants were either
cooled via the provision of cooled air (10°C) or fanned with ambient air (41 °C). Neither
method of cooling had any effect on rectal temperature and both the endogenous and
exogenous heat loading methods significantly elevated prolactin concentrations. The
elevation in prolactin was unaffected by the fanning (41°C ambient air) treatment however
the cooling (10°C air) intervention significantly attenuated the prolactin response in both

conditions (Figure 2.11.).
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Based upon the data of Roelands et al. (2008) the attenuation of prolactin would be
expected to be associated with enhanced exercise performance in the heat if prolactin
represents dopaminergic activity however to the author’s knowledge this has only be
investigated in one recent study. Ansley et al. (2007) reported that cooling the head and
face region via cooling fans resulted in an improvement of -51% in cycle ergometer
capacity in a hot environment and a significant attenuation in the prolactin response to the
exercise bout from 10 min to the point of fatigue. The difference between trials was
pronounced with the six-fold elevation observed in the control trial being reduced to a two-
fold increase with the cooling. Care when using prolactin as a marker is required however
as it has been demonstrated that cooling the skin can reduce skin temperature
independently of core temperature (Armada-da-Silva et al., 2004; Bridge et al., 2003a;
Low et al, 2005) and that central serotonergic manipulation via nutritional or

pharmacological interventions fails to alter the prolactin response to exercise (Strachan et
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al, 2004; Strachan er al, 2005). The data from Ansley et al. (2007) suggests that a
cooling-induced reduction in prolactin concentrations may be able to explain the markedly

improved performance in the heat however further research is required.

2.4.6. Theoretical basis for the application of a cooling collar summary

It is well documented that animals are able to reduce the temperature of the brain below
that of the trunk via a method termed selective brain cooling and it has been proposed that
due to the vulnerability of the cerebral tissues this mechanism is an evolutional adaptation
protecting the brain from dangerous levels of hyperthermia (Cabanac, 1993). Anatomical
reviews and direct cooling interventions in anesthetised humans suggest that humans do
not have the ability to selectively brain cool (Brengelmann, 1993; Shiraki et a/, 1988)
however mathematical modelling studies have suggested that peripheral brain temperature
can be reduced by the application of a cooling device (Sukstanskii & Yablonskiy, 2004;
Zhu, 2000). The obtainment of a high brain temperature has been proposed as a major
cause of the premature tennination of exercise in a hot environment and therefore it has
been proposed that an external cooling device may enhance exercise ability via the
reduction in brain temperature however this is speculative and warrants further
investigation. Central concentrations of neurotransmitters have also been implicated in the
development of fatigue in a hot environment (Meeusen et al, 2006) and peripheral
concentrations are often used as a surrogate measurement of central activity. Cooling the
head and face region has been shown to improve exercise capacity and drastically attenuate
the prolactin response to the exercise bout (Ansley er al, 2007) however there is
controversy regarding the use of prolactin as an indirect marker of central fatigue
(Meeusen et al, 2006) and so the ergogenic effect of facial cooling may result from

alternative mechanisms.
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2.5. Review of literature summary

The negative effect of elevated ambient temperatures on exercise performance and
capacity is well documented (Galloway & Maughan, 1997) however the reasons for this
are not fully understood. It has been demonstrated that during fixed-intensity exercise that
voluntary termination occurs consistently at a core temperature of ~40°C (Gonzalez-
Alonso et al, 1999; Nielsen et al., 1993) and the literature from animal investigations
suggests that it is the obtainment of a high brain temperature that ultimately limits exercise
capacity (Caputa et al, 1986; Fuller et al, 1998). In variable-intensity exercise self-
selected pace is down-regulated before the obtainment of a high core temperature and it
has been proposed that in such exercise procedures a pacing strategy is adopted that will
allow the task to be completed within homeostatic limits (Marino, 2004; Tucker et al.,
2004). The cause of the termination of exercise at high temperatures or the down-
regulation ofintensity to prevent hyperthermia developing is not fully understood however
it is clear from neuromuscular physiology research that there is a central component to
fatigue (Nybo & Nielsen, 2001a). Cerebral concentrations of neurotransmitters have been
implicated in the onset of fatigue in a hot environment and recent investigations suggest
that fatigue in such conditions is heavily linked to cerebral levels of dopamine (Roelands e?

al., 2008a; Roelands et al., 2008c¢).

Although the exact mechanisms limiting exercise capacity and performance in a hot
environment are not fully understood it is clear that hyperthermia plays an integral role.
Many interventions have attempted to attenuate the reduction in exercise performance and
capacity observed by reducing the level of hyperthermia experienced. Pre-cooling has
consistently been demonstrated to improve subsequent performance with and without
reductions in physiological variables (Hessemer et al, 1984; Lee & Haymes, 1995)
however lack practical application in a sporting competition. Practical cooling devices
have been less extensively investigated however when offering a sufficient magnitude of
cooling have been demonstrated to be effective in alleviating levels of physiological and
perceived strain (Amgrimsson et al., 2004). Cooling the neck region has many proposed
benefits over cooling elsewhere and it has been demonstrated that cooling this site can
elicit a disproportionate cooling effect (Shvartz, 1976) possibly due to its close proximity
to the thermoregulatory centre. Investigations that have cooled this region via the
application of a practical cooling device have reported no beneficial physiological
alterations however they did not look at the effect of cooling this site on exercise capacity

or performance (Bulbulian et al, 1999; Gordon et al, 1990). Exercise performance and
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capacity can both be enhanced in hot conditions via the application of a cooling
intervention without alterations in physiological variables (Ansley et al., 2007; Hessemer
et al., 1984) and therefore such changes are not essential to improve exercise performance
in a hot enviromnent. It has been demonstrated that cooling the face and head region via
facial fanning and a water-perfused hood can improve exercise capacity and performance
in a hot environment (Ansley ef al., 2007; Palmer el al, 2001); however, the effect of

practical devices on performance and capacity are unknown.

2.6. Research aims of the thesis

The research aims of the thesis were to investigate the effect of cooling the neck region,
via the application of a practical neck-cooling collar, on exercise performance and capacity
in a hot environment and to examine the physiological, perceptual and

neuroendocrinological responses to the cooling intervention.

In order to achieve these aims, five investigations were conducted and these investigations
are presented in the following six Chapters. Due to different hypotheses and to maximise
clarity, data collected from the second experimental study is presented in two Chapters-
Chapters five and six. The five investigations that were conducted are presented in the
order in which they were conducted to demonstrate the progressive nature of the work and

to highlight the organic nature of'the study design process adopted.
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Chapter 3: General Methods



3.1. Introduction

This Chapter explains the methodological procedures that were used in the experimental
studies described within this thesis. Information regarding participant recruitment,
experimental procedures and measurements, blood collection, treatment and analysis and

statistical analysis is presented.

3.2. Participant recruitment

Volunteers for all studies were recruited by word of mouth; poster campaigns and
electronic mailing. Participants were recruited from the male staff and students at
Nottingham Trent University and from the male members of local running and triathlon

clubs. All participants were recreationally active with experience of long distance running.

3.3. Procedures and measurements: all studies

3.3.1. Ethical approval

Ethical approval was granted by Nottingham Trent University’s Ethical Advisory
Committee. Potential volunteers for all studies were given participant infonnation sheets
detailing the experimental protocol and any potential risks and discomforts involved with
participation. Prior to the start of the first experiment participants were asked to sign a
consent form which confirmed that the protocol, and associated risks and/or discomforts,
had been fully explained and that they were fully aware of the procedures that they would
be expected to undertake. Prior to each laboratory visit participants completed and signed a
full health screening questionnaire to confirm that they were in good health and physically
able to perform the required exercise. All volunteers were made fully aware that they were
free to withdraw their participation in the study at any time without having to provide a

reason for doing so.

3.3.2. Estimation of maximal oxygen uptake

Maximal oxygen uptake was measured via indirect calorimetry on a motorised treadmill
using an incremental protocol as per Jones and Doust (1996). Participants completed 5 -7
3 min stages of increasing submaximal workload on a 1% gradient until the individual’s
lactate threshold was achieved. Participants began the incremental phase of the protocol at

10kmh'l and ran at speeds increasing by 1 km h'lper 3 min stage. The “lactate threshold”
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was determined by plotting whole blood lactate (mmolT1) versus speed (km'hr’l) and
determining the speed at which the increase in lactate, compared to the previous speed, was
greater than or equal to 1 mmolT 1(Bishop, 1997). Following a short interval (-10 min) the
participants exercised at the speed immediately preceding the lactate threshold with an
increase in the gradient of 1%min"luntil volitional exhaustion. Expired air was collected
via the Douglas bag technique during the last min of each sub-maximal and maximal stage.
A Harvard dry gas meter (Harvard Apparatus Ltd, Kent, England, U.K.) was used to
measure the volume and temperature of the expired air (Fisher Scientific Ltd,
Loughborough, England, U.K.). Expired air was analysed for oxygen and carbon dioxide
concentration using a Servomex 1440 gas analyser (Servomex Group Ltd, Crowborough,
U.K.) calibrated prior to use with gas of known-concentration. Maximal oxygen uptake
was defined as the value obtained during the final complete expired air collection period
and was assumed to have been met if one of the following criteria was achieved; a
maximum heart rate (HR) of no less than 15 beats below age-predicted (220-age)
maximum (Jackson et al., 1990) or a respiratory exchange ratio of equal to, or greater than,
1.1. The submaximal values were plotted and the speed required to elicit the desired

percentage of maximal oxygen uptake was calculated using regression analysis.

3.3.3. Pre-trial standardisation

Participants were required to standardise their diet for 24h prior to each trial, abstaining
from alcohol and caffeine. Participants were issued with a diet and physical activity diary
at the initial meeting and instructed to record all food and fluid consumed during the 24h
before the first trial. They were then requested to follow the same diet in the 24h before
subsequent trials. Participants were also asked to refrain from strenuous physical activity
during the 48h before each trial and repeat their physical activity patterns before following
trials. For the studies in Chapters 4, 5, 6 and 8 participants reported to the laboratory > 10h
post-prandial following an overnight fast except for the ingestion of 500 ml of water —.5h
before their arrival to ensure that the participants were euhydrated at the start of each trial.

For the studies in Chapters 7 and 9 participants were > 4h post-prandial.

3.3.4. Physiological and perceptual measurements

3.3.4.1. Rectal temperature

Rectal temperature was measured via a rectal thermistor (Grant Instruments (Cambridge)

Ltd, England, U.K.) self-inserted -10cm past the anal sphincter connected to a multi-port
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data logger (Squirrel 2040, Grant Instruments (Cambridge) Ltd, England, U.K.). Rectal
thermistors were calibrated against mercury thermometers using water-bath immersion

prior to use. Participants used the same, sterilised, rectal thermistor for each trial.

3.3.4.2. Heart rate

Heart rate was monitored throughout all trials via heart rate a monitor (Polar Electro Oy,
Kempele, Finland). A tight fit and good contact was ensured via the provision of a variety

of strap sizes and the moistening of all contact points.

3.3.4.3. Oxygen uptake

Expired air was collected via the Douglas bag technique. A Harvard dry gas meter
(Harvard Apparatus Ltd, Kent, England, U.K.) was used to determine expired air volume
and temperature (Fisher Scientific Ltd, Loughborough, England, U.K.). Expired air was
analysed for oxygen and carbon dioxide concentration using a Servomex 1440 gas analyser

(Servomex Group Ltd, Crowborough, U.K.) calibrated with known-concentration gas.

3.3.3.4. Stature

Stature was measured using an upright stadiometer (Seca U.K., Birmingham, England,

U.K.). Stature was measured without footwear and according to standard procedure.

3.3.3.5. Nude body mass

Nude body mass was recorded pre and post trials by the participants themselves. Prior to
doing so participants were familiarised with the weighing scales. Over the course of the
studies within the thesis different sets of weighing scales were used (all Seca, Birmingham,

England, U.K.) although the same set was used for each participant within trials.

3.3.3.6. Sweat loss

Sweat loss was estimated using pre and post exercise bout dry body mass differences

taking into account voluntary water consumption and, where necessary, urinary losses.

3.3.3.7. Rating ofperceived exertion
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Rating of perceived exertion was measured using the standard 6-20 scale (Borg, 1982).

The scale was described and explained prior to their trials.

3.3.3.8. Thermal sensation

Thermal sensation was rated with an eight-point scale, ranging from 0 (unbearably cold) to
8 (unbearably hot) with 4 as comfortable (neutral) (Young et al., 1987). The scale was
described and fully explained using standard cues prior to each of their trials.

3.3.5. Enviromnental conditions

All main trials were conducted within a walk-in enviromnental chamber (Model: WIR52-
20HS, Design Environmental Ltd, Gwent, Wales, U.K.) designed to control ambient
temperature (range: -20°C to +40°C) and humidity (+5 to +95%). In addition to setting the
walk-in enviromnental chamber to the required environmental conditions using the
accompanying console unit additional measurements were recorded throughout.

3.3.5.1. Measurement of ambient temperatures

Ambient temperature was measured using a digital thermometer (Fisher Scientific Ltd,

Loughborough, England, U.K.), fixed in a standardised position during each trial.

3.3.5.2. Measurement ofrelative humidity

Relative humidity was assessed using a whirling hygrometer (Zeal, London, U.K.) rotated

for ~20-seconds prior to each reading as per the manufacturers recommendations.

Relative humidity was then calculated from the wet-bulb (wb) and dry-bulb (db)

temperatures using the following formula:

(6.1 1%10.0%(7.5*Twb/(237.7 + Twb))) / (6.1 1¥10.0*(7.5*Td/(237.7 + Tdb))) * 100
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3.4. Main trial protocol (Chapters 4, 5, 6 and 8)

During each trial participants ran at a speed calculated to elicit 60% of their individual
V o2 nax for 75min immediately followed by a self-paced 15min time-trial on a motorised
treadmill, which was standardised for each participant for each trial. No indication of
distance ran or running speed was given throughout the preload phase of the trials. The
only indication of the time elapsed given was during the 15 min time-trial when
participants were able to see a countdown timer placed outside the direct line of vision.
During the time-trial participants were encouraged to run as far as possible in the 15 min
and were able to increase or decrease the running speed manually as desired, although they
were unaware of the speeds at which they were running. Water was allowed ad libitum
throughout the trials and the volume consumed was recorded. Feedback regarding time-
trial perfonnance and the response of physiological variables was only given after the
completion of all trials. Trials were conducted at the same time of the day + 30min and 7 -

14 days apart.

3.5. Main trial procedures and measurements (Chapters 5, 6, 7, 8 and 9)

3.5.1. Mean neck temperature

Mean neck temperature was calculated as the mean temperature of four skin thermistors
(Grant Instruments (Cambridge) Ltd, England, U.K.) spaced equally across the posterior
aspect of'the neck. All thermistors were attached via a transparent dressing (Tagaderm, 3M

Health Care, USA) and water-prooftape (Transpore, 3M Health Care, USA).
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Figure 3.1. The location of the four skin thermistors used to determine mean neck

temperature.

3.5.2. Neck cooling collar

3.5.2.1. Design and evaluation

Having established the theoretical basis for the ergogenic affect of the application of a
cooling collar around the human neck it was imperative that an adequate cooling collar was
used. As reviewed in Chapter 2, problems that have occurred during other cooling studies
tend to have arisen due to the cooling intervention used either not cooling the relevant area
sufficiently or for a long enough duration. To combat this, pilot work was undertaken to
ensure that the collar investigated would significantly cool the area for a sustained duration
of the test. After an extensive search, two commercially available neck cooling devices
were sourced. These collars as well as modified versions of these two collars were

investigated in the design and evaluation stage.

3.5.2.2. Pilot methods

One healthy, trained female volunteer participated in the pilot trials. Their age, body mass,
height and maximal oxygen uptake (V o2mnmx) was 31-years, 56.5 kg, 1.61 = 0.07 m and
49.9 ml kg 1min'l The volunteer completed five bouts of 60min of treadmill running at a

speed designed to elicit 60% V o2mnex (7.9km.h'") wearing one of the collars piloted and
one bout without a collar for comparison. Due to the development process the exercise

bouts were conducted over a five month period (July 2006 - January 2007).
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3.5.2.3. Collars evaluated

Four variations of cooling collars were piloted during the design and evaluation process; a
commercially available Total Cool ice cooling collar (TC) (www.Totalcool.biz); a
modified version of'the Total Cool ice cooling collar (TC-MOD); a commercially available
Black Ice ‘Smart Ice™’ cooling collar (BI) (Black Ice LLC, Lakeland, USA) and a
modification of the Black Ice Smart IcelM cooling collar (BI-MOD). The collars were
frozen for 24 to 28h at -80°C for all collar pilot trials except for the first one (TC -20) for
which the collar was frozen for 24 to 28h at -20°C. The collar was left in ambient
conditions for Smin following removal from the freezer and wiped of any surface frost

prior to being worn.
3.5.2.3.1. Total Cool Ice cooling collar

The TC was comprised of a fabric neck wrap (550mm (L) x 55-95mm (W)) with a meshed
pocket on the skin-surface side into which a segmented strip of ice pockets (365mm (L) x

70mm (W) x 20mm (D)) (Figure 3.2) was inserted. The collar weighed 110g when dry.
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Figure 3.2. Total Cool fabric neck wrap and segmented ice strip.
3.5.2.3.2. Modified Total Cool Ice cooling collar

The fabric neck wrap of the TC-MOD was identical in design to the commercially
available version. The modification involved replacing the strip of ice pockets with three
individual cooling packs (105mm (L) x 50mm (W) 10mm (D)) comprised of a double layer
of thin plastic tubing sealed and filled with ~32g of gel refrigerant (BDH Laboratory
Supplies, Poole, Dorset, England, U.K.).
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3.5.2.3.3. Black Ice cooling collar

The Black Ice cooling collar (Black Ice LLC, Lakeland, USA) was comprised of two parts
(Figure 3.3). The cooling section was made from a thin plastic and consisted of five
compartments filled with ~180g of Smart IcelM attached via three Velcro fastenings to a
600mm neoprene wrap secured with Velcro fastenings at the anterior aspect of the neck.
The dimensions of the cooling section of the collar were 375mm (L) x 60mm (W) x 15mm

(D) weighing 210g when dry.

Figure 3.3. The Black Ice cooling collar system. The cooling section is shown below the

neoprene wrap.

3.5.2.3.4. Modified Black Ice cooling collar

The BI-MOD was identical in design and dimensions to the commercially available model;
however, the Smart IceIM cooling fluid was drained and replaced with 120g of gel
refrigerant (BDH Laboratory Supplies, Dorset, England, U.K.). The modified collar
weighed 180g when dry.

3.5.2.4. Pilot results and discussions

3.5.2.4.1. Total Cool cooling collar

3.5.2.4.1.1. Results

The initial TC test was conducted with the collar frozen at -20°C. This resulted in cooling

the neck by 4.33 £ 1.22°C. Freezing the collar at -80°C resulted in a better cooling effect
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and lowered Trek by 11.40 £ 2.63°C. The Trneck observed during the trials while wearing
the TC frozen at -20°C (TC -20) and -80°C (TC -80) compared to no collar (without) is

shown in Figure 3.4.

36.00

34.00 -
32.00 -
30.00 -

* TC-20
2800 m *.« TC -80

3 26.00 Without
24.00 -
22.00 .

20.00
0 10 20 30 50
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Figure 3.4. Neck temperature recorded during 60min of submaximal treadmill running in
hot (30°C) conditions with and without the application of a Total Cool cooling collar
frozen at -20°C (TC -20) and -80°C (TC -80).

3.5.2.4.1.2. Discussion

The data clearly shows the application of the TC frozen at either temperature can lower
Theck and that unsurprisingly freezing it at -80°C lowers the temperature to a greater degree
than freezing it at -20°C. The degree of cooling achieved by TC -80 was substantial but
resulted in extreme levels of discomfort and minor ice burns in areas of the neck. Due to

this the TC -80 was considered inappropriate to use.

3.5.2.4.2. Modified Total Cool Ice cooling collar
3.5.2.4.2.1. Results

The results achieved by freezing the TC-MOD within a -80°C industrial freezer compared
to the commercially available TC and no collar are shown in Figure 3.5. The cooling
stimulus achieved was more constant in TC-MOD but was not as strong as the TC and the
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Tneck began to rise after about 20min. TC-MOD maintained T neck below the T neck observed

without the collar throughout.
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Figure 3.5. Neck temperature recorded during 60min of submaximal treadmill running in
hot (30°C) conditions with and without the application of a Total Cool cooling collar (TC -
80) and a modified Total cool cooling collar (TC-MOD -80) frozen at -80°C.

3.5.2.4.2.2. Discussion

The extreme discomfort and skin tissue damage that occurred as a result ofthe TC cooling
collar led to its modification. The TC-MOD cooling collar cooled the neck region to a
lesser degree than TC but resulted in no ice bums. The fabric neck wrap of the TC collar
system was quite restrictive so, although it looked promising as a cooling device, a

potential alternative was sourced and tested.

3.5.2.4.3. Black Ice cooling collar
3.5.2.4.3.1. Results

The Trneck achieved via the application of the Black Ice (BI) collar compared to the TC-
MOD and Trneck without a collar is shown in Figure 3.6. It is clearly shown that the
effectiveness of the BI cooling is far below that of the TC-MOD. Trneck is effectively the
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same after 60min with BI cooling collar and without a collar and it can be assumed that

Tneck would be higher with BI than without if the pilot extended past 60min.
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Figure 3.6. Neck temperature recorded during 60min of submaximal treadmill running in
hot (30°C) conditions with and without the application of a Black Ice cooling collar (BI -

80) and a modified Total cool cooling collar (TC-MOD -80) frozen at -80°C.

3.5.2.4.3.2. Discussion

The Black Ice collar was much more comfortable and the participant reported that the
levels of associated discomfort were much attenuated. Unfortunately, the cooling elicited
by the collar was much lower than provided by the TC and TC-MOD and Tnek was
effectively the same with the BI collar than without any collar at 60min, meaning that the

collar actually had a progressive warming, rather than cooling, effect.

3.5.2.4.4. Modified Black Ice cooling collar
3.5.2.4.4.1. Results

Modifying the BI cooling collar enabled a lower Tneck to be achieved and for it to be
sustained for the duration of the protocol (Figure 3.7). The Tneck at the termination was

25.75°C with BI-MOD compared to 34.58°C with the commercially available BI collar.
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Figure 3.7. Neck temperature recorded during 60min of submaximal treadmill running in
hot (30°C) conditions with and without the application of a Black Ice cooling collar (BI -
80) and a modified Black Ice cooling collar (BI-MOD -80) frozen at -80°C.

3.5.2.4.4.1. Discussion

Modifying the commercially available BI cooling collar resulted in a greater cooling effect
than the commercially available BI collar and a similar cooling effect to the TC-MOD.
Unlike the TC-MOD collar the participant reported that discomfort associated with the BI
collar was minimal. This is likely to be due to the smaller nature of the BI collar which
allows the Trnedkto be lowered with minimal restriction to movement and therefore minimal

disruption to the natural running style.
3.5.2.5. Collar design conclusion

The magnitude ofthe cooling achieved varied greatly depending on the collar used (Figure
3.8). Out of all the collars investigated, TC -80 achieved the greatest reduction in Tneck;
however, this was associated with discomfort and skin tissue damage. The application of
the BI-MOD -80 collar lowered Tneck to a greater extent than TC -80 between 0 and 20min
and a similar extent between 25 and 40min. After 40min the Tneck was higher with BI-
MOD -80 than TC -80 although it remained lower than with the other collars investigated

for the remaining 20min of the pilot trial. The BI-MOD -80 collar lowered Trneck to the
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greatest extent without resulting in skin damage or restricting running motion and so this

collar was investigated
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Figure 3.8. Neck temperatures recorded during 60 min of submaximal treadmill running in

hot (30°C) conditions with and without the application ofthe cooling collars investigated.

3.5.2.6. The specifications ofthe cooling collar investigated

The cooling section of the modified Black Ice cooling collar was made from a thin plastic
casing consisting of five compartments which were drained of the Black Ice cooling
reagent and filled with 120g of gel refrigerant (BDH Laboratory Supplies, Poole, Dorset,
England). The cooling section of the collar was held in place by a 600mm neoprene wrap
secured with Velcro fastenings at the anterior aspect of the neck. The dimensions of the
cooling section of the collar were 375mm (L) x 60mm (W) x 15mm (D) and it weighed
155g when dry at room temperature. For the collar cold trials in Chapters 4, 5, ¢ and 8 the
collar was frozen for 24 - 28h in a freezer at -80°C and was then left in ambient conditions
(for 5min in Chapters 4 and 5 and 10min in Chapters 6, 7 and 8) before being cleared of
any surface frost prior to application. For collar trials in Chapter 4, the collar was kept at
ambient laboratory temperature for at least 24h prior to application. For the collar cold
replaced trials in Chapter 7 the collar was initially applied as per collar cold trials and
replaced, having been frozen at -20°C and left for 5 min in ambient conditions prior to

application, at 30 and 60 min.
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3.6. Blood treatment and storage

3.6.1. Blood sample collection, treatment, storage and analysis

Venous blood samples were taken via an indwelling cannula (Venflon, Becton Dickinson
U.K. Ltd, Oxford, England, U.K.) inserted by a trained phlebotomist into an antecubital
vein. During the experiments indwelling cannulas were kept patent by an injection of
saline (5 ml) after each sample. Prior to each sample 2ml was drawn to clear the cannula
and tubing before 5 ml aliquots were drawn and dispensed immediately after sampling into
appropriate tubes. For serum samples the aliquots were dispensed into plain, anticoagulant-
free, tubes (Sarstedt Ltd, Leicester, England, U.K.) and allowed to clot for 30 - 60min at
room temperature prior to centrifuging. For plasma samples the aliquots were dispensed
into K3-EDTA tubes (Sarstedt Ltd, Leicester, England, U.K.). Samples were centrifuged at
4000g for I0Omin at 4°C. After centrifuging the supernatant was removed and then frozen at

-80°C until the analyses were performed.

3.6.2. Blood sample analysis
3.6.2.1. Whole-blood lactate and glucose

Blood lactate and glucose was measured prior to centrifuging using a whole-blood analyser
(Yellow Springs Instrument 2300 STAT plus, Yellow Springs Instruments Inc., Ohio,
USA). The coefficient of variation for the whole-blood analyser was 3.0% and 2.1% for
lactate and glucose. The coefficient of variation for whole-blood lactate and glucose was
calculated from the repeat sampling of venous blood sampled from s volunteers. The
samples were run six times within 10 min of sampling. The samples were kept on ice
between sampling. The ranges from which the variation was calculated for whole blood
lactate and whole blood glucose were 0.825 - 8.26 mmolT1 and 3.29 - 5.25 mmolT1
(Appendix BI).

3.6.2.2. Changes in blood, plasma and red cell volume

Changes in blood, plasma and red cell volume (BV, PV and CV respectively) were
calculated from the mean haemoglobin (Hb) concentration (B-hemoglobin photometer,
Hemocue AB, Angelholm, Sweden, measured in triplicate) and the mean haematocrit (Hct)
(Micocentrifugation, Hawksley, Sussex, U.K., in triplicate) (Dill & Costill, 1974). The
coefficient variation of the B-hemoglobin photometer was calculated in the same way as

the variation of the whole blood analyser. The coefficient variation for samples analysed
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within 10 min of sampling was 0.68% calculated from haemoglobin samples ranging from

12.0 to 1b.Sg'dL"1.

Equations for the calculation of changes in blood volume, cell volume and plasma volume

(Dill and Costil, 1974)

BVpost = B Vpre*(Hbpre/Hbpost)
CVpost= BVpoS*(Hctp(8)

PVpost — BVpost “ CVpost
A BV % = 100* (BVpost- BVpre)/BV pre
A CV % = 100*¥(CVpost- CVpre)/CV pre
A PV % = 100*(PV pOSt- PV pre)/P V pre

BV = blood volume; CV = cell volume; PV = plasma volume; Hb = haemoglobin; Hct =

haematocrit.

3.6.2.3. Enzyme-linked immunosorbent assay analysis (ELISA)

All neuroendocrinological analysis was conducted within 12-months of the sample
collection via enzyme-linked immunosorbent assay. Haemolysed blood samples were not
used for the analysis. Data from individual participants were analysed on the same plate for
each ELISA. The intra-assay coefficient of variation for each assay was calculated from 8-
15 pipetted wells. The variation of each assay is reported within the relevant section of
each experimental Chapter. To accurately reflect the actual exposure ofthe target tissues to
the hormones, concentrations are reported as measured values not corrected for plasma

volume shifts (Judelson et al., 2008).

3.7. Statistical analysis

A variety of statistical procedures were used to analyse the data presented in the

experimental Chapters contained within this thesis.

The majority of data were either interval (e.g. temperature) or ratio (e.g. distance) and
therefore parametric. Ordinal data were also collected (TS and RPE) but analysed using

parametric tests as per standard practice. Data were initially checked for normality via
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histogram plotting, measurement of skewness and kurtosis and the Kolomogov-Smirnov
test. A Z-score of less than 1.96 was considered normally distributed at the P < 0.05 level
of significance for skewness and kurtosis data. Student /-tests were used to compare the
means of two normally distributed data sets whereas one, two and three-way repeated
measures analysis of variance were used to compare the means of three or more data sets.
Tukey’s Honestly Significant Difference (HSD) tests were conducted post hoc after
establishing a significant difference. Tukey’s HSD was used to determine pairwise
differences. The variation of ratio data (exercise performance, exercise capacity and assay
precision) was calculated via the coefficient of variation. Relationships between pairs of
variables were assessed via the Pearson’s product moment correlation. The relationship
was considered moderate if r = 0.3 - 0.5, high ifr = 0.5 - 0.7 and very high if above 0.7
(Cohen, 1988). All statistical analysis was conducted using either SPSS v.15 (SPSS Inc.,
Chicago, IL, USA) or Statistica v.8 (StatSoft Ltd, Tulsa, OK, USA). The specific statistical
analysis procedures used within each study is presented in the methods section of each
Chapter. Data are presented as means and one standard deviation throughout and are based

upon the population stated. The level of significance was set at P < 0.05 throughout.
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Chapter 4: The effect of ambient temperature on the reliability

of a preloaded treadmill time-trial



4.1. Introduction

Exercise performance is one ofthe most commonly reported measures in sports physiology
research. When exercise performance is measured it is imperative that researchers use tests
with high levels of reliability in order to be able to detect meaningful changes and to
ensure that any changes are due to the intervention rather than measurement error or inter-
individual differences (Atkinson & Nevill, 2001; Hopkins et al., 2001); however, there is

much debate over the best method to use to measure performance.

Many investigators have used the traditional exercise capacity test during which

participants exercise at a set percentage of maximal oxygen uptake (Vo2 nax) or maximal
workload to volitional fatigue or “exhaustion”. Tests to exhaustion (Texh) have regularly
been used to investigate basic physiological mechanisms during steady-state activity;
however, they are not directly applicable to sporting settings and assess exercise capacity
rather than exercise performance. In addition, Te&Xh have generally been shown to be
unreliable methods of endurance assessment (Jeukendrup et al, 1996). Within-individual
variation affects the precision of estimates of change and is, therefore, the most important
type of reliability measure for researchers, coaches, physicians and other professions in
which the monitoring of a change in perfonnance or health is a fundamental aspect of the
role (Hopkins, 2000). The are a number of statistical approaches that can be adopted to
represent within-individual error although three that are commonly used are the re-test
correlation, the limits of agreement (LoA) and the coefficient of variation (CV). The test
re-test correlation is a measure of relative, rather than absolute, reliability and is sensitive
to the heterogeneity of values between participants (Hopkins, 2000). Due to this sensitivity
the results obtained depend greatly on the range of values in the sample (Atkinson &
Nevill, 1998). For example, the re-test correlation coefficient could be artificially low
(representing poor reliability) in a test with a low CV (representing good reliability) if the
athletes were all of a similar ability or it could be artificially high (representing good
reliability) in a test with a high CV (representing poor reliability) if the athletes possess a
wide range of abilities (Hopkins et al, 1999). Due to the potential for inaccurate
interpretation of test reliability when using the test re-test correlation tests of absolute
reliability, such as LoA and CV are favoured. LoA (also known as the coefficient of
repeatability when applied to measurement error) calculates the range within which the
individual difference scores would fall 95% ofthe time (Bland & Altman, 1999). It is a test
designed to be used with large data sets with a tendency for statistical bias in tests with low

degrees of freedom (Hopkins, 2000) and is therefore, an unsuitable statistical method to
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use in such circumstances. It has also been argued that the 95% limit of agreement is too
stringent for a decision limit for performance tests geared towards elite performers and is
therefore too conservative for the majority of performance assessment tests (Hopkins,
2000). Due to these problems many sports investigations use the CV to quantify the
reliability of a performance test. The CV is a measure of the typical error of the
measurement expressed as a percentage of their respective mean. As with test re-test
correlation and limits of agreement it is a dimensionless measure which allows for
extrapolation to new individuals (Atkinson & Nevill, 1998) and comparisons between
studies of differing designs (Hopkins et al., 2001). Unlike LOA it is not affected by
statistical bias in studies with fewer degrees of freedom and is not too conservative for
investigations in which performance is a key outcome variable (Hopkins, 2000). Many
studies have shown that Texh have poor test-retest reliability and high levels of within-
subject variation during cycling (Graham & McLellan, 1989; Jeukendrup et al, 1996;
Krebs & Powers, 1989; McLellan et al, 1995), running (Billat et a/, 1994) and swimming
(Alberty et al, 2006). Due to the high CVs reported (6.5 - 26.6%) and the lack of
ecological validity associated with Texh protocols researchers have moved from exercise

capacity to exercise performance tests and have looked at the reliability of such.

Simulated time-trials (TT) have been shown to be reliable testing procedures for many
sports, including cycling (Bishop, 1997; Hickey et al., 1992; Palmer ef al, 1996; Smith et
al., 2001), running (Schabort et al., 1998), swimming (Alberty et al, 2006) and rowing
(Schabort et al., 1999) with CVs of 0.56-2.7% reported in these studies. TTs have also
been shown to be more reliable than Texh in studies that have directly compared the two
methods of endurance assessment for cycling (Jeukendrup et al, 1996) and treadmill

running (Laursen et al., 20006).

Variations on the TT protocol have included the addition of sport-specific sprints within
the protocol (Marino et al, 2002; Schabort et al., 1998) and the addition of a submaximal
exercise bout, or “preload”, immediately preceding a TT (Doyle & Martinez, 1998;
Jeukendrup ef al, 1996; Russell ef al., 2004). The preload is designed to better replicate
the demands of prolonged exercise than TTs, which tend to be shorter in duration (< 60
min) and preloaded time-trials (TTpre) have been shown to be reliable tests of endurance
performance. A marginally larger range of CVs (0.54-4%) have been reported for TTpe
during cycling (Jeukendrup ef a/, 1996) and treadmill running (Doyle & Martinez, 1998;
Russell et al., 2004) compared to fixed time or distance versions, although they have been

used to assess longer exercise bouts and the CVs reported are still well below those
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reported for Texh The mean CVs Teh, TT and TTpre calculated from the cited literature are

shown in Figure 4.1.

25 Figure 4.1. The mean (+
SD) coefficient of
§ 20 variation reported for
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Only six of the reliability studies cited stated the environmental conditions in which the
trials took place and all but one of those conducted their trials in ambient conditions of
approximately 20°C and 50% relative humidity (rh). It is well documented that endurance
performance is impaired in hot, compared to temperate, environments during Texh
(Febbraio et al., 1994; Galloway & Maughan, 1997; Nielsen et al., 1993) and time-trial
protocols (Altareki et al, 2006). Many competitive sporting events take place during the
warmer periods of the year (e.g. Summer Olympics) when temperatures are in excess of
the typical laboratory temperatures reported (~20°C); however, to the author’s knowledge,
only one study has investigated the effect of elevated ambient temperature on the reliability
of an endurance assessment protocol (Marino ef al., 2002). Marino et al. (2002) studied the
reproducibility of a 1h cycling TT with the addition of six 1 min sprints at 10 min intervals
in high ambient conditions (33°C, 63 = 2% RH). Marino et al. (2002) reported a CV for the
two experimental trials of 1.34%, similar to the CV reported for a cycling protocol of
similar distance conducted in temperate conditions (Palmer et al, 1996), and showed no

significant difference between the distances cycled between the two main trials.

The data of Marino ef al. (2002) suggests that TT are reliable methods of prolonged
cycling performance in elevated ambient conditions; however, no studies have directly
investigated this and none have looked at the reliability of treadmill performance in
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elevated ambient conditions. The aim of this study was to investigate the reliability of a
TTpre treadmill test in moderate (MOD) (~14°C) and hot (HOT) (~30°C) ambient
conditions. Due to the impaired performance observed in hot conditions it was
hypothesised that the participants would cover less distance in the time-trial phase in the
hot trials and that the reliability of the protocol would be enhanced as a result of the

reduced potential for variation.

4.2. Methods

4.2.1. Participants

Nine healthy, endurance trained males volunteered for the study. The mean (= 1 SD) age,

body mass (BM) and maximal oxygen uptake (V o2 nmx) of the participants was 32 + g8 yr,
72.8 6.1 kg and 57.75 £ 6.43 ml'kg'""min'l. The participants were fully informed of any
risks and discomforts associated with the study before giving their informed written
consent to participate and completing a health screen. The health screening was repeated
prior to each laboratory visit to ensure the health status of the runners. The study was

approved by the institution’s Ethical Advisory Committee.

4.2.2. Experimental procedures

Prior to the main trials participants completed an incremental motorised treadmill test in
which they ran at a fixed velocity with an increase in the treadmill gradient of 1% min' 1 to
determine V o2nmx (Jones & Doust, 1996). Following this test, participants visited the
laboratory on six occasions for the main trials. For 8 ofthe participants each main trial was
separated by 7 days. Due to mechanical problems MOD 2 and 3 for one volunteer were
separated by 14 days. Trials were conducted at the same time of the day on each occasion
+ 30 min. Participants completed three HOT trials (30.4 = 0.1°C; 53 £ 2% rh) and three
MOD trials (14.4 £ 0.1°C; 59 + 4% rh). The environmental conditions were consecutive
(e.g. three HOT trials separated by 7 days followed by three MOD trials separated by 7

days) but the trial order ofthe environmental condition was randomised.

During each trial participants ran at a speed calculated to elicit 60% of their individual

V 02nmex for 75 min immediately followed by a self-paced 15 min TT on a motorised
treadmill (Powerjog, Sport Engineering Ltd., Birmingham, England, U.K. or Woodway

ELG 55, Weil am Rhein, Germany), which was standardised for each runner for each trial.
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No indication of distance ran or running speed was given throughout the preload phase of
the trials. The only indication ofthe time elapsed given was provided during the 15 min TT
when participants were able to see a countdown timer placed outside the direct line of
vision. During the TT participants were encouraged to run as far as they could in the 15
min and were able to increase or decrease the running speed manually as desired, although
they were unaware ofthe speeds at which they were running. Participants were unaware of
the focus of the study, believing that the investigation was looking between, rather than
within, conditions until they had completed all six trials when a full de-briefing was given.
The level of verbal encouragement given and any background music listened to was the
same for each trial. Water was allowed ad [libitum throughout the trials and the volume

consumed was recorded.

Participants completed a food record and physical activity diary and adopted the same diet
for 24h (refraining from alcohol and caffeine), while abstaining from strenuous exercise
for 24h, prior to each main trial. Participants arrived at the laboratory ~30 min before the
commencement ofthe trial in a fasted (> 10 h postprandial) state. On arrival, nude BM was
recorded. A rectal probe (Grant Instruments (Cambridge) Ltd, England, U.K.) was self-
inserted ~10cm past the anal sphincter and a heart rate (HR) monitor (Polar Electro Oy,
Kempele, Finland) was attached prior to entering the environmental chamber (Design
Environmental WIR52-20HS, Design Environmental Ltd., Gwent, Wales, U.K.).
Participants rested inside the enviromnental chamber for ~10 min prior to the
commencement of the trial during which time resting values for HR, rectal temperature
(Trectai) and thermal sensation (TS) were obtained. TS was rated with an eight-point scale,
ranging from 0 (unbearably cold) to 8 (unbearably hot) with 4 as comfortable (neutral)

(Young et al, 1987).

During the trials, HR, Trectai, rating ofperceived exertion (RPE) (27) and TS were recorded

at 5 min intervals whilst oxygen uptake (V O2) was measured every 15 min via the
Douglas bag method. Capillary blood samples were taken while the participants were in a
standing position for analysis of blood glucose and lactate (Yellow Springs Instrument
2300 STAT plus, Yellow Springs Instruments Inc., Ohio, USA) immediately before and
after each trial. Distance ran during the 75 min preload phase was recorded as was the
distance ran during the subsequent 15 min TT and the total distance covered during the 90
min trial. Following the completion of each trial participants towel-dried and recorded a
post-exercise BM from which sweat loss and percentage BM loss was calculated taking

into account voluntary fluid consumption.



4.2.3. Statistical analysis

Descriptive data are presented as mean + one standard deviation (1 SD). Two-way
(condition x trial) repeated-measures ANOVA was used to establish differences between
and within conditions for distances ran. Three-way (condition x trial x time) repeated-
measures ANOVA was used to identify differences between and within conditions for the
physiological and perceptual variables. To investigate any potential acclimation effect one-
way repeated-measures ANOVA was used on the distances ran and the resting core
temperature observed in the hot trials. Individual CVs were calculated for each participant
between pairs of trials in the same environmental conditions (e.g. between HOT1 and
HOT2, HOT2 and HOT3 efc) and averaged to obtain a mean CV for each pair of trials.
The difference between pairings was established using a paired, two-tailed t-test. For
physiological and perceptual data trial 1 was considered a habituation trial and excluded
from analysis. Following a significant F value, Tukey’s HSD post hoc tests were

conducted to identify paiiwise differences. Significance was set at the P < 0.05 level.

4.3. Results

4.3.1. Running distances

4.3.1.1. Preload-phase

During the 75 min preload participants ran at an mean speed of 9.4 = 1.3km'h'l, eliciting

57.8 £4.8 and 584 = 64 % V Chmax (P = 0.875) in HOT and MOD conditions

respectively.

4.3.1.2. Total distance ran and time-trial performance

Participants ran significantly further in MOD compared to HOT during the 15 min TT
phase (P = 0.017) (tables 4.1 and 4.2). The reliability of the 15 min TT section was
significantly improved when trial 1 was considered a habituation session and the CV was
calculated between trials 2 and 3 rather than trials 1 and 2 in HOT (P = 0.045) but not in
MOD (P = 0.534). The distances ran and the CVs for the 15 min TT phase for all paired
trials are shown in table 4.1 (HOT) and table 4.2 (MOD). There was no significant
difference between the distances ran in the three time-trials conducted in the hot conditions

(P = 0.294).
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4.3.2. Physiological variables

4.3.2.1. Heart rate

Heart rate significantly increased over time (P < 0.001). There were no significant
differences in the heart rate response between conditions (P = 0.117) or trials (P = 0.481)
however there were significant interaction effects for condition x time (P < 0.001) and trial

x time (P = 0.024). There was no significant difference in the resting heart rate observed in

the three hot trials (P = 0.769) (Figure 4.2).

+mHOT2 HOT3 -«--MOD?2 MOD3
220
200
180
Tc 160

£ 120

}( 100

Time (min)

Figure. 4.2. The mean (= 1 SD) heart rate observed during the second and third hot and

moderate trials. Main effect of time (P < 0.001), condition x time interaction (P < 0.001)

and trial x time interaction (P = 0.024).

4.3.2.2. Rectal temperature

Rectal temperature significantly increased over time (P < 0.001). There were no main
effect differences between conditions (P = 0.231) or trials (P = 0.490) however there were
significant interaction effects for condition x time (P < 0.001), trial x time (P = 0.002) and
condition x time x trial (P < 0.001). There was no difference in the resting core temperature

in the three hot trials (P = 0.128) (Figure 4.3).
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Figure. 4.3. The mean (= 1 SD) rectal temperature observed during the second and third
hot and moderate trials. Main effect time (P < 0.001), condition X time interaction (P <

0.001), trial x time interaction (P = 0.002) and condition x time x trial interaction (P <

0.001).

4.3.3. Perceptual responses

Rating of perceived exertion (Figure 4.4) and thermal sensation (Figure 4.5) both increased
over time (P < 0.001). The rating ofperceived exertion was significantly different between
trials (P = 0.02) being higher in the 2nd trial than the 3rd (P = 0.027). There was no
significant difference between conditions (P = 0.086). Thermal sensation was significantly
different between conditions (P = 0.001) and post hoc analysis revealed that it was lower in

the moderate trials (P = 0.001). There was a significant interaction effect for trial x time (P

=0.042).
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Figure. 4.4. The mean (= 1 SD) rating of perceived exertion reported during the second and

third hot and moderate trials. Main effect trial (P = 0.027) and time (P < 0.001).
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Figure. 4.5. The mean (+ 1 SD) themial sensation reported during the second and third hot
and moderate trials. Main effect condition (P = 0.001), time (P < 0.001) and trial x time
interaction (P = 0.042).
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4.3.4. Blood data

There were no significant differences between conditions in the levels of blood lactate
(MOD: 1.04 = 0.33; HOT: 0.98 £ 0.40 mmoll'l) and blood glucose (MOD: 4.42 + 0.46;
HOT: 5.16 + 1.36 mmoll'l) at rest (P = 0.598). At fatigue there was also no significant
difference between the conditions for blood lactate (MOD: 6.00 + 2.77; HOT: 4.58 + 1.89
mmoll"1) or blood glucose concentrations (MOD: 6.20 £ 1.41; HOT: 5.04 + 1.57 mmolT])
(P =0.487).

4.3.5. Body fluid balance

There were no significant differences in the percentage BM lost (HOT, 1.57 + 0.81%;
MOD, 1.28 + 1.48%, P = 0.284) or in the mean sweat losses observed between HOT
(1,853 + 463 ml) and MOD (1,249 = 1,039 ml) (P = 0.321) trials. There was a significantly
greater voluntary water consumption in the heat (703 + 403 v318+312 ml; P = 0.008).

4.4. Discussion

The main finding of the current study is that a 90 min TTpre performed on a motorised
treadmill is a reproducible test of endurance performance for well-trained, familiarised
male runners in hot and moderate ambient conditions. The adoption of a reliable test is
crucial for the effective assessment of a given intervention (e.g. a training programme,
dietary manipulation) and the low mean CVs reported of 2.4 (MOD) and 2.7% (HOT) for
the 15 min TT section demonstrate that any performance changes can be accurately tracked

using the protocol.

The CVs shown are comparable to those observed in the similar running TTpe trials (Doyle
& Martinez, 1998; Russell ef al, 2004). Russell ef al. (2004) investigated the reliability of
a 10km TT following a 90 min constant intensity preload in well-trained males and
females. When computing the CV for the entire TTpre protocol they reported a CV of 1%
when sexes were combined, which improved to 0.54% when the reliability was calculated
for males alone. If the CV is calculated for the entire 90 min TTpr in the current study
values of 0.7% are shown for MOD and HOT conditions and so are similar to those

previously reported. The CV 0f4.4% reported for the TTpe of Doyle and Martinez (1998)

(-70% V o2max followed by participant specific TT (mean distance 5.05km)) was

calculated for the TT section alone and therefore is higher than that reported by Russell et
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al. (2004). The CVs reported in the current study are smaller than those reported by Doyle
and Martinez (1998). This may have been due to the shorter TT distance completed in the
current study (mean distance 3.35km) which would inherently result in a decreased

potential for variance to occur.

The CVs reported in the current study are also similar to those previously reported in TT
investigations for cycling (Bishop, 1997; Jeukendrup et al, 1996; Palmer et al., 1996;
Smith et al., 2001), running (Schabort et al., 1998) swimming (Alberty et al., 2006) and
rowing (Schabort et al, 1999) and far lower than those reported for Teh for cycling
(Graham & McLellan, 1989; Jeukendrup et al, 1996; McLellan et al., 1995), running
(Billat ef al., 1994) and swimming (Alberty et al., 2006).

Familiarisation with the protocol has been shown to be an important determinant of the
reliability of the test used. The TT studies in which the lowest CVs have been reported
were conducted in swimming (Alberty et al, 2006) and rowing (Schabort et al., 1999)
using protocols commonly used during training and competition in these sports. Doyle and
Martinez (1998) reported that when classifying trial one as a habituation trial, and
excluding it from the statistical analysis, the mean CV for their treadmill-based test was
reduced from 10.1% to 4.4%. Other reliability studies (Marino et a/, 2002; McLellan et
al., 1995; Schabort et al., 1999) have also reported a better reliability for their protocol
when excluding the first trial (and the last in McLellan et al. 1995) from statistical;
however, Currell et al. (2006) reported no learning effect in their cycling TT. The authors
suggested that this may have been due to the highly trained, elite nature of their
participants (Currell et al, 2006). The current findings suggest that a habituation trial is
essential when conducting experiments in unfamiliar conditions, as shown by the enhanced
reliability of the test in HOT when trial one was considered a habituation trial, however
they support the suggestion that one may not be required when conducting experiments in

familiar conditions (e.g. MOD) with well-trained, experienced participants.

One potential problem associated with conducting repeated trials in the heat, from a
controlled experimental viewpoint, is the potential for acclimation to occur. Heat
acclimation decreases HR, T rectau skin temperature (Tskin) and increases sweat response
during exercise in the heat (Pandolf et al., 1988) and so can influence the data collected.
Barnett and Maughan (1993) investigated the effect of three trials in the heat (34.6 £ 0.6°C,
60 = 7% rh), conducted at weekly intervals, on human acclimation. They showed no

differences in HR, T rectai, Tsn or total sweat loss between the trials. The lack of any
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significant differences between the Tretai, HR and sweat loss data collected from the three
trials in HOT in the current study supports the suggestion that trials conducted in the heat
with individuals from temperate climates can be conducted at weekly intervals without

heat acclimation occurring (Barnett & Maughan, 1993).

4.5. Conclusion

The TTpreinvestigated in the current study is a reliable test of running performance in both
hot and moderate conditions. The need for a habituation trial may depend upon the
familiarity of the participant with the experimental conditions and protocols. When
conducting trials in hot conditions weekly intervals between trials are sufficient to prevent

acclimation occurring.
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Chapter 5: Practical neck cooling improves preloaded time-trial

running performance in the heat
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5.1. Introduction

As reported in the experimental study presented in the previous Chapter, 15 min time-trial
performance is impaired in hot compared to moderate conditions by -10%. The reason for
the impairment is not fully understood, although the impairment is often attributed to the
development of hyperthermia. It has been suggested that there is a core temperature of
-40°C above which voluntary exercise is terminated (Nielsen et al, 1993); however, it is
more likely that it is the development of a high hypothalamic, rather than body,
temperature that ultimately limits exercise (Caputa et al, 1986). The observation that
exercise appears to be terminated due to the onset of hyperthermia has led many
researchers to investigate a variety of cooling interventions administered prior to, and
during, exercise in an attempt to offset the reduction in performance observed during

exercise in the heat.

Whole-body cooling prior to exercise (pre-cooling) has received significant attention and
has been shown to enhance both exercise performance (Booth ef a/, 1997) and capacity
(Lee & Haymes, 1995) in hot conditions; however, its practical application has been
questioned and the need for more viable alternatives has recently been highlighted (Quod

etal, 2006).

Cooling the head and neck can be achieved without causing excessive disruption to the
individual or their sporting attire. Due to the neck’s close proximity to the
thermoregulatory centre, cooling this region may be more effective than cooling elsewhere
(Shvartz, 1970). Cooling the head and neck region has been shown to be more efficient
than cooling the torso in the alleviation of heat strain during exposure to high ambient
temperatures (~40°C) (Shvartz, 1976). Despite this, relatively few studies have

investigated the effect of cooling the neck region during exercise.

It has been demonstrated that if the magnitude of cooling provided is sufficient and/or the
thermal strain is severe enough cooling the head, neck and face region can elicit beneficial
thermoregulatory (Gordon et a/, 1990; Shvartz, 1970), cardiovascular (Shvartz, 1970) and
perceptual (Mundel et al, 2006; Simmons et al, 2008) adjustments; however,
commercially available neck and head cooling mechanisms rarely provide sufficient
cooling (Bulbulian et a/, 1999; Desruelle & Candas, 2000). Cooling the whole head via
water-misting improves exercise capacity in the heat by approximately 51% (Ansley et al,

2007) while cooling via a water-perfused hood can improve 15 min time-trial performance
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by 3.3% (Palmer et al., 2001). Palmer et al. (2001) reported that cooling the head via a
cooling hood during 60 min of seated rest, a 30 min submaximal preload and a 15 min
time-trial improved running performance significantly compared to no-cooling or cooling
at rest only. The cooling-intervention lowered rectal temperature and improved thermal
comfort but had no effect on the heart rate recorded. In contrast, Ansley et al. (2007)
reported that head cooling had no effect on any of the physiological variables associated
with peripheral fatigue; however, the cooling significantly attenuated the prolactin
response to exercise (a finding consistently reported in the literature (Brisson et al,, 1987;
Mundel et al, 2006)) and suggested this supported the ideal of a central component of
fatigue in the heat. A variety of hormones and neurotransmitters have been proposed as
mediators of exercise performance and adherence as well as markers of stress and central
fatigue. The activity of cerebral serotoninergic and dopaminergic pathways has been linked
to feelings of arousal and motivation; however, due to practical limitations that prevent
their measurement, prolactin is often used as a surrogate marker. Prolactin is often used as
such a surrogate because its secretion is stimulated by serotonergic and inhibited by
dopaminergic activity within the hypothalamus (Bridge et al., 2003b; Freeman et al,
2000). Many of the hormones and neurotransmitters linked to the regulation of exercise
performance and fatigue have been shown to increase in concentrations when exposed to a
stressor such as exercise or heat (Bridge ef al., 2003a). Cooling the head and neck region
has been shown to decrease both the physical and perceptual stress of exercising in hot
conditions (Ansley et al, 2007; Nunneley et al., 1971) and therefore it seems prudent to
suggest that cooling during exercise may have an effect on the response of a number of
these hormones and neurotransmitters to exercise in hot conditions, although only prolactin

has been investigated to date.

The aim of the present study is to investigate the effect of a practical neck-cooling device
on preloaded time-trial performance in hot conditions and on the physiological, perceptual
and neuroendocrinological responses to the exercise bout. It was hypothesised that cooling
the neck would enhance performance by positively affecting the perceptual and hormonal

response to the bout.

5.2. Methods

5.2.1. Participants

Eleven healthy, trained males volunteered for the study. Due to injury two volunteers

failed to complete all trials and therefore their data has been omitted. The mean (= 1 SD)
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age, body mass, height and relative maximal oxygen uptake (V C2nmx) of the nine
participating volunteers was 25 £ 4y, 76.5 + 5.9 kg, 1.81 = 0.07 m and 54.2 + 4.6 ml-kg'

“min"L All participants were fully informed of any risks and discomforts associated with
the study before giving their oral and written informed consent to participate and
completing a health screen. The health screening procedure was repeated prior to each
laboratory visit to ensure the health status of the participants remained the same. The study

was approved by the Ethical Advisory Committee of Nottingham Trent University.

5.2.2. Experimental procedures

Prior to the main trials, participants completed an incremental motorised treadmill test to

determine V CWaxs as per Jones and Doust (1996). Following a full habituation trial, they
visited the laboratory on three occasions for the main experimental trials. The trials were
conducted in a randomised and counter-balanced order. The experimental trials were
conducted at the same time ofthe day on each occasion £30 min and were separated by 7-
days for all participants except for number 7. Participant number 7 completed his final trial
after a 1-month break (due to mechanical failure occurring during his original ‘final’ trial)
however was re-familiarised 7-days prior to the repeated final trial. The distance covered in
the re-habituation trial was within the established coefficient of variation of the protocol
(2.7%) compared to the initial habituation trial and so data from participant 7 has been
included. The participants were not acclimated- the mean outdoor temperature on the

mornings ofthe main trials was 6.41 £ 3.06°C.

During the habituation and experimental trials, participants completed a 90 min preloaded
time-trial (TTpre) in hot conditions (30.4 + 0.1°C; 53 £ 2% rh). The TTpe consisted of 75
min of treadmill running at -60% V o2nmx (9.0 + 1.Ikm'h"1) followed by a self-paced 15-
min time-trial. During the time-trial participants were able to manually increase and
decrease their speed and they were instructed to cover as much distance as they could
during the time. The time remaining was displayed via a countdown timer. The distances
covered were not revealed until the completion of all four trials. All four trials were

conducted with the runners wearing the same clothing.

During the three experimental trials, volunteers completed the TTpre whilst wearing either a

cold collar (CC), an uncooled collar (C) or no collar (NC). The collar was comprised of
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two parts and was modified from a commercially available neck cooling device (Black Ice

LLC, Lakeland, USA) (see section 3.5.2.6.).

Participants abstained from alcohol and caffeine and completed a food record for the day
prior to the initial experimental trial. They adopted the same diet and abstained from
strenuous exercise for 24h, prior to each main trial. Participants arrived at the laboratory
-30 min before the commencement of each trial in a fasted (> 10h postprandial) state and
having ingested 500 ml of water ~1.5h previously. On arrival, nude body mass was
recorded. A rectal probe (Grant Instruments (Cambridge) Ltd, England, U.K.) was self-
inserted -10cm past the anal sphincter; a heart rate (HR) monitor (Polar Electro Oy,
Kempele, Finland) was attached and an indwelling cannula (Venflon, Becton Dickinson
U.K. Ltd, Oxford, U.K.) was inserted into a vein in the antecubital fossa prior to the
participant entering the environmental chamber (Design Environmental WIR52-20HS,
Design Environmental Ltd., Gwent, Wales, U.K.). The indwelling cannula was kept patent
by an injection of saline (5 ml) after each sample. Participants rested in the environmental
chamber in an upright position for 10 min, wearing the collar when appropriate (CC and C
trials), after which, resting values for HR, rectal temperature (T rectai), mean neck
temperature (T neck) and thermal sensation (TS) were obtained. Mean neck temperature was
calculated as the mean temperature of four skin thennistors (Grant Instruments
(Cambridge) Ltd, England, U.K.) spaced equally across the posterior aspect of the neck.
Skin thermistors were attached to the sternum, forearm, thigh and calf for the calculation of
weighted mean skin temperature (Ramanathan, 1964). However, due to difficulty in the
fixing of the thermistors for the duration of the trial insufficient data was collected to
compute mean skin temperature and therefore the data is not presented. All thermistors
were attached via a transparent dressing (Tagaderm, 3M Health Care, USA) and water-
proof tape (Transpore, 3M Health Care, USA). TS was rated with an eight-point scale,
ranging from 0 (unbearably cold) to 8 (unbearably hot) with 4 as comfortable (neutral)
(Young et al., 1987).

During the 75 min preload phase ofthe trials, HR, T iectai, T neck, rating of perceived exertion
(RPE) (Borg, 1982) and Ts were recorded at 5 min intervals. Oxygen uptake was
measured at 40 and 60 min via the Douglas bag method. During the time-trial phase HR,
T,ectai, T neck, RPE and Ts were recorded at 2.5 min intervals allowing for closer monitoring,
during the higher-demanding phase. Distances ran during the 75 min preload phase and the
subsequent 15 min time-trial were recorded. The mean self-selected speed for the time-trial

phase was calculated from this data. Following the completion of each trial, participants

102



towel-dried and recorded a dry post-exercise nude body mass from which sweat loss and
the percentage change in body mass was calculated, taking into account voluntary fluid

consumption during the protocol.

5.2.3. Collection and analysis ofblood samples

Due to sampling difficulty with one individual the blood data presented is from s ofthe 9
volunteers who participated in the study. Blood samples were taken at 0, 10, 30, 50, 70 and
90 min. Whole blood was initially analysed in triplicate for lactate and glucose (Yellow
Springs Instrument 2300 STAT plus, Yellow Springs Instruments Inc., Ohio, USA) and
then aliquots were dispensed into K3-EDTA tubes (Sarstedt Ltd, Leicester, U.K.) for the
subsequent obtainment of platelet-free plasma. Samples were centrifuged at 4000g for 10
min at 4°C. After centrifuging, the supernatant was removed and then frozen at -80°C until
the analyses were performed. Changes in blood, plasma and red cell volume (BV, PV and
CV respectively) were calculated from the mean haemoglobin (Hb) concentration (B~
hemoglobin photometer, Hemocue AB, Angelholm, Sweden, measured in triplicate) and
the mean haematocrit (Hct) (Micocentrifugation, Hawksley, Sussex, U.K., in triplicate),

using the methods of Dill and Costill (1974).

Plasma concentrations of prolactin, cortisol, dopamine, adrenaline, noradrenaline and
serotonin were determined via enzyme-linked immunosorbent assays; prolactin and
cortisol (DRG Instruments GmbH, Marburg, Germany); dopamine, adrenaline,
noradrenaline and serotonin (IBL Hamburg, Hamburg, Gennany). The intra-assay
variation (CV) based upon laboratory work for the prolactin, cortisol, dopamine,
adrenaline, noradrenaline and serotonin assays were 10.0%, 6.0%, 1.5%, 8.2%, 8.2% and

7.6% respectively.

5.2.4. Statistical analysis

Descriptive data is reported as mean £ one standard deviation (1 SD). One-way repeated-
measures analysis of variance (ANOVA) tests were conducted to evaluate differences
between the distances ran, sweat-loss and fluid consumption while two-way (trial x time)
tests were performed to evaluate differences between trials for thermoregulatory,
cardiovascular, neuroendocrinological and perceptual variables. Following a significant F
value, Tukey’s HSD post hoc tests were conducted to identify pair-wise differences.

Statistical analyses were conducted for the 90 min trial and additional analyses were
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conducted for 0, 75 and 90 min time-points which represented the beginning and the end of

the preload and time-trial phases. Significance was set at the P < 0.05 level.

5.3. Results

5.3.1. Time-trial performance

During the time-trial phase participants covered 3,030 + 485m; 2,741 + 537m and 2,884 +
571m in the CC, C and NC trials (main effect trial P < 0.001) (Figure 5.1). Significantly
more distance was covered in CC compared to C (P = 0.008) and in CC compared to NC
(P =0.041). There was no significant difference in the distance covered in NC compared to
C (P = 0.079). The time-trial performance of all participants was improved with the
application of CC (mean improvement +5.9%), and impaired (mean impairment -4.8%)

with C compared to NC. There was no trial order effect (P = 0.124).

Figure 5.1. The mean distances covered during the 15 min time-trials in the no collar (NC),
uncooled collar (C) and cold collar (CC) trials. * = P < 0.05; ** = P < 0.01. a= compared
to C; b= compared to NC.

5.3.2. Neck temperature

Mean neck temperature (Tneck) is shown in Figure 5.2. There was a significant main effect

for trial and time and time x trial interaction (P < 0.001 for all). Tneck was significantly
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colder during the 90 min TTpre in CC compared to NC (P < 0.001) and C (P < 0.001) but
there was no difference between NC and C (P = 0.449). There was a significant interaction
effect between trials (P < 0.001). At the commencement of the time-trial (t = 75 min) neck
temperature was significantly lower in NC and CC compared to C trials (P = 0.001 for

both); however, there was no significant difference between NC and CC (P = 0.512).

40
38
35
33
30
28
25
23
20
18
15
0 10 20 30 40 50 60 70 80 90

Time (min)

* = twwm

Figure 5.2. Mean neck temperature during the 90 min preloaded time-trial. ¢ = no collar
(NC); m = uncooled collar (C); A = cold collar (CC). * = P < 0.05; b- C significantly
different compared to NC and CC. Main effect trial (P < 0.001), time (P < 0.001) and
interaction (P < 0.001).

5.3.3. Heart rate and rectal temperature
Heart rate and Trectai increased significantly over the duration of the trial (P < 0.001)
however there were no significant differences between trials for Trectai (P = 0.266) or HR (P

= 0.780). The Trectai and HR at the beginning and end of the 90 min exercise bout, as well

as at the beginning ofthe time-trial phase, are shown in Table 5.1.
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Table 5.1. Rectal temperature and heart rate at 0, 75 and 90 min

Time (min) Trial Rectal temperature (°C) Heart rate
(b'min])
0 cC 36.81 £0.10 60 + 13
C 36.82 +0.21 63+ 14
NC 36.90 + 0.29 67+ 12
75 CC 38.64 £ 0.29**a 163 + 13+
C 38.69 £ 0.37**a 165 £ 12%4
NC 38.78 + 0.37**a 165 £ 11*%*a
90 CcC 39.14 = 0.27%*b 188 + 6%4b
Cc 39.08 + 0.37**b 185 + 8*4b
NC 39.25 + 0.28**b 186£6"*

0.01.a= significant difference compared to 0-min; b= significant difference compared to 70-min

5.3.4. Perceptual measurements

Thermal sensation and rating of perceived exertion data are shown in Figures 5.3 and 5.4.
There was a significant main effect of trial (P < 0.001), and time (P < 0.001) and
interaction (P = 0.11) for thermal sensation and main effects for trial (P = 0.021) and time
(P < 0.001) for rating of perceived exertion. Thermal sensation and rating of perceived
exertion were significantly lower in CC compared to C (TS: P = 0.001; RPE: P = 0.016).
Thermal sensation was also lower in CC compared to NC (P = 0.014). There was a
significant interaction effect for thermal sensation between trials (P = 0.011). There were
no significant differences for the thermal sensation reported between NC and C (P = 0.208)
or for the rating of perceived exertion reported between NC and C (P = 0.343) or. NC and
CC (P = 0.234). At the onset of the time-trial phase (75 min) both RPE and TS were
significantly lower in CC than C (P = 0.031 and P = 0.016). There were no significant

differences between the other trial pairings (P > 0.05).
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Figure 5.3. Mean (£ 1 SD) thermal sensation reported during the 90 min preloaded time-
trial. ¢ = no collar (NC); m = uncooled collar (C); A = cold collar (CC). For clarity SD is
not shown for NC trials, mean SD for NC = + 0.6. * = P < 0.05; b= significant difference
between C and CC. Main effect trial (P < 0.001), time (P < 0.001) and interaction (P =
0.11).
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Figure 5.4. Mean (= 1 SD) rating of perceived exertion (RPE) reported during the 90 min
preloaded time-trial. ¢ = No Collar (NC); m = Uncooled collar (C); A = Collar cold (CC).
For clarity SD is not shown for NC trials, mean SD for NC =+ 14. * =P < 0.05; b=
significant difference between C and CC. Main effect trial (P = 0.021) and time (P <
0.001).

5.3.5. Body fluid balance

There were no significant differences in the baseline body mass of the participants (P -
0.414), the volume of water voluntary consumed (P = 0.400) or in the volume of sweat lost
(P = 0.951) between trials. Participants consumed 0.761 + 0.378L; 0.828 + 0.406L and
0.749 = 0.418L of water and lost 2.09 = 0.33L; 2.08 + 0.24L and 2.05 + 0.26L of sweat
during the NC, C and CC trials respectively.

5.3.6. Blood data

All measured blood variables increased significantly over time (P < 0.001). There were no
significant main effects between trials for whole blood lactate (P = 0.221) or glucose (P =
0.153) or for plasma concentrations of cortisol (P = 0.323), prolactin (P = 0.775),
adrenaline (P = 0.744), noradrenaline (P = 0.323), dopamine (P = 0.784) (Table 4.2) or
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serotonin (P = 0.08, Figure 5.5). There was a significant difference in the interaction
observed for cortisol concentrations (trial x time, P < 0.001). Wearing the cold collar in CC
trials resulted in an initial elevation that was not observed in the other two conditions
(Figure 5.6). There were no differences in plasma volume change between trials (P =
0.518). The mean plasma volume changes were -1.4 = 6.4, 0.4 + 4.7 and -2.8 £ 5.3% in
NC, CC and C trials respectively.

Table 5.2. The neuroendocrinological response to the preloaded time-trial

Time Trial Prolactin Adrenaline Noradrenaline Dopamine
(min) (ng'mf1) (nmol'f]) (nmol'f]) (nmol'f])
0 CcC 5.52+£ 221 0.83 = 0.43 3.10+£0.73 0.18 £0.03
C 440+ 1.85 0.70 £0.35 2.70 = 0.84 0.19 £0.07
NC 492+ 185 0.82 £ 0.45 2.54 +£0.55 0.26 £0.12
70 CcC 8.59 £3.25 1.08 £0.23 12.77 £9.91**a 0.92+0.59
c 8.48 +£2.99 1.03 +0.34 9.92 + 6.56**a 1.62 £ 1.75
NC 8.59+£3.92 1.03 £0.13 9.72 £3.71%%*< 1.17 £ 0.36
90 CC 20.85 + 8.24%*@d 1.92 + 0.94**b 20.90 + 7.00%*a 291 + 1.86%*ab
c 20.77 + 10.52**ab 1.71 + 0.54**b 18.41 + 5.69*%*ab 2.62 + 1.84%*ad
NC 19.71 + 8.01*%*a 1.60 + 0.39**a 24.57 £ 1.57T**ad 3.22 £ 2.42%* b
Main effect (trial) P=0.775 P=0.744 P=0.323 P=10.784

Values are means + 1 SD. =P <0.01.4= sigm’ﬁcant dFference compared to 0 min;B’=

significant difference compared to 70 min
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Figure 5.5. The serotonin concentrations observed during the preloaded time-trial. *

significant difference from all other time-points (P < 0.05). Main effect time (P < 0.001).
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Figure 5.6. The plasma cortisol concentrations observed during the preloaded time-trial.
Main effect time (P < 0.001) and interaction (P < 0.001).
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5.4. Discussion

The main finding of the current study is that reducing Tneck can improve time-trial
performance in the heat without any significant alterations in the physiological or
neuroendocrinological response to the exercise bout. Palmer er al. (2001) reported that
cooling the head via a water-perfused hood could improve 15 min time-trial performance
by 3.3% but this is the first study to show that cooling the neck via a practical neck-cooling
collar, which could be worn during a wide range of exercise disciplines, also has a

beneficial effect upon exercise performance.

It has been suggested that exercise in the heat is limited by the attainment of a high core
temperature (Nielsen et al., 1993); however despite differences in time-trial performance in
the current study there were no significant differences in the T rectai between the three trials.
The Tectai and HR profiles observed in the present study match those reported using this
protocol in the first study (presented in Chapter 4). The results from the current study are
in line with other studies who reported that neck cooling had no effect on Trectai or HR
during submaximal (60% V Cznmx) cycling despite significant reductions in Treck
(Bulbulian et al., 1999; Hamada et al, 2006). The study by Hamada et a/ (2006) had
design similarities to the preload phase of the current study and showed that despite
significantly lowering Tneck at the tennination of exercise compared to the control trial
(23.59 £ 2.18°C v 36.07 £ 0.12°C, P < 0.05), the application of the ice cooling packs had
no significant effect on T rectai, skin temperature, sweat loss, HR or Ts during 40 min of
cycle ergometer exercise at -60% V 02rax in a hot environment (30 £ 1°C; 40% rh).
Hamada et al. (2006) investigated the physiological, rather than performance, response to
neck cooling. The findings of the present study support theirs but demonstrate a
performance benefit in the absence of cooling-induced physiological alterations. Palmer et
al. (2001) reported a performance-benefit following head-cooling with associated
reductions in T rectai but not in HR however a reduction in T rectai is not a requirement for an

enhanced ability to sustain exercise in the heat (Hessemer et al., 1984).

It has been demonstrated that heat tolerance can be enhanced by the maintenance of a
cooler brain (Carithers & Seagrave, 1976) and it has been proposed that brain temperature
(Tbrain) may be more important than core temperature in the regulation of thermal tolerance
(and therefore perhaps exercise adherence) in hyperthermic conditions (Caputa et al.,
1986). This idea has been suggested following the observations that many animal and bird

species protect the brain from excessive heat loads by maintaining T brain at levels below



that of the core, via a method termed selective brain cooling (Cabanac, 1998). Brain
temperature is primarily dependent on the temperature of the blood within the carotid
arteries (Baker, 1982) and it has been suggested that the application ofa cooling collar may
be able to reduce the temperature of the carotid blood and therefore reduce Tbrain (Caputa,
2004; Gordon et al, 1990; Zhu, 2000). The measurement of human brain temperature is
only possible in exceptional circumstances so mathematical modelling has been used as a
surrogate method of quantifying changes in Tbrmin as a result of external cooling
interventions. Zhu (2000) proposed that, theoretically, external cooling could lower the
temperature of arterial blood on route to the brain, although a more recent mathematical
modelling paper (Sukstanskii & Yablonskiy, 2007) reported that human Tbminis practically
homogenous and that any alterations in Tbrain could only occur at the surface to a depth of
~3 - 4mm (Sukstanskii & Yablonskiy, 2007). Although the collar may not reduce deep
Tomin it is possible that the temperature of the blood reaching the peripherally-located
thermoregulatory centre is reduced by the external cooling and this may result in the
masking of signals regarding the temperature of the body (Brisson et al., 1987). Further

investigation is required to explore this proposal.

It has been suggested that during exercise, pacing strategies are adopted to allow for the
completion of the task within homeostatic limits (Lambert et al, 2005). This is often
described as the central governor theory (Noakes & St Clair, 2004). It is unknown what
stimulus this governor may act in response to but if pacing strategies are governed by an
internal mechanism to prevent the overloading of the body it is possible the presentation of
a cooling, or indeed heating, intervention may disrupt this mechanism by providing a false
representation of the body’s thermal status. It has been proposed that any false signal may
be amplified by altering the temperature of the neck, rather than elsewhere, due to the
neck’s close proximity to the thermoregulatory centre (Shvartz, 1976) and the 6%
improvement following neck-cooling in the present study compared to the 3.3%
improvement observed following head-cooling (Palmer et al, 2001) offer support for this
idea. The amplification of a false signal could result in the selection of a ‘false’ or ‘un-
natural’ pace which could potentially result in an improved or impaired sporting
performance. Amgrimsson ef a/ (2004) and Booth et al (1997) showed that pre-cooling
resulted in an improved performance because it allowed the participants to maintain a
faster mean pace during the time-trial and allowed them to further increase their pace
towards the end of the bout despite a reduced effect of the pre-cooling. Although the
pacing strategies adopted during the time-trial were not looked at in the current study,

elevations in Treck resulted in a significantly reduced self-selected mean time-trial speed,
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while lowering Trneck allowed participants to maintain a significantly faster mean speed
during the time-trial even when the cooling stimulus was reduced or no longer present. It
appears that altering Tneck may provide a ‘false’ signal allowing for the selection of a pace
faster than that which would be naturally selected and this may be due to an altered

perception of thennal comfort.

Palmer et al. (2001) reported an improvement in time-trial performance and thennal
sensation with head cooling and, in the present study, thermal sensation was lower
(signifying that participants felt cooler) when Tmeck was reduced at the beginning of the
TTpre, via the application of CC compared to NC and C. Thennal sensation remained
significantly reduced at the beginning and end ofthe time-trial phase in CC compared to C;
however, there was no difference between the TS reported at the same time-points between
CC with NC. This directly matches differences in Tneck at the coiTesponding time points
and shows that reducing Tneck consistently reduces TS. The findings of the current study
are inline with those of Amgrimsson ef al. (2004) as the beneficial effect of the cooling
intervention remained even when the cooling stimulus was no longer present suggesting

that the benefit may have occurred cumulatively during the preload phase ofthe exercise.

It appears that the perception of thermal sensation, rather than actual body temperature,
may have a central role in pace selection however it is unclear by what mechanism this
works. Cooling the neck improved the perception ofthermal comfort but had no significant
effect o11 any of the hormones or neurotransmitters measured in the current study despite
many being often classified as “stress hormones”. Plasma prolactin levels were unaffected
by the cooling intervention in the current study despite facial-cooling being shown to
attenuate the hyperprolacteamia often observed during exercise in the heat (Ansley et al,
2007; Mundel et al., 2006). The mechanisms governing the prolactin response to exercise
and the effects that cooling the head and face has on reducing prolactin levels is not clear,
although it has been shown that it is dependent on the magnitude ofthe cooling (Brisson et
al., 1991). The current study suggests that cooling the neck provides an insufficient
magnitude of cooling to alter the prolactin response to exercise in the heat. Adrenaline,
noradrenaline, serotonin and dopamine concentrations were all unaffected by the cooling
collar and followed well documented patterns of change over the duration of the trial.
Cortisol was elevated initially by the cold collar and there was a significant interaction

effect. As previously documented adrenaline and dopamine levels were only significantly

elevated during the final sampling when the intensity was greater than the 60% V o2 nex
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elicited during the preload, while noradrenaline showed a progressive increase over time

throughout the trial (Kotchen et al., 1971).

5.5. Conclusion

Time-trial performance in the heat can be significantly enhanced by reducing TnedkSwithout
significantly altering the physiological or neuroendocrinological response to the exercise

bout. It seems that the running performance improvements are due to an up-regulation of

pacing as a result of an alteration in perceived, rather than actual, thermal strain.
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Chapter 6: The serum SIOOp response to practical neck cooling

during exercise in the heat
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6.1. Introduction

As shown in Chapter 4, running performance is impaired in hot conditions. The exact
mechanism(s) that limit exercise performance and capacity in a hot environment remain
unclear although the data from the previous chapter (Chapter 5) adds support for the
suggestion that there is a central element to the regulation of exercise. It has been shown
that hyperthermia has a profound impact on cerebral function during exercise altering brain
activity (Nielsen et al., 2001), reducing voluntary muscle activation (Nybo & Nielsen,
2001a) and increasing the perception of effort (Nybo & Nielsen, 2001c). Watson et al.
(2005) proposed that the reasons for the reduction in performance and capacity in a hot
environment may be attributed to mechanisms within the central nervous system and
possibly due to alterations in the direct transfer of molecules between the brain and the

peripheral circulation.

Cerebral homeostasis is protected by the presence of the blood-brain barrier. The blood-
brain barrier is a dynamic structure formed from microvascular cells with tight junctions
reinforced by the foot processes of surrounding astrocytes and the presence of pericytes.
As a result of the tight junctions, the diffusion of molecules across the blood-brain barrier
is tightly regulated when the barrier is intact. The integrity of the blood-brain barrier is
maintained in the majority of circumstances; however, there are situations when the
permeability ofthe blood-brain barrier may be increased. These situations include ischemic
stroke, bacterial and viral infection, brain trauma (Marchi et al, 2003) and exercise
performed in a hot enviromnent (Watson et al., 2005a; Watson et al., 2005b). An increase
in the permeability of the blood-brain barrier leads to the transfer of molecules across the
membrane and the leakage of detectable substances from the central nervous system into
the circulation. One such substance in particular which has been proposed as a marker of

blood-brain barrier integrity is ST003 (Kapural et al., 2002).

S100P is a cytosolic calcium-binding protein primarily found in astrocytes and Schwann
cells (Zimmer & Landar, 1995) and accounts for the majority of the serum SI00 protein
found in the human brain (Isobe et al., 1983; Jensen et al., 1985). Although Kapural et al.
(2002) showed, via the infusion of mannitol, that SIOOp concentrations increase as a result
of an increase in blood-brain barrier permeability the reasons for the increase in
permeability are not fully understood. Recently it has been shown that SIOOp
concentrations are elevated after lhr submaximal cycle ergometer exercise in warm

(Watson et al, 2005a; Watson et al, 2006), but not moderate (Watson et al, 2005a),
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conditions although consuming enough water to maintain euhydration can attenuate the
increases observed (Watson ef al., 2006). The reasons for the increased concentrations of
SIOOp in hot, but not moderate, conditions remain unclear as the response is not related to
increases in core temperature (Watson ef al., 2005a). Watson et al. (2006) proposed that
the increase may be due to the hyperosmolarity caused by the loss of large volumes of
hypertonic sweat during such exercise. Osmotic movement of fluid across the blood-brain
barrier, coupled with the dehydration-induced shrinkage of the structural endothelial cells,
may result in the opening of the usually tight junctions and the increased release of SIOOp

into the peripheral circulation.

In addition to exercise in a hot enviromnent (Watson et al., 2005a; Watson et al., 2005b),
ischemic stroke (Abraha et al, 1997; Butterworth et al, 1998; Buttner et al, 1997;
Cunningham et al., 1996) has been shown to impair the integrity ofthe blood-brain barrier
and elevate peripheral serum SIOOp concentrations. Ischemia occurs during hyperthermic
exercise and it as been shown that cerebral blood flow decreases by ~20% during exercise
performed in a hot enviromnent (Nybo et al., 2002b). It has been proposed that the reduced
exercise performance and capacity observed in a hot environment could be due to a
reduction in the amount of oxygen delivered to the cerebral tissue as a result of the reduced
blood flow (Nybo & Nielsen, 2001d; Nybo et al, 2002b) and/or the movement of
substances implicated in fatigue across the damaged blood-brain barrier (Sharma et al,
1991). If this suggestion is correct, an intervention which could increase cerebral blood
flow and help maintain blood-brain barrier integrity would be advantageous to exercise

perfonnance and capacity in hot environments.

In stroke patients hypothermia is used as a treatment to maintain and/or increase the blood
supply to ischemic regions (Adams ef a/, 2005). Whole-body hypothermia is often used
but it has been proposed that local cooling of the area superior to the carotid arteries via a
neck collar may be the optimal intervention due to the hypothermia-induced vasodilation
of the carotid artery (Mustafa & Thulesius, 2002). It seems prudent to suggest that the
application of a cooling collar may increase cerebral blood flow which may help maintain
blood-brain barrier integrity during exercise performed in a hot enviromnent. If so, cooling
the neck region would be expected to attenuate the serum SIOOp response observed and

improve exercise performance.

Exercise performance was enhanced with the application of a cooling collar in Chapter 5

without alterations in the physiological or peripheral neuroendocrinological variables
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measured. The aim of the current study is to investigate whether the application of a
cooling collar improves exercise performance by offering protection to the blood-brain
barrier, as assessed by concentrations of serum SlIOOp, during prolonged exercise
performed in a hot environment. It was hypothesised that if the performance enhancement
was due to a cooling-induced maintenance ofthe blood-brain barrier then concentrations of

S100P would be attenuated with the application ofthe collar.

6.2. Methods

6.2.1. Participants

The data presented in this experimental chapter were collected during the data collection of
the previous experimental chapter. Serum samples were collected from eight of the nine
participants during two of the experimental trials. The mean (£ 1 SD) age, body mass,
height and relative maximal oxygen uptake (V Cznmx) of'the participants was 25+ 5y, 77.4
+ 5.6 kg, 1.81 = 0.08 m and 53.7 + 4.7 mL-kg”-min'l. All of the participants were fully
informed of any risks and discomforts associated with the study before giving their oral
and written informed consent to participate and completing a health screen. The health
screening was repeated prior to each laboratory visit. The study was approved by the

institution’s Ethical Advisory Committee.

6.2.2. Experimental procedures

Blood samples were collected from participants who completed the 90 min TTpe cold
collar (CC) and non-collar (NC) trials from the second experimental study (reported in

Chapter 5). The trials were conducted in a randomised and counter-balanced order.

6.2.3. Collection and analysis ofblood samples

Blood samples were drawn at 0, 70 and 90 min during both trials. The 70 min sample
represented the pre-time-trial sample and was drawn at 70 rather than 75 min to prevent
undue disruption to the participant at the commencement ofthe performance section of the
protocol. 5 ml aliquots were dispensed into plain tubes (Sarstedt Ltd, Leicester, U.K.) and
were allowed to clot for ~60 min at room temperature. Samples were centrifuged at 4000g
for 10 min at 4°C. After centrifuging the supernatant was removed and then frozen at -
80°C until the analyses were performed. Concentrations of SIOOp were measured using a

commercially available enzyme-linked immunosorbant assay (Fujirebo Diagnostics AB,
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Goteborg, Sweden). The intra-assay coefficient of variation established by in-honse

laboratory tests was 8.0%.

6.2.4. Statistical analysis

Descriptive data are reported as mean + standard deviation (1 SD). Blood samples were
analysed using paired students t-tests and two-way ANOVA for repeated measurements.
Tukey’s HSD post hoc tests were conducted to identify pair-wise differences when
appropriate. Pearson correlation analysis was performed to investigate associations
between serum SI00(3 concentrations and other variables of interest. It was calculated that
a sample size greater than N = 7 would provide sufficient statistical power (p = 0.2) to
detect a difference larger than the typical SIOOp standard deviation (0.04 pg'L~l) for a
normal population with a meaningful change for practical significance estimated as 0.12

pgL"1(Anderson ef a/, 2001). Significance was accepted at the P < 0.05 level.

6.3. Results

6.3.1. Physiological and time-trial performance data

The physiological and time-trial performance data from this study is presented in the
previous Chapter. To summarise, participants ran significantly further in CC (3,030 +
485m) than NC trials (2,884 + 571; P = 0.047). Mean neck temperature was significantly
lower when wearing the cold collar (P < 0.001). There were no differences between trials

for Trectai, heart rate, sweat loss or voluntary fluid consumption (P > 0.05).

6.3.2. Serum S100P data

Concentrations significantly increased over time (P < 0.001) but there was no significant
main trial (P = 0.700) or interaction effect (P = 0.284) for serum S100P concentrations
(Figure 6.1). There was no difference in the post-time-trial (90 min) serum S100P
concentrations in the cold collar trial compared to the no collar trial (0.089 + 0.017 v 0.079
+ 0.027 pg'L"L, P = 0.056). All values were within normal range (0.035-0.124 jig'L'l
(Anderson et al, 2001; Cheuvront ef al, 2008)). The mean pre-post trial difference (0.032
pg'L'D) was below the 0.08 pg'L'l estimated for practical significance (Anderson et al,
2001). Post-trial serum SI00(3 concentrations were significantly correlated with baseline
SIOOp concentrations, mean rectal temperature and the total distance covered but they

were not correlated with post-trial (i.e. peak) rectal temperature, the change in rectal
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temperature observed over the course ofthe trial or % dehydration (Table 6.1). The change
in serum SIOOp observed during the time-trial phase was not correlated with either the

time-trial distance ran or the change in core temperature over the same time-period (Table
6.1).
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Figure 6.1. Serum S100P concentrations at 0, 70 and 90 min. * = significant difference

from baseline (P < 0.05); ** significant difference from baseline (P < 0.01). Main effect

time (P < 0.001).
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Table 6.1. Relationship between serum S-100(3 and potential variables of influence

r P
Baseline S100P concentration (pg'L'])3 0.748 0.001**
Total distance (m)a 0.741 0.001**
Time-trial distance (m)b 0.453 0.078
Peak Tjectal (°C) -0.463 0.071
0-90min A Trectai (°C)a -0.222 0.408
70-90min A Trectai (°C)b 0.142 0.507
Dehydration (%)a 0.086 0.751

aPearson correlation with final ST003 (pg'L")
bPearson correlation with 70-90min AS 1003 (pg'L-1)

6.4. Discussion

The present study investigated the effects of cooling the neck via a practical neck cooling
collar on the serum SIOOp response to exercise in a hot environment. Time-trial
performance was significantly improved with the application of a neck-cooling collar but

the collar had no effect on the S100P response to the exercise bout.

Serum SI100P concentrations are elevated following exercise in elevated ambient
conditions and although much of the increase is attenuated via the maintenance of
euhydration, increases are still observed in such conditions (Watson ef al, 2006). S100P
concentrations increase as a result of blood-brain barrier disruption which may be caused
by hyperosmolality (Watson et al., 2006) and/or cerebral ischemia (Reynolds et al., 2003).
It has been proposed that the impaired perfonnance observed in hot conditions may be due
to the reduced cerebral blood flow which is observed during exercise in the heat (Nybo et
al., 2002b) and/or the leakage of substances across the damaged blood-brain barrier
(Sharma et al, 1991). During ischemic stroke the blood-brain barrier integrity is
compromised by endothelial cell death and there is an increased potential for cytosolic
contents released by the damaged brain to cross this barrier (Reynolds et al, 2003).
Cooling the neck is an effective way to increase cerebral blood flow, and potentially
maintain blood-brain barrier integrity, (Mustafa & Thulesius, 2002) but there was no
difference in the S100P response to the exercise bout with the collar in the current study.
This suggests that cooling the neck has no effect on blood-brain barrier integrity during

prolonged exercise in a hot environment.

Watson et al. (2006) investigated the effect of fluid ingestion on blood-brain barrier
permeability during prolonged intermittent exercise in the heat and showed that
dehydration (-2.8% body mass loss) significantly increased serum SIOOp concentrations

(-10 pg'L"D) and that the changes in S100P concentrations were significantly correlated
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with the change in serum osmolality (r = 0.662; P = 0.005). In the present study there was
no significant difference in the amount of water consumed or sweat lost between trials and
although Osmolality was not measured there was no correlation between the percentage
dehydration and SIOOp concentrations (r = 0.086; P = 0.751). It is possible that the SIOOp
clevations may not reflect changes in blood-brain barrier integrity during exercise-heat
stress but instead simply reflect the stress of the exercise (Cheuvront et al, 2008;

Hasselblatt et al, 2004).

The P subunit of the S100p protein is highly specific to the central nervous system (Ali et
al, 2000); however, it is expressed in small quantities in adipose and skeletal muscle
tissues (Zimmer et al, 1995) . As a result, elevations may occur following exercise in the
absence of blood-brain barrier disruption. Elevations in serum S100P levels have been
reported following bouts of boxing, soccer, ice-hockey, jogging, running and cycling in
most (Dietrich et al, 2003; Otto et al, 2000; Stalnacke et al, 2003; Stalnacke et al, 2006;
Watson et al, 2005a; Zetterberg et al, 2007) but not all (Cheuvront et al, 2008; Watson ef
al, 2005a) studies. In the present study, SIOOp concentrations were significantly elevated
by the exercise bout but unaffected by the cooling collar. Significantly more distance was
covered in the CC trial and there was a positive correlation between SIOOp concentrations
and the total distance covered (Table 6.1). In contrast, Cheuvront et al. (2008) reported that
-100 min oftreadmill walking (1.56m s*1; 4% grade) in very hot conditions (45°C; 20% rh)
did not significantly elevate concentrations of SIOOp and saw no relationship between
SIOOp concentrations and the amount of work done (exercise duration) (r = 0.40; P =
0.09). Despite the suggestion that SIOOp levels are predominantly increased due to blood-
brain barrier disruption (Kapural et al, 2002) it has been proposed that the elevated
concentrations of SIOOp observed following exercise may have a peripheral, rather than
central, source and be elevated as a result of muscle damage (Hasselblatt et al, 2004;
Schulpis et al, 2007) and/or axial vibration ofthe brain (Otto et al, 2000). Sports with less
acceleration/deceleration events have lower serum SIOOp responses than those with a
higher incidence of such events (Stalnacke et a/, 2003; Stalnacke et a/, 2006) and so the
differing responses between the data from the current study and that of Cheuvront et al.
(2008) may have been due to the lower ground forces and/or acceleration and deceleration
forces on the brain or muscles experienced during walking than running. In the current
study serum SIOOp concentrations were elevated after a sustained bout of moderate
intensity running suggesting that running provides a sufficient stimulus for the release of

serum S1OOp. It remains unclear whether the increase observed following running is due to
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higher levels of brain trauma occurring due to axial vibration of the brain or increased

muscle damage as a result ofthe exercise itself.

Hyperthermia has also previously been proposed as a stimulus for the release of SIOOp
(Watson et al, 2005a; Watson et al, 2006) although passive hyperthermia, via water-
immersion, does not elevate serum SIOOp concentrations (Watson et al, 2005b). This
supports the idea that the increase is caused by the stress of the exercise rather than the
hyperthermia. In the current study there was no relationship between serum S100P
concentrations and the change in rectal temperature observed (Table 1) which supports
other recent data (Cheuvront ef a/, 2008). Cheuvront et al. (2008) investigated the serum
SIOOp response to a 10-day acclimation protocol and found that despite acclimation-
induced reductions in core-temperature there were no significant differences in serum
SIOOp concentrations pre- to post-acclimation. These results were observed despite a
higher hyperthermic strain on day 1. As with the data from the current study there was also
no correlation between serum SIOOp concentrations and peak rectal temperature. In
addition, there was also no relationship between the acclimation-induced reductions in core
temperature and the SIOOp response (r=0.10) (Cheuvront et al., 2008). The findings ofthe
current study support the recent literature that elevations in S100P are not body-

temperature dependent.

6.5. Conclusion

It has been suggested that ischemia-induced impairments in blood-brain barrier integrity
elevates serum S100P concentrations. Cooling the neck region has been proposed as a way
to maintain the integrity of the blood-brain barrier which could have performance benefits.
Data from the current study show that the performance benefits gained by cooling the neck
during exercise in the heat can not be attributed to a cooling-induced attenuation of the

S100P response as concentrations were unaffected by the collar.
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Chapter 7: Short-duration neck cooling whilst running does not

improve time-trial performance in the heat
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7.1. Introduction

Data from the study presented in Chapter 4 and from other studies have consistently
demonstrated that exercise perfonnance is impaired in hot, compared to temperate,
conditions (Tucker ef a/, 2004; Tatterson et al, 2000; Tucker et al, 2004). Many studies
have indicated that there is an internal temperature of ~ 40°C above which exercise is
voluntarily terminated (Gonzalez-Alonso et a/, 1999; Nielsen et al, 1993); however, it is
likely that it is the obtaimnent of a high hypothalamic, rather than body, temperature that
ultimately limits exercise (Caputa ef al, 1986). The temperature of the brain is primarily
dependent on the temperature of the carotid blood that supplies it (Baker, 1982). Many
animal species are able to lower the temperature of the blood reaching the brain below that
of'their body via a mechanism called selective brain cooling (Baker, 1979) and most do so
due to the presence of a carotid rete (a network of medium-sized arteries which lay in a

lake of venous blood) in either the cavernous sinus or in the pterygoid plexus.

Anatomical reviews and direct cooling interventions in anesthetised humans suggest that
humans do not have the ability to selectively brain cool (Brengelmann, 1993; Shiraki et al,
1988) although mathematical modelling studies have suggested that peripheral brain
temperature can be reduced by the application of a cooling device (Sukstanskii &
Yablonskiy, 2004; Zhu, 2000). Nybo et al (2002) reported that during 40 min of exercise
in which participants cycled while wearing water-proof attire to produce a heat stress the
temperature of the jugular venous blood was always greater than the temperatures
measured at the oesophagus and aortic arch, demonstrating that the cerebral temperature
exceeded that of the body’s core throughout exercise. Although it seems unlikely that
selective brain cooling occurs in humans (Brengelmann, 1993), it has been proposed that
artificial cooling ofthe carotid blood, via external cooling devices, may be able to reduce
the temperature ofthe carotid blood (Caputa, 2004; Gordon ef a/, 1990; Zhu, 2000) and, in

turn, possibly mimic the selective brain cooling mechanism.

Cooling the neck region via water-perfused garments has been shown to reduce
cardiovascular and thermoregulatory strain during exercise in hot conditions in some
(Palmer et al, 2001; Shvartz, 1970; Shvartz, 1976; Watanuki, 1993) but not all (Nunneley
et al, 1971) studies; however, only one study has investigated the effect of cooling the
neck region via a water-perfused garment on exercise performance in the heat. Palmer et
al (2001) reported that cooling the head via a water-perfused hood during 60 min of seated

rest followed by 30 min of submaximal treadmill running (60% V02max) improved
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subsequent 15 min time-trial performance in a hot environment (32°C; 55% rh) by 2.3%
compared to cooling at rest and by 3.3% compared to no-cooling. The head-cooling
intervention reduced rectal temperature and improved thermal sensation but had no effect
on heart rate or ratings of perceived exertion. Water-perfused garments can alter the
physiological response to exercise and improve exercise performance in a hot
environment; however, cooling mechanisms are impractical in a sporting setting and so

more practical alternatives have been investigated.

In Chapter 5 the application of a practical neck-cooling device was shown to improve 15
min time-trial performance in the heat when applied during a 90 min preloaded time-trial
by ~6 %. It was demonstrated that the lowering of neck temperature had no effect on core
temperature, heart rate, sweat loss or fluid consumption but did alter the rating ofperceived
exertion (RPE) (Borg, 1982) and perception of thermal comfort. Participants felt
significantly cooler with the application of a cooling collar and were able to cover
significantly more distance with the cold collar (3,030 = 537m) compared to no collar
(2,884 £ 571m; P = 0.041). It is worth noting that the collar significantly lowered mean
neck temperature during the early 