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Summary

The primary objective of the first three studies was to provide an indirect assessment
of the properties of garments designed for wear in cold environments using human
trials. The study design incorporated a specific protocol that allowed for evaluation of
specific garment properties, based on physiological and subjective responses. Based
on some interesting trends in VO, response that were noted in the earlier studies, the
fourth study aimed to determine the effects of cooling on the VO response to

exercise in moderate and heavy intensity domains.

The first two studies compared the performance of three garments that differed in the
degree to which they were air-permeable: high (HP), medium (MP) and low (LP)
permeability. The studies were conducted in two sub-zero environmental
temperatueres, against a constant wind speed. The protocol consisted of a 30 min rest
period followed by 30 min of brisk walking on an inclined treadmill. The results
suggest that HP was the least favourable garment in the imposed conditions, based on
higher values for ratiug of cold perception (RPC) and elevated VO, (indicating a more
marked shivering response)}. Furthermore, it appeared that MP was the most effective
of the suits, despitc having a greater air permeability than LP. This indicates that
factors other than wind resistance properties may have a significant effect on garment
performance in this particular environment, taking into consideration duration of

exposure, ambient temperature, wind-speed and physical activity status.

The third study compared the wicking capacity of four garments (polyamide/nylon,
capilene polyester, polyester and cotton), designed [or wear as a base-layer, that

varied in their physical properties and physical characteristics. It is recognised that
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evaporation of sweat taking place after cessation of exercise in the cold will cool the
body, during a period where heat preservation is especially important. The design of
the present study incorporated a 20 min exercise period, followed by a subsequent 45
min rest period in cool environment (1° C), during which the garments were
cvaluated. Lower RPC valtues and a tendency for a lower VO, during rest, indicated
that the polyester garment, which combined good wicking qualities with a high
thermal resisltunce, was superior {0 the other garments in ils capacity at offsetting heat
loss. The results do not imply that heat transtfer was prevented by the favourable

garmeni, but rather that it was diminished io magnitude.

The principal aim of the final study was to investigate the inﬂu.ence of bady cooling
on the VO, responsc to cxercise abave and below the lactate threshold, employing
square-wave cycle-ergometer exercise transitions for the two intensity domains. The
design also allowed for determination of the influence of sub-normal temperatures on
incremental cycling performance. The results showed that the induced cooling had
detrimental effects on maximal aerobic performance. VO, during moderaic constan(-
load exercise was significantly elevated following cooling; a similar effect, however,
was observed only during the initial stages of heavy intensity constant-load exercise.
Furthermore, the characteristic VO, slow-component observed during constant-load
exercise above the lactate threshold remained unaltered by sub-normal temperatures.
The results suggest that a graded suppression of shivering occurs with increasing
cxeteisc intensity. Furthermore, the findings indicate that temperature is likely to

coniribute to the slow-component of VO, by only a trivial amount.
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Chapter One

General Introduction

.t A;é&:f.;'.é?{**.:




General Introduction

Extremes of ambient temperature present a serious challenge to humans. Body
temperalure homeostasis has been shown to be maintained better in temperate rather
than cold environments. That is, while and although humans can live and function in
cold environments, their limited physiological adaptive capacity places them at a
distinct disadvantage. The biologist P.F. Scholander was the first 10 refer 1o humans as
“tropical animals” (Edholm 1978), basing his classification on the fact that their
critical temperature (defined as the environmental temperature below which metabolic
rate starts to increase in order to maintain body temperature) is that ot a tropical animal
(Keatinge 196G9), It is important, therefore, that humans are able to protect themselves
during exposure, especially when the thermal gradient that exists between the body
and the environment favours the loss of heat from the body. A number of physiological
thermoregulatory mechanisms help in maintaining a tightly regulated core
temperature. In reality, however, the ability to withstand the cold for anything other
than very short periods is far more reliant on technelogical and behavioural, rather

than on physiological, strategies.

The physiological response to cold stress and the influence of garments

Two principal physiological responses aim to prevent, or at least reduce, the rate of
heat loss during exposure (o a cold environment. With the exception of the head,
constriction of superficial blood vessels increases fissue insulation, by redirecting
blood flow into deeper blood vessels (Burton and Edholm 1955; Haymes and Wells
1986). This adjustment (controlled by the sympathetic nervous system) creates a cold

“shell” that surrounds a warmer core within the body, and etfectively minimises heat




loss by reducing the temperature gradient {and hence, heat flux) between the body and
the surrounding environment. Although important as a line of defence against heat
loss, circulatory responses to cold can increase overall body insulation only by
approximately the equivalent of 1 clo unit (defined as the thermal insulation necessary
to maintain comfort in a resting human at an ambicnt temperature of 21° C and a
humidity of less that 50 %) (Burton and Edholm 1955). At maximal degrees of
vasoconstriction, when the body can no longer prevent a decrease in core temperature
by minimising heat loss, an increase in metabolism occurs. Shivering, characteristic
for its intermitteni nature, raises mefabolic heat production. At rest, shivering can
increase metabolism to at least 2-3 times the resting value (Ward 1975; Haymes and
Wells 1986; Lloyd 1986; Shepard 1993). In severe temperatures, resting metabolism
may increase as much as 5-fold, especially in thin individuals (Tikusis ct al. 1988,
Tikusis et al. 1991). Unfortunately, some of the heat gain duc to shivering is lost
consequent to the muscular contractions, as there is no way of preventing a partial

reversal of cold-induced vasoconsiriction.

Clothing assists in the prevention of heat loss by increasing the total insulation of the
body. Garments constitute part ol the environmenial barrier, and creale a
microenvironment between the body and the surrounding environment. Furthermore,
clothing considerably influences the energy exchange between the body and the
ambient environment, thus modifying thermoregulatory adjustments for maintenance
of homeothermia (Gonzalez 1988). Unlike skin, which is considered to be (he integral
connection in the interaction between body and cavironment, clothing 1s largely a
passive medium in the regulation of thermal energy processes between the two

(Gonzalez. 1988). The correct selection and usc of garmeats are extremely important




for effective thermoregulation and control of the microclimate, and a number of factors
must therefore be considered when making a selection of garments. Apart from
prevailing ambient temperature, variables such as physical activity (including its
duration and intensity), wind and precipitation should zll be taken into account when

choosing clothing for the cold.

Metabolic heat generated through physical activity appears desirable in the cold, as it
may offset heat loss. It may, however, have potentially deleterious consequences in a
period of subsequent rest, when exercise thermogenesis no longer contributes to
thermal balance. A thermal imbalance favouring heat production against its dissipation
during activity (caused many times as a result of overdressing for exercise in the cold}
will incrgase core temperature and initiate sweating. Typical outdoor winter activities,
such as hiking at a moderate pace with a daypack or cross-country skiing, could raise
the core temperature by as much as 4° C-howr, were the heat not be dissipated
(Dickinson 1995). Folk (1974) has reported the case of a soldier who participated in
the 1965 Operation "Polar Siege”. The average ambient temperature encountered was -
40° C and yet the soldier was admitted to hospital with heat exhaustion. It is therefore
remarkably easy and common {0 overdress [or activity in cold weather and thus to

sweat needlessly.

Sweating can be dangerous when combined with inaclivily in a cold environment that
is subsequent to physical activity. Moisture accumulation in a garment will cause it to
feel cold and uncomfortable since heat is lost at rates 25 times greater through water
than air (Keatinge 196Y; Haymes and Wells 1986). Increased contact of a wet garment

with the skin also increases chilling and clamminess {Gonzalez 1988). Furthermore,




the clothing loses some of its insulative value and, hence, its ability to impede heat
dissipation (Pascoc ct al. 1994a). Holmer and Gavhead (1991) have reported losses in
insulation of up to 50 % during trcadmill exercise in sub-zero environments,
attributable largely to the amount of sweat secreted. The intrinsic insufation of the
garment is modified by contact with wet skin and/or condensation of sweat on the

inner surface due to microclimate saturation (Candas and Hoeft 1995).

Furthermore, when the moisture generated by sweating remains in contact with the
surface of the body, evaporation takes place. This is generally acknowledged to be the
most important mode of heal loss in the ¢old, during inactivity that follows exercise of
sufficient vigour to produce sweating. Cooling occurs at the site of evaporation (i.e.
the skin) when heat is lost in the process of evaporating the moisture accumulated
("latent” heat) (Burton and Edholm 1955). Consequently, garments that can transfer or
"wick" away moisture from the skin {to be evaporated on outer layers of clothing, thus
conserving body heat) are of great importance in preserving body heat. The moisturce
that 1s evaporated at the skin condenses in the clothing, wicks to the surface of the
clothing, and is re-evaporated there. Hence, only a fraction of the heat required [or
evaporation has actually coine {from the body (Burton and Edholm 1955)-. The potential
danger, however, is the possibility of condensation occurring in outermost clothing
layers. If this moisture is not evaporated, the clothing becomes very wet, and ice or
frost may form. Subsequently, the garment becomes heavy and stiff and its insulation
may deteriorate (Lotens 1987). Dickinson (1995) has identified four qualities that arc

imporiant when considering the reaction of a fibre to moisture (Table 1.1),




Table 1.1: Garment qualities important for fibre reaction to moisture.

Garment Property

1. Ease of wicking action — i.e. the transfer of moisture from the body surface to the
material (hydrophilic) or the transfer of moisture from the surface of the body
across itself (hydrophobic) to the outer layers of clothing,.

2. Evaporative ability or rate of drying.

3. Moisture regain — the amount of moisture a material can absorb before it feels cold.

4. The degree of insulation a material loses when it becomes wet.




As well as the wicking ability, insulation is aiso one of the principal requisites for the
clothing layer next to the skin. Polyesters possess all the necessary requirements and
best satisfy the needs of this layer. They are poor conductors (thereby good insulators),

and are designed for moisture iransfer and sofiness of Teel (Dickinson 1995).

An important consideration for the protective layer is its resistance to wind. In the
presence of moving air, heat is lost by convection. A large part of the insulation that a
clothing ensemble provides is due to entrapped air layers and the clothing outer surface
layer (Burton and Edholin 1955; Havenith ct al. 1990). Any disturbance of entrapped
air and outer surface layers will have considerable effects on garment insulation.
Surface air insulation is first reduced with the introduction of wind, and thereafter the
insulation due to the trapped air is diminished - either by reducing the amount of air
present or causing conveetion within (Niclsen ct al. 1985). A 4 kmrhour” wind can
almost double the rate of heat loss from a resting subject and reduce the clothing
insulation to approximately 35 % of its initial valuc, When combined with exercise,
the detrimental effects caused by wind arc exacerbated (Belding et al. 1947; Burton
and Edholm 19355; Pugh 1966; Olesen and Madsen 1983; Nielsen et al. 1985; Havcnith
et al. 1990). lu a cold environment (-20° C), exercising in a 15 km-howr™ wind can
increase heat-loss rate by up to four times, compared to rest. Pugh (1967) reported that
a combination of exercise, wind and wetting reduced the effective insulation of a
typical clothing assembly to one tenth of the value determined in dry, still conditions.
Wind can penetrate the outer garments and disturb trapped air layers, thus augmenting
convective heat loss. Loose-fitting clothing will also increase convective heat loss,
since air can be “pumped” through the clothing with a bellows-like action through

openings at the neck, waistband, sleeves, ankles and pockets (Dickinson 1995). An




“interpal wind” - caused by movement of the body - can also greatly reduce the
insulation of the clothing (Burton and Edholm 1955; Holmer and Gavhed 1991). As
will become evident, ventilation within a clothing system can actually be beneficial in
certain situations where additional ventilation is required to enhance heat loss from the
microclimate. For instance, during moderate or high intensity physical activity,
sweating must be reduced to a minimum to prevent wetting of garments. It is prudent
therefore to increase ventilation of the microclimate (by adjusting Tastenings, zips
ete.), rather than to rely solely on the breathability of clothing material. The key is to
be able to selectively control the amount of heat loss by both evaporation and

convection.

Any multi-layer clothing ensemble (Fig. 1.1) consists of an underlayer, designed to be
worn next to the skin and maintain a comfortable microclimate, and a protective
outerlayer, whose main function is to prevent rain and wind from penetrating it. A
further (intermediate) layer is required, whose principal role is o control heat escape

through convection and conduction and provide (urther insulation (Dickinson 1995).




Components of a Important properties

multilaycr clothing cnscimble relating to cach layer
Baselayer Insulation

and wicking ability

Insulation layer Insulation

and sclective ventilation

Protective layer Protection from wind and mojsture

Figure 1.1: The main components and properties of a multi-layer clothing ensemble.

The total insulation of any ensemble is equal to the sum of the insulative properties of
the trapped air layers and the fabric itself., When protection (rom wind and rain is not
required, the insulation layer may also be the cutermost layer. Contemporary materials
eliminate the need for bulky and cumbersome clothing, which otherwise add extra
weight and thus increase the effort required tor a given task. Arctic clothing, for
instance, can add up to 10 % to the metabolic cost of walking or running (Pascoe et al.
1994b). Furthermore, it has been shown by Lotens (1987) that each kg of clothing
donned will increase the energy cost of walking by approximately 1.3 %.

Consequently, exhaustion s reached faster and pcak performance is lowered.

New advances in the design and technological performance of fabrics and garments are
now being considered in the context of the physiological responses of the human body,
in order to provide optimal protection during situations of cold stress. Pascoe et al.
{1994a) have argued that “although manikins approximate human thermoregulatory

responses, the ultimate validation of any clothing ensemble relies on testing with




humans under actual conditions of intended use”. That is, many evaluation techniques
are only meauingful with human trals, especially those concerned with body
movement and thermal sensation (like cold perception/comtort and shivering).
Ultimately it is the wearer who decides whether a garment - or a system of garments -

is effective or not in the imposed conditions,

The purpose of the first three studies in this dissertation was therefore to evaluate and
compare certain properties of a series of garments with reference to the influence they
exerted on the thermophysiological responses of humans during cold exposure. In
particular, Studies I and IT aimed to assess three different clothing ensembles in terms
of how permeable they were to wind. The design of the studies incorporated a period
of rest followed by exercise and garments were evaluated according to physiological
and perceptual responses of participating subjects. Study III, on the other hand,
indirectly compared the wicking capacity of four basc layer garments. The garments
were evaluated during a period of rest that was subsequent {0 exercise, introduced to
generate sweating in subjects and, hence, moisture accumulation on the skin and in the

garments.

Oxygen uptake kinetics in exercising humans

A paralle}l concern in the context of perforinance in the cold is the extent to which
metabolism responds to, and can compensate for, challenges to body temperature. For
sustained physical aclivity in the cold, the body's ability to transport O, from the
atmosphere to be used as a terminal oxidant in the mitochondrial electron-transport
chain is crucial in establishing the tolerable duration of a particular task. An invaluable

frame of reference for evaluating O (ransport and utilisation in the cold is provided by

10




the response characteristics of pulmonary O, uptake (\702) (and related
cardiorespiratory responses) under normothermic conditions. In order to draw
inferences about the physiological control of Voz, the response is best characterised in

terms of its kinetics and amplitude at different exercise intensities,

Moderate-intensity exercise

In this context, it is now widely acknowlcedged that three intensity domains are
usefully recogniscd, demarcated by the lactate threshold (0p) and the usymptote of the
power-duration relationship (W,). The domain of moderate exercise encompasses all
work rates below the lactate threshold i.e. without the induction of sustained metabolic
(lactic) acidaemia (e.g. Whipp and Ward 1990). For constant-load exercise within this
region, the increase in V0, is best described as being monoexponential (e.g. Whipp et
al. 1982; Hughson et al. 1983; Cerretelli and DiPrampero 1987) (Fig.1.2 bottom

panel).

Hill and Lupton (1923) were the first to recognise that VO, increases rapidly with first
order kinetics and in healthy individuals achieves a steady state within 3 min (i.e., the
time-constant v, is approximatcly 45 sec). In this intensity domain, T does not vary
appreciably between work rates (e.g. Whipp 1987). The off-transient VO, time
constant is also remarkably similar to the on-transient (Paterson and Whipp 1991). The
traditional view of IIill and Lupton (1923} of a mono-exponential rise beginning
without delay at the onset ol exercise was challenged by Whipp et al, (1982) who,

using breath-by-breath measurements of VO,, identified thal the mono-exponential

- .
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Figure 1.2: The responses of VO, (0 square wave changes in WR above and below the
lactate threshold. The sub-threshold response is well characterised by a mono-
exponential function (bottom panel). The supra-threshold response becomes more

complex with at Jeast two exponentials needed for adequate characterisation (top panel).

(Paterson and Whipp 1991).
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process does not begin until a short period of time (i.e. 15-20 sec) has elapsed (phase =
I). Altogether, three scparate temporal phases have been shown to characierise the

Vo, response to constant-load moderate exercise (Fig. 1.3).

B R e L

R AT e a4 e

Figure 1.3: The temporal components of the Vozon-responsc (< Q) (Barstow et al.

1990).

The distinct temporal phases of the VO, on-response reflect the underlying physiology 2

of the transient phase. Phase I is the early, usuvally rapid response and its duration

represents the civeulatory transit delay between the exercising leg muscles and the
lungs. Increases in VO, in this delay-like component have been principally attributed

to augmented cardiac output and hence pulmonary blood flow, with possiblc minor

contributions from changes in Iung stores and mixed venous O, content (Krogh and

[PYTIPRNPE < COM L WYY

Lindhard 1913). Phase 11 is initiated by the arrival of venous blood from the exercising
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muscle at the lung, and gas exchange is supplemented by the influence of the altered
Cv(m)Q; on CvO;,. This event is of course delayed. It has been argued that pulrﬁonmy
Vozin phase 1 closely rellects musclt:\-z’oz. This is supported by modelling studies
and also by the good temporal correlation between phase I pulmonary VO, changes

(Barstow et al. 1990) and changes in PCr concentration within the exercising muscie
{Barstow et al. 1994; Rossiter et al. 1999). For constant-load (i.e. square-wave)

exercise below the lactate threshold, the muscle QO; response is mono-exponential,
like the pu]monarf VO, response (Grassi et al. 1996). Barstéw ct al (1990) modelled
the relationship between the QO, time-coustant and the phasc IT ‘?Oztimc-constam,
and concluded that the difference between the two was likely to be less than 10 % for a
wide range of cardiac output changes. Finally phase III represents a steady-statc in
terms of the vOQresponse, whereby in the domain of moderate intemsity, the
VDZ-WR'I gain is normally within the region of 9-11 ml Oy W' min (Whipp and

Wasserman 1972; Whipp 1987).

Heavy-intensity exercise

The lowest WR at which there is sustained lactate elevation in the blood (where blood
lactate production exceeds its rate of removal) represents the initiation of the heavy
exercise domain. The VoO,response within the heavy exercise domain becomces
appreciably more complex, displaying time- as well as amplitude-based non-lincarities
(Paterson and Whipp 1991). Above 0y, the response is no longer well described as a
mono-exponential function. An additional component of V0,is superimposed upon
the' underlying kinetics (and, hence, the mono-exponential rise) (Fig. [.2) and this

represents an excess VO,above that predicted from sub-threshold work rate

14




considerations (Whipp and Wasserman 1972; Linnarsson 1974). Because this
superimposed component is of delayed onset (imitiated some minules into the test), it
has been termcd the "slow component”. The slow component is manifested above 0y,
irrespective of the absolute metabolic rate at which this occurs. Time to steady-state is

delayed and when Vo,does eventually stabilise, the AVO, (o AWR™ is increased

markedly compared to the modcrate intensity work domain. Values of approximately
13 ml'min” W™ are not uncommon during tests of 10-15 min duration (Roston et al.
1987; Whipp 1987). Findings regarding the characteristics of the early component at
these heavy wark rates indicate that its kinetics remain exponential and that it projects
to a steady-state level that gives the same VO, WR™' gain as for sub-threshold
exercise. There is disagreement, however, between investigators on the valuc of the
phase (I time-constant {t). Paterson and Whipp (1991) concluded that above 0, the
time-constant is slow when compared to that of moderate intensily work, whereas

Barstow and Mole (1991) found 7 to be unchanged.

The mechanisms controlling the kinctics of the slow \?Ozcomponent (that can cause
V0,10 climb inexorably to its maximum) are still poorly understood. Hypotheses
compete as to whether its origin is in the exercising limbs or the rest of the body. A
number of fuctors have been postulated to contribute to it. Various indirect approaches
have highlighted lactate, epinepbrine, cardiac and ventilatory work, temperature, a
reduction in chemical-mechanical coupling efficiency, less efficient mitochondrial P-

O, coupling and the recruitment of the lower-efficiency type II muscle fibtes as

possible contributors.




Exercising limbs, lactate, epinephrine and pulmonary ventilation. Poole et al. {1991)
measured leg and pulmonary vozsimlﬂtaneously during cycle ergometry, and
demonstrated that beyond the third minute of exercise approximately 86 % of the
increment in pulmonary Vogcould be accounted for by the increase in leg VOQ. This
observation indicated that the majority of the slow-component may be accounted for
by the increasing oxygen consumption within the working musculature. It has also
been shown that the magnitude of the slow component is highly correlated and related
guantitatively to the rise in blood lactate during exercise (Roston et al. 19.87; Poole et

al. 1988). Wasserman et al. (1991), however, contended that it was not the lactate per
se, but rather the accompanying acidosis that caused the VO,to increase above its
predicted value during heavy exercise. Pasma epinephrine concentration has been
shown (o increase considerably during heavy and severe exercise (coinciding with the
appearance of the VO,slow component) (Poole et al. 1988; Gaesser et al. 1994) and,
thus, has also been considered as a possible mediator for. the slow component. Finally,
although the O; cost of respiratary work required to increase pulmonary ventilation
has been proposed as a possible contributing factor to the progressive rise in VO, at
work rates above O, investigation has shown that the contribution can only be trivial

(Gaesser and Poole 1996).

Temperature. Core and muscle temperatures increase during exercise. It is possible
that via the Qg effect, the increase may contribuie to the progressive rise in
Vo, during exercise above O;, (Gaesser and Poole 1996). The Qg effect is a

temperature coefficient that expresses the thermal dependence of investigated

variables, and is described by the following equation:
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Quo= (Ry/R)' "2 (Equation. 1.1)

R, and R; are the rates of any given mechanical or chemical process, which can be
measured at temperatures T, and T, respectively (T; being higher than T:) (Ferreiti et
al. 1992). The equation simply describes the relative change in the rate at which a
process takes place following a 10° C increase in local temperature. It is based on the
law of Arrhenius which states that the rate of various enzyniic reactions und the level
of resting metabolism is decreased 2- to 3-fold for every 10° C decrease in local tissue
temperature. The Qyo is a descriptive tool and does not imply any biochemical and/or

mechanical process and/or limitation.

The Qup effect in the working musculature has the potential to increase the Vozby 3-
10 times, if we take into account the fact that the Qo increases VO, proportionally to
the attendant metabolic rate. By further deduction, increased temperature may be
associated with the \'fogslow componcut, since the majority of the stlow component is
understood to arise within the working muscles, and any effect of temperature will
certainly predominate in these. Poole ct al. (1991) have estimated that a 1° C rise in
temperaturc may cause approximately a 10 % rise in Vozif a Qo of 2.5 is assumed.
Results revealed that this could amount to a sizeable figure for exercising muscles (in
the order of 270 ml'min™) - assuming that the observed 0.8° C rise of leg vein

temperature accurately reflecied muscle temperature.
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The increased muscle temperature may also compromise P-O; coupling efficiency
(Willis and Jackman 1994), thereby decreasing overall muscle efficiency and
increasing O;-cost of work. A 37 C risc in temperature within the muscles could result
in a 10 % reduction in the efficiency of coupling of Vogto ATP production (ADP/O
ratio) and thus contribute to the slow component. Several contra-indications exist,
however, that weaken the efficacy of the hypothesis. Poole et al. (1991) have reported
of “many observations of stable pulmonary VoO,in the face of rising body (and
presumably muscle) temperatwre”. Findings by Koga et al (1997) were also
inconsistent with the hypothesis that an exercise-induced Increase in muscle
temperature may be an underlying mechanism contributing to the slow component of
VO, during heavy exercise. Elevated muscle temperatures (which would have been
expected to increase O, delivery and off-loading to the muscle via a rightward shift of
the oxyhemoglobin dissociation curve) had no appreciable effect on the time-constant
of the VO, kinctics. Furthermore the increment in Vo, between 3 and 6 min (AVO, (.

3y) during heavy exercise, was slightly but significantly smaller when elevated muscie

temperatures were induced.

Motor unit recruitment. The _likeliest explanation for the underlying mechanism(s) of
Vo,slow component — as well as the most plausible — appears to lie in the study of
muscle fibre {motor unit) recruitment pattern during cxcrcise. Shinohara and Moritani
(1992) have demonstrated a positive correlalion between the integrated
electromyogram (iIEMG) and Lhe rise in pulmonary V0, (between 4 and 7 min) during
high-intensity cycle ergometry. Since the iEMG largely reflects the changes occurring

in motor unit firing frequency and/or recruitment patterns, it can be deduced thal the
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siow component may be due to recruitment of further motor units - particularly fast-
twitch ones. The energetic differences between slow- and fast-twitch fibres have been
well documented, with Type II tibres having a higher energy cost of contraction and a

slower time-constant (Gaesser and Poole 1996). Coyle et al. (1992) demonstrated a
strong correlation between constant-power exercise VO,and percentage of fast-twitch
fibres in participating athletes, and concluded that a lower cycling efficiency (reflected

by high VO, cost) could be finked to a larger proportion of fast-twitch fibres.

Influence of reduced muscle temperature on O, uptake Kinetics

To date, a limited number of studies have specifically looked at the influence of a
reduction in muscle temperature on the oxygen kinetics during exercise {Beelen and
Sargcant 1991; Ishii et al. 1992; Shiojiri et al. 1997). Confounding results have been

reported.

Ishii et al. (1992) showed that the temporal kinetics of the VO,on-response were not
significantly alfected by cooling their subjects. Although muscle blood flow was
arcatly reduced and its kinetics slowed, the Vozkinetics were not affected. With
regards to a possible mechanism behind the unaltered temporal VO,kinetics, the
investigators proposed that the recruitinent ol a grealer muscle mass might
counterbalance the expected slowing of the kinetics. Beelen and Sargeant (1991) also
demonstrated unchanged temporal kinetics; VO,, however, during constant-load
exercise that followed the pre-cooling period was slightly, but significantly, higher
than the control situation after 3 min. The absence of a shivering response led the

investigators to conclude that the increase in steady-stale VO, was associated with the




additional energy cost of metabolising the larger amount of lactate, observed in the
blood during cold conditions and is concomitant with the link between lactate and the
slow component. It cannot, however, explain the unaltered kinetics at the onset of
exercise (where a slowing would have been expected had there been a greater reliance

on anaerobic energy).

Shiojiri et al (1997) performed similar experiments by cooling their subjects and found
a slowing of the VO, temporal kinetics, evidenced by a longer time constant for cold
conditions compared to normothermia. In examining phase I, the investigators reported
a significantly greater duration, as well as lower amplitudes for Vo,and V0,/HR in
cooled conditions. A concomitant slowing of oxidative reactions due to the
tcmperature-dependent reduction in enzyme activity and/or poor oxygen supply

because of reduced diffusion rate were proposed as possible causes of the slowed
Vo, on-tesponse (Shiojiri et al. 1997). None of the investigations referred to above

addressed the impact of cooling on the \}’02 slow componcnt.

It is evident that findings on the temporal aspect and magnitude of the VO, response to
constant-load excrcise at sub-normal tcmperatures are equivocal, The final aim of this
research, therefore, was to investigate the influence of cooling on aerobic performance
during constant-load exercise in humans. Study IV incorporated progressive exercise

tests to exhaustion, in addition to constant-load exercise tests of moderate and heavy

infensity,
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Chapter Two
(Study I and Study Ii)

The influence of garment air permeability on

physiological and perceptual responses to cold stress
during rest and exercise.
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Introduction

Clothing constitutes one of the most important forms of protection man has against a cold
environment, in view of the limited capacity humans have in adapting significantly in
their physiological response to the cold (Dickinson 1995). Variables such as ambicnt
temperature, the presence of wind and activity status should be taken into consideration in
the correct choice of garments. The introduction of wind to a specific environment, for
example, has been shown 10 reduce total insulation by decreasing surface air layer
insulation (Iaymes et al. 1982; Nielsen et al. 1985; Havenith et al. 1990), thereby
increasing the clothing insulation requirement. Exercise may further facilitate this effect,
and indeed it has been shown that wind, combined with body movement amongst other
factors, significantly lowers garment insulation (Belding et al. 1947; Burton and Edholm
1955; Pugh 1966, Olésen and Madsen 1983; Nielsen et al. 1985; Havenith et al. 1990).
The following two studies (Study I and Study 1) aimed to compare the performance of
three different outdoor clothing ensembles which varied in their degree of wind
permeability, in cold and windy environmental conditions. The ensembles were of high
(HP), medium (MP) and low permeability (LP). The design of the study incorporated a
period of rest followed by exercise, in order to provide a realistic evaluation ol the
garments (using phystological and subjective responses of participating subjects) under
conditions of intended use. Furthermore, by utilising this protocol, the influence of the rest

period on the performance of the garments during exercise was assessed.




Methods

Subjects

Eight and ten malc subjeets participated in studies 1 and 1I respectively, both of which
were approved by the University Ethics Committee, The subjects were all involved in
regular physical activity at tunc of participation in the study and gave their informed
consent. Their characteristics are as follows {mean + s.d.): age 21.5 + 1.6 vears, body
mass 68.9 + 7.3 kg, height 1.77 £ 0.04 m and percentage body fat 11 & 3 (Study I); age
22.2 £ 1.6 years, body mass 79.5 + 9.8 kg, height 1.81 £ 0.07 m and percentage body fat

12 £ 3 (Study 11).

Design

The two studies differed only in the environmental temperature at which they werc
conducted. For each study, subjects participated in three identical tests conducted at least
onc week apart - one test for each suit. Tests were carrted out in an order based on a latin
rectangular design to tey and minimise any "learning"/acclimation effects that could arise
from always beginning with the same suit. Testing took place in an environmental
chamber at ~6.0° C (Study I) and —10.0° C (Study If). Three fans generated a 4.5 m-sec’

wind, which was standard in both studies.

Each test consisted of twa discrete periads, rest followed immediately by exeicise, during

which subjects walked on a treadmill (Powerjog GX100, Sport Engincering L,
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Birmingham, UK) set at 6 kmhr! on a 10 % incline. Each period lasted 30 min. All three
tests for each subject were carried out at the same time of day, to minimise any differcnces
that could occur in core temperature and other physiological responses due to diurnal
variation (Lloyd 1986; Haymes and Wells 1986). Subjects were instructed to refrain from
eating for at least three hours prior to each fest as it has been documented that the
ingestion of food is associated with changes in the diurnal pattern of rectal temperature

(Tampietro et al. 1957).

Suits
Experimenters and subjecls were blinded as far as possible as to the suit characteristics
untif completion of the whole study. Sumits were labelled as P, LP and MP. Suit

characteristics are presented in Table 2.1.

The suits were provided in different sizes to ensure a goad fit for cach subject and were
similar in their cut and design. Subjects were provided with a sct of standard
undergarments, as well as a hat and gloves. The hat minimised heat loss from the head -
which can amount to 50 % of resting values (Froese and Burfon 1957) - and gloves
protected the hands, since their large surface area to mass ratio favours cooling (Spealman

1949).
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Table 2.1: Physical properties and characteristics of suits.

Suit  Thickness “Thermal Air Pc;mcability Label Specifications
(mnm) Resistance (cesec™h)
(Km™W™)
HP 0.49 158 x 107 31.0 75% cotton, 25%
polyester;
non-waterproof, water-
repellent finish
LP 0.43 14.3 x 107 0.6 synthetic woven outer,
knitted liner (PTFE),
waterproof, windproof,
breathable
MP 0.49 14.4x 107 11.8 - 100% cotton, synthetic

fillaments, ripstop,
non-waterproof,
windproof

water-repellent finish




Procedures

Upon arrival, each subject’s body mass and height were recorded. Percentage body fat
was estimaied using the skinfold method outlined by Durnin and Womersley (1974). A
thermistor was inserted 10 cm beyond the anal sphincter for measurement of rectal
tempeiature as being representative of core temperature (Tyr). Subjects were then seated in
a comfortable environmenl (approximately 21° C) while thermistors were attached to the
skin of the chest, triceps, thigh and calf on the right-hand side of the body for recording of
skin temperature (Ty). All thermistors were connected to a portable temperature logger
(KM 1242, Comark Ltd, Hertfordshire, UK). Following this, a HR monitor {Polar Sport
Tester, Polar Elcctro Oy, Kcempele, Finland) was positioned on the chest of the subject.
Once all test garments, including the hat and gloves (which conceualed the HR receiver
from the subject’s view) had been donned, and the head-set, noseclip and mouthpiece

positioned, the subject entered the climatic chamber.

Fach fest began with subjects sitting quietly on a chair pnsitinnéd on the treadmill (so they
would be exposed to exactly the same conditions - i.e. the impact of wind generated by the
fans facing them). They were instructed to keep their feet flat on the ground and their
hands on the sides of the treadmill. Subjects were required to sit in this position with no
movement throughout the 3G min period. While the subjects were quietly seated, various

physiological parameters were measured.

Following baseline temperaturce recordings at time zero (taken within approximaiely 1 min

ot entering the chamber), T'g, Ty, HR and cold percepltion ratings (RPC) (using a scale

20




modified from Gagge et al. 1969) were recorded every 5 min. Expired gas was collected
in Douglas bags (150 1, polyurethane, Harvard Apparatus Ltd, Kent, UK) for 5 min at 5,
15 and 25 min during the rest period. The Douglas bags were connected to the mouthpiece
using a 2700 valve, tubing and 2100 3-way stop cock valves, and were analysed (within 1
hour of completing each test) for oxygen uptake determination. O; content was measured
with a Servomex 570A Oxygen Analyser (Crowborough, UK) and a PK Morgan 801A
Carbon Dioxide Analyser (Morgan, Rainham, UK) determined CO; content. Gas volumes
were measured by a Packinson Cowan dry-gas meter (Cranlea, Birmingham, UK) and

corrected to standard temperature and pressure, dry (STPD),

Subsequent to the 30 min rest period, the chair was removed and the subjects began
exercise on the treadmill, the intensity of which was designed to represent a brisk hill-
walk. Recordings for Tr, Ts, HR and RPC were obtained every 5 min. Expired air was
collected for I min at 5, 13, and 29 min during exercise. Following each test, weighted

mean skin temperature (Tg) was calculated using the equation of Ramanathan (1964).

Statistical Analysis

Data are expressed as the mean * s.d. following a test for the normality of distribution.
The group s.d. is used in graphical representation of results to aid clarity, The group s.d. is
the pooled estimate of the common s.d. and represents the square root of the mean square
ervor. The data were analysed using Repeated Measures Analysis of Variance. Subsequent
follow-up Bonferroni-based Multiple Comparisons were carried out as appropriate

depending on whether only the Suit main effect was significant or whether the Suit-Time
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interaction was significant. Paired t-tests determined when, and in which direction, a
particular variable changed across time for cach suit. Statistical significance was declarcd

when P < 0.08.

Results

Study 1

During the rest period, \;’02 values for HP were significantly higher than those for LLP and
MP (Fig. 2.1). VOE increased progressively across the rest period for HP and LP, but only
displayed a significant increase at 25 min for MI’ (compared to the first value at 5 min).
Furthermore during rest, the environment exerted a greater influence on HP in terms of

RPC (Fig. 2.2), sincc valucs for HP were significantly higher than LP and MP. Values for

all 3 suits showed a progressive rise during the course of the rest period.

FExercise did not reveal any significant findings for the two variables discussed above.
V0, did not show any change across time during exercise for any of the suits - apart from
LP where VO, increased at the end of exercise compared the value obtained at 5 min into

exercise (Fig. 2.1). RPC values on the other hand, decreased progressively from end-rest

values for all suits upon initiation of exercise (Fig. 2.2).

Suits were not significantly different in terms of the Ty response during both rest and

exercise (Fig. 2.3). During the rest period, the decrease in Ty for MP was delayed when
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compared to respective declines of HP and LP. Suits exhibited increases in Ty values
{compared to values at the end of rest) during the second half of exercise and at the end of
exercise they were no different to baseline values (i.e. time zero). No discernible
differences were obscrved for suits in terms of Ty, cither during rest or excrcise (Fig. 2.4).
Like Tg, suits showed a progressive decline for Ta across lime during the rest period,
values decreasing from baseline within the first 5 min. No change from values at the end
of rest was observed for Ty during exercise, and end-exercise values were significantly

lower than baseline.

No differences were found among suits for HR during rest and exercise (Fig, 2.5). The rest

period induced no change in HR in any of the suits, since values remained at stable lcvels

throughout the 30 min. During exercise, HR progressively increased in all 3 suits.
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Figure 2.1: VO, (mean (s5.d.)) during rest and exercise for HP (@), MP (&) and LP (m)
(Study I). a: indicates a significant difference between HP and MP, b: indicates a significant
difference between HP and LP. *: indicates a significant change from 5 min (rest), T:
indicates a significant change from 5 min (exercise). The discontinuity in the time-axis (in
all figures) represcnts the time elapsed (approximately 30 sec) for the rest-to-exercisc

{ransition.

Figure 2.2: RPC (mean (s.d.)) during rest and exercise for HP (@), MP (&) and LP (W)
(Study I). a: indicates a significant difference between HP and MP, b: indicates a signilicant
difference between HP and LP. *: indicates a significant change from 5 min (rest), 1:

indicates a significant change from 5 min (exercise).
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Figure 2.3: Tr (mean (s.d.)) during rest and exercise for HP (@), MP () and LP (m)
(Study I). *: indicates a significant change from baseline (rest), T: indicates a significant

change from 5 min (exercisc).

Figure 2.4: Ty (mean (s.d.)) during rest and exercise for HP (@), MP (&) and LP ()
(Study I). *: indicates a significant change from bascline (rest), t: indicates a significant

change {from 5 min (exercise).
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Figure 2.5: HR (mean (s.d.)) during rest and exercise for HP (@), MP (&) and LP (m)

(Study I). T: indicates a significant change from 5 min (exercise).
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Study 11

Suits were significantly different for Vo,at 25 min during the rest period (Fig. 2.6). VO,
for HP was significantly higher than LP and MP at this time-point. During rest, VO, for
HP rose progressively across time, but only increased at 25 min for MP compared to value
measured at 5 min, The response for LP differed, in that VO, increased significantly at 15
min compared to 5 min, but the valuc at 25 min was no different to that at 5 min. No
significant differences were found among suits for the period of exercise, during which the
only suit to show a progressive increase in VO, across time was HP. Vo, values for LP

and MP remained unchanged from those measured at 5 min into exercise, throughout the

exercise period.

In terms of RPC results, HP produced the highest RPC values during rest, with MP
displaying significantly lower values than the other 2 suits (Fig. 2.7). During the rest
period, there was a significant increase in RPC values from 10 min onwards for all 3 suits,
compared to valucs observed at $ min. During exercise, RPC values for [IP continued (o
remain significantly higher than those for LP and MP. All suits displayed a signiticant
decrease from end-rest values within the first 5 min of exercise, and values at the end of
exercise (30 min) were significantly lower than the first ratings given at rest (5 min) for all

3 suits.

Tr was not discernibly different among suits during rest and exercise. Fig. 2.8 illustrates

the progressive decrease in Tr during rest and the concomitant increase during exercise
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that elevated Tgr to baseline levels. During the rest period, Ts values for MP were
significantly higher than those for HP and LP (Fig. 2.9). There was a progressive decrease
in Ty during rest for the suits, with all 3 suits displaying a significant decline from
baseline values, from 5 min onwards into the rest period. Significant differences among
suits were also found during the exercise period that followed from rest, with significantly
higher Tg values for MP than corresponding values for HP and LP. There was no
significant increase in Ty from end-rest values for any of the suits during exercise, and
therefore values at the end of the exercise period were significantly lower than baseline

for all suits.

As for Study I, there were no differences among suits lor HR, during both rest and
exercise (Fig. 2.10). HR values remained unchanged during rest for LP, and only
increased significantly at 30 min for HP and MP, when compared to values at 5 nin,
During exercise, HR rose progressively from values observed in the initial 5 min for all

suits.
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Figure 2.6: VO, (mean (s.d.)) during rest and exercise for HP (@), MP (&) and LP (m)
(Study II). a: indicates a significant difference between HP and MP, h: indicates a
significant difference between HP and LP. *: indicates a significant change from 5 min

(rest), T: indicates a significant change from 5 min (exercise).

Figure 2.7: RPC (mean (s.d.)) during rest and exercise for HP (@), MP (&) and LP (®)
(Study II). a: indicates a significant difference between HP and MP, b: indicates a
significant difference between HP and LP, ¢: indicates a significant differences between LP
and MP. *: indicates a significant change from 5 min (rest), T: indicates a significant change

from 5 min (exercise).
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Figure 2.8: Tg (mean (s.d.)) during rest and exercise for HP (@), MP (&) and 1.P (m)

(Study II). *: indicates a significant change from baseline (rest), t: indicates a significant

change from 5 min (exercise).

Figure 2.9: Ty (mean (s.d.)) during rest and exercisc for HP (@), MP (A) and LP (m)
(Study II). a: indicates a significant difference between HP and MP, c: indicates a
significant differences between LP and MP. *: indicates a significant change from baseline

(rest), T: indicates a significant change from 5 min (exercise).
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Figure 2.10: HR (mean (5.d.)) during rest and exercise [or HP (@), MP (&) and LP (H)

(Study ). ¥: indicates a significant change from 5 min (exercise).
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Discussion

The results of the two studies indicate that HP is the least effective of the 3 suits in
offering protection against the imposed environment, taking into consideration the
duration of exposure and allernating activity status of subjects. Furthermore, the findings
appear to suggest the preferential use of MP in the specified environmental conditions.
The physiological adjustments evoked in response to the combined effects of cold and
wind, alongside the subjective perceptions for each of the suits, allow ccrtain conclusions

to be drawn regarding suit performance.

Higher VO, values were found for HP during the rest period compared to LP and MP for
Study I, although all suits displayed a progressive rise in VO, across rest (Fig. 2.1). HP
was the only suit to exhibil a progressive increase in Vo,for Study II, and was

significantly higher than LP and MP in terms of V0,at 25 min (Fig. 2.6). The increase in

VO,is likely attribuiuble to an increase in muscle tone (or “preshivering”) and/or
shivering, called upon by the body when vasoconstriction is maximal and it can no longer
protect against a decrease in core temperature. Although shivering was not quantified
directly in these studies, overt shivering was visible in some subjects, especially in the
torso and upper body. Shivering is the only means by which the body can increase heat
production in attempt to preserve Tr once vasoconstriction reaches upper limits. Limb

blood flow has been shown to approach zero at a core temperature of 36° C (Pendergast
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1988). Within Study II, at least 6 subjects displayed Tr values of 36° C towards the cad

stages of rest.

Under conditions of rest, thermogenic shivering and involuntary incteases in muscle tone
that may precede and accompany shivering are liable to cause a 2~ to 3-fold rise in
metabolism (Haymes and Wells 1986; Shephard 1993). Most the energy during shivering
contractions is converted to heat as no external work is performed. Shivering translates to
an added oxygen requirement since oxygen must be supplied to contracting muscles.

VO, therefore increases, and previous investigators have shown that this could amount to

as much as 1.5 I'min” (Paton and Vogel 1984; Pendergast 1988). Resting Vo, levels did
not rise to that extent in the present studies, most probably due to the stress of the
environment not being severe enough and the relatively short duration of exposure. The
cold and windy conditions did allow for diffcrentiation between suits in terms of VO, and
the fact that HP displayed significantly higher values than LP and MP suggests that
subjects were shivering Lo a greater degree when wearing HP. This finding further implies
that subjects were colder when wearing HP compared to the other 2 suits, and the stimuli

required to initiate thermogenic shivering, greater.

Results for RI'C offer further support to the view that has HP emerging as the poorest of
the suits in terms of protecting wearers in the specified environmental conditions. HP
displayed significantly higher RPC values compured to the other suits during rest in both
of the studies, thus indicating that subjects perceived themselves to be the coldest when

wearing the particular suit, Furthermore, in Study II, subjects indicated that they perceived
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themselves to be warmer when wearing MP, since corresponding RPC values were

significantly lower than the other suits.

Significantly higher Ty values were found for MP compared to HP and LP during rest in
Study II (Fig. 2.9), thus supporting findings for subjective perception of cold. The rest
period that preceded exercise induced cooling in the subjects, and this was reflecied by a
progressive decline in both Tr and Ty for all suits (Fig. 2.8 & 2.9, respectively). The
progressive decrease from baseline for the two temperature variables during rest was
present in both studies. When a subject is exposed to cold stress, the initial adjustment of
the body is normally that of peripheral vasoconstriction (Spealman 1949; Burton and
Edholm 1955; Lloyd 1986; Tlaymes and Wells 1986). The results of this study are
consistent with this view, since subjects exhibited a decline in Ty, before Tr had

decreased to a significant extent from baseline values.

With the exception of the head, vasoconstriction of superficial blood vessels occurs in
most areas of the body when it is covled and skin temperature decreases (Haymes and
Wells 1986). The response is mediated mainly via the sympathetic nervous system,
although cold can sometimes have a direct effect on the vessels causing them to constrict
(Lloyd 1986; Haymes and Wells 1986). It appears likely for Study 1I (remembering that
Tge for MP was significantly higher than values for the other two suits), that the
requirement to decrease Ty and thus effectively minimise the temperature gradient

between the skin and the environment, was reduced in subjects wearing MP, Tindings for
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RPC confirm that subjects indecd pereeived themsclves to be warmer when wearing this

suit.

Pespite rating HP as the coldest of the suils, Study I revealed no measurable differences
for Tg or T during the rest period. This is especially surprising if the results for VO, are
taken into account. It would seem reasonable to assume that the nccessary stimuli required
to induce a greater degree of shivering and increases in muscle tone in subjects when
wearing HP were more powerful in terins of magnitude. Although investigators are not in
complete agreement as to the signals that initiate shivering, most of the available evidence
concludes that shivering metabolism is best described by a multiplication of temperature

signals from the core and skin (Hong and Nadel 1979; Pendergast 1988).

It does appear reasonable to assume that the initiating signals for shivering thermogenesis
originate in the periphery since it is usually the first to respond to cold. Hong and Nadel
(1979) observed shivering in one of their subjects almost immediately upon cold exposure
(alongside a rapid fall in Tg), and Jacobs et al. (1994) described how shivering occurred
after less than 5 min of cold exposure in lean subjects. The present studies showed both Tr
and Ty declining from baseline level in a progressive mauner daring rest. The response for
Ta however was quicker in Study I, since subjects exhibited a decline in Tg before Tr
decreased from baseline to a significant cxtent. Although bascline values for VO, were not
measured in these studies (making it impossible to detect a change within the first 5 min),
T decreased significantly from baseline at 5 min and, as previously mentioned, this
decline preceded a decrease in Tr. The differences between the two variables in terms of

when a significant decline [rom baseline was observed, varied from 5 to 20 min.

41




Findings {rom Study [ on the other hand, tend to oppose the idea that shivering is
determined by fransient changes in Tg. Although HP and LP showed a progressive
increase in Vo, during rest, measurable increases in VO, for MP (from the value at 5 min)
were not observed until 25 min, suggesting a delayed shivering response and indicating
that perhaps subjects were less cold when wearing MP. For this suit, Ty decreased
significantly from baseline 10 min into the rest period but only showed a significant fall in
Tr at the very end of rest. This conforms to the view that cold perception within the body
corc is the most important determinant of the shivering response following experiments
that manipulated average skin and body core temperatures (Nadel et al. 1973; Hayward

1977).

No significant differences in either of the studies were found among suits for HR, which
remained stable throughout the rest period. As a result of peripheral vasoconstriction
during exposure to cold, venous return is enhanced and stroke volume is increased
(Flaymes and Wells 1986; Pendergast 1988). If CO is to remain constant, HR must
decrease. Davies et al. (1975) have postulated that a fall in core temperature may directly
affect cardiac function and result in decreased HR. However when shivering is initiated
CO increases, the increase mediated both by an elevation in stroke volume and an increase
in HR (Haymes and Wells 1986). It seems plausible that the two opposing responses (i.e.,
the decrease due to the effects of the cold and the increase resulting from shivering

activity) could counteract each other, thus maintaining HR near normal resting levels.

The thermogenic capacity of exercise minimised the ability to distinguish between suits in

terms of any of the variables measured in Study I. Significant differences were found only




in the colder environment of Study I1, for Tg and RPC. During exercise, 1y values for MP
were sigunificantly higher than HP and LP. Iy (which, as previously discussed, exeris
considerable intluence the body’s thermoregulatory responses) is allected by the
microenvironment that exists between clothing and skin (ascoe et al.1994a). Havenith et
al. (1990) have shown that most of the insulation in a clothing ensembile is provided by the
entrapped air layers and the clothing outer surface air layer. Any disturbance of these air
layers will have measurable cffects on the insulation value, When movement and wind are
combined they interact, and both intrinsic clothing and surface air insulation are
diminished (ITavenith et al. 1990). The effects of movement were standardised as far as
possible in the present study, and suits were closed very effectively around wrists and
ankles preventing cold air being pumped underneath the clothing by a bellows-like action,
Interestingly, baseline values for Ty had not recovered in any of the suits at the end of
exereise, in either of the two studies. This may reside in the fact that body movement
during exercise increases convective and evaporative heat transfer coefficients, thercby

increasing the rate of heat loss from skin to the environment (Hong and Nadel 1979).

RPC for HP was significantly higher than respective values for LP and MP during exercise
in Study 1I. All svits showed a rapid decrease from end-rest figures for RPC without a
corresponding change in Tgx and Tr. It is within reason to assume that during this time, the
impact of the cooling that occurred during the rest period, continued to exert considerable
effect. During the latter stages, where the heat-generating capacity of exercise had begun
to take effect, the differences were less obvious between suits, No discernible differences

were found for RPC in Study I Values began 1o decreuase from end-rest levels within the
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first 10 min of exercise initiation, indicating that heat production of exercise was having a

measurable effect on cold perception.

The exercise period did not induce any measurable differences among suits for Tr in either
study. Initiation of exercise produced no change in T for suits compared to values at the
end of rest. A further decline in Tr from the value observed at the end of rest was found
after 10 min of cxercisc in LP (Study II) (Fig. 2.8). This presumably reflecis a
redistribution of body heat content, since cold blood from cooled limbs is flushed through
the warmer viscera in the body core, and is consistent with previous findings (Hong and
Nadel 1979, Kruk et al. 1990). A time lag of approximately 20-25 min was observed for
all suits before Tr began climbing significantly from end-rest values. Chappuis et al.
(1976) cxplain this delay as corresponding to time clapsing before the heat producced by
exercising muscles induces any measurable vartation in internal temperature. On
completion of exercise however, Tr for all suits was not significantly different from
baseline values, indicating that the heat-generating capacity of exercise was adequate to

compensate for the decline at rest (Studies I and ).

No overall differences were found among suits for VO, during exercise in the two studies.
During Study I, Vozfor the three suits remained essentially unchanged throughout the
duration of exercise. For Study II, VO,increased progressively over time for HP in
contrast to the response for LP and MP (which showed no change in VO, during exercise).

The same suit also displayed a significantly higher V0, at the end of rest, a finding most
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likely attributable to increased shivering and/or greater increases in muscle tone in subjects
wecaring HP. Although heat production of voluntary exercise can replace that of
involuntary shivering contractions during cold exposure, shivering has been shown to co-
exist with exercise (Nadel et al. 1973; Hong and Nadel 1979; Patton and Vogel 1984). It is
possible that some subjects may have been shivering during the period of brisk walking -
more so when wearing IIP. A graded inhibition of shivering has been found during
exercise in the cold, as the thermogenic capacity of exercise replaces shivering (Hong and
Nadel 1979). Shivering contractions are weakened, and hence the additional oxygen
requirement is reduced. Consequently {as evidenced by the absence of significant
findings), the likelihood of discriminating among the 3 suits during exercise with respect

to the magnitudc of the VO, responsc is diminished.

Increases in HR (from values recorded al 5 min mto exercise) were [ound for all suits,
although there were no measurable differences among the suits for this variable in either
study. Differences may have heen expected had subjects cooled to a greater extent during
rest, since lowered Tr has been shown to slow HR by a ditect effect on cardiac muscle
function (Davies et al. 1975). Subjects exhibiting reduced sub-maximal and maximal HR,
had been pre-cooled to 'I'r of approximately 35° C (Davies et al. 1975); in the present
studies however the environment was not so severe to induce cooling of comparable

magnitude.
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On the basis of the findings from both studics, HP cmerges as the suit offering the least
protection in the imposed conditions, considering the wind speed, duration of exposure
and activity status of subjects. Results also indicate that MP is the most effective of the
suifs, as evidenced by the higher Ty values and lower RPC scores. HP is a predominantly
cotton garment (75 %), incorporating a higher air permeability and higher thermal
resistance than the other two suits. The latter characteristics arc likely due to the more
open-weave structure of the specific garment. The construction of a fabric has potential o
influence the manner with which a garment conducts heat and moisture, along with fibre
characteristics (Gonzalez 1988). The intrinsic thermal insulation of any garment is
determined by the amount of still air that is trapped within the weave of the fabric. Suit
characteristics (i.e., the highest thermal resistance) indicate that HP has the greatest
capacity among the suits to trap air within its steucture; the still air however can also easily
be disturbed through forced convection. Evidently the microporous film coating HP (.e.
the fabric finish), does not provide adequate protection against wind (at least in the
specified cnvironment of this study), despite the fact that most films are designed to
provide protection against both wind and water (Pascoe et al. 1994a). It was difticult (o
discriminate between the remaining two suits, both of which have a lower air permeability
than HP, but also lower thermal resistance. It is likely that yamns in these suits are tightly
interlaced, minimising the amount of stagnant air trapped, and thus decreasing thermal
insulation. Furthermore, I.P contains a PTFE membrane - very similar to Gore-Tex
laminate, which combines breathability with a high resistance to both wind and water

(Pascoe et al 1994, Dickinson 1995),
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The findings indicate that MP was the most favourable of the suits in the imposed
conditions, appearing to outperform even LP, which has a very low air permeability
coefficient, MP is also a windproof garment (with a higher air permeability cocfficient
than LP), and has almost identical thermal resistance as LP. The discriminating factor
between LP and MP therefore must lie in the difference in garment thickness. Although
care was taken to ensure that suils fitted subjects equally and that this was standardised
throughout tests, the thinner material of LP may have caused a looser fit. Gavhed et al.
(1991) postulated that a comparatively looscr fit of a garment could result in
proportionately higher ventilation through any small openings of the clothing ensemble. If
Ty results are taken into consideration (remembering that Ty for MP was consistently
higher than LP, as well as HP), it appears plausible that a higher ventilation within the
microclimate could account for the differences in Tg. Nielsen et al (1989) also observed
higher Jocal skin temperatures with a tight fit, comparcd to a looser fit clothing layer (at

equal values of clothing insulation).

Conclusion

‘The studies have shown that the degree to which an outer garment is permeable to wind,
has the ability to significantly influence the thermorcgulatory response to cold stress (- 6.0
and -10.0° C with 4.5 m-sec™ wind-speed) during 30 min of rest, followed immediately by
an equal period of exercise. Furthermore, the results indicate that there are other factors,
for instance garment thickness and (it (even though the latter was not quantified), which

may have a significant effect on performance in a specified environment.
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Chapter Three
(Study III)

The influence of garment wicking capacity on
physiological and perceptual responses to cold stress
during rest following physical activity.
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Introduction

During physical activity in the cold, significant quantities of sweat can be produced
(Dickinson 1995) - a phenomenon common to skiers and mountain hikers who usually
alternate between periods of high and low physical activity. Sweat will largely
accumulate on the surface of the skin and in clothing, and can cause problems when
physical activity ceases. The possibility of subsequent cooling is increased since
metabolic heat from exercise no longer contribules to thermal balance. Furthermore,
the concomitant heat loss incurred is enhanced due fo the presence of moisture as heat
is lost at rates approximaiely 25 times greater through water compared to air (Keatinge
1969; Haymes and Wells 1986; Lloyd 1986). It seems reasonable to assume that a
garment, which actively removes moisture from the skin, should in theory, reduce
cooling in cold conditions by effectively "sparing" heat lost through evaporation from
the skin. Furthermore, the removal of fluid away from the skin avoids deterioration of
the microclimate, which may become unpleasant to the wearer if wet clothing clings to
the skin (Bakkevig and Nielsen §994). The present study aimed to compare the
performance of four different base-layer garments, which differed in their wicking
capacity. The design of the study allowed for an indirect assessment of the wicking
properties of the garments by inducing sweat production in exercising subjects, then
allowing them to recover [or 45 mun in a cold environment. The garments were
assessed during recovery, based on physiological and subjective responses from
participating subjects. Differences in liquid absorbing and transporting abilities
between the garments could be expected to affect evaporation from the body to the

environment, thus contributing to variations in the development of post-cxercise chill.
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Methods

Subjects

Eight male subjects participated in the study, which was approved by the Ethical
Committee at Glasgow University. The subjects were all involved in regular physical
activity at the time of participation and gave their written informed consent agreeing to
their participation. Subject characteristics (means + s.d.) are as follows: age 22.3 £ 2.1

years, body mass 07.5 + 6.1 kg, height 174 1+ 5 cm and body fat 14 + 2 %.

Design

Tests were conducted in an environmental chamber, the temperature of which was set
at 1.2° C. Bvery subject participated in four identical tests at least a week apart - one
test for each garment. The order of tesis was based on a latin rectangular design in an
attempt to minimise any 'learning/acclimation cffects that could possibly arise from
always beginning with the same garment. Subjects undertook all tests at the same time
of day to minimise apy differences that could occur in core temperature and other
physiological responses due to diurnal variation (Burton and Edholm 1955; Lloyd
1986; Haymes and Wells 1986) and fasted for at least 3 hours prior to each

experiment.

The design of the study was similar to those of Ha et al. (1996, 1998), whereby severe
exercise was followed by a longer period of recovery in a cold environment, in their
attempts to discriminate between two kinds of underwear. Each 65 min test in the

present siudy, incorporated a 20 min exercise period, followed by 45 min of rest. No
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measurements were made during exercise - its sole purpose was to induce sweating in
the subjects. A number of physiological and subjective variables were recorded during
the subsequent 45 min rest period however, providing feedback on garment

perlormance.

Garments

All the garments tested (long-sleeved, zip-neck t-shirts) were designed for use as a
baselayer in a wide range of outdoor activities and varied in their wicking capacity. CP
and P had good wicking properties, PN medium, and C had poor wicking capacity.
Garment characteristics are given in Table 3.1, Different sizes were provided to ensure
a good fit for subjects. Experimenters and subjects blinded as far as possible to the
make of each garment to avoid any possible bias. A number of tests were conducted on
the four garments, confirming manufacturers’ claims regarding characteristics and

performance.

Material thickness and thermal resistance were measured using a Zweigle T675
Alambeta testing unit (Zweigle Textilprufmaschinen GmbH, Germany), which consists
of two measuring heads between which the testing material is placed. The meusuring
principle is based on measuring and processing the time variation in heat [lows,
generated by creating a lemperature gradient between sensors on the upper and lower
measuring heads. Vapour permeability was assessed over a period of 24 hrs, by
placing a sample of fabric from euch of the garments over a beaker with a known
quantity of water, sealing the edges and then obtaining another measurement 24 hrs

luter. The difference in weight for each garment corresponded to the amount of water
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evaporated through the fabric. Finally, garments were directly evaluated for their
wicking capability, by suspending strips of fabric (approximately 20 cm long by 5 cm
wide) with the bottom edge dipped in coloured dye. The distance by which the dye had

spread up each strip was measured at specified time-points.

Subjects wore long-johns (100 % hydrophobic polyester) and a lightweight jacket
(made from polyester material backed with special polyurethane-based coating)
throughout all four experiments. Furthermore, during exercise, subjects wore a bat and
gloves. This was an attempt to facilitate sweat production, by minimising heat loss
from the head and extrcmities (both of which constitule valuable heat exchange
avenues) (Burton and Edholm 1955; Froese and Burton 1957). The hat and gloves

were removed as soon as the rest period commenced.

Experimental Procedures

Subjects reporied to the laboratory and preparations for tests took place in an ante-
chamber at normal ambient temperature (approximately 20° C). Body mass and height
were recorded, and percentage body fat was estimated using the skinfold method
outlincd by Durnin and Womersley (1974). Subjects were then instrumented for core
(measured rectally) (Tr) and Tgk measurement. A thermistor inserted 10 cm beyond the
anal sphincter was used to measure Iy; ' was recorded from four sites on the right-
hand side of the body and a weighted average from these was taken as being
representative of mean Ty (Ramanathan 1964). A heart rate {HR) monitor (Polar Sport

Tester, Polar Blectro Oy, Kempele, Finland) was positioned on the subject's chesl.
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Each 65 min experiment began with a 20 min exercise period in the form of walking
on an inclined treadmill (Powerjog GX 100, Sport Engineering Ltd, Birmingham', UK).
The velocity was kept constant at 6 kmh™', whereas the gradient on the treadmill was
increased by S % every 2 min until 15 % was reached. Foflowing exercise, the subjects
were seated on a chair positioned in the middle of the treadmill for the remaining 45
min of the experiment. They were fitted with a headset, mouthpiece and noseclip, and
instructed to keep their feet flat on the ground and their hands on the sides of the
treadmill. A 4.5 mrsec” (10 m-h™") wind was introduced as soon as subjects were

seated, via three fans positioned opposite the treadmill.

During the period of inactivity physiological and perceplual measurements were
obtained. Following Dbaseline temperature recordings at time zero (taken within
approximately 1 ﬁ}in of cessation of exercise), Tr, T, HR and RPC (using a scale
modified from Gagge et al. 1969) were recorded every 5 min, Expired gas was
collected in Douglas Bags (150 1, polyurethane, Harvard Apparatus Ltd, Kent, UK) for
5 min at 5, 15, 25, 35 and 40 min. The Douglas bags were connected to the mouthpiece
using a 2700 valve, tubing and 2100 3-way stop cock valves, and were analysed within
1 hr of completion of each test for oxygen uptake determination. O, content was
measured with a Servomex 570A Oxygen Analyser (Crowbarough, UK) and a PK
Morgan 801A Carbon Dioxide Analyser (Morgan, Rainham, UK} determined carbon
dioxide content. Gas volumes were measured by a Parkinson Cowan dry-gas meter
(Cranlea, Birmingham, UK) and corrected to standard temperature and pressure, dry

(STPD).
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Statistical Analysis

Data arc expressed as the mean * s.d. following a test for the normality of distribution.
The group s.d, is used in graphical representation of results to aid clarity. The group
s.d. is the pooled estimate of the comimon s.d. and represents the square root of the
mean square error. The data were analysed using Repeated Measures Analysis of
Variance. Subsequent One-Way Analysis of Variance was performed where
appropriatc and, depending on results, was followed by Fishers LSD tests. Paired t-
tests were carried out when appropriate to determine in which direction a particular
variable changed across time for each garment. Statistical significance was declared

when P < (0.05.
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Results

Significant differcnces between garments were found for RCP at 25, 30, 35 and 40 min
(Fig. 3.1). Results revealed that values for P were significantly lower than
corresponding RCP values for PN and CP at these time-points. All garments displayed
a progressive increase in RCP across time from 10 min onwards, compared to values at

5 min.

Analysis of VO, data revealed a tendency for differences between garments only at 25
min (Fig. 3.2), with P and C producing lower \'fozvalues at this time-point comparcd
to PN and CP. There was a significant increase in V0,at 40 min from the value at 5
min in PN and CP. For P, VO, showed a decrease at 15 min compared to the value at 3
min, then incrcased significantly at 40 min compared to the I5 min value. The
response for C was similar to that of P - VO, decreased from the initial value obtained

at 5 min, at 15 min, then increased from this at 35 min onwards.

There were no significant differences among garments for {'r or T over the 45 min
period of rest (Fig. 3.3 and Fig.3. 4, respectively). Baseline values (i.e., time zero)
were analysed and were found not to differ between suits. Values for Ty displayed a
progressive decline from baseline, significant decreases observed within the first 5 min
(apart from CP, where Tr showed a significant decline from baseline at 10 min). The
response among garments for Ty was similar, values progressively declining {rom
bascline from 10 min onwards, with the exception of CP which decreased from

baseline at 5 oin.
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Garments were not significantly different in terms of HR response (Fig. 3.5). HR [ell
progressively from values at 5 min within 15 min for P and C, and at 20 min for CP.
PN displayed an initial decrease in HR at 15 min (compared to 5 min), followed by

intermittent fluctuations between 20 and 30 min.

Finally, it must be noted that three of the subjects were unable to complete the full
duration of the 45 min rest period when wearing either PN or CP. Two subjccts
terminated tests for PN and CP, and another subject was unable to complete the test for

only CP because of unbearable cold perception.




Figure 3.1: RPC (mean (s.d.)) for PN (0), CP (m), P (U) and C (®@). a: indicates a
significant difference between PN and P, b: indicates a significant difference between CP

and P. *: indicates a significant change {rom 5 min.

Figure 3.2: VO, (mean (s.d.)) for PN (0), CP (m), P (C) and C (®). *: indicates a

significant change from 5 min.
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Figure 3.3: Tr (mean (s.d.})) for PN (0), CP (M), P (J) and C ( ®). *: indicates a significant

changc from bascline.

Figure 3.4: Ty (mean (s.d.)) for PN (Q), CP (m), P (0) and C (®). *: indicates a

significant change from baseline.




Group s.d.

38.1 1

313 A

TR(°C)

36.9 A

36.1

5

Group s.d. 1 ) i | B

26 1

Tsk(°C)

22 - f T T T T T T T I )

a § 10 N 20 23 b 35 40 45

Time (min)

59




Figure 3.5: HR (mean (s.d.}) for PN (@), CP (m), P () and C (®). *: indicates a

significant change from baseline.
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Discussion

The findings from this study suggest that one of the two high wicking capacity
garments, is the most effective out of the four garments in offering protection against
the imposed environmental conditions. Following the completion of exercise, subjects
were all visibly sweating and reported sensations of moisture accumulation in their
clothing (although this was not quantified) and of “feeling very warm”, despite the low
environmental temperature. It appears that the exercise achieved its purpose of
generating not only metabolic heat, but also sweat, and thus the garments could
indirectly be evaluated for their wicking properties during the cooling period, as well

as their insulating capacity.

Results for RPC indicate that P is the preferred garment in the imposed conditions, as
values were significantly lower than PN and CP, from 25 to 40 min inclusive (Fig.
3.1). The high values for RPC corresponding to garments PN and CP show that
subjects were coldest when wearing these garments, since higher RPC values denote
colder sensations. Furthermore, termination of tests befurc' the full duration of the
cooling period had clapsed, provided further evidence in support of the poor
performance of garments PN and CP. Subjects terminated tests only when wearing

these two garmeats, reporting unbearable cold sensation on all occasions.

As previously discussed, a tendency for differences was noted between garments for
the VO,response. Results suggest that VO, was lower at 25 min for P and C, when
compared to PN and CP (Fig. 3.2}, implying perhaps that subjects wearing garments I
and C, cxhibited less shivering and/or smaller increases in muscle tone (also termed

“preshivering’) around the specified time-point, compared to the other two garments.
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Interestingly, the responses for RPC and VO, appear to follow a similar trend. No
significant findings were present during the initial stages of the cooling period and any
differences found thereafter became indiscernible at the end of rest period. Evidently,
any discrepancies existing between garments for the variables of interest were masked
initially by the exercise-induced metabolic heat. Differences manifested themselves
from 25 min onwards, once cooling had begun to take effect and the thermogenic
effects of exercise had worn off; these differences are likely due to variations in
garment properties. Disparities between garments ceased to exist at the end of the rest
period when the cooling power of the environment surpassed the protective capacity of

the garments, making indistinguishable in terms of the variables discussed.

The Vo,response for PN and CP did not change over time; the two garments only
displayed a rise in VO, (from the values at 5 min) near the end of the cooling period
(at 40 min). They differed {rom P and C, in that the latter two garments showed
decreases inVO,, before levels began increasing towards the end of the cooling
period, Initially, Vo,for all garments was elevated as a result of the preceding
exercise. An earlier onset of shivering in subjects wearing PN and CP, compared to P
and C, as well as shivering contractions and/or increases in muscle tone of greater
magnitude, would explain the absence of a decline in Vo,from elevated levels
consequent to the preceding exercise. A progressive increase however in VO, after 15

min for P and C (indicating shivering in subjects), resulted in similar levels to PN and

CP by the end of rest period.




Resuits for RPC support the tendencies observed forVo,, since they indicate that
subjects perceived themselves to be coldest during tests for PN and CP - {from 25 to 40
min. At the end of exercise subjects could not distinguish between the garments.
Despite the above findings, the present study revealed no measurable differences for
Tr or Ty This is somewhat surprising, especially if the results forvoz, and thus
shivering, arc taken into consideration. It could however be argued that Tk may not
represent core temperature accurately during thermal transients. For example, it has
been shown that Ty is slow in responding to changes in blood and core temperature
(Melette 1950); the slow response is probably due to a low rate of blood flow 10 the

rectum (Aulick et al. 1981).

Shivering appears to be initiated by a multiplication of signals from the skin and the
core of the body (Nadel at al. 1974; Hong and Nadel 1979; Haymes and Wells 1986).
It seems reasonable to assime that either one, or both of these variables could exhibit a
diminished response for P (and/or a heightened response for PN and CP). No
discernible differences however were found between suits for either Tr or Ty. There
are thosc investigators who support the contention that shivering is primarily due to
decrease in mean skin temperature (Fanaka 1978; Patton and Vogel 1984). This
normally occurs before any measurable change in core temperature (Vanggaard 1975).
The present study did not demonstrate any appreciable differences in time in terms of
when significant declines from baseline were observed for Tr and Ty. Furthermore
(apart from the response for CP), significant decreases [rom baseline for garments for
Tr were observed S min belore any signilicant declinc in Ty from baseline values
occurred. Justification, therefore, for the differences in RCP and the tendency for the

VO, response is not provided by temperature response profiles.
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Garments did not differ significantly in their responses for HR. Values decreased from
elevated levels (measured at 5 min) due to exercise, within the first 15-20 min of the
subsequent rest period as expected. PN however showed fluctuations in IR thereafter.
It is plausible that the fluctuations observed in HR correspond and coincide with
oscillations in shivering intensity in subjects wearing PN (remembering also that this

garment, alongside CP, displayed a tendency for highest ‘x‘/'O2 values),

Bascd on the findings [rom this study, P cmerges as the most effective garment in
terms of offering protection in the imposed environment. The favoured garment, P, is
madc from polyester, one of the most widely employed malerials in outdoor ¢lothing
(Dickinson 1995). It incorporates a graded yarn system designed to transport moisture
away from the body surface. Polyester is a good insulator (and therefore a poor
conductor), but Gonzalez (1988) claims that, generally by itself, the material has poor
wicking properties. Additives to the fibre assist in the wicking action, by providing
hydrophobic properties to the inner fibre but making the outer surface hydrophilic
(Gonzalez 1988). Moisture is dispelled by a spreading action from the inner fibre to
the exterior surface ar by capillary transfer of moisture from one fibre to another
adjacent Lo it (i.e., hydrophobic transfer) (Gonzalez 1988). Furthermore, materials
consisting of two closely connecting layers - an inner layer with good mechanical
properties which then wicks the moisture to an outer layer - prevent undesirable wet
cling (thus making them unpleasant and uncomnfortable to the wearer) (Lotens 1987
Umbach 1993). The preferred garment P demonstratcd superior wicking capacity
(similar though to CP), in combination with a higher thermal resistance than PN and
CP. It is also greater in terms of thickness than thc latter two garments, a likely

explanation for the higher thermal resistance, since the effectiveness of thermal
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insulation is a property of the air trapped within the fabric. The thicker fabric allows

for more air-pockets within its structure.

Results indicate that PN and CP are comparatively inferior to P and the least effective
at protecting wearers in the specific conditions - duration, time of exposure and
activity status all taken into consideration. The ineffectiveness of PN compared io P,
could be the result of poorer wicking qualitics and concomitant loss of insulation
and/or poor evaporative ability (Dickinson 1995). Holmer and Gavhead (1991)
reported up to 60 % loss of insulation in garments saturatcd with sweat (as a result of
vigorous physical activity). Surprisingly, CP appears to have a similar wicking
capacity as P (Table 3.1). Both PN and CP are thinner garments than P, and

consequently have a lower thermal resistance.

Interestingly P, is not the heaviest of the garments in terms of absolute weight (Table
3.1). The heaviest (more than double the weight of P) and notably the thickest of the
garments is C. Normally, thicker material provides greater insulation (although this is
only true for garments that remain dry) (Dickinson 1995). Despite this, the thermal
resistance of C is not too dissimilar to that of P. Although not specified, this
discrepancy (i.e. the fact that thermal resistance was similar despite a different
thickness) may reside in variation of fabric construction (i.e. knitted versus woven).
The construction of any fabric invariably influences the ability of a garment to conduct
heat and moisture (Cain and Farnworth 1986). Furthermore, it must be stressed that
although cotton has the ability to wick moisture, it principally absorbs it (Umbach
1993} and has low resilicncy (i.e., if fibres are distorted because of wetting or

compression they do not readily spring back to their aoriginal position) (Woodcock
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1962). Cross-linking the fibres reduces the hydroscapic properties of cotion, allowing
for substantial wicking and less post-exercise evaporation (Meechels et al. 1966),
although no information was provided on fabric construction or [ibre weave

characteristics for any of the garments tested in the present study.

Conclusion

In conclusion, the findings from the present study indicate that the polyester garment
with high thermal resistance, was superior to the other garments in its capacity at
offsetting heat loss to the environment in the imposed conditions. The results by no
means imply that the specific garment actually prevented heat loss, but simply that a
smaller loss of heat may have been incuorred, cvidenced by smaller RPC values (which
incidentally are indicative of warmer subjects) and the tendency for a diminished

Vo, midway through the cooling phase. It is important to be aware of the detrimental

consequences of moisture accumulation as a result of sweating, once exercise (and its
heat-generating capacity) in a cold environment has ceased. Although the correct
choice of garments, beginning from the base-layer designed for wear next to the skin,
is important, the primary aim should be prevention of moisture accumulation within
clothing layers in the first place. Removal of outer layers during physical activity, and
adequate ventilation through openings at the neck, wrists and ankles are methods by
which heat loss may be regulated precisely, without the undesirable effects of sweat

accumulation (T.otens 1987; Dickinson 1995).
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Chapter Four
(Study 1V)

The effects of cooling on cardiorespiratory and
metabolic parameters during incremental and constant-
load exercise.
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Introduction

The final component of this collected research is based around observations made
during the first two studies. In each of the conditions studied, the VO,response for
particular suits exhibited a progressive increase during the phase of constant-load
exercise (it approximated 5-10 miQ,'min” exercise). On physiological grounds, it was
reminiscent of the slowly-developing component of VO, that several investigators
have reported by constant-load normothermic cxercise performed above (but typically
not below) the "anaerobic” or "lactaie" threshold (0) (see Chapter 1). This raised an
interesting auxiliary issue of exeicise bioenergetics in the cold: what would the effect
of hypothermia be on the temporal characteristics of the VO, response to constant -
load exercise at standardised intensities described to be a) moderate, lying below O,

and b) hcalvy, lying above 0.

It is widely recognised that hypothermia affects physical performance, and adverse
effects have been documented for sub-normal core and muscle temperatures of
approximately 35° C (Davies et al. 1975; Bergh and Ekblom 1979). Decreases in
\:fozpeak have been reported (Davies et al. 1975; Bergh and Ekblom, 1979), as well as
increased sub-maximal Vozlevels (Davies et al. 1975; Ishii et al. 1992). The present
study was therefore conducted to further investigaie the inlluence of whole-body
cooling on the VO, response to exercise of moderate and heavy intensity, conducted in
a low environmental temperature (-10° C). This was achieved by adopting a 20 min
square-wave exercise {ramsition thus enabling ionvestigation of the temporal and

quantitative V 0,response (i.e. its kinetics). Furthermore, by specifying intensity
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domain, the effects of sub-normal temperatures on the VO,slow component,
characteristic of the heavy-intensity exercise domain, could be discerned. The resuits
from the present study may provide important juformation for the as yel unresolved

elucidation of the potential mediators of the slow component.

Al e R h L
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Methods

Subjects

Six healthy, physically active males volunteered to participate in this study. Having
been informed of the procedures, subjects gave their informed consent and their
health was screened with medical questionnaires as approved by the University Ethics
Committee (Appendix A), Subjects were adviscd that they were free to withdraw
from the study at any time. Subject characteristics are as follows: age 23.2 + 4.5

years, body mass 76.5 & 12.7 kg and height 1.80 + 0.05 m.

Design

Following as least two familiarisation sessions, subjects parlicipated in 3 dilferent
exercise tests (performed on a cycle-ergometer) at two ambient temperatures, totalling
6 experiments, and therefore 6 separate visits, per subject. Experiments were
conducted in an environmental chamber at 20° C (normothermic conditions, NC) and
-10° C (hypothermic conditions, HC). Expériments in HC included an initial cooling
period, during which subjects remained quietly seated until their core temperature had
reached a predetermined level of 36.3° C. Exercise tests consisted of an incremental
work test to exhaustion, from which VO, m. was measured and the lactate threshold
(0y) was determined indirecly using gas-exchange criteria (Whipp et al. 1986).
Faving completed both incremental work tests, subjects carricd out two 20 min (or
limit of tolerance i less) constant-load exercise lests - one within the moderate
intensity domain and the second in the heavy intensity domain (i.e. below and above

gL respectively). Subjects were assigned to NC and HC m a randomised order to
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minimise learning eflfecis; the order of the exercise tests was also randomised (the
only consideration being subjects completed both incremental tests before performing

a constant-load test),

All experiments were conducted at the same time of day {(approximately 14.00 hours)
to minimise daily variations in core temperature as far as possible. This is particularly
important for experiments in HC, where the starting point of each experiment was
determined by the attainment of the preselected Tr level. Core temperature has been
shown to exhibit a gradual rise from the early hours of the morning, with highest
values observed during the late afternoon (Edholm 1978, Lloyd 1986). Subjects were
requested to refrain from cxcrcisce on the day that preceded each experiment, as well
as alcohol consumption for 48 hours before experiments, On the day of each
experiment they were allowed a light meal, ingested at least three hours prior to the
start of each experiment. It has been documented that the ingestion of food is
associated with changes in the diurnal pattern of rectal temperature by its specific
dynamic action on basal metabolic rate (lampietro et al. 1957; Folk 1966; Shephard

1993).

Experiments in HC were conducted at least one week apart, thus effectively
minimising the possibility of acclimation. Furthermore, experiments that succeeded
incremental work-tests or constant-load test in the heavy-intensity domain were

separaled by a minimum of 48 hours.
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Experimental procedures

Subjects reported to an ante-chamber (with an ambient temperature of approximately
20° C) approximately 15-30 min before each experiment was due 10 comumence. Body
mass and height were recorded and subjects were instrumented for Trp and Ty
measurement. A thermistor inserted 10 cm beyond the anal sphincter was used to
measure Ty, Ty was calculated as a weighted average taken from four sites on the
right-hand side of the body (Ramanathan 1964). HR was recorded with a IIR monitor
programmed to record cvery minute (Polar Vantage NV, Polar Electro Oy, Finland).

Electrodes were positioned on the chest of subjects for a 3-lead ECG.

Subjects wore shorts, a T-shirt and trainers for experiments in NC. Experiments in HC
aimed to pre-cool subjects prior to their parlicipation in each exercise test, as well as
provide a cold ambient temperature during the tests, For experiments in HC, subjects
wore thermal long-sleeved zip-necks and long-johns, as well as a hat and gloves.
During the cooling period in HC experiments, subjects remained quietly seated inside
the covironmental chamber and were requested to keep movement to a minimum.
Automatic recording of T and Ty began immediately, with Tr being monitored
continuously. During the cooling period, subjects were asked to provide individual
perceptions relating to their perception of cold (RPC) (scalc modified from Gagge et
al. 1969) and the degree of shivering they were expericncing (RPS). Values for RPC
and RPS were obtained in succession to each other throughout experiments in the
study. The corresponding scales were shown to subjects prior to experiments and
specific instructions were given on how to rate them. Ratings were obtained every 5
min throughout the cooling period. Subjects remained seated until their corc

temperature had reached 36.3° C (i.e., the predetermined value), and thereafter
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procedures were identical for tests in both NC and HC. Subjecis were then seated on
the cycle-ergometer, with the hcadset, mouthpiece and noseclip positioned and BECG

eads connected.

Incremental work tests

Subjects performed an incremental test to cxhaustion in each environmental condition
(NC and HC). ‘;fozmax was measured and the lactate threshold (0r) was cestimated
indirectly using gas exchange criteria (Beaver et al. 1936). Whilst subjecls were
seated on the cycle-ergometer, a 3 min resting phase was initiated, during which
expired-gas was collected. Automatic recording of I'r, T and IIR began ou initiation
of rest. Following rest, subjects were then instructed (by verbal signal) to begin
cycling, increasing and maintaining the revolutions at 60 rpm. Subjects cycled for 5
min at 15 W (effectively unloaded "0"W) and thereafter the WR was increased
manually by 15 W every min, until the subject reached exhaustion (defined as the
workload at which 60 rpm could no longer be maintained). The load was then
removed from the cycle-ergometer and subjects began a recovery period, pedalling

with no load, until HR was below 120 beats-min™.

A 1 min cxpired-gas sample was collected at 3 min during unloaded cycling, followed
by 1 min samples every second min on initiation of the incremental exercise test.
After 4-5 samples, cxpired-gas was collected continuously cvery minute, to allow for
greater density of data and hence more accurate estimation of 0;. Ratings of perceived
exertion (RPE) were recorded at 1.5 min during unloaded cycling, and cvery 3 min

during the incrementul, beginning at 0.5 min after its initiation. For experiments in
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HC, RPS and RPC values were also recorded - on two scparate occasions during Rest
and once during the unloaded phase. Thereafter subjects provided values for RPS and

RPC, 2 min after RPE was obtained. The test protocol is illustrated in Fig. 4.1.

Constant-load tests

Sub-threshold (90% 6y). The work rate corresponding to 90 % of VoO,at 0. was

estimaled for both environmental conditions (corrected for the kinetic delay from the
steady-state requirement, Whipp and Ozyener 1998). I estimated sub-threshold work
rates differed between NC and HC, the lower of the two was adopted for both tests in
cach environmental condition, so subjects were exercising at the same absolute work

intcasity.

Subjects underwent pre-experiment procedures as previously described for
incremental tests. Having obtained a resting blood sample, they entered the
cnvironmental chamber and were instructed to sit quietly on the cycle-ergometer. A 3
min resting period ensuved, during which expired-gas was collected. Automatic
recording of Tr, Tsx and HR began on initiation of rest. Subjects were then instructed
by verbal signal to begin cycling, increasing the revolutions to 60 rpm and
maintaining them at that level. Subjects cycling at 15 W (effectively unloaded) for 5
min. Following this was a stepwise increase in the WR to the predetermined value
corresponding to 90 % O (exercise); subjects were required to cycle at this work rate

for 20 min. At the end of 20 muin, the }oad was removed from the cycle-ergometer and
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subjects began a recovery period, pedalling with no load, until HR was below 120

beats'min . The test protocol is illustrated in Fig. 4.2.

A 1 min expired gas sample was collected during the final min of unloaded cycling.
Consecutive 40} sec samples were obtained during the initial 4 min of exercise,
cxcluding the first 20 sec that correspond to the cardiodynamic phase. Thereafter, 1
min of expired-gas was collected every second minute until the end of exercise.
Subjects were asked to rate RPE, as well as RPS and RP’C during HC experiments at
standardised time-points during the unloaded cycling and exercise. Blood samples
were taken 15 sec after cach rating was obtained. No subjective ratings or blood
samples were taken during the first 3.5 min of exercise to minimise “noise” in the

response during the initial stages of the square-wave transition,

Supra-threshold 60 % A. 60 % of A, defined as the difference between VO, and
O, was used to characterise constant-load exercise in the heavy intensity domain (i.e.
above 0L), and was estimated for NC and HC from incremental test results. Subjects
were required to exercise at this intensity for 20 min or to the limit of tolerance if less.
Like for sub-threshold tests, if there was a disparity between work rates estimated for
each envirommental condition, the lower of the two was adopted for both constant-
load tests, so subjects were exercising at the same absolute intensity. The same

square-wavce protocol as for sub-threshold tests was employed and identical

measvrements were obtained,
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Figure 4.1: The experimental design for incremental exercise tests.

Figurc 4.2: The experimental design for constant-load exercise tests.
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Analyses

The Douglas Bags were analysed for their contents within 1 hour of completion of

each test. VO,mn was determined and ) estimated using gas-exchange criteria.

vozmnx was defined as the highest oxygen uptake measured which normally

corresponded to the highest work rate reached. 0;, was estimated using the V-slope
and Ventilatory-Equivalent methods, as well as by visual examination of graphs
where mixcd-cxpired gas concentrations (%[CO;Je and %[0O;le) and RER values

were plotted against VO, (Beaver et al 1986) (Fig. 4.3).

The VO2 response obtained from square-wave exercise during normothermic
conditions was fitted, using commercially available software (Microcal Origin,
Microcal Software, Inc., Northampton, MA, USA), with a first-order (*mono”)

exponential function (Whipp 1994):

AVO, () =AV0, (ss) (1 -7 (Bquation 4.1)

Blood samples obtained during square-wave tests were analysed within 1 hour of
completion of each test. The samples were analysed for blood lactate using an Analox
GM7 analyser (Analox Instruments Ltd, London, UK). The analyser was calibrated
prior to blood lactate analysis using an aqueous 8.0 mmol-1” Jactate standard, and then
cross-checked with a 5.0 mmoll™ standard. For analysis, two 7 ul samples werce
injected into the analyser. Two separate analyses were catried out for purposes of
validity and the mean of the two values (mmolI"'y was taken as being representative

of the true blood lactute concentration. A third analysis was cairied out (volume
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permitting} if a discrepancy of over 0.1 mmol-1" was observed between the two initial

values.

Statistical Analysis

Data are expressed as the mean + s.d. following test for the normality of distribution.
The group s.d. is used in graphical representation of resulis to aid clarity. The group
s.d. is the pooled estimate of the common s.d. and represents the square root of the
mean square error. In some cases individual response profiles are used in graphical
representation of results. Statistical analysis of the data was carried out using two
factor ANOVA for repeated measures and followed by Paired t-test where

appropriate. Statistical significance was declared when P < 0.05.
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Figure 4.3: Respiratory markers of the lactate threshold.
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RESULTS
Incremental tests

Work rate and time to exhaustion. The WR attained at exhaustion (WR,.x) tended to
be lower for incremental exercise in HC when compared to NC (I =0.11) (Table 4.1).
Similarly, the time to exhaustion in HC (18.0 £ 2.7 min}) was shorter than in NC (19.5

1 3.6 min); this effect was significant (P = 0.043).

Pulmonary gas exchange and cardiorespiratory variables. The Vogrespnnse to
incremental exercise is shown in Fig. 4.4 (left panel, individual - Subject 2 - and right
panel, group mean response). Vogmx tended to be lower in HC when compared to
NC (P = 0.078) (Table 4.1). V_*Ozvalues at rest and during the “unloaded phase™ were
significantly higher for TIC {Table 4.1); these differences persisted for approximately
11 min of incremental exercise (Fig. 4.4). Vozat the estimated lactate threshold (6)

was not significantly different between HC and NC (Table 4.1).

VE was systematically higher for the first 11 min of incremental exercise during HC,
compared Lo NC (Fig. 4.4). At exhaustion, however, there was a tendency for a higher
VE in NC (P = 0.074). RER rose with increasing work rate with no significant

differenccs, however, between the HC and NC response (Fig. 4.4).

HRox was significantly lower in HC, compared to NC (Table 4.1} (Fig. 4.4).
Significantly higher HR values werc found during HC for rest and unloaded cyeling.

but HR at 8;, was significantly higher in NC (Table 4.1).
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Ratings of perceived exertion. RPE progressively increased with work rate, However,
no discernible differences were found for RPE values between the two conditions

(Fig. 4.4).

Rectal and skin temperatures. No differences were found for cither baseline I'r or
baseline Ty in each condition. There were significant reductions, however, in both
variables at the end of the cooling phase. Tr subsequently remained essentially stable
at the cooled value for the entirc remainder of the protocol; ie. T at VO, max
averaged 36.2 £ 0.4° C, compared to 36.3° C at the end of the cooling phase. In NC,
Tr increased progressively from the initiation of unloaded cycling until exhaustion.
Consequently, Ty, was significantly lower in HC than NC throughout exercise {Fig.
4.5). As for Ty, Ty in HC was lower than in NC throughout exercise. 'I'y rose
progressively during the protocol in HC, hut did not reach baseline by end-exercise
(Fig. 4.5). In NC, there was no discernible increase in Tsk across time during the

incremental exercise.

Constant-load tesis

(a) Sub-threshold (< 61)

Pulmonary pas exchange and cardiorespiratory variables, Mean VO, for HC was
significantly higher than NC for rest, unloaded exercise and during the initial 160 sec
of the sub-threshold exercise (Fig. 4.6). For the remainder of the exercise, V 0,in HC

continued to be high, but the HC - NC differences were not statistically significant. A
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representative example of the NC \'Jozrcsponsc (subject 3) is presented in Fig4.6
(top panel). This was well described by a frst-order exponential, as described
previously in Chapter 1, This provided estimates of the relevant phase II system
descriptors: the time-constant (t), and ‘A\'ZO2 (Al). Individual resuits are given in
Table 4.2. In one instance (subject 5), a good model fit was not obtained as the kinetic
phase of the VO,response was complete prior to the first expired gas sample been

taken.

Tablc 4.2. Phase II system descriptors (< 8 exercisc)

Subject T {scc) AVO, (A ()
L 39 0.9
2 22 1.5
3 36 0.6
4 34 0.9
5 <20 0.5
6 26 0.8
Mean + s.d. 31+7 0.9+ 0-4

*Note: Parameters could not be accuialely estimated for Subject S
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Unlike the NC condition, there was substantial variability in the form of the HC
Vogresponsc across the different subjects; i.e. while there was often evidence of
overshooling behaviour, its magnitude and time course varied widely. For exampie,
the corresponding VO,response in HC for subject 3 was strikingly different (Fig.
4.6). There was clear evidence of \'fozovershooting, with the maximum of the
overshoot impacting on the VO, cquivalent of 6,. VO, declincd subsequently to a new
lower and stable value for the final 10 min of the exercise. It was evidently not
appropriate to fit these data to the mono-cxponential modcl used for NC. When the
overshoot (expressed at the maximum Vozdifference between HC and NC) was

expressed as a function of RPS, no correlation was found between the two variables.

The disproportionate increase in VOZduring the initial stages of the square-wave
protocol was therefore quantified, for cach subject, as the arca under the VO, -time
profile; i.e. yielding a total *“volume” of O, utilised over the entire period of the < 0.
exercise. In all but one subject, the HC volume of O, utilised was greater than for NC
(Table 4.3); this difference amounted to (3.1, -2.0 - 6.9) (median, range}, but did not
reach the level of statistical significance (P = 0.071). Finally, no differences were
found between conditions in VOzfor the rest to “unloaded” exercise (ransition

(-‘5 vD  (unl - rest})-
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Table 4.3. Volume of O, consumed during exercise for HC and NC (< ).

Subject 1 2 3 4 5 6 Mean + S.D.

HC (1) 27.9 356 219 292 221 260 27.1+5.1

NC (1) 230 376 150 252 207 239 24275

Significant diflerences were found betwecn conditions for Vg during exercise, with
systematically higher values for HC during the first 12 min of the square-wave
protocol (Fig. 4.7). The Vi response for HC and NC, expressed as a funcition of
VCO,, was well described by a lincar function (Fig. 4.14). For the mean data, the
corresponding correlation coefficient (r) was equal to 0.95. No discernible differences
were found for HR between HC and NC, which remained cessentially stable from 3

min anwards in each condition (Fig. 4.7).

Blood-lactate concentration. No mcasurable differences existed between conditions
for blood [Lac], cither at rest or during the square-wave exercise protocol, although
there was a tendency for higher values in HC. Mean blood-lactate levels in HC and
NC remained essentially stable from approximately 3.5 min onwards (Fig. 4.7). Fig.

4.8 shows individual profiles for Vozand blood [Lac] in HC.

Ratings of perceived exeriion. RPE during the square-wave protocol for each
environmental condition were similar: representative individual and the mean

responses are illustrated in Fig. 4.7, confirming the absence of significant findings.

Rectal and skin temperatures. Significant differences were found for AT between NC
and HC throughout the entire duration of the square-wave exercise (Fig. 4.9). There

was a significant difference between ATy obtained following cooling and ATy (end
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exercise) in HC; i.e., with Ty decreasing progressively from the cooled value during
rest and the unloaded phase. Subsequently, Tr rcmaincd at a stable level throughout
the square-wave; i.e., as there was no change in ATg. The increase in ATg, however,
indicated a progressive rise in T throughout the square-wave protocol in NC. Tg, was
systematically higher in NC compared to HC throughout sub-threshold tests (Fig.
4.9). During NC, Ty did not show any measurable changes from baseline values and
remained al a stable level. In HC, however, there was a progressive increase in Ty

from baseline once the square-wave increase in work rate was initiated.
(b) Supra-threshold (> 0,))

Pulmonary gas exchange and cardiorespiratory variables. VO,for HC was

significantly higher than corresponding values for NC during rest, the unloaded phasc

and the firsl.lﬁO seconds of exercise. Fig. 4.10 illustrates the mean profiles of the
VO, responsc in cach environmental condition. Fig. 4.11 shows the V0, responses of
a single representative subject for square-wave exeicise above 0y, for the two
environmental conditions. The systcm descriptors (T and Al) for phase II were
estimated by fitting the data for the first 3 min of the VoO,response; i.e., prior to
induction of the "slow" component (Table 4.4). The \}’Ozslow component (Area 2 in
Fig. 4.10) was also compared for each condition, in two ways: First, the area under
the whole curve (Area 1 + Area 2) was estiinated; then Area 1, the area equivalent to
"steady-state extrapolation” of the phase II component, was subtracted from this.
Secondly, the difference in VO, between min 3 and 6 of the exercise (A VO, - 1)) was

assesscd (Table 4.4). No measurable dilferences were found between conditions for

either index. The Vg response to heavy intensity square-wave exercise revealed
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significant differences beltween NC and HC during the initial 120 scconds of exercise,
although Vg in HC tended to be higher than for NC between 120 - 260 seconds (P <
0.1). Individual and mean responses are illustrated in Figs. 4.12. The relationship
between Vi and VCO, was also well described by & linear function over maost, if not
all, of the exercise (Fig. 4.14); the correlation coefficient (r) for the mean data was
0.95. No measurable differences were found for HR response between conditions;

individual and mean responses are shown in Fig. 4.12,

Blood-lactate concentration. No significant diflerences were found for blood [Lac]
between HC and NC for resting samples and throughout square-wave exercisc. For
both environmental conditions, blood [Lac] increased progressively from the
unloaded values until approximately 8 min into the exercise (Fig_. 4.12). Thereafter,

blood {Lac] remained at steady-state until completion of exercise.

Ratings of perceived exertion. No differences were found for RPE between NC and

HC (Fig. 4.12).

Rectal and skin temperatures. Signilicant differences were found between NC and HC
for Az from the initiation of thc unloaded phase onwards, until completion of
excreise, There was no discernible change for ATr from the start of rest during HC,
although the profile illustrated in Fig. 4.13 indicates that Tx may have increased
towards the end of the square-wave phase (P < 0.1). In NC, there was a progressive

increase in ATr throughout exercise.

Mean skin temperatures (Tq) were also significantly different over time between NC
and HC, with systematically lower values for HC. The individual and mean profiles

show the progressive increase for Ty from baseline during the square-wave protocol.
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Figure 4.4: Individual (Subject 2} (left panels) and group mean (right panels)

cardiopulmonary and perceptual responses for incremental tests (HC (), NC (0)).
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Figure 4.5: Individual (Subject 1) (left panels) and group mean (right panels) I'r and Ty
profiles for incremental tests (HC (M), NC (2)). The responses were significantly differcnt

between conditions throughout the test protocol.
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Figure 4.6: Individual (Subject 3) (top pancl) and group mean (bottom panel) V0, response

profiles for square wave exercisc transitions (< 6r) (HC (m), NC (0)). *: indicates a

significant difference between conditions.
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Figure 4.7: Individual (Subject 1) (left panels) and group mean (right panels)
cardiopulmonary, metabolic and perceptnal responses for constant load tests (< 0p) (HC

{m), NC (11)). *: indicates a significant difference between conditions.
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Figure 4.8: Individual V0, and blood [lac] responses for HC constant-load exercise (<0L).
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Figure 4.9: Individual (Subject 1) (left panels) and group mean (right panels) Tr und Ty
responses for constant load tests (<6 ) (HC (m), NC (O0)). The responses were significantly

different between conditions throughout the test protocol.
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Figure 4.10: Group mean {s.d.) VO,response profiles for constant load tests (>0(). *:

indicates significant differences between conditions. See text for further details,
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Figure 4.11: Individual VO, response profiles for constant-load exercise (> 1) in HC and

NC (Subject 3).
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Figure 4.12: Individual (Subject 3) (left panels) and group mean (right panels)
cardiopulmonary, metabolic and perceptual responses for constant load tests (> 9.) (HC

(M), NC ([1)). *: indicates a significant difference between conditions.
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Figure 4.13: Individual (Subject 3) (left panels) and group mean (right panels) Tr and T
responses for constant load tests (> 0, ) (HC (#), NC (3)). The responses were significantly

different between conditions throughout the test protocol,
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Figure 4.14: Mcan data for Vg expressed as a function of VCO; (<6, >01).
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Discussion

Incremental Tests

The findings from incremental work tests demonstrated that sub-normal core and skin
temperatures have an adverse effect on maximal aerobic performance. Subjects
performed the incremental tests having exhibited significant decreases in both Ty (0.8
£ 04° C) and Ty (7 £ 2° C) (induced by the cooling period); these lowered
temperatures persisted throughout excrcise. Significant reductions in the duration of

incremental tests to exhaustion were found in HC. Furthermore, at maximal effort,

hypottiermia significantly reduced HR gy and lended to lower Voz mux and WRx.

Several investigators have reported decrements in VO, mux at lowcered core and muscle
temperatures (Nadel et al. 1974; Davies et al. 1975; Bergh and Ekblom 1979; Quirion
ct al. 1989). Bergh and Ekblom (1979) dcmonétmted a linear fall in peak VOQduring
maximal excreise, when muscle and core temperatures were lowered. Average lowered
values reached during experimental procedures ranged from 35.1-36.5° C (muscle) and
34.9-35.8° C (vesophageal). The observed change in peak Vozamountcd to approx. 5-
6 %° Cl Davics et al. (1975) induced bypothermia in their subjects (core
temperatures reaching approximalely 35° C) by allowing them to swim at low speeds
in a swimming flume containing water at 18° C, During the maximal exercise that

followed, ‘;’Ozmux was significantly reduced by (.42 Imin™.

Based on the criteria of Taylor et al. (1955), it appears likely that four out of the six

subjcets in the present study did not attain at “true” maximum in HC but simply
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reached a peak level inVo,. The differences in VO, between HC and NC

amounted to more than the accepted/specified 150 ml'min”, The tendency for V0, to
be reduced at maximum in HC (if, indeed, it was altained) could be the direct
consequence of a mechanical inefficiency, or changes in one or several physiological

variables within the oxygen transport system.

‘The shorter duration of total work time, in conjunction with the tendency for a
diminished \702.mm (seen in four subjects), suggests that subjects were stopping
incremental exercise prior to having attained a true maximum. Evidently the sub-
normal Tr and Ty, which persisted throughout the incremental exercise, were
imposing limitations 1o the work capacity of subjects. It has previously been shown
that an increase in core temperature is necessary to reach maximal oxygen uptake
(Bergh 1980). Although Ty increased significantly from values obtained at the end of
the cooling phase in the present study (Fig. 4.5), Tr remained unchanged during the

incremental exercise (Fig. 4.5); neither variable attained baseline levels.

The low temperatures present during exercise may have affected chemical and
physical processes at the cellular level in the skeletal muscle and, furthermore, resulted
in a decreased net efficiency of exercise. Surprisingly, despite appearing to perform
marginally better in NC, subjects did not perceive the incremental exercise in HC as
being harder, based on the RPE results. This observation, however, confounds
subjective reports following the incremental work tests: the majority of the subjects
indicated a preference for exercising in NC rather than HC. For example, they
complained ol cold extremities and, particulatly, stiffoess in the legs during

incremental tests in HC, and cited these as primary canses for termination of ¢xercise
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rather than cardiorespiratory distress. These observations from the present study are
consonant with previous findings by Quirion et al. (1989) who compared progressive
maximal exercise performance at 20° C, 0° C and -20° C. They proposed that a direct
effect of the cold on the muscles could be the reason why subjects found exercise
intensities more liring in the cold. Beelen and Sargeant (1991) have postulated that
internal resistance within the muscle, related to tissue viscosity, may increase under
cooled conditions. Consequently, a greater fraction of the power generated may be
dissipated in moving the limbs; i.e., overcoming an increased internal resistance

related {o tissue viscosity.

Vangaard (1975) has suggested that impairment at the level of the neuromuscular
junction may contribute significantly to the early onset of fatigue frequently obscrved
during cold stress. Measurements of ulnar nerve latency have shown this to be highly
temperature dependent; a 2° C decrease in nerve temperature doubling the latency. It
has been proposed that a decreased conduction velocity will impair neuromuscular
transmission under the influence of cooling, lengthening the duration of action
potentials and, hence, prolonging the refraclory period (Vangaard 1975).
Consequently, the number of efferent stimuli reaching the muscle is attenuated and

muscular conlraciions are impaired.

Consideration must be given to the possible influence of the reduction in HC
incremental test duration. The diminished total work time may be a consequence of the
increased sub-maximal VO, levels that have frequently been seen during exercise in
con_.iunction with lowered core temperatures (Nadel et al. 1974; Holmer and Bergh

1974; Davies et al. 1975), It appears logical to assume that more rapid onset of fatigue
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is likely to develop if a given WR represents a higher percentage of "Joz.,m in HC; in
other words subjects reach VO, nax Sooner than for normothermia. Fig. 4.4, which
shows a representative of the typical pattern observed in subjects for VO, as a function
of WR, illustrates the higher oxygen uptake at lower WR in HC. Vozfor unloaded

cycling was significantly higher in HC compared to NC; at 8, discernible differences
in VO,ceased to exist between the (wo conditions. Evidently, the processes
contributing the increased oxygen cost at low intensity exercise were offset to some
extent by the heat-generating capacity ol exercise as the WR progressively mcreased.
Interestingly, the present study demonstrated a close coupling between the time
profiles of elevated V0,and Vg in HC for incremental exercise. Both variables were
significantly highcr in HC compared to NC for approximately the same duration

during the initial stages of incremental exercise; the increases probably correspond to a

marked shivering response.

A reduction in maximal acrobic capacity is, more often than not, accompanied by a
reduction in HR.x (Nadel et al. 1973; Holmer and Bergh 1974; Bergh and Ekblom
1979). Tor example, Davies et al. (1975) demonstrated a reduction of 26 beatsmin™ at
maximal effort under hypothermic conditions (which corresponds to a fail of
approximately 14 %), whereas Bergh and Ekblom (1979) found a linear relationship
between HR and decreasing body temperature during maximal exercise, the rate of
reduction equaling 8 beats-min'-° C'. Results from the present study are consistent
with previous findings and showed that HR . Was reduced by approximately 7 %. Il
has been suggested that the mechanical properties of the heart muscle ave impaired by

hypothermia; the rate of tension development per unit time is decreased, and times to




peak tension and relaxation are prolonged (Bergh and Ekbiom 1979). Bergh and
Ekblom (1979) have postulated that the reduction in HRna is likely to reduce cardiac
output {(CO) at peak levels. Maximum stroke volume (SV) probably remains unaltered
(McArdle et al. 1976, Pendergast 1988) and, thus, the amount of oxygen made readily

available to the exercising muscles is diminished.

In theory, circulatary impairment of O, delivery could be a turther possible mediator
for the observed effects on maximal aerobic performance, Cold-induced
vasoconstriction, which may persist during exercise (especially at low intensities),
could counteract the vasodilation induced by exercise (Holmer and Bergh 1974,
Beelen and Sargeant 1991), further contributing to the diminished levels of circulating
0O, (see above). Ishii et al. (1992) found that muscle blood flow and its rate of
adjustment tends to decrease under reduced muscle temperature conditions. A leftward
temperature- dependent shift in the O-dissociation curve for haemoglobin is also
likely. Impairment of O, delivery to the exercising muscles could, conceivably, result
in local hypoxia and increased reliance on anaerobic metabolism. Similar levels for
blood lactate concentration in HC and NC do not, however, suppoit this hypothesis. It
must be recognised, however, that blood lactate represents a balance between
production and utilisation of Iactate and few conclusions can be drawn about metabolic
process by simply measuring the concentration in plasma. Therminarias et al. (1988)
found lower plasma lactate concentrations during progressive exercise in the cold;
these investigators have suggested that the findings may be due to increased lactate
utilisation by shivering muscles, since lactate appears to be an important metabolic

fuel for these (Minaire et al. 1971). The expected increase in blood lactate
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concentration may therefore have been counterbalanced by an increased uptake by the

shivering musculature,

Sub-threshold constant-foad tests

Individual profiles for the Vo, response in HC (< 0p) showed a departure from the
profile normally obtained in normothermia. The lack of consistency in the "tcmporal”
shape of HC \Y 0, responses in the present study (Fig. 4.6) obviated similar kinetic
analysis as for NC. The early VO, “overshool” observed for at least three subjects in
HC (Fig. 4.8) distorted the characteristic mono-exponential profile normally obtained
for sub-threshold square-wave exercise and formal first-order model-fitting was
deemed inappropriate. Furthermore, because of the relatively low data density and the
noise associated with the data (Lamarra et al. 1987), it is ditficult a priori to select a

model structure that is physiologically meaningful and significantly robust.

The effects of cooling induced in subjects became apparent when the ‘:f’ozresponse
was compared between conditions, in terms of absolute magnitude. Higher \702 valucs
were found for HC throughout the square-wave protocol; the differences, however,
between conditions were more pronounced during the initial stages of exercise. The
apparent increase in Os-cost for a given exercise intensity in HC could be the result of
a number of factors, directly and indireclly attributable to cooling. A mechanicad
incfficiency, associated with an increase in the amount of energy expended to maintain
a given work rate at a fixed cadence (Whipp and Wassermann 1969}, was considered.
It is plausiblec that the low environmental temperature may have augmented the

resistance on the cycle-ergometer by increasing friction between the belt and the fly-

105

EXIE PO AN A AU S LS




wheel. This was ruled out, however, after no difference was found between conditions
for the rest-to-unfoaded cycling iransition O;-cost (A v 0, (ulwesy). These findings
provide strong evidence against a theoretical mechanical increment in O, uptake. This
argument, however, does not rule out the possibility that inefficiencies at much higher

work rates (i.e. > 6r) may have been introduced by the low temperature.

It is likely that shivering was the primary contsibutor to the observed disparity between
V0,in HC and NC. Shivering thermogcnesis is responsible for increases in Vo, and
heat production observed when humans are exposed to a cold environment, during
both rest and exercise (Burton and Edholm 1955). Subjects in the present study
exhibited significant elevations in resting VO, for HC experiments; this thermogenic
adjustment was apparent during rest, and exerted a considerable influence on the
Vozresponse during sub-threshold cxcrcisc, tending to persist for the entire duration
of the exercise. During exercise at low WR, where the intensity of exercise in itself is
insufficient to sustain body temperatuwre, shivering is perceived to contribute
significantly to increased (cold-induced) heat production, seen as an clevation in
metabolism (Pugh 1967; Nadel et al. 1974; Hong & Nadel 1979; Shepard 1985).
Integrated electromyographic data (iIEMG) demonstrated that shivering and associated
elevations in heat production were superimposed upon the rhythmic muscle
contractions and heat production ol cycle-ergometer exercise (Hong and Nadel 1979).
1t has been acknowledged that shivering can co-exist with exercise and is normally
called upon by the body during low intensity exercise in the cold (Nadel et al. 1973;

ITong & Nadel, 1979; Shepard, 1985; Weller et al. 1997},
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The overall findings from the present study on VO, Kinetics in the cold offer support
for the contention that the effect of moderate-to-heavy exercise is manifest as a graded
inhibition of the shivering responsc (Hong and Nadel 1979). The effects of
hypothermia on melabolic ratc were cvident at low WRs and were consistent
regardless of the form of exercise. The thermogenic effect and associated heat flux
during supra-threshold exercise was clearly higher thun for sub-threshold exercise and
hence concomitant respiratory and metabolic adjustments were attenuated for the
higher intensity. This is reflected in the response for Tk, Although ATk did not change
appreciably from values obtained at the end of the cooling period, the profile for supra-
threshold square-wave exercise (Fig. 4.13) indicates that Tr may have increased
towards the latter stages of exercise. This is in contrast to the response for sub-
threshold cxercise, where Tr remained essentiafly unchanged during exercise, having
exhibited a decrease during the unloaded phase (reflecting a redistribution of body heat

content —Hong and Nadel 1979; Kruk et al, 1990).

As previously mentioned, the Vozrt:sponse profile in HC displayed an "overshoot”
(seen clearly for three of the subjects) that was supcerimposed on the already elevated
Vozduring sub-threshold exercise. No correlation was found between the magnitude
of the overshoot and RP’S. 'Uhis may be, in part, due to the intermiltent naturc of
shivering contractions or that subjects were being "stoic” and inaccurately reporting
pereeptions, Interestingly, analogous (o the findings by Roston et al. (1987), the
lactate-time profiles of subjects 4 and § in the present study (in whom blood [ILac] rose
to an early pcak and then decreased progressively during the remainder of exercise)

closely resembled corresponding VO, profiles for HC (Fig. 4.8). Both these subjects
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exhibited an early “overshoot” in \?Oz. Roston and his colleagues (1987) have
demonstruted a significant corrclation between the increase in blood lactate and the
magnitude of the V0, slow component; i.e. showing an association between increased
lactate and the disproportionate increase in VO,. One might speculate, therefore, of a
similar association for sub-threshold exercise under the influence of cold stress, taking
into account, however, that it may not be lactate per se, but rather the accompanying

acidosis that causes the observed effects on V02 (Wasserman ct al. 1891).

The oxidative reactions providing energy for exercise in cooled subjects may be
slowed by the temperature-dependent reduction in enzyme activity mediated via the
Qo effect (Shigjiri et al, 1997). A slowing of chemical and physical processes within
the cooled muscle is likely to generate a reduction in the velocity constant of ATP
splitting, causing diminished breakdown and resynthesis of ATP (Ishii et al. 1992;
Shiojiri et al. 1997). Ishii et al. (1992) postulated that the decrease in stcady-state
oxygen uptake ( VO, () when expressed as its molar equivalent, was proportional to
the reduction in the velocity constant of ATP splitting. The present study, however,
revealed higher rather than lower absolute values for VO, throughout exercise in HC,
suggesting that if indeed ATP breakdown and resynthesis is slowed, it has been (over)

compensated for by recruitment of a greater fraction of available active muscle mass to

meet with the Gr-demand of shivering contractions and exercise.

Lower-efficiency, fast-twitch type II fibres, recruited as part of the increased fraction
of muscle mass, active at any given time, may coniribute to clevated sub-threshold

exercise V0, levels in HC. These fibres have a high Oy cost (reflecting a low oxidative
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capacity) and longer time-constants (Barstow et al. 1996; Gaesser and Poole 1996).
The proposed change in muscle recruitment pattern (including type IT glycolytic
fibres), as well as the additional muscle mass of the shivering musculature, may also
have contributed Lo the tendency for higher blood lactate levels for sub-threshold

exercise in HC.

Beelen and Sargeant (1991) have suggested that [ollowing cooling, more of the powcr
generated may be dissipated in moving the limbs; i.e., overcoming internal resistances
related to tissue viscosity which may increase under cooled conditions. Although
difficult to estimate the magnitude of such a component, observations by the
investigators led to the conclusion that overcoming internal resistance would require
an equivalent Vozin excess of approximately (.2 Lmin". As previously stated, a
number of subjects complained of stiffness in the legs, associated with difficulty in

maintaining the selected cadence, alongside cold extremities during exercise in HC.

The O, cost of respiratory work necessary to increase pulmopary ventilation is
unlikely to have contributed significantly to the elevated Vo,in HC. Vg was
systematically higher for the first 12 min of sub-threshold exercise during HC; the
elevation in Vg is consistent with previous findings by other investigators (Davies et
al. 1975; Therminarias 1992; Ishii et al. 1992). The hyperpnoea associated with HC
exercise did not, however, induce frank hyperventilation but was in its normal
proportionality to CQ; output; i.e. the slope of the Vg-VCO;, relationship was within

normal (NC) limits (Wasserman et al. 1987).
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The sub-threshold VO, findings for HC can only be compared in part to previous
results of similar investigations that investigated the influence of cooling on O,
kinetics during exercise. Three studies, investigating the effects of reduced muscie
temperatures (by approximately 6-7° C) on the VO, response at the start of exercise
(Beelen and Sargeant 1991; Tshii et al. 1992; Shiojirt et al. 1997), induced cooling in
subjects by immersing their legs in a cold water bath. This method of cooling
effectively minimised the shivering response; Ishii et al (1992) were the only authors
not to clothe the upper body during subject immersion which may explain why a
shivering response was present in their subjects (evidenced by an elevation in
resting VO, ). In contrast to the present study, where no conclusions could be drawn on
the temporal component of the HC VO, response, Shiojiri et al. (1997) demanstrated

slowed kinetics at the onset of exercise following cooling (T was prolonged by
approximately 8 sec). Ishit et al. (1992) and Beelen and Sargeant (1991) reported
unchanged kinetics. Shiojiri et al. (1997), however, were the only investigators to
demonstrate a mono-exponential Voﬁresponse o the exercise transition. Ishii et al.
(1992) quantified the O kinetics using the half-time of the response (as opposed to T);
no examples of the data were shown and thus representation of mono-exponential
kinetic analysis, using the half-time, should be treated cautiously. Analogous to the
present study, Beelen and Sargeant (1991) determined VO, from sequential Douglas
bag collections. Although reporting unaltered kinetics, no information was provided on

how data were fitted and, furthermore, on how the investigators reached their

conclusion.
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Finally, although the (hree studies referred to above, quantified the WR adopted for the
rest-to-exercise transitions in terms of absolute magnitude (Ishii et al. 1992; Shiojiri et
al. 1997) and expressed as a percentage of VO, mi (Beelen and Sargeant 1991), the
intensity domain was not specified (see Chapter 1), The WR employed by Ishii et al.
(1992) (i.e., 75W and 125W) and Shiojiri et al. (1997) (i.c., 50W) for the square-wave
cxercise transitions were low and it may be assumed that they were in the moderate
intensity domain. 'I'his was not quantitatively assessed, however, and inferences made
on the putative mechanisms contributing to altered VO, profiles under the influence of

cooling should be treated with caution.

Supra-threshold constant-load tests

The HC VO, response for supra-threshold constant-load exercise differed from the NC
response only in terms of magnitude for the first 160 sec approximately. The
individual profiles obtained, enabled kinetic analysis for both NC and HC (Fig. 4.11);
no significant differences were found between conditions for the estimated T (Table
4.2), despite predictions of a decrease in the velocity constant of ATP splitting (Ishii et
al. 1992). Slowing of the O kinetics at the start of exercise may have been
compensated for by the greater active muscle mass resulting from shivering

contractions present during the initial stages of exercise.

Normalised for metabolic-acidaemic strcss, it appears that the Vozslow component
characteristics were not appreciably influenced by enviroamental conditions. Thus, no
further definitive information is provided for elucidation of the putative mediators of

the excess VO, and the precisc functional significance in context of QO,. Pulmonary
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gas exchange and cardiorespiratory variables showed essentially no variance between
HC and NC; the few discernible dilferences for the VO,and Vg responses were
present only for the initial 160 and 120 sec respectively. The characteristically slow
component of VO, normally becomes superimposed upon the rapid increase associated
with exercise onset after some 80-110 seconds (Barstow and Mole 1991, Paterson and
Whipp 1991) and develops most rapidly between min 3 and 10 of exercise {Poole et al
1990; Poole et al. 1991). No meaningful inferences can therefore be made to account
for the possible contribution of Vg, and the associated G cost of an increase in

pulmonary ventilation, to the excess VO,observed during supra-threshold exercise.

An increase in core and muscle temperature has been proposed as a possible
mechanism contributing to the slow component, via the Q)¢ ¢ffect (Gacsser and Poole
1996). In the present study, Tk (expressed as a change from baseline) was significantly
lower in HC compared to NC throughout supra-threshold exercise, as was Tg. By
logical deduction, the present [indings suggesi that increased body temperature is
unlikely to be quantitatively important in contributing to the slow component. Indeed,

this has been shown by Rowell (1971}, who could not demonstrate a discernible effect
on exercise VO, following changes in body temperature of 2-3° C. Koga et al. (1997)
have demonstrated that if anything, the slow component (characterised by AVO, .1)

was slightly, but significantly smaller when muscle temperature was elevated. This
finding is inconsistent with the previously accepted hypothesis that an exercise-

induced increase in muscle temperature may be the predominant mechanism behind

the slow component.




There are, however, contra-indications to the deduction made above based on the
present findings. For instance, the limited number and short duration of discernible
differences for the mgasured variables during exercise above 6, (in contrast to findings
for sub-lhreshold exercise), suggest that the influence of the cold was not as striking at
the heavier intensity. Therefore, although Tr and Ty were reduced with respect to
normothermic values, the thermogenic effecls of supra-threshold exercise may have
counterbalanced any metaholic alterations within the exercising musculatuce as a result
of cooling. Further investigation is required, however, for definitive conclusions on the
influence of cooling on the VO,slow component and the consequent inferences on

proposcd mediators of this phenomenon.

Conclusions

In congclusion, the findings from the present study have demonstrated detrimental
effects on sub-maximal and maximal exercise performance under the influence of
reduced Tr and Ty Furthermore, the results offer support to ihe contention that
shivering is inhibited with increasing exercise intensity and this consistent rcgardless
of the form of exercise (i.e., incremental versus constant-load). The absence of
differences [or the VO,slow component between HC and NC, tends to suggest that
increased muscle temperature is unlikely to contribute significantly to iis

manifestation.
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General Discussion

The primary objective of Studics I, II and IIT was to provide an indirect evaluation of
garment properlies, incorporating certain aspects into the design that allowed for
assessment of specific characteristics, in standardised environmental conditions. In
this chapter, the findings are discussed in a wider context and their practical
applications considercd. Study IV investigated exercise metabolismm under the
influence of cold stress. The implications of the results on some of the current
perspectives concerned with underlying control mechanisms are referred to in this

chapter, alongside directions for future work in the related area of research.

Influence of garment properties on the physiological response to cold
stress.

Studics T and 1I demonstrate that the degree to which a garment is permeable to wind,
can exert considcrable infiuence on the physiological response to cold stress.
Furthermore, the findings showed that although air permeability was impogtant in
providing protcction against the tmposed enviromment, it was not the only discerning
factor in the discrimination between suits, The fact that the suit with medium air
permeability (MP) appeared to be the most favourable of the suits, suggests that other
factors confribute to the overall protective capacity of MP in cold and windy
cnvironments such as the oncs employed for these studies. The most plausible
explanation from the given physical propertics and characteristics of the suits appears
to lie in the different thickness of LP and MP, which could theoretically have affected
suit fit, The thinner tabric of LP may have resulted in looser fit on subjects (Gavhed et

al. 1991), thus aliowing for greater ventilation within the microclimare. The insulatory




capacity (due trapped air} of the microclimate is also likely to have been diminished
through compression of the suit against the body. It is conceivable that the force of the
wind exerted a larger impact on the thinner material, compressing the suit against the

body and effectively eliminating the still air layer.

The purpose of Study Il was to compare the influence of different physical properties
and wicking capacity of garments on the thermoregulatory responses and subjective
perception of humans, during rest that was subsequent to a period of exercise in the
cold. Significant cooling was observed in subjects as a result of the cold ambient in
conjunction with the presence of moisture accumulated through the exercise sweating
response. The differences found among the garments evaluated were likely due to
differences in the drying process (heat being lost through evaporation from the surface
of the skin or the clothing, depending on the transfer of moisture) (Bakevigg and
Nilesen 1994). The preferred garment combined a high wicking capacity with greater
thermal resistance and thickness, although it has been postulated that thicker
constructions may slow the evaporation process by giving less moisture per volume
and a lower temperature at the garment surface (Bakevigg and Nielsen 1994).
Evaporation may be enhanced if the moisture remains closc to the skin initially, since

it has a higher temperature than the environment.

Technological constraints and equipment [imitations for Study T excluded certain
measurements that would have provided additional information on garment
performance. These include quantification of the microclimate (in terms of
temperature and humidity), estimation of the amount of moisture on the skin (skin

wetness), as well as weighing of the garments to assess the amount of moisture
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present at a given time. A number of investigators, for inslance, have measured
humidity within the microclimate as well microclimate temperature at separate sites
during garment assessments (Gavhed et al. 1989, Ha et al. 1998). Ha et al. (1998)
conducted a study comparing lwo baselayer garments during rest subsequent to
physical activity in cold. As well as quantifying the microclimate (in terms of
temperature and humidity), the investigators atlempted to estimale evaporative Josses
of moisture by incorporating body mass and garment weighing during the
experimental protocol, thus providing information on the transient behaviour of

moisture transport.

Clothing physiology - correct approach and future directions.

An adjacent outer-garment was included as part of the garment evaluation in Study
ITT; the moisture is transported by vapour diffusion to this garment and condenses
there. When the vapour condenses, the latent heat (hat is liberated results in a lower
temperature gradient between the skin an the outer-layer; the etfect, however, on heat
loss from the skin (which will oltimately cause cooling and affect the body’s
thermoregulatory response) is likely to be minimal (Renbourn 1972). Incorporating a
second layer into the design protocol of the present study emphasises a fundamental
issue in the area of clothing physiology and its application to cold cnvironments: thc
idea ol a multi-layer clothing ensemble that allows the wearer to selectively controi
the degree of protection from garments, tailoring it to the demands of the environment
(Lotens 1987; Dickinson 1995). No single garment can satis{y all the requirements
presented during cold exposwrc ¢.g. there is no material that is a fine insufator, yet
simultaneously offers effective protcction from wind and rain. The basic multi-

layered clothing system should incorporate a base-layer, where warmth and wicking
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ability are the principal prerequisites, insulation layers and an outer fayer to protect
against wind and moisture (Dickinson 1995). A layered system allows for more
trapped air layers, thus increasing effective insulation by adding to the total value.
Although not convenient at all times, adding or shedding items of clothing may
prevent potentially hazardous situations like the accumulation of excess heat {and
hence sweat) during exercise, an issue addressed in Study III. The layers can be varied
according to ambient temperature, the presence (or not) of wind and rain, and activity
(including intensily and duration). A review by Lotens {1987) contends that “...
probably the largest design problem of cold weather clothing is not the achievement
of high insulation, but rather the creation of possibilities for the adjustment of

insulation to the difference in heat production between work and rest”.

The garments assessed in the present studies were functionally designed 1o be used as
a base-layer (Study III) and protective outer-layer (Studies I and II). It is logical to
believe that the evaluation of any garment is only complete when tested as a part of a
multi-layered system, thus allowing for interaction between the different garments
and estimation of a resultant, as opposed to individual, insulation value. Holmer and
Gavhed (1991) have shown that significant errors arise in predictions of thermal
responses when basic insulatton values are used in calculations instead of resultant
figures. Furthermare, the assessment of the dynamic behaviour of clothing in terms of
heat exchange should be incorporated into the design protocol (i.e. employing a
rest/exercise cyele, such as for studies I, IT and TIT) for comprehensive evaluation of
any garment. An extended number of combinations are possible, and studies are

required for determining the “optimal” combination in a given environment, taking
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into account ambient temperature, precipitation, activity slatus and duration of

EXPOsure.

Although manikin measurements provide values for the basic thennal propertics of
clothing (e.g. insulation, evaporative resistance etc.), they must be compared with
measurements on human subjects to account for individual variability of thermal
properties in a field situation. It makes sense, therefore, to combine measurements
trom both manikin and human frials. Reviews on the recent trends in clothing
physiology (Lotens 1987; Holmer 1989; Dickinson 1995) accent the mast significant
problems to be addressed in both chamber and [(ield experiments: a) the variability of
intrinsic thermal properties under conditions of intended wear (i.e. posture, body
movement, wind, etc.); b) the effect of clothing on heat exchange during transient
conditions, like intermittent activity; ¢) the elfects of moisture absorption in clothing,
including transfer of sweat from the skin and re-evaporation in adjacent layers and d)
validation of predictive models for specialised clothing (i.e. protective garments), as

well as for models predicting basic and resultant thermal properties of clothing.

Influence of cold exposure on aerobic performance in exercising humans.
Study IV showed alterations in the metabolic response to progressive maximal
exercise during exercise in the cold (and following body cooling) that are consistent
with previous findings (Paton and Vogel 1984; Quirion ct al. 1989). There was a
significant reduction in time to exhaustion and a tendency for lowered Vozmax,
although this did not attain statistical significance. During the initial stages of the
incremental exercise, however, Vog\vas clevated in the cold compared to

normothermic conditions. A number of investigators have proposed that increases in
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V0, in cold temperatures appear to relate to exercise intensity (Stromme ct al. 1963;
Hong and Nadel 1979; Quirion et al. 1989). It is likely that at high intensities, exercise
substitutcs for shivering thermogenesis, rather than adding to its cffect. This
hypothesis, derived from results obtained for incremental exercise, extended to the

findings of the constant-load exercise tests.

Vo, during sub-threshold constant-load exercise was systcmatically higher in HC

compared to NC. The elevated V0,is likely to be principally a consequence of
shivering (Nadel et al. 1973; Hong and Nadel 1979) which persisted throughout the
duration of exercise, indicating that the thermogenic capacity of moderate intensity
exercisc was not adequate to offset heat loss. In three of the subjects the elevation in
Vo, characteristically displayed an "ovcrshooting” behaviour during the initial stages
of the square-wave exercise ftransitions, implying that, possibly, there were
contributions other than from shivering to the higher V02i11 HC. The possibilities
include changes in fibre-type recruitment (Beelen and Sargeant 1991; Ferretti 1992;
Ishii et al. 1992) and an additional energy requirement for overcoming an increased

internal resistance within the muscle as a result of cooling (Beelen aud Sargeant

1991).

In contrast 1o sub-threshold findings, the VO, response for heavy-intensity constant-
load exercise differed between HC and NC only during the initial stages ot the square-
wave transition (approximately 160 sec). The characteristic VO,slow component
appeared to be unaffected by the cooling, since there were no differences in its

magnitude between HC and NC. The discrepancy in the VO, response for HC
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between sub- and supra-threshold constant-load exercise can only be accounted for by
an increase in metabolic heat generation. Bvidently, the shivering response was
abolished early on during supra-threshold exercise transition as a resull of a greater

thermogenic capacity and heat flux generated by the higher intensity exercise.

Despite the absence of significant differences for the Vo,slow component, Ty and
Ty were significantly lower during HC compared to NC. This observation has
significant implications for the role of temperature as a potential mediator of the sfow
rise in VO, lypical of supra-threshold constant-load exercise in normothermia.
Although proposed as a putative mechanism contributing to the “"excess" Oy
component (Gaesser and Poole 1996), the findings of the present study implicate that
an increased muscle temperature is unlikely to contribute by a significant amount.
Previous findings by Koga ct al. (1997) are alsc inconsistent with the contention that
an exercise-induced elevation in muscle temperature is a predominant mechanism for
the slow component, since the magnitude of the slow component was reduced with
increased muscle temperatures. If an increased muscle temperature were to contribute
significantly in the manifestation of the slow component, then the lowered Tgr, Te
and, by deduction, muscle temperatures during supra-threshold exercise in HC in the
present study, would have been expected to decrease the magnitude of the slow
component. It is, however, possible that although only significant during the initial
part of the square-wave cxcrcise transition, thermoregulatory adjustments (i.e.
shivering) persisted, albeit diminished, for a longer duration and cffectively “masked”
the expected decrecase in the VO,slow component. Perhaps it is also unjustified to
expect a teduction in the magnitude of the slow componenl al sub-normal

temperatures; it is likely that the metabolic heat production of heavy intensity exercise
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is adequate to olfsel heat loss, and will thus diminish any thermoregulatory response
acting in the same manner (as indicated by results from the present study). No
definitive conclusions can, therefore, be drawn regarding the putative stimuli

contributing to the VO, slow component.

Limitations and constraints to the design of Study IV

The design of study TV demands certain caution in interpreting the results obtained.
The primary limitations to interpretation ol the lindings are the uiilisation of a single
transition for constant-load exercise tests and the relatively low density of datu
obtained from these. Breathing, typically, has inherent irregulacities that produce
breath-by-breath fluctuations (i.e., “noise”} during gas exchange; these must be
accounted for when estimating values for the kinetic parameters, important for
elucidation ol physiological determinants related to kinetic modelling (Lamarra et al.
1987). The noise produces statistical uncertainty in the estimation of kinetic
parameters and the more noisy the data, the lower the confidence of each estimation.
Lamarra et al. (1987) derived an expression to determine a priori the number of
square-wave repetitions required to reduce the uncertainty to a specified level (i.e., a
95 % confidence interval). The low density of data, the result of using Douglas bags
for collection of expired gas, would surely require a number of repetitions (rather than
a single transition) for an increased signal-to-noise ratio and, hence, accuratle {or
confident) parameter estimation. The well motivated subjects, however, participating
in the present study were tesied to their limits and indeed were extremely
uncomfortable during HC experiments. Thus, the number of cold-exposures was

limited to an absolute mininmum.
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Expired gas was collected in Douglas bags as the low environmental temperature
employed for HC experiments rendcred the use of a breath-by-breath system
(typically utilised for determination of pulmonary gas exchange kinetics) impossible.
In similar analogy to the work of Whipp et al. (1999), one could accommodate the
system outwith the cold environment cnabling pulmonary gas exchange measutement
on a breath-by-breath basis. Whipp et al. (1999) coonducted simultaneous
determination of muscle *'P metabolite and O, uptake kinetics during whole body
NMR spectroscopy. This was accomplished by housing the mass spectrometer and the
ventilation measurecment module in a room adjacent to the magnet and extending the
length of the sample-line. A similar set-up for the presenl experimenis presented
further technical challenges, however, as both the flow-head (connected to the mouth-
picee) and sample line would be exposed to sub-zero temperatures and it is unlikely

that they are robust enough to withstand such temperatures without fracturing,

The confidence of interpreting the present findings could be improved by infroduction
of several additional measurements to the design of preseat study. In addition to a
breath-by-breath system that would allow for greater density of data, electromyogram
(EMG) recordings, muscle temperature measurement and a heated sample line for

frequent blood-sampling would improve the accuracy of result interpretation.

Integrated EMG recordings (Burton and Edholm 1995; Hong and Madel 1979) have

previously been used to estimate shivering activity. Hong and Nadel (1979)

positioned the electrodes over the middle of the sternocleidomastoides muscle of

neck; this muscle has been shown to be active during shivering and although it may

serve as an accessory muscle in forced inspiration, any additional elecirical activity
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due to exercise per se should be minimal (Hong and Nadel 1979). Thus, the integrated
EMG response would accurately reflect the temporal and quantitative aspects of the

shivering response.

Previous investigators looking at the effects of temperature on VO, kinetics have all
measured muscle temperature in addition to core and/or skin temperature (Beelen and
Sargeant 1991; Ishii et al. 1992; Shiojiri et al. 1997; Koga et al. 1997). Needle
thermocouples have been used for invasive muscle temperature measurement, inserted
normally to a depth of approximately 3 cm. Muscle temperature measurement in the
present study would have provided additional information for interpretation of results,

especially findings on the VO,slow component. Most of the evidence available
concludes that the origin of the slow rise in VO, at work-rates above 0y, lies within the

working muscle (Whipp 1994; Gaesser and Poole 1996); any sound deductions,

therelore, require measurements at the level of the muscle.

A heated sample line for arteriovenous blood sampling (as opposed to skinprick
capillary samples obtained in the present study) would enable more frequent
sampling, and quantification of blood comstituenis olher than lactale e.g. plasma
catccholamine concentration, glucose and free fatty acids (FFA) among others have
been previously measured, providing information on metabolism during exercise at
sub-normal temperatures. Plethysmographic techniques have also been employed for
blood flow delermination (Bancroft and Edholm 1943; Hardy and Sodestrom 1985;
Shiojiri et al. 1997). Such techniques employed for the present study would provide

information on the presence (or not) of a persisting vasoconstriction during exercise in
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HC and thus inferences could be made on whether circulatory impairment of O,

delivery contributed significantly to any of the findings.

Despite the limitations of the present study, the major trends showed that body
cooling had a detrimental effect on exercise performance and that this was more
pronounced at low exercise intensities, Further studies are required to assess the
reproducibility of the present results and to provide more definitive information for
elucidation of the underlying mechanisms responsible for the decremeit(s) in
performance. It is possible that the severity of the shivering response effectively
masked any "true" physiological adjustments to cardiopulmonary and metabolic
response profiles due to cold. Cooling by immersing the legs in cold water, can
effectively minimise the shivering response (Shiojiri et al. 1997); further
investigation, therefore, on both sub- and, especially, supra-threshold response
profiles is required utilising this form of cooling. Finally, the inclusion of high
ambient temperatures (e.g. = 30° C) to the design of the present study would allow for

comparison at the two temperature extremes,
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CENTRE FOR EXERCISE SCIENCE AND MEDICINE

MEDICAL HISTORY

(CONFIDENTTAL)

Please read.

It is important to take a record of your medical history. You may
have, or may have once had a condition that would make this type of
testing unsunitable for you. For this reason we ask you to bc as
truthful and detailed as possible. At no point will this information be
made available to any one other than the principal investigators for
this study. I you have any doubts or questions, pleasc ask,
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SUBJECYT DETAILS:

NAME:

AGE: D.O.B:

SEX (M/F):

SMOKING:
Never Smoked ...
Not for >6 months ......
Smoke <10 per day ......
Smoke >10 per day ......

1LLNESSES:

ALLERGIES:

HOSPITALISATIONS:

MUSCULO-SKELETAL DISORDER:
(Arthritis, Joint Pain, Fractures, Sports injury, Others)

CARDIOVASCULAR DISORDER: (Fever, Heart Murmurs, Chest Pain, Palpitations, High Blood
Pressure, Others)

RESPIRATORY DISORDER: (Asthma, SOB, Cough, URTI, Others)

GASTROINTESTINAL DISORDER: (Jaundice, Bleeding, Others)

DIABETES:

CNS DISORDER: (Fits, Blackouts, Tremor, Paralysis, Epilepsy, Other)

PSYCHIATRIC TREATMENT:

FAMILY HISTORY: (Sudden death in a first degree relative under the age of 35 years)
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ARE YOU CURRENTLY TAKING ANY MEDICATION? No/ Yes*

(*Please specify)

ARE YOU CURRENTLY TAKING ANY SUBSTANCES TO HELP IMPROVE YOUR TRAINING
OR CONTROL YOUR WEIGHT i.e, CREATINE, PROTEIN SUPPLEMENT? No / Yes*
(*Please specify)

ARE YOU CURRENTLY TAKING ANY OTHER SUPPLEMENTS i.e. FOOD SUPPLEMENTS,
VITAMINS? No/ Yes®

(*Please specify)

CAN YOU THINK OF ANY OTHER REASON WHY YOU SHOULD NOT TAKE PART IN ANY OF
OUR TESTS?

SYMPTOMS:

Do you experience any of the following, particularly on exercise?

Breathlessness No/ Yes
Chest Pain No/ Yes
Dizzy Fits/Fainting No/ Yes
Palpitations No/ Yes

Please note that if you feel unwell on the day of the proposed test, or have been feeling poorly over

the preceding day or two, please inform the investigators and DO NOT TAKE PART in the
exercise test.

DECLARATION:
[ have completed this questionnaive fully and truthfully. U have not kept any information from the
investigators that may put myself at risk during high-intensity exercise, or affect the results that they

obtain. I understand that I may withdraw from any one test or the study as a whole if T feel unwell, or feel
uncomforlable with any part of the testing procedure.

(Signature) oo

(Date)
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