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Abstract 

The thermophysiology of uncompensable heat stress: influence of  hydntion status, fluid replacement, 
aerobic training, physical fitness, and heat acclimation 

for the degree of Doctor of Philosophy, 1998 

Stephen Sau-Shing Cheung 

Graduate Department of Community Heaith 

University of Toronto 

The present research was developed to investigate the separate and interactive 

innuences of hydration status, fluid replacement, short-term aerobic training, heat 

acciimation, and aerobic fitness during exercise in the heat. The research focused on an 

uncompensable heat stress environment, where the capacity for evaporative heat loss is 

less than the arnount required to maintain thermal steady state. This was produced by 

either Light (3.5 km- h-', 0% grade, no wind; Studies 1-3) or heavy (4.8 km. h-' , 4% 

grade, no wind; Study 1) exercise in the heat (40°C, 30% relative humidity) while wearing 

a rnuitilayered clothing ensemble with a high ksulative capacity and a low water vapour 

permeability. Study 1 investigated the influences of hydration status (euhydration versus 

hypohydration of 2.5% body rnass), fluid replacement, and exercise intensity. Study 2 

investigated the influences of short-term aerobic training and hydration status on unfit 

(LF) individuals. Study 3 investigated the influences of heat acclimation and hydration 

status on individuals of both LF and high fitness (HF). Hypohydration resuited in 



signincant hcreases in cardiovascular and thermal strain and a decrease in exercise 

tolerance regardless of other factors. Fluid replacement decreased heart rate Cf,) and 

increased tolerance time (TT) during Light exercise. In LF, two weeks of aerobic training 

or heat acclimation increased sweat rate (SR), but did not influence& rectai temperature 

(T,), or TT. In HF, two weeks of heat acclimrttion increased SR, decreased T, and T,, 

but did not influence f, or TT. Neither training nor heat acclimation in LF was able to 

increase TT to a level similar to that in HF before undergoing heat acch t ion .  A greater 

ATT, over the course of the exercise was present in HF, through a combination of bath a 

lower initial, and a higher endpoint, T,. The hipher endpoint T, in HF was consistent 

regardless of hydration, training, or acciimation statu. It is concluded that even mild 

hypohydration c m  signincantly impair physiologicd responses and tolerance to exercise in 

an uncornpensable heat stress environment, and that high aerobic fitness and habitua1 

activity irnparts a degree of protection that cannot be replicated by either short-term 

training or heat acclimation. 
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1. GENERAL INTRODUCTION 



Workers in industrial settings and military personnel often must seek protection 

kom the arnbient environment through the wearing of protective clothing. For the military, 

the use of nuclear, biological, and chernical (NBC) protective ensembles was essential for 

the 199 1 conflict in the Persian Gulf. However, increûsed physiological and psychological 

strain and a decrease in exercise performance and tolerance are weil-docurnented 

phenornena with the wearing of protective clothing, either in a thermoneutral or a hot 

environment (Antunano and Numeley 1992, Aoyagi 1996, Aoyagi et al. 1994, 1995, 

Duggan 1988, Faff and Tutak 1989, Fine and Kobrick 1987, Goldrnan 1963, Gonzalez 

and Cena 1985, Henane et al. 1979, Holrner 1995, Hoimer et al. 1992, loy and Goldrnan 

1968, McLeUan 1993, McLellan and Frim 1994, McLeilan et al, 1993b, Montain et al. 

1994, Nunneley 1988, 1989, Patton et al. 1995, Smolander et al. 1984, Sullivan and 

Mekjavic 1992, Teitlebaum and Goldrnan 1972, 1991, White et al. 1989). Protective 

clothing uicreases the physical load on the individual through the extra weight of the 

clothing and also the hobbling effect fiom the additional buik and stifhess of the clothing, 

leading to an increase in metabolic heat production (Duggan 1988, Patton et al. 1995, 

Teitlebaum and Goldrnan 1972). The iimited water vapour permeability through the 

clothing impairs the ability of the body to dissipate heat through evaporation of secreted 

sweat (McLellan et al. 1996, Numeley 1988, 1989). As a resuit, there is a greater increase 

in body heat storage and rise in body temperature than when the clothing is not wom 

(McLeUan 1993, McLellan et al. 1993a). The rise in core temperature has k e n  

hypothesised as king the ultimate determinant of fatigue during exercise-heat exposure 

(NieIsen 1992, 1994). 

During exercise-heat stress while unclothed or  wearing clothing with high vapour 

permeabiüty, it is well documented that fluid replacement and hydration status are 

important determuiants of heat tolerance (for reviews see Coyle and Montain 1992b, 

Gisoln 1996, Maughan et al. 1993, Millard-Stafford et al. 1992, Noakes 1993, Sawka 

1988, 1992, 1993). The production of sweat for evaporative heat transfer during exercise 



results in the Loss of fluid fkom the body, impairing cardiovascular and t h e d  regulation 

and exercise tolerance (Adolph 1947, Armstrong et al. 1985, 1997, Brouns 1991, 

Convertino 1987, Craig and Cummings 1966, Fortney et al. 1981, 1984, Gisolfï and 

Copping 1974, Gonzalez-Alonso et al. 1995, Gore et al. 1992, Harrison 1986, Harrison et 

al. 1978, Horstman and Horvath 1972, Montain and Coyle 1992b, Rehrer 1994, Senay 

and Christensen 1965). Hypohydration, a decrease in total body water pnor to exercise- 

heat stress, impairs exercise performance and increases core temperature and heart rate, 

while decreasing the sweating response and the core temperature at which subject 

intolerance terminates exercise (Armstrong et al. 1985, 1997, Burge et al. 1993, Buskirk 

et al. 1958, Cadarette et al. 1984, Caldwell et al. 1984, Candas et al. 1988, Dengel et al. 

1992, Ekblom et al. 1970, Greenleaf and Castle 197 1, Jacobs 1980, Montain et al. 1995, 

Nadel et al. 1980, Sdtin 1964, 1984, Sawka et al. 1983b, 1985, 1992, Strydom and 

Holdsworth 1968, Tankersley et al. 1992, Walsh et al. 1994, Zappe et al. L993). 

Humans are capable of improving their response and tolerance to exercise-heat 

stress. Classic symptoms of adaptation to heat include an increase in sweating response 

dong with a decrease in core and skin temperature, heart rate, and perceived exertion 

(Armstrong and Maresh 199 1, Wyndham 1973). One strategy for improving exercise-heat 

tolerance is the maintenance of body fluid volume during exercise through the replacement 

of fluid lost in sweat production. Rehydration during exercise elicits a significant 

attenuation of cardiovascular and thermal strain compared to its absence (Barr et al. 199 1, 

Brandenberger et ai. 1986, Candas et al. 1986, Castellani et al. 1997, Coyle and Montain 

1992a, 1992b, Francis 1979, Gisolfi 1996, Guirnaraes and Silamigarcia 1993, Hamilton et 

al. 1991, Lamb and Brodowicz 1986, Marriott 1993, Maughan 1992, Maughan et al. 

1993, Millard-Stafford et al. 1992, Montain and Coyle 1992% Nielsen et ai. 1986). 

Another strategy is to induce a series of physiological adaptations in the individual through 

either a period of physical training or heat acclimation from repeated heat exposures. 

Repeated heat exposures over four days to two weeks have k e n  shown to produce 



cardiovascular and thermoregulatory adaptations which result in a decreased physiological 

strain and an increased tolerance during exercise in the heat (Adams et ai. 1960, Man and 

Wilson 1971, Aoyagi et al. 1995, Armstrong and Kenney 1993, Armstrong and Maresh 

1991, A v e E  et aL 1980, Candas et al. 1979. Chen and Elizondo 1974, Fiberg and 

Berlyne 1977, Fox et al. 1967, Francesconi et al. 1983, Garden et ai. 1966, Gisolfi and 

Cohen 1979, Gonzalez et ai. 1974, Harrison et al. 1981, Horowitz 1989, Horvath and 

Shelley 1946, Moseley 1994, Nadel et al. 1974, Nielsen et al. 1993, Pandolf 1997, Pandolf 

et al. 1988, Roberts et al. 1977, Sawka et al. 1983a, Shapiro et al. 1981, Shvartz and 

Benor 1971, Shvartz et al. 1972, 1973a 1973b, L977, Wenger 1988, Wyndham 1967). 

Improvement in aerobic fitness, accrued from either strenuous long-term training 

programs of eight weeks or longer or fiom habitual exercise, is also known to increase an 

individuai's tolerance to exercise-heat stress (Armstrong and Pandoif 1988, A v e W  et al. 

1980, Buono et al. 1991, Cadarette et al. 1984, Coyle et al. 1986, Gardner et al. 1996, 

Gisoffi 1973, Gisolfi and Robinson 1969, Havenith et al. 1995, Havenith and van 

Middendorp 1990, Henane et al. 1977, Pandolf et al. 1977, Piwonka and Robinson 1967, 

Shvartz et al. L977). In some settings, such as military operations, there may not be 

sufficient time or facilities to undertake a long-term endurance training or a heat 

acclimation program in preparing for exercise in a hot environment. Short-term aerobic 

training of two weeks or less has been successful in irnproving thermoregulatory responses 

during exercise in a normothermic environment (Green et al. 199 la, Green et ai. 199 lb). 

The efficacy of short-term training of two weeks or less in inducing heat adaptations is 

controversial, with reports demonstrating bo th the presence (Clausen 1977, Dawson 1994, 

Houmard et al. 1990, Nadel et al. 1974) and absence (Shvartz et al. 1973a, Strydom and 

Williams 1969, Strydom et al. 1966) of irnprovements in physiological responses to 

exercise-heat stress post-training. 

Factors known to modQ the dynamics of adaptations to heat stress include the 

aerobic fitness and hydration status of the individual. The eEcacy of a heat acclimation 



program may be dependent on the fitness status of the individual. Fit individuals adapt 

more rapidly to heat exposure, with an inverse relationship reported between maximal 

aerobic power (VO~~MX)  and the number of days required to reach a heat-acclimated 

state (Pandolf et al. 1977). However, individuals of low to rnoderate aerobic fitness, 

without any prior adaptations to heat fkm long-tenn training, rnay experience a greater 

relative reduction in heat strain from a penod of training or heat acclimation than fit 

individuais (Havenith et ai. 1995), as larger decreases in heart rate and rectal temperature 

post-acciimation have been observed in subjects with a low, as opposed to a high, 

VO, max (Cadarette et al. 1984, S hvartz et al. 1977). Hydration status also interacts with 

fitness and heat acclimation in determining the response to exercise-heat stress. 

Hypohydration eliminates bo th the fitness-related ciifferences observed in the 

thermoregulatory responses prior to heat acclimrition and any improvements in t h e r d  

responses due to heat acclimation (Cadarette et ai. 1984, Sawka et al. 1983b). 

While fluid replacement, heat acclimation, and high aerobic fitness are generaliy 

accepted as king of benefit during exercise-heat stress while unclothed or wearing 

clothing with high vapour permeability, the effects of these treatments while wearing 

protective clothing are less clear. Due to the iimited water vapour pemeability of the 

protective ensembles, it is possible that the elevated sweating response in endurance 

trained or heat acchated individuals, rather than increasing evaporative heat loss, will 

increase the dehydration and lead to a greater decrease in blood volume and cutaneous 

blood flow, increasing cardiovascular and thermoreplatory strain (Roweli and Wyss 

1985). In this scenario, aerobic fitness, training, or heat acclimation may be 

counterproductive in irnproving exercise-heat tolerance. 

In individu& wearing protective clothing in the heat, the high rates of heat storage 

and the resultant short tolerance times rnay aIso k t  the benefits that may be derived from 

physiological interventions. Even at relatively low rates of metabolic heat production, the 

limited evaporative heat loss through the protective clothing combined with a high ambient 



temperature cm result in situations of severe uncornpensable heat stress, where the 

evaporative cooling requirements (E,) greatly exceed the possLble coohg capacity of the 

environment (E-) (Givoni and Goldrnan 1972). With protective CIO thing, the kinetics of 

evaporative heat loss are established by the characteristics of the clothing (Craig and 

Moffitt 1974, Kenney et al. 1987, McLellan et al. 1996). Thus, the rate of heat storage, 

and therefore, heat tolerance, may be governed primarily by the rate of heat production, 

negating the effects of inter-individual variations or physiologicai interventions on 

determinhg the level of physiological strain and tolerance (Craig et al. 1954, McLeilan 

1993, Shvartz and Benor 1972). 

Integrating the results of a series of NBC studies in dBering warm and hot (30- 

40°C, 30-50% relative hurnidity) environments, McLeUan (1993) observed that a 

hyperbolic relationship existed between metabolic rate and tolerance tirne, and that at 

work intensities exceeding 400-500W (- 15-20 mL kg-' min-' ~0~ ), tolerance time 

converged at approxirnately 50 minutes. S ignificant ciifferences in tolerance time among 

different ambient conditions were only noticeable at Lighter metabolic rates, where 

tolerance t h e  was long enough for some heat transfer to occur through the clothing and 

for differing arnbient conditions to have an eEect. A physiologicai intervention, such as 

fluid replacement, may be ineffective at high metabolic rates. Ingested fluid must first be 

emptied fiom the stomach and absorbed in the intestine before it cm enter the body and 

affect the exercise response. Transit tirne k dependent on rnany factors including volume 

ingested, exercise intensity, hydration statu, and fluid and ambient temperatures (Costill 

and Saltin 1974, Fordtrm and Saltin 1967, Houmard et al. 1991, Lambert et al. 1996, 

Levine et al. 199 1, Mitchell et al. 1994, Mitchell and Voss 199 1, Murray 1987, Neufer et 

al. 1989a, 1989b, Rehrer et al. 1990, Vist and Maughan 1994). Therefore, if the tolerance 

tirne is less than the transit time for a significant volume of fluid to enter the body, fluid 

replacement may be of no benefit. During a relatively light exercise, fluid replacement may 



be of greater benefit if tolerance time is long enough to allow a significant amount of fiuid 

to enter the body and affect responses before exhaustion occurs from other factors. 

In predicting the physiological response or tolerance to exercise with pro tective 

clothing, it is difficult to extrapolate from the results of studies performed either while 

unclothed or wearing clothing which allows a large degree of water vapour permeability 

(Numeiey 1989). Due to the low water vapour permeabïiity across the clothing layers. a 

microenvironment is created between the skin and the clothing layers. The fit of the 

individual within the d o  thing ensemble determines the volume of the microenvironment, 

which c m  be up to 50 L, and the rate of heat transfer (Nielsen et al. 1989, Sullivan and 

Mekjavic 1992, SuIlivan et al. 1987). Fabric material, clothing design, posture, pumping 

action through body motion, and wind speed are other factors that would affect the size 

and thermal characteristics of the clothing microenvironment (Holmer 1995). The 

peripheral stimulus for sweating, and the efficiency of sweating and evaporation, are 

influenced by the increased skin wettedness and hidromeiosis resulthg from the greater 

sweat drippage within the clothing compared to unclothed conditions (Candas and Hoefi 

1995, Candas et al. 1980, Kenney et al. 1987). Furthemore, individual variance in the 

sweating rate within the ciothing could influence the degree of clothing saturation and its 

insulation value (Craig and Moffitt 1974, Kakitsuba et al. 1988). In caiculating heat 

balance with protective clothing. rnodels designed for calculating direct skin to 

environment heat transfer typically overestimte evaporative heat loss while wearing 

protective clothuig (Craig and Moffitt 1974, Holmer 1995, k ~ e y  et ai. 1987). 

Calculation of skh vapour pressure from humidity sensors placed at the skui and within 

the clothing layers demonstrated that evaporative heat loss was overestimated when 

calculated using changes in dressed weight or when the skin was assumed to be saturated 

and at 100% humidity hom the start of exercise (McLeUan et al 1996). Lastly, the 

combination of clothing fit and saturation could innuence psychological discornfort within 

the clothing. 



The interactions between fitness, heat acclimation, ffuid replacement, and 

hydration status while wearing protective clothhg require further investigation. Previous 

studies with protective clothing have generdy been restncted to one of the above factors. 

A high level of aerobic fitness appears to provide sorne cardiovascular advantages during 

exercise in protective clothuig (Windle and Davies L996), but it is unknown whether this 

protection can be replicated with a short-term training program, Heat acclimation is 

known to produce a significant improvement in exercise-heat tolerance during 

uncornpensable heat stress resulting from light exercise in the heat with NBC clothing 

(Aoyagi et al. 1995, McLellûn and Aoyagi 1996). In these studies, subjects underwent 

progressive dehydration with no fluid replacement. Thus, it remains unknown whether 

benefits from heat acclimation would be present where fluid replacement is provided. 

Overail, an integrated approach towards research on human interactions with protective 

clothing is required. 



2. REVIEW OF LITERATURE 



Man is a homeothermic creature who regulates his body temperature withui a 

narrow range (Bligh 1985). When heat is generated by increased metabolic activity, 

humans are generally successfÛ1 in maintaining thermal steady state by activating heat-loss 

mechanisms to dissipate the excess heat. A hot environment, however, imposes a major 

stress on the hurnan body's ability to maintain physiological stability and performance 

during exercise. A large body of research has focused on exercise in the heat and 

physiological treatments w hic h may enhance phy siological responses and performance, 

and this research has been summarised in a number of scientific reviews (Armstrong and 

Maresh 199 1, Armstrong and Pandolf L988, Brouns et al. 1992, Convertino 1987, 

Fe- 1992, Francesconi 1988, Frisancho 198 1, Gisolfi 1996, Gisolfi and Wenger 1984, 

Gordon and Heath 1986, Harrison 1985, 1986, Havenith 1985, Holloszy 1973, Horowitz 

1989, Johnson 1992, Lamb and Brodowicz 1986, Maughan et al. 1993, Millard-Stafford 

1992, Murray 1987, Noakes 1993, Pandolf 1997, Rowell 1993, Roweli and Wyss 1985, 

Santee and Gonzalez 1988, 1988, 1992, 1993, Sawka and Wenger 1988, Senay 1987, 

Taylor 1986, Wenger 1988). 

In certain circumstances, humans have to perform exercise in environments of 

extreme heat stress or while wearhg protective clothing which impairs heat transfer. In 

these situations, heat generation exceeds heat dissipation, resulting in continued heat 

storage within the body and the inability to maintain thermal steady state. This condition is 

termed uncompensable heat stress (Givoni and Goldman 1972). The focus of the following 

review wiU be to summarise the present knowledge on the physiological responses to 

uncompensable heat stress, focusing on the influences of wearing protective clothing and 

of alterations in hydration status. In addition, the effects of aerobic fitness, aerobic 

training, and heat acclimation as treatrnents to Uliprove exercise-heat tolerance wiU be 

discussed. For other reviews on problems associated with exercise in the heat with 

protective clothing, the reader is referred to the following scientinc publications (Aoyagi 

et al. 1997, Gonzdez 1988, Haslam and Parsons 1987, Holmer 1995, McLeilan and Frim 



1994, Numeley 1988, 1989, Parsons 1988, Shitzer and Chato 1985, Shitzer and Eberhart 

1985). 

2.1. Protective Clothing 

When unclothed, the regdation of thermal energy exchanges between humans and 

the arnbient environment can occur directly across the skin. When clothing is worn, 

however, an air layer is forrned directly above the skin surface which forms the initial 

environmental layer between the body and the environment. The volume of this 

microenvironment formed between the clothing and skin can be as large as 50 L for 

industrial protective clothing (Sullivan et al. 1987). Multiple clothing Iayers forrn a 

successive series of microenvironrnents, each with its own the& characteristics of 

temperature and hurnidity, through which metabolicaiiy generated heat must p a s  before 

king dissipated to the ambient environment (Holmer 1995, Sullivan and Mekjavic 1992). 

Therefore, the thermal properties of clothing, such as its insulation, ventilation, and 

permeability to water vapour, have a significant influence on the rate of heat transfer 

between the skin and the ambient environment (Gonzalez 1988, Holmer 1995, Shitzer and 

Chato 1985). 

For the purposes of this work, protective clothing is defïned as a clothing ensemble 

which is designed to protect the human body fiom the ambient environment, which fully 

encapsulates the body, and which signiticantly impairs heat transfer because of its high 

insulation and low permeability to water vapour. The ideal protective c lo tbg  would 

provide protection from the environment while allowing complete pemeability to water 

vapour in order to allow maximal evaporative heat exchange, presently an unobtainable 

goal. One example of a multilayered clothing ensemble with a high insulative capacity and 

a low permeability to water vapour is the nuclear, biological, and chernical (NBC) 

protective clothing worn by the Canadian Forces (CF) and typical of those in use by many 



miiitary forces. The CF NBC protective ensemble consists of, in addition to the standard 

underwear and operational clothing, a respirator, semipermeable hooded overgament, and 

impermeable rubber boots and gloves. Total mass of the ensemble is approximately 6.0 kg. 

In order to d o w  some sweat evaporation, there is a limited mus penetration of charcoal- 

filtered air through the fabric. Thermal resistance (IT) and the Woodcock vapour 

pemeability coefficient (id of the ensemble detennined on a heated and wetted mmkin at 

a wind speed of 1.12 m. s-l were 0.29 1 m'-O C - W-' (1.88 do) and 0.33, respectively 

(Gonzalez et al. 1993). Interest in the problems of exercise and heat exhaustion with the 

NBC clothing intensified during the 1990-1991 contlict in the Pesian Gulf, where soldiers 

of the AUied coalition, faced with the threat of chernical weapons, were forced to Wear 

NBC clothing that was originally intended for use in a temperate climate and not the hot 

desert environment. 

2.1.2. Uncornpensable Heat Stress 

Protective c l o t b g  c m  influence heat transfer dynamics by a l t e ~ g  the rate of 

production and/or the dissipation of metabolicdly generated heat. The rate of heat 

storage, s , in W rn-' , when wearing clothing in the heat, is modified fkom the basic heat 

balance equation derived from the First Law of Thermodynamics as follows (McLeIlan et 

al. 1996): 

The rate of metabolic heat production, M in W.m", is determuid ti-o.om the 

measured VO,, in L -  min-', the respiratory exchange ratio (RER), and the Dubois body 

surface area (AD), in mZ, as (Nishi 198 1): 

M = 352 . (0.23 R + 0.77) - (VO, . A, -' ) (Eqn. 2.2) 

The extemal work, wk in W -  m-', is calculated using the wallcing speed, V in 

m - s-' , the grade fraction as a decirnd percentage, and the mas,  m in kg, as: 



wk = 9.8 - (grade) -V -rn . A,-' (Eqn. 2.3) 

The radiative and convective heat exchange, R and c in W - m-' , are estimated 

using the thermal resistance of the NBC clothing ensemble, In of 0.291 r n Z - ~ C - ~ - '  

(1.88 do)  determined using a heated and dry copper mmikh at a wind speed of 4.0 

km- h-' (Gonzalez et al. 1993). and the diffierence between the ambient (Tmb) and mean 

skin temperature (T ) as (Gonzalez et al. 1993): 

~ + c = ( T , ,  -%)-I , - '  (Eqn. 2.4) 

Respiratory evaporative heat exchange, Ère,p in W - d ,  and convective heat 

exchange, c,, in W. m-', are caiculated using ambient vapour pressure, PA in kPa, 

respired vapour pressure, P,, in kPa. the density of air. p (=0.001293 kg-L-'), the heat 

capacity of dry air, c, (=O28 W -h -kg-' - O  C-' ), the heat capacity of water vapour, c,, 

(=OS2 W -  h   kg-'-"^-' ), the rneasured V, in L -ah" (STPD), the latent heat of 

vapourisation. h (=675 W --h --kg-' ), and the ciifference in the humidity ratio, 

W,, -W, of 0.622.[P,, I(iO1- Presp)- P ,  / ( lo i -  PA) ]  (Eqn. 2.5) 

Ëmsp = P - A %  *(Ksp -wA) -AD- '  (Eqn. 2.6) 

cm,, =P*VE *(cap -T,,).AD-' -bPu +c, .WA) (Eqn. 2.7) 

Evaporative heat loss from the skin, & in W. m-2, is detemiined using the 

ambient vapour pressure, PA in kPa, the skin vapour pressure, Psk in kPa, assuming 100% 

saturation at the skin temperature, the Lewis relation of 16.5 OC- F a - ' ,  the themai 

resistance value, IT in rn ' - "C-~- ' ,  and the Woodcock vapour perrneabiiity coefficient 

(id, as (Gonzalez et al. 1993): 

E, = 165.(i, -1,-').(P, - Pu) (Eqn. 2.8) 

The weaiing of protective clothing cm result in a 1348% increase in metabolic 

rate and interna1 heat production compared with normal operational clothing during 

treadmili exercise (Aoyagi et ai. 1994, Duggan 1988, Patton et al. 1995, Smolander et al. 

1984). The entire NBC ensemble weighs a p p r o k t e l y  6 kg, and thus, part of the 

increase in metabolic rate is due to the added weight. However, other factors, such as 



fiction between clothing layers and the buikiness of the clothing, alter gait mechanics and 

the efficiency of movement. These factors ako contriiute to the increase in metabolic rate, 

which has k e n  shown to be significantly higher while wearing protective clothing 

compared to an equivalent weight wom as a lead-filied belt (Duggan 1988, Teitlebaum 

and Goldrnan 1972). 

Mechanisrns of heat transfer are grouped into two general categories consisting of 

dry (radiative, conductive, convective) and wet (evaporative) pathways (S awka and 

Wenger 1988). Dry heat exchange is dependent on the temperature gradients within the 

organism (e.g., core to periphery) and &O between the organism and the environment. In 

addition, the rate of cutaneous blood flow to transport heat fkom the core to the periphery 

influences the degree of convective heat exchange. Wet heat loss arises hom the 

evaporation of water, typicaily secreted by the sweat glands within the skin (Taylor 1986). 

The potential for evaporative heat loss is determined prirnarily by the water vapour 

pressure gradient between the body surface and the environment, which in tum may be 

modified both by the environment and clothing (Craig and Moffitt 1974, Kakitsuba et ai. 

1988, Kemey et al. 1987, McLeUan et al. 1996) as well as physiologicaily due to 

altentions in sweat gland activity and output (Alber-Walierstrom and Holmer 1985, 

Candas et al. 1979, Kerslake 1972). 

When the temperature of the ambient environment is similar to that found at the 

s h ,  as is the case during exercise in the heat at approximately 35-40°C while wearing 

protective clothing (McLeUan and Frim 1994), the primary pathway for heat dissipation is 

from the evaporation of secreted sweat (Wenger 1972). Maximal evaporative heat 

dissipation fiom the body occurs when secreted sweat is vapourised at the skin (Nadel 

1979). When wearing protective clothing, much of the sweat may become absorbed into 

the clothing and trapped. The wetting or saturation of clothing by sweat may affect the 

thermal characteristics of the clothing and influence the rate of heat transfer (Craig and 

Moffitt 1974, Kakitsuba et al. 1988, Kenney et al. 1987). In addition, as diagrammed in 



Figure 2.1, the site of phase change may be raised above the skh in a clothing 

microenvironment, where a portion of the heat energy rnay corne fkom the environment 

rather than the body, thus decreasing the efficiency of evaporative heat loss (McLeilan et 

ai. 1996, Numeiey 1989). 

Due to the elevation in metabolic heat production and a decrease in evaporative 

efficiency, wearing protective clothing in the heat often results in an inability to dissipate 

generated heat and a storage of heat in the body. Table 2.1 presents the approxhate 

evaporative heat loss required (E,) to maintain a thermal steady state, the maximal 

evaporative heat loss possible in the environment (E-d, and a heat stress index 

(HSI = E, - E--') values for an individual wearing the Canadian Forces NBC clothing 

while at rest or working in a warm and a hot environment. E, is taken as the heat storage 

value (S ) in Equation 2.1 less the value for evaporative heat loss from the skin (E,,).  

E,, is taken as the Ë,, in Equation 2.8 assurning 100% saturation at the temperature of 

the skin. As demonstrated in the table, due to the reduced permeabiiity to water vapour 

and limited capacity for evaporative heat dissipation through the M3C protective clothing, 

even light exercise in a warm environment or very light exerise in a hot environment can 

produce a HSI > 1.0, producing a situation of uncornpensable heat stress and continued 

heat storage in the body (Holmer 1995, McLellan 1993). 

2.1.3. Exercise Tolerance 

Protective clothing has a significant effect on the physiological strain experienced 

during exercise. Heat tolerance, dehed as the exercise t h e  before voluntary exhaustion is 

reached or at which ethicd considerations require the t e d a t i o n  of exercise, cm be 

reduced substantially when protective clothing is wom compared with a clothing 

configuration, such as nomial operational clothing, which provides a more effective heat 

exchange with the environment. Even in a themoneutrd ambient environment, fkefighting 

or gas protective clothing increased heart rate, core and skin temperatures, and rating of 



Figure 2.1. Diagram of pathways for secreted sweat when clothing is wom. From 
N u ~ e l e y  (1989). Note that evaporation can take place at either the skin or at several sites 
away from the skin. 

Skin 

Micro- 
environment 

CIO thing 

* = sites of evaporation, filled circle = condensation, broken lines = water vapour, solid 
lines = liquid water 



Table 2.1: A cornparison of the heat stress index (HSI) in different environrnents 
(assuming ambient vapour pressure of 1 .O and 2.2 kPa, respectively) for an individual 
(assumhg surface area of 2.0 m') at metaboiic rates representing very light, light, 
moderate, and heavy metaboiic rates for the military (assuming a respiratory exchange 
ratio of 0.85) whiie wearing the Canadian Forces nuclear, biologicd, and chemical 
protective ensemble (thermai resistance and vapour permeability coeficient of 0.291 
m'-Oc - W-' (1.88 clo) and 0.33, respectively). The equations are detailed in Section 2.1.2. 
Skin temperature in a i l  conditions was assumed to be constant at 37.0°C. Extemal work 
and convective and evaporative heat exchange korn the respiratory tract was assumed to 
be nonexistent. The evaporative heat loss required to maintain thermal steady state (Emq) 
was divided by the maximal evaporative heat loss possible in the environment (E-) to 
obtain HSI. A HSk1.O indicates a cornpensable heat stress, while a HSb1.O indicates a 
positive rate of heat storage within t5e body and an uncornpensable heat stress. 

Metabolic Rate 
( v o ~ . L -  min-') 

30°C, 10% RH HSI 40°C. 30% EW HSI 
( w - rn-') ( w  - rn-') 

Very Light 
(0.3 

E, 
L 



perceived exertion (RPE) (Duncan et al. 1979, Faff and Tutak 1989, 199 1, White et al. 

1989). At either iight or heavy work intensities. the use of NBC clothing dramatically 

reduced tolerance time cornpared with combat clothing alone (McLelian et ai. 1993, 

Montai. et al. 1994). Indeed, the impairment of heat transfer while wearing NBC clothing 

in the heat has been reported to be so severe that body heat storage and an increase in 

core temperature could exist even under resting conditions (McLeHan 1993). The 

importance of protective clo thing in determinhg exercise-heat tolerance is further 

demonstrated by the signifcant attenuation of physiological strain and/or increased 

tolerance time during partial encapsulation achieved by the rernoval of components of the 

NBC ensemble and unzipping the overgarment (Amos and Hansen 1997, McLeiian et al. 

1993, Montain et al. 1994), or else the rernoval of the combat clothing layer (McLellan 

1996). 

The kinetics of evaporative heat loss are Iargely established by the characteristics 

of the clothing (Craig and Moffitt 1974, Kenney et al. 1987, McLeiian et al. 1996). Under 

certain conditions, the rate of heat storage and heat tolerance may be govemed primarily 

by the rate of heat production (McLeilan 1993). Variations in ambient water vapour 

pressure, which help to establish the gradient for evaporative heat loss, rnay have Little 

impact on heat tolerance (McLeiian 1993). Craig et al. (1954) and Shvartz and Benor 

(1972) reported a hyperboiic relationship between voluntary tolerance tirne and the rate of 

heat storage. Integrathg the results of a senes of NBC studies in differing warm and hot 

environrnents, McLellan (1993) observed that a hyperbolic relationship existed between 

metaboiic rate and tolerance time, and that at work intensities exceeding 450-500 W 

(- 15-20 rnL . kg-' - min-' VO? ), tolerance tirnes converged at approximately 50 min. 

Significant differences in tolerance tirne arnong different mbient conditions were only 

noticeable at iighter metaboiic rates, where tolerance t h e  was long enough for some heat 

transfer to occur through the clothing and for differing ambient conditions to have an 

effect. In a subsequent study, McLellan et al. (1996) reported some variation in tolerance 



tirne at high metabolic rates between low and high ambient humidity, though the variation 

rernained greater at lower exercise intensities. 

2.1.4. Individus l Characteristics 

Individual characteristics can have a signifcant influence on the respoose to 

exercise-heat stress. Gardner et al. (1996) reported that the Marine Corps recruits most at 

risk for developing exertional heat iUness during basic training had a body m a s  index 

(BMI=mass. heighf2) of over 22 kg- mJ and a t h e  for a 1.5 mile nin in excess of 12 

min at the start of basic training, suggesting an innuence of both anthropometric measures 

and aerobic fitness. Inter-individual variations in fitness. anthropometric measures, and 

hydration and acclimation status can signifcantly innuence the response to exercise-heat 

stress when clothing is not worn (Havenith 1985, Havenith et al. 1995, Havenith and van 

Middendorp 1990, Kemey 1985). In contrat, the influence of individual characteristics on 

the response to exercise wMe wearing protective c lo tbg  is less clear. Since the clothing 

Limits evaporative heat loss, inter-individual variations in anthropometric measures or 

aerobic fitness rnay have only a minimai innuence on determining the level of physiological 

strain and tolerance. Shvartz (1973a) reported that size, surface area, and the surface area- 

to-rnass ratio did not innuence the rate of heat storage wNe wearing vapour barrier 

clothing in hot environments due to the elimination of a thermal gradient for dry heat 

transfer and the Iack of difference in the rate of evaporative heat dissipation through the 

clothing. 

A high level of aerobic fitness or physiological treatments, such as aerobic training 

and heat acclimation, may be of lirnited effectiveness in decreasing physiological strain or 

prolonghg tolerance during exercise-heat stress with pro tective CIO thing. Due to the 

iimited evaporative heat loss possible through the clothing, the increased sweat production 

associated with aerobic fitness, training, or heat acclimation (Nadel et al. 1974, Shvartz et 

al. 1974) may not result in an increased evaporative heat loss when wearing protective 



clothing. Rather, the elevated sweat rate m y  potentiate the rate of dehydration (Windle 

and Davies 1996). Smolander et al. ( 1987) did no t observe any ciifference in physiologicai 

responses to exercise-heat stress between trained and untrained subjects while wearing 

iight work clothing. In contrast, whiie wearing NBC clothing in the heat, fit subjects had a 

decreased heart rate but no differences in aura1 or skin temperature (Widie and Davies 

1996). Neither an eight-week aerobic training program, which increased VO, max by 

16%, nor 6 d of heat acclimtion, produced significant improvements in heat tolerance in 

subjects wearing NBC clothing (Aoyagi et al. 1994). In the latter two studies, however, 

the metabolic rate used to evduate the changes in heat tolerance may have produced heat 

exhaustion before a significant arnount of heat transfer could occur through the clothing 

Iayers, negating any physiologicai adaptations due to the treatment prograrns. Other 

studies with NBC clothing at a lighter metabolic rate demonstrated an irnprovement in 

exercise-heat tolerance with heat acciimation (Aoyagi et al. 1995, McLellan and Aoyagi 

1996). 

2.2. Hydration S tatus 

Total body water (TBW) is generally categorised into either the intraceiIu1a.r (ICF) 

or extracellular (ECF) fluid compartments, with the latter further divided into the 

interstitial fluid volume (ISF) and the plasma volume (PV). Total body water content is 

dependent on individual charactenstics, such as fitness, body fatness, and glycogen storage 

(Neufer et al. 1991, Sawka 1988). Assuming that TBW and ICF represent 60% and 40%, 

respectively, of the total body mass of a typicd d e  (Sawka 1992). a 75 kg individual 

wouid consist of 45 L of water, with an ICF of 30 L and an ECF of 15 L. Blood volume 

(BV) in hedthy young males is approxirnately 5 L, or 70 rnL - kg-' , for a 75 kg individual, 

with about 3 L plasma volume (Sawka et al. 1992b). BV c m  range up to 100 mL --kg-' 

blood volume in trained endurance athietes ( D a  et al. 1974, Kjellberg et al. 1949). A high 

correlation has k e n  reported between aerobic fitness and blood volume (Convertino 



1991), though Sawka et al. (19925) proposed that this correlation was due to the 

covariance between ~0~ max and lean body mas, and that the latter variable provided a 

better predictor of blood volume. 

Water balance d u ~ g  exercise is determined by a multitude of factors, including 

the environmentai conditions, the nature and intensity of exercise, and the characteristics 

of the fluid replacement (for review see Adolph 1947, Sawka 1988, 1992). Two terms 

related to hydration status that are ohen rnistakenly used interchangeably are dehydration 

and hypohydration. For the present work, dehydration wu be defined as the dynamic loss 

of body water due to sweating over the course of exercise without fluid replacement, or 

where fluid replacement does not match the rate of fluid loss. In contrat, hypohydration 

will refer to the state or level of hydration d e r  the loss of a certain amount of body water 

from the body. As an example of the differences between the two terms, a rower rnay 

dehydrate himself through exercise without fluid intake to make a certain weight category, 

then compete in the actual event in a hypohydrated state. 

Sweat rates exceeding 1 L - h-' are typical during moderate exercise. with a high of 

3.7 L - h-' having been recorded during the 1984 Olympic Marathon (Armstrong et al. 

1986). To a certain extent, mild dehydration during exercise is tolerated by an individual 

(Armstrong et al. 1985, Broad et al. 1996, Decastro 1992, Engeil et al. 1987, Gore et ai. 

1993, Greenleaf 1992, Hubbard et al. 1984). Even with an adequate fluid supply, the rate 

of ad libitrlm fluid intake rarely matches the rate at which fluid is lost, and an individual 

wil graduaüy become dehydrated (Armstrong et al. 1985, Greenleaf 1992). An 

involuntary dehydration of 2% or more of body weight may occur before a strong drinking 

response is observed (Adolph 1947, Armstrong et al. 1985). If the fluid lost through sweat 

production is not adequately replaced, however, even minor levels of hypohydration can 

impair cardiovascular and thermal regulation and exercise performance (Ekblom et al. 

1 970). 



The following section WU discuss the impairnient in cardiovascular and thermal 

regulation and exercise performance brought about by dehydration. The topic of auid 

replacement during andor afier exercise covers many areas, and at present, there is 

controversy about the composition of the fluid and the protocol recornrnended for the 

rehydration process. This review will be Iùnited to the factors that impact on the use of 

water for rehydration. 

2.2.2. Effecets of Dehydration 

During prolonged exercise, the loss of body fluids through sweathg without 

adequate replacement results in dehydration and the impairment of the body's 

cardiovascular and thermal regdatory abilities (Gonzalez-Alonso et al. 1995, Hamilton et 

al. 1991, Roweii 1974). Dehydration of 2.9% body weight over the course of 2 h of 

cyciing in a normothermic environrnent resulted in a significantly greater decrease in blood 

volume compared with a fluid replacement of 100% of sweat rate (Hamilton et ai. 1991). 

The plasma volume decreased by 9% over the course of exercise, contributing to a 

decreased stroke volume (SV), an increased heart rate WC), and an overd decrease in 

cardiac output (Q). In addition, rectal temperature (Tm) was 0.6OC greater without fluid 

replacement, with most of the cardiovascular and therrnoregulatory changes occurring 

during the second hour of exercise. Exercise in the heat would likely potentiate the effects 

of dehydration due to greater dernands for themoregulatory blood flow (Sawka 1988). 

Simiiar cardiovascular drift and reductions in Q, dong with a continued rise in core 

temperature (Tc), were observed with a dehydration of 4.9% body weight compared with 

the maintenance of euhydration while cycling in a warm (3S°C) environment (Gonzalez- 

Alonso et al. 1995). Whereas core temperature stabilised with euhydration at -38.2'C 

between 60 and 120 min of exercise, the decreased Q with dehydration resulted in a 

progressive reduction in cutaneous and systemic vascular conductance, impairing 

thermoregulation and resulting in a continued increase in core temperature to nearly 



39S°C following 120 min of exercise (Gonzdez-Alonso et al. 1995). In a warm (32OC) 

environment, graded levels of dehydration during 2 h of moderate cycling exercise, 

achieved by varybg the arnount of fluid replacement, produced graded increases in hem 

rate and decreases in stroke volume, dong with proportionaily graded increases in 

esophageal temperature (Ta) (Montain and Coyle 1992). In addition, fluid replacement 

also attenuated the rise in core temperature by increashg skin blood flow and produced a 

progressive decrease in the ratings of perceived exertion (RPE) (Montain and Coyle 

1992). 

As fluid for sweat production is drawn fiom the ICF of the muscle fibres, muscle 

function rnay become impaired due to the depletion of muscle water. Maximal strength 

and muscle force generation do not appear to be sigdicantly affected, with no difference 

in the maximai power output during 5 s of cycling immediately foilowing dehydration of 

1.8% body weight (Walsh et al. 1994). With high intensity exercise of a short duration, 

progressive dehydration of 1.8% body weight ~ i g ~ c a n t l y  increased RPE and decreased 

the cycling tirne to exhaustion fiom 9.8 to 6.8 min during a subsequent exercise bout at 

90% VO, max (Walsh et al. 1994). Whether prolonged high intensity performance is 

irnpaired with progressive dehydration is unclear. Despite a 1.9% decrease in body weight 

over the course of a sîmulated basketbdi game, no difference in anaerobic power or 

jumping height was observed whether subjects received fluid replacement or not, although 

a non-significant trend towards a progressive decrease in shoothg accuracy with 

continued dehydration rnight suggest a possible practical impairment in motor 

performance (Hoffman et al. 1995). 

With continued dehydration, fluid losses fiom the various body fluid compartments 

occur at different rates. With exercise, the production of a hyposmotic sweat results in a 

hyperosmo tic hypovolemia within the intravascular space, producing a fluid shift fiom the 

ICF to the ECF to defend BV (Nose et al. 1988). In generai, a larger proportion of the 

fluid loss is initidy drawn fkom the ECF compared with the ICF (Costa et al. 1976, 



Durkot et ai. 1986, Nose et al. 1983). With continued dehydration, a greater proportion is 

derived from the ICF (CostiU et al. 1976, Durkot et al. 1986). Beyond a 6% decrease in 

total body water, Costill et al. (1976) observed a roughly even distribution of fluid loss 

from the ICI? and ECF in humans, wMe Nose et al. (1983) reported that 41% and 59% of 

the water deficit was derived kom the ICF and ECF, respectively, in rats dehydrated by 

10% body weight. In hurnans, a roughly constant 10% of the total water deficit was 

derived from the plasma in dehydration of up to 9% of total body water (CostiU et ai. 

1976). W i t k  the ICF, nuid loss is apportioned selectively fkom the various tissues, likely 

to prevent crippiing losses in vital organs. The majonty of the ICF loss in dehydrated rats 

was from the muscles and the skin (40% and 30%, respectively), with only minimal losses 

from the brain and Liver (Nose et al. 1983). Despite dehydration and the Ioss of 

electrolytes, Costiil et al. (1976) caiculated no significant effect on the resting muscle 

membrane potentiai. 

FoUowing exercise or heat exposure, the recovery of blood volume appears to be 

rapid and selectively favoured over other body fluid compartments. Costill and Fink 

(1974) reported a 7% plasma volume recovery within the initial 30 min foiiowing exercise 

or heat exposure. Following a dehydration of 2.3% body weight with 90-1 10 min of mild 

exercise in the heat, plasma volume was decreased by 9.4% (Nose et al. 1988). Despite 

not receiving my  fluid foiiowing exercise, plasma volume recovered to within 5.0% and 

5.6% of the pre-exercise value within 30 and 60 min, respectively. No changes were 

observed in the relative size of the ICF versus the ECF during this recovery penod, 

suggesting that the partial recovery of plasma volume was due to fluid from the ISF. Part 

of the recovery rnay be from the dermal tissues, with a swoiien interstitial compartment 

due to peripheral vasodilation and sweating (Costill and F i  1974). With only a partial 

rehydration consisting of 1% of body weight, a rapid and selective recovery of plasma 

osmolality and a replenishment of over 96% of the plasma volume Iost d u ~ g  an exercise 

and heat-induced dehydration of 3% body weight occurred within 30 min of the cessation 



of exercise for both endurance-trained men and women (Stachenfield et al, 1996). Plasma 

volume recovery is likely favoured due to both the increased plasma [ ~ a f l  and osmolality 

dong with an increased intravascular oncotic pressure from the post-exercise influx of 

albumin from the ISF (Convertino et al. 1980b, GiIlen et al. 199 1, Harrison et al. 1975). 

2.2.2. Effects of Flriid Replacement 

As discussed above, the maintenance of an euhydrated state during the course of 

exercise through the replacement of sweat loss produced benefits in exercise performance. 

Fluid replacement during exercise contnbutes to the maintenance of plasma volume during 

exercise, aiding thermal and cardiovascular homeostasis (Candas et al. 1988, Candas et al. 

1986). The importance of fluid replacement was iüustrated by Candas et al. (1988). 

During prolonged exercise in the heat, heart rate and T, were significantly higher beyond 

2 h in subjects who were initially euhydrated but given no fluid replacement compared 

with when they were 2% hypohydrated prior to the exercise but given fluid replacement 

throughout. 

The degree of rehydration possible during exercise depends on a wide range of 

factors, kom individuai drinking behaviour, environmental parameten, the nature of the 

activity or the rules or the sport. the exercise intensity, and the nature of the Buid itself 

(Broad et al. 1996, Gore et al. 1993, Greenleaf 1992). A drink temperature of 15OC had 

the highest consumption rate in subjects allowed to choose the water temperature (Boulze 

et al. 1983). Cooihg and flavouring drinks had an additive effect on consumption rate, 

with a 120% greater consumption of 1 5 ' ~  flavoured water compared with 40°C 

udavoured water (Hubbard et al. 1984). The difference in consumption rate may be 

explained either as an afnnity for cool and flavoured fluid or eke a negative response to 

wann or unflavoured fluid (Hubbard et al. 1984). 

Nose et al. (1990) directly altered blood volume during exercise, and bypassed the 

time delay required for fluid ingestion and absorption, by infuskg subjects with saline. 



Without inhision, plasma volume decreased 5% during exercise, and foream blood flow 

plateaued once core temperature exceeded 37.7OC. Saline infusion prevented a significant 

decrease in plasma volume during exercise, elicited a signincantly smaller increase in heart 

rate and esophageal temperature, and increased forearm blood flow throughout the 

exercise. 

Before fluid replacement c m  have a beneficid effect on the body, it must be 

emptied from the stomach and absorbed from the intestines. Balanced against ingesting 

large volumes of fluid to prevent dehydration is the danger of large gastric volumes 

causing discornfort and impaired performance (Mitchell and Voss 199 1). This is especidy 

dangerous if gastric emptying is impaired by either heat exposure or exercise. Gastric 

emptying is a dynamic function that is affected by rnany different factors. With an increase 

in exercise intensity, the decreased splanchnic biood flow due to increased metabolic 

demands for muscle blood flow has k e n  assumed to inhibit gastric emptying and intestinal 

absorption (Roweii 1974). Rather than a progressive decrease in the rate of gastric 

emptying with increasing exercise intensity, Neufer et al. (1989b) observed an increase in 

gastric emptying when wallcing or running at < 70% ~0 ,ma .x  compared with resting 

values, possibly due to an increase in stomach motility from the walking motion. Only at 

exercise intensities > 70% VO? max was the rate of gastric emptying decreased. Fordtran 

and Saltin (1967) found no impairment in gastnc emptying of a glucose solution while 

exercising at 7 1 % VO, max on the treadrniii. 

In addition to exercise intensity, severd other factors can influence gastric 

emptying. Thermal strain decreased gastric emptying rate, with a lower rate k ing  

observed when exercising at 4g°C compared with 18OC (Neufer et al. 1989a). While a 

penod of heat acclimation had no effect on the rate of emptying from the stornach, 

hypohydration of 5% body weight decreased the rate of gastric emptying (Neufer et al. 

1989a). The mode of exercise does not appear to affect gastric emptying rates, as a similar 

low value cornpared to that at rest was observed when exercising at 75% ~ 0 , m a x  for 



either cycling or ninning (Houmard et al. 1991). The rate of gastric emptying is also 

influenced by the rate of fluid replacement, and subsequently, the volume of the stomach 

contents, with a direct relationship king observed between the amount of fluid ingested 

and the rate of gastric emptying (Mitchell and Voss 139 1). 

The timing of fluid replacement may h o  play an important role in exercise 

responses. TraditionaUy, athletes have been advised to drink before exercise and also 

constantly throughout exercise, rather than wait until late in the exercise to begin 

rehydration. However, the timing of fluid replacement was not found to be signûicant by 

Montain and Coyle (1993), who gave a single large bolus of carbohydrate beverage to 

trained cyclists at either the beginning of exercise or after 40 and 80 minutes. The rise in 

T, and f, during exercise was transientiy attenuated in each period imrnediately following 

fluid ingestion. However, no difference was observed in the h a 1  T, or heart rate among 

the different rehydration schedules, and the magnitude of hypovolemia duMg exercise was 

not altered. Interestingly, drinking the sarne overaii amount of fluid continuously during 

exercise also did not signifïcantly alter T, and f, at the end of the 140 min of exercise. 

Unfortunately, this study lacked a control group that did not ingest fluid during exercise, 

and therefore, it is difficult to comment on the magnitude of irnprovernent brought about 

by rehydration. A single bolus of water of 50% of the weight lost during pnor passive 

dehydration (2.6% body weight) restored body fluid balance significantly faster than the 

sarne volume given in four equal doses 15 min apart during exercise (Melin et al. 1994). 

Heart rate and T, were significantly lower than with no rehydration throughout exercise at 

50% ~ ~ , m a x ,  and tolerance tirne was signincantly increased. With the single versus 

dosed rehydration protocols, tolerance tirnes were similar, but heart rate and T, were 

higher with a dosed rehydration until50-70 min of exercise. 



Voluntary loss of body weight and water is often used by athletes to achieve a 

certain weight category prior to an athletic event. Typically, some time occurs between the 

weigh-in and cornpetition, in which athletes attempt to restore the lost body weight. The 

practice of voluntarily dehydrating to reach a weight category should be balanced with the 

possible decrements in performance. Altematively, in an industrial setting, inadequate time 

for rehydration and recovery may be an unintentional or unavoidable cause of 

hypohydration prior to a subsequent work session. 

Conflicting conclusions have been advanced with regards to the influence of 

hypohydration on anaerobic performance or sports of short duration and relatively high 

intensity. Webster et al. (1990) observed decreased anaerobic power and anaerobic 

capacity during a short-duration and supramaximal-intensity Wingate test in a group of 

wrestlers hypohydrated by 5% body weight, an observation that contradicts the hding of 

no effect on the Wingate test at either 2, 4, or 5% hypohydration in another group of 

wrestlers (Jacobs 1980). 

The effects of hypohydration on aerobic exercise performance is also equivocal. 

During a progressive incrernental cycling exercise to exhaustion in a thermoneutral 

environment, Dengel et al. (1992) observed no dflerences in submaxllnal values for V, , 

VO? , f,, RER, or the lactate threshold in subjects who were euhydrated or hypohydrated 

by 3.3 and 5.6% body weight. However, Webster (1990) observed a decrease in 

VO, peak and the ninning velocity at the lactate threshold at 5% hypohydration. In a 

simulation of a rowing scenario, Burge et ai. ( 1993) dehydrated subjects by 5% the day 

before a thne trial on a rowing ergometer. Partial rehydration was provided over the 

recovery period, but the subjects remained hypohydrated prior to the time trial. Work 

output over every 30 s of the tirne trial was less with hypohydration and partial 

rehydration cornpared with a separate euhydration trial, and the tirne required to complete 



the test was increased signifcantly. Even though the euhydration trials were not preceded 

by a session of dehydration and recovery to control for the influence of prior exercise on 

rowing performance, this was a realistic simulation of hypohydration as used in 

competition, and serves to illustrate the tradeoff between reachùig a particular weight 

category and performance. Sirnilar increases in 5,000 m and 10,000 rn running tirnes with 

hypohydration were observed in trained distance runners (Armstrong et al. 1985). 

With aerobic exercise of lighter intensity and longer duration in the heat, where the 

limit to exercise tolerance is priniarily detennined by thermoregulatory CO nsiderations, the 

detrimental effect of hypohydration is clear (Sawka 1988, 1992). In a hot environment or 

in situations of uncornpensable heat stress, the additional stress imposed by hypohydration 

appears to potentiate the effects of heat stress and severely impairs the ability of 

individuals to tolerate exercise. A critical hypohydration threshold for exercise impairment 

does not appear to exist in the heat, where even relatively minor levels of hypohydration 

are sufficient to produce impairment in the heat. Ekblorn et al. (1970) reported an elevated 

core temperature during exercise with a hypohydration of only 1% body weight. 

Hypohydration of 5% resulted in an elevation of plasma cortisol and growth hormone 

(Francesconi et ai. 1984). Whereas exercise increased plasma volume when subjects were 

euhdyrated and had no effect on erythrocyte volume, hypohydration resulted in a lower 

resting plasma volume and a decrease in both plasma and erythrocyte volume during 

subsequent treadmill exercise in heat-acclimted individuals (Sawka et al. 1984). 

However, the degree of hypohydration, the acclimation status, and the exercûe employed 

rnay affect body fluid responses, as Zappe et al. (1993) observed a similar rate of 

hemoconcentration in both euhydrated and hypohydrated (2%) unacclimated subjects 

during cycling exercise. Diuretic-induced hypo hydration of 2.7% body weight significantly 

decreased blood volume, which in turn resulted in a host of circulatory and 

thermoregulatory impairment during moderate exercise in the heat , including an increased 

heart rate, a decreased stroke volume and cardiac output, a decreased cutaneous blood 



flow, an elevated cutaneous vasodilatory threshold, and an increased T, (Nadel et ai. 

1980). Cutaneous circulatory impairment was also observed by Tankersley et al. (1992), 

with a decreased forearm vascular conductance and forearm blood flow. Sawka et ai. 

(1992a) reported that hypohydration of 8% total body water, or about 5% body weight, 

signiucantly decreased plasma volume and contriiuted to a decreased sweating rate and 

greater heart rate during exercise in a hot and dry environment. Heart rates were 

signifïcantly higher at exhaustion d u ~ g  the hypohydration condition despite a greatly 

decreased endurance tirne to exhaustion (fiorn 120.7 min to 55.3 min), demonstrating a 

clramatic increase in cardiovascular strain with hypohydration. In addition, the core 

temperature at which exhaustion occurred was signincantly reduced by hypohydration 

kom 39.1 to 38.7 O C ,  possibly due to a shorter t h e  aiiowed for heat buildup or else an 

alteration Ui the central integration of temperature inputs. An increased T, and f, during 

exercise, dong with a decreased sweating rate at a given core temperature, occurred when 

hypohydrated by 5% body weight during exercise in a hot (4g°C) and dry (20% relative 

humidity) environment (Sawka et al. 1983b). 

The magnitude of cardiovascular and thermoregulatory impairment due to 

hypohydration during exercise in the heat appears to be graded in proportion to the 

severity of hypohydration. This rnay be partiaily due to a progressive impairment of 

evaporative heat loss ability, with increasing levels of hypohydration both increasing the 

core temperature threshold for the initiation of sweating and also decreasing the 

sensitivity of the sweating response (Montain et al. 1995, Sawka et al. 1985). Strydom and 

Holdswonh (1968) observed increased core temperatures in two miners at high (5-8% 

body weight) versus low (3-5%) levels of hypohydration. Sawka et al. (1985) 

systematicaily compared the effects of hypohydration leveis of 0, 3, 5, and 7% body 

weight during exercise in the heat. Plasma volume prior to and during exercise was 

progressively decreased at 3 and 5% hypohydration cornpared with euhydration, with an 

apparent plasma volume defence beyond 5% resulting in no further decrease in plasma 



volume at 7% hypohydration. Cornparhg the four hydration Ievels, core temperature 

linearly increased by approximately O. 1 5 ' ~  and heart rate increased 4 beats - min-' with 

each percentage decrease in body weight. The hcreased core temperature and heat 

storage appear to be largely mediated by an impaired heat loss capacity, as the sweating 

rate at a given core temperature also decreased for each increashg Ievel of hypohydration. 

As a result of the increased cardiovascular and thermoregulatory strain, subject exhaustion 

began occurring before the completion of the exercise sessions at 5 and 7% 

hypo hydration. 

2.2.4. Mechanism of Action 

In addition to those factors discussed above, several additional factors may 

influence the physiological effec ts of de hydration or hypohydration d u ~ g  exercise in the 

heat. The mode of dehydration produces dBerent responses within the body fluid 

compartments. Dehydration induced by either exercise or by passive heat exposure 

resulted in a similar magnitude of decrease in plasma volume but with dBerent tirne 

courses (CostiIi and F i  1974). A rapid initial drop in plasma volume with the initiation of 

exercise was foilowed by a minor decrease over the remahhg period. In contrast, passive 

thermal dehydration featured a minor initiai plasma volume decrease and a continued 

steady decrease throughout the remahhg exposure. Decreases in plasma volume during 

exercise were due to both overail water loss through sweating and changes in the Stariing 

force accompanying the increased perfusion pressure and capillary area (Senay and 

Pivaniik 1985). 

The method used to achieve hypohydration may also have different eEects on the 

body fluid compartments and the physiological responses of the body. Mild hypohydration 

of 3.5% body weight induced by active exercise did not sigruficantly affect plasma volume, 

although plasma osmolality increased due to the secretion of hypotonic sweat (Caldwell et 

al. 1984). In the same study, sauna-induced hypohydration also resulted in a hyperosmotic 



hypovolernia, while diuretics produced an isosmotic hypovolemia (Caldwell et al. 1984). 

All three modes of hypohydration resulted in a decrease in maximal work capacity, though 

hypohydration via exercise induced less impairment (Caidweil et al. 1984). However, the 

slight but significantly lower magnitude of weight loss and the longer t h e  dowed for 

dehydration with exercise may have contributed to the differences in performance. 

Either a decrease in blood volume or an increase in osmolaiity can effect changes 

in the cardiovascular and thermoregulatory response to exercise. A progressive decrease 

in plasma volume during exercise in the heat resulted in an increased f, and T, 

independent of changes in osmolaiity (Fortney et al. 1988). FoIlowing a drop in blood 

volume, the competition for blood tlow between metabolic and thermoregulatory demands 

during exercise was increased (Roweii 1974). One compensation to maintain central 

circulation and cardiac füling pressure is a reduction in cutaneous circulation, and hence, 

in heat transfer from the core to the periphery. The ability for dry heat exchange appears 

to be especially sensitive to blood volume changes (Johnson 1987, Johnson and Park 

1979, Nadel et al. 1980, Tankersley et al. 1992). The core temperature threshold at which 

vasodilation and macha l  SkBF occurred was decreased foilowing isosmotic hypovolemia 

induced by diuretics (Nadel et al. 1980). In contrast, hyperosmotic hypovolemia resulted 

in an irnpairrnent in the sensitivity of the SkBF response to hcreasing core temperature 

and a lower maximum SkBF compared with hyperosmotic isovolemia (Fortney et al. 

1984). In addition to decreasing cutaneous blood flow, a drop in blood volume alone also 

impaired the sensitivity of the sweating response, though no dzerences were observed in 

the core temperature threshold for sweating (Fortney et ai. 198 1). 

Plasma osmolality increases with higher levels of hypohydration, and can rise from 

a baseiine value of approximately 283 mosm- kg-' to in excess of 300 mosm kg-' with 

7% hypohydration (Sawka et al. 1985). Hyperosmoldity, either in a state of isovolemia or 

in conjunction with a decrease in plasma volume, increased the core temperature threshold 

for the initiation of vasodilation and sweating (Fortney et al. 1984). Some studies report 



that a decrease in sweating rates and a rke in core temperature during exercise were 

prùnarily related to changes in plasma osmolaiity, especiidiy due to alterations in pa'] 

(Nielsen 1974a Nieisen 1974b, Senq 1968). However, while it is tempting to attniute 

physiological responses to a single variable, it is much more likely that changes in blood 

volume and osmolality produce overlapping effects and a synergistic response (Sawka et 

ai. 1989). 

Sorne of the thennosensitive neurons in the preoptic antenor hypothalamus are 

also sensitive to changes in osmolality , sugges ting t hat hypo hydrat io n may ifluence 

thennoregulation centrally (Silva and Boulant 1984). One possible alteration is an 

adjustment of the thermoregdatory setpoint and the resting core temperature, contnhting 

to observed differences in thermal responses to exercise. For example, even if the rate of 

heat storage were similar, a higher initial Tc with hypohydration would result in a higher 

overall Tc. Unfortunately, however, the effect of hydration status on resting core 

temperature has rarely k e n  detailed. Candas et al. (1988) reported no difference in resting 

T, foLiowing 1.8% hypohydration induced by diuretics. No direct mention was made 

regarding resting T, in a study investigating the effects of 5% hypohydration (Sawka et al. 

1992a). However, caiculating backwards fkom the ha1 T, and AT, values given, the 

resting T, would be 36.9 and 37.1'~ for euhydration and hypohydration, respectively. 

This difference rnay be sufficient to contribute to overd differences in T, responses or 

tolerance times. 

The effects of hypohydration on muscle energetics and metabolisrn in the heat are 

unclear and may contribute to the impaired performance with hypohydration. No 

difference was observed in the rate of aerobic or anaerobic metabolism during exercise 

with varying hydration levels, suggesting no effect of hydration status on metabolic heat 

production (Greenleaf and Castle 197 1, Saltin 1964). During hypohydrated exercise in the 

heat. however, Sawka et al. (1985) reported that the RER decreased progressively during 

exercise with increasing levels of hypohydration. The mechanism responsible for the 



downward shift is not readily apparent, but if rnay involve a shifi in substrate utilisation 

towards an increased reliance on lipid metabolisrn (Hoiloszy 1973). It is possible that the 

stress of heat exposure may interact with hypohydration to produce the downward shift in 

RER, as a significant decrease in RER during exercise in a hot compared with a 

thermoneutral environment was noted by Young et al. (1985). However, a recent study 

presented conflicting data, observing hyperglycemia and an increased RER during exercise 

in the heat, brought about by an elevation in plasmû. cortisol and catecholamines and an 

increased hepatic glucose release (Hargreaves et al. 1996). During recovery fkom 5% 

hypohydration, no difference was evident in the rate at which muscles resynthesised 

glycogen whether subjects remained hypohydrated or were rehydrated back to normal 

body weight ovemight (Neufer et al. 199 1). However, glycogen levels were stiü 

significantly below basehe values the foilowing day with either recovery program, such 

that strenuous exercise the day before c m  result in a state of impaired energy balance 

regardless of recovery program During 60 min of cycling at 51% ~ 0 , m a . x  in a 

thermoneutral environment, no dserence was reported in the RER or the rate of muscle 

glycogen utilisation (Neufer et al. 1989~). 

2.3. Physiological Manipulations 

Maintenance of a heightened sweating response. a lowered heart rate, and a 

Iowered intemal body temperature during exercise in the heat constitute the classic 

description of an individual who is adapted to hot environments (Nadel et al. 1974, RoweIl 

1974, Wyndham 1973). Previous exposure to a hot environment is arguably the most 

specific and direct method of adaptation to exercise in the heat (Wenger 1988). Two ternis 

often used interchangeably to describe the process of adapting an individual to hot 

environments through prior exposure to heat are heat acclimatisation and heat acclimation. 

Heat acclirnation refers to adaptive changes resulting from exposures in a controlled 

laboratory setting. In contrat, heat acclimatisation refers to changes produced within the 



n a t d  environment; for example, through a change of season or place of residence. The 

present work wiU focus primariiy on heat acclimation. 

A high level of aerobic fitness has also been associated with an improved exercise- 

heat tolerance, and physical training is another treatment that has k e n  used in an attempt 

to adapt individuais to work in a hot environment (Armstrong and Pandolf 1988). 

Controversy exists regarding the specificity of adaptations to exercise in the heat and 

whether physical training or fitness are adequate substitutes for actual heat exposure. 

Questions also arise about the effectiveness of physiologicai treatments in irnproving 

exercise-heat tolerance when wearing protective ciothing, due to the attenuation of 

evaporative heat loss irnposed by the limited permeability to water vapour of the ciothing. 

The foilowing sections wiU bnefly review the mechanisms behind the various 

manipulations and sumarise their effects on exercise and heat tolerance. 

2.3.l. Heat Acclimation 

Empirical evidence supporting the efficacy of heat acciimatisation was provided in 

a long-term cluucal study on Marine Corps recruits. Despite a hotter average weather 

pattern in September, the incidence of exertional heat ihesses was significantly lower than 

at the start of the hot season in May, when the recruits were unacclirnatised to the heat 

(Kark et al. 1996). Variations in anthropometric characteristics, fitness, and 

acclirnatisation status amongst individuais were calculated to account for a significant 

portion of the variance in heat storage not explained by differences in metabolic rate and 

environmental conditions (Havenith et ai. 1995, Havenith and van Middendorp 1990). 

Even a short acciimation period appears to be sufficient for significant reductions in 

subsequent physiological strain, with major adaptations occurring during the fxst few days 

and aimost complete adaptation being achieved within 14 days (Armstrong and Maresh 

199 1, Pandolf et al. 1977, Senay et ai. 1976). Heat a c c ~ t i o n  may also be a transient 

phenomenon requiring constant heat exposures to maintain the adaptations, as no 



acclimation effects were observed when heat exposures were separated by one week 

(Banett and Maughan 1993). Once heat acclimation is achieved, the rate of decay of the 

adaptations is slow, o c c h g  over several weeks, and the reinduction of heat acclimation 

c m  be achieved rapidiy (Pandolf et ai. 1977). 

One adaptation that accompanies heat acclimation is an alteration in the 

behavioural drinking response. With repeated exercise-heat exposures in subjects given 

water ad libitum, Greenleaf et al. (1983) reported a slight decrease in the magnitude of 

negative water balance with continued exposures due to an increased total voluntary fluid 

consumption. This increased consumption was characterised by a decreased t h e  to the 

fust drink, an increased drinking fiequency, and an increased mean volume per dnnk. 

Another centrai adaptation to heat acclimation is an alteration in the basal 

thermoregulatory setpoint, with a lowering of the resting core temperature reported 

foilowing heat acclimation progams (Aoyagi et al. 1994, 1995, 1973b Shvartz et al. 

1973c, 1977). If a critical core temperature determines tolerance to exercise-heat stress 

(Nielsen 1992, 1994), then a lower initial core temperature would pennit a greater 

temperature rise More  reaching t hat t hreshold. Though the physiological mechanism is 

unclear, heat acclimation may improve the eficiency of exercise by decreasing the rate of 

metabohm, and thereby the rate of intemal heat production (Houmard et al. 1990, Sawka 

et al. 1983a). 

As discussed previously, hydration status can signincantly influence cardiovascular 

and temperature regulation during exercise in the heat. One cornmon response to a heat 

acclimation program is an increase in the total blood volume (Borner et al. 1976, Harrison 

1985, Harrison et al. 1981, Senay and Kok 1976, Wyndham et al. 1968) which could 

contribute to a decrease in cardiovaxular and thermoregulatory strain during exercise 

(Armstrong and Maresh 199 1, Harrison 1986). Blood volume expansion may attenuate 

the competition between metabolic and thermoregulatory demands for blood flow (Roweii 

1974). In tum, a decrease in competition would have the effect of increasing cutaneous 



blood flow, promoting convective heat transfer and fluid delivery to the sweat glands and 

contributing to an increased sweating rate (Fox et al. 1963, Nadel et al. 1974). One 

contributing factor in the expansion of blood volume is an increased translocation of 

proteins into the intravascular space from the interstitial tluid cornpartment, resulting in an 

elevation in the intravascular oncotic pressure and fluid infiux from the intestitial space 

(Borner et al. 1976, Harrison et al. 1981). Hypervolernia would also be prornoted by the 

increase in fluid-retention hormones, such as aldosterone and vasopressin (Francesconi 

1988). 

Plasma volume expansion occurs rapidly with the initiation of heat acclimation. 

Senay et al. (1976) found that the major changes in plasma dynarnics occur during the fïrst 

6 days of exposure. Over ten days of exercise-heat exposure, an initial rapid increase in 

plasrna volume and a subsequent progressive increase was strongly Linked to uicreases in 

intravascular protein content (Senay et al. 1976). The magnitude of the increase is highly 

variable, however, and dependent on the nature of the heat acclimation program (Harrison 

1985). The permanence of blood volume expansion with heat acclimation is unclear, 

however, and it has k e n  suggested that hypervolemia may be a transient effect of heat 

acclirnation, with the plasma volume decaying back to baseline levels and king replaced 

by other adaptations, such as an increased sweat rate (Wenger 1988). 

Heat acclirnation produces a senes of adaptations in the sweating response that 

serve to increase the rate of evaporative heat dissipation. An uicreased sweating rate with 

heat acciimation is partly rnediated at the central thermoregulatory integrators, with a 

reduction in the core temperature threshold for the initiation of the sweating response 

(Nadel et al. 1974, Roberts et al. 1977). The nature of the secreted sweat may also change 

with heat acclimation. A strong inverse correlation was observed by Nose et al. (1988) 

between the loss of &ee water and the ma7 in sweat. Therefore, one adaptation resulting 

from heat acclimation is the production of a more dilute sweat (Ailan and Wilson 1971). 



Heat acciimation may also bring about m increased sweating response through 

penpheral mechanism. A high rate of skin wettedness wiil normally result in a saturation 

of the sweat gland and suppression of giand secretion through a process termed 

hidromeiosis (Candas et al. 1980). Repeated heat exposures featuring high sweating rates 

and skin wettedness rnay produce adaptations at the level of the sweat glands, rninirnising 

hidromeiosis by aiiowing the glands to maintain high sweat outputs despite high skin 

wettedness (Candas et al. 1979, Taylor 1986). Sudomotor adaptations rnay include a 

widening of the duct orifice or increased secretory pressure (Ogawa et al. 1982), sweat 

gland hypertrophy (Sato and Sato 19831, or improved eficiency at the sweat gland 

( C o h s  et al. 1966). Alternatively, heat acclimation may train an individual to tolerate the 

psychological discornfort associated with high levels of skin wettedness (Candas et al. 

1979). Shvartz and Benor (1971) and Shvartz et al. (1972, 1973c) found that signifcant 

increases in sweat rates and heat tolerance in a hot-dry environment can be achieved 

foiIowing heat acciimation using vapour-barrier suits which do not d o w  evaporative heat 

transfer; they concluded that the prevention of evaporative heat loss was a strong stimulus 

for sweat production and a major factor in heat acclirnation. The sweating response to 

local electrical stimulation was significantly increased foflowing whole-body heat 

a c c h t i o n  (Chen and Elizondo 1974). This appears to be an integrated whole-body 

response to repeated heat exposure, as neither local stimulation by itself nor local heating 

resulted in an increased sweat output during subsequent heat exposure (Chen and 

Elizondo 1974). 

Heat acclimation can be achieved by a variety of heat exposure protocols. In 

addition to the standard training variables of frequency, duration, and intensity, the 

environment is also a signifcant component of a heat acclimation program. The ideal heat 

a c c b t i o n  prograrn is likely specific to both the environment that wili be encountered as 

well as the clothing, if any, which wiil be wom. Shvartz et al. (1973b) acclirnated subjects 

to either unclothed exercise in a hot-dry environment or else a hot-wet environment, using 



vapour barrier clothing at a slightly cooler temperature to achieve a similar WBGT. 

During subsequent hot-dry exercise without clothing, though both groups demonstrated 

an irnprovement, the physiological strain was significantly lower in the hot-dry compared 

to the hot-wet acclimation group. 

A lack of transfer of hot-dry heat acclimation adaptations to a hot-wet 

environment appears to be true also, possibly due to the severe microenvironment and 

limited heat dissipation lirniting the total adaptation possible. Hot-dry heat acclimation did 

not prolong tolerance for individuals resting in a hot-wet environment (Goldrnan et al. 

1965). Aoyagi et al. (1995) compared the benefits of extending heat acclimation, achieved 

through unclothed exercise in a hot environment, fkom 6 to 12 days on subsequent 

exercise in the heat. Six days of heat acclimation signïfïcantly reduced physiological strain 

whiie wearing either the combat clothing or the NBC ensemble. However, the 12 days of 

acclimation was of additional benefit only whde wearing combat clothing. Acclimation 

using NBC clothing appears to be required for optimal adaptation to subsequent work in 

the NBC ensemble. Both hot-dry or hot-wet a c c h t i o n ,  accomplished by wearing either 

only combat clothing or the full NBC ensemble, respectiveiy, were able to decrease heart 

rate and core and skin temperature during subsequent exercise in the heat with combat 

d o  thing. However, acclimation with the NBC ensemble produced greater decreases in 

physiological strain during exercise in the hot-wet microenvironment of the hll NBC 

ensemble compared to a c c b t i o n  with only the combat clothing (McLeilan and Aoyagi 

1996). The hot-wet acclimation may have produced a stronger stimulus for sweat 

production and decreased sweat suppression despite high levels of skin wettedness (Fox et 

ai. 1967). 

Individual variations in responses to heat acclimation are evident, with some 

individuals appearing to be unresponsive to repeated bouts of heat exposure. For example, 

during occupational screening, some South Afncan mine workers experienced no decrease 

in physiological strain despite repeated heat exposures and had to be assigned to surface 



jobs (Senay and Kok 1976). One major distinpishing characteristic of these heat- 

intolerant individuals was a significantly lower plasma volume during exercise, iikely due 

to a decreased protein Uiau Uito the intravascular space (Senay and Kok 1976). An 

expansion of plasma volume has k e n  proposed to be the critical event in heat acclimation 

(Senay et al. 1976). A synergy between fitness and heat acclimation appears to exist, with 

higher aerobic fitness resulting in an improved and more rapid response to heat 

acciimation (Armstrong and Maresh 199 1, Piwonka and Robinson 1967). Pandolf et ai. 

(1977) reported a sigrilncant inverse relationship between an individual's VO, max and the 

days required to achieve a plateau in physiological response to heat acclimation. In 

addition, fit subjects had a slower decay and a more rapid reinduction of heat acclimation 

(Armstrong and Maresh 1991). Heat acciimation status may mediate the effect of other 

factors on exercise-heat tolerance. Sawka et al. (1983b) examined the effects of 

hypohydntion on exercise in a variety of environrnents pre- and post-acciimation, 

achieved through exercise in the heat. In a thermoneutral environrnent, heat acclimation 

decreased the thermoregulatory and cardiovascular strain experienced during 

hypohydration. However, in a hot environment, only cardiovascular strain was reduced. 

It should be noted that an irnprovement in exercise-heat tolerance foliowing heat 

acclimation is not a universal finding. For example, Piwonka and Robinson (1967) 

reported no further irnprovement in exercise-heat tolerance in four highly trained subjects 

following heat acclimation. However, the smdl sample size, the relatively low heat stress 

environrnent, and the gap of up to two weeks between the last acchation session and the 

heat stress test, during which significant decay of heat adaptations may have occurred, 

could aiI have k e n  factors contributing against seeing a signincant effect. Aoyagi et al. 

(1994) reported that heat acclimation had no effect when NBC protective clothing was 

wom. However, as discussed previously, the lunited evaporative heat loss and high 

metabolic rate may have negated the effects of heat acclimation. 



2.3.2. Aerobic Fitness 

A high level of cardiorespiratory fitness has k e n  associated with an improved 

exercise-heat tolerance since the initial theoretical connection was made by Robinson et 

al. (1943) and Bean and Eichna (1943). These suggestions were based largely on 

anecdotal evidence, but have k e n  largely supported by subsequent studies (Wenger 

1988). Piwonka and Robinson (1965) reported that trained distance runners exhibited a 

decreased physiological strain compared to untrained individu& during exercise-heat 

stress. Havenith and van Middendorp (1990) reported that inter-individuai variations in 

aerobic fitness and anthropometric measures could account for a signincant portion of the 

variance in heat storage not explained by dBerences in metabolic rate and environmental 

conditions. In either temperate, hot-dry (Cadarette et al. 1984, Shvartz et al. 1977), or 

hot-wet environments (Havenith et al. 1995), ~ 0 ~ m a x  was signincantly and inversely 

correlated with core temperature and heart rate. Henane et al. (1977) reported that trained 

and fit ( ~0~ max -65 mL . kg-' - min-' ) athletes had an improved sweating response and 

exercise-heat tolerance compared to sedentary and unfit ( V O ~  max -40 mL - kg-' - min-' ) 

individuals. Other studies, however, report only a m h h d  relationship between VO, max 

and exercise-heat tolerance (Kielblock 1984, Pandolf et al. 1988). 

Aerobic fitness level also appears to mediate the impact of other environmental and 

individual characteristics. As discussed above. high aerobic fitness potentiates the 

sensitivity to heat acclirnation and also delays the t h e  course of its decay (Pandolf et al. 

1977). In contrast, heat acchation may mimic the themoregulatory benefits of a higher 

~0~ ma, though cardiovascular benefits remah (Cadarette et al. 1984). The magnitude 

of adaptations to heat acclllnation rnay also be inversely related to the initial level of 

fitness, with a trend towards greater decreases in heart rate and core temperature in those 

with a lower initiai VO, rnax (Cadarette et al. 1984). In addition, an increase in aerobic 

fitness appears to provide some protection against the stress of hypohydration during 



exercise in the heat. When the same subjects were exposed to 5% hypohydration, the fitter 

subjects exhibited a lower heart rate, though no difference was noted in T, (Cadarette et 

al. 1984). 

The benefit of high aerobic fitness during clothed exercise in the heat is unclear. 

Smolander et al. ( 1987) reported no dBerence in cardiovascular or thermoregulatory 

strain in subjects with a high (60 mL- kg-' -min-'), compared to a low (40 

mL - kg-' - min-' ), VO? max while wearing Light industrial clothing which pedt ted 

evaporative heat transfer. However, all subjects exercised at 30% VO? max, and relative 

exercise htensity may be the primary determinant of the heart rate and core temperature 

response (Astrand and Rhyming 1954, Saltin and Hennansen 1966). While wearing NBC 

protective clothing at a standardised absolute exercise intensity, subjects with a high 

VO, max relative to lean body mass (75 mL. kg-' -min-' LBM) had a Iower heart rate, 

higher sweating rate, and a trend towards longer tolerance times compared to subjects of 

moderate (60 mL - kg-' - min -' LBM) fitness (Windle and Davies 1996). No difference 

was observed in core temperature, however, possibly due to the lack of evaporative heat 

trmsfer through the clothing, which resulted in similar rates of heat storage. 

Caution must be employed when attributhg irnprovements in exercise-heat 

tolerance solely to aerobic fitness. An increase in ~ 0 , m a . x  is an indirect result of the 

physiological adaptations to training, such as changes in blood volume, cardiac function, 

and muscle rnetabolism Therefore, VO, rnax by itself rnay not be a reliable indicator of 

exercise-heat tolerance (Armstrong and Pandoif 1988, Kielblock 1984, Pmdolf et al. 

1988). The mode of training used during exercise also appears to influence the responses 

to exercise-heat stress. While highly trained and fit ( VO, max -65 ml - kg-' . min-' ) 

nordic skiers and swimmers both had higher sweat outputs than sedentary and unfit 

( VO? rnax = 40 mL . kg-' . min-' ) individuals, the sweating response and exercise-heat 

tolerance was significantly higher in the skiers compared to the swimmers (Henane et ai. 



1977). The authors suggested that the greater exercise-induced hyperthermia in the skies 

was responsible for the disparity in the observed adaptations. 

2.3.3. Physical Training 

Many of the physiological adaptations reported with heat acclimation are also 

observed fofiowing aerobic training or in cornparisons between individuais with high 

versus low cardiorespiratory fitness, leading to the suggestion that physical training may 

be an adequate replacement for heat acclimation (Armstrong and PandoIf 1988, Pando If 

1979). If true, this would be of great interest in rnany occupational settings, where a 

temperate arnbient environment or lack of facilities may preclude proper heat acclimation. 

However, aerobic training m y  differ fkom heat acclirnation both in the nature and also in 

the magnitude of the adaptive responses, and the compatibility of these physiological 

treatrnents remains an active field of researcb. 

GisoK and Robinson (1969) were mong the fust to report a reduction in 

physiological strain and an improvement in exercise tolerance in a hot environment 

foliowing a relatively long-term (6 weeks) interval training program Four weeks of 

interval training also produced signifcant irnprovements in exercise-heat tolerance, with 

the improvement r e a c h g  a plateau afier 8 or more weeks of training of approximately 

50% of the adaptive responses brought about by heat acclimation (Gisolfi 1973). 

The effects of shorter or less intense training programs on exercise-heat tolerance 

are Iess clear. Shvartz et ai. (1973b) reported that 6 d of training resulted in no adaptations 

to exercise-heat stress, whereas 6 d of heat acclimation signincantly decreased heart rate 

and core temperature, suggesting also that physical training is not a substitute for heat 

acclimation. Supporting this contention are studies by Strydom et al. (1969, 1966) which 

reported minimal adaptations to exercise-heat stress following two weeks of physical 

training in a cool environment compared to heat-acclimated subjects. In contrast, two 

weeks of cychg at 65% ~ 0 , r n a x  produced a significant though slight increase in 



VO, max and was sufficient to elicit an attenuation in cardiovascular and thermal strain 

during subxmuhd exercise in a thermoneutrai environment (Green et al. 1991). Exercise- 

heat tolerance was not the focus cf this study, and the subjects were not tested in hot 

environments. Houmard et al. (1990) compared the efficacy of 7 d of training at either 

75% V O ~  max for 30 mui or 50% ~0~ m m  for 60 min on subsequent exercise-heat stress. 

Compared with pre-training responses, both training programs produced equivalent and 

significant decreases in h a 1  heart rate and in resting and h a 1  core temperature durùig 

exercise at 50% VO? max in N0C. 

The effectiveness of a training prograrn in improving exercise-heat tolerance is 

dependent on many variables, including the intensity, duration, and fiequency of the 

training. Henane et al. (1977) suggested that a 15-20% increase in VO, max is required in 

order to improve exercise-heat tolerance. Metabolic hypeahemia is the major stimulus for 

themoregulatory adaptations (Fox et al. 1963), and the degree and duration of core 

temperature rise induced by the training may be a determinant of the degree of heat 

acclimation. A greater sweating response and heat tolerance was noted foilowing land- 

based, compared to water-based, training on a group of previously untrained subjects, 

with the disparity being attributed to the higher levet of metabolic hyperthermia and 

sweating rates during land-based exercise (Avellini et ai. 1982). Kondo et al. (1996) also 

reported a higher sweating rate in land-based, compared to water-based, athietes. In 

addition, individual variables, such as pnetics, age, and the starting fitness of the subjects 

would play a role in the fmal response to training (Pandolf 1979). Havenith (1995) has 

proposed that themoregulatory Unprovements in relatively unfit subjects would be greater 

than in fit subjects following an equivalent improvement in absolute aerobic fitness. 

2.3.4. Mechnnism of Action 

Taylor ( 19 86) reviewed the influence of aero bic training on s weating responses, 

and concluded that training was capable of stimulating both central and peripherd 



adaptations in the sweating responses. Roberts et ai. (1977) reported that aerobic training 

decreased the core temperature threshold for the initiation of sweating, suggesting a 

central resetting of the sweating response. In addition, both Nadel et al. (1974) and 

Henane et al. (1977) reported an increase in the sensitivity of the sweating rate to 

increasing core temperature foIIowing ten days of training at 70430% V O ~  max for I h, 

suggesting a peripherai adaptation to an increase in thermal strain. Other peripherai 

adaptations at the level of the sweat glands that may result from training were diçcussed in 

Section 2.3.1. 

An increase in total blood volume, priniarily through an increase in plasma volume, 

has k e n  proposed to have a beneficial effect on cardiovascular and thermal homeostasis 

during exercise in the heat (Convertino 199 1, Hamison 1985). In theory, by hcreasing the 

total circulating volume, cardiac £iiLïng pressure is rnaintained and cornpetition between 

rnetaboiic and thermoregulatory demands for blood flow are lessened. In addition, skin 

blood fiow is rnaintained to d o w  for adequate heat transfer. Maintenance of blood 

volume also decreases thermoregulatory strain by optirnising evaporative heat loss through 

maintainhg adequate blood flow to the sweat glands for sweat production (Convertino 

199 1, RoweU 1974). Thermoregulatory and cardiovascular adaptations have correlated 

highly with increases in plasma volume (Senay et al. 1976). Endurance-trained subjects 

typicaiiy exhibit a signincantly larger blood volume than untrained subjects (Convertino 

1991). though plasma volume expansion alone did not increase ~ 0 ~ r n a x  in trained male 

subjects (Coyle et al. 1986, Mier et ai. 1996). A blood volume 20-25% larger than in 

untrained subjects was observed in both males and f e d e s  independent of age 

(Brotherhood et al. 1975, Dili et al. 1974, KjeWrg et al. 1949), and a high correlation 

eQsted between aero bic capacity and blood volume (Convertino 199 1). However, the 

correlation disappeared when the vascular volumes were normaiised with lean body mass, 

and may have been due to a high covariance between fitness and lean body mass (Sawka 

et al. 1992b). 



A marked increase in total blood volume is a rapid response to the onset of 

exercise, and hypervolemia is one of the most consistent adaptations to short-term training 

(Convertino 199 L, Harrison 1985). Plasma volume expansion in the range of 10-20 % was 

observed following a training program of two weeks (Green et ai. 1991), three days 

(Green et al. 1990, Green et al. 1984), and even after a single extended or suprarmxhd 

exercise session (Gillen et ai. 199 1, Pugh 1969). Training appears to stimulate an iso- 

osmotic hypervolemia with mininÜil increases in piasma osmolality due to a translocation 

of protein into the intravascular space (Convertho et al. 1980a, 1980b). Increases in 

plasma renin activity and vasopressin concentration during exercise post-training ais0 

facilitated retention of sodium and water (Convertino et al. 1980a). 

Control of the body fluid compartments appear to be tightly regulated, and 

periodic exercise needs to be perfonned in order to maintain hypervolemia. In highly 

trained subjects, detraining resulted in a reduction in total blood volume within two to four 

weeks (Coyle et al. 1986). In addition, two months of intensive exercise failed to induce a 

signincant hypenrolemic response in fit athletes (Frick et al. 1970), and 1 I weeks of 

aerobic training did not increase either red ceil volume or plasma volume in untrained 

subjects (Shoernaker et al. 1996). This suggests that an initial hypervolemic response rnay 

be only a transient response to the onset of exercise, and that the process of a maintained 

enlarged blood volume in trained subjects rnay occur by mechanisms different fiom those 

seen with short-term training. Convertino ( 199 1) proposes t hat training-induced 

hypervoiemia consists of two phases. In the k s t  phase, an influx of protein into the 

intravascular space increases the oncotic pressure, teading to fluid retention and a transient 

plasma volume expansion. With prolonged training of several weeks or months, changes in 

neurohormonal and rend mechanisms, specifcally an enhancement of sodium 

reabsorption, bring about an increase in total body water and a chronic enlargement of 

total blood volume. 



2.3.5. Interactions 

From the above discussion, it is evident that the vatious physiological 

manipulations to improve exercise-heat tolennce overlap each other to some extent in 

their rnechanisms of actions and their ultirnate effects on the individual. Similar adaptations 

occur with exercise training or heat acclimation, making it difncult to isolate the individual 

efiects of training versus thermal stimuli. Furthemore, one manipulation may rnask or 

negate the effects of another. Metabolic heat production and an hcrease in body heat 

storag and T, are inherent during aerobic exercise training, hirther complicating any 

isolation of factors. The separate roles of themal versus nonthemial stimuli in the 

hypervolemic response were investigated by Convertino et al. ( 1 %Ob). Similas thermal 

stresses were placed on two groups of subjects using either exercise at room temperature 

or sedentary heat exposure. Thermal factors were found to account for 40% of the plasma 

vo iume expansion, wit h the remaining hypervo lernia due to addit ional non-thermal factors 

related to exercise. Green et al. (1984) used three days of intermittent supramaximal 

exercise in an attempt to maximise exercise stress while minimishg the confounding 

influence of thermal stimuli. Total blood volume and plasma volume both increased 

signifcantly foilowing three days of exercise. Surprisingly, red cell volume was found to 

decrease, a response atypical of short-term training prograrns (Convertino 199 1, Harrison 

1985). The authors suggested that this alteration in the blood cell population may be due 

to the particular characteristics of the training program, which produced a protracted state 

of metabolic acidosis. Despite the aim of minimising thermal factors, signincant thermal 

stress was stU present with this training program, with T, increasing by an average 1.3 O C  

over the course of each exercise session. 

2.4. Statement of the Problem 

While the hurnan physiological responses to heat exposure are weii documented, a 

smalier body of research has focused on the interactions between individual 



characteristics, such as hydration status and aerobic fitness, dong with physiological 

interventions, such as fluid replacement, aerobic training, and heat acclimation. It is 

ditficuk to integrate the available research into a coherent whole, due to differences 

between studies in factors that could influence the responses to exercise-heat stress, 

including variations in subject populations, test environments, training or acclimation 

programs, the degree of hypohydration, and the rate and nature of ffuid replacement. An 

integrated research design, involving a series of related experiments with a common 

methodology, would enable a full analysis of the interactions between these individual 

characteristics and the various physiological manipulations. There is also Little researc h 

conducted on the effects of these factors when subjects are wearing protective clothing 

ensembles with a limited permeability to water vapour. The microenvironment created 

within protective clothing ensembles may significantly influence the impact of individual 

characteristics and physiological interventions on responses to exercise-heat stress. 

Therefore, in order to enhance the protection and performance of workers in an industrial 

setting or rnilitary personnel, a better understanding is required concerning the interactions 

between fitness, heat acchation, fluid replacement. and hydration status while wearhg 

protective clothing in the heat. 



3. OBJECTIVES AND HYPOTHESES 



With the preceding review as a background, a series of three experiments was 

designed with the fouowing objectives: 

1. tocl~theinfluenceofhydrationstatusonexerciseinanuncompensableheat 

stress environrnent. Specincally, the experimental aUn was to determine the effect 

of a rninor (2-2.5% body mas)  hypohydration on tolerance in an uncompensable 

heat stress environrnent d u ~ g  both Light and heavy intensity exercise. A second 

experimental aim was to determine the efficacy of a fluid replacement program 

during uncompensable heat stress. It was hypothesised that hydration status would 

have a major impact on heat tolerance whiie wearing the protective ciothing o d y  

during Light exercise, where longer tolerance times would permit differences in 

heat dissipation to be expressed. It was hrther hypothesised that fluid replacement 

in an uncompensable heat stress environment would be of minimal benefit during 

heavy intensity exercise, due to the rapid onset of exhaustion from other factors 

compared with the delay required between the intake of fluid and its absorption 

into the body (Section 5.1). 

2. to investigate the innuence of a short-term aerobic training program and hydration 

status on the response to exercise in an uncompensable heat stress environment. It 

was hypothesised that training would result in an improved physiological response 

in both an euhydrated and hypohydrated state, and that the magnitude of 

irnprovement would be greater during the hypohydrated exercise. Exercûe-heat 

tolerance was hypothesised to be significantly impaired by rninor hypohydration (2- 

2.5% body rnass), regardless of training status (Section 5.2). 

3. to determine the influence of a heat acclimûtion program and hydration status on 

subsequent exercise in an uncompensable heat stress environment. It was 

hypothesised that heat acclimation would result in an improved physiological 

response in both an euhydrated and hypohydrated state, and that the magnitude of 

improvement would be greater during the hypo hydrated exercise. Exercise-heat 



tolerance was hypothesised to be significantly impaired by minor hypohydration (2- 

2.5% body rnass), regardless of acclimation status (Section 5.3). 

4. to compare the efficacy of a short-term aerobic training program to an equivalent 

period of heat acclimation on exercise in an uncompensable heat stress 

environment. It was hypothesised that the heat acciimation would produce a 

greater adaptation to heat stress, and that exercise-heat tolerance would be 

improved more following heat acclimation (Section 5.3). 

5. to determine the relative influence of aerobic fitness on the response to exercise in 

an uncompensable heat stress before and after a period of heat acclimation. It was 

hypothesised that subjects with high aerobic fitness would experience less 

physiological strain and have a prolonged exercise-heat tolerance in both an 

euhydrated and hypohydrated state. Due to their relative lack of heat adaptation 

t o m  prior aerobic training, it was hrther hypothesised that individu& of low to 

moderate aerobic fitness would possess a greater potential for adaptation to heat 

acclimation, and that exercise-heat tolerance would be improved more following 

heat acclimation in aerobically nonfit subjects (Section 5.3,6.2). 

6.  to determine the relative influence of a short-tenn aerobic trainhg program 

compared to long-term aerobic fitness achieved through habitua1 exercise on 

exercise-heat tolerance. It was hypothesised that aerobic fitness derived fiom 

prolonged training and habituai exercise would impart physiological benefits that 

would not be realised with a short period of aerobic training, and that the more fit 

subjects would experience less physiological strain and have a prolonged exercise- 

heat tolerance in both an euhydrated and hypohydrated state compared to nonfit 

subjects who underwent a short-term aerobic training program (Section 6.1). 



Table 3.1 Summary OF experimental manipulations 

Manipulations Chapter Sections 
5.1 5.2 5.3 6. t 6.2 

Hydration status X X X X X 

Fluid replacement X 

Exercise intensity X 

Short-term aerobic training 

Heat acdimation 

Aero bic fi tness 



4. GENERAL METHODS 



4.1. Subjects 

The subjects for this series of studies consisted of healthy males between the ages 

of 18 to 40, recruited from the university population or the military community. This 

group was chosen to be representative of the soldiers in the Canadian Forces who might 

be expected to Wear NBC clothing in an operational theatre. AU subjects underwent a 

medical examination and were informed of ail details of the experimental procedures and 

the associated risks and discornforts before they provided their consent. 

4.2. Experimental Design 

The experimental protocols and instrumentation used in the present series of 

studies were approved by the Ethics Review Committees of the University of Toronto and 

the Defence and Civil Institute of Environmental Medicine (DCIEM). To Iimit initial heat 

acclimation through casual exposure to high ambient temperatures, testing occurred only 

from Iate September to early May. In alI subjects, the 6rst session was used as a 

familiarisation trial and the results were discarded. A minimum of 72 h separated 

experimental trials, with the large rnajority of trials separated by at l e s t  a week to avoid 

the effects of accumulated heat acclimation over the course of the study (Barnett and 

Maughan 1993). 

The prirnary objective of the present series of studies was to investigate, in an 

integrated rnanner, the effects of hydration status, physical fitness, and heat acclimation on 

exercise in an uncompensable heat stress environment. In order to achieve an integrated 

approach, the studies were designed to complement each other and to have similar 

methodologies in order to aiiow for cornparisons among the studies. The basic heat stress 

test (HST) performed throughout ail studies consisted of continuous wallcing on a 

motorised treadmill in a hot (40°C, 30% relative humidity, no wind) environment whiie 

wearing the Canadian Forces Nuclear, Biologicai and Chernical W C )  protective clothing 



ensemble. The HST was performed while the subjects were either in a euhydnted state 

(EU) or mildly hypohydrated by approximately 2.5% of their body mass (HY). 

When Study 1 was originally designed, the Ievel of aerobic fitness was not a 

selection criterion for subjects, and it was anticipated that the subjects would represent a 

range of fitness Ievels. However, by random selection, all subjects for Study 1 were 

extrernely fit and active, resulting in a fairiy hornogenous subject group. This homogeneity 

dûectiy affected the designs of Studies 2 and 3. To investigate the influence of long-term 

fitness and high maximal aerobic power ( VO, mm), strict fitness criteria for both 

VO, rnax and activity patterns were developed in Studies 2 and 3 to create a c1ea.r 

separation. Subjects were grouped into two general categones of either low ( L n  or high 

(HF') fitness based on an interview of their exercise habits and the results of a treachül test 

of VO, max. For the purpose of these studies, LF subjects were either inactive at the tirne 

of the study or engaged in physical activity only on an irregu1a.r basis, and had a VO, mûx 

between 40 and 50 mL kg-' . min-'. AU LF subjects agreed to abstain from regular 

aerobic activities for the duration of the experiment. HF subjects were defhed as those 

engaged in a regular prograrn of physicai activity and having a VO? rnax in excess of 55 

mL -kg-' -min-' . To establish a clear separation in aerobic fitness between the HF and LF 

groups, volunteers with an initial VO, rnax between 50-55 ml- kg-' - min" , or those 

with VO, m;u: > 55 rnL - kg-' - min-' but not engaged in reguiar physical activity, were 

deched. The separate groups were Iabeled based on their fitness and the treatment 

ernployed as foilows: 1) LF-Control: Iow fit, control treatment; 2) LF-Train: low fit, 

training treatment; 3) LF-Acc: Iow fit, heat acclimation treatment; 4) HF-Acc: high fit, 

heat acclimation treatrnent. 

4.3. Methodology 

Except where noted, the following methodology was common among Snidies 1-3: 



4.3.1. Maximal Aerobic Power ( VO, max) 

VO? fnax was detemiined on a motorised treadmill using open-circuit spirometry 

before the series of HSTTs in the climatic chamber. For StuGies 2 and 3, ~ 0 , r n a x  was 

dso determined following the training, control, or heat acclimation progran Foilowing 3 

mui of ninning at a self-selected pace, the treadrnill grade was increased 1% each minute 

until a grade of 10% was attained. Thereafier, uicreases in treadmill speed and grade of 

0.22 m - s-' (0.8 km- h" ) or 2%, respectively, altemated each minute untii the subject 

could no longer continue. Subjects were given verbal encouragement throughout the test. 

~0~ max was dehed as the highest 30 s oxygen consumption ( ~ 0 ~ )  observed during the 

incremental test. The achievernent of VO? max was confimed by supplementary variables, 

including a heart rate approaching the age-predicted maximum of 220 - age, a respiratory 

exchange ratio (RER) > 1.15, and a plateau in ~ 0 ~ .  Heart rate K) was monitored 

throughout the incremental test from a telemetry unit (Polar Vantage XL). The value 

recorded at the end of the exercise test was considered to be the individual's maximum 

heart rate. 

4.3.2. Anthropornetry 

Height and body mass were measured on each subject. The body surface area ( A d  

was calculated kom height and body rnass using the DuBois equation, and the surface 

area-to-mass (&mas) ratio calculated. Body fatness was estimated from skinfold 

measurements using a gender-specific regression equation developed fkom hydrostatic 

measurements of body density (Forsyth et al. 1984). In Section 6.2, lean body mass 

(LBM) was calculated by subtracting the calculated mass of body fat fiom the total body 

mas, and VO, max was normaiised to LBM. 

4.3.3. NBC Protective Cloihing 

The Canadian Forces NBC protective clothing ensemble worn in all trials consisted 

of shorts, T-shirt, socks, combat shllt and trousers, mnning shoes, sernipermeabie NBC 



overgarment, impermeable gas mask and cannister, and impermeable rubber gloves and 

overboots. Total m a s  of the ensemble was approxhately 8.0 kg. In order to aiiow some 

sweat evaporation, a Limited mass penetration of charcod-filtered air occurs through the 

fabric. T h e d  resistance and the Woodcock vapour permeability coefficient of the 

ensemble determined on a heated and wetted manikïn at a wind speed of 1.12 m -  s-' were 

0.29 1 m'O C - W-' (1 -88 CIO) and 0.33, respectively (GonzaIez et al. 1993). 

E, with the protective clothing in the experimental environment was determined 

taking into account the metabolic rate, radiative and conductive heat losses, and 

respiratory heat loss using the equations of McLellan et ai. (1996) and Gonzaiez et al. 

(1993). E,, while wearing the protective clothing was determined using the equations of 

Gonzalez et al. (1993). The equations used are outhed in Chapter 2.1.2. HSI 

(E, - E,~') was calculated to be approximately 2.5 for the light exercise used during 

Studies 1-3, and about 3.5 for the heavy exercise employed during Study 1, producing a 

situation of extrerne uncompensable heat stress. 

4.3.4. Dehydration and Overnight Protocol 

For each study, identical dehydration and overnight protocols were employed. On 

the aftemoons before each HST session, the subjects reported to the laboratory at - 1330 h 

and exercised in the heat until they dehydrated by 2.58 of their body m a s  The timing of 

the dehydration ailowed approximtely 15 h for body fluid compartments to stabilise 

between the completion of the dehydration and the HST. Dehydration sessions took place 

in the same environmental chamber (40 OC, 30% relative hurnidity) as used for the HST. 

Both nude and dressed mass (shorts, socks, shoes) were recorded prior to entry into the 

chamber. Subjects waked on a motorized treadmill at an exercise intensity (5-6.5 

km - h-' , 5 8 %  grade) that induced sweat loss at a rate of 0.8- 1.5 L hm' . Rectal 

temperature (TA and body m s  were monitored throughout the dehydration, and subjects 

were removed from the chamber upon losing 2.5% of their baseline body mas .  



In the evening following the dehydration. the nutritionai intake was controlled by 

providing the subjects with a set meai plan consisting of ~ o w e r ~ a r @  meal replacement bars 

(940 W - bar-' ). ~ a t o r a d e ~  ( 1 100 kJ - L.' , 18.4 mm01 - L.' Na3 was used for fluid 

replacement foUowing the dehydration session. For subjects undergoing EU trials, 

sufficient ~ a t o r a d e ~  was provided irnrnediately foliowing the dehydration session to 

replace the amount of mass lost d u ~ g  the session. The of ~ a t o r a d e ~  is at the lower 

range of [Na'] in sweat, and replacement of 100% of the body mass lost following 2% 

dehydration using a drink of sirnilar ma+] resulted in a net fluid balance of -528 mL 6 h 

post-exercise (Shirreffs et al. 1996). The stibjecis were therefore instructed to drink a 

minimum of 600 mL h-' of ~ a t o r a d e ~  or juices that evening p ior  to going to bed, and at 

least 600 rnL in the moming prior to reporting to the laboratory, for an additional 

rehydration volume of approximately 3 L. This recovery prograrn was generdy sufncient 

to retum the subject to basal body mass the next rnoming prior to the HST. In the rare (2- 

3) cases where the body mass did not return to within 1% of the baseline ovemight, the 

moming trial was aborted and rescheduled. Subjects undergoing the HY trials were given 

a total ration of 800 mL of ~ a t o r a d e ~ ,  based on expected basal body mass losses over a 

15 h period. In the rare (2-3) cases where the subject were not hypohydrated by at l e s t  

1.5% the foilowing moming, the trial was aboned and rescheduled. However, in 3 

additional cases where the subjects were not hypohydrated by at least 1.5% body rnass. 

but were unable to repeat the hypohydration procedure, the HST was performed. These 

subjects were hypohydrated by at l e s t  0.9% body mass. 

4.3.5. Dressing and Weighing Procedure 

Upon arriva1 at the laboratory, the subjects hrst inserted a rectal thermistor 

approximately 0.15 m beyond the anal sphincter. Prior to the dressing procedure, the 

subjects rernained in an upright posture for 10 min, whereupon a 5 mL blood sample was 

obtained within 90 s of lying down to obtain samples representative of upright exercise 



(Lundvd and Bjerkhoel 1994). They were then weighed nude on an electronic scale 

sensitive to the nearest 0.005 kg (Setra Super Count). For f, rneasurements, the telemetry 

unit was clipped to ECG spot electrodes on the chest; the receiver (Polar Vantage XL) 

was taped to the outside of the NBC clothing and displayed continuously for the duration 

of each HST. Bioelectrical impedance band electrodes were placed around the neck and 

torso b r  the determination of stroke volume and cardiac output, and thermiston for the 

detemination of the mean skin temperature (G ) were appiied. Subjects then dressed in 

their NBC ensemble, and a full dressed mass was obtained before entry into the chnatic 

chamber. 

Upon entering the chamber, the subject's skin and rectal thermistor monitoring 

cables were connected to a computerised data acquisition system and the exercise began. 

Mean values over L-min periods for T, and T, were calculated, recorded, and printed by 

the data acquisition systern. f, was recorded every 5 min from the Polar Vantage XL unit. 

After the completion of each trial, dressed mass was recorded w i t h  1 min after exit fkom 

the chamber: nude mass was recorded following a 5-min undressing procedure. 

Differences in nude and dressed mass before and after each triai were corrected for 

respiratory and metaboiic weight losses (see below). The arnount of sweat produced was 

calculated as pre-trial minus post-trial nude mass (corrected) plus water given. 

Evaporative sweat loss fiom the clothing was cdculated as pre-trial minus post-trial 

dressed mass (corrected) plus water given. Inaccuracy in measurernent due to sweat 

drippage through the rnask and mouthpiece was assumed to be minor, with < 10 g 

collected through the mouthpiece in pilot triais. Unfortunately, the caiculation of whole 

body sweating rates provides no information about the pattern of sweating throughout a 

given trial, nor about the threshold and sensitivity of the sweating response. 



4.3.6. Blood Analyses 

Plasma osmolaiity was determined in duplicate by freezing point depression 

(Omette A, Fisher ScientSc) in Study 1 and by calculation fiom ma'], [Glucose], and 

[blood urea nitrogen] in Studies 2 and 3 (Novastat, Nova Biochemical). Hemoglobin 

concentrations were determined in duplicate by photometry (HemoCue. Hemocue AB, 

Helsingborg, Sweden) and hematocrit in tripiicate by microcentrifugation. Hernatocrit 

(Hct) values were adjusted for blood ceil packing and for arterial-venous ciifference by 

correction factors of 0.96 and 0.92, respectively (Harrison 1986). In Study 1, plasma 

volume changes relative to the euhydration trial with fluid replacement were calcuiated 

fiom hematocrit and hemoglobin values using the equations of Dili and CosW (1974). In 

Studies 2 and 3, changes in plasma volume were determined relative to the pre-treatment 

euhydration trial. 

4.3.7. Tolerance Time 

Tolerance Time (TT) for all trials was dehed  as the time until rectal temperature 

reached 39.3 O C ,  heart rate remained at or above 95% of maximum for 3 min, dizziness or 

nausea precluded further exercise, either the subject or the experirnenter terminated the 

experiment, or 4 h had elapsed. Except for differences in the tirne limit, the criteria used to 

d e h e  TT were identical to those used previously in heat stress studies with NE3C clothlig 

conducted at DCIEM (McLelIan and Frim 1994). 

4.3.8. Core Ternperahrre 

Core temperature was measured at the rectum using a flexible vinyl-covered probe 

(Pharmaseal 400, Baxter Heaithcare Corp.) inserted approximately 0.15 m beyond the anal 

sphincter. The rectal site was preferred over esophageal temperature measurements due to 

the difnculty and discodort associated with an esophageal probe while wearing the M3C 

clothing and the respirator. Due to the slower response tirne of the rectal temperature site, 

there is a possiblity that T, would underestimate the "reai" core temperature rise during 



heat exposure (Saltin and Hermansen 1966). However, under conditions of 

uncornpensable heat stress, Kraning and Gonzaiez (199 1) observed nearly identical rectd 

and esophageal temperatures after approxirnately 30 minutes of exercise. The tolerance 

time for aii trials was anticipated to be at least 45 minutes, so it is kely  that rectal 

temperature was a valid indicator of overaii core temperature in the present series of 

studies. 

4.3.9. Skin Temperature 

Skin temperature was measured using therrnistors (Thermistor Bead 4404, Yellow 

Springs Instrument). An overali T, value that provided a general indication of skin 

temperature throughout the body was caiculated from the weighted averages over 12 

sites, using the weightings presented by Vallerand (1989). The sites and weighting factors 

were as foiiows: forehead (0.07), chest (0.085), abdomen (0.085), upper back (0.09). 

lower back (0.09), foreatm (0.14), wrist (O.OS), fiont (0.095) and rear thigh (0.095), fiont 

(0.065) and rear calf (0.065), and foot (0.07). 

4.3.10. Gus Exchnnge Analyses 

During each trial, open-circuit spirornetry was used to determine expired minute 

ventilation, VO, , and carbon dioxide production from a 2-min average obtained every 15 

min. An adaptor was attached to the respirator to coIIect expired air. Expired gases were 

directed into a 5 L inking box and through a turbine (Alpha Technologies VMM 110 

series ventilation module) for determination of minute ventilation (v, ). A sarnphg h e  

directed dried gases fiom the mwig box to O2 (S-3A Appiied Electrochemistry) and CO2 

(CDJA Applied Electrochernistry) analysers. The gas analysers were calibrated before 

each test with a precision analysed gas cyhder with known O2 and CO2 composition, 

while the turbine was calibrated with a 3 L syringe. After conversion of the analogue 

voltage outputs from the ventilation module and the gas analysers into digital signals 

(Hewlett-Packard 593 13 A/D converter), V, , carbon dioxide output ( vco , ), and VO, 



were calculated and p ~ t e d  on-he every 60 s usbg appropriate software on a 

microcornputer. Respiratory water loss was caiculated using the measured VO,, in 

L - min-', using the eqaation presented by Mitchell et al. (1 972). Metabolic body mass 

loss was calculated fkom the VO?, in L e  min-', and the RER using the equation described 

by Sneiien ( 1966). 

Respiratory water loss (g -min-' ) = 0.445 - VO? (Eqn. 4.1) 

Metabolic weight loss (g - min-' ) = VO, - ( 1.9769 . RR - 1.42904) (Eqn. 4.2) 

4.3. I I .  Cardiac Output 

Stroke volume and cardiac output were obtained by impedance cardiography, 

using the methods fkst descriid by Kubicek (Kubicek et al. 1966). A good overview of 

the theory and methodology behind impedance cardiography was provided by Denniston 

et al. ( 1976). One advantage of impedance cardiography over the CO2 rebreathing 

technique in this situation was that the complete gas rnask and respirator could be wom, 

d o w h g  a more realistic simulation of the breathing resistance and discornfort of the NBC 

environment. Two aiuminised mylar band electrodes (IFM Cardiographic Tape, Bionetics, 

St. Laurent, Quebec) each were applied around the neck and around the chest. ECG 

electrodes were also applied. Every 15 min during the HST, 6-8 s of cardiac impedance 

waveforms were obtained. In order to minimise the motion and respiratory artifacts. the 

subjects straddled the treadmill and quickly performed an end-expiratory breath hold 

immediately prior to sarnpling. 

Analyses of the cardiac impedance waveforms were performed on a customised 

program which aüowed the digitkat ion of individual waveforms. For each tirnepoint, the 

waveforms 6-om 5 cardiac cycles were digitised and averaged. Blood resistivity (rho) for 

each trial was calculated using the adjusted T, and hernatocrit values (Mohapatra and Hill 

1975). Stroke volumes were calculated using the equations derived by Kubicek (Kubicek 

et ai. 1966) and verified by Denniston et al. (1976) as follows: 



AV= rho-L' ZO"-(~Z~~- ') , -VET (Eqn. 4.1) 

rho = (6272Hct + 75.176) - (O.lû4Hct + 1.467) -Tm (Eqn. 4.2) 

rho 
L 
20 
(dZ-dt-'), 
VET 
Hct 
TM 

change in volcrme or stroke volume (mL) 
blood resistiviîy ( 9 --cm-' ) 
distance behveen the inner pair of band electrodes (cm) 
basai thoracic impedance (Q) 
marimal rate of change of impedance ( R - s-' ) 

ventricular ejectiori time ( s )  
corrected hernatocrit value 
rectal temperature (OC) 

4.3.12. Eeat Gain 

The body heat gain (HG in kJ-) in Sections 5.1 and 6.2 during the heat exposure 

was calculated using the themometnc method of McLellan and Ducharme (1996). For 

each subject, the body heat content at thermoneutrality before the trial (HCN in kJ) was 

subtracted fiorn the body heat content at the end of the trial d e r  the heat exposure (HCH 

in kI) as foilows: 

HG = HCH - HCN (Eqn. 4.3) 

HC, = (0.90T ,,,, +0.10%,,,) - m,,,, -3.47 (Eqn. 4.4) 

HCN = (0.79Tre,i, +021T,,~,) -3.47 (Eqn. 4.5) 

where the initial and h a 1  mean body temperatures for the heat exposure were estimated as 

0.79?',(,, + 0.2 1%(,> and 0.90Tm(,, + O . I O ~ , ~ ,  , respectively. &il and represent the 

initial and final nude body masses, respectively, and 3.47 is the average heat capacity of 

the body tissues (in kT - kg-'." C-' ). 



THE EXPERIMENTS 



5.1. Muence of hydration status and fluid replacement on exercise-heat 
tolerance while wearing NBC protective clothing 

5.1.1. Introduction 

The purpose of the fxst study in this series was to investigate the influence of 

exercise intensity, hypohydration. and fluid replacement on heat and exercise tolerance in 

an environment of uncompensable heat stress due to the wearing of protective clothing. 

The subjects wore the NBC protective clothing ensemble in a hot environrnent and 

exercised at Light and heavy intensities producing a corresponding HSI ( E, E,-' ) of 

2.5 and 3.5, respectively. The subjects performed exercise in either a euhydrated or a 

rnitdly hypohydrated (-2.5 %) state, with the hypohydration level chosen to simulate a 

level typical of voluntary dehydration (Greenleaf 1992). To investigate the eRects of fluid 

replacement during exercise in an uncompensable heat stress environment, the subjects in 

the euhydrated state either undenvent a fluid replacement program or rehined kom 

drinking. It was hypothesised that hypohydration and fluid replacement will have a major 

impact on heat tolerance while wearing the protective clothing only during light exercise, 

where tolerance times are expected to approach 2 hours under normal hydration 

conditions. 

5.1.2. Methods 

The experimental protocol was as shown in Chapter 4. 

5.1.2.1. Experimental Design 

This study examined the responses to exercise in an uncompensable heat stress 

environrnent while manipulating the exercise intensity, the initial hydration status, and the 

availability of Buid replacement during exercise. The responses to the HST were evaiuated 

during Light (3.5 km h-' , 0% grade) and heavy (4.8 km , 4% grade) exercise in a 

euhydrated (EU) and a hypohydrated (-2.58 body mas ;  HY) state. Classifications of light 

and heavy exercise were according to U.S. Amy guidelines for work rates below 325 W 



and above 500 W, respectively (Gomalez et al. 1993). During EU sessions, the effects of 

fluid replacement during exercise in the NBC clothing were Uivestigated by the presence 

(200 or 250 rnL each 15 min during Iight and heavy exercise, respectively; F) or absence 

(NF) of water rehydration. The subjects undergoing HY trials were tested only in the F 

condition (Le., given 200 or 250 rnL of water each 15 min) to minimise hrther losses in 

body m a s  The order in which the different conditions were presented was randornised to 

minimise any order effects and the effects of partial heat acclimation. For di three studies, 

plain water was chosen over a commercial replacement fluid to simulate an operationd 

scenario, and water temperature was inaintained close to 37OC to minimise effects on body 

temperature through acting as a heat sink. 

5.1.2.2. Data Analyses 

Data are presented as mean (k standard deviation). The responses to light and 

heavy exercise were analysed separateiy. A two-factor (hydration status x tirne) repeated- 

measures andysis of variance (ANOVA) was used to compare the changes in rectal and 

skin temperature, heart rate, gas exchange responses, stroke volume, and cardiac output. 

A one-factor (hydration) ANOVA was used to detect difXerences in tolerance t h e ,  body 

mass changes, sweat rate, evaporative efficiency, heat gain, and plasma osmolality. When 

a significant F-ratio (corrected for the repeated rneasures factor) was obtained, a 

Newman- Keuls post-hoc andysis was performed to isolate differences arnong treatment 

means. For dl statistical analyses, the 0.05 level of significance was used. 

5.1.3. Results 

Eight males volunteered to participate in the study. Mean values and S.D. for age, 

height, body rnass, peak aerobic power, body fatness estimated from skinfolds, and Dubois 

body surface area were 29.3k6.4 y, 1.78kû.07 m, 75.6B.7 kg, 56.5k4.4 ml kg-' min-', 

12.4E2.8%, and 1.94M.15 m'. In addition to the relatively high ~ 0 , m a x ,  aii of the 

subjects engaged in regular aerobic activities. 



The hydration schedule foliowing the dehydration was successful in either 

reinstating euhydration or in maintainhg hypohydration overnight (Table 5.1). In the EU 

trials, the body mass retumed to baseline leveIs overnight, and was similar for aii EU tri&. 

The rnoming body m a s  of the subjects during the HY trials was 2.2% Iower than during 

the EU triais for both the Light and heavy intensity trials, and was sirnilar to their body 

m a s  foiiowing the dehydration protocol. For both the light and the heavy exercise trials, 

plasma osmolality during the HY trials was ~i~onificantly higher than during the EU trials, 

while plasma volume was decreased by 5% for light exercise, indicating a hypohydrated 

state prior to the HY condition. 

Compared with the light exercise, the increased rate of heat production during 

heavy exercise Ied to higher sweat rates (Table 5.2). However, the Iow water vapour 

permeability of the NBC clothing did not permit an increase in evaporative heat loss to the 

environment, with evaporation rates k i n g  similar at approxirnately 0.30 L h-' across 

exercise intensities. Thus, the time required for a l.O°C increase in T, was Iess during the 

heavy trials, indicating a greater rate of heat buildup within the body. During both the light 

and heavy trials, TR was greater during the HY/F conditions compared with E U E  (Figure 

5.1). This was primarily due to an elevated initial T, with HY/F trials, although the rate of 

Tm increase was also slightly greater with HYIF iight exercise trials. During heavy 

exercise, there was a slight, but signincant, increase in evaporation rate with E U E  

compared with HY/F. 

Tolerance to the HST was determined by t he ,  ethically irnposed physiologicai 

endpoints, or subject exhaustion. None of the trials approached the 4 h time limit. Most of 

the subjects were very familiar with the NBC clothing and the HST, with five of eight 

subjects having served as subjects in previous heat experirnents in this Iaboratory. The 

initial fda r i sa t ion  session served to accustom aii subjects to the protocol and any 

associated discornforts prior to the actuai test. Ail subjects were highly motivated, and 

iittle doubt existed about the presence of exhaustion and imminent coiiapse. Of the 48 test 



Table 5.1 Nude body m s ,  relative body rnass changes. plasma volume changes, and 
serum osmolality pnor to exercise (n=8). EU=euhydration; HY=hypohydration; F=fluid 
replacement during exercise; W=no fluid replacement during exercise. 

Light Exercise Heavy Exercise 
EUIF E U M  HYfF EU/F EUNF HY/F 

Body M a s  75.2* 75.1 * 73.6 75.4* 75.3 * 73.5 
(kg) (9.0) (9.2) (9.3) (9.2) (9 -5) (9-2) 

9% Body Mass Loss 0.0" -0.2* -2.2 O.O* -0.2 * -2.2 
(0.0) (0.6) ( 1 .O) (0.0) (0.7) (0.9) 

Ptasma Volume O.O* -0.8* -5.8 0.0 0.3 -3.1 
Change (96) (0.0) (4.9) (5.4) (0.0) (8.8) (7- 1) 

-- 

Values are means (S.D.). * Significantty different from HYIF. 



Table 5.2 Average metabolic rate, sweat rate, and evaporation rate. EU=euhydration; 
HY=hypohydration; F=fluid replacement during exercise; NF=no fluid replacement during 
exercise. n=8. 

Light Exercise Heavy Exercise 
EUiF E U M  H Y E  E U E  E U M  HY/F 

Average Metabolic 11.2 11.6 11.6 17.9 17.8 18.3 
Rate (0.6) (0.9) ( 1 .O) (0.7) (1.3) ( 1-01 

(mL kg-'- min") t t  

Sweat Rate 1.26 1.17 1.27 1 -55 1 -53 1-41 
( ~ - h - ' )  4-1- (0.33) (0.29) (0.28) (0.35) (0.37) (0.38) 

Evaporation Rate 0.33 0.30 0.3 1 0.34* 0.33 0.32 
( ~ . h - ' )  (0.06) (0.05) (0.06) (0.04) (0.04) (0.05) 

Values are means (S.D.). + Signifîcantly different from HYIF. -H Light exercise trials 
significantly different from heavy exercise trials. 



trials, 30 were tenninated due to exhaustion. Of the remainder, 15 were terminated due to 

the T, reaching 39.3'C, and 3 due to thef, reaching 95% of maximum. In aii these cases, 

the subjects reported that they were very near the point of collapse. 

With light exercise, tolerance time for EUE was significantly longer than either 

EU/NF or HY/F (Table 5.3), demonstrating an impairment in exercise tolerance due to 

hypohydration and also a beneficial effect due to fluid replacement during exercise. No 

difference was observed between the E U M  and the HY/F trials. For the heavy exercise 

trials, fluid replacement during exercise produced no additional benefit for tolerance tirne. 

A decreased tolerance t h e  was observed during HY/F compared with either EU trial, 

indicating a siight impairment due to hypohydration even at higher workrates with their 

shorter tolerance tirnes. No differences were observed in the endpoint T, at which the 

exercise sessions were terminated across either exercise intensity or hydration conditions. 

For both the Light and heavy exercise, the body heat gain was signifcantly less 

during EU/NF than during either E U E  or HYE (Table 5.3). During Light exercise, heat 

gain during EUE was also greater than HYF. Fiuid replacement may benefit heat 

tolerance by maintaining body mass and providing a greater m a s  for heat storage (see 

Equation 4.3-4.5). When heat gain was recalculated by discounthg the fluid consumed 

(the arnount of fluid given was subtracted fkom wD) during exercise, no signincant 

differences were observed arnong the hydration conditions. 

The rectal temperature responses over the course of the heat stress tests are 

presented in Figures 5.1-5.2. During light exercise, T, was significantly higher when 

hypohydrated than during EUE. There was a non-signifïcant trend towards an elevated 

initial T, with HY/F during both the iight and heavy exercise, with the resting rectal 

temperature king elevated by approximately 0.10-0.15°C. The rate of rectal temperature 

rise was also slightly greater in H Y F  compared with E U E  during the light exercise. 

Figures 53-54 presents the changes in mean skin temperature throughout the 

exercise sessions. The subjects in di conditions exhibited similar pattern of a rapid 



Table 5.3 Tolerance tirne, tirne required for a 1.0 OC increase in rectal temperature 
(AT,), starting and ending T,, and total heat storage in the body during exercise with and 
without accounting for the fluid consumed. EU=euhydration; HY=hypohydration; F=fluid 
replacement during exercise; NF=no fluid replacement during exercise. n=8. 

Light Exercise Heavy Exercise 
EU/F E U M  HYE EUIF EU/NF HY/F 

ToIerance Time 
(min) ++ 

Time (min) for 1 .O OC 
increase in T, tt 

T, at Endpoint ( O C )  

Heat S torage 
(ki) 

Heat Stonge 
Discounting Fluid 

(Id) 

59.7* 
(9.5) 

42.0 
(8-3) 

36.94 
(O. 27) 

38.69 
(0.62) 

554.9 a 
(142.2) 

432.8 
(121.8) 

Values are means (S.D.). * Significantly different £kom HYIF. a Signincantly different 
from EU/NF conditions. ++ Light exercise trials significantly different frorn heavy exercise 
trials. 



Figure 5.1 Rectal temperature (T,) responses to heat stress tests during Light (n = 8 to 
50 min, n = 7 to 70 min, n = 6 to 90 min) exercise. EU=euhydration; HY=hypohydration; 
F=fluid replacement; NF=no Buid replacement. 

I 36.5 1 l I b 

1 l I 
L L I 1 1 I 1 

O 20 40 60 80 100 

Time (min) 

Values are means f S.D. * Significant main effect of HY/F compared with EUE. 



Figure 5.2 Rectal temperature (T,) responses to heat stress tests during heavy (n = 8 
to 35 min, n = 7 to 45 min) exercise. EU=euhydration; HY=hypohydration; F=fluid 
replacement; NF=no fluid replacement. 

36.5 1 I 1 l I 1 1 I 1 

O 20 40 60 
Time (min) 

Values are means k S. D . 



Figure 5.3 Mean skin temperature (T, ) responses to heat stress tests during light (n = 
8 to 50 min, n = 7 to 70 min, n = 6 to 90 min) exercise. EU=euhydration; 
HY=hypohydration; F=fluid replacement; NF=no Buid replacement. 

Time (min) 

Values are means k S.D. 



Figure 5.4 Mean skin temperature ( T, ) responses to heat stress tests during heavy (n 
= 8 to 35 min, n = 7 to 45 min) exercise. EU=euhydration: HY=hypohydration; F=fluid 
replacement; NF=no fiuid replacement. 

O 20 40 60 
Time (min) 

Values are means 4- S .D. 



increases in during the initial 15 minutes of exercise, foiiowed by a much slower rate 

of increase. Neither the hydration status nor restncting fluid replacement had an impact on 
- 

the increase in T,, during either the iight or heavy exercise. 

The changes in heart rate throughout HST for the iight and heavy exercise are 

presented in Figures 5.5-5.6. During Light exercise, f, was signincantly higher for HY/F 

compared with the E U E  trials after 25 minutes and remained elevated for the remahder of 

the exercise. Fiuid replacement elicited a sig&cantly lower f, in the EU trials after 60 

minutes of exercise. During heavy exercise, higher heart rates were found afier 10 minutes 

of w a b g  for HY/F compared with either EU condition. M e r  30 minutes of wallcing, 

fluid during exercise produced an attenuation in the heart rate rise, with a signifcantly 

higher heart rate for EUMF cornpared with EUE. 

Stroke volume changes throughout the HST are presented in Figures 5.7-5.8. 

Stroke volume steadily decreased over the course of the HST for di hydration conditions 

and exercise intensities. During Light exercise, there was a main effect of hydration 

conditions on stroke volume, with a lower stroke volume during HYlF (average of 55.0 

mL) compared with both EUF and EUIN '  (averages of 64.2 and 63.0 mL, respectively). 

During heavy exercise, the EU/F stroke volumes (average of 72.7 mL) were higher than 

both EUMF and KY/F (64.9 and 60.6 mL, respectively). 

Figures 59-5-10 presents the changes in cardiac output throughout the exercise 

sessions. The decrease in stroke volume during exercise was more than compensated by 

the increase in heart rate, and cardiac output increased over the course of the HST 

concomitant with the increase in VO, . During both the Light and the heavy exercise, no 

signiticant differences were observed in the cardiac output for any of the hydration 

conditions. 



Figure 5.5 Heart rate responses to heat stress tests during hght (n = 8 to 50 &, n = 7 
to 70 min, n = 6 to 90 min) exercise. EU=euhydration; HY=hypohydration; F=fluid 
replacement: NF=no fluid replacement. 

I 60 1 I I r I I l I 4 I 
r 

I I 

O 20 40 60 80 1 O0 
Time (min) 

Vaiues are means -t S.D. * HY/F significantly different fiom E U E  to the end of the 
session. ** EU/NF significantly different from E U E  to the end of the session. 



Figure 5.6 Heart rate responses to heat stress tests during heavy (n = 8 to 35 min, n = 
7 to 45 min) exercise. EU=euhydration; HY=hypohydration; F=fiuid replacement; NF=no 
fluid replacement. 

O 20 40 60 
Time (min) 

Values are means f S.D. * H Y E  significantly different From EUIF to the end of the 
session. ** EUMF significantly different from EUE to the end of the session. 



Figure 5.7 Stroke volume responses to heat stress tests during Light (n = 8 to 45 min, 
n = 7 to 75 min) exercise. EU=euhydration; HY=hypohydration; F=fluid replacement; 
NF=no Buid replacement. 

+ EU/F 
+ EUINF 
+HY/F * 

20 40 60 
Time (min) 

Values are means + S.D. * Significant main effect of HY/F compared with EU/F. 



Figure 5.8 Stroke volume responses to heat stress tests during heavy (n = 8 to 30 min, 
n = 7 to 45 min) exercise. EU=euhydrat ion: HY=hypo hydration; F=fluid replacement; 
W=no fluid replacement. 

28 40 
Time (min) 

Values are means + S.D. * Significant main effect of HY/F compared with EU/F. 

cx Significant main effect of EUMF compared with E U E  



Figure 5.9 Cardiac output responses to heat stress tests duhg light (n = 8 to 45 min, 
n = 7 to 75 min) exercise. EU=euhydration; HY=hypohydration; F=fluid replacement; 
W=no fluid replacement. 
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Time (min) 

Values are rneans I S .D. 



Figure 5. 10 Cardiac output responses to heat stress tests during heavy (n = 8 to 30 min, 
n = 7 to 45 min) exercise. EU=euhydration; HY=hypo hydration: F=fluid replacement; 
NF=no fluid replacement. 
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5. I .  4. Discussion 

The wearing of protective clothing during exercise in the heat is known to cause a 

si,onifant increase in energy expenditure and physiological strain to the individual 

(Candas and Hoefi 1995, Duggan 1988, Hoher 1995, Patton et al. 1995, Smolander et al. 

1984). The combination of the Limited vapour permeability of the protective clothing, the 

treadmill exercise, and the hot environment resulted in an environment of uncompensable 

heat stress, where the required evaporative heat loss greatly exceeded the capacity, as 

de6ned by the vapour pressure of the environment and the characteristics of the clothing 

(Givoni and Goldman 1972). For the Light and heavy exercise intensities in the present 

study, the HSI values were 2.5 and 3.5, respectively. This was a more severe environment 

than those of previous studies that have examined the influence ûf hydration status on 

uncompensable heat stress, where the KSI approached a maximum of about 1.0 (Sawka et 

al. 1985, Sawka et al. 1992). In addition, the present study was unique in investigating the 

separate effects of hypohydntion and fluid replacement during exercise in the heat 

specifically wMe wearing protective clothing. The results of the present study have 

indicated that, under these conditions of uncompensable heat stress, tolerance tirne was 

signiti~cantly affected by the hydration status of the subjects prior to beginning the exercise 

bout. The rate of T, increase during light exercise was signifcantly higher for HYlF 

compared with EUE, indicating a beneficial thermoregulatory effect of maintainhg 

euhydration prior to exercise. However, no sigrifkant difference between the E U N F  and 

the HY/F condition was present. This suggests that, in an environment of uncompensable 

heat stress, fluid replacement during Light exercise is of equal importance to euhydration in 

maintahhg performance. During heavy exercise, there was a srnail, but significant, 

reduction in tolerance t h e  during HY/F compared with E U E  or EUNF, indicating a 

minor beneficial effect from maintaining an euhydnted state pnor to exercise. 



Decreased sweating has been suggested as the main contniutor to the excessive 

rise in core temperature during hypohydration (Greenieaf and Castle 197 1). Hydration 

status rnay affect thermoregulatory or cardiovascular responses to exercise via alterations 

of body Buid volumes or tonicity (Nielsen 1974) or through the direct impairment of sweat 

oland fùnction (Taylor 1986). Increasing Ievels of hypohydration result in a graded b 

increase in the threshold temperature for the onset of sweating and a graded decrease in 

the sensitivity of the sweating response during exercise in a warm environment (Montai. 

et al. 1995). In the present study, 2.2% hypohydration signifc.mt1y raised semm 

osmolality prior to both exercise conditions (Table 5.1 ). No differences were observed in 

whole-body sweat rates among hydration conditions (Table 5.2). However, during Light 

exercûe, T, was elevated during the HY/F compared with E U E  (Figure 5. l), irnplying 

that the relationship between core temperature and sweat rate was altered, though Our 

method of estimating whole-body sweai rates from changes in nude body mass could not 

isolate the nature of the change. 

Hypohydration resulted in a non-significant trend towards a higher resting core 

temperature compared with either euhydraied condition prior to both Light or heavy 

exercise (Table 5.3). It would therefore appear that another possible contributing factor to 

the greater thermal strain observed with hypohydration is an elevation of the resting rectal 

temperature, suggesting a resetting of the central thermoregulatory setpoint (Bligh 1985). 

A higher initial T, would result in an elevated T, even if the rate of heat storage was not 

increased by hypohydration. However. during the Light exercise, the rate of T, rise was 

also greater in HYE compared with E U E  (Table 5.3), resulting in further thermal strain. 

The Iack of daerence in the rate of T, increase over time during the heavy exercise may 

have been due to the short tolerance time caused by the high rnetabo tic rate and heat 

storage. If a critical core temperature existed at which heat exhaustion occurred, a higher 

initial T, would decrease the overail A T ,  over the course of the exercise, thereby 

contributing to a decreased tolerance t h e .  This centrd response to hypohydration may 



have k e n  mediated by the elevated serurn osmolality, as some of the thermosensitive 

neurons in the preoptic antenor hypothalamus are also sensitive to changes in osmolality 

(Silva and Boulant 1984). 

Hypo hydration placed an additional strain on the cardiovascular system during 

exercise in the NBC clothing. D u ~ g  both the Light and heavy exercise,f, was signifcantly 

increased wMe hypohydrated compared to euhydrated with fluid replacement over the 

course of the HST (Figures 5.5-5.6. Progressive increases in plasma osmolality and 

decreases in plasma volume were observed with increasing levek of hypohydration by 

Sawka et al. (1985), resulting in progressive elevations in heart rate and core temperature. 

with core temperature increasing 0.15OC and heart rate 4 b - min-' for each percentage 

increase in hypohydration. In the present study, kart rate was increased during 

hypohydration in order to compensate for the decreased stroke volume which reflected, 

presumably, a decreased blood volume and end-diastolic ventncular volume (Gonzalez- 

Alonso et al. 1995). In the present experiment, stroke volume was signiticantly decreased 

by hypohydration during both the light and heavy exercise (Figures 5.7-5.8). However, the 

elevatedf, response was successful in maintaùung a sirnilar cardiac output during both the 

EUE and HYF conditions (Figures 5.9-5.10). 

With the light exercise in the present study, the increased tolerance tirne during 

E U E  compared with EU/NF (Table 5.3) was likely due to the beneficial effects of fluid 

replacement on maintainhg adequate plasma and blood volume and centrai venous retum. 

Tolerance times during the light exercise were of sufficient length to d o w  the ingested 

fluids to be emptied fiom the stomach and absorbed fiom the intestines to produce a 

bene& in plasma or blood volume. Heat stress and hypohydration were both observed to 

reduce the rate of gastric emptying in fit subjects d u ~ g  treadmiil running at 50% 

VO? max (Neufer et al. 1989a). However, the rate of fluid consumption in the present 

study during the Light trials was lower than the gastric emptying rate observed by Neufer 

et al. (1989a), so it is unlikely that gastric emptying was significantly slowed in the present 



study. Fluid replacement during exercise rnay also have delayed or prevented significant 

nuid loss kom the intracellular fluid cornpartment. The heart rate for EUNF was 

increased at 60 min (n=7) compared with EUlF (Figure 5.5). Fhid replacement during 

exercise also afforded the subjects a greater tolerance to heat buildup, as heat storage 

within the body was significantly greater for EUlF than with EU/NF at the point of 

exhaustion (Table 5.3). 

It is possible that the majority of the ingested fluids remained in the digestive tract 

at the time of exhaustion. Indeed, ingesting fluids during the heavy exercise may have 

increased subject discomfort, due to an increased stomach volume and gastric residue 

(Mitchell and Voss 1991). This may have k e n  a particular problem in the HY/F trial, 

where the subjects were aiready discomforted by the hypohydration. However, though 

fluid absorption rates were not rneasured, the rate of fluid replacement was iikely sufficient 

for the majonty of the fluid ingested to empty completely from the digestive tract, as the 

rate of fluid replacement during heavy exercise corresponded with the gastric ernptying 

rate obsewed during hypohydrated exercise in the heat (Neufer et al. 1989a). It would 

appear that, during the heavy exercise, even if the ingested fluid was emptied and absorbed 

from the digestive tract fast enough to counteract body fluid shifis and decreases in plasma 

volume due to exercise and sweat loss, other factors lirnited exercise tolerance. 

Similar to previous studies in this laboratocy investigating exercise tolerance while 

wearing the füll NBC ensemble in a hot environment, the "heavy" workrates of 

approximately 18 ml. kg-' - min-' or 500 W resulted in tolermce times of approximately 

50-60 min (Table 5.3), with a greater variation in tolerance times evident only during the 

lighter exercise (McLellan 1993). Because of the increased rate of heat production with 

the heavy exercise, few subjects in the present study were able to exercise more than 65- 

70 minutes regardless of hydration status prior to exercise or the presence of fluid during 

exercise. Thus, it appears that physiologicd manipulations. in this case fluid replacement, 



are ineffective for improving heat tolerance while wearing the protective clothing at higher 

exercise intensities. 

Interestingly, despite the differences in sweat rates, rates of T, increase, and 

tolerance tirnes between the Light and heavy workrates, no ciifferences were observed in 

the T, at which subjects terrninated the triais (Table 5.3). The majority of sessions was 

terrninated by the subjects due to exhaustion. In the trials that were terrninated due to the 

subject reaching the ethicaily imposed upper limit for T, orf,, the subjects reported that 

they were very near the point of voluntary termination. The similarity in the endpoint T, 

was in contrast to studies which observed a signiticantly lower T, at exhaustion with 

hypohydration (Sawka et al. 1985, Sawka et al. 1992). However, the reduced tolerance 

t h e s  and lower T, endpoints were only observed with signifïcantly greater (5-7%) ievels 

of hypohydration than in the present study, with no differences king  observed at 3% 

hypohydration (Sawka et al. 1985). It would appear that the rnild hypohydration induced 

in the present study does not necessarily reduce the core temperature that may be 

tolerated before exhaustion occurs in the NBC clothing. Despite a slower response t h e ,  

T, was iikely to be representative of overd core temperature, as Kraning and Gonzalez 

(199 1) reported nearly identical rectal and esophageai temperatures after -30 min of 

exercise during similar uncompensable heat stress conditions. 

From the present study, it was concluded that, at both light and heavy exercise 

intensities, minor leveis of hypohydration signifcantly impaired exercise tolerance in a 

severely uncompensable heat stress environment. Hypohydration decreased plasma volume 

and increased plasma osmolality, which may have uihibited peripheral blood flow and the 

sweating response, resulting in an increased rate of heat storage. muid ingestion during 

exercise was successfid in prolonging exercise tolerance only at Light exercise intensities. 

At high exercise intensities, fluid replacement did not have an effect on the body fluid 

cornpartments before exhaustion occurred from other factors. 



5.2. Influence of short-term aerobic training and hydration statu5 on 
exercise-heat tolerance while wearing M3C protective clothuig 

Section 5.1 rnanipulated the intensity of the exercise, hydration status, and the 

availability of fluid replacement. Tolerance times converged at approximtely 50-60 min 

for the heavy exercise regardless of the physiological manipulations, as found previously 

by McLeUan (1993) for a range of arnbient conditions. Therefore, in order to maximise the 

impact of the physiological manipulations, the remahhg studies in this series were 

performed oniy at the iight exercise intensity. The subjects in Section 5.1 were fairiy 

homogenous, with both a high VO? m m  and an active Lifestyle. The purpose of the present 

study was to determine, in a group of relatively nodit and inactive subjects, the separate 

and combined effects of hypo hydration and a short-term aerobic training program on 

exercise-heat tolerance. The subjects of low to moderate fitness were tested while 

euhydrated and also while hypohydrated by -2.5% of body mass. Tests were conducted 

before and after either a two week program of daily aerobic training or a two week 

control period, with the training program based on a short-term training mode1 which 

produced an acute and short-term increase in fitness and improvement in physiological 

response to exercise in previously untrained subjects (Green et al. 199 1). The training 

program was hypothesised to result in an irnproved physiological response in both an 

euhydrated and hypohydrated state, with a decrease in the magnitude of impairment whiie 

hypohydrated foilowing the training program. It was hypothesised that minor 

hypo hydrat ion would sign5can tly impair the physiological response to exercise in the heat 

both before and after short-term aerobic training. 

5.2.2. Methods 

The experirnental protocol was detailed in Chapter 4. 



5.2.2.1. Experimental Design 

As one of the purposes was to examine the efficacy of a short-term trainhg 

program, the subjects with a low initial level of aerobic fitness (LF) were selected in order 

to maximise the effects of training. Fifteen subjects with a ~0~ max < 50 

mL - kg-' - min-' participated and were randornly assigned to one of two groups. The 

training group (LF-Train, n=8) underwent a two-week (6 days per week) aerobic fitness 

progran consisting of daily 1 h treadmiil sessions at 60-65% ~0~ m. The control group 

(LF-Control, n=7) maintained their regular daily routines, which did not include aerobic 

exercise, during the two weeks. The subjects underwent a HST in both the EU and HY 

conditions pnor to and following the training or control period, exercising at the light 

intensity (3.5 km. h-' , 0% grade) employed in Section 5.1. In between the two post- 

training HSTs, the LF-Train subjects pefiomed 3-4 training sessions to maintain their 

fitness levels. The order in which the hydration conditions were presented was randomised 

among subjects. To counterbalance any order effects, the order of the hydration trials for 

each subject was reversed foilowing the training or control periods. Fluid replacement at a 

rate of 200 rnL each 15 min was provided in al1 trials. 

5.2.2.2. Data Analyses 

Data are presented as mean values (t standard deviation). A three-factor (period x 

hydration x tirne) repeated measures ANOVA was used to compare the rectal and skin 

temperature, heart rate, stroke volume, and cardiac output of the subjects undergoing the 

training or control manipulations. A two-factor (period x hydration) repeated rneasures 

ANOVA was used to compare the responses of tolerance tirne, body mass changes, sweat 

rate, evaporative eniciency, plasma osmolality, metabolic rate, and respiratory exchange 

ratio. Following separate data analyses within either the LF-Train or LF-Control group, a 

cornparison was performed across the two groups to detect dif3erences in response to 

exercise-heat tolerance as a result of the training manipulation. When a signXcant F-ratio 



(corrected for the repeated measures factor) was obtained, a Newman-Keuls post-hoc 

analysis was perfomed to isolate the dinerences among treatment means. For dl statistical 

analyses, the 0.05 level of significance was used. 

5-2.3. Results 

The physical characteristics of the subjects are presented in Table 5.4. The training 

and control subjects were similar in age, height. body m s .  body fat content, surface area, 

and surface area-to-mass ratio. The effects of the training and control regimes on the 

physiological responses during the fust and the final day of the manipulations are 

surnmarised in Tables 5.4 and 5.5. The short-term training program was effective in 

si,Mcantly increasing VO, rnax 6.5% frorn 43 to 46 mL -kg-' -min-' (Table 5-4). In 

contrat, the two-week control period had no effect on aerobic capacity. Despite the 

significant increase in aerobic capacity foliowing training, no dzerences were observed in 

VO, rnax between groups either before or foilowing the manipulation. The training 

program was responsible for a decrease in the cardiovascular and thermal strain induced 

by the training exercise, as evidenced by a sigdicantly lower heart rate and T, rise at the 

end of the hour of exercise at the end of the training period (Table 5.5). The training 

program did not result in an increased sweating response during the training exercise. 

Tolerance to the HST was determined by tirne, ethicaily irnposed physiological 

endpoints, or subject exhaustion. None of the trials approached the 4 h tirne limit. The 

large majority of the HSTs, 58 out of 60, were terminated due to exhaustion, as 

determined by the subject or the experimenter. The rernaining 2 were terminated due to 

the subject reaching the ethicaiiy imposed core temperature lirnit. No differences in the 

endpoint T, were observed with any condition in either group. 

The hydration schedule foliowing the dehydration protocol was successful in either 

restoring a euhydrated state or in rnaintaining hypohydration ovemight (Table 5.6). In the 

EU trials, body masses returned to baseiine levels overnight, and were similar for al1 the 



Table 5.4 Physicd characteristics of the subjects in the training and control groups. 
Pre=before and Post=after the training or confrol period. 

Group Age Height Body Body Fat Surface Surface Area- VU, m a  

Training 30.3 1.77 84.7 f 9.2 2.02 2.4 1 43.2 46.0 + 
(n=8) (6.7) (0.05) (12.6) (3.9) (O. 14) (O. 20) (2.7) (2-5) 

Control 30.6 1.79 80.4 16.3 1.99 2.50 45.3 45.3 
(n=7) (6.2) (0.05) (8.3) (3.1) (0.09) (O. 18) (2.8) (4-9) 

Values are rneans (S.D.). + Significantly different from pre-training vaiues 



Table 5.5 Sweat rate (SR), change in rectal temperature (AT,) and final rectal 
temperature (T,), hai heart rate (HR), oxygen uptake ( V O ~  ) at 45 min, and respiratory 
exchange ratio (RER) at the start and end of the training (n=8) and control (n=7) penods. 

Training Control 
Day 1 Day 12 Day 1 Day 12 

S R ( L - h - ' )  0.73 0.78 0.73 0.66 
(O. t 8) (0.22) (0.09) (0.07) 

SR ( L-O C" ) 0.64 0.74 0.64 0.59 
(0.30) (O. 19) (O. 16) (0.08) 

T, end (OC) 38.38 38.2 1 
(0.m (O. 26) 

1.17 
(O. 17) 

38.34 
(O. 13) 

HR end 146.9 137.3' 145.0 148.1 
(b-min-')  ( 12.9) (5.8) (14.8) (16.3) 

vo2 28.9 

( r n ~  kg-' - min-' ) (3.4) 

RER 

Vdues are rneans (SD). + Significantly different from Day 1. 



Table 5.6 Absolute and relative (to Pre-EU) body mass, change in plasma volume 
(relative to Pre-EU), and serum osmoldity prior to the heat stress tests before and after 
the training (n=8) or control (n=7) perïod. EU=euhydration; HY=hypohydration. 

Training Control 
Pre-Training Post-Training Pre-Concrol Pos t-Conuo l 
EU HY EU HY EU KY EU H Y  

Body Mass 84.15 82-15* 84-00 82.09* 80.13 78.22* 79.57 77.91* 
(kg) (12.69) (12.37) ( 12-80) (12.41) (8.13) (8.09) (8.16) (8.46) 

5% Body 0.00 -2.00" -O. 15 -2.06* 0.00 - 1.92* -0.56 -2.22* 
Mass Loss (0.00) (0.4 1 ) (0.5 1 ) (0.53) (0.00) (0.57) (0.85) (0.83) 

APIasma 0.00 -4.34* -3.63 -7.00* 0.00 -4.13* -0.6 1 -5.87* 
Volume (0.00) (7.67) (8.55) (5.64) (0.00) (2-40) (4.92) (6.15) 

(W 

Values are means (SD). * Significant main effect of hydration 



EU trials. The average rnorning body rnass of the training and control subjects during the 

HY triais ranged from 1.9-2.2% less than during the Pre-EU trial, with no significant 

differences in relative hypohydration within or  among groups. A main effect of a 

decreased plasma volume with hypohydration was observed in both the LF-Train and LF- 

Control groups. Compared with the euhydrated trials, serum osrnolaiity was elevatcd prior 

to the hypohydrated trials for both the LF-Train and LF-Control groups. These results ali 

indicate that the subjects were significantly hypohydrated prior to the HY triais. 

Table 5.7 summarises some of the physiological responses to the HST. The 

metabolic rate, and therefore, the rate of heat production, was similar for aii trials for both 

the control and training groups. As expected, the responses to the HST were similar 

before and following the two-week control period. In traïned subjects, though no change 

in sweating response occurred while training in a cool environment, the more extreme heat 

environment of the HST was sufficient to expose a difference in the drive for heat 

dissipation due to training. One major change as a sesuit of the two-week aerobic training 

program was an increased sweat rate during the HST . However, due to the difficulty in 

water vapour transfer through the NBC ensemble, these adaptations did not result in 

significant changes in evaporation rate. Overaii. no effect of the training or  control period 

was observed on tolerance time. 

Hydration status h d  a significant effect on the responses to exercise-heat 

tolerance. Hypohydration did not affect the rate of heat production or the drive for heat 

dissipation, with similar metabolic rates and sweating and evaporation rates for both the 

LF-Train and LF-Control groups. Before and after the training or control period, 

hypohydration resulted in a signifîcantly shorter tolerance tirne, with the higher initial T, a 

Wcely contributing factor. Interestingly, the respiratory exchange ratio was significantly 

lower during hypohydration trials in both the LF-Train and LF-Control groups. No 

signincant differences were obsewed in V O ~ ,  indicating that the difference was due to a 

decreased vco y 



TabIe 5.7 Sweating and evaporation rate, average metaboiic rate, respiratory 
exchange ratio (RER), rates of ventilation ( V, ), oxygen uptake ( VO? ), and carbon 

dioxide production ( VCO? ), tolerance tirne, t h e  required for rectal temperature (Tm) to 
increase by 1.0, and initiai and final TR during heat stress tests before and after the training 
(n=8) or control (n=7) period. EU=euhydration; HY=hypohydration. Values are rneans 
(SD). * SignZîcant main effect of hydration. + Significant main effect of training. tt 
Signifrcant difference between the training and control groups. 

Training Control 
Pre-Training Pos t-Training Pre-Control Post-Conuol 

Sweat Rate 0.87 0.92 1.00+ 1.03t 0.85 0.90 0.83++ 0.88- 
( L - h - ' )  (0.27) (0.26) (0.29) (0.25) (0.16) (0.19) (0.18) (O. 18) 

Evaporation 0.3 1 0.26 0.29 0.29 0.27 0.24 0.27 0.27 
Rate (0.07) (0.06) (0.05) (0.04) (0.04) (0.06) (0.03) (0.05) 

( L- h-' ) 

Average 1 73.9 175.0 171.4 168.8 170.9 163.9 166.5 165.7 
Metabolic Rate (8.3) (8.3) ( 12.8) (12.2) (9.8) (8.3) (9.0) (8.2) 

(w-rn- ' )  

RER 0.87 0.84* 0.88 0.83* 0.86 0.83* 0.87 0.83' 
(0.03) (0.02) (0.04) (0.02) (0.04) (0.02) (0.05) (0.02) 

Tolerance 93.1 75.8* 94.0 80.3* 85.3 74.6* 90.9 79.6" 
Time(min) (18.9) (14.4) (16.2) (11.7) (10.2) (10.1) (IL.9) (10.3) 

ATm = 1 OC 64.3 57.4 65.1 62.5 65.3 63.3 66.4 64.7 
(min) (8.1) ( 1  1.1) (9.6) (9.3) (10.1) (6.2) (7-6) (5-4) 

Initial T, 37.08 37-18' 36.93 37.20* 36.93 37.04* 36.99 37.19* 
(Oc) (0.24) (0.34) (0.34) (0.35) (0.22) (0.22) (O. 19) (O. 13) 

Endpoint T, 38.70 38.63 38.61 38.60 38.46 38.49 38.60 38.56 
( O c )  (0.37) (0.35) (0.25) (0.42) (0.36) (0.28) (0.34) (0.39) 



Cornparhg the responses to the HSTs between the LF-Train and LF-Control 

groups, no significant between-group differences were observed in tolerance tirne, 

metabolic rate, RER, evaporation rate. initial and endpoint T,, and tirne required for T, to 

increase l.o°C. Whiie the sweating rates were similar prior to the training or control 

period, the LF-Train group had a signincantly higher sweat rate compared with the LF- 

Control group following the two weeks of treatment. 

The TL, TR, and fc responses to the HST are presented in Figures 5.1 L to 5.16. As 

expected, the two-week control period did not innuence the responses of the three 

variables to the HST. The prirnary effect of the two-week training program was observed 

in the T, response, in which training led to a significantly lower (Figure 5-12), which 

may have been brought about by the increased sweating and skin wettedness following 

training. Training did not significantly alter the T, or f, response to the HST. 

Hydration status had a signifcant effect on thermal and cardiovascular responses 

to the HST. In both the LF-Train and LF-Control groups, hypohydration resulted in a 

~ i g ~ c a n t l y  higher T, throughout the HST, with the primary factor being an elevated 

initial T, (Figures 5.13-5.14). The fc response to the HST was also influenced by hydration 

status (Figures 5.15-5.16). Hypohydration elicited a signifcantly higher rise in heart rate 

after 5 and 15 minutes in the LF-Train and LF-Control groups, respectively, contnbuting 

to a higher overall heart rate with hypohydration in both groups. In contrast, T, was not 

influenced by hydration status in either the LF-Train and LF-Control group (Figures 5.1 1- 
- 

5.12). No overd differences in TRT T,, , or f, response were observed between the LF- 

Train and LF-Control groups. 

The stroke volume and cardiac output responses during the HST are presented in 

Figures 5.17-5.20. The increased aerobic capacity brought about by the training program 

did not influence stroke volume or cardiac output during the HST. However, the 

hydration status had a minor influence on stroke volume in the LF-Train subjects, with a 

slight, but non-significant (p c 0.06), decrease in stroke volume being observed when 



Figure 5.11 Mean s h  temperature (c ) response to the heat stress test while either 
euhydrated (EU, circles) or hypohydrated (KY. triangles), before (filied syrnbols) and after 
(open symbols) two weeks of training (n = 8). 

- Pre-Eu 

20 40 60 
Time (min) 

Values are mean I S.D. + Signifiant main effect of training. 



Figure 5.12 Mean skin temperature (T ) response to the heat stress test while either 
euhydrated (EU, circles) or hypohydrated (HY. triangles), before (filied syrnbois) and after 
(open symbols) two weeks of control (n = 7). 

Vaiues 



Figure S. 13 Rectal tempenture (Tm) response to the heat stress test while either 
euhydrated (EU, circles) or hypohydrated (HY, triangles), before (füed symbois) and afier 
(open symbols) two weeks of training (n = 8). 

O 20 40 60 80 
Time (min) 

Values are rnean f S.D. * Sign5cant main effect of hydration. ** Significant hydration x 
time interaction. 



Fi,we 5.14 Rectal temperature (Tm) response to the heat stress test while either 
euhydrated (EU, circles) or hypohydrated (HY, triangles), before (filled symbols) and after 
(open symbols) two weeks of control (n = 7). 

O 20 40 60 80 
Time (min) 

Values are mean f S.D. * Significant main effect of hydration. 



Figure 5.15 Heart rate response to the heat stress test while either euhydrated (EU, 
circles) or hypohydrated (HY, triangles), before (füled symbols) and after (open symbols) 
two weeks of training (n = 8). 

O 20 40 60 80 
Time (min) 

Values are mean + S .D. * S ignificant main effect of hydration. ** SigniGcant hydration x 
time interaction. 



Figure 5.16 Hem rate response to the heat stress test while either euhydrated (EU, 
circles) or hypohydrated (HY, triangles), before (med symbols) and after (open symbok) 
two weeks of control (n = 7). 

Values are mean + S.D. * Signincant main effect of hydration. ** Significant hydration x 
time interaction. 
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Figure 5.17 Stroke volume response to the heat stress test while either euhydrated (EU, 
circles) or hypohydrated (HY, triangles), before (filied symbols) and aiter (open symbols) 
two weeks of training (n = 8). 

Time (min) 

Values are mean + S .D. 



Figure 5.18 Stroke volume response to the heat stress test while either euhydrated (EU, 
circies) or hypohydrated (HY. triangles), before (filled symbois) and after (open symbols) 
two weeks of control (n = 7). 

- Pre-Eu 

Time (min) 

Values are mean + S.D. 



Figure 5.19 Cardiac output response to the heat stress test whüe either euhydrated 
(EU, circles) or hypohydrated (HY, triangles), before (Med symbok) and after (open 
symbols) two weeks of training (n = 8). 
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-+ Pre-HY 
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Values are mean + S .  D. 



Figure 5.20 Cardiac output response to the heat stress test while either euhydrated 
(EU, circles) or hypohydrated (HY, triangles), before (Med syrnbols) and after (open 
syrnbols) two weeks of control (n = 7). 

+ Pre-Eu 

-+ Pre-HY 

+ Pest-EU 

+ Pest-HY 

O 20 40 60 
Time (min) 

Values are mean + S.D. 



hypohydrated. The decreased stroke volume in the LF-Train group when hypohydrated 

was compensated by an elevation in heart rate, resulting in no o v e r d  effect of hydration 

status on cardiac output in the LF-Train group. No effect of hypohydration on stroke 

volume was observed in the LF-Control group, and the relative instability and varïability in 

svoke volume may have k e n  responsible for the lack of an overu  difference in cardiac 

output despite the increased heart rate. 

5.2.4. Discussion 

A period of physical training elicits adaptations in the body that are sirnilar to those 

produced by a period of repeated heat exposures. includuig increases in blood volume 

(Green et ai. 199 1, Harrison 1986), a lower resting core temperature (Shvartz et ai. 1974), 

and improvements in the sweating responses (Henane et al. 1977, Nadel et al. 1974). 

Long-term fitness has also k e n  associated with an increased tolerance to exercise in the 

heat in both training (Aveüini et al. 1982, Gisolfi and Robinson 1969) studies and in 

cornparison across fitness groups (Piwonka and Robinson 1967). For these reasons, 

improvements in aerobic fitness have k e n  associated with a reduction in physiological 

strain and an increased performance time during exercise in the heat, and as a result, 

physical training programs have k e n  used as a rnethod of heat acchation (Armstrong 

and Pandolf 1988). 

The design of the short-term training mode1 ernployed in the present study 

atternpted to sirnulate a rnilitary scenario in which individu& could be adapted relatively 

quickiy in a temperate environment pior to deployrnent to a hot environment. Treadmill 

exercise was chosen for its lack of requirement for specialised equipment and as an 

unskilied task to control for any leaming component. Training also had to be of sufficient 

intensity to elicit adaptation, yet be iight enough that the untrained and relatively non-fit 

subjects could perform the entire protocoi. The tolerance tirne for untrained and non-fit 

subjects cyciing at 70-75% ~ 0 , i n a . x  has been reported to be approximately 50 min 



(McLellan and Skinner 1985), while Green et al. (199 1) have stated that not aii previously 

untrained subjects could complete 2 h of continuous cycling at 59% VO, rnax for the 

initial few days of a 10-12 day training program. Therefore, we chose an exercise Uitensity 

of approximately 65% VO: max. in order to d o w  di subjects to exercise continuously for 

at ieast 1 h daily throughout the two-week period. 

The experimental design incorporated a control group which rnaintained their 

inactivity over a two week penod. The subjects in the LF-Control group were identical to 

the LF-Train group in di anthropometnc measures and in aerobic fitness prior to the study 

(Table 5.4). As expected, the control period had no effect on VO? max, and no ciifferences 

were observed during exercise at 65% V O ~  max in a thermoneutral environment (Tables 

5.4-5.5). The responses to either the euhydrated or hypohydrated HST before or foilowing 

the control period were identical for di measured variables. Therefore, we are cod~dent 

that any adaptations in the training group can be attributed to the training manipulation, as 

opposed to either a learning effect or partial acclimation fkom the periodic exposures to 

heat over the course of the study. 

Short-term training in the present study resuited in a series of adaptations (Table 

5.5) during exercise in a thermoneutral environment. including a decrease in f, and a 

decrease in ATw as seen with other training program (Armstrong and Pandolf 1988, 

Shvartz et al. 1974). The training program did not result in a significant improvement in 

the overail sweating response as seen with a higher-intensity program (Henane et al. 

1977). However, while the total sweating rate was sirnilar, the decrease in ATm with 

training implies an effect on the relationship between sweat rate and core temperature 

(Ndel  et ai. 1974). Despite a degree of adaptation during exercise in a thermoneutral 

environment, the only significant dieviation of physioiogical strain during the exposure to 

the post-training HST was an increased sweat rate (Table 5.7) and a decreased 

(Figure 5-11), with no irnprovement in tolerance thne (Table 5.7) or in heart rate (Figure 

5.13) or rectal temperature (Figure 5.15) response. 



The efficacy of a physicd training program for improving heat tolerance is not a 

universai fmding (Shvartz et al. 1973). Factors such as the design of the training program 

and the envuonment to be encountered must also be considered. The intensity of the 

training stimulus is a major determinant of the magnitude of adaptation following training 

(Armstrong and Pandolf 1988), and the training program employed in the present study 

rnay have been of insufficient intensity to produce signincant heat adaptations. Henane et 

al. (1977) suggest that training must increase VO? mm by approximately 15% to induce a 

level of physiological strain that would result in signifcant adaptations to heat. One 

stimulus to heat adaptation may be metaboiic hyperthennia activating thermoregulatory 

responses, such as changes in blood flow distribution (Roweli 1974), body fluid shifis 

(Harrison 1986)- and hormonal mechanisrns (Francesconi 1988). The degree of heat 

acciimation may therefore depend on both the magnitude and duration of hyperthermia in 

the body ( A v e h i  et al. 1982. Fox et al. 1963). The subjects in the present study did 

increase their T, approxirnately 1.2OC over the hour of exercise (Table 5.3, though with a 

relatively short thne at a maintained state of hyperthermia. Despite these objections, the 

decrease in f, and A T ,  durinp the final exercise session (Table 5 3 ,  and the signifïcant 

increase in sweating rate (Table 5.7) and decrease in skin temperature (Figure 5.1 1) in the 

HST post-training, demonstrate that a moderate degree of heat adaptation was achieved. 

An altemate explanation for the lack of a signifcant post-training effect on 

exercise-heat tolerance is the uncornpensable hot-wet microenvironment created within the 

NBC clothing during exercise in the heat. The wearing of protective clothing impairs the 

dissipation of metabolic heat (Holrner 1995), resulting in a signincant impairment of 

cardiorespiratory and thennoregulatory responses (Smolander et al. 1984) which may 

overwhelrn any physiological manipulations. Comparing t hree methods of acclimating to 

subsequent exposure to dry heat, Shvartz et al. (1973) observed no improvement in 

exercise-heat tolerance following aerobic training, whereas either hot-dry or hot-wet heat 

acclimation produced substantial irnprovements in response. In ho t-wet environments, 



Strydorn et al. (1966) and Strydom and Williams (1969) found only partial adaptation 

through physical conditionhg cornpared with heat acclimation. In a group of untrained 

and non-fit individuals, Aoyagi et al. ( 1994) increased VO, max by 16% following 8 

weeks of aerobic training, yet did not observe any significant irnprovements in exercise- 

heat tolerance while wearing NBC clothing in the heat. However, the high rate of 

metabolic production used resulted in tolerance times of only about 50-60 min, with oniy 

the rare triai exceeding 70 min. McLellan (1993) has proposed that tolerance tirnes in the 

severe uncornpensable heat stress environment of NBC clothing are primarily independent 

of ambient conditions or any physiologicd manipulations at these rates of heat production, 

due to an insufficient amount of t h e  for sigdicant heat transfer through the clothing 

More  the onset of exhaustion fiom other factors. The present study suggests that, while 

wearing NBC clothing, the adaptations with rnoderate endurance training may be 

insufficient to improve exercise-heat tolerance even at low metabolic rates. 

It is weII known that the decrease in plasma volume with hypohydration is 

associated with an Kicrease in f,, T,, and ratings of perceived exertion (Candas et al. 1988, 

Sawka 1988). It was originaiiy hypothesised that this short-term training mode1 may have 

offered some protection during the hypohydrated trials because of an increase in plasma 

volume, such that exercise-heat tolerance would be improved. Our estirnates of plasma 

volume revealed no change foiiowing the 10 days of training (Table 5.6). in contrast to a 

12% increase reported by Green et al. (199 1) with 10-12 d of training at 59% VO, rnax. 

Given the lack of significant improvement during the euhydrated trials post-training, it is 

not surprising that hypohydration resulted in a severe impairment of exercise-heat 

tolerance regardless of training status. 

Comparing the results of Section 5.1 with the present study, the magnitude of 

impairment with hypohydration was similar across the two fitness groups, with an 

approximate 18% decrease in tolerance time with hypohyciration (Tables 5.3, 5.7). In 

addition, a non-significant trend of an approximate 10 min increase in tolerance time 



during either euhydrated or hypohydrated trials existed in the more fit group of Study 1 

compared with the Iow fit individuals in the present study, supporting the contention of 

Gisolfi and Robinson (1969) and Piwonka et al ( 1967) of a benefit from long-term fitness 

on responses to exercise in the heat. 

One interesting and unexpected observation in the present study was that hydration 

status appeared to affect energy metabolism during exercise in the heat. The decrease in 

the RER during the hypohydnted trials was consistent in both the LF-Train and LF- 

Control groups pre- and post-manipulation (Table 5.7). Simiiar fmdings have been 

presented by Sawka et al. (1985), who observed a progressive decrease in RER with 

increasing seventy of hypohydration during exercise in the heat but did not elaborate on 

any possible mechanism. The finding of a decreased RER during hypohydration in the 

heat is dserent boom that observed in thermoneutral environrnents, where hypohydration 

did not elicit any differences in VO, or RER during subrnaxirnal exercise (Dengel et al. 

1992, Neufer et al. 1989b). It is possible that the stress of heat exposure may interact with 

hypohydration to produce the downward shifi in RER, as a signifïcant decrease in RER 

during exercise in a hot. compared with a thermoneutral, environment was noted by 

Young et al. (1985). However, a recent study presented conflicthg data, observing 

hyperglycemia and an increased RER during exercise in the heat, brought about by an 

elevation in plasma cortisol and catecholamines and an increased hepatic glucose release 

(Hargreaves et al. 1996). 

The tiding of a decrease in RER with hypohydration in the heat is surprising, and 

the underlying mechanisrn is not readily apparent. In the present study, no signincant 

differences were observed in V O ~  or V, (Table 5.7). In contrat, VCO? was 

signincantly decreased during HY, suggesting that the decrease in RER was due to a shift 

in substrate utilisation toward an increased reliance on lipid metabolism (HoUoszy 1973). 

The combination of a constant V, despite a decreased VCO, indicates that a slight 

hyperventilation is present relative to the rate of COz production. This could be due to 



either a correspondhg and mhor decrease in the artenolar PC02 or eise an increase in the 

ratio between the volume of respiratory dead space and tidal volume. Substrate avaiiability 

does not appear to be impaired by hypohydration, as no differences have k e n  observed in 

either the rate of glycogen resynthesis ovemight (Neufer et al. 1991) or in the rate of 

muscle glycogen use during subsequent exercise (Neufer et al. 1989b) relative to a 

euhydrated state. Diet was controlled in the present study during the penod followhg the 

dehydntion protocol until the HST the next moming. 

In summriry, a two-week program of aerobic exercise produced a moderate, but 

signifïcant, training effect and improvements in physiofogical strain during exercise in a 

thermoneutral environment in a group of untrauied and relatively non-fit subjects. The 

short-term training program elicited an increase in maximal aerobic capacity, dong with a 

~ i g ~ c a n t  decrease in hem rate and the rate of rise of rectal temperature. These 

adaptations were rnoderately successful in deviating the physiological strain during light 

exercise in an uncornpensable heat stress environment, with an increase in sweat rate and a 

decrease in the skin temperature, suggesting an increased sweating response and drive for 

evaporative heat loss. However, the adaptations due to training were u l th te ly  

unsuccessfûl in significantly prolonghg exercise-heat tolerance in either a euhydrated or 

rnildly hypohydnted state in an uncompensable heat stress environment. 



5.3. Innuence of heat accümation, aerobic fitness, and hydration s t a t u s  on 
exercise-heat tolerance while wearing NBC protective clothhg 

5.3.1. introduction 

The purpose of the present study was to determine the separate and combined 

effects of heat acclimation, aerobic fitness, and hydration status on exercise-heat tolerance 

during uncornpensable heat stress. Heat acclimation. dong with physical training, are two 

manipulations cornrno nly used to prepare individuais for exercise-heat stress. Having 

round minimai benefits on exercise-heat tolerance from a longitudinal aerobic training 

program in Section 5.2, the focus of the present study was shifted to a cross-sectional 

analysis of the influence of initial aerobic fitness and activity levels. The original design of 

Section 5.1 did not c d  for subject selection critena based on aerobic fitness or activity 

Ievel, and the subjects were generally of moderate fitness. In the present study, the 

subjects were separated into either a low fit (LF) or high fit (HF) group based on their 

aerobic fitness and exercised in a hot environment wearing the NBC clothing while 

euhydrated and also while hypohydrated by -2.5% of body w s .  In particular, the 

foliowing questions were investigated: 1) Do subjects with a high level of aerobic fitness 

derived fio m long-term training and habitua1 exercise have an improved tolerance during 

Light exercise cornpared with individuals of moderate fitness and sedentary lifestyle? 2) 

When fluid replacement is provided, WU heat acclimation produce similar benefits as 

observed previousiy without fiuid replacement? 3) 1s the magnitude of improvement with 

heat acclimtion greater in subjects of rnoderate fitness? 4) Does d d  hypohydration 

impair exercise-heat tolerance regardless of fitness or heat acclimation status? 

5.3.2. Methods 

The experimental protocol was detailed in Chapter 4. 



5.3.2.1. Experimental Design 

Fiieen subjects participated and were assigned to either an aerobicaily high fit 

(HF-Acc, n=8) or an aerobicaliy Iow fit (LF-Acc, n=7) group as d e h e d  in Chapter 4. The 

subjects in both groups performed a HST in both the EU and HY conditions pnor to and 

foIIowing a heat acciimation (Acc) program, exercising at the iight intensity (3.5 km - h-' , 

0% grade) employed in Section 5.1. The Acc regimen consisted of two weeks (5 days per 

week) of daily 1 h treadmill sessions in a hot (40°C, 30% relative humidity) environment at 

an intensity that induced a AT, 2 lS°C during the initial session. The subjects wore the 

complete NBC ensemble except for the gas mask and canister, rubber gloves, and 

overboots. The overgarment was wom with the hood c o v e ~ g  the head and the fiont 

completely zippered. The subjects were dowed the ad libitum consumption of one 

canteen (-1 L) of water at a temperature near 37°C. The order in which the hydration 

conditions were presented was randomised arnong subjects. To counterbalance order 

effects, the order of the hydration trials for each subject was reversed following the heat 

acclirnation period. Fluid replacement at a rate of 200 mL each 15 min was provided in dl 

trials. 

5.3.2.2. Data Analyses 

Data are presented as means (f standard deviation). A three-factor (period x 

hydration x time) repeated measures ANOVA was used to compare the rectal and skin 

temperature, heart rate, stroke volume, and cardiac output of the HF and LF subjects 

undergoing the short-term heat acciimation. A two-factor (period x hydration) repeated 

measures ANOVA was used to compare the responses of tolerance t h e ,  body mass 

changes, sweat rate, evaporative efficiency, plasma osrnolality, metabolic rate, and 

respiratory exchange ratio. Following sepante data analyses within either the HF or the 

LF group, a cornparison was performed across the two groups to detect differences in 

response to exercise-heat tolerance as a result of long-terrn fitness. When a signincant F- 



ratio (corrected for the repeated rneasures factor) was obtained, a Newman-Keuls post- 

hoc anaiysis was performed to isolate differences among treatment means. For al1 

statisticai analyses, the 0.05 level of sieuficance was used. 

5.3.3. Results 

The physicd characteristics of the subjects are presented in Table 5.8. The HF and 

LF subjects were sirniiar in age and height. As expected, the HF subjects were 

disthguished from the LF subjects by their much higher V O ~  max and a lower body fat 

content. Furthermore, the HF subjects were generdy smaller than the LF group, with a 

Iower body rnass, a srrîaiier surface area, and a larger surface area-to-mass ratio. The 

effects of the heat a cch t i on  regimes on the physiological responses during the lkst and 

the final day of exposure are surnrnarised in Tables 5.8 and 5.9. Acclimation did not induce 

an increase in aerobic capacity, with no changes in ~ 0 , r n a . x  foUowing acclimation in 

either the HF or LF group (Table 5.8). LF subjects experienced a signifcantly Iower heart 

rate during the final day of acclirnation, dong with a higher sweat rate (Table 5.9). 

Adaptation also occurred in HF individuals, with an increased sweat rate dong with a 

decreased T, and hem rate in response to the heat acclimation exercise on day 10. 

Tolerance to the HST was determined by t h e ,  ethicaiiy imposed physiological 

endpoints, or subject exhaustion. The reasons for trial termination are presented in Table 

5.10. None of the trials approached the 4 h time Iunit. For the LF subjects, the large 

majority of the experimental trials was terminated due to exhaustion, as determined by the 

subject or the experirnenter. Only 4 trials, ait by the same subject, were terminated due to 

the subject reaching the f, ethical Limit. In contrast, the HF subjects generally terminated 

trials due to reaching the ethically-imposed core temperature limit of 39.3'~. While 

voluntary exhaustion was often coincident with reaching the T, Limit, the subjects in many 

cases felt that they were not completely exhausted and could have continued further. 



Table 5.8 Physical characteristics o f  the subjects in the low fit (LF) and high fit (HF) 
groups. Pre=beforr and Post=after heat acclimation period. 

-- 

Group Age Height Body Body Fat Surface Surface Ara- VO, max - 
(Y) (ml Mass Content Area to-Mass 

(kg) (‘W (m') ( m' - kg-[ - id ) ( r n ~  -kg-' - min-' ) 
Pre Post 

HF 27.9 1.77 76.8 1 1.5 1 -94 2.56 59.8 59.5 
(n=8) (6.5) (0.03) (4.3) (2.9) (O. 14) (0.08) (2.8) (4-1) 

Values are means (S.D.). tt Significantly different from the HF group 



Table 5.9 Sweat rate (SR), change in rectal temperature (AT,) and final rectal 
temperature (T,), final heart rate (HR), oxygen uptake (vu2) at 45 min, and respiratory 
exchange ratio (RER) in Iow (n=7) and high fit (n=8) subjects at the start and end of the 
heat acciimation period. 

Low Fit High Fit 
Day 1 Day 10 Day 1 Day 10 

FinaI 38.70 38.53 38.75 38.54+ 
(Oc) (0.24) (O. 15) (0.23) (0.20) 

Final HI2 1 67.3 159.9' 156.1 146.9+ 
( b min-' ) (15.1) ( 19.0) (13.6) (1 5.3) 

RER 0.90 0.89 0.88 0.89 
(0.05) (0.05) (0.03) (0.03) 

- -  

Values are means (S.D.). + Significantly different from Day 1. 



Table 5.10 Reasons for the termination of heat stress tests in low fit (LF, n=7) and 
high fit (HF, n=8) subjects. 

Group Time Core Temperature Heart Rate Volition 



The hydration schedule following the dehydration protocol was successfùI in either 

reinstating euhydration or in rnaintaining hypohydration overnight (Table 5.1 1). In the EU 

trials, body masses retumed to baseline Ievels ovemight, and were simiiar for di the EU 

trials. The hypohydration protocol resulted in a relative decrease in mass f?om 1.9 to 2.8% 

in the HF and LF groups compared with the Pre-EU trial. Hypohydration also increased 

semm osmolaiity and decreased plasma volume in both fitness groups. Whde no signincant 

difference in the degree of hypohydration existed within or between groups, there was a 

trend towards a higher degree of hypohydration in the LF group. 

Table 5.12 summarises some of the physiologicai responses to the HST. The 

rnetabolic rate, and therefore. the rate of intemal heat production, was similar for ail trials 

for both the HF and LF groups. In both groups, one major adaptation to the acclimation 

prograrn was an increased sweat rate during the HST. However, due to the difnculty in 

water vapour transfer through the NBC ensemble, no signincant changes in evaporation 

rate were observed. Heat accclünation did not significantly prolong tolerance tirnes in either 

fitness group. 

While heat acclimation had no effect on exercise-heat tolerance, hypohydration 

resulted in a signifïcant degree of impairment regardless of acclirnation status. WMe the 

endpoint T, was unaffected by hydration status within either group, the initial T, for LF 

was significantly higher prior to the hypohydrated trials. The RER was significantly Iower 

during hypohydration trials in both the HF and LF groups. No signifïcant differences were 

observed in VO, rnax, indicating that the change in RER was due to a decreased VCO, . 

Overall, in both the HF and LF groups, hypohydration resulted in a significantly shorter 

tolerance time regardless of acclimation status. 

The skin temperature, rectal temperature, and heart rate responses to the HST are 

presented in Figures 5.2 1 to 5.26, respectively. In the LF group, despite the cardiovascular 

and sweating adaptations observed over the course of the acclimation program, no 

differences in the T, , T, andf, responses were evident following the two-week 



Table 5.11 Absolute and relative (to Pre-EU) nude body mas,  relative plasma volume 
(to Pre-EU) and serum osmolality in low fit (LF, n=7) and high fit(W, n=8) groups prior 
to the heat stress tests. EU = euhydration, HY = hypohydration. 

Low Fit High Fit 
Pre-Acclirnation Post-Acclimation Pre-Acciimation Post-Acciimation 
EU H Y  EU HY EU H Y  EU H Y  

Body Mass 
(kg) " 

% Body 
Mass Loss 

@lasma 
Volume 

('m 
Osmolality 
(mosrn' kg 

H~O-' ) 
- - - - 

Values are means (S.D.). * Significant main effect of hydration. ++ Significant difference 
between LF and HF groups 



Table 5.12 Sweating and evaporation rate, average metabolic rate, respiratory 
exchange ratio (RER), rates of ventilation ( V, ), oxygen uptake ( VO,), and carbon 

dioxide production (vco,), tolerance t h e ,  tirne required for rectal temperature (T,) to 
increase by 1.0 (based on the T, fiorn t=30-60 min), and initiai and final T, in low fit (LF, 
n=7) and high fit (HF, n=8) fit groups. EU = euhydration, HY = hypohydration. 

Low Fit High Fit 
Pre-Acclimation Post-Acclimation Pre-Acclirnation Post-Acclimation 
EU E-iY EU HY EU HY EU H Y  

S weat Rate 
( L - h " )  

Evapontion Rate 
( L-  h-' ) 

Average 
Metabolic Rate 

(w-m-'1 

RER 

Y, 
( L -  min-' ) 

Tolerance Time 
(min) * 

AT, = 1.0 "C 
(min) * 

initial T, 
(OC) * 

Endpoint T, 
(OC, ,+ 

1 .O4 
(0.26) 

0.33 
(0.04) 

181.6 
(1  1.9) 

0.88 
(0.06) 

24.4 
(5.0) 

1 1-07 
(0.90) 

0.96 
(O. 1 1) 

96.6 
( 19.6) 

44.2 
( 10.3) 

36.93 
(0.27) 

38.77 
(0.27) 

1-08 
(O. 19) 

0-30 
(0.04) 

185.6 
(13.2) 

0.82" 
(0.04 

23.3 
(4.0) 

1 1.36 
(0.82) 

0.9 1 * 
(0.05) 

78.3* 
(1 6.9) 

44.2 
(8.7) 

37.26* 
(0.27) 

38.69 
(0.30) 

1-33' 
(0.40) 

0.34 
(0.04) 

185.1 
( 14.8) 

0.85 
(0.W 

24.1 
(4.5) 

1 1.36 
(0.74) 

0.95 
(O. 1 1) 

101.4 
( 1  1.4) 

49.0 
03-71 

36.96 
(0.28) 

38.79 
(0.3 1) 

1 -27' 
(0.27) 

0.3 1 
(0.06) 

182.9 
( 1 2.2) 

0.82* 
(0.04 

23 .O 
(4.5) 

1 1.52 
(0.87) 

0.9 1 * 
(O. 13) 

80.6* 
( 18.0) 

46.2 
(9.0) 

37,24* 
(0.32) 

38.63 
(0.3 1) 

1.30 
(0.34) 

0.38 
(O. 13) 

175.1 
(23.8) 

0.88 
(0.05) 

21.2 
(3.4) 

1 1-30 
(1.13) 

0.85 
(0.1 1) 

1 14.5 
(27.4) 

41.6 
(6.5) 

36.85 
(0.22) 

39.15 
(O. 18) 

1.28 
(0.35) 

0.36 
(0.08) 

178.0 
(24.0) 

0.82* 
(0.03) 

2 1.5 
(2.8) 

1 1.87 
( t .07) 

0.8 1 * 
(O. 14) 

lOO.9* 
(20.4) 

39.2 
(8.8) 

36.99 
(0.22) 

39.20 
(O .08) 

1.43' 
(0.39) 

0.40 
(O. 14) 

175.8 
( 15.8) 

0.88 
(0.04 

21.6 
(2.3) 

11.16 
(0.62) 

0.85 
(0.08) 

1 15.6 
( 1 8.4) 

45.5 
(7.6) 

36.74 
(O. 19) 

39.14 
(0.21) 

Values are means (SD). * Significant main effect of bydration. + Signincant main effect of 
acciimation. tt Significant difference between LF and HF groups 



Figure 5.2 1 Mean skïn temperature ( T, ) response to the heat stress test while either 
euhydrated (EU. circles) or hypohydnted (HY,  triangles), before (ffled symbols) and afier 
(open symbols) two weeks of heat acclirnation in low fit (n = 7) subjects. 

Time (min) 

Values are mean t S.D. * Significant main effect of hydration. 



Figure 5.22 Mean skin temperature (T, ) response to the heat stress test whiie either 
euhydrated (EU, circles) or hypohydrated (HY. triangles), before (filied symbols) and after 
(open symbols) two weeks of heat acclimation high fit (n = 8) subjects. 

+ Pre-Eu 
-Pre-HY + 

-+ Pest-EU 
-+ Pest-HY 

Time (min) 

Values are mean f S.D. + Significant main effect of heat acclimation. 



Figure 5.23 Rectal temperature (T,) response to the heat stress test while either 
eu hydrated (EU, circles) or hypo hydrated (HY,  triangles), be fore (med symbois) and after 
(open symbols) two weeks of heat acclimation in low fit (n = 7) subjects. 

O 20 40 60 80 100 
Time (min) 

Values are rnean f S.D. * Significant main effect of hydration. 



Figure 5.24 Rectal temperature (T,) response to the heat stress test while either 
euhydrated (EU, circles) or hypohydrated (HY, triangles), before (filied syrnbols) and after 
(open symbols) two weeks of heat acclimation in high fit (n = 8) subjects. 

Time (min) 

Values are mean f S.D. * Significant main effect of hydration. ** Signifcant hydration x 
time interaction. + Significant main effect of heat acclimation. 



Figure 5.25 Hem rate response to the heat stress test while either euhydrated (EU, 
circles) or hypohydrated (HY, triangles), before (füled symbois) and after (open symbols) 
two weeks of heat acclimation in low fit  (n = 7) subjects. 

Values are mean f S.D. * Signincant main effect of hydration. ** Significant hydration x 
time interaction. 

60 I I I 
1 I 1 I t I 1 1 1 1 

O 20 40 60 80 1 O0 
Time (min) 



Figure 5.26 Heart rate response ta the heat stress test while either euhydrated (EU, 
circles) or hypohydrated (HY. triangles), before (fiiied symbols) and after (open symbols) 
two weeks of heat acclimation in high fit (n = 8) subjects. 

O 20 40 60 80 100 
Time (min) 

Values are mean k S.D. * Signifiant main effect of hydration. 



acclimation penod. Interestingly, the a c c h t i o n  period had a greater impact on the 

thermoregulatory responses to the HST in the subjects who were already highly fit 

aerobically, in that the acclimtion program was success ful in decreasing the 

thermoregulatory strain during the HST. with a main effect found for a lower Tk (Figure 

5.22) and T, (Figure 5.24) post-acclimation. 

The hypohydration significantly Sected the thermal and cardiovascular responses 

to the HST in both fitness groups. In both the LF and the HF groups, hypohydration 

resulted in a si,gifïcantly higher T, (Figures 5.23-5.24). The heart rate response to the 

HST was innuenced by hydration status in both fitness groups (Figures 5.25-5.26), with a 

significant elevation in heart rate in both the HF and LF subjects during HY. In the LF 
- 

subjects, KY also eiicited a hydration by time interaction for L. In the LF subjects, T, 

was signifcantly elevated during HY. In the fit subjects, hypohydration did not affect the 

overd  Tk, but the initial increase in T, over the first 25 min was significantly slower 

dunng Post-EU compared with al1 other conditions. 

Cornparhg the results between the HF and LF groups, the HF subjects had a 

greater ATT, as a result of both a significantly lower initial T, and a higher f m d  T,. The 

greater AT,  was the major contniuting factor to an overail increased tolerance t h e  in the 

fit subjects, as the rate of rise in T,, calcuiated over the linear portion of the T, increase 

fiom 30-60 min, was greater in the HF than in the LF subjects. The rate of rise in T, was 

significantly lower overdi in those with increased aerobic fitness. No significant between- 

group differences were observed in cardiovascular response. sweat rate, evaporation rate, 

metabolic rate, and RER during the HST. 

The stroke volume and cardiac output of the LF and HF groups during the HST 

are presented in Figures 5.27-5.30. In the LF subjects, stroke volume was relatively stable 

throughout the HST, but progressively decreased over the course of the HST in the HF 

subjects. Hypohydration resulted in a signincant main effect of a lower overail stroke 

volume in the HF subjects. This decrease in stroke volume was compensated by an 



Figure 5.27 Stroke volume response to the heat stress test while either euhydrated (EU, 
circles) or hypohydrated (HY,  triangles), before (Nled symbols) and aiter (open symbols) 
two weeks of heat acclimation in low fit (n = 7) subjects. 

-+ Pre-Eu 
+ Pre-HY + 

+ Pest-EU 
+ Post-HY 

20 40 
Time (min) 

Values are mean + S.D. + Significant main effect of the heat acclimation. 



Figure 5.28 Stroke volume response to the heat stress test while either euhydrated (EU, 
circles) or hypo hydrated (HY, triangles), be fore ( fded symbois) and afier (open syrnbo 1s) 
two weeks of heat acclimation in high fit (n = 8) subjects. 

+ Pre-Eu 

Values are mean + S.D. * Significant main effect of hydration. 

- 

O 

+ Pest-EU 
* Pest-HY 

I I 1 I I l I I I 1 I 

O 20 40 60 80 

Time (min) 



Figure 5.29 Cardiac output response to the heat stress test while either euhydrated 
(EU, circles) or hypohydrated (HY, triangles), More (filied symbols) and after (open 
symbols) two weeks of heat acchation in low fit (n = 7) subjects. 

1 + Pre-Eu 

O 20 40 60 
Time (min) 

Values are mean it S.D. + Significant main effect of the heat acclimation. 



Figure 5.30 Cardiac output response to the heat stress test while either euhydrated 
(EU, circles) or hypohydrated (HY, triangles), before (fiiied syrnbols) and after (open 
symbols) two weeks of heat acciïmation in high fit (n = 8) subjects. 

+ Pre-Eu 

Time (min) 

Values are mean + S.D. 



elevation in heart rate while hypohydrated, resulting in no overdi effect of hydration status 

on cardiac output in the HF group. In the LF group, there was a non-significant trend 

towards an elevated stroke volume during the Pre-EU compared with the other three 

conditions, which in turn was responsible for a signficantly higher overall stroke volume 

and cardiac output before the acclimation period. 

5.3.4 Discussion 

The purpose of the present study was to determine the separate and combined 

effects of heat acclimation, aerobic fitness, and hydration status on tolerance during 

uncompensable heat stress. Each of these factors has been demonstrated to influence 

exercise-heat tolerance in an environment of compensable heat stress, where the E,, 

exceeds or matches the E,, resulting in a HSI of 1.0 or less (Armstrong and Pandolf 

1988, Sawka 1988, Wenger 1988). However, even very Light exercise in the heat while 

wearing clothing with Limited permeability to water vapour will result in the inability to 

mûintain thermal steady state (Givoni and Goldman 1972). The light exercise employed in 

the present study was sufficient to produce an uncompensable heat stress environment, 

with a HSI of approximately 2.5. Under these conditions, heat acclimation produced a 

moderate attenuation of thermal strain in individuals with high aerobic fitness but had no 

influence on tolerance during uncompensable heat stress. In contrast, individuais of low to 

moderate fitness experienced neither physiological benefits nor Uicreased tolerance 

foiiowing heat acclirmition. Long-term aerobic fitness resulted in a signifcant 

irnprovement in exercise-heat tolerance during uncompensable heat stress during each of 

the EU and HY trials both before and foliowing heat acclimation. 

SigniFcant physiologicd adaptations occurred in both the HF and LF groups over 

the 10 d of heat exposure (Table 5-81, notably an increased sweat rate which was also 

evident during the £ÛU encapsulation conditions of the HST (Table 5.12). The increase in 

sweat rate in both fitness groups could be due to a centraily-mediated decrease in the 



threshold temperature for vasodilation and sweating onset with acclimation (Nadel et al. 

1974), an increased sensitivity of the sweating response through peripheral modifications 

(Taylor 1986), or an improved sweat gland resistance to skin wettedness and hidromeiosis 

(Candas et al. 1980). However, the increased sweat production did not result in an 

elevation in evaporative heat loss or a slowing of the rate of T, increase (Table 5.12), due 

to the iïmited permeability to water vapour of the NBC clothing. In uncompensable heat 

stress, therefore, the higher sweat rate fiorn heat acclimation is a negative adaptation 

which, rather than enhancing evaporative heat loss and attenuating thermal strain, 

increases the rate of dehydration and physiological strain. 

In the HF group, heat acclimation slightly but signincantly decreased the initial 

core temperature by approximately O. 1 ' ~  regardless of hydration status (Table 5.12), 

resulting in a lower overd T, post-acclhation (Figure 5.24). This lowering of the initial 

T, would indicate a central mechanism of heat acclimation brought about by an alteration 

of the central therrnoregulatory setpoint (Nadel et al. 1974), and may help to offset the 

increased rate of sweating and dehydration post-acclirnation. Despite the reduction in 

t h e r d  strain, tolerance times were unaffected by heat acclimation, with similar values 

pre- and post-acclimation (Table 5.12). The magnitude of the shifi in T, setpoint was 

likely too small to affect tolerance times signifi~cantly. Given the roughly linear increase in 

T, after 30 min of the HST in the fit group of approxirnately 1 .0 '~  every 40 min (Table 

5.12), the siight but signiticant decrease in initial T, of O. i°C, with no change in endpoint 

T,, would result in a predicted minor increase in tolerance tirne of only 4 min. 

Nevertheless, the presence of a heat acclimation effect in the post-acclimation T, response 

of the HF group (Figure 5.24) supports the general consensus that even high levels of 

aerobic fitness produce only a partial heat adaptation (Shvartz et al. 1973a. S trydom et al. 

1966). 

The greater heat acclimation effect in the HF subjects is opposite to what has been 

observed in situations of cornpensable heat stress, where the HSI is - 1 or less (Cadarette 



et al. 1984). Based on these reports, we initially hypothesised a greater response in the LF 

subjects due to a lower initial level of adaptation, and therefore, possibly a greater 

potential for heat acclimation. Several possibiiities may account for the Iack of 

Unprovernent in the LF subjects in response to the HST, despite the two-week heat 

acchmtion penod. One explanation is that the LF subjects m y  not have k e n  M y  

acclimiited by Our prograrn. Highly fit individuals are predisposed to a more rapid 

acclimiition to a severe heat stress (Piwonka and Robinson 1967), and a signifUcant 

relationship between the level of aerobic fitness ( VO? max) and the number of days that 

are required for a plateau of response to acclimation has k e n  reported in hot-dry 

environments (Pandolf et al. 1977). Using the regression equation presented in the latter 

study, the LF and HF subjects in the present study should have reached a plateau in 

response by 7 and 4.5 d, respectively. However, hot-wet acclimation may produce a 

slower plateau rate than observed under hot-dry conditions. In addition, hii heat 

acclimation in a hot-humid environment required >1 h of exposure per day (Garden et al. 

1966). Counteracting these arguments are the reports of sigrifkant adaptations while 

wearing clothing with Illiiited water vapour permeability following 4-6 (Shvartz et al. 

1973b) or 12 (McLeiian and Aoyagi 1996) days. In the present study, a cornparison of the 

responses to the heat acclimation on days 9 and 10 reveaied a plateau inf,, T,, and SR in 

both the HF and LF subjects (unpublished data). In addition, as an increased sweating rate 

is one of the physiological adaptations with the slowest tirne course (Horvath and Shelley 

1946), the elevated sweat rate in both groups (Table 5.9) suggest near-maximai 

adaptations in other physiological systerns. We are therefore confident that the LF subjects 

achieved a near-complete state of heat a c c l i i o n .  Another possible reason for the lack of 

heat acciimation effects on the LF subjects was that their significantly shorter tolerance 

time did not d o w  sufficient time for differences to be evident. However, at the rnetabolic 

rate used in this study, the averzge tolerance tirnes of 95 (EU) and 80 (HY) min for the LF 



subjects (Table 5.12) have k e n  demonstrated to be long enough for physiological or 

environmentai differences to be expressed (McLellan 1993). 

Any benefits accruing kom the heat acclirnation in an uncompensable heat stress 

environment appear to be rninor compared with the influences of fluid replacement and 

hydration status on exercise-heat tolerance. In the present study, the hding of no heat 

acchation effects on exercise-heat tolerance in both fitness groups is in contrast to two 

previous studies in Our laboratory, which demonsirated a decrease in physiological straui 

and an increase in tolerance tirne during exercise in the heat with NBC clothing foilowing 

heat a c c h t i o n  with (McLeHan and Aoyagi 1996) or without (Aoyagi et ai. 1995) NBC 

clothing. The disparity in the effects of acchation rnay be due to the fact that, while 

subjects in the above studies were not provided any fluid replacement during the HST, 

water was provided to subjects in the present study at regular intervals. nuid replacement 

has been demonstrated to reduce physiological strain during exercise in the heat (Candas 

et d. 1986), and speciticdy to decrease cardiovascular strain and increase tolerance tirne 

whde exercising in the heat with NBC clothing (Section 5.1). As such, the fluid 

replacement may have extended the exercise- heat tolerance during the pre-acchtion 

KST to near the maximum possible given the uncompensable heat stress environment, 

thereby Lunithg the amount of additional improvement that could be observed with 

subsequent heat acclimation. If this is the case, it would underline the importance of nuid 

replacement in an uncompensable heat stress environment regardless of fitness or 

acclimation status. 

The deletenous influence of hypohydration on exercise performance in 

thermoneutral and hot environrnents h a  been reviewed in detaii elsewhere, and it is well 

known that the decrease in plasma volume with hypohydration is associated with an 

increase in f,, T,, and RPE (Candas et al. 1988, Sawka 1988). In a euhydrated state, heat 

acclimation significantly decreased fuial T, in environments with a HSI of approximately 

1.0 (Sawka et al. 1983). However, in the sarne study, hypohydration significantly 



increased thermal strain regardless of acclimation status, with simhlar final rectal 

temperatures both before and foilowing the heat acclimation. The present study extends 

these hding to a more severe uncompensable heat stress environment. Compared with 

euhydration, hypohydration resulted in a decreased tolerance thne regardless of fitness or 

acclimation status, with an elevated resting T, in both fitness groups and an increased rate 

of rise in T, in fit subjects. Therefore. not only fluid replacement during exercise, but &O 

hydration status prior to exercise, appears to take precedence over acclimation status in 

determinhg physiological strain during uncompensable heat stress. 

The present study used both the VO, max and the level of regular physical activity 

to define subject inclusion into two distinct fitness groups. The inclusion of activity level 

as a selection criterion was prompted by the observation that VO, rnax by itself was only 

moderately correlated with heat tolerance, and that the arnount of regular physical activity 

may be a kt ter  indicator of the presence of training-induced adaptations to heat exposure 

(AveUini et ai. 1982, Kielblock 1984, Pandolfet al. 1988). The LF subjects led a sedentary 

Mestyle and had a VO? m a  under 50 mL kg-' . min-' , while the HF subjects had a 

VO, max in excess of 55 rnL. kg-' - min" and engaged in a regular prograrn of physical 

activity of approximately 7 h per week for the past year prior to participation in the study 

(Table 5.8). 

Exercise-heat tolerance was irnproved by fitness regardless of hydration or heat 

a c c ~ t i o n  status, with an average combined tolerance time of 110 and 88 min in the HF 

and LF, respectively (Table 5.12). These observations support the general consensus that 

an association exists between the Ievel of cardiorespiratory fitness and improvements in 

the physiologicd responses to exercise in a hot environment (Armstrong and Pandolf 

1988). At a higher exercise intensity in the heat while wearing NBC clothing, the trained 

subjects exhibited a trend towards an increase in tolerance time compared with the 

untrained subjects (Windle and Davies 1996). In the present study, the HF group had both 

a significantly lower initial and a higher endpoint T, resulting in a ATE over the course of 



the HST of 2.3OC in the HF group, which was signifcantly higher than the 1.6 '~  A T ,  in 

the LF group (Table 5.12). Extrapolating an increase of the AT, in the non-fit group by 

0.7'C, and given their hea r  rate of T, increase of approximately 1 .O'C per 45 min, the LF 

tolerance tirne would increase by 3 1.5 min. Ln contrast, decreasing the AT, of the fit 

group by 0.7OC, the hea r  rate of T, increase of approximately 1 . 0 ' ~  per 40 min would 

decrease their tolerance tirnes by 28 min. With an actud observed difference in overall 

tolerance time of approximately 22 min between the LF and HF groups (Table 5.12), it is 

evident that the ciifference in tolerance t h e s  between the two fiiness groups could be 

largely accounted for by the difference in ATT,. 

The large majonty of the HST with the HF subjects were terminated due to the 

individual reaching the ethicaily-imposed T, k t  of 39.3'C, whereas LF subjects 

generally reached voluntary exhaustion at a T, weil below 3 9 . 3 ' ~  (Table 5.10). AU 

subjects underwent an initial familiarisation trial involving the complete experimental 

protocol, and no order or training effects were observed on tolerance tirne or endpoint Tm. 

HF individuals may be capable of subjectively tolerating a higher level of discomfort, skin 

wettedness, or physiological strain due to their regular program of. physicd activity. 

Alternatively, a given combination of T, and T, may have produced a greater degree of 

subjective discomfort in the LF subjects. Whiie the thermal convergence of core and skin 

temperature may not be a reiiable determinant of tolerance in an uncompensable heat 

stress environment (Nunneley et al. 1992), a particular skin-core temperature difference or 

the increased rate of T, increase could result in greater discomfort in the LF subjects. Fit 

subjects may ako be better able to tolerate high levels of skin wettedness and the effects of 

hidromeiosis (Candas et al. 1980). 

In su-, this study leads to the following observations regarding exercise-heat 

tolerance in an uncompensable heat stress environment: 1) High aerobic fitness from long- 

term training and habitua1 exercise is of signincant benefit. 2) When fluid replacement is 

provided, heat acclimation does not provide significant benefit regardless of fitness status. 



Fluid replacement may therefore be an effective substitute for a heat acclimation program. 

3) The magnitude of the improvernents in physiologicd strain with heat acciimation are 

greater in those with high aerobic fitness, but are stiii insufficient to improve exercise-heat 

tolerance. 4) A d d  hypohydration of 3-3% of  body rnass results in a significant 

impairment regardless of fitness or heat acclimation status. 



6. SUPPLEMENTARY ANALYSES 



6.1. Cornparison of short-term aerobic training and hi& maximal aerobic 
power on tolerance to uncornpensable heat stress 

6.1.1. Introduction 

In occupational settings, where workers may be required to work in hot 

enviroaments with minimal preparation time or facilities to perforrn heat acclimation 

through heat exposures, the ability of short-term training programs to mimic the benefits 

of high aerobic fitness on exercise-heat tolerance is of interest. The purpose of the present 

analysis was to determine whether the aerobic training performed by the LF-Train group 

in Section 5.2 could irnprove the physiological responses to exercise-heat stress to a level 

comparable to those of the HF subjects in Section 5.3 pnor to their undergoing heat 

a c c ~ t i o n .  For the purposes of simplicity, the LF-Train group will be renamed LF-Pre 

and LF-Post for pre- and post-training, respectively, while the HF-Acc group will be 

renamed HF. Cornparisons between LF-Pre and LF-Post were previously detailed in 

Section 5.2. and are included here only for completeness. It is hypothesised that, 

regardless of training or hydration status, the HF group w u  experience less 

thermoregulatory and cardiovascular strain and have prolonged tolerance compared to 

either the LF-Pre or LF-Post group. 

6.1.2. Methods 

The experirnental protocol was detailed in Chapter 4. The results of the individual 

experiments have been detailed in Sections 5.2 and 5.3. 

6* L3. Data Analyses 

Data are presented as means (f standard deviation). The EU and HY conditions 

were analysed separately. The physiological responses and tolerance to the HST of the HF 

group was compared with the LF-Pre and LF-Post groups using a between-group analysis 

of variance (ANOVA). When a sigiilncant F-ratio (corrected for the repeated rneasures 

factor) was obtained, a Newman-Keuls post-hoc analysis was perfonned to isolate 



dinerences arnong treatment means. For aü statistical analyses, the 0.05 level of 

signincance was used. 

6.1.4. Resuk 

6.1.4.1. Subjects 

Table 6.1 presents the physical characteristics of the test populations. The selection 

process was successfu1 in producing two subject groups with a strong separation in 

maximal aerobic power. Short-term aerobic training was effective in significantly 

increasing V O ~  max 6-58, fiom 43 to 46 ml kg-' - min-' . However, the VO, max in the 

LF-post subjects remained signincantly lower than that of the HF subjects. The LF 

subjects were also significantly heavier and had a higher body fat content than the HF 

subjects. 

6.1.4.2. Physiological Response of LF to the Trainiiig Program 

The results of the short-term aerobic training program on the LF group are 

presented in Table 6.2. ln addition to the increase in VO,I~X, the two weeks of d d y  

training resdted in an attenuation in the cardiovascular and thermal strain induced by the 

training exercise, as evidenced by a signincantly lower heart rate and AT, at the end of the 

hour of exercise. The training program did not result in an increased sweating response or 

a decrease in the respiratory exchange ratio during the exercise. 

6.1.4.3. Physiological Response to the HST 

The recovery program following the dehydration protocol was successfbl in either 

restoring a euhydrated state or in maintaining hypohydration ovemight for all groups 

(Table 6.3). In the EU trials, body mass retmed to baseline levels overnight. The average 

morning body mass during the HY trials was about 2.0% less than during the EU trial, 

with no signifcant differences in relative hypohydration among groups. Compared to the 



Table 6.1 Anthropometric measures of the subjects in the Iow fit (LF) and high fit 
groups, with age, height, body mass and fat content, surface area and surface area- 

to-mass ratio, and maximal aerobic power ( ~ 0 , m a x )  before (Re) and following (Post) 
the training pend. 

Group Age Height Body Body Fat Surface Surface Area-to- VO, max 
* 

6') (ml Mass Content Area Mass 
(kg) (W (rnL.kg-' -min-') 

HF 27.9 1.77 76.8 1 1 5  1 -94 2.56 59.8 - 
(n=8) (6.5) (0.03) (4.3) (2.9) (O. 14) (0.08) (7.4) 

Values are means (SD) 

+ Significant effect of aerobic training 

-H Significantly different nom the HF group 



Table 6.2 Sweat rate (SR), change in rectal temperature (AT,) and final rectal 
temperature (T,), ha1 heart rate (EIR), oxygen uptake (vo,), and respiratory exchange 
ratio (RER) in the low fit group (LF, n=8) at the start and end of the training periods. 

Law Fit 
Day 1 Day 12 

T, end CC) 

HR end ( b -min-' ) 

RER 

Values are means (SD) 

+ Sigdicantly different from Day 1 



Table 6.3 Absolute and relative (to euhydration trial) nude body mass and senun 
osmolality prior to the heat stress tests in the low fit (LF, n=8) and high fit (HF, n=8) 
groups. EU=euhy dration, HY=hypohydration. 

Low f i t  High Fit 
Pre-Train Pos t-Tr ain 

EU HY Eu H Y  EU H Y  

Body Mass 84.15 82. 15* 84.00 82.09* 76.80 74.76* 
(kg) ( 12.69)* (12,37)* (12.80) * (12.41) * (9 30) (9.81) 

96 Body 0.00 -2.0O5 -0.15 -2.06* 0.00 -2.04* 
Mass Loss (0.0O) (0.4 1) (0.51) (0.53) (0.0o) (0.52) 

VaIues are means (SD) 

* Signincant main effect of hydration 

++ Significant difference from HF 



EU trials, senun osmolatity was elevated prior to KY trials for all groups. These results all 

indicate that the subjects were signincantly hypohydrated prior to HY triais. 

Table 6.4 summarises some of the physiological responses to the HST. The 

metabolic rate, and therefore, the rate of heat production, was similar for ail trials for the 

LF-Pre, LF-Post, and HF groups. Though no change in sweating response occurred in the 

LF while training in a thermoneutral environment. the more extreme heat environment of 

the HST was sufticient to expose a ciifference in the drive for heat dissipation due to 

training. One major change as a result of a two-week aerobic training program was an 

increased sweat rate durïng the HST . However, due to the M t e d  water vapour transfer 

through the NBC ensemble, these adaptations did not result in a significant change in 

evaporation rate. Overall, the HF subjects maintained a significantly higher SR than the LF 

subjects either before or f i e r  training, though this did not translate into a higher 

evaporation rate. 

High levels of aerobic fitness appear to impart some degree of protection during 

exercise in an uncornpensable heat stress environment, with sigruficantly lower levels of 

physiological strain in the HF compared to the LF-Pre subjects. Pnor to undergohg the 

training program, in either an euhydrated or hypohydrated state, T ,  f, and T, were ail 

higher in the LF-Pre than in the HF individuals (Figures 6.1-6). In the LF subjects, the 

primary effect of training was a significantly lower Q, which may have k e n  brought 

about by the increased sweating and skin wettedness following training. Training resulted 

in a slight, but non-significant, decrease in T, during either EU or HY, and &O a non- 

significant decrease in f,. Though minor, these changes in physiological responses 

following training were suffkient to eliminate the signincant ciifferences observed between 

the LF-Pre and HF subjects during the HST. The T,&, and T, in either the EU or HY 

trials were not significantly diff'erent between the LF-Post and HF groups. 



Table 6.4 Sweating and evaporation rate, average rnetabolic rate. respiratory 
exchange ratio (RER), rates of ventilation ( V, ), olrygen uptake (vo,), and carbon 
dioxide production ( VCO, ), tolerance time, time required for rectal temperature (Td to 
increase by 1 .O (based on the T, fiom t=30 - 60 min), and initial and final T, for the low 
fit (LF, n=8) and high fit (HF, n=8) groups. EU=euhydration. HY=hypohydration. 

Low Fit High Fit 
Pre-Trai n Post-Train 

EU HY EU H Y  EU HY 

Sweat Rate 0.87 0.92 1 .O' 1.03' 1.30 1.28 
(L- h" ) (0.27) * (0.26) * (0.29) * (0.25) " (0.34) (0.35) 

Evaporation 0.3 1 0.26 0.29 0.29 0.38 0.36 
Rate (0.07) (0.06) (0.05) (0.04) (O. 1 3) (0.08) 

(L- h-') 

Average 173.9 175.0 171.4 168.8 175.1 178.0 
Metabolic Rate (8.3) (8.3) (1 2.8) (12.2) (23.8) (24.0) 

( ~ e r n - ~ )  

AT, = L OC 47.y 46.T 50.4" 45.y 41.6 39.2 
(min) (6.1) ( 12.5) (8.3) (10.2) (6.5) (8.8) 

Initial T, 37.08 37-18" 36.93 37.20* 36.85 36.99 
cc) (0.24) * (0.34) * (0.34) (0.35) * (0.22) (0.22) 

Endpoint Tre 38.70 38.63 38.6 1 38.60 39.15 39.20 
(Oc) (0.37) * (0.35) * (0.25) * (0.42) * (O. 18) (0.08) 

Tolerance 93.1 75.8 94.0 80.3 117.6 99.8 
Time (min) (18.9) * ( 14.4) * (16.2) * (1 1.7)* (26.1) (19.8) 

-- - - -- - - 

Values are means (SD) 

* Signincant main effect of hydration 

+ Significant main effect of training 

tt Signifcant difference between LF and HF groups 



Table 6.5 Reasons for the termination of heat stress tests in low fit (LF, n=8) and 
high fit (HF, n=8)) subjects. 

G r o u ~  ' ï iie Tm Heart Rate Volition 



Figure 6.1 Rectal temperature responses of low fit subjects (n=8) pre- (LF-Pre) and 
post-training (LF-Post), and high fit (HF, n=8) subjects during the euhydrated heat stress 
tests, 

O 20 40 60 80 100 
Time (min) 

Values are means I S.D. + Significantly different fkom HF 



Figure 6.2 Rectal temperature responses of low M subjects (n=8) pre- (LF-Re) and 
post-training (LF-Post), and high fit (HF, n=8) subjects during the hypohydrated heat 
stress tests. 

36.5 1 I 
I 

I 
1 

I 
1 I 

O 20 40 60 80 
Time (min) 

Values are means f S.D. ++ S ignificantiy different from HF 



Figure 6.3 Heart rate responses of low fit subjects (n=8) pre- (LF-Pre) and post- 
training (LF-Post), and high fit (HF, n=8) subjects during the euhydrated heat stress tests. 

O 20 40 60 80 1 O0 
Time (min) 

Values are means + S.D. ct Sigmficantiy different fiom HF 



Figure 6.4 Heart rate responses of low fit subjects (n=8) pre- (LF-Re) and post- 
training (LF-Post), and high fit (HF, n=8) subjects during the hypohydrated heat stress 
tests. 

Time (min) 

Values are rneans + S.D. i+ Significantiy different fiom HF 



Figure 6.5 Mean skin temperature responses of Iow fit subjects (n=83 pre- (LF-Pre) 
and post-training (LF-Post), and hi& fit (HF, n=8) subjects duriog the euhydrated heat 
stress tests. 

32.0 1 
O 20 40 60 80 100 

Time (min) 

Values are means f S.D. + Signincant main effect of training; t+ Significantly dflerent 
from HF 



Figure 6.6 Mean skin temperature responses of low fit subjects (n=8) pre- (LF-Pre) 
and post-training (LF-Post), and high fit (HF, n=8) subjects during the euhydrated heat 
stress tests. 

O 20 40 60 80 
Time (min) 

Values are means + S.D. + Significant main effect of training; tç Signifïcantly different 
from HF 



6.1.4.4.ToIerance to the HST 

Tolerance to the HST was determined by t h ,  ethically imposed physiologicai 

endpoints, or subject exhaustion. None of the trials approached the 4 h tirne 1 s t .  In the 

LF inoivduals, the training did not result in an increased tolerance during uncornpensable 

heat stress in either a EU or W state (Table 6.4). In addition, the HF subjects had a 

signincaotly higher tolerance tune of approximately 15-20 min compared to the LF-Pre 

and LF-Post subjects during either the EU or HY trials. In al1 groups, hypohydration 

resulted in a significantly shorter tolerance the ,  with the higher initial T, a likely 

contributing factor. 

A sigmficant disparity in the reasons for termination of the HST was evident 

between the LF and HF groups (Table 6.5). In the LF subjects, the large rnajonty of the 

HST were terminated due to voluntary exhaustion before reaching the ethicaily-imposed 

core temperature limit of 39.3'C. In contrast. most of the HST with the HF subjects were 

terminated due to T, reaching 39.3OC. While voluntary exhaustion w as sometimes 

coincident with this lirnit, the HF subjects ofien felt that they could have continued further. 

As a result, the T, was likely underestimated in this group, but was stiu signincantly 

higher than in LF subjects either pre- or post-training. 

6.1.5. Discussion 

Since the initial studies by Piwonka et al (1965), a general consensus has arisen 

that an elevated level of aerobic fitness is linked to an improvernent in physiological 

response to exercise in the heat (Armstrong and Pandolf 1988). A short-tem penod of 

physical tr&g can produce an increased blood volume (Green et al. 1991, Harrison 

1986), a lower resting core temperature (Shvartz et al. 1974). and improvements in the 

sweatuig responses (Henane et al. 1977, Nadel et aL 1974). In occupational settings, it 

would be of interest to examine whether a short-term penod of training in previously 

untrained subjects can simulate the improved Ievel of heat tolerance seen in subjects with 



high aerobic fitness. In the present study, the subjects with a low aerobic fitness and 

sedentary lifestyles (II) were compared, before and after a two-week aerobic training 

program, with subjects already possessing a high aerobic fitness brought about by months 

or years of habitua1 activity. The subjects were tested while either euhydrated or rnildly 

(-2 % body mas) hypo hydrated to investigate whet her training benefits are more apparent 

with hypohydration. In both an euhydrated and hypohydrated state, short-term training in 

the LF subjects resulted in an intermediate level of themoregulatory and cardiovascular 

strain that was not signincantly different firom that found either before training or in highly 

fit subjects. However, the AT,, T, ,d, and tolerance times remained sigmficantly higher in 

the HF subjects, demonstrating that short-term training was ineffec tive in extendhg 

exercise-heat tolerance in an uncornpensable heat stress environment. 

The short-term training had to be of sufncient intensity to elicit adaptation, yet be 

light enough that the untrained and relatively unfit subjects could perform the entire 

protocol. Tolerance time for untrained and non-fit subjects cycling at 70-75% VO, max 

has been reported to be approximately 50 min (McLellan and Skinner 1985), wMe Green 

et ai. (1991) have stated that not all previously untrained subjects could complete 2 h of 

continuous cycling at 5946 VO, max for the initial few days of a 10-12 day training 

program. Therefore, we chose treadmiu exercise at an exercise intensity of approximately 

65% VO, max in order to allow ail subjects to exercise continuously for at l e s t  1 h daily 

throughout the two-week penod. 

Before undergokg the training program, T, f,, and were signincantiy higher 

in the LF-Pre subjects than in the HF subjects during both the EU and HY triais (Figures 

6.1-6.6). The training penod elicited a core temperature and heart rate response to 

exercise-heat stress that was intermediate between the LF-Pre and HF during both the EU 

and HY trials, resulting in a lack of a significant Merence in the LF-Post subjects 

compared to either the LF-Pre or HF responses (Figures 6.1-6.6). Through the fkst 60 

minutes of the HST, no significant differences were observed in T, and f, between the LF- 



Post and HF. though a trend towards a higher T, and f, in the LF-Post remained. 

However, the HF subjects had both a significantly lower initial and a higher endpoint T, 

than the LF-Pre subjects, and a higher endpoint Tm than the LF-Post subjects (Table 6.4). 

This resulted in a AT, over the course of the HST of 2.3OC in the HF group, significantly 

higher than the 1.6OC A T ,  in either the LF-Pre or LF-Post group. The elevated T, ad in 

the HF subjects suggests that high aerobic fitness andlor habituai activity trains individuais 

to tolerate a higher Ievels of core temperature and discomfort, as the lower T, (Figures 

6.5-6.6) and trend towards a decreasedf, (Figures 6.3-6.4) in the LF-Post compared to 

the LF-Pre argues against either factor being the limiting factor to tolerance. 

In an occupational setting involving work with protective clothing, a major 

question of interest is often the length of tirne that work c m  be performed before the 

subjects reach the point of voluntary exhaustion. With the light exercise intensity of the 

present analysis, the HF subjects exhiiited a longer tolerance time than the LF-Pre 

subjects (Table 6.4), supporting prior cornparisons between fitness groups using 

protective clothing in the heat (see Section 5.3), with heavy exercise (Windle and Davies 

1996), and the general consensus of an irnproved exercise-heat tolerance with increased 

fitness (Armstrong and Pandolf 1988). S hort-term training was unsuccessful in prolonging 

the tolerance time for the LF subjects in either a euhydrated or hypohydrated state (Table 

5.12). Furthemore, despite the lack of any signincant Merence between the HF and LF- 
- 

Post subjects in T,, T,, or f, during either the euhydrated or hypohydrated exercise 

(Figures 6.1 -6.6), tolerance time remained significantly higher in the HF subjects 

compared to the LF-Post subjects (Table 6.4). On the basis of tolerance the ,  therefore, 

short-term training was of no benefit to subjects of low aerobic fitness. 

The increased tolerance times in the HF subjects appear to be primarily due to a 

greater overd range of core temperature which could be tolerated during the HST. The 

Merence in overd core temperature range between the HF and either the LF-Pre of LF- 

Post subjects was approximately 0.7OC (caiculated fkom initial and endpoint T, in Table 



6.4). Extrapolating an hcrease of AT, in the LF-Pre group by 0.7OC. and given the linear 

rate of T, increase of approximately l.O°C per 45 min (Table 6.4), the LF-Pre tolerance 

tirne would increase by 3 1.5 min. In contrast, decreasing the ATE of the HF group by 

0.7"~, the linear rate of T, increase of approximately l.O°C per 40 min would decrease 

their tolerance times by 28 m . .  With an actuai observed difference in overall tolerance 

time of approximately 22 min between the LF-Pre and HF groups, it is evident that the 

ditlierence in tolerance times between the two fitness groups could be largely accounted 

for by the difference in AT,. FoUowing training, the Uiitial T, in the LF-Post subjects was 

slightly, but non-significantly, reduced fkom the LF-Pre during the EU trials. However, the 

T, , remained signincantly lower than in the HF subjects, incikathg that the training did 

not adapt the LF individuals towards tolerating a higher T, or ATE before reaching 

voluntary exhaustion. 

Indeed, the ciifference in AT,, T, ad, and tolerance times between the HF and LF 

groups (Table 6.4) was Wcely underestimated in the present study due to our definition of 

tolerance. The test sessions were terminated when subjects either reached the point of 

voluntary exhaustion and collapse or efse a T, of 39.3OC was reached. However, the 

termination of the HST was primarily due to voluntary exhaustion, at a T, below 39.3OC, 

in the LF subjects. In contrast, the HF subjects typicdy terminated the HST due to T, 

reaching 39.3OC (Table 6.5). Whüe voluntary exhaustion was sometimes coincident with 

T, reaching the ethical limit, the HF subjects subjectively felt that they could continue 

fùrther in most cases, such that the time required to reach voluntary exhaustion was Iikely 

underes timated. 

Hypohydration has k e n  previously demonstrated to impair thennoregdatory 

abilities and tolerance in a hot environment in subjects with heterogenous fitness 

characteristics (Candas et aL 1988, Sawka et ai. 1985, Sawka et al. 1992). Compared with 

fit individuals, however, the adaptations brought about by a short-term training program 

are likely to be greater in a group of subjects with low to moderate fitness (Havenith et al. 



1995). Therefore, it was originally hypothesised that short-term training might increase the 

exercise-heat tolerance of the LF-Post to match that of the HF subjects even in a 

hypohydrated state. In a pattern identical to that observed during the euhydrated triais, the 

Tm Tk, andf, were similar between the LF-Post and HF subjects (Figures 6.1-6.6), but 

the T, ad, ATE, and tolerance times remained higher in the HF subjects (Table 6.4). 

Therefore, the short-term training was ineffec tive in improving exercise-heat tolerance in 

the LF-Post compared to the HF subjects in either an euhydrated or hypohydrated state. 

Due to the constraints imposed by the cross-sectional experimental design, care 

must be taken to avoid automatically assuming that fitness was the primary or ody factor 

responsible for the differences observed durhg exercise-heat stress between the LF and 

HF groups. The cornparison of fitness levels was made between two subject groups 

separated based on aerobic fitness and activity levels. In addition to signincant differences 

in VO, max, the HF subjects &O had a lower body mass and body fat content. Each of 

these factors, dong with several other factors which were not measured, could also 

contribute to the observed differences. In defence of the primacy of aerobic fitness, the 

lower body fat content and body mass was iikely an indirect result of increased activity 

and VO, man Furthermore, groups with higher ~ 0 , m a x  were previously reported to 

demons trate improved physio logical strain and to lerance during exercise-heat stress in 

both a hot-dry (Shvartz et al. 1977) environment and while wearing protective clothing in 

the heat (Windle and Davies 1996), and aerobic fitness was found to be significantly 

correlated wit h p hysiological strain (Havenith et al. 1995, Havenith and van Middendorp 

1990). 

Another caveat to the interpretation of the results is to avoid an overemphasis on 

the dependent measure of tolerance time as the primary determinant of heat strain. While 

tolerance time is often the masure of most practical or occupational interest, its reliabiiity 

and repeatability during submaximal exercise in a thermoneutral (McLelIan et al. 1995) or 

an unconipensable heat stress (Montain et al. 1994) environment has been criticised. In the 



present study, the claims of a decreased heat strain and an increased exercise-heat 

tolerance in the HF compared with either the LF-Re or LF-Post subjects are supported by 

an increased ATm and T, ,d in addition to the increased tolerance times. 

In summary, the present study attempted, in a group of subjects with relatively low 

aerobic fitness, to replicate the decreased physiological strain and increased tolerance 

typically seen with high VO,IMX and habitual exercise by using a short-term aerobic 

training program consisting of two weeks of daily exercise. Prior to the training period, 

inactive individuals of low aero bic fitness expenenced signincantly greater phy siological 

strain and decreased tolerance during both euhydrated or hypohydrated exercise compared 

to active individuals with high aerobic activity. Following training. cardiovascular and 

therrnoregulatory strain were similar in individu& of low fitness compared with those of 

high fitness during both the euhydrated and hypohydrated triais. However. the range of 

core temperature that could be tolerated during the heat exposure remained signincantly 

lower, as did the final T, before the omet of voluntary exhaustion and overall tolerance 

t h .  It was concluded that, in preparation for exercise in an uncornpensable heat stress 

environment, short-term aerobic training is not an adequate substitute for a high level of 

aerobic fitness resulting from habitual exercise and training. 



6.2. Relative influence of aerobic fitness and individual characteristics on 
responses to uncompensable heat stress 

6.2.1. Introduction 

The analyses detailed in Chapter 5 and Section 6.1 have concluded that, while 

wearing protective clothing with Limited water vapour penneability, both aerobic fitness 

and hydration status are sigaincant determinants of physiological responses and tolerance 

to exercise-heat stress. In contrast, despite minor improvements in physiological 

responses, exercise-heat tolerance was unaffiected by either short-term aerobic training in 

previously non-fit individuals or a period of heat accb t ion  regardless of fitness. The 

purpose of the present study was to analyse the relative Muences of inter-individual 

variations in aerobic fitness, hydration status, and anthropometric measures on the 

physiological responses and tolerance to uncompensable heat stress. 

6.2.2. Methodi 

6.2.2.1. Ekperirnental Design 

The subject pool of 34 subjects were derived f?om the Fit subjects in Section 5.1 

(n=5), the LE-Train (n=8) and LF-Control (n=6) subjects of Section 5.2, and the LF-Acc 

(n=7) and HF-Acc (n=8) subjects of Section 5.3. Subjects who did not achieve a 

hypohydration of at least 1.5% body mass were not included. The trials that were included 

in the present analysis were: the EUIF and HY/F conditions for Fit subjects during light 

exercise and the Pre-EU and Pre-HY trials for the LF-Train, LF-Controi, LF-Acc, and 

HF-Acc groups. The exercise-heat stress was therefore standardised at an absolute 

intensity of 3.5 km. h-' and 0% grade in an environrilent of 40°C, 30% relative humidity, 

andawindspeed<O.l mas-'. 



6.2.2.2. Data Analyses 

For the hypohydrated triais, the level of hypohydration (%HY) was calculated as 

the difference in nude body mass between HY and EU, expressed as a percentage of the 

EU nude body mass. The relative intensity (% VO, max) of each HST was calculated by 

dividing the average oxygen uptake ( V% ) over the course of the HST by the subject's 

VO, mm. 
- 

For the present anaiysis, the values for Te, T, , f,, and HG at t=60 min were used 

for cornparison, as this was the longest common tolerance time for which ail subjects 

completed the HST. the T, ad was taken as the core temperature at which the subjects 

were removed fiom the HST. 

Data are presented as the means and the standard deviations of the entire subject 

pool, dong with the minimum and maximum response. Each independent variable was 

separately correlated with the physiological responses to the HST. Based on these 

correlations, a stepwise multiple linear regression analysis was perfo rmed, with the order 

of the steps determined by the investigator. The measure of fitness ( VO, max in L - min-' , 

mL - kg-' -min-' , or mL -kg LBM-' . min-' ) or relative exercise intensity (% VO, max) 

with the highest correlation was taken as the first step in the regression analysis. Upon 

introduction of this variable into the equation, the anthropometric parameters related to 

body composition (body mass, LBM, BF, AD, or &,:mas) were included in the regression 

equation if they correlated significantly with the remaining variance. The rij was 

calculated to account for the number of predictors used in the regression. 

6.2.3. Results 

6.2.3.1. Subjects 

The data for the means and ranges of the individuai characteristics for the 34 

subjects are presented in Table 6.6. The subjects represented a heterogeneous spectnim of 

anthropometric measures. However, due to the requirement for a distinct separation in 



Table 6.6 Physicd characteristics of the subjects (n=34), with mean, minimum, and 
maximum vahies for age, aerobic capacity (VO, max), body mass, percent body fat, lean 
body mass (LBM), Dubois surface area (Ao). 

Mean SD Minimum Maximum 

Age (Y) 29.2 6.4 19 40 
V O ~  max ( L - min-' ) 4.09 0.64 3 .O8 5.55 

VO, max 50.2 7.7 38.9 66.1 

( rnL - kg-' - min-' ) 
VO, max LBM 59.7 7.0 48.1 76.5 

( mL - kg-' - min-' ) 
Body Mass (kg) 82.1 11.4 64.0 104.5 
Body Fat (%) 16.1 5.1 8.4 26.1 

LBM 0%) 68.5 7.6 54.5 80. I 
AD (mZ) 2.00 0.14 1.77 2.29 

AD:mûss ( rn2 - kg-' - ~d ) 2.46 0.20 2.18 2.85 



aerobic fitness in designhg Sections 52-53, and the gewrally high VO, max of subjects 

in Section 5.1, individuah with a maximal aerobic power between 50-55 mL - kg-' -min-' 

were largely excluded from the subject population. 

6.2.33. Physiologieal Responses 

The heat stress index (HSI = E, -E,-') with the rnetabolic rate and climatic 

conditions used in the HST was approximately 2.5, such that heat storage continued 
- 

throughout the HST and the subjects were unable to achieve a plateau in either Tm T, , or 

f,. The mean and ranges of physiological responses to the euhydrated and hypohydrated 

HST are presented in Tables 6.7 and 6.8, respectively. The subjects demonstrated a wide 
- 

variation in physiological responses. The values for T,, T, , f, and S were cornpared at 

60 min, as this was the maximum exercise t h e  completed by aU subjects in either the EU 

or HY conditions. As outlined in Table 6.9, a distinct disparity was evident in the reasons 

for termination of the HST. The subjects in the three LF groups generally reached the 

point of voluntary exhaustion before their core temperature reached the ethicaily-imposed 

limit of 39.3'C. In contrast, while voluntary exhaustion was sometimes coincident with a 

T, of 39.3OC in the HF subjects, many of the HF could LikeIy have continued further. 

The fkst order correlations of the individual parameters with the physiological 

responses to the euhydrated and hypohydrated HST are presented in Tables 6.10 and 6.1 1, 

respectively. Surnmaries of the stepwise multiple regression analyses for the euhydrated 

and hypohydrated HST are presented in Tables 6.12 and 6.13, respectively. 

613.3. Rectal Temperature 

A prediction equation for T, after 60 min during both EU and KY trials could not 

be constructed, as none of the measured parameters reached a signincant correlation. 

Rectal temperature at the termination of either HST showed a strong correlation 

with several indices of aerobic fitness and individual characteristics for both EU and HY. 

For both EU and HY, the strongest regression equation was produced with relative 



Table 6.7 Physiological responses of  the subjects (n=34) to the euhydrated heat stress 
test, with mean, minimum, and maximum values for relative work intensity (46 VO, max), 
Ievel of  hypohydration (95 body d y s ) ,  rectal temperature (T,), heart rate (HR), and s k m  
temperature (Tk ) after 60 minutes, sweat rate (SR), evaporation rate, change in T, 
(AT& heat gain (HG), and tolerance tirne (TT) caiculated over the entire HST. 

Mean SD Minimum Maximum 

(% VO, max) 

T m  cc) 
HR ( b .  min-') - 

'&k ec) 
S R ( L - h - ' 1  

Evaporation rate ( L - h-' ) 
AT,: cc) 
T, end $C) 
HG 0 
ïT (min) 



Table 6.8 Physiological responses of the subjects (n=34) to the hypohydrated heat 
stress test (HST), with mean, minimum, and maximum values for relative work intensity 
(% V O ~  mm), level of hypohydration (% body weight), rectal temperature (T,), heart rate 
(HR), and skin temperature (TJ after 60 minutes, sweat rate (SR), evaporation rate, 
change in T, (AT,), heat storage (S), and tolerance time (TT) cdculated over the entire 
HST. 

Mean SD Minimum Maximum 

(% VO, max) 

- 
T,, ec) 

S R ( L - ~ - ~ )  
Evaporation rate ( L - h" ) 

AT, ec) 
T, end (OC) 
HG (kJ) 
ïT (min) 



Table 6.9 Reasons for the termination of heat stress tests in the four groups of 
subjects in the three studies, with subjects dehed as low fit (LF), fit, (Fit), or high fit 
(HF)- 

Group T i e  Core Temperature Heart Rate Volition 

Section 5.1 Fit) O 
(n=5) 

Section 5.2 (LF') O 
(n= 14) 

Section 5.3 (LF) O 
(n=7) 

Section 5.3 0 O 
(n=8) 



Table 6.10 First order correlations of the individual parameters of the subjects (n=34) 
with physiologicai responses to the heat stress test while euhydrated, either measured 
overd or over the first 60 minutes of heat exposure. Correlation coefncients with 
absolute values above 0.34 @old print) are sigmficant to p < 0.05. 

- 
TR %k SR Evap AT, T,end HG T T  

A@ -0.20 -0.30 -0.27 0.11 -0.09 -0.14 -0.11 -0.07 0.13 
VO, max -0.14 -0.44 -0.22 0.71 0.66 054 0.49 -0.25 0.41 



Table 6.1 1 Fît order correlations of individual parameters of the subjects (n=34) with 
physiological responses to the heat stress test while hypohydrated, either measured overd 
or over the first 60 minutes of heat exposure. Correlation coefficients with absolute 
values above 0.34 @old print) are significant to p c 0.05. 

HR 
- 

TE x k  SR Evap A T  T,end HG TT 

Age -0.17 -0.15 -0.21 0.09 -0.08 -0.24 -0.19 -0.11 0.01 
VO, max -0.01 -0.51 0.15 0.58 0-45 035 0.45 -0.10 038 

VO, max (kg) -0.02 -0.41 0.01 0.68 0.65 0.75 0.78 -0.62 0.62 

VO, max 0.05 -0.44 0.1 1 0.67 0.61 0.65 0.73 -0.45 0.54 

% VO, max 0.3 1 0.57 0.21 -0.50 -0.61 -0.66 -0.67 053 -0.78 
% H Y  0.19 -0.01 -0.18 0.28 0.26 0.02 0.19 -0.30 0.04 
Mass 0.03 -0.12 0.17 -0.09 -0.20 -0.49 -038 0.56 -0.28 

Fat (%) 0.13 0.19 0.20 -0.40 -0.45 -0.64 -0.56 0.67 -0.50 
LBM -0.05 -0.24 0.1 1 0.09 -0-03 -0.26 -0.16 0.32 -0.07 
AD 0.00 -O.!? 0.05 -0.07 -0.18 -0-44 -0.36 0.54 -0.25 

AD:rnass -0.03 0.06 -0.27 0.1 1 0.22 0.49 035 -0.48 0.27 



Table 6.12 Regression coefficients for the physiologicai responses to the heat stress 
test with the individual parameters of the subjects (n=34) while euhydrated. 

T m  

m - 
Tk 
SR 

Evap 
ATre 
T, end 
HG 
TT 



Table 6.13 Regression coefficients for the physiological responses to the heat stress 
test with the individual parameters of the subjects (n=34) while hypohydrated. 

Variable Constant ~ 0 ~ r n a . 1 ~  VO, max ~ 0 ~ m a x  % ~ 0 , r n a x  % Age AD 

&a) (LBM) H Y  

TE 
HR - 68.6 

Tsk 

SR -0.146 
Evap -0.015 
A L  -0.89 
T, end 36.72 
HG 155.9 
TT 186-9 



VO, max, expressed in ml - kg-' - min-' , with no other individual characteristic being 

siwcantly correlated wiîh the remaining variance. 

The range of T, an individual could tolerate over the course of the HST (ATa 

was primarily influenced by the Ievel of aerobic fitness. Relative exercise inteosity 

(% V O ~  max) provided the best regression with AT, during EU, with no other signincant 

contributhg factors king found. Relative VO, max (in mL kg-' min-' ) provided the 

best prediction for ATT, during HY. 

6.2.3.4. Heart Rate 

Heart rate at the end of 60 min during either EU or HY correlated signincantly 

o d y  with masures of aerobic fitness. The best regression equation was based on relative 

exercise intensity ( % ~ ~ , m a x ) ,  with no other individual characteristic providing a 

signincant correlation after this first step. The amount of variance expiained £iom the 

prediction equations were low for both EU and HY. 

6.2.3.5. Skin Temperature 

Skin temperature after 60 min had minimal correlation with any measured variable. 

During EU, T, was significantly correlated with % m,rnax, though it explained only 

10% of the observed variance. None of the measured parameters was significantly 

correlated with durhg W. 

6.2.3.6. Sweating and Evaporation 

During EU, the rate of sweating was primarily predicted by an individual's 

vo2max relative to Iean body mass (6 kg LBM-' min-'), with the subsequent 

incorporation of age producing a small, but significant, increase in r i j .  The absolute 

~ 0 , r n a x  provided the strongest prediction of the rate of sweat evaporation when 

euhydrated. During HY, both the rate of sweat production and evaporation exhiited a 

strong correlation with an individuai's relative VQ max. 



663.7. Heat Storage 

The rate of heat storage during the HST had strong correlations with indices of 

aerobic fitness as well as with anthropometric measures of mass, body fat, and surface 

area. Of the fitness indices, relative VO, max (in ml kg-' - min-' ) provided the 

regression equations with the highest ra:j for both EU and W. Following incorporation of 

relative ~ 0 ~ m a . x  into the prediction equations for both EU and HY, heat storage 

remained signincantly correlated with absolute surface area. 

6.2.3.8. Tolerance Times 

Of the anthropometric measures related to body composition, only body fat 

content was iuitially signincantly correlated with tolerance times for both EU and HY. 

However, for both EU and HY, the relative exercise intensity (96 V O ~  max) provided the 

strongest correlation to tolerance times, explaining 50-60% of the inter-individuai 

variance. 

6.2.4. Discussion 

The wearing of protective clothing dters the interaction between the individual and 

the environment, and presents a number of additional challenges in predicting the 

physiological response to exercise in the heat. Metabolic rate, environmental conditions, 

and the degree of encapsdation within the protective clothing are important determinants 

of physiological response and tolerance during exercise in the heat (Montain et al. 1994). 

In addition, clothing-specific variables can drarnatically affect the ability to therinoregdate 

and maintain heat balance (Nunneley 1989). For example, the bulk and weight of the 

clothing increases the rnetabolic cost of activity and the rate of heat production (Duggan 

1988, Patton et al. 1995), while the fit of the clothing and its permeability to water vapour 

affects the rate of heat dissipation (Holmer 1995). 

Inter-individual variations in fitness, anthro pome tric masures, and hydration 

statu, can also signincantly idluence the response to exercise-heat stress (Havenith 1985, 



Havenith et al. 1995, Havenith and van Middendorp 1990, Kenney 1985). Despite the 

additional variability brought about b y clothbg, differences in individual c harac teris tics, 

no tably aerobic fitness, remained a significant determinant of physiological responses to 

exercise in an uncornpensable heat stress environment. Aerobic fitiess was represented in 

either absolute or relative t e m  or by expressing the k e d  work load as a percentage of 

VO, max, and was found to be significantly correlated with ail measured variables in either 

an euhydrated or a hypohydrated state. Compared with other individual characteristics, 

aerobic fitness formed the strongest correIation with aiI physiological responses to 

exercise-heat stress and with exercise-heat tolerance, with the lone exception of body fat 

content, which provided a slightly higher fkst order correlation with heat storage while 

hypohydrated. Therefore, a masure of aerobic fitness was used as the first step in the 

design of regression equations estimating the physiological responses. 

While variations in fitness and anthropometric rneamres were found to contnbute 

signincantly to inter-individual responses during exercise-heat stress in the present 

andysis, the relative predictive values of the calculated equations, while significant, were 

not overly high. In a hot-humid environment while wear-hg ody shorts, Havenith (1995) 

reported r i j  values of 0.6-0.8 for many of his variables. In contrast, the HST in the 

uncornpensable heat stress environment produced by the wearing of protective clothing 

with limited water vapour permeability resulted in r i j  values ranging fiom non-significant 

to a high of only approximately 0.60 (Table 6.12-6.13). Several reasons may help to 

explain the lower proportion of variance explained by aerobic fitness and individual 

characteristics in the present analysis. Fistly, a high degree of unexplained variance couid 

be brought about by a subject population insufficiently heterogeneous in it physical 

characteristics and fitness. However, the original design of the study resulted in a strong 

selection criteria for subjects with a wide range of aerobic fitness. Subjects with a 

VO, max of 50-55 mL - kg-' min-' were dehiberately excluded in the experimental design 

of Sections 5.2-5.3. resulting in a selection favouring a wide distriintion of aerobic fitness. 



The subjects also exhibited a high degree of heterogeneity in all other anthropometric 

measures (Table 6.6). 

An alternative explanation is that the addition of the NBC clothing introduced a 

significant proportion of variance into the system A microenvironment of as much as 50 L 

can be created in the air volume between the skin surface and the suit when wearing 

protective clothing (Sullivan et ai. 1987). The multiple Iayers of clothing signincantly 

irnpede the rate of heat dissipation, with each layer forming a separate microenvironment 

with different insulative properties and water vapour permeability (Sullivan and Mekjavic 

1992). In addition, the efnciency of evaporative heat loss is reduced, as the sweat can be 

evaporated in the air layer above the skin layer and also because some of the heat of 

vapourisation may corne fkom the ambient environment (Nme1ey 1989). Because of 

these reasons, the use of dressed weight losses in either calorimetric or thermometric 

calculations signifïcantly overestimated the acnial evaporative heat loss fiom the s b  and 

underestimated the heat storage within the body (McLellan et al. 1996). Therefore, 

d o  thing charac teristics must be factored into heat strain predictive models (Holmer 1995). 

However, even when the same clothing ensemble is wom, individual variance cm remain 

high. The fit of the clothing to the individual will influence the relative buikïness of the 

clothing. This may alter gait mechanics and walking efficiency, and therefore, idluence the 

rate of metabolkm and heat production (Patton et al. 1995, Teitlebaum and Goldman 

1972). Clothing fit ais0 determines the volume of the microenvironment, which would 

impact on evaporative heat loss nom the skin and the amount of heat stored within the 

body versus within the microenvironment (Sullivan et al. 1987). Furthemore, individual 

variance in the sweatmg rate within the clotbing would infiuence the degree of clothing 

saturation and its insulation value (Candas and Hoeft 1995, Craig and Moffitt 1974). 

Lastly, the combination of clothing fit and saturation could affect psychological discomfort 

within the clothing. As the heat gain calcdation in the present anaiysis does not account 



for the heat stored within the microenvironment, the total heat storage within the clothing 

ensemble is likely underestimated. 

One potential benefit fkom habitud exercise and high aerobic fitness is an increased 

rate of sweat production (Nadel et al. 1974, Taylor 1986). In a thermoneutral 

environment, the higher sweat rate increases the evaporative heat loss and decreases the 

heat storage within the body. When wearing protective clothing, however, the limited 

water vapour permeability may resuit in increased sweating, thereby promoting a faster 

rate of dehydration, rather than increasing the evaporative heat loss. In the present 

analysis, both the sweating and evaporation rate were found to be signiîîcantly related to a 

measure of maximal aerobic power. Therefore, an increased aerobic fitness appears to 

benefit heat tolerance by increasing the rate of heat dissipation to the environnient even 

durhg uncornpensable heat stress. As discussed above, however, caution should be taken 

to avoid directly Iuiking elevated evaporation rates with decreases in heat storage when 

wearing protective clothing, due to the overestimation of evaporative heat loss fkom the 

skin and the variance in interactions between the individual and the microenvironment 

within the clothing. 

A greater tolerance time with an increased level of aerobic fitness appears to be 

due primarily to the higher core temperatures which could be tolerated during the HST, 

with a sigiuncant relationship between a measure of aerobic fitness and both Tm ad and A 

T, (Tables 6.10-6.1 1). A significant disparity in the reasons for termination of the HST 

was evident between the subjects with low, versus those with high, aerobic fitness (Table 

6.9). In the original studies, subjects were categorized as king low fit (LE) and high fit 

0 based on theû VO, max and active pattern (Sections 5.2-5.3). LF subjects primarily 

terminated the HST due to volunt ary exhaustion before reaching the ethically-imposed 

core temperature limit of 39.3OC. In contrast, most of the HST with the Fit and HF 

subjects were terminated due to T, reaching 39.3OC. While voluntary exhaustion was 

sornetimes coincident with this limit, the subjects often felt that they could have continued 



M e r .  As a result, the T, was likely underestimated in those individuals with a high 

VO, max. The higher T, ad with aerobic fitness would increase the AT,, which in nim 

would increase tolerance t h e  given a s S a r  rate of T, increase. 

Therefore, our definition of tolerance may have distoned the nature of the 

relationships between the individual characteristics and the physiological responses to 

exercise-heat stress and exercise-heat tolerance. Due to the ethical requirement to 

terminate the HST at 39.3'C, an artincial ceiling was imposed on the maximum T, md 

possible. Nearly half of the HST, almost ail of which involved subjects in the two groups 

with a high ~0 ,max ,  were termioated upon reaching the T, lirnit rather than because 

subjects reached the point of voluntary exhaustion (Table 6.9). Therefore, both the m e  

T, and the tolerance time at which voIuntary exhaustion could be expected were likely 

underestimated in those with high VO, max values. This would have the effect of 

increasing the inaccuracy of the regression and the remaining variance. Therefore, due to 

et hicai considerations, the true nature and strength of the relationship between aero bic 

fitness and either T, ad or tolerance time could not be determined confidently with our 

protocol. 

In summary, inter-individual variations in aerobic fitness and anthropornetnc 

characteristics were found to have a significant innuence on the physiological responses to 

exercise in an uncornpensable heat stress environment while either euhydrated or 

hypohydrated. It therefore remains necessary to incorporate individual characteristics into 

modeis designed to estimate responses when protective clothing is wom. However, the 

proportion of variance accounted for by individual characteristics was less than that 

reported for a hot-humid environment where clothing was not a consideration. This may 

have been due to an increased amount of variance brought about by the addition of 

protective clothing with low water vapour permeability. 



7. GENERAL DISCUSSION AND SUMMARY 



7.1. Gened Discussion 

The present research was developed to investigate the separate and interactive 

Muences of hydration status, fluid replacement, short-term aerobic training, heat 

acclimation, and aerobic fitness during exercise in the heat. To our knowledge, this 

research program is unique in designhg a senes of experiments with consistent 

methodology in order to study the interactions between these factors. The research 

focused on an uncompensable heat stress environment, where the capacity for evaporative 

heat loss is less than the amount required to maintain thermal equilibrium. This condition 

was produced by exercising in a hot environment while wearing the NBC protective 

clothuig, a multilayered clothing ensemble with a high insulative capacity and a low water 

vapour permeabiiity worn by the Canadian Forces. It is anticipated that the kdings of this 

research would be applicable to other occupational settings that feature the wearing of 

protective clothing in the heat, including firefighting and nuclear or chemicai waste 

disposal. 

In a cornpensable heat stress environment, or where clothing with signincant water 

vapour permeability is worn, it is generaily accepted that hypohydration prior to exercise 

produces a significant impairment in the physiologicd responses and toierance to exercise. 

The present research extends this hding to an uncompensable heat stress environment. 

Regardless of an individuai's training, fitness, or acclunation status, minor (2-2.596 body 

mass) levels of hypohydration prior to exercise sigtilncantly increased cardiovascular and 

thermal strain and decreased exercise-heat tolerance in ai i  subject groups in each of the 

three experimental studies, demonstrating the relative importance of hydration status 

compared with physiological treatments or individual characteristics (Chapter 5). The 

relative importance of hydration status was &O highlighted by the observation of a 10% 

decrease in tolerance times while exercising at a heavy intensity during the HYlF trials 

compared with the EUE triais (Section 5.1). In coatrast, a previous study in our 



laboratory with NBC clothing in the heat, which used a simüar metabolic rate, reported 

that neither aerobic training nor heat acclimation were successful in increaçing exercise- 

heat tolerance (Aoyagi et al. 1994). However, the 10% decrement in performance 

translated into an absolute decrease in tolerance time of ody  6 min, which is not of 

practical concem for the military. 

The subsequent two studies employed ody the light exercise intensity employed in 

the initial study. This üght rnetabolic rate was chosen in order to maximise the potentid 

ciifferences in tolerance times observed with aerobic training or heat acclimation (Aoyagi 

et al. 1994, McLellan 1993). In the present research, following a two-week period of 

either daily aerobic training or heat acclimation, ody minor improvements in the 

physiological responses to exercise were reported in either an euhydrated or hypohydrated 

state. However, tolerance times were not improved following either intervention (Sections 

52-53). Similarly, in a group of individuals with high aerobic fitness and activity levels, 

thermal strain was mildy attenuated following heat acclimation, but no differences were 

observed in tolerance times (Section 5.3). The finding that heat acclimation had no effect 

on exercise-heat tolerance in both the Iow and high fitness groups is in contrast to two 

previous studies in our laboratory, which demonstrated signifïcant decreases in 

physiologicd strain and increases in tolerance time during exercise in the heat with NBC 

clothing following heat acclimation (Aoyagi et al. 1995, McLeilan and Aoyagi 1996). 

A possible explmation for the disparity in the results between the present and 

previous research lies in the interaction between fluid replacement and training or heat 

acclïmation. During these previous s tudies, no fluid replacement was provided (Ao yagi et 

al. 1995, McLellan and Aoyagi 1996). However, fluid replacement and the prevention of 

dehydration during exercise is another intervention that had a significant impact on 

exercise in an uncornpensable heat stress environment. Compared with the maintenance of 

an euhydrated state during exercise, achieved by providing water at regular intervals, 

progressive dehydration resulted in an increase in cardiovascular strain at both light and 



heavy exercise intensities and a decrease in tolerance time during light exercise (Section 

5.1). During light exercise, physiological strain and tolerance times were similar between 

the EU/NF and HY/F trials. indicating that fluid replacement durhg exercise was as 

important as hydration status prior to exercise (Section 5.1). Fluid replacement may have 

extended exercise-heat tolerance during the pre-training or pre-acclimation HST to near 

the maximum poss &le given the uncornpensable heat stress environment, thereby limiting 

the amount of additional improvement that could be achieved with training or heat 

acclimation. The hdings of the present researc h, t herefore, underline the m o r t  ance of 

maintaining euhydration both before and during exercise as an intervention towards 

maximising exercise-heat tolerance in an uncornpensable heat stress environment. 

While aerobic training and heat acciimation did not influence exercise-heat 

tolerance, one of the consistent ridings from the present research was the improved 

physiological response and tolerance time to exercise-heat stress in individuals with high 

aerobic fitness and a pattern of habitual physicai activity compared with inactive 

individuals with low aerobic fitness (Section 5.3). hproved exercise-heat tolerance with 

high fitness was observed in both an euhydrated or hypohydrated state, either before or 

after a period of heat acclimation. In addition, though short-term aerobic training in a 

group of unfit and previously untrained individuals was able to improve the physiological 

response to a level simiIar to that of highly fit and active individuals, tolerance time still  

remained signincantly lower after training (Section 6.1). While the experimental design 

does not permit the direct interpretation of an iniprovement in exercise-heat tolerance due 

to high aerobic fitness and habitual activity, it is evident that the observed irnprovement 

could not be replicated by either short-term aerobic training or heat acclimation programs. 

The rnechanisms or factors responsible for the irnproved exercise-heat tolerance in 

highiy fit and active individuals remaius unclear but the present work offers some clues. If 

fitness is the prhary factor, then it is reasonable to assume that, at some point with 

conthued aerobic training, tolerance times would increase to the level of those who are 



highly fit. At what point does this occur, and what is the ideal training program? Though 

a wide range (40-65 mL - kg-' - min-' ) of VO, rnax was included in the present research, 

fitness accounted for less than 50% of the inter-individual variations in tolerance times 

(Section 6.2). Therefore, it is likely that a combination of factors determine exercise-heat 

tolerance. The lower body fat content of the highly fit group may have influenced the rate 

and capacity of heat storage, but it did not achieve significance once fitness was entered 

into the predic tion equations (Section 6.2). Other possible explanations are that habitual 

exercise accustoms an individual to tolerating higher levels of skin wettedness or 

discornfort, 

One of the primary distinguishing characteristics between the low and high fitness 

groups was the greater overd range of core temperature which could be tolerated during 

the heat exposure by highly fit individuals, regardless of hydration, training, or acclimation 

status (Section 5.3, 6.1). Both a lower initial and a higher endpoint T, contriiuted to the 

increased AT, of approximately 0.7'C in highly fit individuals. Given a similar rate of rise 

in core temperature, this difference in AT, would account for much of the dinerences in 

tolerance times between fitness groups. The dinerence in ATT, and tolerance tirnes 

between the fitness groups may have even k e n  underestimated due to the ethical T, limit 

of 39.3'C. The majority of the low fitness subjects terminated the trials due to voluntary 

exhaustion at a T, below 39.3'C. In contrast, the majority of the highly fit subjects 

terminated the trials due to reaching a T, of 39.3'~, and most reported that they could 

likely have voluntarily continued m e r .  The physiological or psychological mechanisms 

by which the highly fit individuals were able to tolerate a higher core temperature remain 

unclear and an interesting recommendation for future research. 

7.2. Conclusions 

In response to the initial objectives outhed in Chapter 3, the following 

conclusions may be drawn fiom this research: 



1. Hydration status is a critical determinant of exercise-heat tolerance. Minor (2-2.54 

body mass) levels of hypohydration prior to exercise signincantly increased 

physiological strah, w ith an elevated core temperature and heart rate response. 

Hypohydration decreased tolerance tirne cornpared to a euhydrated state at bo th a 

light and a heavy exercise intensity. Fiuid replacement during exercise signincantly 

increased tolerance during light intensity exercise, but was of no benefit during the 

heavy exercise intensity. It is speculated that this was due to the rapid onset of 

exhaustion kom O ther factors compared with the delay required between the intake 

of fluid and its absorption into the body. The improvements during fluid 

replacement during light exercise may have minimised any benefits in exercise-heat 

tolerance that were expected fiom either the heat acclimation or short-term aero bic 

training program. 

2. In a group of unfit and previously untrained iudividuals, short-term aerobic training 

was inenective in reducing the physiological strain or prolonging tolerance time 

during exercise in an uncompensable heat stress environment in either a euhydrated 

or hypohydrated state. Minor hypohydration (2-2.5% body mass) significantly 

impaired exercise-heat tolerance regardless of training status. 

3. Heat acclimation mildly attenuated physiological strain during exercise in an 

uncompensable heat stress environment in either an euhydrated or hypohydrated 

state, but did not significantly prolong exercise tolerance. Minor hypohydration (2- 

2.5% body mas) signincantly impaired exercise-heat tolerance regardless of 

accbation status. 

4. In unfit and previously untrained individu&, neither heat acclimation nor short- 

term aerobic training significantly improved exercise tolerance in an 

uncompensable heat stress environment. 

5. Aerobic fitness was a sigdicant determinant of exercise-heat tolerance in an 

uncompensable heat stress environment. Compared to individuals who were unfit 



and untrained, individuais with high Ievels of aerobic fitness and habitua1 activity 

experienced decreased levels of thermal strain and had significantly longer 

tolerance times in either an euhydrated or hypohydrated state. The primary 

distinguishing characteristic was a higher AT, in fit individuals, due to a 

combination of a lower initial TE and a higher T, at endpoint. Fit individuals also 

experienced greater adaptation to heat followiag a heat acclimation program than 

did unfit individuals. 

6.  Physiologicai responses to exercise-heat stress were similar in unfit and untrained 

inaivduals following a short-term aerobic training program compared to highly fit 

and active individuais. However, tolerance time remained signincantiy higher in the 

fit individu&, primarily due to a lower initial T, and a higher T, at the endpoint, 

which resulted in a greater AT,. 

In addition, the following issues, which were not original research objectives, were 

raised during the course of this research: 

7. The limit to exercise-heat tolerance, as defined by the endpoint T ,  is not influenced 

by hydration, training, or heat acclimation status. The similarity in the endpoint Te 

was in contrast to studies which observed a signincantly lower T, at exhaustion with 

hypohydration (Sawka et al. 1985, Sawka et al. 1992). However, the reduced 

tolerance times and lower T, endpoints were only observed with signincantly greater 

(5-7%) levels of hypohydration than in the present study, with no differences 

observed at 3% hypohydration (Sawka et al. 1985). 

8. Minor (2-2.5s body mas) hypo hydration resulted in a decreased respiratory 

exchange ratio, primarily due to a decreased VCO,. The finding of a decreased RER 

during hypohydration in the heat is different fiom that observed in thennoneutrd 

environments, where hypohydration did not elicit any differences in VO, or RER 

during submaximai exercise (Dengel et al. 1992, Neufer et ai. 1989). 



9. Inter-individual variations in aerobic fitness and anthropometric characteristics were 

found to be significant predictors of physiological responses to both euhydrated and 

hypo hydrated exercise in an uncompensable heat stress environment. The proportion 

of variance accounted for by individual characteristics, ranging fkom 0.4-0.6, was less 

than that reported for a hot-humid environment where clothing was not a 

consideration, which ranged up to 0.8 (Havenith et ai. 1995). Therefore, it remains 

necessary to incorporate individual characteristics into models designed to estimate 

responses when protective clothing is wom. 

7.3. Limitations of the Research 

In addition to the caveats discussed in Chapters 5-6, the foiIowing limitations may 

arise in the interpretation and/or application of this research: 

1. During an operational scenario in the field, psychological pressures and anxiety, 

hadequate nutrition, and sleep deprivation form additional stresses that may 

magnify the effects of any clifferences in physiology or hydration, or else 

ovenvhelm the effects resulting fkom any physiological treatment. Each of these 

factors are also capable of affecthg performance, and are dificuit to replicate in a 

laboratory setting. 

2. As discussed in Section 5.2, the short-term training program m y  have been of 

insufficient intensity to provoke heat adaptations. However, it is unlikely that a 

higher intensity training program would have been successful in improvhg 

exercise-heat tolerance in this uncompensable heat stress environment, as a period 

of heat acclimation, which induced a greater degree of adaptation (see Section 

5.3), did not result in longer tolerance tintes. 

3. Water was the sole fluid replacement beverage studied. In a 24 h simulated NBC 

situation in a temperate climate, subjects receiving only water su&.red a 15% and 

20% decrement in physical and mental performance, respectively, compared to 



subjects given an isotonic carbohydrate drink (van Dokkurn et al. 1996). The 

biggest physical decrement was observed in tests measuring aerobic performance, 

with subjective ratings of exertion also higher amongst subjects given only water. 

Furthemore, 25% of the water-only subjects had to withdraw before the end of 

the 24 h due to physical exhaustion (van Dokkum et ai. 1996). It is, therefore, 

unknown whether carbohydrate and/or electrolyte replacement during the shorter 

exercise times in the present research would be of benefit. 

4. The timing and amount of fluid replacement was regulated in the present research. 

Altering the kequency and amount of fluid replacement may produce dinerent 

effects on the physiological responses to exercise-heat stress. However, a previous 

study reported no dinerences in the final responses to exercise-heat stress in 

subjects given a single large bolus of fluid at various time points compared with the 

same amount of fiuid at regular intervals (Montain and Coyle 1993). 

5. A difference in energy intake between the EU and HY trials existed during the 

overnight recovery fiorn the dehydration protocol which may have influenced the 

degree of recovery and the responses to the HST. Diet and rehydration were 

controiled in the present study during the penod following the dehydration 

protocol until the HST the next morning using ~ower~ars '  and ~atorade? The 

total energy intake during the HY trials was simila to the amount provided in a 

previous study that reported no difference in the rate of glycogen resynthesis while 

either euhydrated or hypohydrated (Neufer et al. 1991), so it is iikely that muscle 

glycogen was adequately restored. However, with an average consumption of 4 L 

of ~ a t o r a d e ~  or 4400 kJ ovemight during the EU triais, compared with 0.8 L or 

880 kJ during the HY trials, a difference of 3520 kJ existed between the EU and 

HY triais, which could influence the ability of the body to recover ftom the 

exercise of dehydration and also the responses to the subsequent exercise. 



6. The present research has focused on fairly short duration, continuous exercise in 

the heat. The effects of manipulations which wouid alter the dynarnics of heat 

exchange were not incorporated into the study design. Examples of these 

manipulations include rest breaks, which would decrease the average rate of 

metabolic heat production but which may stimulate thennoregdatory responses 

dBerentIy than continuous exercise, and partial encapsdation, which would 

increase the rate of heat dissipation. 

7.4. Suggestions for Further Research 

The present research has raised the following avenues for further investigations: 

1. What are the physiological and psychological factors determining heat exhaustion? 

Individuals with a high VO, max had a significantly higher endpoint T, than did 

non-fit individu&. What are the mechanisms behind these ciifferences in endpoint 

temperature and VO, max? 

2. B y what mechanism does hypohydration induce a higher resting core temperature? 

3. What are the metabolic or hormonal mechanisms by which hypohydration resulted 

in a decreased carbon dioxide production and respiratory exchange ratio? 

4. What are the effects of carbohydrate andor electrolyte replacement during 

exercise in an uncornpensable heat stress environment? Will the relatively short 

tolerance &es in the NBC ensemble preclude any additional benefit from 

rehydration using a beverage besides water? 
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