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Abstract 
 

The aim of the research program was to evaluate the heat strain, hydration status, and 

heat illness symptoms experienced by surface mine workers. An initial investigation 

involved 91 surface miners completing a heat stress questionnaire; assessing the work 

environment, hydration practices, and heat illness symptom experience. The key findings 

included 1) more than 80 % of workers experienced at least one symptom of heat illness 

over a 12 month period; and 2) the risk of moderate symptoms of heat illness increased 

with the severity of dehydration. These findings highlight a health and safety concern for 

surface miners, as experiencing symptoms of heat illness is an indication that the 

physiological systems of the body may be struggling to meet the demands of 

thermoregulation. To illuminate these findings a field investigation to monitor the heat 

strain and hydration status of surface miners was proposed.  

Two preliminary studies were conducted to ensure accurate and reliable data collection 

techniques. Firstly, a study was undertaken to determine a calibration procedure to ensure 

the accuracy of core body temperature measurement via an ingestible sensor. A water bath 

was heated to several temperatures between 23 – 51 ˚C, allowing for comparison of the 

temperature recorded by the sensors and a traceable thermometer. A positive systematic 

bias was observed and indicated a need for calibration. It was concluded that a linear 

regression should be developed for each sensor prior to ingestion, allowing for a correction 

to be applied to the raw data. Secondly, hydration status was to be assessed through urine 

specific gravity measurement. It was foreseeable that practical limitations on mine sites 

would delay the time between urine collection and analysis. A study was undertaken to 

assess the reliability of urine analysis over time. Measurement of urine specific gravity was 

found to be reliable up to 24 hours post urine collection and was suitable to be used in the 

field study. 

Twenty-nine surface miners (14 drillers [winter] and 15 blast crew [summer]) were 

monitored during a normal work shift. Core body temperature was recorded continuously. 

Average mean core body temperature was 37.5 and 37.4 ˚C for blast crew and drillers, with 

average maximum body temperatures of 38.0 and 37.9 ˚C respectively. The highest body 

temperature recorded was 38.4 ˚C. Urine samples were collected at each void for specific 

gravity measurement. The average mean urine specific gravity was 1.024 and 1.021 for 

blast crew and drillers respectively. The Heat Illness Symptoms Index was used to evaluate 
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the experience of heat illness symptoms on shift. Over 70 % of drillers and over 80 % of 

blast crew reported at least one symptom. It was concluded that 1) heat strain remained 

within the recommended limits for acclimatised workers; and 2) the majority of workers 

were dehydrated before commencing their shift, and tend to remain dehydrated for the 

duration. 

Dehydration was identified as the primary issue for surface miners working in the heat. 

Therefore continued study focused on investigating a novel approach to monitoring 

hydration status. The final aim of this research program was to investigate the influence 

dehydration has on intraocular pressure (IOP); and subsequently, whether IOP could 

provide a novel indicator of hydration status. Seven males completed 90 minutes of 

walking in both a cool and hot climate with fluid restriction. Hydration variables and 

intraocular pressure were measured at baseline and at 30 minute intervals. Participants 

became dehydrated during the trial in the heat but maintained hydration status in the cool. 

Intraocular pressure progressively declined in the trial in the heat but remained relatively 

stable when hydration was maintained. A significant relationship was observed between 

intraocular pressure and both body mass loss and plasma osmolality. This evidence 

suggests that intraocular pressure is influenced by changes in hydration status. Further 

research is required to determine if intraocular pressure could be utilised as an indirect 

indicator of hydration status. 
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Chapter 1                                                                                                      

General Introduction 
 

The human body requires a relatively constant core body temperature to function 

effectively. In order to maintain a stable temperature, the body must continually lose heat 

to the surrounding environment at the same rate as heat is produced. Several factors 

influence the capacity for heat exchange to meet the required rate; these include 

environmental factors (air temperature, wind speed, relative humidity, and radiant heat), 

metabolic rate, and clothing. Collectively these factors determine the net heat load to 

which a person is exposed (heat stress) (DiCorleto, Coles, & Firth, 2003).  

The effects of excess heat on the body can have disastrous consequences for the 

unsuspecting and unprepared individual. Countless stories from military, industrial, and 

athletic endeavours have ended with significant impairment (including death) of the 

individuals working in conditions of high heat stress. For example, in the early 1960’s a trial 

of the ability of United States troops to operate while wearing chemical protective clothing 

observed: 

“A 44-man platoon set out on a morning march, with full combat loads, on a comfortably 

warm April morning in Virginia; in about one hour more than 50 % had suffered heat 

exhaustion, and I had a new career direction” – Ralph Goldman 1 

This is but one account of the detrimental effects heat can have on health and 

performance. In this case, even though a routine activity (marching) was performed in a 

“comfortably warm” environment, the addition of an impermeable clothing layer 

dramatically increased the heat stress of the situation, by limiting the rate of heat loss from 

the body. This goes to show that changes to the parameters of heat stress (climate, work 

rate, or clothing) during a normal or routine work activity have significant implications for 

the health, safety, and performance of the worker. Therefore careful consideration must be 

given to the effect heat stress has on the human body. 

The primary areas for consideration when evaluating the effects of heat stress include heat 

strain, hydration status, and heat illness. Heat strain describes the overall physiological 

response resulting from heat stress. When exposed to heat stress, body temperature will 

                                                           
1
 Extract from “Thermal Manikins, their Origins and Role” by Ralph Goldman. Available at 

http://www.environmental-ergonomics.org/  

http://www.environmental-ergonomics.org/
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rise. To prevent an excessive rise, increased rates of heat loss are facilitated by an 

increased skin blood flow, and the evaporation of sweat from the skin surface. In most 

situations these responses will be sufficient to produce a new equilibrium in heat 

production and loss and body temperature will stabilise. However, if heat loss cannot 

match the rate of heat production, body temperature will continue to rise to unsafe levels. 

Sweat evaporation is the primary heat loss mechanism when performing work in a hot 

environment. Sweat rates in excess of 1 litre per hour have been observed in industrial and 

athletic settings (Kenefick & Sawka, 2007; Sawka et al., 2007). If body fluids, particularly 

water, are not adequately replaced during and after the period of exposure to heat stress, 

dehydration will ensue. Dehydration is a health and safety concern as it is known to reduce 

work performance (Cheuvront, Carter, Castellani, & Sawka, 2005; Strydom et al., 1966), 

raise heat strain (Armstrong et al., 1997b; Sawka, Young, Francesconi, Muza, & Pandolf, 

1985), and predispose an individual to the development of heat illness (Backer, Shopes, 

Collins, & Barkan, 1999; Donoghue, Sinclair, & Bates, 2000; Shahid, Hatle, Mansour, & 

Mimish, 1999). 

Heat illness describes a continuum of ailments resulting from the accumulative effects of 

heat in the body. From the relatively minor heat rash (miliaria rubra) and heat cramp, to 

the serious heat exhaustion and severe heat stroke, heat illness can present with headache 

and nausea, fatigue, dizziness, confusion and disorientation, irrational or aggressive 

behaviour, loss of consciousness, and in extreme cases death (Donoghue et al., 2000; Rae 

et al., 2008). These symptoms are primarily caused by the effects of dehydration, an 

excessive rise in body temperature, or a combination of both (Backer et al., 1999; 

Donoghue et al., 2000; Shahid et al., 1999). Therefore, these three factors (heat strain, 

hydration status, and heat illness) are key aspects affecting the health and performance of 

individuals required to work in the heat. An assessment of these factors is required in 

occupational settings to guide appropriate strategies to reduce the effects of heat on 

employees and to improve the safety of the work environment. 

The mining industry in particular has struggled with the problems associated with heat 

stress for well over a century. In the underground gold mines of South Africa the first 

recorded fatality from heat stroke occurred in 1924, and by 1930 fatal cases of heat stroke 

had an incidence rate of 1.5 per 1000 workers per year (Wyndham, 1974). Subsequent 

research with the underground industry and the implementation of control measures was 

responsible for greatly reducing fatal cases of heat stroke in South African mines; however, 
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miliaria rubra and heat exhaustion remain an issue for the industry (Donoghue & Sinclair, 

2000; Donoghue et al., 2000; Shearer, 1990). In an Australian underground mine, 106 cases 

of heat exhaustion requiring medical attention were recorded over a 12 month period 

(Donoghue et al., 2000), representing an incidence rate of 43 cases per million man hours. 

In addition, miliaria rubra was observed to occur at an incidence rate of 56.4 cases per 

million man hours during the summer months (Donoghue & Sinclair, 2000). 

Several researchers have assessed the heat strain and hydration status of underground 

miners to shed light on whether or not the human body is coping with the demands of 

thermoregulation in these work conditions. Monitoring of heart rate and core body 

temperature has indicated the intermittent nature of the work and suggests that short 

periods of work provide a challenge to thermoregulation (Abt & Tranter, 1999; Brake & 

Bates, 2001, 2002a). Whilst much of the work shift is spent with core body temperature 

considered to be within safe levels, periods where body temperature approaches or 

exceeds the recommended limits are common (Brake & Bates, 2002a; Hanson et al., 2000; 

Kalkowsky & Kampmann, 2006). In addition, the majority of underground miners are 

dehydrated prior to commencing work, and tend to remain so for the duration of their shift 

(Brake & Bates, 2003). These findings show underground miners to be at an increased risk 

of experiencing the adverse effects of heat stress. Therefore previous research has 

recommended the implementation of strategies and practices to reduce the impact of heat 

stress and improve worker health and performance underground. 

In contrast, little research attention has been directed toward elucidating the effects of 

heat stress at surface mining operations. The northern reaches of Australia are associated 

with high ambient temperatures (> 35 ˚C) and relative humidity (> 50 %); producing 

conditions that are conducive to heat stress (wet-bulb globe temperature’s > 30 °C) (Miller 

& Bates, 2007a; Miller & Bates, 2007b). Some research has shown that, similar to 

underground miners, the majority of surface miners are dehydrated before, during, and 

after a work shift (Miller & Bates, 2007a). This places them at an increased risk of high heat 

strain (Armstrong et al., 1997b; Sawka et al., 1985) and heat illness (Donoghue et al., 2000). 

However, limited research has investigated these aspects. One study reported core body 

temperature to be acceptable before, during, and after a shift (Miller & Bates, 2007b). 

However, recording body temperature at three discrete time points is likely to overlook the 

peaks in body temperature experienced by the workers. Therefore, a continuous approach 
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to body temperature monitoring is required to detail the heat strain of surface mine 

workers. 

Limited information is available regarding the heat illness experienced by surface miners; 

although, the information that is available raises concerns. A higher incidence of heat 

illness has been reported for surface mining operations in the United States compared to 

underground (Donoghue, 2004). This suggests that heat illness is of greater concern to 

surface miners, a worrying finding in light of the incidence rate of heat exhaustion 

occurring at an underground mine in Australia (Donoghue et al., 2000). Therefore research 

is required to determine the heat illness experience of surface mine workers in Australia. 

Overall, research into the effects of heat stress has focused on underground mining 

operations with little attention given to surface mines. Some evidence suggests that 

surface miners are dehydrated (Miller & Bates, 2007a), a factor that increases heat strain 

(Armstrong et al., 1997b; Sawka et al., 1985) and predisposes individuals to the 

development of heat illness (Donoghue et al., 2000). As such there is a clear need to assess 

the heat strain, hydration status, and heat illness experienced by surface mine workers. 

Such work will provide valuable insights into how best to approach the development and 

implementation of strategies to reduce the adverse effects of working under heat stress in 

this industry. 

The overarching aim of this PhD program of research was to evaluate the effects of heat 

stress on surface mine workers, with particular attention given to their heat strain, 

hydration status, and heat illness experience. Chapter 2 of this thesis is an extensive review 

of the literature detailing the physiology of human thermoregulation, individual 

parameters influencing the heat strain imposed on the body, the consequences of working 

in environments of high heat stress, and the recommended limits to variables of heat stress 

and strain. The review then endeavours to discuss the current state of knowledge in 

relation to heat stress and strain in the mining industry, and highlights areas in need of 

further study. These areas form the background to the primary research questions 

addressed in the later chapters. Chapter 3 begins the program of research, reporting a 

questionnaire study conducted among surface mine workers to determine their experience 

of heat illness symptoms and their potential risk factors. Chapters 4 and 5 are 

methodological studies assessing the validity and / or reliability of the equipment and 

measurement techniques to be used in a field investigation (chapter 6). These include the 

calibration of an ingestible sensor for measurement of body temperature, and the 
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reliability of urine specific gravity measurement over time. Chapter 6 reports the findings of 

a field study monitoring the heat strain and hydration status of surface mine workers 

during their normal daily tasks. Following on from the findings in chapter 3 and 6, chapter 7 

reports a study investigating the potential for a novel approach to the assessment of 

hydration status via measurement of intraocular pressure. The thesis concludes with a 

general discussion (chapter 8) of the research findings from the entire body of work and 

draws together the conclusions and recommendations therein.  
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Research Aims 
The specific aims for each chapter are below: 

Chapter 3: 

1. To determine if surface mine workers experience symptoms of heat illness. 

2. To assess for potential risk factors in the experience of heat illness symptoms.  

Chapter 4: 

3. To determine and present an accurate calibration procedure for ingestible 

temperature sensors. 

Chapter 5: 

4. To determine if urine specific gravity and urine colour were altered by a time delay 

(24 hours) from urine collection. 

5.  To determine the effects of storage conditions on any alterations over 24 hours. 

Chapter 6: 

6. To determine if the heat strain and hydration status of surface mine workers 

exceeds the recommended limits. 

7. To assess whether heat illness symptoms are related to potential risk factors. 

Chapter 7: 

8. To determine if intraocular pressure during exercise differs in a cool or hot climate 

with fluid restriction; promoting differing levels of dehydration. 

9. To assess whether intraocular pressure could be utilised as an indicator of 

hydration status. 
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Chapter 2                                                                                                          

Review of the Literature 

Human Thermoregulation 
Human beings are classified as homeotherms for their ability to maintain a relatively 

constant core body temperature of 37 °C in the midst of varying environmental conditions. 

A popular story, retold by Ashcroft (2001), reveals the human body’s remarkable capacity 

for thermoregulation: 

“One morning toward the end of the eighteenth century, the Secretary of the Royal Society 

of London, one Mr. Blagden, ventured into a room heated to 105 °C, taking with him some 

eggs, a piece of raw steak, and a dog. A quarter of an hour later, the eggs were baked hard, 

and the steak cooked to a crisp but Blagden and his dog walked out unharmed (p. 105)”  

If core body temperature rises above 41 °C, irreversible damage to cells and tissues of the 

body occurs, and core body temperatures of 43 °C are fatal for humans (Heled, Rav-Acha, 

Shani, Epstein, & Moran, 2004; Rae et al., 2008; Sithinamsuwan et al., 2009). How then can 

the human body survive in such an environment, even for short periods? This feat is 

accomplished by regulating the rates of heat gain and heat loss between the body and the 

surrounding environment. 

Factors Contributing to Heat Gain and Heat Loss 

A constant temperature is required for the body to function optimally in relation to oxygen 

transport, enzyme activity in metabolism, muscle contraction, and nerve impulse 

transmission. Since heat is continuously being produced within the body, an equal rate of 

heat loss to the surrounding environment must be maintained to prevent large fluctuations 

in core body temperature. 

All of the biological processes of the human body (including mechanical work, chemical 

reactions, and active transport) require energy in the form of Adenosine Triphosphate 

(ATP). The breakdown of carbohydrates, fats, and proteins in metabolism releases the 

chemical energy found within these macronutrients. Approximately 40 % of this energy is 

conserved in the bonds of ATP and can be used to perform external work (eg. muscle 

shortening), while the remaining 60 % is lost as heat (McArdle, Katch, & Katch, 2001). A 

basal metabolic rate is required by the body to maintain life; therefore the body is always 

producing heat. At rest approximately 1.2 Kcal/min of heat energy is generated in 
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metabolism. With increases in activity, such as during work or athletic training, metabolism 

can increase by more than 15 - 18 times the resting level (Nadel, Wenger, Roberts, Stolwijk, 

& Cafarelli, 1977). To avoid the adverse effects of raising core body temperature beyond 

safe limits, the rate of heat production must be matched by the rate of heat loss.  

The second law of thermodynamics states that heat flows spontaneously from a hot body 

to a cold one (Parsons, 2003). By this process, several avenues are available for heat to be 

transferred from the surface of the body to the environment which include conduction, 

convection, radiation, and evaporation (Keim, Guisto, & Sullivan, 2002; Parsons, 2003). 

Conduction is the transfer of heat through direct contact between two surfaces. By itself 

only a minimal amount of heat is lost, to objects the body comes into contact with or the 

air surrounding the individual, through conduction. However, this process becomes more 

effective when submerged in water, as water has a far greater capacity for heat absorption 

compared to air (McArdle et al., 2001).  

Through conduction, the air surrounding the individual is warmed to equilibrate with skin 

temperature. This creates a zone of insulation where further heat loss by conduction is 

impaired (McArdle et al., 2001). In order for heat loss to continue the air in the zone of 

insulation must be replaced with cool air. The process of heat transfer to a medium (air or 

water) involving movement of the medium itself is known as convection. Convection 

facilitates body heat loss by replacing the warm air close to the body with cool air. Heat loss 

from the body can also occur through radiation. By radiation, electromagnetic heat waves 

are propagated from a warm surface (the skin) to a nearby cool surface that is not in direct 

contact with the individual. At rest, the majority of heat is lost through radiation.  

The final pathway for heat loss from the body is evaporation (Brooks, Fahey, White, & 

Baldwin, 2000). When exposed to a warm environment, the body will produce sweat that 

spreads out across the skin surface. The water in sweat absorbs heat from the body and in 

doing so it gains kinetic energy which causes it to convert to a gas (evaporates). The water 

vapour enters the air and moves away from the body, removing the heat. Small amounts of 

heat loss by evaporation also occur in the lungs during respiration as incoming air is 

warmed and moistened prior to exhalation.  

 The heat produced in metabolism must be matched by the amount of heat lost through 

conduction, convection, radiation, and evaporation to maintain thermal balance. This 

relationship is summarised in equation 2.1 (International Organisation for Standardisation, 
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2004a). However, a number of environmental factors influence the effectiveness of these 

heat loss pathways and can therefore influence thermal balance. 

Four environmental factors, including air temperature, radiant temperature, wind speed, 

and relative humidity, interact to influence the heat lost from the body by conduction, 

convection, radiation, and evaporation (Parsons, 2003). The temperature of the air 

surrounding the individual will determine the rate and direction of heat transfer. The 

difference between temperature of air and skin creates a thermal gradient, with a larger 

difference allowing for a greater rate of heat transfer. In a hot environment where air 

temperature is raised, the difference between skin temperature and air temperature is low, 

resulting in a smaller gradient and a slower rate of heat transfer. However, if air 

temperature increases above skin temperature, conduction and convection will act to 

transfer heat from the air to the body as the thermal gradient has been reversed, causing 

an increase in body heat gain. Similarly, increases in radiant temperature (temperature of 

the surrounding surfaces in the environment) above skin temperature will also facilitate 

heat gain from the environment. Conditions of extreme dry heat, such as in the dessert 

where air temperatures routinely exceed 45 °C, are one such scenario where conduction, 

convection, and radiation produce heat gain (Kenney, DeGroot, & Holowatz, 2004). 

However, humans can survive in such conditions and still maintain a relatively constant 

core temperature. Heat loss in this situation is achieved solely by evaporation of sweat 

from the skin surface.  

The effectiveness of evaporation is affected by the relative humidity of the air, and its 

moisture content. Humidity is the ratio of partial pressure of water vapour in the air to the 

saturated water vapour pressure. That is, the amount of water in the air relative to the 

total amount that could be present, for a given air temperature. For evaporation of sweat 

to occur, the moisture on the skin surface must be greater than that in the surrounding air. 

When this is the case, sweat evaporates and removes heat from the body. Alternatively, in 

a humid environment, a higher moisture content of the air slows the rate of evaporation 

Equation 2.1 Thermal Balance 

 M – W  = Cres + Eres + K + C + R + E + S 

M - Metabolic rate, W – mechanical power, Cres – convection from the respiratory tract, Eres – 
evaporation from the respiratory tract, K - Conduction, C - Convection, R - Radiation, E – 
Evaporation, S – heat storage (International Organisation for Standardisation, 2004a) 
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and impairs heat loss (Kenney et al., 2004). If humidity reaches 100 %, indicating that the 

air is fully saturated with moisture, sweat will not evaporate from the skin (provided that 

air temperature is above skin temperature), and heat loss cannot occur.  

Wind speed has an important role to play in heat transfer as the air in the zone of 

insulation must continually be replaced. Little air movement slows the rate of heat loss, 

and no air movement will eventually produce an environment favouring heat gain as the air 

temperature in the zone of insulation equilibrates with skin temperature, and the humidity 

increases due to the evaporation of sweat. Greater wind speed  improves heat loss by 

convection and evaporation (Saunders, Dugas, Tucker, Lambert, & Noakes, 2005) as the 

warm and humid air in the zone of insulation is replaced with cooler air, allowing heat 

transfer to continue. However, if air temperature is high (greater than skin temperature), 

increased wind-speed can actually promote heat gain through convection as the gradient 

between skin and air temperatures is reversed.  

A final factor influencing the effectiveness of heat loss mechanisms is the clothing worn by 

the individual. Clothing creates a barrier between the skin surface and the surrounding 

environment and can therefore impede heat transfer. Heat loss by conduction, convection, 

and radiation can be limited by the insulation properties of the clothing, commonly related 

to the thickness of the fabric (Havenith, 1999). Also, the type of fabric used and any 

protective coatings applied to them can dramatically affect their capacity for vapour 

transfer, impairing evaporative heat loss (Holmer, 2006).  

In summary, the avenues for heat transfer between the human body and the environment 

include conduction, convection, radiation, and evaporation. The direction of heat transfer 

and the effectiveness of these avenues depend on the surrounding environmental 

conditions including air temperature, relative humidity, air velocity, and radiant 

temperature. Metabolic rate and the clothing worn by an individual will also influence the 

heat gain and heat loss relationship. Collectively these six factors determine the level of 

heat stress in a given environment, defined as the net heat load to which a person is 

exposed (DiCorleto et al., 2003). 

Regulation of Core Body Temperature 

The avenues for heat loss from the body occur passively and the environmental influences 

on their effectiveness are also uncontrolled by the human body. For core body 

temperature to be maintained within narrow limits, both behavioural and autonomic 

(physiological) responses are required from the individual to regulate the rates of heat gain 
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and heat loss. These responses are important for maintaining body temperature during rest 

and exercise and will be discussed in this section of the literature review. 

Behavioural and Autonomic Responses to Heat Stress  

Behavioural responses are actions consciously performed by the individual when they 

experience thermal discomfort, and primarily focus on altering the environment 

surrounding the body. The widespread use of air-conditioning is the most readily 

identifiable behavioural response used to control the environment. But more simply we 

can put on thicker clothing in winter to increase the insulation and warm the air close to 

the skin, or sit under the shade of a tree in summer to avoid the radiant heat of the sun. By 

using equipment designed to manipulate or protect the body from the environment the 

human body has been shown to withstand extremes of ambient temperature such as - 110 

°C on the surface of the moon or as much as 2000 °C upon re-entering the earth’s 

atmosphere. Behavioural responses are often provoked by changes in skin temperature as 

this is the first point of contact with the environment and is far more variable than core 

temperature as a result. If skin temperature varies to the extent that core temperature is 

altered, autonomic responses are initiated (Romanovsky, 2007). 

Autonomic responses are those that the human body produces automatically following the 

detection of a change in temperature within the body. Temperature sensors 

(thermosensors) are located both centrally (in the blood vessels, abdominal cavity, nervous 

system, and in the hypothalamus itself) and peripherally (in the skin immediately beneath 

the epidermis) in the body. Thermosensors can either be cold sensitive or warm sensitive, 

and respond to changes in temperature by increasing or decreasing their output 

accordingly. The neural impulses from these receptors travel to the spinal cord and are 

conducted to the hypothalamus, the control centre for thermoregulation. The 

hypothalamus can alter the rates of heat gain and loss by innervating the effectors of 

thermoregulation. These include vasomotor tone of the subcutaneous blood vessels, 

activation of sweat glands in the skin, and sporadic muscle contractions (shivering). In 

doing so, the rates of heat exchanged by conduction, convection, radiation, and 

evaporation are controlled. The preoptic posterior hypothalamus is thought to be 

responsible for activating heat production/conservation effectors and the preoptic anterior 

hypothalamus promotes effectors of heat loss (Mekjavic & Eiken, 2006). These centres are 

mutually inhibiting, such that sensory input and activation of one centre concomitantly 
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inhibits the other, allowing for only heat loss or heat production effectors to be operating 

at one time.  

Traditionally it has been held that core body temperature is regulated around a set point. 

In this theory it was proposed that sensory inputs for temperature were compared to a 

reference value (the set point) and the appropriate effector response was initiated in order 

to keep core temperature at that value. However, recent reviews of the literature suggest 

that this is not the case (Mekjavic & Eiken, 2006; Romanovsky, 2007), and it has been 

proposed that core body temperature is allowed to fluctuate within an interthreshold zone 

(Mekjavic & Eiken, 2006). Vasomotor tone is adjusted in response to small fluctuations in 

skin and core temperature. With larger fluctuations, the added activation of sweating or 

shivering is triggered when the threshold core body temperature is attained. The range of 

core body temperatures between that which triggers shivering and that which initiates 

sweating is called the inter-threshold zone and it is proposed that the autonomic nervous 

system aims to maintain core body temperature within these limits. Kakitsuba and 

colleagues (2007) explored this concept in relation to core (core body temperature) and 

peripheral (skin temperature) inter-threshold zones. For nine males, the core inter-

threshold ranged between 36.5 ± 0.17 °C to initiate shivering, to 37.5 ± 0.18 °C to initiate 

sweating. The peripheral inter-threshold was found to be much larger, with a mean skin 

temperature of 26.5 ± 0.4 °C to initiate shivering and 36.0 ± 0.7 °C to initiate sweating.  

Temperature Regulation during Exercise Heat S tress 

When work or exercise is performed, particularly in a hot environment, the increase in 

internal heat production raises core body temperature. In the absence of any heat loss 

from the body, core body temperature would rise rapidly, even from low intensity exercise, 

as described theoretically by Kenney and Johnson (1992): 

“Consider a 70 Kg man pedalling at 900 Kpm/min (150 W) on a cycle ergometer with a 

gross work efficiency of 20 %. Without dissipating the heat produced, core temperature 

would increase at a rate of 0.2 °C/min, given the body’s specific heat capacity (0.97 W∙h∙kg-

1∙°C-1). If core temperature at the initiation of exercise were 37 °C, a safe upper limit for core 

temperature of 39 °C would be reached within 10 minutes (p. 304)”. 

Clearly, this scenario does not occur during exercise. Instead, the body responds by 

initiating sweating and increasing skin blood flow to facilitate heat loss. Greater skin blood 

flow allows a faster rate of heat transfer from the core to the skin by convection. Secondly, 



 

13 
 

the increased skin perfusion raises skin temperature, which increases the gradient between 

the skin and ambient temperature, facilitating heat loss by convection and radiation. In 

addition, increased skin temperature raises the skin water vapour pressure relative to the 

ambient water vapour pressure, thus increasing the gradient for evaporative heat loss. 

With increased heat loss, a new balance is attained to match heat gain, so that core 

temperature stabilises at a higher level.  

The magnitude of the increase in core body temperature is dependent on both the 

intensity of work and the surrounding climate. In a cool climate exercise on a bicycle 

ergometer at 25, 50, and 70 % of maximal aerobic capacity showed that core body 

temperature stabilised at higher levels corresponding to higher work rates (Saltin & 

Hermansen, 1966). Exercising at a set intensity in climates ranging between 13.3 – 26.5 °C 

Corrected Effective Temperature (CET - a heat stress index incorporating measures of wet-

bulb temperature, globe temperature, and air velocity) resulted in a similar steady state 

core body temperature after 30 – 40 minutes of treadmill walking (Lind, 1963). However, 

when performing the same intensity of exercise in 29.5 – 31.5 °C CET (increased climatic 

heat stress) core body temperature took longer to stabilise and did so at progressively 

higher temperatures. This core body temperature response to variations in climate has also 

been observed during coal mining activities (shovelling) (Lind, Humphreys, Collins, Foster, & 

Sweetland, 1970). Overall, research shows that the core body temperature response to 

exercise heat stress is determined firstly by exercise intensity, and secondly by climatic 

heat stress above a certain level. Interestingly, the climatic heat stress level, beyond which 

core body temperature stabilises at a raised level, decreases when exercise intensity is 

increased. 

Evaporation of sweat is the primary method for heat loss in hot environments and during 

physical activity. Eccrine sweat glands are located in the dermis of the skin and can be 

found all over the body. The density of these glands is greatest on the forehead, followed 

by the upper limbs, the trunk and lower limbs. The sweat secreted from these glands 

predominantly consists of water, but small amounts of sodium chloride, urea, lactic acid, 

and potassium chloride can also be found (Brooks et al., 2000). As core body temperature 

increases during exercise, a temperature is reached at which sweating is initiated. This is 

termed the threshold for the sweating response and has been found to occur at ~ 37.3 °C 

(Buono & Maupin, 2003; Shibasaki, Wilson, & Crandall, 2006). Variations in skin 

temperature can adjust the threshold core body temperature to initiate sweating, such that 
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higher skin temperatures lower the sweating threshold (Nadel, Bullard, & Stolwijk, 1971a; 

Nadel, Mitchell, Saltin, & Stolwijk, 1971b). After commencing, sweat rate will increase 

linearly with increases in core body temperature (Buono & Maupin, 2003; Nadel et al., 

1971b). The slope of this linear increase is termed the sensitivity of the sweating response. 

Sweat rates commonly range between 0.5 – 2.0 L/h during a variety of sports activities 

(Sawka et al., 2007). With each litre of sweat evaporated approximately 580 Kcal of heat 

energy is removed from the body. The initial increase in sweat rate is due to both an 

increase in the number of active sweat glands and increased output from sweat glands. As 

exercise continues, the number of active glands plateaus, whilst sweat gland output 

continues to rise (Kondo et al., 2001). This relationship is also seen at other body sites, 

including the forehead, chest, back, and thigh (Kondo et al., 1998), however, the 

contribution to sweat rate from the number of active glands and sweat output differs 

slightly between sites.  

The skin blood flow response to exercise is also important for thermoregulation. At the 

onset of dynamic exercise, there is an initial increase in cutaneous vasoconstriction which 

reduces skin blood flow in favour of diverting oxygenated blood to the working muscles 

(Johnson & Park, 1982). As exercise continues, core body temperature rises and a threshold 

temperature to initiate vasodilation of skin vasculature is attained, allowing increased skin 

blood flow. Skin blood flow will then continue to rise with core body temperature until 

approximately 38 °C, where a plateau is attained (Gonzalez-Alonso et al., 1999).  

The threshold core temperature for vasodilation is influenced by skin temperature and 

exercise compared to rest. If mean skin temperature is increased (in a hot environment or 

during exercise) the core body temperature at which vasodilation is initiated will decrease 

(Nadel, Cafarelli, Roberts, & Wenger, 1979), promoting skin blood flow for heat transfer. 

The opposite is the case in a cold environment, where the core temperature threshold is 

raised to conserve body heat. The temperature threshold for vasodilation has also been 

found to shift upward during exercise compared to rest in a hot environment (Kellogg, 

Johnson, & Kosiba, 1991). This results in a lower skin blood flow, for a given core body 

temperature, during exercise compared to rest. 

For blood to be directed towards the skin vasculature for cooling purposes indicates that a 

redistribution of blood is required. The redistribution of blood during exercise heat stress 

raises cardiovascular strain. With all exercise there is an increased demand for oxygen 
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delivery to the working muscles. In the heat, an additional demand for increased blood 

flow to the skin arises. These competing demands raise the cardiovascular strain 

experienced. Rowell and colleagues (1966) monitored several variables when walking for 

15 minutes, at four different intensities, in both temperate (25.6 °C dry bulb and 16.8 °C 

wet bulb) and heat stress  (43.3 °C dry bulb and 28.3 °C wet bulb) conditions. The rate of 

oxygen consumption was similar between climate conditions and increased with exercise 

intensity. Heart rate was elevated, and stroke volume and central blood volume were 

reduced under heat stress for all intensities of exercise. Cardiac output was lower for all 

intensities of exercise under heat stress; however it was only significantly lower statistically 

for the two highest intensities. It was concluded that stroke volume and central blood 

volume are reduced due to a redistribution of blood to the periphery (skin blood flow for 

heat transfer). In order to maintain sufficient blood flow to the muscles, heart rate is 

elevated. Instead of increasing cardiac output during exercise heat stress, its distribution is 

altered to accommodate the competing demands.  
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Individual Parameters Influencing Heat Strain 
When an individual is exposed to heat stress the physiological systems of the body will 

respond in order to maintain core body temperature within an acceptable range (as 

described in the previous section). The overall physiological response resulting from heat 

stress is termed heat strain (DiCorleto et al., 2003). The primary variables of interest in 

monitoring heat strain include core body temperature, skin temperature, sweat loss, and 

heart rate. The extent to which these variables will be altered for a given exercise heat 

stress exposure can vary greatly between different individuals. Individual factors such as 

hydration status, aerobic fitness, body composition, age, acclimatisation, and gender can 

influence the degree of heat strain experienced and are the focus of this section of the 

literature review. 

Hydration Status 

Water is a requirement for the human body to function effectively. Total body water 

accounts for approximately 60 % of the body’s mass (Armstrong, 2005; Parsons, 2003), and 

can be separated into two compartments. Intracellular water is found within the cells of 

the body and accounts for ~ 67 % of total body water. The remainder is found in the 

extracellular compartment, comprised of water in blood plasma (~ 8 %) and that located 

between the cell membranes and blood vessels (~ 25 %).  

Body water is continually being lost from the body through sweating, urination, faeces, and 

respiration. To compensate for this continual loss, water must be ingested regularly 

through food and fluid intake. In addition, the endocrine system helps to maintain water 

balance (Marieb, 2001). With body water loss there is a reduction in plasma volume and an 

increase in plasma osmolality (Costill & Fink, 1974; Gonzalez-Alonso, Mora-Rodriguez, 

Below, & Coyle, 1995). Osmoreceptors detect this alteration and alert the hypothalamus, 

which stimulates the posterior pituitary gland to release anti-diuretic hormone (ADH). The 

result is an increase in water re-absorption from the kidneys, and the sensation of thirst to 

increase water ingestion, both of which help to return plasma volume and osmolality to 

normal levels.  

The term euhydration is used to describe the normal body water content. If water loss is 

insufficiently replaced, dehydration (or hypohydration) occurs, where body water is 

reduced below the normal range. Such is commonly the case during exercise heat stress 

when large amounts of body water are lost through sweating. Sweat rates range between 

0.5 – 2.0 L/hr for a variety of sports settings (Sawka et al., 2007) and similar values have 
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been estimated in occupational settings (Brake & Bates, 2003; Kalkowsky & Kampmann, 

2006), with higher sweat rates when wearing protective clothing that dramatically limits 

evaporative heat loss (Kenefick & Sawka, 2007). Dehydration has significant consequences 

for the level of heat strain experienced by individuals performing work in the heat.  

Exercise in the heat consistently results in higher core body temperatures when 

dehydrated compared to when euhydrated. This was observed when comparing the core 

temperature response to exercise between commencing in a euhydrated or dehydrated 

state (Armstrong et al., 1997b; Kenney et al., 1990; Montain, Latzka, & Sawka, 1995; Sawka 

et al., 1985) and comparing progressive dehydration during exercise (due to insufficient 

fluid replacement) with maintaining adequate hydration (through sufficient replacement of 

lost fluid) (Armstrong et al., 1997b; Fujii, Honda, Hayashi, Kondo, & Nishiyasu, 2008; 

Gonzalez-Alonso et al., 1995; Gonzalez-Alonso, Mora-Rodriguez, Below, & Coyle, 1997; 

Montain & Coyle, 1992). The rise in core body temperature increases with the extent of 

dehydration. Sawka and colleagues (1985) reported core temperature to increase 0.15 °C 

for each 1 % decrease in body mass (due to sweat loss). This value is quite conservative 

compared to other research which found core temperature to increase by 0.4 °C for each 1 

% decrease in body mass (Armstrong et al., 1997b). Differences between these studies, and 

others, are likely the result of differing exercise intensities, climatic conditions, and fluid 

replacement procedures. However, all reports show an increase in core temperature with 

dehydration, and a recent review has suggested that core temperature increases between 

0.1 – 0.25 °C for each 1 % decrease in body mass (Sawka, Montain, & Latzka, 2001). Since 

these studies required subjects to maintain a set exercise intensity between trials of 

differing hydration status or fluid replacement, heat production must have remained the 

same, as shown by Armstrong et al (1997b). As such, increased core body temperature 

when dehydrated must be the result of reduced heat loss. 

Dehydration reduces both the sweating and skin blood flow responses to exercise heat 

stress. Mean body sweat rate is commonly found to decrease with body mass loss 

(Gonzalez-Alonso et al., 1995; Montain et al., 1995; Sawka et al., 1985). Sawka and 

colleagues (1985) proposed the magnitude of this decline to be 29 g/m2/h for each 1 % 

decline in body mass. Dehydration also affects the threshold and sensitivity of the sweating 

response. The threshold core body temperature at which sweating is initiated is raised 

when dehydrated (Montain et al., 1995), allowing higher body temperatures before 

sweating commences. The sensitivity of the sweating response is reduced when 
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dehydrated during exercise heat stress with insufficient fluid replacement (Armstrong et 

al., 1997b; Montain et al., 1995), resulting in a smaller increase in sweat rate for a given 

increase in core temperature. Dehydration also affects blood flow to the skin. Forearm and 

cutaneous blood flow are lower during exercise in the heat when dehydrated (Gonzalez-

Alonso et al., 1995; Kenney et al., 1990; Montain & Coyle, 1992). This is the result of 

increased cardiovascular strain. Gonzalez-Alonso and colleagues (1995; 1997) report lower 

stroke volume during exercise in the heat when dehydrated. In turn, heart rate is increased 

in an attempt to maintain cardiac output, however cardiac output tends to decline with 

dehydration. In order to maintain mean arterial pressure, vascular resistance is increased 

which restricts blood flow through the skin vasculature and impairs heat transfer to the 

skin. Other research has also reported an increased threshold and decreased sensitivity of 

the forearm blood flow response to exercise heat stress when dehydrated (Fujii et al., 

2008). Overall, dehydration results in a reduced capacity for heat dissipation through 

sweating and skin blood flow, resulting in higher thermoregulatory strain during exercise. 

To avoid the deleterious effects of dehydration, it is recommended that persons exercising 

in the heat aim to replace all sweat losses, or at least sufficient amounts to restrict body 

mass loss to less than 2 % (Sawka et al., 2007). However, when the individual is allowed to 

consume fluid ad libatum, it is common to observe only a 60 - 70 % replacement rate. This 

phenomenon whereby individuals lose body mass during exercise heat stress due to a lack 

of fluid consumption (when it is readily available) is termed voluntary dehydration (Adolf 

1947 – cited in (Szlyk, Sils, Francesconi, Hubbard, & Armstrong, 1989)). It has been 

attributed to the finding that thirst is not stimulated until a 2 % loss in body mass has been 

incurred (Pitts, Johnson, & Consolazio, 1944). In support of this assertion, research where 

participants have commenced exercise in a dehydrated state (3 – 4 % body mass loss) has 

shown voluntary fluid consumption to be able to maintain this level of hydration, or slightly 

improve it, compared to those who commenced euhydrated (Armstrong et al., 1997b; 

Maresh et al., 2004).  

Alternatively, some research has sought to determine the effects of hyper-hydration 

(greater than normal body water content) on heat strain during exercise. Following two 

hours of treadmill exercise in the heat, core body temperature, skin temperature, and 

whole body sweat rate did not differ between euhydration and hyper-hydration trials 

(Latzka et al., 1997). It was concluded that hyper-hydration confers no thermoregulatory 
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advantage over euhydration. However, the authors acknowledge that there may be a 

benefit of delaying the onset of a water deficit during exercise. 

An Alternative Point of View 

Research conducted in field settings has questioned the validity of the conclusions drawn 

from the above laboratory research studies. In endurance sporting events, such as 

marathons and triathlons, core body temperature at the end of the race has been 

unrelated to the magnitude of body mass loss due to sweating (Byrne, Lee, Chew, Lim, & 

Tan, 2006; Laursen et al., 2006; Noakes et al., 1991; Nolte, Noakes, & Van Vuuren, 2010; 

Sharwood, Collins, Goedecke, Wilson, & Noakes, 2004), leading to the hypothesis that 

hydration status does not influence core body temperature, but that metabolic rate is the 

prime determinant (Noakes et al., 1991). The proposed reasons for this disparity between 

laboratory and field research include 1) laboratory studies have been conducted at 

unrealistic wind speeds (Laursen et al., 2006; Saunders et al., 2005; Sharwood et al., 2004), 

and 2) at a predetermined work intensity (Saunders et al., 2005; Sharwood et al., 2004). 

It is true that many of the laboratory studies showing core body temperature to be 

elevated when exercising in a dehydrated state (Armstrong et al., 1997b; Kenney et al., 

1990; Montain et al., 1995; Sawka et al., 1985) or with insufficient fluid replacement 

(Below, Mora-Rodriguez, Gonzalez-Alonso, & Coyle, 1995; Fujii et al., 2008; Gonzalez-

Alonso et al., 1995; Montain & Coyle, 1992) have been conducted in low wind-speed 

conditions (< 3.5 m/s), lower than would be encountered in a real world setting. It is 

evident that higher wind-speeds allow greater heat loss from the body, thus lowering core 

body temperature during exercise (Saunders et al., 2005). This is due solely to an improved 

capacity of the environment to remove heat from the body, and not an improvement to 

the human body’s ability to regulate body temperature per se. Since the wind-speed and 

environmental conditions were kept constant during the laboratory trials in euhydrated 

and dehydrated states (or with / without fluid replacement), the low wind-speed could not 

have produced the raised body temperature and impaired thermoregulatory heat loss 

mechanisms observed with dehydration (Gonzalez-Alonso et al., 1995; Kenney et al., 1990; 

Montain & Coyle, 1992; Montain et al., 1995; Sawka et al., 1985). In addition, passive heat 

exposure, when wind-speed is rightfully minimal due to an absence of forward progression, 

core body temperature is still raised when dehydrated compared to when euhydrated 

(Armstrong et al., 1997b; Kenney et al., 1990). 
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One laboratory study has suggested that at more realistic wind-speeds, replacing 60 or 80% 

of fluids lost to sweating during exercise caused no difference in the core body 

temperature response (Saunders et al., 2005). However, the body weight loss of these 

groups only differed by 1 %, where only a 0.1 – 0.25 °C rise in core body temperature would 

be expected due to dehydration (Sawka et al., 2001). This small difference is unlikely to be 

detected as statistically significant as it is within individual and circadian variation in core 

body temperature (Reilly & Brooks, 1990). Further research at greater levels of dehydration 

is required to support the conclusions drawn from this study. 

The second criticism of the laboratory work is that the work intensity was predetermined in 

laboratory studies. Allowing individuals to self-select their work intensity has been shown 

to maintain core body temperature within acceptable limits (Mairiaux & Malchaire, 1985; 

Tucker, Marle, Lambert, & Noakes, 2006; Wyndham, 1973). As such, field studies finding no 

relationship between core body temperature and body mass loss due to sweating 

(dehydration) have concluded that athletes modify their work rate to ensure body 

temperature does not rise excessively (Byrne et al., 2006; Laursen et al., 2006; Noakes et 

al., 1991; Nolte et al., 2010; Sharwood et al., 2004). These studies were observational in 

nature and did not involve comparison groups (ie. well hydrated vs poorly hydrated). 

Therefore, it can be speculated that the athletes may have further reduced their work 

intensity due to the magnitude of dehydration, thus masking the effect dehydration had on 

core temperature.  

Support for this assertion can be found in research showing reduced performance when 

dehydrated. Diuretic induced dehydration of 1.6 – 2.1 % body weight, compared to 

euhydration, lead to slower running velocity and extended performance times for distances 

of 1.5 – 10 km (Armstrong, Costill, & Fink, 1985). Similarly, the time to complete work tasks 

in the forestry industry increased on a low, compared to a high, fluid replacement strategy 

(Wästerlund, Chaseling, & Burström, 2004). Finally, the time to complete a set amount of 

work was increased (Below et al., 1995), and the amount of work completed during a given 

time period (Cheuvront et al., 2005) and time to exhaustion (Otani, Kaya, Tsujita, Hori, & 

Hori, 2006; Strydom et al., 1966) were reduced when dehydrated. These studies suggest 

that; to conclude that hydration status has no effect on body temperature because subjects 

can self-pace and reduce their work intensity (Byrne et al., 2006; Laursen et al., 2006; 

Noakes et al., 1991; Nolte et al., 2010; Sharwood et al., 2004), is inappropriate, as the 
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observational nature of the work cannot exclude the possibility that dehydration 

contributed to the performance outcomes. 

In contrast to this assertion, one study has shown triathlon performance times to be similar 

among competitors  who experienced > 5, 3.5 – 4.5, or < 3 % body weight loss during a 

single competitive event (Sharwood et al., 2004). Since subjects in this study were only 

assessed once and in only one hydration state the quality of evidence is not as strong as 

observed in the preceding laboratory studies discussed. Further experimental studies are 

required to support the alternative point of view.  

At this time there is limited experimental evidence to support the alternative view point, 

that hydration status does not influence core body temperature and heat strain. As such 

this thesis will follow the prevailing view point that dehydration raises heat strain. 

Aerobic Fitness 

Aerobic fitness describes the body’s capacity to transport and utilise oxygen. It 

incorporates the respiratory systems ability to bring oxygen into the body and load it onto 

haemoglobin in the red blood cells. It also involves the ability of the blood to transport 

oxygen to the working muscles and of the muscles ability to utilise that oxygen to perform 

mechanical work. A person’s maximal rate of oxygen consumption (VO2max) is commonly 

used to quantify aerobic fitness. Individuals with higher aerobic fitness experience lower 

heat strain during exercise in conditions of high heat stress. 

The greater tolerance of those with higher fitness to exercise in the heat can be attributed 

to a greater capacity for heat dissipation. This has been suggested following observations of 

core body temperature in response to steady state exercise (Fritzsche & Coyle, 2000; Gant, 

Williams, King, & Hodge, 2004; Saltin & Hermansen, 1966). When working at the same 

absolute exercise intensity, aerobically trained individuals show lower core temperatures 

than untrained individuals, in spite of the similar rate of heat production. On the other 

hand, at the same relative exercise intensity, those with a higher aerobic fitness have a 

greater heat production than untrained individuals, yet a similar core body temperature is 

maintained during exercise. A greater capacity for heat loss must be attributed to an 

improved sweating and/or skin blood flow response to heat stress. 

A number of research studies have been conducted to elucidate the relationship between 

aerobic fitness and the sweating response to exercise and/or heat stress. Cross-sectional 

studies have revealed higher sweat rates in aerobically trained compared to untrained 
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individuals during cycling at the same relative intensity (Bates, Gazey, & Cena, 1996; Green, 

Pritchett, Crews, McLester, & Tucker, 2004; Yamazaki, Fujii, Sone, & Ikegami, 1994) or 

greater mass loss due to sweating (Fritzsche & Coyle, 2000). Aerobically trained individuals 

also show higher sweat rates during isometric handgrip exercise (Yanagimoto et al., 2002) 

and greater maximal sweat rates (pharmacologically induced) (Buono & Sjoholm, 1988).   

Longitudinal studies have implemented aerobic exercise training, in either temperate or 

hot conditions, with the aim of improving aerobic fitness and acclimatisation status to 

determine their effect on the sweating response to exercise heat stress. Sweat rate is 

increased during sub-maximal exercise following aerobic training and or acclimatisation. A 

decrease in the threshold core body temperature for sweating initiation (Okazaki et al., 

2002; Yamazaki & Hamasaki, 2003), an increase in the sensitivity in the sweating response 

(greater change in sweating rate for a given change in core temperature) (Convertino, 

1983; Gisolfi & Robinson, 1969), or both (Nadel, Pandolf, Roberts, & Stolwijk, 1974; 

Roberts, Wenger, Stolwijk, & Nadel, 1977) are responsible for the enhanced sweating 

response to exercise heat stress in trained individuals. The discrepancy in the mechanism of 

enhanced sweating is likely the result of differing training and testing procedures utilised 

between the studies. A number of reasons have been put forward for the increased 

sweating response of trained individuals including an increase in sensitivity to cholinergic 

stimulation (Buono & Sjoholm, 1988), and an increase in plasma volume, leading to a larger 

volume of interstitial fluid to supply the sweat gland (Convertino, 1983). However, the 

latter reason may simply be coincidental with an increase in VO2max.  

The skin blood flow response to exercise heat stress has also been examined through cross-

sectional and longitudinal studies of aerobic fitness. Both types of study design have shown 

higher skin blood flow for aerobically trained compared to untrained individuals for the 

same relative intensity of exercise (Fritzsche & Coyle, 2000; Ho, Beard, Farrell, Minson, & 

Kenney, 1997; Okazaki et al., 2002; Roberts et al., 1977; Thomas, Pierzga, & Kenney, 1999). 

Aerobic exercise training and or acclimatisation are thought to reduce the threshold core 

body temperature for vasodilation (Okazaki et al., 2002; Roberts et al., 1977; Thomas et al., 

1999), allowing for greater skin blood flow for a given core body temperature. The lowering 

of the threshold appears to be due to adaptations to the active vasodilator system, as 

blocking vasoconstrictor activity did not alter the threshold (Thomas et al., 1999). Some 

evidence suggests that increased bioactivity of nitric oxide in the microcirculation 

contributes to the enhanced vasodilation seen in trained individuals (Boegli et al., 2003). 
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Several other mechanisms also allow for greater skin blood flow in trained individuals 

during exercise heat stress. Aerobic training and acclimatisation commonly produce an 

increase in blood volume (Sawka & Coyle, 1999). This increase in stroke volume allows 

cardiac output to be maintained with a lower heart rate. Lower heart rates are frequently 

reported during exercise heat stress in trained subjects (Convertino, 1983; Gisolfi & 

Robinson, 1969; Okazaki et al., 2002; Roberts et al., 1977; Yamazaki et al., 1994). A greater 

cardiac output, as well as greater redistribution of blood from splanchnic and renal 

circulations to the periphery, is also thought to contribute to increased skin blood flow in 

trained individuals (Ho et al., 1997).  

Individuals with higher aerobic fitness show greater skin blood flow and higher sweat rates 

for a given core body temperature. This allows enhanced heat dissipation and results in 

improved tolerance to exercise heat stress in most situations. However, one scenario of 

exercise heat stress places fitter individuals at greater strain. At a relative exercise intensity 

in a hot and humid environment, trained individuals will show a greater rise in core body 

temperature than untrained individuals (Havenith, Coenen, Kistemaker, & Kenney, 1998). 

This is due to their greater rate of heat production combined with a diminished heat loss 

through evaporation, due to high humidity.  

Body Composition and Anthropometry 

The human body appears in a wide variety of shapes and sizes, determined by the 

individual’s body composition and anthropometry. Body composition describes the relative 

contribution of fat and lean tissue to the whole body. Lean tissue includes muscle, bone, 

and water, while fat tissue includes both essential and storage fats. Anthropometry is the 

study of human body measurement. In particular, body mass and surface area are two 

anthropometric measurements relevant to heat strain.  Research suggests that the ability 

for heat loss is directly related to the body’s composition, mass, and surface area 

(Anderson, 1999). 

For a given rate of body heat storage body composition will influence the rate of increase in 

core body temperature. Specific heat describes the amount of heat required to raise the 

temperature of 1 gram of a substance by 1 °C. The specific heat of lean tissue is 0.8 

Kcal/g/°C as opposed to 0.4 Kcal/g/°C for fat tissue (Kenney, 1985). Therefore, when 

individuals of similar mass are exposed to the same heat stress, the person with a higher 

percentage fat content will show a faster increase in their core body temperature.  
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Limited research has focused on the impact body composition has on the physiological 

strain of exercise heat stress. This is mainly because of the difficulty in controlling for other 

factors such as aerobic fitness, mass, and surface area, as these can vary widely when 

allocating subjects to comparison groups based on body composition. During treadmill 

walking in hot-dry conditions, obese women were under greater heat strain as evidenced 

by higher rectal and skin temperatures, heart rates, and sweat rates compared to lean 

women (Bar-Or, Lundegren, & Buskirk, 1969). However, the greater strain may be due to a 

methodological error, as both groups walked at the same speed and grade (absolute 

intensity). In weight-bearing exercise, the subjects of greater mass (obese group) must 

expend more energy, thus producing more heat, to perform the same work. When working 

at the same relative exercise intensity (cycling), core and skin temperature were similar 

between lean and obese comparison groups during exercise heat stress (Vroman, Buskirk, 

& Hodgson, 1983).  

In spite of conflicting evidence in several papers, continued research has suggested higher 

heat strain in those with less favourable body composition. When cycling for 60 minutes at 

an absolute intensity, final rectal temperature was significantly negatively correlated (r > -

0.70, p < 0.01) with body mass and lean body mass (Havenith, Luttikholt, & Vrijkotte, 

1995b). In other research, two groups of trained individuals differing in percent body fat 

(10.9 % and 18.8 %) walking on a treadmill in uncompensible heat stress, the low fat group 

showed longer exercise times before exhaustion and were able to tolerate a greater 

increase in core body temperature (Selkirk & McLellan, 2001). Interestingly, the low fat 

group ceased exercise due to reaching the ethical limit for core body temperature; 

however, only one person in the high fat group attained this core temperature, the 

remaining subjects stopped exercise due to exhaustion or nausea. Body mass tended to be 

higher in the high fat group but this was not significant.  

The mass and surface area of an individual also influence thermal balance, as does the 

interaction between these two factors, the surface area to mass ratio (SA/m). For heat 

exchange with the environment, the gradient between skin and air temperature and 

vapour pressure is important, but it also relies on the surface area available for exchange, 

with a larger surface area facilitating a faster rate of heat transfer. Heat gain and storage 

are related to the mass of the individual. For the same rate of heat storage (absolute 

intensity of weight-bearing exercise), a person with a greater mass will show a smaller 

increase in core body temperature compared to a light-weight person.  
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Havenith (2001) examined the effects of mass, surface area, and SA/m ratio on tolerance to 

an absolute exercise intensity (cycling) during warm-humid and hot-dry conditions. In both 

climatic conditions all three factors were significantly correlated with core body 

temperature, such that a high mass, a high surface area, and a low SA/m ratio were 

associated with a lower core body temperature and therefore greater heat tolerance. It 

was concluded that when metabolic rate is constant, a low SA/m results in lower heat 

strain in both hot-dry and warm-humid conditions (Havenith, 2001). This is the case in non-

weight bearing activities such as cycling.  

The benefits of a high mass and surface area reported in the above article are specific to 

non-weight bearing activities (cycling) at the same rate of heat production (absolute 

intensity). However, weight-bearing activities, such as running, will produce a higher 

metabolic rate in a person with a higher mass for the same level of work output (speed of 

running). To this effect, heat strain was lower in lighter runners during warm humid 

conditions when heat dissipation mechanisms are at their limit (Marino et al., 2000). This 

has implications for running performance in warm humid conditions as heavier runners 

need to lower their speed to achieve a similar rate of heat storage as lighter runners 

(Marino, Lambert, & Noakes, 2004). 

A small amount of research has also sought to determine the influence body composition 

has on the sweating and skin blood flow response to heat stress. Obese men and women 

tend to have a lower density of sweat glands compared to lean individuals (Bar-Or, 

Magnusson, & Buskirk, 1968). Citing previous literature suggesting that the number of 

sweat glands an individual possesses remains constant beyond the age of 2, the authors 

indicated that as adiposity increases, the increase in sub-cutaneous fat enlarges the body 

surface area. Thus the sweat glands become spread over a wider area, resulting in a lower 

density. Adiposity is also thought to influence the threshold for initiating sweating. As 

mentioned earlier (regulation of core body temperature section) it is thought that core 

body temperature is allowed to fluctuate between an interthreshold zone. When 

temperatures drop below this level, shivering is initiated, when temperature rises above, 

sweating commences. Kakitsuba and colleagues (2007) observed that both the peripheral 

(skin temperature) and core (core temperature) interthreshold zones tended to be wider in 

subjects with greater adiposity. This suggests a lower temperature for shivering and/or a 

higher temperature for sweating. This relationship was not significant, which may be due to 

a small sample size. 
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Some evidence also suggests that the skin blood flow response to exercise heat stress is 

attenuated in obese compared to lean subjects. The core temperature threshold for 

vasodilation was similar, yet the sensitivity of the response was reduced in obese subjects 

(Vroman et al., 1983). It was suggested that this may be due to increased vasoconstrictor 

activity in the skin of obese subjects. It should also be noted that the lean subjects had 

significantly greater aerobic fitness compared to the obese subjects. 

Age 

 Much of the research into the effects of aging on heat tolerance has been cross-sectional, 

comparing groups of differing ages for their skin blood flow and sweating responses to heat 

stress. Skin blood flow in response to a relative exercise intensity is lower in individuals 

over 55 years of age compared to those less than 30 years (Ho et al., 1997; Kenney, 1988; 

Kenney & Ho, 1995; Kenney et al., 1997; Kenney et al., 1990; Tankersley, Smolander, 

Kenney, & Fortney, 1991; Thomas et al., 1999). Similar findings have been found between 

these age groups when exposed to passive heat stress (Armstrong & Kenney, 1993; Inoue, 

Shibasaki, Hirata, & Araki, 1998; Martin, Loomis, & Kenney, 1995). Although earlier 

research suggested older (~47 years) individuals had higher skin blood flow responses to an 

absolute intensity of exercise (Hellon & Lind, 1958; Lind et al., 1970; Wagner, Robinson, 

Tzankoff, & Marino, 1972), these studies may not have adequately controlled for individual 

differences, such as fitness, as evidenced by higher core temperatures in the older subjects 

during this exercise.  

There are three possible explanations for an attenuation in the skin blood flow response to 

heat stress including 1) a higher vasoconstrictor tone, 2) a lower sensitivity of active 

vasodilation, and 3) a reduced response from the effector organs (Kenney et al., 1997). 

Comparing age groups of those < 30 and > 60 years during cycling exercise at 50 – 60 % 

VO2max, a pharmacological block to vasoconstrictor activity in one forearm did not result in 

a higher skin blood flow for a given core temperature (Kenney et al., 1997; Thomas et al., 

1999). These findings indicate that a higher vasoconstrictor activity during exercise heat 

stress for older individuals is not responsible for the lower skin blood flow response.  

The majority of research supports the later two reasons (reduced vasodilation sensitivity or 

effector organ response) for a reduced skin blood flow response in older individuals. The 

skin blood flow response for a given core temperature (sensitivity of the response) is 

reduced in older subjects (Armstrong & Kenney, 1993; Inoue et al., 1998; Kenney, 1988; 

Tankersley et al., 1991). Further research has aimed to elucidate the reason for a reduced 
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sensitivity of active vasodilation in older individuals. The neurotransmitter responsible for 

the active vasodilation remains unknown; however, research has shown that nitric oxide 

plays a contributing role to the active vasodilation seen during body heating (Shastry, Dietz, 

Halliwill, Reed, & Joyner, 1998). The inhibition of nitric oxide synthesis causes a much 

greater reduction in the vasodilatory response to passive body heating in older men than 

young men, suggesting that nitric oxide mediation of active vasodilation contributes more 

to the vasodilatory response of older individuals (Holowatz et al., 2003). This greater 

reliance on nitric oxide mediated mechanisms contributes to the lower blood flow 

response in older individuals as nitric oxide synthesis is decreased with aging.  

An alteration to the effector organ response to heat stress is another contributor to lower 

skin blood flow responses in older individuals. Maximal forearm vascular conductance 

(FVC) has been found to progressively decrease with age, such that those over 55 years 

have significantly lower maximal FVC compared to those less than 30 years (Martin et al., 

1995). Maximal cutaneous vascular conductance is also lower in aged skin (Kenney et al., 

1997). Such findings are thought to be due to changes in the structure of the vasculature 

including a breakdown of vessels in the microcirculation, and a decrease in the number of 

capillary loops. Another aspect of effector organ responses is that of the splanchnic and 

renal blood flows. With age there is a decrease in the magnitude of vasoconstriction to 

these organs during exercise heat stress (Ho et al., 1997; Kenney & Ho, 1995). As a 

consequence less blood is redirected to the skin from these regions compared to that seen 

in younger subjects. 

The sweating response to exercise heat stress also differs between age groups. Older 

subjects (> 52 years) show lower sweating responses during exercise heat stress compared 

to young subjects (< 30 years) for a given relative intensity (Anderson & Kenney, 1987; 

Inoue, Havenith, Kenney, Loomis, & Buskirk, 1999a; Kenney, 1988; Tankersley et al., 1991) 

and absolute intensity (Wagner et al., 1972). Passive heat exposure also produces lower 

sweating rates in older individuals (Inoue, Nakao, Araki, & Murakami, 1991; Inoue et al., 

1998; Inoue, Shibasaki, Ueda, & Ishizashi, 1999b), but not always (Marszalek, Smolander, 

Soltynski, & Sobolewski, 1999). This difference may be due to the level of heat stress 

subjects were exposed too. Finally, pharmacological stimulation also produces lower 

sweating responses in the aged (Kenney & Fowler, 1988). 

The number of heat activated sweat glands remains similar between age groups but the 

sweat gland output decreases with advancing age (Anderson & Kenney, 1987; Inoue et al., 
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1991; Kenney & Fowler, 1988). This finding is thought to be due to a decrease response to 

thermal stimuli or a reduced function of the sweat gland. 

 When comparing age groups, it is important to take differences in aerobic fitness and body 

composition into account. With advancing age aerobic fitness decreases approximately 10 

% for every decade (Buskirk & Hodgson, 1987). Early research indicated a lower heat 

tolerance (higher core and skin temperatures) of older males (~47 years) during exercise 

heat stress for a given absolute intensity of work (Hellon & Lind, 1958; Lind et al., 1970; 

Wagner et al., 1972). However, these studies do not report controlling for fitness and body 

composition between the age groups. More recent research, matching differing age groups 

for these variables, revealed similar core body temperature responses to exercise heat 

stress between age groups (< 30 and > 55 years) (Bates et al., 1996; Ho et al., 1997; Inoue 

et al., 1999a; Inoue et al., 1998; Kenney, 1988; Kenney & Ho, 1995; Kenney et al., 1990; 

Tankersley et al., 1991). Some evidence suggests a higher core temperature in older 

women (Anderson & Kenney, 1987), or greater change in core temperature during exercise 

(Kenney et al., 1997). Skin temperature is also similar (Anderson & Kenney, 1987; 

Armstrong & Kenney, 1993; Kenney, 1988; Tankersley et al., 1991), or lower (Ho et al., 

1997; Inoue et al., 1998; Kenney & Ho, 1995; Kenney et al., 1997; Kenney et al., 1990) for 

older individuals compared to younger. Thus when age groups are matched for fitness and 

body characteristics, tolerance to heat stress appears to be similar. Interestingly, in an 

aerobic training program, subjects aged over 61 years were able to improve their skin 

blood flow and sweating responses to exercise heat stress (Okazaki et al., 2002; Thomas et 

al., 1999), by lowering the core temperature threshold for their initiation. This finding 

further supports the assertion that reduced tolerance to heat stress in older individuals is 

more aligned with fitness and body composition changes associated with aging rather than 

aging per se. 

Two final points to consider in relation to the effects of age on heat strain include an 

altered thirst mechanism and psychological effects when working with younger individuals. 

It has been concluded that older individuals have a reduced thirst response (Phillips et al., 

1984). This indicates that older individuals are less likely to voluntarily replace fluid losses 

during exercise heat stress, and predisposes them to raised heat strain, through 

dehydration. Secondly, in a military environment, it has been observed that older 

individuals may feel the need to “prove themselves” to younger troops and may work at a 

higher relative intensity as a result, raising their heat strain levels (Goldman, 2001). 
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Acclimatisation  

Substantial physiological adjustments within the human body result from repeated 

exposure to exercise heat stress. The process of adaptation is referred to as acclimatisation 

when induced through exposure to naturally occurring environmental stressors, and 

acclimation when due to experimental or well controlled environments (Armstrong, 2000; 

Pandolf, 1998). However, for the purpose of this discussion, the term acclimatisation will 

be used to cover both exposure types. The physiological adaptations from acclimatisation 

reduce the heat strain experienced by the individual, increase their tolerance to work in the 

heat, and lower the risk of developing heat illness. However, the adaptations are reversible 

if exposure is discontinued.  

The physiological adaptations of acclimatisation lead to improved heat transfer from the 

core to the skin and environment, and improved cardiovascular function. Research has 

shown that acclimatisation raises the sweat rate of individuals working in the heat, lowers 

the threshold for sweating initiation and increase the sensitivity of the response (Nadel et 

al., 1974; Nielsen, 1998; Nielsen et al., 1993; Yamazaki & Hamasaki, 2003). Some evidence 

also suggests a greater vasodilation of skin vasculature following acclimatisation (Yamazaki 

& Hamasaki, 2003). These adaptations facilitate heat loss from the body and allow for a 

lower core body temperature to be maintained (Munro, Sichel, & Wyndham, 1967; Nadel 

et al., 1974; Nielsen, 1998; Yamazaki & Hamasaki, 2003). Maintaining a lower body 

temperature has improved tolerance times to work in the heat, as the time to attain a 

limiting core body temperature is extended (Nielsen, 1998; Nielsen et al., 1993; Wyndham, 

Strydom, Benade, & van Rensburg, 1970). Another important adaptation is an increase in 

plasma volume (Nielsen et al., 1993). It allows for a lower heart rate (through increased 

stroke volume) response to exercise heat stress (Nadel et al., 1974; Yamazaki & Hamasaki, 

2003) and enhances cardiovascular stability as the system tries to meet the competing 

demands of active musculature and skin blood flow. 

Heat acclimatisation occurs over a period of approximately 7 – 14 days, with the majority of 

adaptations taking place in the first 4 – 6 days (Armstrong & Maresh, 1991; Pandolf, 1998). 

Whilst some benefits are obtained from passive heat exposure the greatest benefits are 

observed from a combination of heat exposure and exercise. It is recommended that 

dynamic exercise should be performed at greater than 50 % of maximal aerobic capacity for 

90 - 100 minutes (Armstrong, 2000). Performing such activity in the heat on consecutive 

days will maximise the benefits obtained from an acclimatisation program. The adaptations 

of acclimatisation can be reversed with a cessation of exposure to exercise heat stress or 
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dehydration. Studies on acclimatisation retention upon returning to a cooler climate are 

sparse and of small sample size, however, the general consensus is that physiological 

adaptations can be lost in a matter of days or weeks (Pandolf, 1998). The benefits of humid 

heat acclimatisation appear to be lost more rapidly than adaptations to dry heat.  

Hydration status is also reported to have an important impact on the benefits of 

acclimatisation. When well-hydrated, the core temperature response to exercise heat 

stress is lower following acclimatisation. Interestingly, when dehydrated (5 % body mass 

loss), the core temperature response is similar between acclimatised and non-acclimatised 

subjects (Sawka et al., 2001), revealing a greater increase in core temperature due to 

dehydration of acclimatised persons compared to un-acclimatised. It was concluded the 

dehydration negates the benefits to core temperature provided by acclimatisation. 

Gender 

Heat strain can differ between men and women exposed to the same level of heat stress. It 

is not due to gender per se, but is more closely related to differences in aerobic fitness and 

body characteristics. Women tend to have a lower aerobic capacity compared to men, as 

well as a higher body fat content, lower total body mass, and lower surface area. As 

discussed above, these factors are associated with lower tolerance and greater strain 

during heat stress. However, when men and women who are similar for all of these 

characteristics are compared, little difference in physiological strain is observed (Havenith, 

Inoue, Luttikholt, & Kenney, 1995a; Havenith et al., 1995b). 

Even though men and women can be equally as tolerant to heat stress, some differences in 

thermoregulation do exist. In terms of the capacity of the sweating response to heat stress, 

women appear to have a greater density of active sweat glands. However, there is a 

smaller output per sweat gland than compared to men (Buono & Sjoholm, 1988; Inoue et 

al., 2005). Even though sweat output tends to be less for women, a greater efficiency of 

evaporation allows them to maintain similar core body temperatures as men (Kaciuba-

Uscilko & Grucza, 2001). 

The majority of research into physiological responses to heat stress primarily focuses on 

males. This is because the hormonal state of males is constant compared to that of women, 

which varies with the menstrual cycle. The follicular phase of the menstrual cycle involves 

an elevation in estrogen concentration whilst the luteal phase involves a rise in 

progesterone concentration. Core body temperature and the temperature for the onset of 

sweating and cutaneous vasodilation are similar between men and women in the follicular 
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phase. However, during the luteal phase core body temperature is raised and the 

thresholds for vasodilation and sweating are higher (Inoue et al., 2005). In spite of these 

fluctuations in core temperature and thermoregulatory responses with changes in 

menstrual cycle, their effect on heat tolerance in working situations appears to be minimal. 

Summary of Individual Parameters 

In summary there are several parameters (that vary substantially between individuals) 

which will influence the level of heat strain when exposed to a certain heat stress. 

Maintaining adequate hydration is important to keep heat strain within acceptable limits. 

Aerobic fitness, body composition and acclimatisation status, also have important 

influences on heat strain. Un-acclimatised Individuals of low fitness and poor body 

composition are at the greatest risk of high heat strain. Finally, age and gender should be 

considered when assessing an individual’s heat strain, but it should be realised that 

differences seen in these variables are more likely to reflect the differences in aerobic 

fitness and body composition associated with age and gender. 
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Implications for Performance, Safety, and Health 
Working or exercising in conditions of high heat stress has implications for the individual 

exposed. Firstly, performance and productivity are reduced. In addition their safety may be 

compromised due to decrements in cognitive performance, increasing the risk of accident 

and injury. Finally, heat stress can be detrimental to the health of the individual if heat 

illness develops. These implications will be discussed in this section of the literature review. 

Performance and Productivity  

The presence of heat stress in an athletic or work environment has implications for 

performance and productivity. Performance has been considered in terms of the time 

taken to reach exhaustion and the amount of work completed in a given time period (self-

paced). Consistently a reduction in performance in the heat is observed. 

Ambient temperature has been shown to influence the time to exhaustion during exercise. 

Elite cyclists were found to exercise for the longest duration when ambient temperature 

was 11 ˚C, with time to exhaustion declining as temperature rose to 21 ˚C and 31 ˚C 

(Galloway & Maughan, 1997). Research has suggested that exhaustion during exercise in 

the heat results from attaining a critically high core body temperature, and is therefore 

influenced by heat storage. Time to exhaustion during cycling was increased following a 

pre-cooling strategy compared to a pre-heating strategy, but in both instances, the core 

body temperature at exhaustion was ~ 40 ˚C (Gonzalez-Alonso et al., 1999). Thus at a 

similar rate of heat storage, time to exhaustion was increased by a lower starting 

temperature. In addition, time to exhaustion was increased following a period of 

acclimatisation, but core temperature at exhaustion was similar (Nielsen et al., 1993). A 

slower rate of heat storage following acclimatisation was attributed to improved heat loss 

mechanisms and extended the time for core temperature to reach the level causing 

fatigue. 

While time to reach exhaustion is of physiological importance, it has limited practical 

application. Assessing the performance of a set task will elucidate the effects heat stress 

has on performance in a real world setting. In athletic studies, a review of marathon 

performance times revealed that performance progressively worsens (longer completion 

times) as climatic conditions increase above 5 – 10 ˚C wet-bulb globe temperature (WBGT) 

(Montain, Ely, & Cheuvront, 2007). In laboratory based time trial studies, power output was 

lower and time to complete was longer during a 4 km cycling time trial in the heat (Altareki, 

Drust, Atkinson, Cable, & Gregson, 2009). Similarly, power output while cycling was 
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consistently lower during 30 minutes in the heat compared to the cool (Tatterson, Hahn, 

Martin, & Febbraio, 2000). Interestingly, the core body temperature in both heat and cool 

trials in this study was similar, suggesting that the individual may pace their work intensity 

to prevent excessive heat strain. 

Research has also shown heat stress conditions to reduce productivity in industrial settings. 

A simulated five hour shift of shovelling rock into 1-ton cars was performed at a number of 

wet-bulb temperatures between ~ 27 - 35 °C and wind speeds of 100, 400, or 800 feet per 

minute (Strydom et al., 1963). The amount of rock shovelled at 27 °C wet-bulb temperature 

was taken as 100 % performance and was the same for all wind velocities. With increases in 

wet bulb temperature performance progressively declined. At 35 °C wet bulb, performance 

had declined to ~ 22, 45, & 60 % of that seen at 27 °C wet bulb for the 100, 400, and 800 

feet per minute wind velocities respectively.  

Allowing workers to self-pace is commonly found to be a valuable method of reducing the 

risks presented by working in heat stress. During five hours of shovelling rock, the core 

body temperature of miners under direct supervision rose above 39 °C whereas 

temperature remained below this level for unsupervised miners (Wyndham, 1973). 

Similarly, a case study of self-pacing in a glass factory concluded that six out of seven 

workers were able to maintain their heat strain within acceptable limits by choosing their 

own work-rest cycles (Mairiaux & Malchaire, 1985). Allowing workers to self-pace has been 

promoted as the most effective control in preventing heat illness in a gaseous diffusion 

plant (Millican, Baker, & Cook, 1981) and is thought to be a key factor in the absence of 

fatal heat stroke in the European mining industry (Lind, 1970). 

Several industry and military studies have investigated the intensity chosen during self-

paced work. Soldiers marching six hours a day for six days chose an intensity between 30 - 

40 % of the maximal aerobic capacity (Myles, Eclache, & Beaury, 1979). A similar 

observation was made on construction workers of varying age with a mean rate of oxygen 

consumption (VO2) during work of 39 % maximum, ranging between 25 – 55 % during an 

eight hour shift (Astrand, 1967). The pace chosen may also relate to the duration of the 

task. Soldiers given a set 6.1 km course to walk took 50 - 70 minutes to complete it. For this 

shorter duration of activity an intensity of 40 – 50 % of the maximal aerobic capacity was 

chosen (Evans, Winsmann, Pandolf, & Goldman, 1980). Individuals will also choose a slower 

pace when exposed to heat stress. Heart rates of workers in a metal workshop were 

greater than 100 bpm for 39 % of their shift in winter but only 22 % in summer (Gertner, 
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Israeli, & Cassuto, 1984). This finding suggests that employees chose to work at a slower 

pace in summer. The decrease in work rate occurred in spite of financial incentives offered 

to workers. 

Choosing a slower pace during heat stress has not always been found. Soldiers who were 

trained to complete an 8 km march in temperate conditions chose a similar pace, albeit 

slightly slower, in hot and humid conditions (Soule, Pandolf, & Goldman, 1978). The main 

finding arising from this study was that subjects did not lower their work rate sufficiently to 

avoid developing heat exhaustion during the trial. It has been suggested that when under 

excessive heat stress, work rates may become frustratingly slow. So much so that the 

worker may chose an intensity that is too high for the prevailing conditions simply to finish 

the task quicker and leave the immediate environment (Brake, Donoghue, & Bates, 1998). 

In summary, performance of dynamic and aerobic exercise or work tasks is reduced under 

heat stress conditions. This is evidenced by shorter times to exhaustion and reduced time 

trial performance. It is suggested that, given the opportunity, most individuals are able to 

pace their work to avoid excessive heat strain.  

Safety 

In recent decades advances in technology have altered the equipment operated and tasks 

performed by workers in industrial and military settings. The result has been to raise the 

mental workload imposed on the operator, and in turn, increase the chance of human error 

(Hancock & Vasmatzidis, 2003). Therefore maintaining good cognitive performance in the 

workplace is important for safety.  

Whilst the research in relation to cognitive performance in the heat has been controversial, 

a review has highlighted that cognitive performance can be reduced in heat stress 

situations depending on the type of tasks carried out (Ramsey, 1995). This review 

separated the research into two categories based on the types of tasks assessed between 

hot and cool environments. The first category comprised mental and simple tasks, 

(including reaction time, time estimation, simple perceptual motor, arithmetic, writing, and 

coding tasks). The performance of these tasks was minimally affected by heat exposure. 

Alternatively, studies of perceptual motor tasks (including tracking, vigilance, vehicle or 

machine operation, and complex or dual tasks) show a definite decline in performance, 

beginning in the WBGT range of 30 – 33 ˚C. The types of tasks performed in the second 

category are analogous to industrial and military settings and highlight the potential for 

heat stress to be a safety issue in terms of accident and injury risk in these workplaces. 
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It is commonly held that under conditions of heat stress work injury rates are increased. In 

Italy, hospital admissions due to work accidents were higher in the summer months when 

apparent temperature (an index of air temperature and relative humidity) was high, but 

not extreme (Morabito, Cecchi, Crisci, Modesti, & Orlandini, 2006). In the textile industry of 

India, one third of workplace accidents occurred in the summer months of May and June 

(Nag & Nag, 2001). With increases in apparent temperature above 32 °C, acute injury rates 

have also been found to increase at an aluminium smelting plant in the United States 

(Fogleman, Fakhrzadeh, & Bernard, 2005).  

The rise in the risk of injury rates with heat stress is in part due to the thermal discomfort 

leading to a decline in the individuals care and attention (Onder, Sarac, & Onder, 2005; 

Pickering & Tuck, 1997). The discomfort associated with working in the heat may distract 

the worker from the task at hand (Parsons, 2003) leading to an increase in unsafe work 

behaviours. Ramsey and colleagues (1983) observed workers at either a metal products 

manufacturing plant or a foundry across a range of environmental conditions. It was found 

that the least number of unsafe work behaviours occurred in the WBGT range of 17 - 23 °C, 

beyond which unsafe work behaviours increased. 

Health – Heat Illness 

Heat illness can develop with prolonged exposure to a hot environment, particularly if 

performing physically demanding work or exercise. Heat illness has traditionally been 

defined as specific ailments including (in order of increasing severity) 1) Miliaria rubra (heat 

rash or prickly heat), 2) heat cramps, 3) heat exhaustion, and 4) heat stroke. A summary of 

these illnesses, their cause, signs and symptoms, and treatment, is presented in table 2.1.  

Miliaria rubra, commonly referred to as “heat rash” or “prickly heat”, is a skin condition 

commonly observed following prolonged periods of profuse sweating during physical 

activity in the heat  (Holzle & Kligman, 1978). Symptoms of the conditions include a rash 

with an itching (pruritus) or burning sensation (Donoghue & Sinclair, 2000). Mild cases 

present with scattered papules on apparently normal skin, which can progress in severity to 

a diffuse papular eruption with erythematous skin (abnormal redness and inflammation) 

(Lillywhite, 1992). It has been reported on most of the body from the neck down including 

the torso, arms, legs, knees, ankles, waist and buttocks (Donoghue & Sinclair, 2000; 

Lillywhite, 1992). 
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Table 2.1 Summary of Heat illnesses. 

Illness Cause Signs & Symptoms Treatment 

Miliaria Rubra 
(Heat Rash) 
(Prickly heat) 

 Long exposure to hot and humid 
environment 

 Unevaporated sweat blocks the sweat 
glands 

 Red rash on skin 

 Itchy or sore 

 Clean and dry the skin 

 Change into dry cloths 

 Rest in a cool environment 

Heat Cramps  Loss of body salt through excessive 
sweating 

 Heavy work in the heat 

 Painful spasm of muscle in the arms, legs, 
or abdomen. 

 Rest in a cool location 

 Drink fluid containing salt or electrolytes 
(eg. Sports drink) 

 Light stretching 
Heat Exhaustion  Dehydration and loss of body salt 

 Not enough blood flow for both vital 
organs and skin 

 Headache 

 Nausea and/or vomiting 

 Weakness and fatigue 

 Dizziness or light-headedness 

 Moist and pale skin 

 Rapid heart rate and breathing 

 Irritability 

 Move to a cool location and rest 

 Remove / loosen excess clothing 

 Provide cool drinking water or electrolyte 
solution 

 Cool the person by spraying with water and 
fanning or placing ice pack in armpits and 
groin. 

 Seek medical attention if required 
Heat Stroke  Failure of body to regulate temperature 

 Body temperature above 41°C 

 High body temperature 

 Hot and dry skin 

 Confusion or disorientation 

 Decreased muscle coordination 

 Irrational behaviour 

 Loss of consciousness 

 Seizures or convulsions 

 Death 

 Seek immediate medical attention 

 Move person to cool location 

 Remove excess clothing 

 Rapidly cool the body: 

 Immerse in cold water; or 

 Spray with cool water and fan 

 Ice packs in armpits and groin 

 Sips of water if conscious 
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A series of experiments conducted by Holzle and Kligman (1978) outlined the etiology of 

miliaria rubra. When performing physical activity in an environment of high heat stress, if 

the evaporation of sweat is restricted due to protective clothing or high humidity, the 

humidity at the skin surface increases, creating an environment optimal for bacterial 

growth. Anhidrosis, a suppression of the sweating response, follows and precedes the 

development of miliaria rubra. The sweat glands become blocked by an agglomerate of 

Periodic Acid-Schiff (PAS) positive material and degenerating leukocytes from the 

inflammatory response, resulting in further reductions to sweating, exacerbating the 

condition. Whilst antibacterial treatments can prevent miliaria rubra from developing, once 

the sweat ducts are blocked, it will take 2 – 3 weeks to restore the normal sweating 

response as the processes of cell renewal are completed (Holzle & Kligman, 1978). 

Miliaria rubra has been reported in occupational settings (Donoghue & Sinclair, 2000; 

Lillywhite, 1992), and has significant implications for health and performance (Pandolf, 

Griffin, Munro, & Goldman, 1980a, 1980b). After artificially inducing miliaria rubra 

(covering 20 – 70 % of body surface area), tolerance time to exercise (100 min treadmill 

walking at 1.56 m/s and 0 % grade) in the heat (48.9 °C and 20 % relative humidity) was 

significantly reduced for 7 – 21 days compared to control subjects (Pandolf et al., 1980a, 

1980b). In addition, mean body temperature and body heat storage was elevated in 

miliaria rubra affected subjects (Pandolf et al., 1980a, 1980b). As such persons affected by 

this condition are at risk of further heat illness and collapse if returning to work before the 

renewal of the sweat ducts is complete. This is despite the rash on the skin clearing well 

before this time (Pandolf et al., 1980b).  

There are limited treatments for malaria rubra. Whilst it can be prevented by antibacterial 

washes (Holzle & Kligman, 1978), the only effective treatment is to avoid sweating, and 

thus avoid activity in the heat (Donoghue & Sinclair, 2000).  

Muscle cramps are a painful, involuntary contraction of skeletal muscle that occurs during 

or immediately following work or exercise (Armstrong et al., 2007; Miller, Stone, Huxel, & 

Edwards, 2010; Schwellnus, 2009). Muscle cramps are most commonly reported in athletic 

or occupational settings involving prolonged activity when exposed to heat stress 

(Bergeron, 1996; Cooper, Ferrara, & Broglio, 2006; Donoghue et al., 2000; Shearer, 1990; 

Sulzer, Schwellnus, & Noakes, 2005). Whilst a scientific consensus has not yet been 

reached, two primary theories are currently debated as the cause of muscle cramps. These 
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two theories include 1) dehydration and electrolyte depletion, and 2) neuromuscular 

fatigue.  

Exercise in the heat involves large volumes of fluid and electrolyte loss through sweating. 

Proponents of the dehydration and electrolyte depletion theory draw evidence from 

reported cases which show that cramps occur during or following activity involving profuse 

sweating and/or potential salt depletion due to hypotonic fluid replacement (Bergeron, 

1996; Shearer, 1990). In addition, successful treatment and prevention strategies for 

cramps is often achieved through fluid and electrolyte and salt replacement or 

supplementation (Bergeron, 1996). Further evidence arises from an investigation of heat 

illness in an occupational setting. Of 106 miners suffering heat exhaustion, 65% 

experienced muscle cramps (Donoghue et al., 2000). Miners experiencing cramps had 

higher serum urea and creatine concentrations compared to asymptomatic miners, 

suggesting dehydration is a causative factor for muscle cramping (Donoghue et al., 2000). 

In addition, miners suffering cramps consumed more fluid during work compared to miners 

collapsing from heat exhaustion (Shearer, 1990). The cramps likely resulted from lowered 

serum sodium, which was associated with greater fluid intake (Shearer, 1990). 

In contrast to these case reports and occupational studies, cohort studies comparing 

athletes with and without muscle cramps have not supported the dehydration and 

electrolyte depletion theory. Markers of hydration status and blood sodium and potassium 

concentrations were not clinically different between competitors with and without muscle 

cramps in an ironman triathlon (Schwellnus, Nicol, Laubscher, & Noakes, 2004; Sulzer et al., 

2005) or a marathon (Maughan, 1986). Similarly, these variables were similar among 

American football players following training sessions in which they did and did not 

experience muscle cramps (Bartolozzi, Godek, Greene, Burkholder, & Dorshimer, 2007).  

Alternatively, some evidence suggests that muscle cramps result from neuromuscular 

fatigue. As muscle fatigues, there may be sustained abnormal spinal reflex activity, such 

that there is an increase in muscle spindle activity and decreased golgi tendon organ 

activity (Khan & Burne, 2007; Schwellnus, Derman, & Noakes, 1997), and if muscle 

contraction continues, cramping may result. Support for this theory is found in the 

suggested effectiveness of stretching to relieve symptoms (Khan & Burne, 2007; Schwellnus 

et al., 1997). Although, stretching only relieved cramping in 52 % of triathletes (Schwellnus 

et al., 2004). In addition, this theory of muscle cramp does not account for nocturnal 

muscle cramp observed during sleep, commonly in the legs (Walters, 2007). 
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Overall there is evidence for and against both theories of the causative factors producing 

muscle cramps. In spite of the quality of the evidence supporting the dehydration and 

electrolyte depletion theory of muscle cramping, this theory and its associated treatment 

and prevention strategies are supported by the American College of Sports Medicine 

(Armstrong et al., 2007). A final point to consider, muscle cramps are commonly observed 

in casualties of more severe heat illness, such as heat exhaustion, and could be considered 

a risk factor or a symptom of further heat illness (Donoghue et al., 2000).  

Heat exhaustion occurs in a wide variety of populations and settings including military 

training (Gardner et al., 1996; Kark, Burr, Wenger, Gastaldo, & Gardner, 1996; Wallace et 

al., 2006), athletic events (Hughson et al., 1980; Lyle et al., 1994; Richards, Richards, 

Schofield, & Ross, 1979), occupational settings (Donoghue, 2004; Donoghue et al., 2000; 

Shearer, 1990), recreational hiking (Backer et al., 1999), and religious ceremonies (Shahid 

et al., 1999). The common link being the performance of varying levels of physical activity 

whilst exposed to extremes of environmental temperature and humidity. These reports 

identify the most common symptoms of heat exhaustion to be headache, nausea, 

weakness, fatigue, dizziness, cramps, vomiting, confusion, and syncope. Body temperature 

can be raised when suffering heat exhaustion, but is usually not excessive (> 40 °C) 

(Armstrong, Hubbard, Szlyk, Sils, & Kraemer, 1988; Backer et al., 1999; Donoghue et al., 

2000; Shahid et al., 1999; Shearer, 1990). 

The aetiology of heat exhaustion is complex in nature, but is primarily attributed to 

circulatory insufficiency resulting from the high demands placed on the cardiovascular 

system to supply both vital organs and working muscles, as well as to transfer heat to the 

skin for heat dissipation. Dehydration and a relative salt depletion are commonly observed 

in those suffering heat exhaustion (Armstrong et al., 1988; Backer et al., 1999; Donoghue et 

al., 2000; Kark et al., 1996; Shahid et al., 1999; Shearer, 1990). This can result from either 

insufficient fluid consumption to replace sweat losses or by drinking water without 

replacing salt losses. Dehydration reduces blood volume, requiring a higher heart rate to 

maintain the raised cardiac output needed to supply both vasodilated skin vasculature and 

vital organs and muscles (Shahid et al., 1999). Evidence of circulatory insufficiency has been 

shown through reduced cerebral blood flow velocity following heat stress exposure with 

hypohydration of 3 % body mass (Carter, Cheuvront, Vernieuw, & Sawka, 2006), resulting in 

orthostatic intolerance.  
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It should be noted that heat exhaustion has been observed in runners with similar 

dehydration as runners not experiencing exhaustion (Richards et al., 1979), and has been 

found to be unrelated to fluid consumption during a fun run (Hughson et al., 1980). These 

cases occurred predominantly in novice runners who were highly motivated, but 

inexperienced and unacclimatised in the heat (Hughson et al., 1980; Lyle et al., 1994). In 

such circumstances, body temperature will rise quickly, and produce widespread peripheral 

vasodilation, leading to hypotension and pooling of blood in the extremities (Richards et al., 

1979). Cardiovascular strain is independently influenced by hyperthermia and dehydration, 

but when both are present, the resulting cardiovascular strain is greatest (Gonzalez-Alonso 

et al., 1997). Whole body heating has also been found to increase cerebral vascular 

resistance and reduce cerebral blood flow velocity (Wilson, Cui, Zhang, & Crandall, 2006). 

These changes reduce orthostatic tolerance and potentially contribute to collapse during 

heat exhaustion. 

Treatment of heat exhaustion should focus on removal from the heat stress and fluid and 

electrolyte replacement. Oral fluid replacement or infusion with intravenous saline solution 

reduce the symptoms of heat exhaustion and promote recovery (Backer et al., 1999; 

Donoghue et al., 2000; Kark et al., 1996; Lyle et al., 1994). Recovery is usually complete 

within 24 – 48 hours of rest (Donoghue et al., 2000). Treatment for heat exhaustion should 

be prompt to prevent the condition progressing to heat stroke. 

Heat stroke is the most severe form of heat illness. It involves an excessive elevation in core 

body temperature which impairs the functions of the central nervous system and causes 

damage to body tissues. In military, occupational and recreational sports settings, sufferers 

of heat stroke commonly collapse during or immediately following cessation of physical 

activity and are found to have body temperatures above 41 °C (Aarseth, Eide, Skeie, & 

Thaulow, 1986; Hanson & Zimmerman, 1979; Hart, Egier, Shimizu, Tandan, & Sutton, 1980; 

Heled et al., 2004; Kark et al., 1991; Pease et al., 2009; Rae et al., 2008; Shahid et al., 1999; 

Sithinamsuwan et al., 2009). Prior to collapse the patient may present with confusion, 

disorientation, incoherent speech, delirium, altered or staggering gait, and unusual or 

aggressive behavior (Hanson & Zimmerman, 1979; Hart et al., 1980; Heled et al., 2004; 

Hughson et al., 1980; Kark et al., 1991; Pease et al., 2009; Rae et al., 2008). A period of 

unconsciousness (coma) ensues and may involve seizures (Hanson & Zimmerman, 1979; 

Hart et al., 1980; Sithinamsuwan et al., 2009). Unfortunately, in a high proportion of heat 

stroke sufferers, the condition is fatal (Graber, Reinhold, Breman, Harley, & Hennigar, 
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1971; Heled et al., 2004; Pease et al., 2009; Rae et al., 2008; Rav-Acha, Hadad, Epstein, 

Heled, & Moran, 2004; Shahid et al., 1999; Sithinamsuwan et al., 2009; Smalley, Janke, & 

Cole, 2003; Wyndham, 1974). High body temperatures cause damage cells in the liver, 

kidneys, and skeletal muscles (Aarseth et al., 1986; Hart et al., 1980; Heled et al., 2004; 

Kark et al., 1991; Rae et al., 2008; Rav-Acha et al., 2004; Richards et al., 1979; 

Sithinamsuwan et al., 2009), and death results from multiple organ system failure (Heled et 

al., 2004; Rae et al., 2008).  

Hyperdynamic circulation is present upon collapse, evidenced by elevated heart rate and 

cardiac output and reduced blood pressure (Shahid et al., 1999). There is also a reduction in 

end diastolic left ventricular volume, reflecting a relative hypovolemia (Shahid et al., 1999). 

Whilst a degree of dehydration is often present in heat stroke cases (Hanson & 

Zimmerman, 1979; Hart et al., 1980; Hughson et al., 1980), it is not necessarily greater than 

asymptomatic individual exposed to similar exercise heat stress conditions (Richards et al., 

1979). Whilst dehydration will affect thermoregulation, it may not be a requirement for 

heat stroke. As such it is commonly held that heat stroke develops when the rate of heat 

production is not matched by the rate of heat loss to the environment (Wyndham, 1977). 

Although, recently it has been estimated that many heat stroke cases have occurred in 

situations of compensable heat stress (potential for heat loss was greater than heat 

production) (Rae et al., 2008). As such it was suggested that sufferers of heat stroke may 

sercombe to excessive endogenous heat production (greater than that expected to be due 

to physical exertion alone). Although the factors causing this are as yet unknown (Rae et 

al., 2008). 

To prevent morbidity and mortality resulting from heat stroke, treatment must be applied 

immediately (Heled et al., 2004; Pease et al., 2009; Rae et al., 2008; Rav-Acha et al., 2004; 

Sithinamsuwan et al., 2009). Following collapse, those who receive immediate cooling 

treatments are more likely to recover than those whose cooling is delayed (Heled et al., 

2004; Rae et al., 2008; Rav-Acha et al., 2004; Sithinamsuwan et al., 2009; Vicario, Okabajue, 

& Haltom, 1986). Laboratory studies suggest that the most effective cooling strategy is to 

place the individual in a bath of cold (2 °C) water, producing a cooling rate of 0.35 °C/min 

(Proulx, Ducharme, & Kenny, 2003). However, this is not often a practical or field expedient 

treatment method. At the time of collapse, removing excess clothing, moving to a shaded 

area, placing ice packs in the groin and axilla, spraying with tap water and fanning with 

ambient air are effective measures to reduce core body temperature (0.04-0.05 °C/min) 
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and improve prognosis (Hanson & Zimmerman, 1979; Hart et al., 1980; Heled et al., 2004; 

Sithinamsuwan et al., 2009). Immediate medical attention is required.  

Overall, heat illness predominantly occurs when performing physically demanding work 

tasks in environmental conditions of moderate to high heat stress. Whilst this discussion 

has presented specific conditions in order of increasing severity, they should not be 

considered to occur in isolation. Rather, heat illness should be considered to occur along a 

continuum, with more severe cases developing if early warning signs are not heeded (Coris, 

Walz, Duncanson, Ramirez, & Roetzheim, 2006; Goldman, 2001; Kark et al., 1991). Indeed, 

muscle cramps are commonly experienced with heat exhaustion (Backer et al., 1999; 

Donoghue et al., 2000; Shearer, 1990). Furthermore, novice runners are prone to 

continuing or increasing their effort during endurance events despite symptoms of heat 

exhaustion, progressing until collapse with heat stroke (Hanson & Zimmerman, 1979; Hart 

et al., 1980; Hughson et al., 1980). Therefore, the identification of symptoms of heat illness 

is a cause for concern for the health and performance of occupational workers and 

athletes.  

The symptoms of heat illness and their etiology as described in the preceding paragraphs 

highlight the primary risks factors for heat illness development. These are dehydration and 

relative electrolyte depletion, a rise in core body temperature, or a combination of both 

(Backer et al., 1999; Donoghue et al., 2000; Shahid et al., 1999). In addition, there are 

several other factors that predispose an individual to developing heat illness. These 

primarily include a high body mass index (BMI) and a low aerobic fitness. Some evidence 

also suggests an influence of age although conflicting findings exist. 

Aerobic fitness is commonly found to be associated with the incidence of heat illness. 

During military basic training recruits of low aerobic fitness, estimated from the time taken 

to complete a 1.5 mile run, were found to be at an increased risk of experiencing heat 

illness (Gardner et al., 1996; Wallace et al., 2006). Similarly, in the African gold mining 

industry men with a low aerobic fitness (VO2max less than 2.5 L/min) were less heat-tolerant 

and at greater risk of heat stroke than those with greater aerobic capacity (Wyndham, 

1974). In contrast, low aerobic capacity was not significantly related to the incidence of 

heat exhaustion at an underground metal mine in Australia, although a trend was observed 

for relative risk to increase with decreasing fitness (Donoghue & Bates, 2000a). In this 

workforce, employees are able to self-pace their work tasks. In such an environment, less 

fit workers may work at a lower absolute intensity and achieve a similar heat strain to fitter 
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employees working at a higher absolute intensity (as their relative intensity [percent of 

maximum] may be similar), and therefore reduce the influence aerobic fitness plays in the 

development of heat illness. 

Body composition is also a significant risk factor for heat illness. Body composition 

describes the relative contribution lean and fat tissue makes to total body mass. The Body 

Mass Index (BMI), although not a measure of body composition per se, indirectly estimates 

if an individual’s body composition is within a healthy range by determining if their mass is 

proportional to the height. It is calculated as the persons mass divided by their height 

squared. A BMI of 25 kg/m2 or above is classified as overweight, and over 30 kg/m2 as 

obese (Franklin, 2000). These measures have been related to the experience of heat illness 

in various occupational groups. In male marine recruits higher categories of BMI were 

associated with a greater risk of heat illness (Chung & Pin, 1996; Gardner et al., 1996; 

Wallace et al., 2006). BMI was not associated with heat illness for women (Wallace et al., 

2006) although this may be due to different induction standards for male and female 

marine recruits. The risk of heat exhaustion in an underground metal mine in Australia 

increased with BMI (Donoghue & Bates, 2000a). Similarly, symptoms of heat stroke among 

forestry workers has been positively correlated to percentage body fat (Maeda et al., 

2006). 

During naturally occurring heat waves, deaths resulting from heat related illness occur 

predominantly among the aged and elderly (Changnon, Kunkel, & Reinke, 1996; Kenney, 

1985). Whilst there are physiological changes within the body, such as reduced skin blood 

flow with advancing age, it is thought to be the decline in aerobic fitness and changes in 

body composition associated with aging that are responsible for reduced tolerance to heat 

stress in older persons (Kenney & Munce, 2003). In contrast, younger workers in the 

forestry industry are reported to experience more symptoms of heat illness compared to 

older (Maeda et al., 2006). Similarly, in underground miners, although the age difference 

between workers who experienced heat exhaustion and those who didn’t was not 

statistically different, there was a decline in the odds ratio from 1.0 for those < 30 years of 

age, to 0.85 for 30 – 38.9 years, and 0.79 for 39 – 48.9 years (Donoghue & Bates, 2000a). It 

has been speculated that older workers may have more experience working in the heat, 

and are better able to choose a work intensity that will not overextend themselves (Maeda 

et al., 2006). 
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Aside from the key factors of obesity and physical fitness, several other factors are known 

to increase the risk of heat illness. These include a lack of acclimatisation, a previous history 

of heat illness, sleep deprivation, sweat gland dysfunction, sunburn, viral illness, diarrhoea, 

and some medications (Armstrong et al., 2007; Wyndham, 1974).  
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Measurement of and Recommended Limits for Heat Stress and 

Strain 
To manage the health and safety risks posed by working in a hot environment, 

organisations recommend limits to heat stress exposure with the goal of preventing 

excessive rises in heat strain. A first step is to assess the heat stress of the work 

environment. A heat stress index is commonly employed to evaluate the level of heat 

stress, and to set exposure limits with the aim of preventing heat strain from rising 

excessively. In circumstances where working in high levels of heat stress is unavoidable, 

physiological monitoring of heat strain variables, including core body temperature, sweat 

loss (hydration status), and heart rate are recommended. These variables also have limits 

to promote the safety and health of the workforce. There are a variety of methods 

available to monitor heat strain and hydration variables, but the focus in this section will be 

placed on those that are able to be utilised in a field setting. 

Heat Stress Indices 

A first step in evaluating the work environment is to use a heat stress index. A heat stress 

index attempts to integrate the effects of the heat stress parameters (climate, work, and 

clothing) into a single numeric value. The index can be used to predict the heat strain 

experienced by workers and can therefore be used to set limits to either cease work or 

change work practices with the aim of avoiding excessive heat strain. It has been estimated 

that over 60 heat stress indices have been developed (Parsons, 2003), as many try to meet 

the demands of specific work, sports, or military situations. Three heat stress indices 

commonly used in the mining industry include the wet-bulb globe temperature, thermal 

work limit, and basic effective temperature. 

Wet-Bulb Globe Temperature  

Wet-Bulb Globe Temperature (WBGT) is the most widely used heat stress index, 

particularly in occupational settings. This is mainly due to the fact that it is recommended 

by the International Organisation for Standardisation (ISO) and as such it has been adopted 

by the Australian Institute of Occupational Hygienists (AIOH) as a first assessment of the 

risk posed by heat stress in the workplace (DiCorleto et al., 2003). The WBGT is measured 

with three thermometers. A black globe thermometer is used to measure the influence of 

radiant temperature and wind. A thermometer with a wetted cotton wick over the bulb 

measures wet-bulb temperature, and indicates the influence of humidity, radiant 

temperature and wind (when unshielded). Finally a measure of air temperature is included. 

Equations 2.2 and 2.3 are used to integrate these measures into a single value. In addition, 
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an estimate of WBGT can be made from air temperature and humidity alone, and is 

presented in equations 2.4 and 2.5 (Australian Bureau of Meteorology, 2009). This method 

does not take radiant temperature and wind into consideration and is susceptible to error 

as a result. An overestimate of WBGT is likely in cloudy or windy conditions, and an 

underestimate is possible in clear full sun and low humidity.  

Equation 2.2 WBGT for inside buildings or outside without solar load. 

GWB TTWBGT 3.07.0   

Equation 2.3 WBGT for outside with solar load 

DBGWB TTTWBGT 1.02.07.0   

TWB – Wet-bulb temperature, TG – globe temperature, TDB – dry-bulb temperature. 

Equation 2.4 WBGT estimation from air temperature and water vapour pressure 

94.3393.0567.0  eTaWBGT  

Ta - air temperature (°C), e - water vapour pressure 

Equation 2.5 Calculation of water vapour pressure 

))7.237/(27.17exp(105.6100/ TaTarhe   

rh - relative humidity (%) 

Once WBGT has been calculated, it is compared to a reference value to determine the 

appropriate response. Limit values recommended by the ISO are presented in table 2.2. 

These values are applicable to continuous work in the specified environment and do not 

account for short periods of increased heat stress. These limit values also account for 

differences in acclimatisation status and work intensity that may be encountered in 

industry. Limit values are reduced with increased work intensity and for the un-

acclimatised. Categories of metabolic rate (work intensity) are described as follows: 0) 

resting; 1) sitting with light manual hand and arm work, or leg and arm work (driving) or 

standing or casual walking; 2) sustained hand and arm work with trunk rotation which may 

involve handling heavy material, brisk walking; 3) intense arm and trunk work, carrying 

heavy equipment, shovelling, pushing or pulling heavy loads, fast walking; 4) very heavy 

activity at fast to maximum pace. Adhering to these WBGT limits should restrict core body 

temperature to 38 °C in most individuals. 



 

47 
 

 

Table 2.2 Wet-bulb Globe Temperature (WBGT) reference values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Category of 

Metabolic 

Rate 

Metabolic Rate 

(W/m2) 

WBGT recommended limit (°C) 

acclimatised un-acclimatised 

0 (resting) M ≤ 65 33 32 

1 65 < M ≤ 130 30 29 

2 130 < M ≤ 200 28 26 

    

no-sensible 

air 

movement 

sensible air 

movement 

no-sensible 

air 

movement 

sensible air 

movement 

3 200 < M ≤ 260 25 26 22 23 

4 M ≥ 260 23 25 18 20 

Adapted from ISO 7243 (International Organisation for Standardisation, 1989). Note - WBGT values 
allow for a maximum rectal temperature of 38 °C. 
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Thermal Work Limit  

A relatively new heat stress index is the thermal work limit (TWL). It was developed for uses 

in industrial environments where workers are able to pace their work rate (Brake & Bates, 

2002b). It estimates the work rate that can be maintained in a given environment where 

core temperature should stay below 38.2 ˚C and sweat rate less than 1.2 kg/h. The limit 

values for this index and appropriate control measure are detailed in table 2.3. This index 

has been implemented in occupational settings in Australia and has been found to aid in 

reducing the risk of heat illness at these work sites (Miller & Bates, 2007b). 

 

 

Table 2.3 Recommended TWL limits and interventions for self-paced work. 

 

TWL (W/m-2) Zone Interventions 

< 115  

(or DB > 44  °C 

or WB > 32 °C) 

Withdrawal  No ordinary work allowed. 

 Work only allowed in a safety emergency or to 
rectify environmental conditions. 

 Permit to work in heat must be completed and 
authorized by manager beforehand. 

 Dehydration test (USG) at end of shift. 

 Personal water bottle must be on the job at all 
times. 
 

115 - 140 Buffer  Rectify ventilation or redeploy workers if possible. 

 No person to work alone. 

 No un-acclimatised person to work. 

 If work does continue, a corrective action request 
must be completed and signed by the manager 
within 48 hours. 

 Wind speed must be increased to at least 0.5 m/s. 

 Dehydration test (USG) at end of shift. 

 Personal water bottle must be on the job at all 
times. 
 

140 - 220 Acclimatisation  Acclimatised persons allowed to work, but not 
alone. 

 Personal water bottle must be on job at all times. 
 

> 220 Unrestricted  No limits on work due to thermal stress. 

(Brake & Bates, 2002b) 
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Basic Effective Temperature 

A final heat stress index to be mentioned is the Basic Effective Temperature (BET). BET is 

widely used in the mining industry of the United Kingdom and Europe (Hanson & Graveling, 

1997; Kalkowsky & Kampmann, 2006). This index incorporates measures of both dry and 

wet-bulb temperatures and wind speed through the use of a nomogram (Ellis, Smith, & 

Walters, 1972). The limit values for BET and control measure as used in the United Kingdom 

are detailed in table 2.4. 

 

Table 2.4 Recommended limits for BET used in UK coal mines. 

BET (°C) Risk of heat 

strain 

Notes 

< 25 Low Those who are physically fit and acclimatised should be 

able to work in the conditions without any problems. 

25 - 27 Low - 

moderate 

Most individuals should be able to work in these 

conditions without adverse effects, although prolonged 

heavy work or health problems may lead to some 

individuals suffering ill-effects. 

Introduce risk management measures such as worker 

education. 

27 - 30 Moderate The potential for heat illness increases at these higher 

temperatures. Even those who are fit may experience 

heat related ill health, particularly if undertaking heavy 

physical work. 

Additional risk management measures including 

engineering controls, work rest cycles, acclimatisation, 

and health screening. 

> 30 High Those who are fit may experience heat related ill health 

even if undertaking light or moderate physical work. 

Limit periods of work, provide cool refuges, and provide 

cooling garments. 

(Hanson et al., 2000; Hanson & Graveling, 1997) 
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 Core Body Temperature 

In circumstances where working in high levels of heat stress is unavoidable, physiological 

monitoring of heat strain is recommended. The primary variable of interest in assessing 

heat strain is core body temperature. For centuries it has been recognised that fluctuations 

in core body temperature beyond the range for optimal functioning of the body indicate 

illness or pathology. Therefore clinicians and practitioners require a high degree of 

accuracy in the measurement of core body temperature to make informed diagnoses and 

take appropriate actions to return core body temperature to an acceptable range. 

Thermometers are placed at a variety of body locations in order to record core body 

temperature, however, not all locations or techniques yield the same values. 

 Core body temperature has been monitored through non-invasive and invasive techniques 

(Moran & Mendal, 2002). Measurement of body temperature orally, in the axilla, or on the 

tympanic membrane, whilst easily accessible and practical measurement locations, can be 

influenced by external factors, and does not offer the highest degree of accuracy to reflect 

the temperature of the deep body regions at rest or during exercise heat stress (Casa et al., 

2007; Easton, Fudge, & Pitsiladis, 2007; Moran & Mendal, 2002; Pusnik, Van Der Ham, & 

Dronsvek, 2004). Invasive measures are therefore required for the high degree of accuracy 

needed in research and clinical settings. 

Traditionally there are two main sites for measuring core body temperature in exercise 

studies. Oesophageal temperature at the level of the left atrium provides an estimate of 

central blood temperature and is considered the best available method for exercise studies 

of core temperature. Alternatively, rectal temperature is more commonly used, and also 

provides an accurate measure of core body temperature during steady state exercise 

(Byrne & Lim, 2007; Moran & Mendal, 2002). However both of these methods are 

impractical for field investigations due to discomfort and safety concerns, unwillingness of 

subjects, and the restrictions to normal movement they impose. In recent years, an 

ingestible temperature sensor has provided an avenue for measuring body temperature 

without impairing the normal activities of the individual and greatly reducing discomfort for 

participants. Several studies comparing intestinal temperature to oesophageal or rectal 

temperature (or both) have shown acceptable agreement between the methods (Casa et 

al., 2007; Easton et al., 2007; Gant, Atkinson, & Williams, 2006; Lee, Williams, & Schneider, 

2000; O'Brien, Hoyt, Buller, Castellani, & Young, 1998), concluding that ingestible 

temperature sensors are an appropriate measurement device for field assessments of core 

body temperature. However, it is recommended that each sensor undergo a calibration 
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procedure prior to ingestion (Byrne & Lim, 2007; International Organisation for 

Standardisation, 2004b). This will ensure the sensor accuracy, and also allow for 

temperature from different sensors to be compared, as each sensor can only be used once.  

Currently there is no consensus in the scientific literature on how this calibration procedure 

should be performed. Several studies utilizing the ingestible sensor do not report any 

calibration procedures (Brake & Bates, 2002a; Edwards, Waterhouse, Reilly, & Atkinson, 

2002; Kolka, Quigley, Blanchard, Toyota, & Stephenson, 1993; Laursen et al., 2006; Niess et 

al., 2003). Another study reports that a calibration was performed, but does not specify 

how it was conducted (Gant et al., 2006). A number of researchers report measuring a 

range of water bath temperatures for calibration purposes. Water bath temperatures 

between 35 - 43 °C have been used to check that sensor accuracy was ± 0.1 °C, however 

these authors do not report correcting raw data subsequently collected (Byrne et al., 2006; 

Wilkinson, Carter, Richmond, Blacker, & Rayson, 2008). Others report that if sensors were 

found to be inaccurate they were discarded (Easton et al., 2007; Kolka, Levine, & 

Stephenson, 1997). However, an attempt was made to change the calibration number 

using a proprietary formula prior to discarding sensors (Easton et al., 2007). Finally, some 

researchers have utilised the findings of water bath temperatures between 30 - 42 °C, 

measured by both the ingestible sensor and a certified thermometer, to correct raw data 

from subsequent testing of core body temperature. Sparling et al (1993) do not elaborate 

on how this correction was performed. O’Brien et al (1998) notes that a linear regression 

relating sensor frequency to temperature was developed from three water bath 

temperatures (33, 37, and 41 °C) and used to adjust raw frequency data. Alternatively, Lee 

et al (2000) and Edwards and Clark (2006) report correcting raw data by a linear calibration 

curve relating temperature recorded from the ingestible sensor and a certified 

thermometer at four water bath temperatures (30, 34, 38, and 42 °C). In order for effective 

comparisons to be made between studies, a uniform procedure for calibrating ingestible 

temperature sensors should be adopted. Research to establish such a procedure is required 

to ensure consistency in the scientific community and to effectively compare between 

individuals and studies. 

Once core body temperature is measured accurately, a limit needs to be set to determine if 

temperature rises to unacceptable levels that put the safety and health of the individual at 

risk. Several organisations have specified limits to body temperature for this purpose. The 

World Health Organisation stipulates that “it is inadvisable for the deep body temperature 
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to exceed 38.0 ˚C for prolonged daily exposures in heavy work” (World Health Organisation, 

1969). It goes on to note that in well controlled conditions, a high core body temperature 

alone is not sufficient reason to terminate exposure unless it progresses to ≥ 39.0 ˚C. 

During occupational exposures, the International Organisation for Standardisation (ISO) 

recommends that core temperature should not increase by more than 1.0 ˚C over 60 

minutes or exceed 38.0 ˚C (whichever comes first) during slow heat storage (International 

Organisation for Standardisation, 2004b). In addition, if workers are well monitored, 

medically screened, and acclimatised to work in the environment, higher limit values of a 

1.4 ˚C increase or 38.5 ˚C are acceptable. Similarly the Australian Institute of Occupational 

Hygienists (AIOH) recommend that an individual’s exposure to heat stress should be 

discontinued if core body temperature rises above 38.0 ˚C for unselected and un-

acclimatised workers, or above 38.5 ˚C for medically selected and acclimatised personnel 

(DiCorleto et al., 2003). 

Sweat Loss and Hydration Status 

The evaporation of sweat is a primary avenue for heat loss during exercise heat stress. 

Sweat rates range between 0.5 – 2.0 L/h for a variety of sports settings (Sawka et al., 2007) 

and similar values have been estimated in occupational settings (Brake & Bates, 2003; 

Kalkowsky & Kampmann, 2006). If body fluids are not adequately replaced, the result is an 

overall loss in body mass. The ISO details how to determine body mass loss from all 

contributing factors through equation 2.6 (International Organisation for Standardisation, 

2004b). 

Equation 2.6 Gross body mass loss 

closolwatoresswg mmmmmmm   

Where: ∆mg – gross body mass loss; ∆msw – mass loss due to sweat loss during the time 

interval; ∆mres – mass loss due to evaporation in the respiratory tract; ∆mo – mass loss due 

to the mass difference between O2 and CO2; ∆mwat – mass variation of the body due to 

intake and excretion of fluids (urine);  ∆msol – mass variation of the body due to intake of 

food and excretions of solids; ∆mclo – mass variation due to clothing or sweat accumulation 

in clothing. 

The ISO recommends that gross body mass loss should not exceed 5 % of the pre-exposure 

body mass in order to avoid becoming dehydrated (International Organisation for 

Standardisation, 2004b). This value does not include any replacement of fluids through 

drinking. In situations where fluid replacement is achievable, a net loss of 3 % of body mass 
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is recommended as the limit value by the AIOH (DiCorleto et al., 2003). A 2 – 3 % loss in 

body fluid is commonly held to be where the detrimental effects of dehydration are 

observed, including increased perceived effort (Below et al., 1995; Montain & Coyle, 1992; 

Szinnai, Schachinger, Arnaud, Linder, & Keller, 2005), reduced physical (Armstrong et al., 

1985; Below et al., 1995; Cheuvront et al., 2005; Otani et al., 2006; Strydom et al., 1966; 

Wästerlund et al., 2004) and cognitive (Cian et al., 2000; Gopinathan, Pichan, & Sharma, 

1988) performance, elevated heat strain (Armstrong et al., 1997b; Kenney et al., 1990; 

Montain et al., 1995; Sawka et al., 1985), and increased risk of heat illness (Armstrong et 

al., 1988; Backer et al., 1999; Donoghue et al., 2000; Kark et al., 1996; Shahid et al., 1999; 

Shearer, 1990), with greater levels of dehydration increasing the effects. Therefore this 

level is set as the limit value to promote the safety and health of the workforce. 

Measuring a change in body mass is considered a simple and effective method to estimate 

sweat loss and changes in hydration status (Baker, Lang, & Kenney, 2009). However, 

attaining highly accurate estimates of fluid loss due to sweating (reflected by mass loss) can 

be challenging in an occupational setting. Technical difficulties arise from factors such as 1) 

the pre-shift mass may not be taken in a well hydrated state (Brake & Bates, 2003), 2) shift 

lengths can be 8 – 12 hours, therefore mass change should be corrected for oxidative and 

respiratory water exchange (Mitchell, Nadel, & Stolwijk, 1972), 3) correction for the weight 

of food and fluid consumption, 4) correction for the weight of solid and fluid excretions, 

and 5) accounting for the weight of sweat accumulated in clothing (International 

Organisation for Standardisation, 2004b). These measurement requirements can be 

difficult to achieve in a field setting. Therefore other techniques to estimate fluid loss and 

hydration status should be combined with mass change when investigating the heat strain 

experienced. 

While hydration status is not an indication of heat strain per se, becoming dehydrated can 

be the result of high heat strain (sweat losses). In turn, dehydration raises heat strain (core 

temperature and heart rate) and increases the risk for developing heat illness. Therefore 

monitoring and setting limit values for hydration status is also important. Assessments of 

hydration status include dilution techniques, blood sample analysis for plasma osmolality, 

haemoglobin, haematocrit, and plasma volume, and urine sample analysis for osmolality, 

specific gravity and colour (Armstrong, 2005). Isotope dilution techniques offer high levels 

of accuracy in determining body fluid volume but are of limited use outside a laboratory 

setting due to the required equipment being highly specialised. In addition, long analysis 
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times, expertise requirements, and risk to the health of participants make this technique 

inappropriate for field research. Collecting blood samples also involves a certain degree of 

risk to individual safety and requires analysis equipment and appropriate disposal facilities, 

and so assessing hydration through blood analysis is also impractical in a field setting. This 

leaves urine sample analysis for field research settings as these methods are relatively 

inexpensive and easily performed (Armstrong, 2007).  

Urine concentration, measured by urine osmolality (Uosm), specific gravity (USG), and 

urine colour (Ucol), can be used as an indirect indicator of hydration status (Armstrong et 

al., 1998; Armstrong et al., 1994). The composition of urine includes water, urea, uric acid, 

sodium, potassium, creatinine, and sulphate ions. Osmolality describes the number of 

solute participles dissolved per kilogram kg of water and commonly ranges between 300 – 

900 mOsm/L in urine (Munden, 2005). However measurement of osmolality requires 

equipment that is not readily portable, and is less applicable in field settings. Specific 

gravity describes the mass of a substance compared to the mass of an equal volume of 

distilled water. Distilled water has a specific gravity of 1.000, while urine specific gravity 

(USG) ranges between 1.005 – 1.035 (Munden, 2005). Ucol also reflects urine 

concentration, with pale yellow indicating dilute and dark yellow indicating concentrated 

urine (Armstrong et al., 1994). 

Research has shown that USG rises with decreases in body mass due to sweat loss during 

dehydration exercise protocols and is lowered upon rehydration (Armstrong et al., 1998; 

Oppliger, Magnes, Popowski, & Gisolfi, 2005; Popowski et al., 2001). The change in USG 

during exercise heat stress has also been found to significantly correlate with the change in 

total body water (r = 0.63) (Baker et al., 2009). Research has found Ucol becomes darker 

with losses in body mass (Armstrong et al., 1998; Armstrong et al., 1994). These methods 

have been recommended to monitor hydration status in field research where other 

methods are prohibitive (Armstrong, 2007). 

An appropriate limit value for USG as an indicator of hydration status has been a topic of 

much debate. The AIOH states that “a dehydrated state may be considered to be a USG of 

greater than 1.030, while a euhydrated state may be considered to be a USG of less than 

1.015” (DiCorleto et al., 2003). This classification was attributed to conference proceedings 

of Brake (2001), in which Brake notes that the 1.030 cut-off is the criterion used by the 

Australian Pathology Association, but does not cite the reference (and which could not be 

located by the present author). In addition, the euhydrated state of USG < 1.015 was cited 
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to a work by Donoghue that did not actually assess USG (Donoghue & Bates, 2000b). 

Subsequently, Brake and colleagues (2003) utilise a USG of 1.022 as an acceptable cut-off, 

selected as half-way between the two values (1.015 and 1.030), and recommend that using 

this value will provide a suitable “buffer” to ensure that workers who are “nearly” clinically 

dehydrated are not exposed to heat stress until rehydrated. It was the opinion of this 

author that the process for determining this limit value was not embedded in the scientific 

assessment of USG with other hydration assessment techniques, and so the validity of this 

value is questionable.  

Armstrong et al (1994) measured USG during three separate studies in both laboratory and 

field exercise heat stress trials. Pooled data from the studies yielded a USG of 1.021 ± 

0.008. The authors provided a statistical demarcation for hydration status based on the 

methods to determine the U.S. recommended daily allowances for food nutrients. By this 

approach, well hydrated was calculated as 1 standard deviation less than the mean  (USG 

<1.013 and Ucol <3), Euhydrated was the range between -1 to +1 standard deviations (USG 

1.013 – 1.029 and Ucol 3 – 7), and Dehydrated as 1 standard deviation above the mean 

(USG > 1.029 and Ucol > 7). Using a statistical method to determine a physiological state in 

the body seems inappropriate. Firstly, this is a problem because the cut-off values will vary 

from one population to the next. Indeed, a study of the first morning void of 16 male 

endurance athletes across 25 days revealed the cut-off values (using the statistical method 

above) to be well hydrated as a USG of < 1.005, Euhydrated as USG 1.005 – 1.017, and 

Dehydrated  as USG > 1.017 (Davies, Romer, & Ramsey, 2000). These cut-off values are 

substantially different from those proposed by Armstrong et al (1994). Secondly, this 

statistical method of demarcation does not take into account the physiological state of the 

body. To do this, USG should be compared to a criterion measure of hydration status, and 

cut-off values developed accordingly to match previously validated techniques.  

Several articles have monitored changes in body mass during heat exposure, exercise, and 

fluid restriction (or a combination) and measured USG at various body weight loss levels. 

Armstrong et al (1997b) had 10 male students complete four heat stress trials, two of 

which began in a euhydrated state (0.0 % body mass loss) and two in a dehydrated state 

(3.6 – 3.9 % body mass loss). USG was 1.016 ± 0.002 & 1.0015 ± 0.002 for euhydrated trials 

and 1.028 ± 1.001 1.029 ± 1.001 for dehydrated trials. Further to this Armstrong et al 

(1998) asked 9 male cyclists to exercise for 2 hours in the heat and undergo restricted fluid 

intake for 21 hours, then to exercise to exhaustion. Body mass loss for these three phases 
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included 0.0 % (baseline), 3.7 % (exercise and restricted fluid), and 5.2 % (exhaustive 

exercise). USG measurements were ~ 1.005, 1.028, and 1.025 for the 3 phases respectively. 

Following 4 and 21 hours of rehydration, body mass loss dropped to 1.3 and 0.8 %, and USG 

dropped to ~ 1.016 and 1.014 respectively. These papers by Armstrong show that 

substantial losses in body mass (indicating body water loss) are associated with USG values 

less than 1.029 – the proposed cut-off for dehydration mentioned earlier. However, no 

further recommendations to lower the cut-off were made at that time.  

The National Athletic Trainers Association (NATA) of the United States has published USG 

and Ucol cut-off values for hydration status (table 2.5) (Casa et al., 2000). In addition, the 

NATA states that USG values greater than 1.020 reflect dehydration. Little scientific 

evidence was provided to support this cut-off point at the time. However, several 

investigations since this recommendation was made have affirmed its use. Popowski et al 

(2001), and Oppliger et al (2005) monitored USG during exercise heat stress trials aimed at 

progressively lowering body mass. Table 2.6 shows that USG increased as body mass loss 

and plasma osmolality (Posm) increased, although it tended to lag behind Posm, evidenced 

by the peak in USG occurring 30 minutes into recovery. The authors note that this may be 

due to fluid consumption prior to the exercise bout. In similar research, Bartok et al (2004) 

had subjects rest or exercise in the heat to lose body mass. Prior to testing, USG when 

euhydrated was 1.015 ± 0.004. With body mass loss averaging 3.2 %, USG increased to 

1.028 ± 0.004. Together these studies, and the work of Armstrong et al (1998; 1997b) and 

Baker et al (2009) show there is significant mass loss (greater than 3 %) associated with 

USG’s above 1.020 and supports the NATA’s recommendation for this to be the cut-off for 

dehydration. Recently, continued research by Armstrong (Armstrong et al., 2010) in free 

living adults has supported this conclusion. 

Table 2.5 National Athletic Trainers Association index of hydration status. 

 Body Mass Loss (%) Urine Colour Urine Specific Gravity 

Well hydrated +1 - -1 1 or 2 < 1.010 

Minimal dehydration -1 - -3 3 or 4 1.010 – 1.020 

Significant dehydration -3 - -5 5 or 6 1.021 - 1.030 

Severe dehydration > - 5 > 6 > 1.030 

(Casa et al., 2000) 
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Further research has aimed at determining the sensitivity and specificity of USG 1.020 as a 

cut-off value for dehydration. Sensitivity is defined as the presence of a condition 

(dehydration) and a positive diagnostic test for that condition. Specificity is defined as an 

absence of the condition and a negative diagnostic test for that condition. Using the 

criterion measure of Posm < 290 mOsm/L for euhydration and > 290 mOsm/L for 

dehydrated, a USG cut-off of 1.020 correctly classified 80 % of dehydrated and 31.3 % of 

euhydrated wrestlers (high sensitivity, moderate specificity) (Oppliger et al., 2005). The 

authors assert that a test with a high sensitivity should be employed for dehydration as 

there is significant health risks involved with the condition. Other research has found both 

sensitivity and specificity to be 96 % (Bartok et al., 2004). This research was conducted in 

controlled settings and dehydration was considered to be present following exposure to a 

period of heat stress and exercise designed to reduce body mass through sweat loss. The 

lower values for sensitivity and specificity in the field research (Oppliger et al., 2005) may 

result from not controlling fluid consumption and activity prior to measurement.  

Overall the scientific research suggests that a USG of 1.020 is an appropriate limit value for 

the demarcation of dehydration. This assessment is in-line with the limit values proposed 

by the NATA as summarised above (table 2.5)(Casa et al., 2000), the American College of 

Sports Medicine (Sawka et al., 2007), and the Gatorade Sports Science Institute (Cheuvront 

& Sawka, 2005). This value commonly coincides with a body mass loss of 3 % or more 

(Baker et al., 2009; Oppliger et al., 2005) which is the recommended limit for sweat losses 

in an occupational setting as mentioned earlier.  

 

Table 2.6 Changes in plasma osmolality and USG with increasing body mass loss. 

  
Baseline -1 % -3 % -5 % 30 min rec 

60 min 
rec 

Popowski et al (2001)       

 Posm (mOsm/L) 288 294 299 305 300 294 

 USG 1.009 1.007 1.015 1.021 1.024 1.020 

Oppliger et al (2005)       

 Posm(mOsm/L) 287 290.8 296.2 304.0 297.9 291.3 

 USG 1.008 1.010 1.020 1.027 1.032 1.023 

Posm – Plasma Osmolality; USG – Urine Specific Gravity 
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Intraocular Pressure for Hydration Assessment  

Of the methods available to monitor hydration status, only changes in body mass, and 

urine specific gravity and colour assessment are suitable for use in the field or workplace 

setting. A recent review has encouraged investigation into novel approaches for assessing 

hydration status that are portable, inexpensive, safe and simple to use, as well as accurate 

and reliable (Armstrong, 2007). A novel approach to the assessment of hydration status 

could be found in the measurement of intraocular pressure (the pressure within in the eye) 

(IOP). 

The human eye is comprised of anterior and posterior segments, separated by the lens 

(Marieb, 2001). The posterior segment is filled with a clear gel called vitreous humor which 

functions to 1) transmit light, 2) support the posterior surface of the lens, and 3) contribute 

to intraocular pressure by counteracting the pulling force of extrinsic eye muscles. The 

anterior segment is divided into anterior and posterior chambers, separated by the iris. A 

fluid called aqueous humor fills this chamber which 1) carries oxygen and nutrients to, and 

waste products from, the lens and cornea, 2) maintains the internal structure of the eye by 

maintaining intraocular pressure (IOP) higher than atmospheric pressure, and 3) flushes 

blood, and inflammatory cells away from the anterior chamber (Chong, 1996). Aqueous 

humor is derived from blood flowing through the ciliary processes. It filters from the 

capillaries of the ciliary processes and into the posterior chamber, flows past the lens and 

through the pupil into the anterior chamber where it drains though the limbus (including 

the trabecular meshwork and uveoscleral pathway) and the scleral venous sinus (Chong, 

1996; Marieb, 2001; Oyster, 1999). When the rate of aqueous humor formation and 

drainage are matched, intraocular pressure (IOP – the pressure inside the eye) is 

maintained at approximately 15 mmHg with a range of 8 – 21 mmHg in most individuals 

(Chong, 1996).  

Fluctuations in IOP result from alterations in the rate of formation or drainage of the 

aqueous humor. The rate of aqueous drainage is primarily influenced by anatomical 

structures and venous pressure, affecting the resistance encountered to the flow of 

aqueous humor (Oyster, 1999). The rate at which aqueous humor is formed influences the 

inflow of fluid into the anterior segment and thereby influences IOP. Three processes are 

responsible for the formation of the aqueous humor including diffusion, ultrafiltration, and 

active transport (Chong, 1996; Oyster, 1999). Water is the main constituent of aqueous 

humor and it enters the posterior chamber from the ciliary processes by osmosis 
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(diffusion). Active transport facilitates the movement of ions and molecules against the 

prevailing concentration gradient. Ultrafiltration involves the movement of fluids and 

solutes along a concentration gradient (from high to low pressure). The pressure in the 

capillary is ~ 30 mmHg compared to ~ 15 mmHg in the aqueous, creating a hydrostatic 

pressure difference of 15 mmHg favouring flow into the aqueous. In opposition, the oncotic 

pressure (pressure exerted by plasma proteins on the capillary wall) in the tissue is ~ 15 

mmHg, and promotes flow from aqueous humor to the blood. The flow resulting from 

these two processes effectively cancel each other out, therefore, the contribution of 

ultrafiltration to aqueous formation is thought to be negligible under normal 

circumstances. However, there is some evidence to suggest that exercise, and or 

dehydration, can alter the rate of aqueous formation through ultrafiltration; in turn 

affecting the IOP. 

It has been well established that IOP is reduced during periods of exercise, with the 

magnitude of the reduction inversely related to exercise intensity (Risner et al., 2009). 

Short duration and high intensity dynamic exercise requires energy derived primarily from 

anaerobic metabolism. Lactic acid is a by-product of these anaerobic processes, resulting in 

increased blood lactate concentrations, decreased blood pH, and raised plasma osmolarity. 

Several researchers have reported that the decline in IOP following short duration and high 

intensity dynamic exercise coincides with the rise in blood lactate and plasma osmolarity, 

and the decrease in pH (Kielar, Teraslinna, Rowe, & Jackson, 1975; Marcus, Krupin, Podos, 

& Becker, 1970; Stewart, LeBlanc, & Becker, 1970). Infusion of sodium lactate while in a 

resting state (to simulate high intensity exercise) also raised plasma osmolarity and 

reduced IOP (Marcus et al., 1970). Alternatively, short duration low intensity dynamic 

exercise (primarily utilising aerobic metabolism) has also revealed a decline in IOP 

immediately post exercise. The decline is of a smaller magnitude than that observed from 

high intensity exercise, but occurs in the absence of raised blood lactate concentration, 

lower pH, and raised plasma osmolarity (Harris, Malinovsky, & Martin, 1994; Kiuchi et al., 

1994). Together these studies show that blood chemistry has an important influence on 

IOP, most likely due to a hyperosmolarity causing a reduced rate of ultrafiltration resulting 

in a lower rate of aqueous humor formation. However, a portion of the decline in IOP 

during exercise remains unaccounted for.  

While high intensity exercise will cause hyperosmolality of the blood to occur rapidly, low 

intensity exercise in a hot environment can lead to dehydration, which will result in raised 
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plasma osmolality (Bartok et al., 2004; Oppliger et al., 2005; Popowski et al., 2001). Several 

researchers have suggested that dehydration causing an increase in plasma osmolarity (as 

opposed to acidosis from high intensity exercise) could also cause a reduction in IOP (Harris 

et al., 1994; Kielar et al., 1975; Marcus et al., 1970; Martin, Harris, Hammel, & Malinovsky, 

1999). However, these studies did not require subjects to exercise for a sufficient duration, 

or in a hot environment, to expect a decline in hydration status. 

One study has assessed IOP over a prolonged duration and in a hot environment where an 

individual may potentially dehydrate. Ashkenazi et al (1992) reported that IOP was reduced 

during and after a 110 km march (ambient temperature 17 – 32 °C, relative humidity 45 – 

85 %), compared to pre march levels. IOP was lowest at 15 hours into the march (24 hour 

total duration) and it took three hours following the march to return to baseline levels. In 

addition, another decrease in IOP was observed 48 hours post march. Plasma osmolarity 

was raised during the march and peaked at 15 hours, and returned to baseline between 4 

and 24 hours post march. Another peak in plasma osmolarity occurred 48 hours post 

march. IOP during and after exercise was found to significantly correlate with plasma 

osmolarity, particularly at 15 hours (r = -0.6793) and 48 hours post march (r = -0.6496). The 

authors concluded that dehydration may produce an osmotic disequilibrium that would act 

to shift water from aqueous humor to plasma, resulting in ocular “dehydration” and 

lowered IOP. Two limitations of this study should be noted. Firstly, the independent effect 

of exercise on IOP cannot be accounted for in this study design, as all subjects completed 

only one trial. Secondly, pre-trial hydration practices were not controlled and subjects were 

able drink ad libatum during the trial. Therefore further research is required to control for 

these factors to obtain a clearer indication of the relationship between these variables, and 

if so, to determine if IOP can be used as an indicator of hydration status.  

Research into intraocular pressure and hydration status has also assessed for a change in 

IOP during periods of fasting (no food or fluid consumed during daylight hours). Initial 

research found no significant difference between IOP during whole day fasting (measured 4 

times throughout the day) compared to during normal diet (1 month later) (Kayikcioglu & 

Guler, 2000). Mass loss from pre to post fasting was statistically significant, but small, 

ranging between 0.1 - 1.4 Kg (0.14 – 1.9 %, mean 0.5 %). Urine specific gravity was 1.0217 

and 1.0228 before and after fasting respectively, the difference being non-significant. Body 

mass and urine specific gravity were not measured on the normal diet day. Other research, 

that has not quantified hydration status, also found no significant difference in IOP 



 

61 
 

measured during fasting and during a period of normal diet one month later (Inan, Yucel, 

Ermis, & Ozturk, 2002; Indriss, Anas, & Hicham, 2008). Although, a slight decrease in IOP 

was observed during fasting, which approached significance (p = 0.057), (Inan et al., 2002). 

In contrast, some research reports a significantly lower IOP during fasting compared to 

non-fasting (Dadeya, Kamlesh, Shibal, Khurana, & Khanna, 2002). A body mass loss of 0.4 – 

1.8 kg (0.7 – 3.2 %)  was observed for study participants, which was much higher than 

previous studies which found no difference in IOP (Kayikcioglu & Guler, 2000). In addition, 

the IOP of fasting and non-fasting groups has been compared (Kerimoglu et al., 2010). In 

comparison to the non-fasting group, IOP was significantly higher in the morning, and 

significantly lower in the evening in the fasting group. Finally, immediately before exercise, 

IOP was significantly lower in a group of subjects who had fasted for 4 hours, compared to 

a group consuming 946 ml of an isoosmotic fluid 60 minutes prior (Martin et al., 1999). 

Two further studies are worth reporting. In support of an association between IOP and 

hydration status, it has been found that IOP is reduced following 6 hours of anaesthesia in 

monkeys (Bunch, Tian, Gabelt, & Kaufman, 2003). The magnitude of the decline tended to 

increase with consecutive days of anaesthesia. Also, IOP was raised with fluid 

supplementation. In contrast, IOP was unchanged by rehydration of elderly patients 

(human) suffering severe dehydration (Rhodes, 1995).  

Overall the research into intraocular pressure and hydration status has found some 

evidence for a relationship between these variables. However, there is also evidence that 

does not support this view. This is most likely the result of poor study designs that have not 

accounted for factors such as the independent effect of exercise, pre-trial hydration 

practices, and fluid consumption during exercise. In addition, several studies of fasting have 

only reported a minimal level of dehydration. Therefore, further research is required to 

assess the relationship between IOP and hydration status. Such a relationship could lead to 

a novel approach for the assessment of hydration status in field settings. 

Heart Rate  

A final variable of interest in assessing heat strain is heart rate. Heart rate at any given time 

will be determined by several factors including 1) heart rate at rest, 2) the increase in heart 

rate due to work metabolism, 3) increase in heart rate linked with static exertion, 4) the 

increase in heart rate due to thermal strain, 5) increase in heart rate due to psychological 

factors, and 6) a residual component in heart rate due to the rhythm of breathing and 

circadian rhythm (International Organisation for Standardisation, 2004b). The increase in 
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heart rate due to thermal strain is the component of interest in assessing heat strain; 

however, it can be very difficult to isolate the thermal effect from the other factors. In a 

work setting, the only way to assess the thermal component is in a break from work, 

allowing the effects of dynamic and static work to be removed. The increase in heart rate 

above the resting value (pre heat stress exposure) will represent the thermal component of 

heart rate. 

Limits to the thermal rise in heart rate and the absolute heart rate during exercise and heat 

exposure have been detailed. It is recommended that the thermal increase in heart rate 

should be limited to 30 - 33 bpm (DiCorleto et al., 2003; International Organisation for 

Standardisation, 2004b). The thermal rise in heart rate is closely related to the increase in 

core body temperature, with a 33 bpm increase in heart rate corresponding to a 1 ˚C 

increase in body temperature. A maximum heart rate limit of 20 bpm below the individual’s 

maximum heart rate, or predicted from 185 minus 0.65 multiplied by age, is also 

recommended (DiCorleto et al., 2003; International Organisation for Standardisation, 

2004b). Finally, a sustained heart rate greater than 180 minus age should be avoided 

(International Organisation for Standardisation, 2004b). Heat stress exposure should be 

terminated if these limits are exceeded. 
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The Mining Industry 
Mining involves the extraction of solid minerals, such as ores and coal, liquid minerals, such 

as crude petroleum, or natural gas from the earth (Australian Bureau of Statistics, 2006). In 

Queensland alone there are over 19000 people employed (Stockill, 2006) across 150 mine 

sites (Deparment of Mines and Energy, 2007). Of these sites 123 (82 %) are surface 

operations, with the remainder utilising underground or other techniques. This final section 

of the literature review describes the factors contributing to heat stress at mining 

operations. The influence individual characteristics have on heat strain are considered in 

relation to the mining workforce as described in the published literature. Finally, an 

examination of research describing the heat strain, hydration status, and heat illness 

experienced by workers in the mining industry is presented, identifying areas that require 

further study to continue to improve the health and safety of this workforce. 

Heat Stress at Mining Operations 

The Australian Institute of Occupational Hygienists (AIOH) has defined heat stress as the 

net heat load to which a worker may be exposed from the combined effects of the 

environment (air temperature and humidity, wind-speed, and radiant heat), metabolic cost 

of work (work intensity), and clothing (DiCorleto, Coles, & Firth, 2002). Each of these 

factors (environment, metabolism, and clothing) is known to influence the ability of the 

body to maintain thermal balance by altering the rate of heat exchange between the skin 

surface and the surrounding environment through conduction, convection, radiation, and 

evaporation. The mining industry requires workers to perform physically demanding tasks, 

in harsh environmental conditions, while wearing varying amounts of protective clothing. 

Therefore, each of these factors will be considered individually to gain a complete overview 

of the problem of heat stress in the industry. 

Climatic Conditions at Mine Sites  

Environmental factors, including air temperature, wind speed, radiant temperature, and 

relative humidity, contribute significantly to heat stress in the workplace as they influence 

the capacity for heat transfer from the body. Both underground and surface mining 

operations are affected by significant heat stress from the prevailing climate. 

The main contributors to heat in underground mining include autocompression and the 

geothermal gradient (Pickering & Tuck, 1997). Autocompression describes the increase in 

air pressure with increasing depth. With an increase in pressure, the potential energy in the 

air is converted to heat energy. In dry air, dry-bulb temperature can increase by as much as 
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1 °C per 100 m of vertical descent. However, underground mine air usually has a high 

moisture content, which slows the rate of increase in dry bulb-temperature with increasing 

depth. The increase in wet-bulb temperature with depth depends on the surface 

temperature and pressure but usually ranges between 0.4 - 0.6 °C per 100 m of vertical 

descent. Secondly, heat is constantly flowing from the earth’s interior to the surface 

through the various layers of rock. Thus the virgin rock temperature increases with depth. 

The rate of the increase in rock temperature with depth is known as the geothermal 

gradient, and will differ between locations due to the thermal conductivity of the rock. 

When this rock is exposed (ie. broken away to advance a mine shaft) the rock face provides 

a significant radiant heat load to the working environment. Thus a considerable increase in 

heat stress occurs with increasing mine depth.  

A number of other factors also play a lesser role in contributing to the heat stress of 

underground operations (Pickering & Tuck, 1997). Fissure water flowing from the rock and 

through the mine shaft can transfer heat to the atmosphere and increase humidity. 

Humidity is also increased by water used to reduce the amount of dust in the air. Use of 

explosives and the falling and breaking of rock as a result also releases heat into the 

environment. Due to the necessity to keep dust out of the air, wind speed is kept low in 

underground operations. Human metabolism also contributes to the heat in the 

environment. Overall there are a myriad of factors contributing to heat stress in 

underground mines, and the specific sources will vary between mine sites.  

Surface mining operations are also exposed to climatic conditions conducive to heat stress; 

however, the level of heat stress experienced will vary depending on the geographical 

location of the mine, the time of day, and the season. Mines located nearer to the equator 

and in tropical regions will have high air temperatures and humidity imposing a significant 

heat stress. This heat stress will be at its peak during the daytime when air temperature is 

highest and workers are exposed to direct sunlight. The heat stress will also vary 

seasonally, with peaks in summer and annual lows in winter. In spite of the cooler climate 

in winter, heat stress can be excessive even at this time of year when workload is high and 

clothing limits heat loss from the body. 

While some workers operate large trucks and dozers from inside air-conditioned cabins and 

are protected from this high climatic heat stress, a number of other job categories are 

exposed to them. Maintenance crews, blast crews, and drillers, to name a few, operate 

outdoors, exposed to the prevailing climate. These crews are also exposed to high radiant 
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heat loads from direct sunlight, heat reflected from exposed surfaces of the substance 

mined (eg. coal), and machinery.  Machines are usually powered by either electricity or 

chemical fuels in the mining industry, both of which result in a large amount of heat 

production, depending on the efficiency of the equipment (Pickering & Tuck, 1997). 

Working in the vicinity of such factors raises heat stress.  

Overall there are a variety of sources contributing to heat stress at both surface and 

underground mine sites. The mean climatic conditions of several underground and surface 

mine sites published in the scientific literature are summarised in Table 2.7 and 2.8 

respectively. For acclimatised individuals, working at a light or moderate intensity, the ISO 

recommends limits of 30 or 28 °C WBGT respectively (table 2.2). It is evident that the 

climatic conditions of underground mines in Australia, India, and Germany commonly 

exceed this recommendation. Coal mines in the United Kingdom use the BET heat index 

(table 2.4) which also reveals a moderate level of heat stress underground. The TWL index 

used in Australian mines indicates a level of heat stress in which only acclimatised 

personnel are allowed to work (table 2.3). Also of note in table 2.7 is that the mines in 

Turkey and Spain appear to have lower levels of climatic heat stress. This may be due to the 

shallower depth of the mines in these locations. 

As mentioned earlier, prevailing climatic conditions at surface mines will vary with 

geographic location. The northern parts of Australia are associated with both higher 

ambient temperatures (> 35 ˚C) and relative humidity (> 50 %), conditions that are 

conducive to heat stress. There is also a trend for temperature to be highest inland, and 

cooler towards the coast. In contrast, humidity is higher on the coast and lower inland. This 

observation is supported by data from several surface mines in North West Australia (table 

2.8). In spite of this difference with location, WBGT appears to be similar across the sites, 

with values close to and exceeding the 30 °C limit (table 2.2), similar to those seen in 

underground mines. On the other hand, TWL suggests a lower level of heat stress at 

surface mines. While the range of values suggests there are times of significant heat stress, 

the mean and upper end of the range shows heat stress to be in the “acclimatisation” or 

“unrestricted” levels (table 2.3). A good description of the climate across Australia can be 

found on the Australian Bureau of Meteorology website 2. 

                                                           
2
 A description of Australia’s climate zones can be observed at the following web address: 

http://www.bom.gov.au/lam/climate/levelthree/ausclim/zones.htm ; accessed 27th November 
2009 

http://www.bom.gov.au/lam/climate/levelthree/ausclim/zones.htm
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In summary, heat stress is high at surface and underground mining operations due to the 

climatic conditions. These include high temperatures and humidity, high radiant heat loads, 

and low to moderate wind speeds. Under such conditions, the rate of heat loss from the 

body may slow as the thermal gradients are reduced, or even reversed. High sweat rates 

are required to support evaporative heat loss, which will be the primary avenue for heat 

loss is such conditions.  
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Table 2.7 Mean Climatic Conditions at Underground Mines. 

Study Location Depth (m) DB (°C) WB (°C) RH (%) 
TWL 

(W/m2) 
WBGT (°C) BET (°C) 

Wind speed 

(m/s) 

Palenciano et al (1996) North-West Spain 300-700 19-23  80-87     

Montoliu et al (1995) North-West Spain 150 18  100     

Kalkowsky & Kampmann (2006) Germany  31.2 28.2   29.1 26.3 1.8 

Brake & Bates (2002a) ¥ Northern Australia  1000-1600    
178 

174 

30.78 

30.94 
  

Brake & Bates (2001) ¥ Northern Australia       
30.8 

30.9 
  

Brake & Bates (2003) Northern Australia  1000-1800 36.2 28.4  175 30.9  1.1 

Zahorska-Markiewicz (1991) Poland 1030 32       

Hanson et al (2000) ^ United Kingdom       28.9  

Onder et al (2005) Turkey 425 25.3 20.2     2.5 

Shearer (1990) South Africa Up to 3500 32.8 32.1 91.5     
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Study Location Depth (m) DB (°C) WB (°C) RH (%) 
TWL 

(W/m2) 
WBGT (°C) BET (°C) 

Wind speed 

(m/s) 

Donoghue et al (2000)* Australia 1800 37.4 29.0   31.5  0.54 

Dey et al (2006) India  32.03 30.50 89.46  31.32 30.10 0.34 

Saha et al (2008) India  31.5 29.9 88  30.7  0.37 

* This study reports the climatic conditions present underground when a case of heat exhaustion occurred. 
¥ 

These studies report the mean WBGT over two summers. ^ 

Reports the mean across three mine sites. DB – Dry Bulb temperature, WB – Wet Bulb temperature, RH – Relative Humidity, TWL – Thermal Work Limit, WBGT – Wet-Bulb 

Globe Temperature, BET – Basic Effective Temperature. 
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Table 2.8 Climatic Conditions at Surface Workplaces in North-West Australia. 

Study Location Workplace DB (°C) 
WB 

(°C) 
RH (%) TWL (W/m2) WBGT (°C) 

BET 

(°C) 

Wind speed 

(m/s) 

Miller & Bates (2007a) * coastal Mine site 26.8 – 34.7   117 - 324 23.0 – 30.6   

 inland Mine site 27.6 – 42.7   149 - 290 25.1 – 32.9   

 inland Mine site 28.9 – 42.0   209 - 300 21.1 – 29.6   

 inland Mine site 29.6 – 40.2   195 - 336 22.2 – 31.5   

Miller & Bates (2007c) # coastal Mine site 35.0 ± 1.9  58.9 ± 6.2 239.1 ± 41.1 30.6 ± 2.2  4.1 ± 1.8 

 coastal Mine site 36.7 ± 1.5  54.5 ± 10.1 199.0 ± 35.2 32.2 ± 1.1  2.7 ± 1.5 

 inland Mine site 37.6 ± 3.0  32.3 ± 7.5 232.0 ± 37.3 29.2 ± 2.3  1.8 ± 1.2 

Gazey et al (1996) ^  Drilling platform 27.8 – 32.4  47.0 - 49.0     

* Climate data recorded during the summer season. 
#
 Data presented as mean and standard deviation. ^ Climatic conditions noted as relatively mild by the authors.  DB – Dry Bulb 

temperature, WB – Wet Bulb temperature, RH – Relative Humidity,  TWL – Thermal Work Limit , WBGT – Wet-Bulb Globe Temperature, BET – Basic Effective Temperature. 
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Intensity of Work Tasks 

Another important contributor to heat stress in a work environment is the metabolic cost 

(intensity) of the work performed. The human body requires a continuous energy supply to 

function effectively. This basal metabolic rate results in a continuous rate of heat gain in 

the body. On top of this, the chemical reactions required for human movement produce a 

considerable amount of heat. The greater the intensity of effort put into movement or the 

greater the rate at which an individual is performing a work task, the faster the rate of heat 

production. Therefore, the intensity of the work performed by miners is an important 

contributor to the heat stress encountered. 

Miners are required to perform a wide variety of tasks during their daily work. The physical 

demand of these tasks varies greatly. Underground coal miners in the UK have reported the 

intensity of their work tasks to range from light to very heavy (Hanson et al., 2000). Two 

other factors should also be considered with the intensity of effort required for mining 

tasks, including how often the task is performed (frequency) and its duration. A survey of 

underground coal miners in Queensland (Australia) has shed light on these factors (Parker 

et al., 2006). One hundred and ninety-one miners were asked to rate the intensity, 

frequency, and duration of their work tasks. The most physically demanding tasks were 

reported to be lifting / dragging monorail, lifting / dragging cables, moving belt structure, 

and coal shovelling. These tasks were predominantly performed only sometimes or rarely 

and for only a short duration. Alternatively, standing, walking, and walking carrying 

equipment were reported to be performed frequently during work for a long duration, but 

were of a light to medium intensity. This study reflects the intermittent nature of mining 

work, where heavy and demanding tasks of short duration are interspersed with lighter 

tasks which compose the majority of the shift. 

Studies of miners’ heart rate responses to work concur with these survey findings. The 

mean heart rate throughout an 8 – 12.5 hour shift has been found to lie between 92 – 106 

bpm for underground operations in the United States, Spain, and Australia (Abt & Tranter, 

1999; Brake & Bates, 2001; Duchon, Smith, Keran, & Koehler, 1997; Montoliu et al., 1995; 

Palenciano et al., 1996). Shorter shift lengths for coal trammers in India also have mean 

heart rates over the shift within this range (Dey et al., 2006). A German mine reports the 

mean heart rate for miners between descending and ascending the shaft to be in this range 

(103 bpm), however, the mean heart rate during the time spent at the actual work site was 

108 bpm (2006).  
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To assess the intermittent nature of the high intensity tasks reported by miners, several 

researchers have reported the maximal heart rates recorded during mining. Heart rates 

greater than 140 bpm have been observed in Australian underground miners (Abt & 

Tranter, 1999; Brake & Bates, 2001), and are reported to occur for 7 % of the duration of 

the shift (Brake & Bates, 2001). In a study of underground coal miners in Spain, heart rates 

greater than 140 bpm, only occurred for approximately 2 % of the shift duration (Montoliu 

et al., 1995). German coal miners’ heart rates exceeded 150 bpm on 92 of 125 shifts 

(Kalkowsky & Kampmann, 2006). On 20 of these shifts, heart rate was above this level for 

10 % of the shift duration. Together these studies show that for short periods of time, heart 

rates exceed 75 % of maximum (age predicted) during underground mining activities.  

Since the body relies on oxygen to produce energy, monitoring a person’s oxygen 

consumption (VO2) provides an indirect method to estimate body heat production. 

Research has used two indirect methods to estimate VO2, including monitoring heart rate 

or ventilation. Estimates of oxygen consumption from the heart rate response to work 

found VO2 to be 6.8 mL/kg/min (Abt & Tranter, 1999) or 11.5 mL/kg/min (Harber, Tamimie, 

& Emory, 1984). From measures of ventilation during mine work, mean VO2 over the shift 

was 11.4 mL/kg/min and 14.4 mL/kg/min for roof bolters and bolters/miner helpers 

respectively (Bobo, Bethea, Ayoub, & Intaranont, 1983). Peak shift VO2 has been reported 

to be 20.3 mL/kg/min (Abt & Tranter, 1999), whereas the 70th percentile for shift VO2 in 

another study was 22.0 mL/kg/min (Harber et al., 1984), suggesting that peak values would 

be higher. The lower mean and peak VO2 found by Abt and Tranter (1999) are most likely 

due to this research reporting the less active mining roles (such as electricians) and not 

observations during coal cutting.  

A direct method to monitor VO2 during work is to measure the concentration of oxygen in 

expired air. Using this method has provided similar results to those of the previous 

predictions. Over a 10 - 15 minute period of work (beginning after 15 minutes of work), VO2 

was 13.6 mL/kg/min for workers aged 31 - 40 years, and 15.1 mL/kg/min for workers aged 

41 - 50 years (Dey et al., 2006). Slightly higher values for mean shift VO2 can be calculated 

from the data gathered by Humphreys and Lind (1962), assuming 5 L of oxygen is 

consumed for every 1 Kcal of energy expended. Oxygen consumption was estimated to be 

15.6 mL/kg/min for walking tasks and 18.5 mL/kg/min for work at the coal face. 

The above research has only looked at the heart rate and oxygen consumption of 

underground mine workers. In surface mine workers, mean heart rate over the shift was 
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87.9 ± 6.6, 104.2 ± 11.7, and 89.8 ± 10.3 bpm from sites one (coastal), two (coastal), and 

three (inland) respectively (Miller & Bates, 2007b). This range is similar, although slightly 

lower, to that reported for underground miners. The information provided by this research 

is quite limited as it only provides a mean values for the whole shift. It does not reveal the 

peaks in heart rate, corresponding to periods of raised effort and work intensity, nor does it 

show if heart rate changes over the course of the shift, possibly due to dehydration and 

cardiovascular drift.  

In summary, these data suggest that the majority of underground mine work is of a light 

intensity, with a mean shift heart rate of 92 – 106 bpm and VO2 ranging between 13 - 18 

mL/kg/min. However, there are intermittent periods of moderate to heavy work shown by 

peak shift heart rates greater than 75 % maximum and VO2 greater than 20 mL/kg/min. A 

notable deficiency in the research to date is the absence of assessments of work intensity 

for surface mine workers exposed to heat stress. Further research is needed to shed light 

on the physical demand of work at surface mines.  

Two points should be noted about the oxygen consumption and heart rate data discussed. 

Firstly, much of the VO2 data in these articles was not in a consistent format. However, 

from the available data the results were converted to VO2 in mL/kg/min to allow for 

comparison between the studies. Secondly, it should be remembered that heart rate can 

be elevated when exposed to the heat; therefore these data likely reflect the combined 

effect of work rate and thermal load as opposed to work rate alone. 

Clothing Requirements  

The final contributing factor to heat stress is the clothing worn by the worker. Industrial 

workplaces commonly require employees to wear personnel protective clothing to avoid 

physical, chemical, and ultra-violet hazards. These safety requirements must be balanced 

with the potential heat stress imposed on the individual wearing the clothing. 

Wearing clothing creates a barrier between the skin surface and the environment and will 

impact on the heat exchange between these surfaces. Clothing can contribute to heat 

stress by impairing heat loss from the body. To determine the extent to which clothing will 

impair heat loss, two factors need to be considered: 1) thermal insulation – the resistance 

to heat transfer by conduction, convection, and radiation, and 2) evaporative resistance, 

that is, the resistance to heat transfer by evaporation (Holmer, 2006). 
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Thermal insulation is primarily determined by the thickness of the clothing layer. The 

thickness includes the air trapped between the skin and the clothing, and the fibres of the 

clothing. To quantify the thermal resistance to heat transfer provided by a layer of clothing, 

the clo index has been developed (McArdle et al., 2001). For example, a garment with a clo 

unit of 1.0 indicates that an individual would maintain thermal balance if they were at rest 

in climatic conditions of 21°C and 50 % relative humidity. With increases in work rate, the 

clo value required to maintain thermal balance is reduced, as a greater rate of heat transfer 

will be required. Similarly, lower clo values are better for work in hotter climates. 

Evaporative resistance is also affected by the thickness of trapped air layers. In addition, it 

is influenced by the pores in the fabric. Smaller pores and greater thickness impair transfer 

of water vapour (Holmer, 2006). However, specific treatments or coatings applied to fabrics 

can dramatically reduce their permeability to water vapour (Havenith, 1999). When 

working in many hot environments, evaporation of sweat is the primary avenue for heat 

loss from the body, thus the evaporative resistance of the garment is an important 

determinant of heat stress encountered at worksites.  

At all times miners (both underground and surface) wear long cotton trousers, long sleeve 

shirts, safety boots and socks, hard hat, and eye protection. The combined clo value for 

these items is approximately 0.7 (excluding hard hat and eye protection) (Holmer, 2006; 

Parsons, 2003). Since the value is below 1.0, it suggests that this clothing ensemble would 

not provide sufficient insulation to maintain thermal balance at an ambient temperature of 

21 °C. However, miners work in much higher temperatures and their work rate increases 

internal heat production. Therefore, it is likely that their regular clothing may play a small 

part in the heat stress they experience. In some circumstances, miners may also be 

required to wear gloves and impermeable clothing ensembles to perform specific work 

tasks. In such situations the clothing would have a significant contribution to the overall 

heat stress workers are exposed to.  

Summary of Heat Stress in the Mining Industry  

The primary contributors to heat stress include the climatic conditions, the intensity of 

work performed, and the clothing worn. Heat stress is high at both underground and 

surface mine sites in Australia. This is primarily due to the climatic conditions of high 

ambient temperature and relative humidity. These factors are relatively constant 

underground but will vary daily, seasonally, and with location for surface mines. The work 

tasks are of a light to moderate intensity and will also contribute to the heat stress 
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experienced by mine workers. The protective clothing worn by workers, although required 

for their safety, will also contribute to heat stress in this workforce. Therefore the mining 

industry exposes workers to significant heat stress, with a risk of excessive heat strain and 

the development of heat illness if appropriate control measures are not implemented. 

Worker Characteristics and the Concern for Heat Strain 

The heat strain encountered during heat stress experienced by miners is predominantly 

determined by the climatic conditions, physical exertion, and clothing worn. However, 

when a group of individuals is exposed to the same heat stress, a large variation in the 

physiological response can be observed. This individual variation has an important 

influence on a workers ability to safely tolerate work in hot conditions. The primary 

variables which influence heat strain and the risk of heat illness include aerobic fitness and 

body composition, and to a lesser extent age. 

Aerobic fitness and body composition are the primary individual characteristics that 

influence a person’s heat strain for a given heat stress exposure. Aerobic fitness is related 

to the body’s capacity to transport and utilise oxygen. A person’s maximal rate of oxygen 

consumption (VO2max) is commonly used to quantify aerobic fitness. Body composition 

describes the relative contribution of fat and lean tissue to the whole body. Lean tissue 

includes muscle, bone, and water. On the other hand, fat tissue includes both essential and 

storage fats. An indirect yet commonly used indicator of body composition is the Body 

Mass Index (BMI). A BMI of 25 kg/m2 or above is classified as overweight, and over 30 

kg/m2 as obese (Franklin, 2000). Table 2.9 summarises the individual characteristics of the 

underground mining workforce presented in the scientific literature. It is evident that 

miners are generally of low to moderate aerobic fitness, with VO2max values in the range of 

36 - 44 ml/kg/min (Heyward, 2002), and are overweight.  

Given the physical nature of mining tasks, it might be predicted that employee physical 

fitness may be above average. Indeed, blue-collar workers in manual labour industries are 

reported to accrue more steps per work day compared to white-collar workers, and attain 

the recommended daily steps promoted for health benefits (Mark, Merom, & Bauman, 

2008). However, it has been observed that workers in occupations involving a high physical 

demand showed similar aerobic capacity compared to workers in less demanding 

occupations (Ruzic, Heimer, Misigoj-Durakovic, & Matkovic, 2003). It was concluded that 

the volume of activity (in terms of the frequency, duration, and intensity) in manual 

labourers may be insufficient to raise physical fitness. 



 

75 
 

Aerobic fitness and body composition affect tolerance to work in the heat by influencing 

the body’s capacity for heat exchange with the environment. (This has been detailed in a 

previous section of the literature review [individual parameters influencing heat strain], so 

only a brief description will be provided here). Individuals with a higher aerobic fitness 

show lower heat strain which can be attributed to a greater capacity for heat dissipation. 

This is achieved through higher sweat rates and greater skin blood flow in physically fit 

individuals (Fritzsche & Coyle, 2000; Yamazaki et al., 1994), which allows them to maintain 

lower core body temperatures compared to unfit individuals. Overweight individuals tend 

to possess more fat mass than those with a BMI less than 25 kg/m2, which has several 

concerns for heat stress. Firstly, fat tissue stores less heat per gram than muscle tissue 

(Kenney, 1985), which results in a faster increase in core temperature compared to 

individuals with a higher proportion of lean tissue when exposed to similar heat stress. 

Secondly, for weight-bearing activity, a person of greater body mass must expend more 

energy (produce more heat) in movement compared to lighter individuals. Finally, body 

surface area is lower in heavier individuals, reducing the rate of heat transfer from the skin 

to the environment (Havenith, 2001).  

The risk of heat illness is also greater in unfit and overweight individuals. Miners with a 

VO2max below 2.5 L/min are at a greater risk of developing heat stroke than those with a 

higher aerobic capacity (Wyndham, 1974). Miners with high mass and high BMI have also 

been found to be at an increased risk of heat exhaustion (Donoghue & Bates, 2000a). A 

trend for relative risk to increase as aerobic fitness decreases was observed, although it 

was insignificant. This may be due to effective self-pacing of the workers at this mine site. 

In other settings, such as during military basic training, the risk of developing heat illness is 

consistently higher in those with lower aerobic fitness and higher BMI (Chung & Pin, 1996; 

Gardner et al., 1996; Wallace et al., 2006).  

Age is another factor that will influence an individual’s heat strain. As a whole the 

workforce is aging in the western world (Ilmarinen, 2001). In the coal mining industry of 

New South Wales and Queensland the mean age of miners was 40 years (Parker, 

Worringham, Greig, & Woods, 2005). This figure is representative of the Australian mining 

industry as a whole, with 59 % of the workforce was above age 40 reported by the 

Australian Bureau of Statistics. With advancing age it is common for aerobic fitness to 

decline (Buskirk & Hodgson, 1987), and to see a decrease in muscle mass and an increase in 

fat mass. These trends are also observed in the mining industry (table 2.9). Such declines in 
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aerobic fitness with increasing age have been found in miners (Dey et al., 2006; Pafnote, 

Vaida, & Luchian, 1979; Zahorska-Markiewicz, 1991). Reduced aerobic capacity with aging 

also impacts on the work intensity. Mean working VO2 was found to be 35 % of maximum 

for those aged 31 - 40 years, but 45 % for those 41 - 50 years of age (Dey et al., 2006). 

Working at a higher relative intensity is known to result in higher body temperatures 

(Fritzsche & Coyle, 2000; Gant et al., 2004; Saltin & Hermansen, 1966).  

Body mass index is also seen to change with the age in miners. The incidence of overweight 

workers in the Queensland coal industry is reportedly between 30 – 90 %, progressively 

increasing across five age groups (18 - 24, 25 - 34, 35 - 44, 45 - 54, 55 - 64 years) (Bofinger & 

Ham, 2002). The incidence of overweight in all but the youngest of these age groups was 

higher than in the general population. In addition, research in Poland revealed a trend for 

BMI to increase with age (Zahorska-Markiewicz, 1991). With the findings of low fitness and 

higher BMI in older miners, it is foreseeable that the older mine worker may be at a greater 

risk of excessive heat strain and heat illness.  

In contrast to this assertion, some evidence has suggested that younger workers may be 

more likely to experience heat illness. Forestry workers experiencing symptoms of heat 

illness were significantly younger than asymptomatic workers (Maeda et al., 2006), and a 

trend has been observed for the relative risk of underground miners experiencing heat 

exhaustion to decrease with increasing age (Donoghue & Bates, 2000a), although this was 

not statistically significant. It may be that older workers in these samples were more 

experienced and better able to pace their work effectively. However, more evidence is 

required to confirm this observation. 

A final point to consider in relation to the workforce is that all of the research presented so 

far has been related to underground miners. Very little information is available that 

describes the characteristics of surface mine workers. While several papers have reported 

climatic conditions at surface mine sites (table 2.8), and others have looked at the heat 

strain or hydration status of workers, they have not reported factors such as the age, 

height, mass, BMI, or estimated fitness of the study population. Only one study reported 

the age and recreational physical activity of surface miners; describing them as 36.7 ± 10 

years of age, with 50 % performing 30 minutes of moderate intensity physical activity 

between shifts (overnight) (Carter & Muller, 2007). Given the potential for these factors to 

influence the heat strain experienced by workers and their association with heat illness, 

this lack of information needs to be addressed. 
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In summary, workers in the mining industry are generally of a low to moderate physical 

fitness and overweight. In addition, they are an aging workforce. These factors predispose 

these individuals to raised heat strain and increase the risk of heat illness. A concerning 

observation is the lack of descriptive information regarding surface mine workers. This gap 

should be addressed to better understand the risks posed to surface miners from the 

effects of heat stress. 
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Table 2.9 Characteristics of the Underground Mining Workforce. 

Study Location Sample size Age (years) Height (m) Mass (kg) BMI (kg/m2) VO2max (ml/kg/min) 

Pafnote et al (1979) Romania 31 

53 

36 

20-29 

30-39 

40-49 

   49.0 

43.6 

34.4 

Bobo et al (1983) USA 56 31.54  80.49  33.9 

Harber et al (1984) West Virginia - USA 12 42.6  86.3   

Shearer (1990) South Africa 50 

52 

29 

33 

    

Zahorska-Markiewicz 
(1991) 

Poland 66 

292 

156 

90 

Total: 690 

20-29 

30-39 

40-49 

≥50 

 71 

75 

77 

77 

76 

23 

25 

26 

27 

26 

44 

38 

34 

34 

40 

Brhel et al (1994) Czech Republic 152 43.1 1.75 83.9 27.4 35.4 

Montoliu et al (1995) Spain 33 – coal face workers 

40 – other mine tasks 

32.7 

34.6 

1.71 

1.70 

76.9 

75.4 

26.3 † 

26.1 † 

40.4 † 

38.3 † 
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Study Location Sample size Age (years) Height (m) Mass (kg) BMI (kg/m2) VO2max (ml/kg/min) 

Palenciano et al (1996) Spain 76 32.7 1.70 76.9 26.6 † 38.1 † 

Duchon et al (1997) USA 6 28.8     

Abt & Tranter (1999) Australia 8 34.9 1.81 88.6 27.0 † 30.3 

Brake & Bates (2001) Northern Australia 
(Tropics) 

45 – miners 

469 - contractors 

   27.9 

25.9 

39.1  

39.0 

Brake & Bates (2002a) Northern Australia 
(Tropics) 

36 35.4 1.79 88.8 27.5 37.7  

Brake & Bates (2003) Northern Australia 
(Tropics) 

39 35 1.78 88.0 27.9 39.1 

Kalkowsky & Kampmann 
(2006) 

Germany 38 34.3 1.77 85.2 27.1  

Dey et al (2006) West Bengal, India 15 

15 

31-40 

41-50 

1.64 

1.62 

55.1 

52.9 

20.4 

20.1 

38.1 

36.0 

† Value was calculated from the data provided. 
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Heat Strain, Hydration Status and Heat Illness of Mine Workers 

When work is performed under high levels of heat stress, particularly if the individual 

exposed is of low fitness and poor body composition, there is a high risk that heat strain 

will be excessive. This will involve high sweat rates, heart rates, and core body 

temperatures. In addition, dehydration can develop if fluids are inadequately replaced. In 

such circumstances the risk of developing heat illness is a primary health concern. Research 

into the heat strain of miners has focused on underground workers, particularly in South 

Africa. In comparison, little is known about the heat strain experienced by surface mine 

workers. 

Research began in the early 1900’s in the South African gold mines in response to a high 

fatality rate from heat stroke (incidence rate of 1.5 per thousand workers per year). A 

series of research studies was conducted by the Human Sciences Laboratory (chamber of 

mines South Africa) over several decades to tackle this health issue (Wyndham, 1974). This 

is summarised here and confirms other laboratory and athletic studies previously discussed 

in this literature review.  

An initial study assessed heat tolerance of new personnel to one hour of simulated mine 

work (shovelling rock) in 35 ˚C wet-bulb temperature. After 60 minutes, it was observed 

that core body temperature (oral) rose above 39 ˚C in 15 % of the population (n = 20000), 

was between 38 – 39 ˚C in 60 %, and was less than 38 ˚C in 25 %. Further study showed that 

repeated exposure reduced the final body temperature and lowered the number of people 

considered heat intolerant (core body temperature > 39 ˚C). The research prompted the 

implementation of an acclimatisation procedure for all new personnel, coupled with 

improved mine ventilation, and greatly reduced (by a factor of 3) the incidence of fatal heat 

stroke. 

Further work assessed factors that promoted intolerance to work in the heat, whether it 

was a temporary intolerance or permanent. Ill health and infections such as a respiratory 

virus, measles or mumps, predisposed the individual to developing high body temperatures 

during work / acclimatisation procedures. Once these ailments were healed the 

acclimatisation response progressed as expected, showing the temporary nature of these 

factors. In addition hydration status was identified as a factor influencing heat tolerance 

(Strydom et al., 1966). Researchers noted that a 3 – 4 litre body water deficit could be 

incurred by workers if no fluid was provided during a shift. Workers incurring such a degree 

of body water loss showed higher body temperature, compared to those able to drink ad 
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libitum, commensurate with body temperature observed in the un-acclimatised state. 

Dehydration is a modifiable factor as hydration can be restored through fluid and food 

consumption. It was thus considered a temporary factor for heat intolerance. 

In spite of acclimatisation procedures and removal of these temporary factors, a small 

percentage (~ 2 %) of new personnel remained heat intolerant during acclimatisation 

procedures (core temperature above 39 ˚C). Through examination of the differences 

between heat intolerant and tolerant workers, physical work capacity (VO2max) was 

identified as a key variable related to heat intolerance. All heat tolerant workers had a 

VO2max greater than 2.5 L/min, compared to only 47 % of heat intolerant workers. Further 

to this, workers with VO2max less than 2.5 L/min had a 5 in 100 risk of attaining a body 

temperature of 40 ˚C (close to heat stroke levels), compared to a 5 in 10000 risk for those 

with VO2max greater than 2.5 L/min. As a result, exclusion criteria were developed to 

prevent new personnel with VO2max less than 2.5 L/m from being exposed to physical work 

in hot and humid conditions. In addition, their research also identified that body mass less 

than 50 kg and age over 45 years were risk factors for heat intolerance and these limits 

were also implemented for exclusion purposes.  

Another aspect of the research was to assess the effect of supervision on worker 

productivity and heat strain. During five hours of coal shovelling with supervision, the 

average workers body temperature rose above 39 ˚C, however, when unsupervised, the 

average workers body temperature did not exceed this value (Wyndham, 1973). In 

addition, productivity, measured in the number of cars filled with coal, declined from the 

first to fifth hour similarly under both supervision conditions. Therefore, it was concluded 

that supervisors required intensive training to be able to identify the signs and symptoms 

of heat stroke in their workers and to be educated in the appropriate treatment 

procedures. 

The work conducted by this research group has been pivotal in reducing the adverse effects 

of heat in the underground mining industry. Fatal cases of heat stroke were greatly reduced 

in South African mines, and the findings have no doubt contributed to the absence of fatal 

heat stroke in the mining industry in Europe between 1955 and 1965 (Lind, 1970) and the 

United States between 1983 and 2001 (Donoghue, 2004). Whilst the most severe 

consequences of working in the heat may be rare, consideration also needs to be given to 

the less severe, but still serious, heat exhaustion, heat cramps, and miliaria rubra.  
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Few studies report the incidence of miliaria rubra in the mining industry. Over a period of 

two summer months, 25 cases of miliaria rubra were reported at an underground mine in 

Australia, producing an incidence rate of 56.4 cases per million man hours (Donoghue & 

Sinclair, 2000). These were commonly reported on the ankle and up to the knee, on the 

thigh and trunk. Cases required 3 – 4 weeks of sedentary duties in air-conditioned rooms 

on the surface before returning to underground work. This is a substantial impairment 

considering sufferers of heat exhaustion will usually only require one day off duty 

(Donoghue et al., 2000). Miliaria rubra has also been investigated in an underground coal 

mine in the United Kingdom (Lillywhite, 1992). Although this study offers no definitive 

evidence, it suggests that conditions of increased air velocity, decreased air volume, 

increased surface air temperature increase the risk of miliaria rubra. Whilst it was expected 

that relative humidity in the workplace would also be a significant risk factor, little variation 

was observed in this variable during the observation period, limiting is use in predictive 

modeling. 

The Mines Safety and Health Administration (MSHA) in the United States recorded 465 

occupational injuries as heat illness between 1983 and 2001 (Donoghue, 2004). Of these, 

48 were reported underground and 186 at surface mining operations, the remainder 

occurring at other workplaces in the industry. This produced an incidence rate of 0.0184 

and 0.0424 cases per million man hours for underground and surface operations 

respectively, and suggests that heat illness is not a major issue for this industry. Accessible 

data from the Queensland (Australia) mining industry also suggests that heat illness is a 

rare occurrence (The State of Queensland, 2009). From 2003 – 2008, only four lost time 

injuries were recorded where the mechanism of injury was “exposure to environmental 

heat”, all of which occurred at surface coal mines.  

In a steep contrast to these sources, research conducted at specific mine sites reveals heat 

illness to be far more common. An underground mine in Australia reported one hundred 

and six cases of heat exhaustion between October 1997 and September 1998 (Donoghue et 

al., 2000). The incidence rate was calculated to be 43 cases per million man hours 

(Donoghue et al., 2000), 256 times greater than that reported in the underground metal 

mines of the United States (Donoghue, 2004). Similarly, 55 cases of heat illness were 

reported at an underground gold mine in South Africa between February and July 1987 

(Shearer, 1990). Thirty-seven reported heat cramps, three of which complained of vomiting 

and two of dizziness as well. The remaining 18 documented collapse or fainting, nine of 
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these also experienced heat cramps. These studies (Donoghue et al., 2000; Shearer, 1990) 

reveal a mean of two cases of heat illness per week, which appears to vary with seasonal 

change. Of the 106 cases reported by Donoghue et al (2000) over 30 occurred in February 

(summer), bringing the number of reported heat illnesses closer to one per day. Anecdotal 

evidence collected in the United Kingdom concurs with the findings of these prospective 

studies, with medical personnel estimating that there was a heat related incident occurring 

every day in British coal mines (Hanson & Graveling, 1997), with symptoms ranging from 

heat rash to loss of consciousness. 

These sources reveal a great disparity in the heat illness reported at an industry level and 

that occurring at specific mine sites. Donoghue (2004) suspected that heat illness was 

underreported to the MSHA in the United States as only 365 out of a possible 14 766 

mining operations reported any cases, with three mining operations reporting 13% of the 

cases in the entire industry, and a single mine site reporting 60 % of cases at all 

underground metal mines. The proposed reasons for such underreporting included a poor 

knowledge of the symptoms of heat illness, a lack of standardized diagnostic criteria, or a 

reluctance to report what may be viewed as “part of the job” (Donoghue, 2004). 

It is foreseeable that cases of heat illness may also be underreported at an industry level in 

Queensland (Australia). The industry standard is to report lost time injuries. A lost time 

injury is defined as “those occurrences that resulted in a fatality, permanent disability, or 

time lost from work of one day/shift or more” (Worksafe Australia, 1990). Interestingly, of 

the 106 cases of heat exhaustion at an underground mine (Donoghue et al., 2000), 72 % 

returned to work the following day, on either full or restricted duties. Therefore, heat 

exhaustion or cramps may not impair the workers for a sufficient duration for the incident 

to be categorised as a lost time injury. This may be contributing to the underreporting of 

heat illness. As such, the industry data may not accurately reflect the health issues posed 

by heat stress in the mining industry. 

Heat illness is an indication that the human body is struggling to meet the demands of 

thermoregulation. Heat illness occurs when heat strain becomes excessive, that is, if there 

is an excessive rise in core body temperature, the individual is dehydrated, or a 

combination of both (Backer et al., 1999; Donoghue et al., 2000; Shahid et al., 1999). 

Therefore several investigators have monitored these variables in miners to elucidate the 

extent to which heat strain and dehydration is experienced by mine workers. 
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The first study to monitor heat strain of underground miners performing their normal daily 

activities (not simulated in the laboratory) was conducted at the Mt Isa Mines in 

Queensland in 1967 (Wyndham, Allan, Bredell, & Andrew, 1967). Oral temperature ranged 

between 36.4 – 38.3 ˚C three hours into the work shift (8 hour duration). Body temperature 

at this time was significantly positively correlated with the predicted four hour sweat rate (r 

= 0.75) and corrected effective temperature (r = 0.64) (indices of heat stress), indicating 

higher body temperature in those exposed to greater levels of climatic heat stress. Some of 

the remaining variance in this relationship would be attributed to work rate, with tasks 

rated as either light or moderate intensity by the authors. Based on these findings, limits to 

the predicted four hour sweat rate were determined to either shorten the shift length to 6 

hours, or stop work, with the aim of maintaining the degree of heat strain within safe 

limits. 

More recently these “working in heat” protocols were updated to allow underground 

miners to operate for 12 hour shifts under a new heat stress index, thermal work limit. A 

study was undertaken to assess core body temperature both before and after the 

introduction of the new protocols (Brake & Bates, 2002a) with the aim of ensuring that the 

new protocols and longer shifts did not compromise worker health. With advances in 

technology since the earlier work, core body temperature was monitored continuously 

throughout the shift, allowing for the identification of peaks in body temperature. There 

was no statistical difference between the two time periods, and when the data was pooled, 

average mean core body temperature over the shift was 37.6 ± 0.4 ˚C and average 

maximum core body temperature was 38.3 ± 0.4 ˚C. While these average mean and 

average maximum shift values are within the recommended safe limits, 7 % of the shift 

duration was spent at temperatures greater than 38.2 ˚C, and several workers attained a 

core body temperature in excess of 39.0 ˚C. The average maximum increase in core body 

temperature was also assessed and found to be 0.5 ˚C in 10 minutes, 0.8 ˚C in 30 minutes, 

and 0.9 ˚C in 60 minutes. The mean increase in core body temperature over the course of 

the whole shift was 1.4 ˚C.  

Similar observations have been reported in an underground mine in Germany (Kalkowsky & 

Kampmann, 2006). Average mean core body temperature over the shift was 37.77 ± 0.4 ˚C, 

with maximum temperature tending to stabilise at 38.3 ˚C. A study in several underground 

coal mines in the United Kingdom found mean core temperature to be lower than these 

previous reports (36.97 ± 0.85, 37.04 ± 0.93, and 37.02 ± 0.67 °C at three separate mine 
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sites), possibly due to non-continuous measurements and the use of tympanic temperature 

(Hanson et al., 2000). Temperature peaks were similarly high with 13 % of measurements 

greater than 38 °C, and 7 % greater than 38.5 °C, and individuals surpassing 39 ˚C at each 

mine site (Hanson et al., 2000). Altogether these data indicate the intermittent nature of 

the work and suggest that short periods of work provide a challenge to thermoregulation. 

While much of the shift is spent with core body temperature considered to be within 

appropriate levels, periods where body temperature approaches or exceeds the 

recommended limits are common. 

A factor that may be contributing to the high body temperatures observed is the workers 

hydration status. It is well known that dehydration raises body temperature during heat 

stress (Armstrong et al., 1997b; Kenney et al., 1990; Montain et al., 1995; Sawka et al., 

1985). Through measurement of nude body mass pre and post shift, and correcting for the 

weight of food and fluid intake and urine excretion, mean sweat loss over a shift was 

calculated to be 3.4 ± 1.2 kg (Kalkowsky & Kampmann, 2006). Fluid intake only replaced 50 

– 60 % of sweat losses, representing a 1.9 – 2.4 % body mass loss over the course of the 

shift which was attributed to voluntary dehydration. This level of body mass loss lies within 

the limits presented above (3 % - heat strain limits section); however, the workers 

hydration status was not assessed prior to commencing the shift. Another study reported 

mean pre-shift urine specific gravity for underground miners to be 1.025 (Brake & Bates, 

2003), indicating workers were dehydrated on commencing work. Research has suggested 

that significant mass loss (3 % or more) is associated with urine specific gravity above 1.020 

(Oppliger et al., 2005). If the workers in the study of Kalkowsky and Kampmann (2006) 

were also inadequately hydrated prior to commencing work, their percent mass loss over 

the shift may have actually surpassed the recommended limits. 

The hydration status of underground miners in Australia has also been studied. A mean 

urine specific gravity of 1.025 has been observed before, during, and after a work shift 

(Brake & Bates, 2003). This value is above the recommended 1.020 limit (Casa et al., 2000; 

Cheuvront & Sawka, 2005; Sawka et al., 2007) and is suggestive of a 3 % body mass loss 

(Baker et al., 2009; Oppliger et al., 2005). Interestingly, the degree of dehydration was 

maintained throughout the shift in this workforce, suggesting that workers consumed 

sufficient fluids to compensate for that lost in sweat, albeit insufficient to improve 

hydration status. 
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The research to date highlights that workers are dehydrated during their work and that 

core body temperature can exceed the recommended limits. These factors are key 

elements in the development of heat illness (Donoghue et al., 2000; Shahid et al., 1999). 

Several studies reported that no workers required medical attention for heat illness during 

the shifts that were monitored (Brake & Bates, 2002a, 2003; Kalkowsky & Kampmann, 

2006). Underground coal miners also reported no cases of heat illness requiring medical 

attention during heat strain monitoring (Hanson et al., 2000), however, 15 % of miners 

reported experiencing symptoms of heat illness. Symptoms were associated with higher 

body temperatures, although not all who experienced high body temperatures also 

reported symptoms. Since similar peaks in body temperature were observed in this 

population compared to Australian and German underground miners, it is plausible that 

they may also have experienced symptoms, even though not requiring medical attention. 

Since heat illness occurs along a continuum in which minor cases can progress into more 

serious or life threatening cases if appropriate actions are not taken (Hanson & 

Zimmerman, 1979; Hart et al., 1980; Hughson et al., 1980), this highlights an area of 

concern for underground miners. The high incidence of heat exhaustion underground 

supports this assertion (Donoghue et al., 2000). 

Although surface miners work in similar climatic conditions to underground miners and 

perform physically demanding tasks, little research has assessed heat illness and monitored 

the heat strain in this population. As mentioned briefly above, of 465 cases of heat illness in 

the United Stated mining industry, 48 were reported underground and 186 at surface 

operations, the remainder occurring at other workplaces in the industry (Donoghue, 2004). 

In addition, of the four lost time injuries due to heat exposure at Queensland mines, all 

occurred at surface operations (The State of Queensland, 2009). These reports suggest that 

heat illness is of greater concern to surface miners. Since there is a concern that cases of 

heat illness were underreported in these sources, it is likely the cases that were reported 

were relatively severe. Therefore, these data show that heat illness is a concern for surface 

miners, and highlights a need for further investigation into this health issue.  

A concern that raises the risk of heat illness among surface mine workers is their hydration 

status. Surface mine workers are reported to be inadequately hydrated. Across several 

mine sites the urine specific gravity (USG) of workers ranged between 1.019 – 1.026 before, 

during, and after the shift, with 80 % of the samples above 1.020 (Miller & Bates, 2007a). A 

complete summary of these data are presented in table 2.10. Other researchers have 
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assessed USG following a work shift and again before commencing work the next morning, 

with a median value of 1.022 at both times of day (Carter & Muller, 2007). Not only does 

dehydration increase the risk of developing heat illness (Donoghue et al., 2000; Shearer, 

1990), it elevates the heat strain of work in the heat (Armstrong et al., 1997b; Kenney et al., 

1990; Montain et al., 1995; Sawka et al., 1985). 

To the author’s knowledge, only one study has assessed the body temperature of surface 

mine workers during a normal work shift. Mean tympanic temperature ranged between 

36.5 – 37.2 ˚C before, during (lunch break), and after the shift (Miller & Bates, 2007b). A 

more complete summary of the data is presented in table 2.11. Although these 

temperatures appear in a safe range, two factors should be considered, including the 

technique used and the timing of measurement. Firstly, although the tympanic membrane 

is a readily accessible location for body temperature measurement, the accuracy of 

measurement at this site has been criticised as unreliable during physical activity in the 

heat, and errors in measurement resulting from dirt, inaccurate placement and lack of skill 

in the measurer (Moran & Mendal, 2002). Secondly, temperature was only measured at 

three discreet times (before shift, on break, and post shift). Continuous monitoring of 

underground miners found core body temperature to increase by as much as 0.5 ˚C in 10 

minutes, or 0.9 ˚C over 60 minutes (Brake & Bates, 2002a). Therefore, only recording 

temperature at set time points, and most likely at a distance from where work is performed 

(allowing time for cooling to take place), may not have revealed the peaks in core body 

temperature experienced by surface miners. 

In summary, from this limited amount of research it is apparent that surface mine workers 

are commonly dehydrated. This raises health and safety concerns for this population. 

Firstly, dehydration raises the heat strain experienced when working in the heat, evidenced 

by elevated core body temperature and increased heart rates. Dehydration also reduces 

sweat rate and can impair heat loss by evaporation. Secondly, dehydration and high heat 

strain are risk factors for the development of heat illness. In spite of these concerns 

research has not adequately assessed the heat strain and heat illness experienced by 

surface mine workers. This avenue for further research must be undertaken to determine 

the most appropriate strategies to improve the health of workers in the heat in Australia. 
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Table 2.10 Urine Specific Gravity of workers at several surface mine sites in North-West 
Australia. 

Site Pre-Shift Mid-Shift Post-Shift 

Site 1 1.025 ± 0.006 1.023 ± 0.006 1.024 ± 0.006 

Site 2 1.024 ± 0.004 1.022 ± 0.007 1.025 ± 0.006 

Site 3 1.020 ± 0.009 1.019 ± 1.010 1.021 ± 0.010 

Site 5 1.026 ± 0.006 1.026 ± 0.006 1.026 ± 0.008 

Site 6 1.025 ± 0.007 1.025 ± 0.004 1.025 ± 0.004 

(Miller & Bates, 2007a) 

Site 4 omitted as it was not presented as pre, mid, and post shift. Overall shift USG for site 4 was 
1.031 ± 0.004. 
 

 

Table 2.11 Tympanic Temperature (˚C) of Surface Mine Workers. 

Site Pre-Shift Mid-Shift Post-Shift 

Site 1 (Coastal) 36.5 ± 0.2 36.7 ± 0.2 36.8 ± 0.2 

Site 2 (Coastal) 36.6 ± 0.3 37.2 ± 0.3 37.2 ± 0.3 

Site 3 (Inland) 36.7 ± 0.4 37.0 ± 0.4 37.0 ± 0.3 

(Miller & Bates, 2007b) 
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Summary 
The human body requires a relatively constant core body temperature of 37 ˚C to function 

effectively. To achieve thermal equilibrium heat is continually exchanged with the 

surrounding environment through the processes of conduction, convection, radiation, and 

evaporation. The required rate of heat loss and the effectiveness of these pathways are 

influenced by the level of heat stress. Heat stress describes the net heat load to which an 

individual is exposed from the combined influence of the climate (air temperature and 

humidity, radiant temperature, and wind-speed), metabolic rate, and the clothing worn. 

When heat stress is high, the autonomic responses to promote heat loss from the body 

include an increase in skin blood flow and the initiation of sweating. 

The overall physiological response to heat stress is known as heat strain. Heat strain 

involves a rise in core and skin temperatures, sweat loss, and heart rate. The magnitude of 

the heat strain experienced will vary according to several individual parameters. 

Dehydration, and poor aerobic fitness and body composition are key factors that raise the 

heat strain experienced by an individual. Acclimatisation also has an important influence, 

with acclimatised individuals showing reduced heat strain. Finally, factors such as age and 

gender should be considered when evaluating heat strain, but it should be realised that 

heat strain variation with these factors may more accurately reflect the influence of aerobic 

fitness and body composition.  

Working in the heat and/or experiencing excessive heat strain has implications for the 

performance, safety, and health of the workers. Performance, in terms of both the time to 

reach exhaustion and time to complete a set task, are reduced when exercising in the heat, 

as is the productivity of miners. Interestingly, allowing workers to self-pace during heat 

stress enables most individuals to keep heat strain within acceptable limits. Work in the 

heat is also associated with decrements in cognitive performance, degrading the 

performance of tasks involving tracking, vigilance, vehicle or machine operation, and dual 

tasks. This may be related to the increased accident and injury rates observed under heat 

stress conditions. Finally, heat illness can develop, including miliaria rubra (heat rash), heat 

cramps, heat exhaustion, and heat stroke. This continuum of ailments is commonly the 

result of dehydration and/or excessive heat strain. Those at increased risk of heat illness 

are of low aerobic fitness, overweight, dehydrated, and un-acclimatised. 

To avoid these adverse health and safety effects of working in the heat, several 

organisations recommend limits to heat stress and heat strain variables. Heat stress indices 
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such as wet-bulb globe temperature, thermal work limit, and basic effective temperature 

are commonly used to predict the heat strain likely to be experienced during particular 

climatic conditions, work rates, and clothing items worn. A limit value is then chosen with 

the aim of preventing excessive heat strain. Limits are also set to indicate excessive heat 

strain. These include core body temperature in excess of 38.0 or 38.5 ˚C for un-acclimatised 

and acclimatised individuals respectively, sweat loss greater than a net 3 % of body mass, 

and a thermal increase in heart rate of 33 bpm, or a sustained heart rate greater than 180 

minus the person’s age.  

The accuracy of measurement of heat strain variables is of great importance to ensure the 

health and safety of workers. Core body temperature measurement using an ingestible 

temperature sensor has been accepted as a viable tool for field studies; however it is 

recommended that each sensor should be calibrated prior to ingestion. The research 

community has yet to establish a uniform calibration procedure and this should be the 

focus of future research. In addition, assessment of hydration status is important for its 

influence on heat strain. Urine specific gravity is a practical assessment technique for field 

assessments and a value of 1.020 is an appropriate cut-off for dehydration. In addition, 

there is potential for intraocular pressure to be utilised as a simple technique for quick 

assessment of hydration status, however, current research does not adequately describe 

the relationship between these variables. Therefore future research to conduct a well-

controlled assessment of intraocular pressure during euhydration and dehydration is 

required. 

The mining industry commonly exposes its workforce to heat stress from the combined 

effects of the climate, work intensity, and clothing requirements. Underground workers are 

required to conduct light intensity work tasks interspersed with shorter periods of 

moderate intensity work. Assessments of the heat strain and hydration status of 

underground miners has revealed that core body temperature is high and exceeds the 

recommended limits for short periods of the shift, and that the majority of workers are 

dehydrated during the shift. These factors predispose this population to heat illness. A 

further concern arises from the individual characteristics of the workforce. Generally, the 

underground mining workforce is of low to moderate physical fitness, overweight or obese, 

and aging. These factors are known to raise heat strain and increase the risk of heat illness. 

Research has shown that heat illness has been a considerable health concern for 
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underground miners for some time. While early research in South Africa has dramatically 

reduced fatal cases of heat stroke; heat exhaustion and heat cramps remain an issue.  

In the northern reaches of Australia the climatic conditions are conducive to heat stress. 

The risk of excessive heat strain and developing heat illness is raised when working in such 

environments, and presents a health and safety concern. To date limited information in the 

research community is available describing the variation in work intensity and the 

individual characteristics of the exposed workers. These factors are important to consider 

when evaluating the effects of heat stress as they can adversely affect heat strain and 

predispose an individual to heat illness.  

Another factor that is well known to increase heat strain and predispose workers to 

developing heat illness is dehydration. There is a growing body of evidence to indicate that 

surface mine workers are dehydrated, highlighting a need to investigate the resulting heat 

strain and heat illness experienced by this workforce. Although limited information is 

available, two points should be made about the heat strain and heat illness at surface 

operations presented in the current literature. Firstly, core body temperature before, 

during, and after a shift has been reported to be within safe limits, however, it is 

foreseeable that this study did not measure the peaks in body temperature experienced by 

the workers. Secondly, some evidence indicates that heat illness occurs to a greater extent 

at surface mines compared to underground. This is a concern in light of the 106 cases of 

heat exhaustion that were reported at an Australian underground mine over a 12-month 

period. Therefore, there is a clear need for further research to elucidate the heat strain, 

hydration status, and heat illness experienced by surface mine workers. Such work will aid 

in the development and implementation of strategies to reduce the adverse health effects 

of heat stress in this workforce. 
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Chapter 3                                                                                                 

Symptoms of Heat Illness among Surface Mine Workers 
 

Introduction 
Heat stress is a health and safety issue that has posed a problem to the mining industry for 

many years. Working in environments of high heat stress can reduce productivity (Strydom 

et al., 1963; Wyndham, 1973), lowers physical (Altareki et al., 2009; Galloway & Maughan, 

1997; Montain et al., 2007; Tatterson et al., 2000) and cognitive (Epstein, Keren, Moisseiev, 

Gasko, & Yachin, 1980) performance, increase the risk of accident and injury (Fogleman et 

al., 2005; Morabito et al., 2006; Nag & Nag, 2001; Ramsey et al., 1983), and increase the 

risk of developing heat illness (Donoghue et al., 2000; Kark et al., 1996). The mining 

industry has required workers to undertake physical tasks in conditions of high heat stress 

for centuries. In Queensland alone there are over 19000 people employed (Stockill, 2006) 

across 150 mine sites (Deparment of Mines and Energy, 2007). Of these sites 123 (82 %) are 

surface operations, with the remainder utilising underground or other techniques. In spite 

of the far greater number of surface mining operations, much of the research into the heat 

stress issue has focused on underground operations with little attention given to surface 

mines. 

The climatic conditions in the northern reaches of Australia are commonly hot and humid, 

particularly in summer, and are conducive to heat stress. Climatic conditions at surface 

mine sites in Western Australia have been found to exceed a wet-bulb globe temperature 

of 30 °C (Miller & Bates, 2007a; Miller & Bates, 2007c), demonstrating a very high level of 

heat stress, such that the International Organisation of Standardisation recommends 

ceasing light intensity work (International Organisation for Standardisation, 1989). A 

particular health and safety concern for working in places with high heat stress is the risk of 

developing heat illness. 

Several ailments that are covered by the broad definition of heat illness include miliaria 

rubra (heat rash), heat cramp, heat exhaustion, and heat stroke. Heat rash presents as a 

rash on the skin with an itching or burning sensation, resulting from inflammation of 

blocked sweat glands during long periods of sweating (Donoghue & Sinclair, 2000; Holzle & 

Kligman, 1978). Heat cramps are a painful involuntary muscle contraction thought to occur 

due to either dehydration and electrolyte depletion (Bergeron, 1996; Donoghue et al., 

2000; Shearer, 1990), or neuromuscular fatigue (Khan & Burne, 2007; Schwellnus et al., 
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1997). Currently the scientific community favours the dehydration and electrolyte theory of 

muscle cramping (Armstrong et al., 2007). 

The more severe forms of heat illness include heat exhaustion and heat stroke. A person 

with heat exhaustion may experience symptoms such as headache, nausea or vomiting, 

weakness and fatigue, dizziness, clammy skin, rapid heart rate and breathing, and 

irritability (Donoghue et al., 2000; Shahid et al., 1999; Shearer, 1990). Heat exhaustion is 

caused by a failure of the cardiovascular system to simultaneously supply adequate blood 

flow to the vital organs, working muscles, and the skin (Carter et al., 2006; Shahid et al., 

1999). Dehydration and loss of electrolyte balance as a result of high sweat rates is a key 

factor in the experience of heat exhaustion (Armstrong et al., 1988; Backer et al., 1999; 

Donoghue et al., 2000; Kark et al., 1996; Shahid et al., 1999; Shearer, 1990). If 

thermoregulation fails to maintain body temperature within safe limits heat stroke will 

develop (Heled et al., 2004; Pease et al., 2009; Rae et al., 2008; Shahid et al., 1999; 

Sithinamsuwan et al., 2009). Symptoms include high body temperature, hot and dry skin, 

confusion, low muscle coordination, irrational behaviour, loss of consciousness, and 

convulsions. Heat stroke can be fatal or leave permanent tissue damage (Heled et al., 2004; 

Pease et al., 2009; Rae et al., 2008; Rav-Acha et al., 2004; Shahid et al., 1999; 

Sithinamsuwan et al., 2009; Smalley et al., 2003).  

The incidence of heat illness at underground mines shows heat exhaustion and heat 

cramps are a health and safety issue for the industry. Between February and July 1987, 55 

cases of heat illness were documented at an underground mine in South Africa (Shearer, 

1990). Thirty-seven reported heat cramps, three of which complained of vomiting and two 

of dizziness as well. The remaining 18 documented collapse or fainting and nine of these 

also experienced heat cramps. At an Australian underground mine from October 1997 to 

September 1998, 106 cases of heat exhaustion were reported (an incidence of 43 cases per 

million man hours), 65 % of which also reported heat cramps (Donoghue et al., 2000). 

These data suggest there are two cases of heat illness per week at both of these mines. 

Thirty of the cases in the Australian mine occurred in February (summer), bringing the 

mean number of reported heat illness closer to one per day. Anecdotal evidence from 

medical personnel at underground coal mines in the United Kingdom concur with this 

finding, reporting a heat related incident occurring every day, ranging from heat rash to 

loss of consciousness (Hanson & Graveling, 1997).  
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In contrast to these research papers at specific mine sites, industry data suggests that heat 

illness is less of a concern. In the United States mining industry between 1987 and 2001, 

465 occupational injuries were reported to the Mines Safety and Health Administration as 

heat illness (Donoghue, 2004). Forty-eight of these cases occurred at underground 

operations and 186 (40 %) occurred at surface operations, the remainder occurring at other 

workplaces in the industry. This produced an incidence rate of 0.0184 and 0.0424 cases per 

million man hours for underground and surface operations respectively, and is far lower 

than the incidence reported at an Australian underground mine (above paragraph) 

(Donoghue et al., 2000). In addition, in the Queensland (Australia) mining industry, only 

four lost time injuries were attributed to exposure to environmental heat between 2003 

and 2008 (The State of Queensland, 2009), all of which occurred at surface operations. It 

has been suggested that the reason for the disparity between industry data and that from 

specific sites is due to an underreporting of cases to the industry body (Donoghue, 2004). If 

underreporting occurred, it is likely the cases that were reported were relatively severe. As 

such, these reports suggest that heat illness is of greater concern to surface miners and 

highlights a need for further investigation into this health issue. 

An important point to consider is that these sources only considered medically reported 

cases of heat illness where the worker has required medical attention. This is likely because 

heat illness has traditionally been classified as either “present” or “absent”. However, it has 

become more acceptable to consider heat illness as a continuum of ailments (Coris et al., 

2006; Goldman, 2001; Kark et al., 1991), because relatively minor symptoms can quickly 

progress into more serious and life threatening cases if appropriate actions are not taken 

(Hanson & Zimmerman, 1979; Hart et al., 1980; Hughson et al., 1980). Whilst experiencing 

symptoms of heat illness may not indicate medically reportable cases of heat illness, it does 

suggest a high degree of heat strain and that the physiological systems of the body may be 

struggling to meet the demands of thermoregulation. Therefore to ensure the safety and 

health of the workforce the experience of heat illness symptoms should be assessed. This 

will shed light on the issues facing this workforce in relation to heat stress and direct efforts 

to reduce the risk of a medically reportable case of heat illness. 

In addition to the experience of heat illness, research is needed to explore the potential for 

individual risk factors that predispose a worker to developing heat illness. Dehydration with 

a relative salt depletion has been associated with cases of heat illness in underground 

miners (Donoghue et al., 2000; Shearer, 1990). Body mass index (BMI) was also associated; 
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with a high BMI increasing the risk of heat illness (Donoghue & Bates, 2000a). Research in 

other occupational settings (military basic training) has also identified a higher BMI as a risk 

factor, as well as a low aerobic fitness (Chung & Pin, 1996; Gardner et al., 1996; Wallace et 

al., 2006). Alternatively aerobic fitness was not associated with heat illness for 

underground miners (Donoghue & Bates, 2000a), possibly because the workers were 

allowed to self-pace their work intensity. Finally, whilst it is thought that older individuals 

are less tolerant to heat stress (Kenney, 1985), some research has found younger workers 

in the forestry industry to be more susceptible to experiencing symptoms of heat illness 

(Maeda et al., 2006). It was speculated that this may be due to the greater experience of 

older workers in working safely in the heat. 

From the available literature it is apparent that there is a need to investigate the heat 

illness experience of surface mine workers and the factors which predispose workers to 

such illness. Therefore, the aim of this study was to determine if surface mine workers 

experience symptoms of heat illness; and to assess for potential risk factors in the 

experience of heat illness symptoms.  

Methods 

Participants and Procedures 

One hundred and forty-seven miners employed by the one contractor participated in this 

study. Ninety-one worked at surface mine sites in the Mackay (n = 20) and North West (n = 

35) regions of Queensland, and the Pilbara region of Western Australia (n = 36). The 

locations are on latitude 20 – 21˚ and are on the southern boarders of the tropical region of 

northern Australia3. The remaining 56 worked at an underground operation in the North 

West region of Queensland. This sample of underground miners was included to allow for 

comparison to surface mine workers and to provide a link with previously published 

research into heat illness in the mining industry. This sample size represents 99 % of the 

contractor’s workforce exposed to outdoor work in the heat at these mine sites, as only 

one underground miner declined to participate. Data was collected from participants via a 

questionnaire (Appendix A) distributed between July and October 2008. Completing the 

questionnaire constituted consent to participate in the study, which received ethical 

approval from the Queensland University of Technology Human Research Ethics 

Committee. 

                                                           
3
 A description of Australia’s climate zones can be observed at the following web address: 

http://www.bom.gov.au/lam/climate/levelthree/ausclim/zones.htm ; accessed 27th November 
2009 

http://www.bom.gov.au/lam/climate/levelthree/ausclim/zones.htm
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A questionnaire was developed to assess the heat illness symptoms experienced by surface 

mine workers, along with several other topic areas pertinent to working in conditions of 

heat stress. The questionnaire was comprised of five sections. Section one required the 

individual to indicate their demographic information including age, gender, self-report 

height and weight, and job category. The list of jobs was developed from previous 

questionnaire research in the industry (Parker et al., 2005), and in consultation with 

occupational health and safety staff from two contractors to the industry.  

The work environment was assessed in section two by asking participants to rate their 

perception of the temperature during each season, whether they felt it was dry or humid, 

and to give a rating for the amount of time they spent outdoors, in air-conditioning, and 

close to hot machinery or surfaces. Questions relating to hydration practices in section 

three included the frequency and volume of fluid consumption during work, and the type 

of fluid consumed during work and on breaks. Participants were also asked to rate their 

average urine colour during work on a urine colour chart to provide an indication of their 

usual hydration status (Armstrong et al., 1994). 

In section four participants were asked to indicate if they had experienced any symptoms 

of heat illness in the past 12 months (these included red rash on skin, muscle cramp, 

fainting, headache, nausea, vomiting, weakness, fatigue, dizziness, clammy / moist skin, 

irritability, hot and dry skin, high body temperature, confusion, irrational behaviour, low 

coordination, loss of consciousness, and convulsions / seizures). This list of symptoms was 

compiled as the most common symptoms experienced during heat exhaustion and / or 

heat stroke, as described from the primary source literature discussed in Chapter 2 – heat 

illness. The symptoms list was also in agreement with the conditions as outlined by the 

scientific and occupational hygiene communities, including the American College of Sport 

Medicine’s position stand on exertional heat illness during training and competition 

(Armstrong et al., 2007), the Australian Institute of Occupational Hygienists Heat Stress 

Standard (DiCorleto et al., 2002), review articles on environmental thermal stress and 

industry (Keim et al., 2002; Pickering & Tuck, 1997), and first aid texts (Close, 2007). If 

symptoms were experienced, participants were also asked to indicate how often it had 

occurred, in what season, and if it was a day or nightshift, as these have previously been 

identified as associated to heat exhaustion (Donoghue et al., 2000). Finally, information 

about their level of recreational physical activity (frequency, intensity, and duration) was 

recorded in section five.  
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The questionnaire was reviewed by occupational health and safety staff of two 

independent contractors to the mining industry. Feedback was provided in relation to the 

questionnaire format, the applicability of the information to be gathered, and the clarity of 

questions asked. These suggestions were used to update and enhance the questionnaire 

prior to its distribution to the workforce. 

The questionnaire was administered by a member of the research team to small groups of 

workers (3 – 15) before commencing or immediately after a work shift. This allowed for a 

complete explanation of the purpose of the questionnaire to the participants, and to 

answer any questions that were raised. Participants were also informed that their 

responses remained anonymous and that management would not be provided with 

information pertaining to individual employees. This was an ethical requirement but is also 

important to encourage an honest response to the questions without fear of reprisal for a 

poor result. These measures were important to ensuring a consistent distribution 

experience for all respondents, a satisfactory response rate, and enhancing the quality of 

the data obtained (Polit & Beck, 2004).  

Analysis 

The information provided was used to produce several additional variables. These included 

hydration status, recreational physical activity, and job category. Hydration status was 

derived from the self-report rating of urine colour, a rating of 1 – 2 were considered well 

hydrated, 3 - 4 minimal dehydration, and 5 – 8 significant dehydration (Casa et al., 2000).  

Recreational physical activity was rated as “sufficient” (150 minutes of moderate or 

vigorous intensity activity per week (sessions per week multiplied by minutes per session; 

vigorous intensity weighted by two)), “insufficient” (at least one session, but not exceeding 

150 minutes per week), and “sedentary” (0 sessions per week) based on the criteria used in 

the national physical activity survey (Armstrong, Bauman, & Davies, 2000). Since the 

question asking participants the duration of their exercise sessions was categorical (eg. 10 – 

20 min, 20 – 30 min), the highest minute value of the category selected was used to 

calculate total minutes per week. Due to low sample size for several job categories, this 

variable was collapsed into five categories including operator maintainer, drillers (Driller 

and driller offsider), blast crew, maintenance (Fitter, electrician, mechanic, and 

maintenance crew), and other (Beltman, deputy / supervisor, administration, and other).  

Due to the high incidence of heat illness symptoms, it was not feasible to separate the 

sample into asymptomatic and symptomatic groups. The following criteria was used to 
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separate the sample into minor and moderate heat illness: Respondents reporting four out 

of the eight heat exhaustion symptoms (headache, nausea, vomiting, weakness, fatigue, 

dizziness, clammy / moist skin, or irritability), and / or three out of seven of the heat stroke 

symptoms (high body temperature, hot and dry skin, confusion, low muscle coordination, 

irrational behaviour, loss of consciousness, or convulsions), were classed as moderate heat 

illness, those not meeting this criteria were allocated to minor heat illness.  

Categorical variables are summarised as counts and percentages. Continuous variables are 

summarised as means and standard deviation (unless otherwise stated). Independent 

samples t-test’s were conducted to assess the differences between surface and 

underground miners for age, height, body mass, BMI, and mean number of heat illness 

symptoms. Differences between job category and site regions for the number of heat 

illness symptoms experienced by surface mine workers were assessed by a one-way 

analysis of variance. Mann-Whitney U test was used to assess the difference between the 

number of drinks consumed per shift and mine site as this variable was not normally 

distributed. Pearson chi-square analysis was performed when both dependent and 

independent variables were categorical. Significance was set at the p < 0.05 level. 

Results 
The general characteristics of respondents are presented in table 3.1. No significant 

differences between surface and underground mine workers were observed for age (t = 

0.218, p = 0.828), height (t = -0.135, p = 0.893), body mass (t = -0.140, p = 0.889), and BMI 

(t = 0.079, p = 0.937). Participation in recreational physical activity was also similar across 

mine types (Pearson Chi-square = 1.586, p = 0.452).  

Of the 91 surface mine workers who participated there were 10 (11.2 %) operator / 

maintainers, 28 (31.5 %) drillers, 19 (21.3 %) blast crew, 17 (19.1 %) maintenance, and 15 

(16.9 %) categorised as other. Figure 3.1 presents the amount of time spent outdoors, in 

air-conditioning, and close to hot machinery or surfaces by surface mine workers for each 

of these job categories. Figure 3.2 presents the perceived environmental temperature 

during summer, autumn, winter, and spring for each of the job categories. Pearson chi-

square analysis was not conducted for these comparisons due to lower expected cell 

counts. Mine site location was found to be significantly related to perceived humidity 

(Pearson chi-square = 19.006, p < 0.001) with 30.0, 78.8, and 26.7 % reporting the 

environment to be “humid” (as opposed to dry) from the Mt Isa, Pilbara, and Mackay 

regions respectively. 
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Table 3.2 summarises the hydration characteristics of the workers. The number of drinks 

consumed per shift was significantly different between mine types (Surface M rank = 44.41, 

Underground M rank = 57.91, Mann-Whitney U = 762.0, p = 0.025). No association for the 

volume of fluid consumed per drink (Pearson chi-square = 0.901, p = 0.825) or hydration 

status (Pearson chi-square = 3.363, p = 0.186) was observed between mine types. Less than 

30 % of surface and underground miners were classified as well hydrated according to their 

self-report urine colour. The proportion of workers in each hydration category was similar 

between surface and underground miners (Pearson chi-square = 3.363, p = 0.186). Figure 

3.3 displays hydration status among the job categories for surface mine workers. (Chi-

square analysis could not be performed due to low expected cell counts). 

 Table 3.3 presents an estimate of the amount of fluid consumed per shift for both surface 

and underground workers, based on the median number of drinks per shift and volume per 

drink. During work, water was the type of fluid most often consumed by both surface and 

underground workers (87 and 94 %), with few respondents indicating tea/coffee, soft drink, 

sports drink, or “other” as most often consumed. In contrast, when on breaks, the number 

of workers consuming water most often was lower among surface and underground 

workers (52 and 41 %). On breaks there was increased consumption of tea and/or coffee 

(26 and 26 %), and soft drinks (20 and 24 %), the remaining respondents indicating either 

sports drink or “other” as consumed most often. 

At least one symptom of heat illness was reported by 86.8 % of surface and 78.6 % of 

underground workers in the past 12 months. Heat illness symptoms experienced by 

workers are presented in table 3.4. A higher proportion of underground miners 

experienced heat rash (Pearson chi-square = 5.627, p = 0.018), whereas surface miners 

proportionately experienced more clammy moist skin (Pearson chi-square = 3.624, p = 

0.057), hot and dry skin (Pearson chi-square = 4.513, p = 0.034), and high body 

temperature (Pearson chi-square = 4.624, p = 0.032). All other symptoms occurred in 

similar proportions between mine sites. The mean number of symptoms reported was 4.2 ± 

3.5 and 3.9 ± 3.7 for surface and underground workers respectively, the difference being 

non-significant (t = 0.416, p = 0.678). Mean number of symptoms reported did not differ 

between job category for surface mine workers (operator maintainer: 3.5 ± 3.0, drillers: 5.7 

± 3.9, blast crew: 3.8 ± 3.7, maintenance: 3.5 ± 2.9, and other: 3.0 ± 3.2, F = 2.038, p = 

0.096). When broken down into the geographical regions, the mean number of symptoms 

reported remained insignificant (North-west Queensland underground: 3.9 ± 3.7, North-
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west Queensland surface: 5.2 ± 3.8, Mackay: 3.7 ± 3.7, Pilbara: 3.4 ± 3.0, F = 1.591, p = 

0.194). 

For each symptom of heat illness experienced, respondents also indicated the frequency 

(once or more than once), shift type, (day shift, night shift, or both), and season (summer, 

autumn, winter, and spring) in which it was experienced. A total for every category for each 

of these variables was calculated and are presented as percentages in Figure 3.4. The type 

of shift on which heat illness symptoms were experienced was significantly related to mine 

type (Miners that only worked day shift (n = 20) were excluded from this analysis) (Pearson 

chi-square = 57.77, p < 0.001), however the frequency of symptom experience was not 

(Pearson chi-square = 0.044, p > 0.5). Chi-square analysis could not be performed on 

season data as respondents were able to report the experience of symptoms in more than 

one category, violating the independence of observations assumption. 

Sixty-three (69.2 %) surface mine workers were classified with minor heat illness, with the 

remaining 28 (30.8 %) as moderate heat illness. Similarly, 40 (71.4 %) and 16 (28.6 %) 

underground miners were classified as minor and moderate heat illness respectively. The 

proportion of miners in either minor or moderate heat illness categories did not differ 

between surface and underground sites (Pearson chi-square = 0.080, p = 0.778). 

Classification of heat illness was not significantly associated with age, height, body mass, or 

BMI for surface miners (table 3.5). However, when surface and underground workers were 

pooled, age and height became significantly associated with heat illness classification (table 

3.5). Table 3.6 and 3.7 present the chi-square analysis of heat illness classification and 

physical activity, hydration status, job category, and mine site. Compared to well-hydrated 

surface mine workers, the relative risk of experiencing moderate symptoms of heat illness 

was 1.9 for minimal dehydration and 3.7 for significantly dehydrated surface mine workers. 

When combined with underground workers, the relative risk remained similar at 1.9 and 

3.6 for minimal and significant dehydration respectively.  
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Table 3.1 Descriptive characteristics. 

    Surface Underground Total 

Age (years) 
   

 
Mean ± SD 36.0 ± 9.5 35.6 ± 8.1 35.8 ± 9 

Height (m) 
   

 
Mean ± SD 1.79 ± 0.09 1.79 ± 0.09 1.79 ± 0.09 

Body Mass (kg) 
   

 
Mean ± SD 89.5 ± 14.5 89.9 ± 15.9 89.6 ± 15 

BMI (kg/m2) 
   

 
Mean ± SD 28.0 ± 3.8 27.9 ± 3.7 27.9 ± 3.7 

          

Gender 
   

 
Male 85 (95.5) 54 (96.4) 139 (94.6) 

 
Female 4 (4.5) 2 (3.6) 6 (4.1) 

Recreational Physical Activity 
  

 
Sedentary 35 (39.8) 16 (29.6) 51 (34.7) 

 
Insufficient time 39 (44.3) 29 (53.7) 68 (46.3) 

  Sufficient time 14 (15.9) 9 (16.7) 23 (15.6) 
Categorical variables summarised as counts (%) 
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Figure 3.1 Amount of time spent outdoors (A), in air-conditioning (B), and close to hot 
machinery or surfaces (C) across job categories of surface mine workers. 
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Figure 3.2 Perceived Environmental Temperature in Summer, Autumn, Winter, and Spring, across the Job Categories. 
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Table 3.2 Hydration practices and characteristics. 

    Surface Underground Total 

        Drinks per shift 
      

 
Mean ± SD 10.9 ± 6.9 19.5 ± 20.5 13.8 ± 13.7 

 
median (range) 9.75 (1 - 32.5) 12 (2 - 100) 10 (1 - 100) 

 
n 64 

 
33 

 
97 

 
        Volume per drink 

      
 

< 330 ml 47 (53.4) 29 (56.9) 76 (54.7) 

 
330 - 600 ml 25 (28.4) 11 (21.6) 36 (25.9) 

 
600 - 1250ml 8 (9.1) 6 (11.8) 14 (10.1) 

 
> 1250 ml 8 (9.1) 5 (9.8) 13 (9.4) 

        Hydration Status * 
      

 
Well hydrated 23 (28.8) 7 (14.6) 30 (23.4) 

 
Minimal dehydration 49 (61.3) 35 (72.9) 84 (65.6) 

 
Significant dehydration 8 (10.0) 6 (12.5) 14 (10.9) 

                

* Determined from reported urine colour (1 - 2 = well hydrated, 3 - 4 = minimal dehydration, 5 - 
8 = significant dehydration) 

Categorical variables summarised as count (%) 
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Figure 3.3 Hydration status across the job categories of surface mine workers. 

 

 

 

Table 3.3 Estimated daily fluid consumption. 

  n 
Volume per drink 

(ml) 
Median (range) number 

of drinks per shift L / Day * 

Surface 37 < 330 9.5 (1 - 30) 3.1 

 
19 330 - 600 8 (4 - 20) 4.8 

 
3 600 - 1250 + 8 (3 - 25) 10.0 

     Underground 
   

 
21 < 330 12.5 (3 - 100) 4.1 

 
8 330 - 600 11 (5 - 60) 6.6 

 
2 600 - 1250 + 11 (10 - 12) 13.8 

          
* Calculated as the median number of drinks per day multiplied by the highest volume per drink. 

Category 600 - 1250 and >1250 were combined due to low sample size. 
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Table 3.4 Count (%) of Symptoms of Heat Illness among Surface and Underground Workers. 

  Surface Underground Total 
Symptom n = 91 n = 56 n = 147 

Red rash on skin * 22 (24.2) 24 (42.9) 46 (31.3) 

Muscle cramp 38 (41.8) 23 (41.1) 61 (41.5) 

Fainting 0 (0.0) 1 (1.8) 1 (0.7) 

Headache 55 (60.4) 36 (64.3) 91 (61.9) 

Nausea 11 (12.1) 13 (23.2) 24 (16.3) 

Vomiting 6 (6.6) 7 (12.5) 13 (8.8) 

Weakness 27 (29.7) 19 (33.9) 46 (31.3) 

Fatigue 58 (63.7) 27 (48.2) 85 (57.8) 

Dizziness 14 (15.4) 9 (16.1) 23 (15.6) 

Clammy / Moist skin * 19 (20.9) 5 (8.9) 24 (16.3) 

Irritability 25 (27.5) 14 (25.0) 39 (26.5) 

Hot and dry skin * 29 (31.9) 9 (16.1) 38 (25.9) 

High body temperature * 44 (48.4) 17 (30.4) 61 (41.5) 

Confusion 9 (9.9) 5 (8.9) 14 (9.5) 

Irrational behaviour 11 (12.1) 6 (10.7) 17 (11.6) 

Low coordination 9 (9.9) 3 (5.4) 12 (8.2) 

Loss of consciousness 2 (2.2) 0 (0.0) 2 (1.4) 

Convulsions / Seizures 1 (1.1) 0 (0.0) 1 (0.7) 
* Pearson chi square, p < 0.05. 
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Figure 3.4 Frequency (A), Shift type (B), and Season (C) in which Heat Illness Symptoms 
were experienced. 
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* Miners that only work day shift (n = 20) were excluded from this analysis. 
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Table 3.5 Age, Height, Body Mass, and BMI Comparison between Workers in Minor and 
Moderate Heat Illness Classifications. 

 Minor  Moderate  t p 

Surface mean SD mean SD     

       

Age (years) 37 10.2 33.6 7.5 1.56 0.122 

Height (m) 1.78 0.08 1.79 0.09 -0.739 0.462 

Body Mass (kg) 89.3 13.4 90 17.1 -0.22 0.826 

BMI (kg/m2) 28.1 3.6 27.6 4.2 0.527 0.599 

              

 Minor Moderate  t p 

Surface & 
Underground 

mean SD mean SD     

       

Age (years) 36.8 9.5 33.9 7.4 1.969 0.051 

Height (m) 1.78 0.08 1.81 0.1 -2.287 0.024 

Body Mass (kg) 88.1 14.3 93.1 16.1 -1.835 0.069 

BMI (kg/m2) 27.9 3.7 28.2 3.9 -0.459 0.647 
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Table 3.6 Pearson chi-square analysis of heat illness classification compared to physical 
activity, hydration, and job category for surface mine workers. 

  Minor  Moderate  Chi-
square 

df p 

  O E O E       

Physical activity        

 Sedentary 23 24.7 12 10.3 0.67 2 0.715 

 Insufficient 29 27.5 10 11.5 
   

 Sufficient 10 9.9 4 4.1 
   

Hydration status 
       

 Well hydrated 19 15.8 4 7.2 5.737 2 0.057 

 Minimal dehydration 33 33.7 16 15.3 
   

 Significant dehydration 3 5.5 5 2.5 
   

Job category 
       

 Operator maintainer 8 6.9 2 3.1 4.407 4 0.354 

 Drillers 15 19.2 13 8.8 
   

 Blast crews 14 13 5 6 
   

 Maintenance 13 11.7 4 5.3 
   

 other 11 10.3 4 4.7 
   

                  

O – Observed, E – expected. 
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Table 3.7 Pearson Chi-Square Analysis of Heat Illness Classification compared to Physical 
Activity, Hydration, and Job Category for Surface & Underground Mine Workers. 

  Minor  Moderate  Chi-
square 

df p 

  O E O E       

Physical activity        

 Sedentary 36 36.3 15 14.7 0.104 2 0.949 

 Insufficient 48 48.4 20 19.6    

 Sufficient 17 16.4 6 6.6    

Hydration status        

 Well hydrated 25 20.9 5 9.1 7.409 2 0.025 

 Minimal dehydration 58 58.4 26 25.6    

 Significant dehydration 6 9.7 8 4.3    

Site        

 Surface 63 63.8 28 27.2 0.08 1 0.778 

 Underground 40 39.2 16 16.8    

                  

O – Observed, E – expected. 
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Discussion 

The aim of this investigation was to determine if surface mine workers experience 

symptoms of heat illness, and to assess for potential risk factors in the experience of heat 

illness symptoms. The data show that the majority of surface mine workers do indeed 

experience symptoms of heat illness during their work. Whilst the experience of minor or 

moderate symptoms was not associated with recreational physical activity, body mass 

index (BMI), job category, and mine type; some evidence was shown for an effect of age, 

and hydration status. 

Description of the Work Environment 

The information gathered relating to the work environment confirms what was expected, 

that is, the heat stress imposed by the environment at surface mine sites varies seasonally 

and with geographic location. The majority of miners from all job categories rated the 

temperature in summer as “very hot” (figure 3.2). Autumn is predominantly perceived to 

be “hot” by drillers, blast crews, maintenance, and other job categories, but less so by the 

operator maintainers. Heat stress from the climate appears to be reduced in winter with 

many perceiving temperature to be “cool”, “neutral”, or “warm”. Heat stress is perceived 

to rise again in spring with miners in all job categories tending to report temperature as 

“warm” and “hot”. Geographical location was found to be significantly associated with the 

perceived humidity at mine sites such that humidity was high in the coastal region of 

Pilbara in Western Australia, compared to the inland mines in the Mackay and Mt Isa 

regions of Queensland.  

Since the prevailing climatic conditions, particularly in summer, are conducive to heat 

stress, the level of exposure to this environment also needs to be considered. Figure 3.1 

presents the time spent working while exposed to the environmental sources of heat stress 

across the job categories. Drillers almost exclusively reported spending their entire work 

shift outdoors. A similar response was given by blast crew and operator maintainer 

personnel, with more than 60 % spending “all the time” outdoors. The majority of 

maintenance personnel also reported spending “most of the time” or “all the time” 

outdoors. In contrast, other job categories, mainly supervisors and administration roles, 

were mainly outdoors for “half” or “most” of the shift. Blast crews, maintenance, and 

operator maintainers predominantly report spending “some of the time” in air-

conditioning. In contrast, most drillers reported spending no time in air-conditioning. 

Unlike other job categories, the researchers observed that drillers did not have access to 

air-conditioned rooms on their break and this may be the cause of this difference. The 
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“other” job category reports a range of air-conditioning exposure from “some of the time” 

to “all the time” and likely reflects the nature of supervisor and administration jobs which 

involve less manual labour and more time is spent in air-conditioned offices and vehicles. In 

terms of the amount of time spent close to hot machinery or surfaces, the majority of 

drillers report “most” or “all the time”, reflecting the fact that this job category works with 

and around a drill rig. Operators and other job categories predominantly spend only “some 

time” close to hot machinery or surfaces. Blast crews and maintenance personnel show a 

relatively even distribution of responses across the time intervals. This most likely reflects 

that not all tasks performed by these job categories are close to hot machinery or surfaces. 

In summary, surface mine workers in several job categories report the prevailing climate, 

particularly in summer, to be hot, with varied humidity depending on location. In addition, 

these workers are exposed to these conditions for most or all of their 12 hour shift. Access 

to air-conditioning differed between the job categories, with drillers spending little if any 

time in air-conditioning, while other job categories could access cool locations. Also the job 

categories surveyed work with and around hot machinery and surfaces in varied amounts, 

which will contribute to the heat load they are exposed to. Overall this self-report data 

suggest that the work environment exposes surface mine workers to significant levels of 

heat stress.  

Experience of Heat Illness Symptoms 

The most important finding of the present study was that 87 % of surface mine workers 

reported at least one symptom of heat illness over a 12-month period. The most commonly 

reported symptoms included fatigue, headache, high body temperature, and muscle cramp 

(table 3.4). Heat rash and muscle cramps, experienced by 42 % of surface mine workers in 

this study (table 3.4), occur during prolonged periods of sweating and are thought to be 

due to an electrolyte imbalance caused by dehydration (Bergeron, 1996; Donoghue et al., 

2000; Shearer, 1990). Heat exhaustion develops from dehydration and circulatory 

insufficiency, where the cardiovascular systems cannot adequately supply both vital organs 

and skin vasculature with sufficient blood flow (Carter et al., 2006; Shahid et al., 1999). 

Core temperature can be raised with heat exhaustion (but < 40 °C), and symptoms of 

headache, fatigue, weakness, and nausea are common (Donoghue et al., 2000; Shahid et 

al., 1999; Shearer, 1990). Over 60 % of surface mine workers in the present study reported 

experiencing headache and fatigue, and over 25 % with weakness and irritability (table 3.4); 

suggesting heat exhaustion may be a potential problem in this workforce. This is supported 

by the heat exhaustion of underground miners. Of 106 Underground miners presenting 
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with heat exhaustion, 78 % experienced fatigue, 67 % headache, and 65 % muscle cramps 

(Donoghue et al., 2000). Further to this, 48 % of the present sample reported a perceived 

high body temperature and 32 % hot and dry skin (table 3.4), symptoms of heat stroke. 

These symptoms suggest that surface mine workers may be dehydrated and their core 

body temperature elevated, and a closer examination of these factors warrants further 

research. 

Similarly to the present findings, anecdotal evidence from underground mines in the 

United Kingdom suggests that a heat related incident occurs every day, ranging from 

Miliaria rubra (heat rash) to loss of consciousness (Hanson & Graveling, 1997). Other 

occupational settings have not found the experience of heat illness symptoms to occur in 

such a high proportion of the workforce. Only one third of Japanese forestry workers have 

reported experiencing symptoms of heat illness during summer months (May to 

September) (Maeda et al., 2006). When monitoring heat strain in underground coal miners, 

23 % of workers experienced feeling unwell (symptoms included headache, nausea, 

dizziness, exhaustion, and cramps) during 15 % of the shifts monitored during winter 

months (November to April) (Hanson et al., 2000). A contributing factor to this difference in 

findings could be the time frame over which data was collected. These previous research 

reports only assessed heat illness symptoms over three to six months compared to the 12-

months in the current investigation. However, the vast majority of symptoms were 

reported to have been experienced in summer (figure 3.4C), a three month period 

comparable to the previous studies. This finding suggests heat illness symptoms are far 

more common in surface mine workers than forestry workers and underground coal miners 

previously studied. 

Raising the concern posed by this finding is the frequency of symptom experience. Of the 

heat illness symptoms experienced, ~ 80 % were reported to have occurred on more than 

one occasion. While some of these repeat experiences may have occurred in seasons other 

than summer (figure 3.4C), it is possible that many may have occurred more than once for 

a given season, particularly summer. The high proportion of repeat occurrences suggests 

that experience of heat illness symptoms is a common problem for surface mine workers. It 

has been suggested that heat illness should be considered to occur along a continuum of 

ailments (Coris et al., 2006; Goldman, 2001; Kark et al., 1991), because minor heat illness 

can quickly progress to serious or life threatening cases if appropriate control measures are 

not taken (Hanson & Zimmerman, 1979; Hart et al., 1980; Hughson et al., 1980). Therefore 
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the high proportion of surface mine workers experiencing symptoms of heat illness is a 

significant health and safety concern for this workforce. 

The cohort of underground miners assessed in the present investigation reported a similar 

experience of heat illness symptoms to the surface mine workers. Although, underground 

miners proportionately experienced significantly less high body temperature, hot and dry 

skin, and clammy moist skin, but greater levels of red rash on the skin (table 3.4). The 

proportion of the workforce experiencing at least one symptom and the mean number of 

symptoms reported did not differ between surface and underground sites. Also, the 

proportion of workers in each heat illness category was not associated with mine site (table 

3.7). The similarities between surface and underground miners persisted with the 

frequency and season, but differed with the shift type on which heat illness symptoms 

were experienced (figure 3.4) (discussed below). These findings support those of Donoghue 

(2004) where the incidence of medically reported cases of heat illness were similar, if not 

higher, among surface miners compared to underground. Medically reported cases of heat 

illness have to date not been researched at surface mine sites in Australia. This is 

concerning in light of the fact that over a 12-month period, 106 cases of heat exhaustion 

have been reported at an underground mine in Australia (Donoghue et al., 2000). 

Therefore there is a very real risk that the symptoms of heat illness, experienced by surface 

miners, may progress to medically reportable cases of heat illness if the issue of heat stress 

is not well controlled. 

Two final points for discussion in relation to heat illness symptoms are the season and the 

type of shift on which they occurred. A significantly greater proportion of symptoms were 

reported in summer compared to other times of the year and this was consistent for both 

surface and underground mines (figure 3.4C). For surface miners this finding is consistent 

with the perception that ambient temperature is higher in summer (discussed earlier) and 

attests to the higher heat stress experienced at this time of year. The higher proportion of 

symptoms reported underground in summer observed in this study is in agreement with 

previous research showing that the incidence of heat illness increased in summer, 

particularly in February in Australia (Donoghue et al., 2000). The seasonal change in 

climatic heat stress on the surface was reported to affect the risk of heat exhaustion 

underground (Donoghue & Bates, 2000b). In addition, it should be noted that symptoms of 

heat illness were still reported in the cooler seasons for both surface and underground sites 

(figure 3.4C). This concurs with previous findings underground (Donoghue et al., 2000). This 
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suggests that high work rates, the amount of protective clothing worn, and inadequate 

hydration practices may be making a larger contribution to overall heat stress during these 

times of year when climatic heat stress is reduced.   

Heat illness symptoms experienced on dayshift, nightshift, or both were significantly 

different between surface and underground mines. Surface miners proportionately 

experienced more symptoms during the dayshift, whilst the majority of underground 

miners reported symptoms on both (day and night shift) (figure 3.4B). These findings are 

intuitive for surface miners due to the removal of climatic heat stress during the night. In 

contrast, the underground mine climate remains relatively stable throughout the 24 hour 

day, and work rate and clothing worn should also remain unchanged. This would suggest 

that the level of heat stress is consistent between day and night shift underground, and 

experiencing symptoms of heat illness would be equally likely on either shift type. For the 

most part this was the case; as the majority of symptoms experienced underground were 

reported on both (day and night shift). However, the proportion of symptoms reported 

only on day shift was higher than those only reported on night shift, suggesting that 

symptoms are more likely to be experienced on day shift. Previous research has also found 

cases of heat illness to be more likely on day shift compared to night shift at underground 

mines (Donoghue, 2004; Donoghue et al., 2000). It has been suggested that the circadian 

rhythm of core body temperature may play a part in reducing the risk of heat illness during 

night shift underground (Brake & Bates, 2002a). 

Finally, with such a high proportion of workers experiencing symptoms of heat illness, 

many on more than one occasion, consideration should also be given to how this may 

affect their work performance, and whether other safety issues may arise as a result. For 

example, research reports an increase in unsafe work behaviours when WBGT progresses 

above 23 ˚C (Ramsey et al., 1983). Such findings suggest that workers may be at increased 

risk of accident and injury. In the textile industry of India, one third of workplace accidents 

occurred in the summer months of May and June (Nag & Nag, 2001). Also, with increases in 

apparent temperature above 32 °C, acute injury rates have been found to increase at an 

aluminium smelting plant in the United States (Fogleman et al., 2005). The experience of 

heat illness symptoms is one indication that the individual may not be coping with the work 

environment. Even if a case of heat illness requiring medical attention does not eventuate, 

it may be a contributing factor to an increased risk of accident and injury.  
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In summary, the vast majority of surface mine workers have experienced symptoms of heat 

illness, and many on more than one occasion. Although, the high proportion of workers 

experiencing symptoms suggests that they are minor in nature, heat illness should be 

considered to occur along a continuum of increasing severity, with serious consequences if 

appropriate measures are not taken to reduce heat exposure. Therefore these findings 

highlight a health and safety concern for this workforce. A similar experience was found for 

underground miners, raising concern for surface miners due to the high number of heat 

exhaustion cases reported requiring medical attention underground (Donoghue et al., 

2000). As there were few differences between surface and underground populations in the 

study sample, data were pooled to test for associations with previously identified risk 

factors and heat illness symptom experience. 

Associations with Heat Illness Symptoms 

The general characteristics, including age, height, body mass, and Body Mass Index (BMI), 

of the workforce presented in this investigation was similar between surface and 

underground mines (table 3.1). This population is also comparable to other studies of 

underground miners in Australia (Abt & Tranter, 1999; Brake & Bates, 2002a, 2003), the 

United Kingdom (Hanson et al., 2000), and Germany (Kalkowsky & Kampmann, 2006) who 

report mean age to be 34.3 – 35.4 years, and BMI to be 25.9 – 27.9 kg/m2. These data place 

this population of miners in an “overweight” category (Franklin, 2000). It should be 

recognised that height and weight were collected as self-report data during this study. 

Australian males tend to overestimate their height and underestimate their weight, leading 

to an underestimate of their BMI (Taylor et al., 2006). If this is the case in the current 

population, mean BMI may actually be approaching the “obese” category (≥ 30 kg/m2). 

The recreational physical activity of the study population (both surface and underground) 

was quite low compared to the general population of Australia (Armstrong et al., 2000). No 

physical activity was reported by 14.6 % of Australian adults, 28.7 % reported an 

insufficient amount, and 56.7 % sufficient, compared to 34.7, 46.3, and 15.6 % in this study 

population for sedentary, insufficient, and sufficient respectively (table 3.1). Similarly, 42 % 

of Australian coal miners were reported to be physically inactive, performing less than two 

20 minute exercise sessions per week (Bofinger & Ham, 2002). In spite of the high physical 

demands of some work tasks, it has been suggested that work does not provide adequate 

stimulus (in terms of frequency, intensity, and duration) to improve overall fitness (Ruzic et 

al., 2003). A low level of participation in recreational physical activity suggests that this 

study population is of a low to moderate physical fitness. This aligns with previous studies 
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reporting estimated maximal aerobic capacity of miners as low to moderate (Brake & 

Bates, 2003; Dey et al., 2006; Stewart, McDonald, Hunt, & Parker, 2008; Zahorska-

Markiewicz, 1991). 

Low physical fitness and a high BMI are commonly found to increase the risk of developing 

heat illness requiring medical attention. Miners with an aerobic capacity below 2.5 L/min 

are at a greater risk of developing heat stroke than those with a higher aerobic capacity 

(Wyndham, 1974). Miners with high body mass and BMI have also been found to be at an 

increased risk of heat exhaustion (Donoghue & Bates, 2000a), although, only a trend for 

relative risk to increase as aerobic fitness decreased was observed. It was suggested that 

allowing the workforce to self-pace their work intensity may have reduced the effect 

aerobic fitness has on heat tolerance in their sample. Although, they also considered that 

the sample size may have been too small to obtain statistical significance. In other settings, 

such as during military basic training, the risk of developing heat illness is consistently 

higher in those with lower aerobic fitness and higher BMI (Chung & Pin, 1996; Gardner et 

al., 1996; Wallace et al., 2006).  

The present study did not find a significant association between BMI, or recreational 

physical activity levels and heat illness category. This was the case for surface miners 

(tables 3.5 and 3.6), and both underground and surface miners combined (tables 3.5 and 

3.7), and contradicts the previous research. In medical cases of heat illness, fitness is a key 

factor when the work rate is externally paced, such as during military basic training (Chung 

& Pin, 1996; Gardner et al., 1996; Wallace et al., 2006), but less so when workers are able 

to set the pace of their work (Donoghue & Bates, 2000a). If the surface miners in the 

present study were self-paced, this could explain why fitness was not drawn out as an issue 

for this population. Although the tasks of the job categories in the present study were not 

externally paced mechanically, there may have been a requirement to meet production 

targets within a given time frame. 

All of the previous research has found a higher BMI to increase the risk of heat illness and 

this is in contrast to the present findings. This may have occurred because the present 

study did not assess medically reported cases of heat illness and compare them to control 

participants, but rather assessed heat illness symptoms. In addition, the BMI was derived 

from self-report height and mass. Given the high proportion of workers reporting 

symptoms, it is likely that many were only minor in nature, with few respondents reporting 

cases where medical attention was required. This suggests that fitness and BMI may play a 
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lesser role in the early stages of heat illness, and a larger role in progressing minor 

symptoms to more serious cases of heat illness if exposure is prolonged and/or the work 

tasks externally paced. Due to this, and in light of previous research, it would be 

inappropriate to conclude that fitness and BMI are irrelevant to the risk of heat illness in 

this population, but rather suggests that those who experience minor symptoms may be 

more likely to progress to more serious heat illness if overweight and of low fitness. 

Another factor to consider is the age of the workers. It is commonly held that individuals 

over the age of 50 are more susceptible to heat illness (Kenney, 1985; Shahid et al., 1999). 

While there are physiological changes within the body, such as reduced skin blood flow 

with advancing age, it is thought to predominantly be the decline in aerobic fitness and 

changes in body composition that are responsible for reduced tolerance to heat stress in 

older individuals (Bates et al., 1996; Ho et al., 1997; Inoue et al., 1999a; Inoue et al., 1998; 

Kenney, 1988; Kenney & Ho, 1995; Kenney & Munce, 2003; Kenney et al., 1990; Tankersley 

et al., 1991). These conclusions are derived from laboratory based research, and are in 

contrast to the findings of the present investigation. When surface and underground 

miners were combined, the mean age of those who reported moderate symptoms of heat 

illness was lower (2.9 years) than those who only showed minor heat illness symptoms 

(table 3.5). A similar finding was revealed in forestry workers, with those experiencing one 

or more symptoms of heat illness being younger than those who experienced no symptoms 

(50.5 compared to 58.2 years) (Maeda et al., 2006). In underground miners, although the 

age difference between cases and controls of heat exhaustion was not statistically 

different, there was a decline in the odds ratio from 1.0 for those < 30 years of age, to 0.85 

for 30 – 38.9 years, and 0.79 for 39 – 48.9 years (Donoghue & Bates, 2000a). It has been 

suggested that older workers may be more experienced and better able to pace their work 

to avoid developing heat illness symptoms (Maeda et al., 2006).  

Several job categories at surface mines expose workers to the prevailing climatic 

conditions. This study reports that drillers, blast crews, maintenance personnel, and 

operator maintainers are exposed to heat stress for a large proportion of their shift, 

particularly in summer. Since each job category performs differing work tasks and has slight 

variations in exposure to heat stress (discussed above), it is foreseeable that there may be 

a difference in the heat illness symptoms experienced by these groups. Although not 

statistically significant, when looking at the mean number of symptoms reported for these 

job categories, drillers tended to report the highest (5.7), and “other” job categories the 
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lowest (3.0), with a similar amount for the remaining categories (3.5 – 3.8). A parallel can 

be drawn from these data to the “time spent in air-conditioning” data described earlier, as 

drillers reported almost none, and “other” reported some to all the time. The author 

observed that drillers had no access to air-conditioned break rooms during their shift, 

whereas all other job categories did. This finding suggests that air-conditioned break rooms 

are an important control measure in reducing the effects of heat stress at surface mine 

sites.  

The majority of surface mine workers in the present study reported a “minimal 

dehydration” level during work (urine colour of 3 – 4). This was similar across job 

categories, except for “other” which was predominantly well hydrated (figure 3.3). For 

surface mine workers, hydration status was related to heat illness category (table 3.6), such 

that those who were more dehydrated were more likely to experience moderate 

symptoms of heat illness. Compared to well-hydrated workers, those who were minimally 

dehydrated were 1.9 times more likely to experience moderate symptoms of heat illness. 

This increased to a 3.7 times greater risk for those who were significantly dehydrated. The 

proportion of workers falling into each category of hydration status was similar for 

underground miners (table 3.2). When surface and underground data was pooled, the 

association between hydration category and heat illness category became statistically 

stronger (table 3.7), but the relative risk remained the same. These data show that there is 

an increased risk of experiencing symptoms of heat illness when dehydrated, with greater 

levels of dehydration increasing the risk. This finding aligns with research from South Africa 

and Australia which concluded that dehydration and loss of electrolyte balance is a primary 

contributor to heat illness cases requiring medical attention among underground miners 

(Donoghue et al., 2000; Shearer, 1990). In addition, dehydration has also been significantly 

associated with heat illness symptoms experienced during American football training 

sessions (Coris et al., 2006), and with cases of heat exhaustion in recreational settings 

(Armstrong et al., 1988; Backer et al., 1999) and during religious ceremonies (Shahid et al., 

1999). The findings of the present study are in agreement with these previous studies, and 

extend these findings to surface mine workers. It suggests that hydration status is a key 

element in the experience of heat illness symptoms and may be a precursor to the early 

stages of heat illness, more so than the effects of fitness and body composition, which may 

have a greater role during externally paced tasks and more serious cases of heat illness.  
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The estimated fluid intake for the majority of the workers in the present study may shed 

light on their hydration status. Table 3.3 shows that most surface (62 %) and underground 

(68 %) workers consume approximately 3.1 L or 4.1 L of fluid per shift respectively, with the 

remainder consuming greater amounts. This volume is similar to that observed in outdoor 

workers in Western Australia (Miller & Bates, 2007a), but is much lower than the 8.9 L 

consumed per shift by construction workers (Miller & Bates, 2007a). In contrast to the 

manual workers, the other groups consumed less fluid than was lost in sweat, predisposing 

them to dehydration. Over a twelve hour shift, these values (present study) equate to 

approximately 0.25 – 0.34 L/h. This is lower than reported among petroleum workers in 

North West Australia (~0.46 L/h) (Gazey et al., 1996) and lower than observed among 

underground miners (0.46 – 0.8 L/h) (Brake & Bates, 2003; Hanson et al., 2000). 

Alternatively, some underground miners were estimated to lose 0.46 L of sweat per hour 

and only replace 50 – 60 % of that in fluids, leading to a fluid intake of 0.23 – 0.28 L/hr 

(Kalkowsky & Kampmann, 2006) and resulting in a 1.9 – 2.4 % loss in body mass over the 

shift. When comparing the present findings to these similar workforce populations it 

suggests that many of this sample may not be consuming sufficient fluids to replace sweat 

losses and maintain adequate hydration. 

In summary, hydration status and age of the workers were shown to be important 

contributing factors to the experience of heat illness symptoms in the present study. In 

contrast to previous research, fitness and body composition were not found to be related, 

although the data should not be considered to rule out their potential influence on 

predisposing the workforce to more severe cases of heat illness. The estimation of fluids 

consumed by the workers suggests that they may not be consuming sufficient amounts to 

replace sweat losses, contributing to the poor hydration status observed in the majority of 

the workforce (surface and underground). 

Conclusions 

The primary finding of the present study was that over 80 % of surface mine workers 

experienced at least one symptom of heat illness over a 12-month period. In addition, ~ 80 

% of symptoms were experienced more than once. Contrary to previous research physical 

activity and body mass index were not related to the experience of minor or moderate 

symptoms of heat illness, however, some evidence for younger workers to be more 

susceptible to moderate symptoms was found. The most significant factor related to the 

experience of heat illness symptoms was hydration status, such that those who were more 

dehydrated were at increased risk of moderate symptoms of heat illness.  
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The high proportion of surface mine workers experiencing symptoms of heat illness is a 

significant health and safety concern for this workforce and requires further investigation. 

While experiencing symptoms of heat illness may not indicate cases of heat illness 

requiring medical attention, it does suggest a high degree of heat strain and that the 

physiological systems of the body may be struggling to meet the demands of 

thermoregulation. Therefore, there is a clear need for future research to conduct 

physiological monitoring of both core body temperature and hydration status of surface 

mine workers to determine if the heat strain experienced exceeds the recommended limits. 
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Chapter 4                                                                                                 

Calibration of an Ingestible Temperature Sensor 

Introduction 
The human body requires a constant core body temperature of 37 °C to function 

effectively. However during periods of physical exertion and exposure to heat stress core 

body temperature will rise (Lind, 1963). The Australian Institute of Occupational Hygienists 

recommend a core temperature limit of 38.0 °C or 38.5 °C during work for un-acclimatised 

or acclimatized individuals respectively (DiCorleto et al., 2003), as temperatures above this 

limit predispose the individual to developing heat illness. Similar limits are recommended 

by the International Organisation for Standardisation as well (International Organisation for 

Standardisation, 2004b). For such minute elevations in core body temperature to have 

significant implications for health and safety indicates the need for a high degree of 

accuracy in the measurement of core body temperature.  

Core body temperature has traditionally been measured in the esophagus or rectum to 

obtain the most accurate and reliable readings. However, these methods are limited to 

laboratory research due to safety concerns and the restrictions to movement they impose 

(Moran & Mendal, 2002). In a clinical setting core body temperature is commonly 

measured at the tympanic membrane, through the use of infrared ear thermometers. 

Although, the temperature reading may be influenced by factors such as the emissivity of 

the surface measured, exercise, and a warm or cold environment, and it is recommended 

that more reliable methods should be used for accurate temperature reading (Pusnik et al., 

2004). A relatively new device to measure core body temperature comprises of an 

ingestible sensor which has a silicone coating encapsulating a telemetry system and a 

quartz crystal temperature sensor. The sensor vibrates at a frequency related to the 

surrounding temperature and produces a low frequency signal that is picked up by a 

recorder located on the person’s waist. The recorder is light-weight and compact and does 

not restrict normal movement patterns and therefore allows the monitoring of core 

(intestinal) temperature during normal daily activities. With this advantage in mind many 

researchers are finding the telemetric system a useful tool to measure heat strain in both 

athletic and occupational settings (Brake & Bates, 2002a; Byrne et al., 2006; Edwards & 

Clark, 2006; Laursen et al., 2006). 

Several studies comparing intestinal temperature to esophageal or rectal temperature (or 

both) have shown good agreement between the methods (Easton et al., 2007; Gant et al., 
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2006; Lee et al., 2000; O'Brien et al., 1998). A recent review of these and other papers has 

shown that intestinal temperature has a systematic bias <0.1 °C and 95 % limits of 

agreement (LoA) within ± 0.4 °C compared to esophageal temperature. Intestinal 

temperature compared to rectal temperature also has LoA within this range, although, a 

systematic bias >0.1 °C is commonly found. It was concluded that intestinal temperature 

measured by an ingestible sensor is a valid measure of core body temperature (Byrne & 

Lim, 2007). However, to achieve this level of accuracy Byrne and Lim (2007) note that 

individual sensors should be calibrated against a certified thermometer prior to ingestion.  

The reason for suggesting that the ingestible sensors should be calibrated comes from 

several studies that have assessed the temperature of a water bath. Sparling et al (1993) 

placed six sensors in a water bath of 40 °C and monitored temperature decline to 35 °C. 

Across this temperature range three sensors measured temperature higher (0.25-0.6 °C) 

and three lower (0.05-0.10 °C) than a certified thermometer. Lee et al (2000) heated a 

water bath to 30, 34, 38, and 42 °C and reported sensor temperature to be significantly 

lower than a certified thermometer, although the magnitude of this difference was not 

stated. At a single water bath temperature of 39.0 ± 0.01 °C, Wilkinson et al (2008) found 

mean sensor temperature to be 39.06 ± 0.02 °C, with a range of 0.08 °C. These 

observations show that each sensor has a bias from temperature measured by a certified 

thermometer and that the magnitude of this bias varies between different sensors. As each 

sensor is “one use only”, calibrating all sensors to a standard device will allow for 

comparing core body temperature measured by different sensors. 

Currently there is no consensus on the best approach for sensor calibration. Several studies 

utilizing the ingestible sensor do not report any calibration procedures (Brake & Bates, 

2002a; Edwards et al., 2002; Kolka et al., 1993; Laursen et al., 2006; Niess et al., 2003). 

Another study reports that a calibration was performed but does not specify how it was 

conducted (Gant et al., 2006). A number of researchers report measuring a range of water 

bath temperatures for calibration purposes. Water bath temperatures between 35 - 43 °C 

have been used to check that sensor accuracy was ± 0.1 °C, however these authors do not 

report correcting raw data subsequently collected (Byrne et al., 2006; Wilkinson et al., 

2008). Others report that if sensors were found to be inaccurate they were discarded 

(Easton et al., 2007; Kolka et al., 1997). However, an attempt was made to change the 

calibration number using a proprietary formula prior to discarding sensors (Easton et al., 

2007). Finally, some researchers have utilised the findings of water bath temperatures 
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between 30 - 42 °C, measured by both the ingestible sensor and a certified thermometer, 

to correct raw data from subsequent testing of core body temperature. Sparling et al 

(1993) do not elaborate on how this correction was performed. O’Brien et al (1998) notes 

that a linear regression relating sensor frequency to temperature was developed from 

three water bath temperatures (33, 37, and 41 °C) and used to adjust raw frequency data. 

Alternatively, Lee et al (2000) and Edwards and Clark (2006) report correcting raw data by a 

linear calibration curve relating temperature recorded from the ingestible sensor and a 

certified thermometer at four water bath temperatures (30, 34, 38, and 42 °C). 

Overall a wide range of methods to ensure the accuracy of ingestible sensor measurement 

has been implemented in the scientific community. In order for effective comparisons to be 

made between studies, a uniform procedure for calibrating ingestible temperature sensors 

should be adopted. Therefore the aim of this investigation is to determine and present an 

accurate calibration procedure for ingestible temperature sensors. 

Methods 

Procedures 

A water bath was heated to nine discrete temperatures (~23, 28, 33, 35, 37, 39, 41, 46, and 

51 °C). A traceable thermometer (TL-1W) (TL-1W, ThermoProbe, Jackson MS, USA) with a 

reported accuracy of ±0.06 °C was used as the standard measure of water bath 

temperature. Temperature was allowed to stabilise at each increment prior to immersing 

an ingestible temperature sensor (CorTemp, HQinc, Palmetto FL, USA) in the water bath. 

Upon immersion, sensor temperature was recorded every 10 s for 6 minutes. This allowed 

for the determination of the time required for the sensor to reach a stable temperature. 

The mean temperature over the final minute of immersion was taken as the sensor 

temperature and used for comparison to the TL-1W. This process was repeated for all 

water bath temperatures within one day. The time between temperature measurements 

ranged between 30 – 60 minutes, during which time the sensor remained at room 

temperature. All temperatures were then reassessed on two subsequent days. The sensor 

was left active between day one and two to assess if the temperature reading would vary 

with battery life. Between day two and three, a magnet was placed next to the sensor, 

switching it off. Removing the magnet prior to testing on day three reactivated the sensor. 

This was to assess if the accuracy of the sensor changed if it was turned off and on. A total 

of three different sensors were tested. 
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Statistical Analysis 

The time required for sensor temperature to equilibrate with water temperature was 

assessed by plotting the consecutive 10 s change in temperature over the six minutes of 

immersion. A change of less than 0.05 °C from one reading to the next observed 

consistently was taken to indicate equilibration. To assess the level of agreement between 

the two devices, the difference score (Ingestible Sensor – TL-1W) was calculated. The mean 

difference score across the nine water bath temperatures was calculated to assess for a 

systematic bias between the devices. This was done for all days of testing for each sensor. 

Bland-Altman plots of the difference score compared to the mean of the two devices were 

constructed. Acceptable agreement between devices was set as a systematic bias of <0.1 °C 

and 95 % limits of agreement ±0.4 °C. A Univariate Analysis of Variance was used to assess 

for the effects of sensor and day on the mean difference score. Statistical software (SPSS 

version 15.0) was used. Least squares regression was used to determine the linear 

relationship between the ingestible sensor and TL-1W devices. A significance level of p 

<0.05 was chosen.  

From the data gathered here it is the goal to determine the minimum number of data 

points required to develop a linear calibration curve. The formula for calculating standard 

error was re-written to determine the required number of data points: 

Equation 4.1 Sample size 

2

2

SE

SD
N   

 

Where SE is the standard error, SD is the standard deviation, and N is the sample size. The 

standard deviation was obtained as the square root of the mean square error term for the 

residual of the Univariate ANOVA. The standard error was set at 0.033. This value was 

chosen as the known accuracy of the ingestible sensor device is ±0.1 °C, thus the measured 

temperature should range between -0.1 and +0.1 of the actual temperature. For a normal 

distribution, this range can be split into six parts, representing the standard deviation. A 

range of 0.2 divided by 6 equals 0.033. Therefore this is the largest acceptable standard 

error. 

Results 
Figure 4.1 displays the change in temperature between consecutive values recorded by the 

ingestible sensor over six minutes for each water bath temperature. It can be seen that as 
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time progresses the change in temperature from one reading to the next approaches 0, 

indicating a stable value. The time required to attain the criteria of a less than 0.05 °C 

change between readings tended to increase with water bath temperature. However, for 

all bath temperatures, between three and four minutes of water immersion was required 

for the consecutive ten second change to be minimal and it remained stable after this 

point. This observation was consistent between the sensors and across the days of testing. 

Table 4.1 presents the mean difference score and measures of variance between the 

ingestible sensors and TL-1W devices for all three sensors across the three days of testing. 

For sensors one and three the mean difference and limits of agreement were consistently 

within the specified range of <0.1 °C and ±0.4 °C. Sensor two also falls within the required 

limits of agreement; however, the systematic bias was greater than 0.1 °C. A representative 

Bland-altman plot of the results presented in table 4.1 can be observed in figure 4.2. An 

interesting observation is that error in temperature reading from the ingestible sensor 

appears to increase with temperatures at the extremes of the range studied. However, 

error is least in the physiological range of 33 - 41 °C.  

Univariate analysis of variance revealed no main effect for day (F = 0.036, p = 0.965) and no 

interaction between day and sensor (F = 0.018, p = 0.999). However, a significant main 

effect for sensor was observed (F = 10.818, p < 0.001). Pairwise comparisons with 

Bonferroni adjustment for multiple comparisons revealed the temperature difference 

between the ingestible sensor and the TL-1W was greater for sensor two compared to 

sensor one (p = 0.003) and sensor three (p < 0.001). The mean square error term of the 

residual in the Univariate ANOVA was 0.004, equalling a standard deviation for the 

difference score of all pill measurements to be 0.063. Using this standard deviation in 

equation 4.1 with a standard error of 0.033 yielded an N of 3.67. 

The relationship between the ingestible sensor and TL-1W temperature measurements in 

the physiological range were assessed via a linear regression (table 4.2). The relationship 

was found to be highly linear, with coefficients of determination (r2) of 1.00, indicating that 

100 % of the error in one device could be predicted by the other. 
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Figure 4.1 Consecutive ten second change in temperature measured by sensor one on day 
two over six minutes water immersion for all nine water bath temperatures. 

 

 

Solid lines indicate ± 0.05 °C requirement for stabilisation; dashed lines 
show the elapsed time at three and four minutes. 

 



 

 

 

Table 4.1 Mean difference and measures of variation for the three temperature sensors across three days of testing in comparison to 
the TL-1W. 

    

Mean 
Difference (°C) 

SDa SEb Upper CIc Lower CIc Upper LoAd Lower LoAd 

Sensor 1 
       

 
day 1 0.09 0.06 0.02 0.13 0.05 0.21 -0.02 

 
day 2 0.08 0.05 0.02 0.12 0.05 0.19 -0.02 

 
day 3 0.08 0.05 0.02 0.12 0.05 0.18 -0.01 

Sensor 2 
       

 
day 1 0.15 0.08 0.03 0.21 0.08 0.31 -0.02 

 
day 2 0.15 0.07 0.02 0.2 0.10 0.29 0.00 

 
day 3 0.14 0.08 0.03 0.19 0.09 0.29 -0.01 

Sensor 3 
       

 
day 1 0.07 0.06 0.02 0.11 0.03 0.19 -0.04 

 
day 2 0.07 0.05 0.02 0.1 0.04 0.16 -0.03 

  day 3 0.07 0.05 0.02 0.11 0.04 0.18 -0.04 
a
 SD - Standard Deviation of mean difference.  

b
 SE - Standard Error of mean difference.  

c
 CI – 95 % Confidence Interval.  

d
 LoA – 95 % Limits of Agreement. 
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Figure 4.2 Bland-Altman plot of the Ingestible Sensor and TL-1W across nine water bath 
temperatures for sensor one on day three. 

 

 

 

 

 

 

Table 4.2 Slope, intercept, and coefficient of determination for the linear regression of 
Ingestible Sensor and TL-1W data in the physiological range on day one. 

  Slope Intercept r2 

    
Sensor 1a 1.0005 -0.0700 1.00 

    Sensor 2 1.0061 -0.3428 1.00 

    Sensor 3 1.0031 -0.1553 1.00 

        

a
 only 3 data points used in regression. 

  

Solid line indicates the mean difference; dashed lines represent the 95 % Limits of 
Agreement. 
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Discussion 
The present investigation has shown that at least four minutes of water immersion are 

required for the ingestible sensor to attain a stable temperature reading. This finding has 

important implications for developing procedures to verify the calibration of the ingestible 

temperature sensors. It indicates that sensors will need to be immersed in water for a 

minimum of 4 minutes prior to taking a temperature reading for comparison to a traceable 

thermometer. Previous researchers have only utilised a two minute time period to achieve 

a stable reading (Lee et al., 2000). The current findings suggest that this length of time is 

insufficient to achieve stabilisation and would result in the development of an inaccurate 

calibration curve.  

Each ingestible sensor showed a positive systematic bias, indicating that it consistently 

measured temperature higher (0.07 - 0.15 °C) than the TL-1W. Similar findings have been 

reported previously (Sparling et al., 1993; Wilkinson et al., 2008). In addition, the 

systematic bias differed between sensors, such that sensor two was outside the required 

accuracy range, whilst sensors one and three were within. These findings highlight the 

importance of establishing a method to verify the calibration of each sensor and correct 

raw data to that of a traceable thermometer. Following such a procedure will allow for 

comparing differences between individuals, and comparing the same individual on multiple 

occasions, requiring the use of more than one sensor. 

The ingestible sensor will remain in the gastrointestinal tract for ~ 30 hours (Kolka et al., 

1993). In order to detect changes in core body temperature it is important for 

measurement accuracy to be consistent over this time period. The location of the sensor 

within the GI tract also needs to be considered as temperature in the stomach and upper 

GI tract are influenced by food and fluid ingestion (Wilkinson et al., 2008). For this reason it 

is recommended that recording sensor temperature commence at least 6 hours after 

ingestion (Byrne & Lim, 2007). The findings of the present investigation show that within 

each sensor the level of accuracy remained constant across three days of testing. 

Therefore, subsequent research of core temperature over extended periods can be 

confident that observed changes reflect actual changes in temperature and not random 

error of measurement. Another conclusion that can be drawn from this finding is that 

turning the sensor off (by placing it next to a magnet) does not influence its accuracy upon 

reactivation. Since the sensor only has a limited battery life, knowing that the sensor can be 

turned off following measurements for calibration and before ingestion has practical 

implications for the logistics of scientific studies utilising the ingestible sensors. 
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 To eliminate the small systematic bias in the sensors it is recommended that a linear 

calibration curve be applied to raw data. Bland-Altman plot analysis revealed that error was 

least when temperature was measured in a range of 33 - 41 °C, corresponding to the 

temperature range found in the human body. The results of the present investigation 

indicate that a minimum of four water bath temperatures should be assessed to establish 

an accurate calibration curve. The current data allowed for the use of five data points to 

calculate the calibration curve for sensors two and three on day one, but only three data 

points were available for sensor one. The high coefficient of determination for these 

regressions (table 4.2) indicates that estimation of the actual temperature from that 

measured by the ingestible sensor will be highly accurate. Other studies have reported 

similarly high coefficients of 0.99 (Lee et al., 2000; O'Brien et al., 1998). Therefore applying 

a linear regression to the data obtained in a physiological range is a suitable method of 

calibration. 

There are two points that should be taken into account when considering the wider 

applicability of the conclusions drawn from this study. Firstly, only one model of sensor was 

tested. Secondly, the time to attain a stable temperature reading will depend on the mass 

and composition of the sensor itself, and this may also vary between different models of 

sensor. The findings presented in this investigation may not generalise to sensors of 

differing models.  

Summary 

To summarise, ingestible temperature sensors show a small positive systematic bias to that 

of a traceable thermometer. In addition, different sensors vary in the magnitude of that 

bias. Therefore, a procedure to calibrate the sensor needs to be administered to enable the 

comparison of core body temperature from different pills (in different individuals or the 

same individual on multiple occasions). Such a calibration procedure has been developed in 

the present investigation and consists of three components: 1) A minimum of four water 

bath temperatures in the physiological range of 33 - 41 °C should be assessed, 2) Sensors 

should be allowed four minutes immersed in the water bath prior to taking a reading for 

comparison to a traceable thermometer, and 3) A linear regression relating these four 

temperatures can then be used to adjust the subsequent raw data of that sensor. The 

present investigation also indicates that turning the sensor off following calibration will not 

affect the accuracy of the sensor. 
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Chapter 5                                                                                            

Hydration Assessment through Urine Analysis: Effects of Time 

Delay and Storage Temperature on Reliability 

Introduction 

Water is a requirement for the human body to function effectively. Total body water 

accounts for approximately 60 % of the body’s mass (Armstrong et al., 1997a), and can be 

separated into two compartments. Intracellular water is found within the cells of the body 

and accounts for ~ 67 % of total body water. The remainder is found in the extracellular 

compartment, comprised of water in blood plasma (~ 8 %) and that located between the 

cell membranes and blood vessels (~ 25 %). In spite of this requirement, body water is lost 

in urine, stool, through respiration, and through sweating, particularly during exercise 

and/or in a hot environment.  

To maintain body water content, osmoreceptors monitor the solute concentration of the 

blood. The osmolality (number of solute participles dissolved in 1 litre of water) of blood 

plasma is maintained within a range of approximately 285 – 300 mOsm/L through both 

behavioural and autonomic responses to fluctuations (Marieb, 2001). A rise in plasma 

osmolality stimulates the thirst mechanism (promoting fluid intake) and increases the 

release of antidiuretic hormone (ADH) from the hypothalamus, which causes the re-

absorption of water from the kidney tubules. These processes return water to the blood 

stream and lower plasma osmolality. The opposite is also the case, when blood becomes 

dilute (too much water), ADH release is restricted, and more water is lost in urine. 

As the filtration rate of water through the kidney tubules has an important influence on 

hydration status, the measurement of the concentration of solutes in urine (including urea, 

uric acid, sodium, potassium, creatinine, and sulphate ions) can provide an indirect 

assessment of hydration status. Urine concentration can be assessed by measuring its 

specific gravity and observing its colour. Specific gravity describes the mass of a substance 

compared to the mass of an equal volume of distilled water. Distilled water has a specific 

gravity of 1.000, while urine specific gravity (USG) ranges between 1.005 – 1.035 (Munden, 

2005) (Values outside this range can indicate the presence of pathology). Urine colour 

(Ucol) also reflects urine concentration, with pale yellow indicating dilute and dark yellow 

indicating concentrated urine (Armstrong et al., 1994).  
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Research has shown that USG rises with decreases in body mass due to sweat loss during 

dehydration exercise protocols and is lowered upon rehydration (Armstrong et al., 1998; 

Oppliger et al., 2005; Popowski et al., 2001). The change in USG during exercise heat stress 

has also been found to significantly correlate with the change in total body water (r = 0.63) 

(Baker et al., 2009). Research has found Ucol to become darker with losses in body mass 

(Armstrong et al., 1998; Armstrong et al., 1994). These methods have been recommended 

to monitor hydration status in field research where other methods are prohibitive 

(Armstrong, 2007).  

A methodological consideration of the current program of research is the time delay 

between urine collection and analysis, and the storage conditions during this time period. 

Over time, urine samples will show reduced clarity (due to solute crystallisation), increased 

alkalinity (raised pH), loss of ketone bodies and bilirubin, dissolution of cells and casts, and 

bacterial growth (Klatt, 2009). It is foreseeable that these alterations may affect the 

accuracy and reliability of USG and Ucol measurement. In the field research proposed in 

chapter 6, urine samples will be collected by surface mine workers during their normal 12-

hour shift. However, the research team will have limited contact with workers, and urine 

samples collected during the shift need to be stored in an esky (unchilled) until retrieved by 

the research team at the end of the shift. To ensure the accuracy of hydration assessment, 

the effects of a time delay between urine collection and analysis, and the temperature the 

sample is stored at, needs to be determined. Therefore the aim of this investigation was to 

determine if USG and Ucol were altered by a time delay from urine collection, and the 

effects of storage conditions on any alterations. The reliability of the USG measurement 

device was also assessed. 

Methods 

The urine samples used in this study were collected from 12 armoured vehicle operators 

(age: 40.8 ± 7.9 years, height: 1.85 ± 0.05 m, body mass: 107.4 ± 21.3 kg, body mass index: 

31.2 ± 5.4 kg/m2) during a study of heat strain experienced in this workforce (unpublished 

work). The study received ethical approval from the Queensland University of Technology 

Human Research Ethics Committee. Participants collected a mid-stream urine sample 

before starting work (Group A: n = 11), and again at the end of their shift (Group B: n = 8). 

Within two hours of collection samples were split into two containers and had urine 

specific gravity (USG) and urine colour (Ucol) measured. The samples were then placed in 

different storage conditions. For Group A samples, the conditions included fridge and room 
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temperature (air-conditioned, 22 °C), whilst Group B samples were split into fridge and 

room temperature (non air-conditioned, range 17 – 35 °C). Fridge temperature for both 

groupings was 6 °C. Samples left in room conditions were enclosed in an esky. Following 24 

hours storage in these conditions, USG and Ucol were remeasured.  

USG was measured using a digital refractometer (PAL-10s, ATAGO, Tokyo, Japan) and 

colour was compared to an 8-point urine colour chart, with values ranging from 1 (well 

hydrated) to 8 (severely dehydrated) (Armstrong et al., 1994). USG was measured in 

duplicate and where these two measures differed, a third reading was taken. The most 

frequently occurring value was taken as the USG. A single unblinded investigator 

performed all the measurements of USG and Ucol. A digital weather meter (Kestrel 4000, 

Kestrel Weather Australia, Australia) was used to monitor the temperature of storage 

conditions. Data was logged once for stable conditions (air-conditioned room and fridge) 

and every 30 minutes for non air-conditioned room conditions. 

USG and Ucol were treated as continuous variables and summarised as mean and standard 

deviation. The data was shown to be normally distributed as mean values were ± 10 % of 

the median and the range was approximated by ± 2 standard deviations. The reliability of 

USG and Ucol over the 24 hour storage period was assessed by Bland and Altman’s 95 % 

limits of agreement analysis (Atkinson & Nevill, 1998; Bland & Altman, 1986).  This involves 

the calculation of the difference between baseline and 24 hour data (24 h minus baseline) 

for each subject. The average of each subjects’ difference is termed the mean difference. 

The standard deviation and 95 % limits of agreement of the mean difference were also 

calculated. In addition, the reliability of the USG measuring device between duplicate 

measurements was assessed by pooling data from every urine assessment. A total of 72 

urine assessments were included (11 urine samples from group A, each separated in two 

containers, and measured both at baseline and at 24 hours; 8 urine samples from group B, 

each separated in two containers, and measured both at baseline and at 24 hours). Finally, 

repeated measures analysis of variance was used to assess the differences in Ucol over 

time and between storage conditions. Significance was set at p < 0.05.   

Results 

Figure 5.1 displays the bland-altman plot comparing the first and second measurements 

taken on each urine sample in all conditions (n = 72). The mean difference between first 

and second measurements was 0.0001 ± 0.0003. Only three samples showed any 
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difference, two increased by 0.001, the other by 0.002. In two of these samples, a third 

measurement matched the second measurement, with the other matching the first.  

At baseline (0 hr) there was no difference in USG or Ucol between samples to be stored in a 

fridge and those to be stored in room conditions (table 5.1). The mean difference (and 

measures of variation) in USG and Ucol from baseline to 24 hours is also provided in table 

5.1 for all storage conditions. A mean difference of “0” indicates that on average there was 

no change between baseline and 24 hour time points. The standard deviation of the mean 

difference shows the variation in the difference score between subjects. If the tests were to 

be repeated, it would be expected that the difference between baseline and 24 hours 

should fall between the lower and upper limit of agreement. As such closer limits of 

agreement indicate greater reliability. Table 5.1 reveals that there was little, if any, change 

in USG following 24 hours of storage in any of the conditions. In contrast, the data suggest 

that Ucol appeared to change over the storage period, and that the changes differed with 

storage conditions. Changes in Ucol over time and between storage conditions were 

assessed via repeated measures ANOVA. A significant interaction was observed between 

time and storage condition (group A: F = 12.564, p = 0.005; group B: F = 14.913, p = 0.006) 

(figure 5.2). Figures 5.3 – 5.6 show the bland-altman plots of the data presented in table 

5.1.  
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Figure 5.1 Bland-Altman Plot of First and Second Measurement of USG for each Urine 
Sample. 
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Table 5.1 Summary of USG and Ucol for both groups at all time points and storage conditions. Mean difference and measures of variation 
are also presented. 

  

  

Baseline 

(mean ± sd) 

24 hours 

(mean ± sd) 

Mean 

Difference * 
SDa 

Upper 

LoAb 

Lower 

LoAb 

USG       

 Group A (n = 11)       

  Fridge (6 °C) 1.019 ± 0.006 1.019 ± 0.006 0.000 0.000 0.000 0.000 

  Air-conditioned room (22 °C)   1.019 ± 0.006 1.019 ± 0.006 0.000 0.000 0.000 0.000 

 Group B (n = 8)       

  Fridge (6 °C) 1.021 ± 0.006 1.021 ± 0.005 0.000 0.0005 0.0010 -0.0010 

  Room (17-35 °C) 1.021 ± 0.006 1.021 ± 0.005 -0.0001 0.0004 0.0006 -0.0008 

Ucol       

 Group A (n = 11)       

  Fridge (6 °C) 4.0 ± 1.1 3.5 ± 1.0 -0.5 0.9 1.4 -2.3 

  Air-conditioned room (22 °C)   4.0 ± 1.1 4.8 ± 1.6 0.8 0.8 2.3 -0.7 

 Group B (n = 8)       

  Fridge (6 °C) 3.9 ± 1.5 3.0 ± 0.9 -0.9 1.5 2.0 -3.7 

  Room (17-35 °C) 3.9 ± 1.5 4.8 ± 1.5 0.9 0.8 2.5 -0.8 

* Difference calculated at 24 hr minus baseline for each subject. 

a SD - Standard Deviation of the mean difference.  
b LoA – 95 % Limits of Agreement. 
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Figure 5.2 Interaction between time and storage condition for urine colour from group A and 
group B. 
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Figure 5.3 Bland-Altman Plots of USG Between 0 and 24 Hour Time Points for Fridge (top) 
and Room (bottom) Conditions; Group A. 
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Figure 5.4 Bland-Altman Plots of USG Between 0 and 24 Hour Time Points for Fridge (top) 
and Room (bottom) Conditions; Group B. 
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Figure 5.5 Bland-Altman plots of Ucol between 0 and 24 hour time points for fridge (top) 
and room (bottom) conditions; Group A. 
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Figure 5.6 Bland-Altman plots of Ucol between 0 and 24 hour time points for fridge (top) 
and room (bottom) conditions; Group B.  
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Discussion 

The primary conclusions of this investigation are as follows: 1) Urine specific gravity 

measured by a digital refractometer is highly reliable, 2) Urine specific gravity shows 

negligible change over 24 hours after collection under three storage conditions, and 3) 

Urine colour changes considerably over 24 hours after collection and this alteration differs 

with storage conditions. 

Duplicate measurements of USG showed very little variation in the present 

investigation (figure 5.1). The mean difference was 0.000, and the limits of agreement 

indicate that 95 % of readings differ by less than 0.001. It can be concluded that the digital 

refractometer is a highly reliable measurement tool for assessing USG. This finding concurs 

with previous research (Stuempfle & Drury, 2003) and extends the reliability of USG 

measurement to a higher resolution (0.001). Of 72 urine assessments conducted in the 

present study, only three (4.2 %) showed a very small difference between duplicate 

measurements (0.001 – 0.002). In all of these cases, a third measurement matched one of 

the preceding two measurements. This suggests that experimenter error may be 

responsible for differences in duplicate measurements, as opposed to error in the device 

itself. Possible experimenter errors could include not allowing sufficient time (10 - 30 

seconds) for sample temperature to stabilise whilst on the device, or not cleaning previous 

samples off thoroughly enough. Therefore, adhering to a duplicate measurement policy, 

and taking a third measurement if the first two differ appears to be an appropriate 

procedure to ensure reliability.  

A time delay of up to 24 hours was shown to have little effect on measurement of USG. 

Absolutely no change in USG was observed for urine samples stored in either a fridge or an 

air-conditioned room for 24 hours (group A) (figure 5.3). For group B, only two showed a 

small change in USG over 24 hours (figure 5.3). One sample showed a 0.001 decrease in 

USG in both fridge and room (non air-conditioned) conditions, suggesting that the 

difference in storage temperatures was not responsible for the change from 0 hr. Another 

sample showed a 0.001 increase in fridge conditions, but no change in room (non air-

conditioned) conditions. Overall, there was very little change in USG over 24 hours in any of 

the storage conditions, any changes observed were negligible. Therefore, USG can be 

measured accurately from urine samples collected during a 12-hour shift, as proposed for 

this program of research, provided they are analysed within 24 hours of collection.  
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Urine colour changed substantially over time and between storage conditions. Following 24 

hours storage, Ucol was significantly higher in room samples, and lower in fridge samples 

compared to baseline measurements (figure 5.2). This finding was consistent in both group 

A and B. Some samples stored in fridge conditions became cloudy and opaque, which was 

responsible for the observed decrease in urine colour. All samples in room conditions 

remained transparent, but most become noticeably darker. These observations are most 

likely the result of the changes taking place in the urine being left to stand. For example, 

cloudiness may develop from the precipitation of salts when urine is kept at room 

temperature or refrigerated (Klatt, 2009). Also, the growth of bacteria in the sample may 

cause a darkening of its colour. Overall, urine colour appears to be unstable over a period 

of 24 hours, and the types of storage conditions potentially available on mine sites are not 

suitable to maintain a stable urine colour over this time period. Therefore, urine colour will 

not accurately reflect hydration status if assessed 24 hours after the sample was collected.  

These findings have important implications for occupational health and safety professionals 

and athletic trainers. Measurement of urine specific gravity and urine colour are 

recommended for monitoring hydration status (Armstrong, 2007). The bsseline values for 

Ucol relative to USG aligned with previous investigations of the relationship between these 

variables (Armstrong et al., 1998; Armstrong et al., 1994). However, following 24 hours of 

storage, there was a change in Ucol that was not observed in USG. This suggests that the 

association between USG and Ucol is only valid at the time urine is collected. Therefore, if 

urine can be analysed immediately either field measure is appropriate, but if a time delay is 

unavoidable for practical reasons, only USG should be assessed. Further study should 

investigate the relationship between USG and Ucol over time in a larger sample of the 

population to shed light on the mechanisms for these disparate alterations, and to ensure 

the generalisability of these findings to the general population. 

Summary 

The aim of this investigation was to determine if USG and Ucol were altered by a time delay 

from urine collection, and the effects of storage conditions on any alterations. The 

reliability of the USG measurement device was also assessed. The results obtained indicate 

that USG is stable over a 24 hour time period in refrigerated, room, and warm conditions. 

Therefore, USG will be a reliable hydration assessment technique for the field investigation 

proposed. In contrast, Ucol changes over time, and the direction of that change was 

dependent on storage conditions. As such, Ucol will not provide a reliable indication of 
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hydration status. Finally, the digital refractometer used for USG measurement is a highly 

reliable device. 
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Chapter 6                                                                                                       

Heat Strain and Hydration Status of Surface Mine Workers 

Introduction 
The climatic conditions in the northern reaches of Australia are commonly hot and humid, 

particularly in summer, and are conducive to heat stress. Climatic conditions at surface 

mine sites in Western Australia have been found to exceed a wet-bulb globe temperature 

of 30 °C (Miller & Bates, 2007a; Miller & Bates, 2007c), demonstrating a very high level of 

heat stress, such that the International Organisation for Standardisation recommends 

ceasing even light intensity work (International Organisation for Standardisation, 1989).  

Exposure to a hot environment, particularly during periods of physical exertion, presents a 

thermoregulatory challenge that must be addressed in order to maintain optimal function. 

The heat strain experienced by an individual can be assessed by monitoring their core body 

temperature, heart rate, and sweat loss (International Organisation for Standardisation, 

2004b). If sweat losses are not replaced the individual may also become dehydrated, 

further increasing heat strain (Armstrong et al., 1997b; Kenney et al., 1990; Montain et al., 

1995; Sawka et al., 1985). As such, the scientific community, the Australian Institute of 

Occupational Hygienists (AIOH), and the International Organisation for Standardisation 

(ISO) recommend limits to heat strain and hydration status to promote the health and 

safety of workers in industrial settings. These include a core body temperature of 38.0 ˚C 

for un-acclimatised workers or 38.5 ˚C for acclimatised workers, a sweat loss of 3 % body 

mass, and a urine specific gravity of 1.020 (Baker et al., 2009; Casa et al., 2000; DiCorleto et 

al., 2003; International Organisation for Standardisation, 2004b; Oppliger et al., 2005). 

While some research attention has been given to the hydration status of surface mine 

workers, little research has assessed the heat strain experienced by this workforce. Surface 

mine workers are reported to be inadequately hydrated. In chapter 3 of this program of 

research it was reported that over 70 % of surface mine workers were minimally or 

significantly dehydrated (table 3.2). In addition, urine samples collected at several mine 

sites before, during, and after a shift showed the specific gravity of 65 – 80 % of the 

samples was above 1.020 (Carter & Muller, 2007; Miller & Bates, 2007a). A urine specific 

gravity of 1.020 generally coincides with a body mass loss of ~ 3 % (Baker et al., 2009; 

Oppliger et al., 2005), and is deemed an appropriate cut off value for dehydration 

(Armstrong et al., 2010; Baker et al., 2009; Casa et al., 2000; Oppliger et al., 2005). This 

level of dehydration increases the heat strain experienced by those working in the heat 
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(Armstrong et al., 1997b; Kenney et al., 1990; Montain et al., 1995; Sawka et al., 1985) and 

predisposes them to developing heat illness (Armstrong et al., 1988; Backer et al., 1999; 

Donoghue et al., 2000; Kark et al., 1996; Shahid et al., 1999; Shearer, 1990). Therefore 

dehydration is a health and safety concern for surface miners. 

One study has assessed the body temperature of surface mine workers, with mean 

tympanic temperature ranging between 36.5 – 37.2 ˚C before, during (lunch break), and 

after a work shift (Miller & Bates, 2007b). Although these temperatures appear in a safe 

range, two factors should be considered, including the technique used and the timing of 

measurement. Firstly, although the tympanic membrane is a readily accessible location for 

body temperature measurement, the accuracy of measurement at this site has been 

criticised as unreliable during physical activity in the heat, and as a function of errors in 

measurement resulting from dirt, inaccurate placement and lack of skill in the measurer 

(Moran & Mendal, 2002). Secondly, temperature was only measured at three discreet 

times (before shift, on break, and post shift). Continuous monitoring of underground 

miners found core body temperature to increase by as much as 0.5 ˚C in 10 minutes, or 0.9 

˚C over 60 minutes (Brake & Bates, 2002a). Therefore, only recording temperature at set 

time points, and most likely at a distance from where work is performed (allowing time for 

cooling to take place), may not have revealed the peaks in core body temperature 

experienced by surface miners. 

The heat strain experienced by underground miners highlights the importance of 

investigating heat strain on the surface. An average mean core body temperatures over a 

shift of 37.0 – 37.7 ˚C has been reported, with the average maximum temperature above 

38.0 ˚C, and several workers surpassing 39.0 ˚C (Brake & Bates, 2002a; Hanson et al., 2000; 

Kalkowsky & Kampmann, 2006). These studies show that the average mean core body 

temperature over the shift, although high, to be within an acceptable range, but that core 

body temperature can surpass the recommended limits for certain periods of time. Since 

surface mine workers perform work tasks in similarly hot conditions, continuous 

monitoring of body temperature in surface miners should be conducted to determine the 

extent of the heat strain experienced. 

Work intensity is also a factor to consider in the heat stress workers are exposed to. Heart 

rate data from surface mine workers and outdoor petroleum workers suggest the work 

performed is of a light intensity (Gazey et al., 1996; Miller & Bates, 2007b). However, these 

studies again did not consider the peaks in heart rate which may be expected to occur with 
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varying task demands. Underground miners show similar mean heart rates over the shift 

reflecting a light intensity, but with peaks in heart rate indicating periods of moderate to 

high intensity work (Brake & Bates, 2001; Kalkowsky & Kampmann, 2006). Since the 

intensity of work is an important contributor to heat stress, a more detailed assessment of 

heart rate in surface miners to consider the peaks achieved during work tasks is warranted. 

Experiencing symptoms of heat illness is an indication that the human body is struggling to 

meet the demands of thermoregulation. Heat illness is likely to occur if there is an 

excessive rise in core body temperature, the individual is dehydrated, or a combination of 

both (Backer et al., 1999; Donoghue et al., 2000; Shahid et al., 1999). Chapter 3 revealed 

that many surface mine workers experience symptoms of heat illness and in similar 

proportion to underground miners. This poses a significant concern for surface mine 

workers as 106 cases of heat exhaustion were reported at an underground mine over a 12-

month period, an incidence of 43 cases per million man hours (Donoghue et al., 2000). The 

potential for heat illness at surface mines is evident from this comparison group and 

further highlights the need for heat strain and hydration assessment of the surface mining 

workforce. 

Therefore the aim of this investigation was to determine if the heat strain and hydration 

status of surface mine workers exceeds the recommended limits. The experience of heat 

illness symptoms was also assessed to examine their relationship to potential risk factors. 

Methods 

Participants and Procedures 

In chapter 3 it was reported that several job categories at surface mines were exposed to 

heat stress including drillers, blast crews, and maintenance personnel. Although not 

significantly different (statistically), drillers experienced more symptoms of heat illness 

(5.7), compared to blast crew (3.8) and maintenance personnel (3.5). Therefore drillers 

were chosen as a focus group for heat strain and hydration monitoring. The original 

intention of this study was to monitor heat strain (using procedures identified below) 

during winter and again in summer to investigate the affects of season on the heat strain 

experienced, in addition to the proposed research questions. However, following data 

collection with the drillers in winter, their employer’s contract with the mine site was not 

renewed, and this population was not available for repeat heat strain monitoring.  Instead, 

a population of blast crew personnel were monitored for heat strain and hydration during 

summer. 
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A total of 29 surface mine workers participated in heat strain monitoring. Fourteen male 

drillers at a mine site in the North-west region of Queensland were monitored in winter, 

while 15 (14 male and 1 female) blast crew personnel at a mine site in the Mackay region of 

Queensland were monitored in summer4. All were informed of the requirements of 

participation in this research and had any questions answered to their satisfaction prior to 

voluntarily giving their written consent to participate. This study received ethical approval 

from the Queensland University of Technology Human Research Ethics Committee.  

All participants were monitored for a single 12 hour work shift commencing at 6 am. On 

arrival participants collected a mid-stream urine sample before their height and weight was 

measured. Equipment to monitor core body temperature and heart rate were attached to 

the participant and recording was initiated simultaneously. Throughout the shift 

participants collected a mid-stream sample of urine each time they emptied their bladder 

and stored the sample in an esky (unchilled). The volume and type of fluids consumed 

throughout the shift was recorded by the participant (blast crew only). At the end of the 

shift participants returned the urine samples and logbook to the research team. The 

monitoring equipment was removed, and a post shift urine sample was collected before 

being reweighed. Finally, participants completed the Heat Illness Symptoms Index (HISI) 

(Coris et al., 2006). This index rates 11 symptoms of heat illness on a scale from 0 – 10 (0 – 

no symptom, 3 – mild symptoms that did not interfere with work, 5 – moderate symptoms, 

7 – severe symptoms requiring a break from work, 10 – had to stop work).  

Other information that was collected from participants included their age and the 

frequency, intensity, and duration of recreational physical activity. Characteristics including 

age, BMI, gender, and recreational physical activity were used to estimate the participant’s 

maximal rate of oxygen consumption (VO2max) using a published prediction equation (Wier, 

Jackson, Ayers, & Arenare, 2006). Blast crew personnel also indicated their alcohol 

consumption the night before the shift and their consumption of caffeinated beverages 

within the three hours prior to the shift. 

Equipment and Data Management 

In winter heat rate was recorded continuously with a single lead electrocardiogram (ECG). 

An activity monitor (Alive Technologies Pty Ltd, Australia) was strapped to the participant’s 

                                                           
4
 These sites were located on the southern boarder of the tropical regions of Northern Australia. A 

map of the regions of Queensland can be found at the following web address: 
http://www.oesr.qld.gov.au/queensland-by-theme/demography/profiles/qld-reg-
profiles/historical/index.shtml ; Accessed 28th November 2009. 

http://www.oesr.qld.gov.au/queensland-by-theme/demography/profiles/qld-reg-profiles/historical/index.shtml
http://www.oesr.qld.gov.au/queensland-by-theme/demography/profiles/qld-reg-profiles/historical/index.shtml
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chest which recorded data at 300 Hz to an SD memory card. This was downloaded to a 

computer where heart rate was calculated using computer software (Chart 5 Pro, 

ADInstruments). The software utilised the time interval between consecutive QRS 

complexes in the ECG tracing for the determination of heart rate, and subsequently 

calculated a mean heart rate at one minute intervals. All data files were visually inspected 

for a clear ECG tracing with identifiable QRS complexes. Where the ECG tracing was 

unclear, the section of data was removed from analysis. By this method, the first six 

participants had > 90 % of the data available for heart rate calculation. However, the 

remaining participants suffered substantial data loss due to excessive “noise” in the ECG 

tracing (the amount of data available ranged between 11 – 84 %). The reason for this was 

unclear, but was assumed to be a fault or deterioration of the equipment. As a result, heart 

rate was recorded at one minute intervals by a Polar heat rate monitor during the summer 

(Polar S625x, Polar, Kempele, Finland). This heart rate data was cleaned using the following 

methods. Firstly, single values greater than the individual’s age predicted maximum heart 

rate (220 – age) and values below 30 bpm were removed. In addition, single values that 

were greater than three standard deviations above the mean for the whole shift were also 

removed. The mean amount of data available was 95.3 ± 6.2 % when using the Polar 

monitors. Where a participant had less than 50 % of data available, they were removed 

from analysis (Drillers n = 6; Blast crew n = 1). 

Heart rate data was also used to estimate the participants work intensity. Heart rate 

reserve (HRR) was calculated using the following equation: 

Equation 6.1 Heart Rate Reserve 

100
)(

)(
% 














RHRAPMHR

RHRWHR
HRR  

Where WHR = heart rate during work, RHR = resting heart rate, and APMHR = age 

predicted maximum heart rate (220 – age). 

Core body temperature was monitored by an ingestible temperature sensor and data 

logger (CorTemp, HQ inc, Palmetto FL, USA), recording at one minute intervals. As 

described in chapter 4 each sensor was calibrated prior to ingestion. The temperature of a 

water bath at 34, 36, 38, and 40 °C was measured by a traceable thermometer (TL-1W, 

ThermoProbe, Jackson MS, USA) and compared to that of the temperature sensor. The 

mean difference between devices was 0.02 ± 0.05 ˚C (range -0.08 – +0.09). A linear 

calibration curve was developed for each pill and applied to the raw data. In winter 
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participants swallowed the sensor on the morning of the day of monitoring, but in summer 

it was swallowed before retiring the night before. Some data cleaning was required for core 

temperature data. Sharp declines were observed in core temperature in several 

participants due to food or fluid consumption. If temperature dropped by 0.5 ˚C or more 

within a 5 minute time period, the next 30 – 60 minutes of data was removed as 

temperature returned to a stable reading (based on findings of Wilkinson et al  (2008)). 

Also, if single values were more than 0.2 ˚C different from both preceding and following 

values, they were removed under concerns of signal interference. Eighty percent of 

participants in summer had over 80 % of core temperature data available for analysis, in 

contrast to only 57 % of winter participants. Swallowing the sensor on the morning of 

monitoring may not have allowed sufficient time for it to pass the stomach where it may be 

influenced by the temperature of food and fluid consumption. This is the primary reason 

for requiring participants to swallow the sensor the night before monitoring in summer. 

Where a participant had less than 50 % of data available, they were removed from analysis 

(Drillers n = 1; Blast crew n = 0). 

Hydration status was assessed by analysing urine samples for specific gravity using a digital 

refractometer (PAL-10s, ATAGO, Tokyo, Japan). Each sample was measured in duplicate. A 

third reading was taken where these two measures differed. The most frequently occurring 

value was taken as the urine specific gravity. The change in body mass pre and post the 

work shift was calculated to estimate fluid loss. However, it was not feasible to weigh all 

food and fluid consumption and excretions, which will affect the accuracy body mass 

change to indicate fluid loss.   

Climatic conditions including air temperature and relative humidity were monitored 

throughout the work shift. In winter this information was recorded by the Bureau of 

Meteorology every 60 minutes and downloaded from the Cloncurry weather station. In 

summer these variables were monitored on site by a digital weather meter (Kestrel 4000, 

Kestrel Weather Australia, Australia) recording every 30 minutes. Equations 2.4 and 2.5 

were used to estimate Wet-bulb Globe Temperature (WBGT). It should be noted that this 

method does not take radiant temperature or wind speed into consideration and is 

susceptible to error as a result. An underestimate is possible in clear full sun and low 

humidity, conditions observed in the present study. 
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Statistical Analysis 

Data are summarised as mean and standard deviation (unless otherwise stated). A core 

body temperature in excess of 38.5 ˚C was chosen as the safe limit based on the AIOH 

recommendation (DiCorleto et al., 2003) and a USG of ≥ 1.020 was set as the indicator of 

dehydration (Armstrong et al., 2010; Casa et al., 2000; Cheuvront & Sawka, 2005; Sawka et 

al., 2007). Independent samples t-test was used to assess differences between driller and 

blast crew groups for their general characteristics, heart rate, heart rate reserve, core 

temperature, USG, and to test for differences in USG and fluid consumption on shift 

between consumers and non-consumbers of alcohol (the night before) and caffeine (pre-

shift) (blast crew personnel only). The heat illness symptoms score did not meet the 

assumption of normality and so was analysed with a Mann-Whitney U test to compare 

between blast crew and drillers. Paired samples t-test was used to assess the difference in 

USG between the first and last sample of the shift. 

Statistical analysis of climate and physiological data of blast crew and drillers over time was 

assessed separately. Repeated measures analysis of variance was used to assess for 

differences in climate and physiological variables between 6 – 10 am, 10 – 2pm, and 2 – 6 

pm time points. Pearson correlation analysis assessed the relationship between heat illness 

symptom score and potential risk factors including age, height, body mass, USG, body 

temperature, and WBGT. Statistical significance was set at p < 0.05. 

Results 
Figure 6.1 A - C present the average mean and maximum climate data between 6 – 10 am, 

10 am - 2 pm, and 2 – 6 pm times of shift for both blast crews and drillers. Table 6.1 

presents the analysis of variance for the effect of time on the climatic variables for both 

blast crews and drillers. 

Each participant had a mean value for their HR, HRR, and core temperature over their shift. 

Therefore, group data reports an average mean value for these variables. The core 

temperature and heart rate of a representative worker throughout the shift is presented in 

figure 6.2. Average mean HR, HRR, and core temperature were 86.0 ± 14.5 bpm, 19.5 ± 6.2 

%, and 37.46 ± 0.13 ˚C in blast crew and 98.7 ± 15.5 bpm, 21.0 ± 8.1 %, and 37.40 ± 0.26 ˚C 

in drillers over the whole shift length. These variables were not statistically different 

between drillers and blast crews (Average mean HR: t = -1.941, p = 0.066; HRR: t = -0.469, p 

= 0.644; and core temperature (t = 0.741, p = 0.465). Analysis of variance of the time effect 

on these variables is summarised in table 6.2. Figure 6.3 A - C show the average mean HR, 



 

153 
 

HRR, and core temperature over 6 – 10 am, 10 am – 2 pm, and 2 – 6 pm shift times 

between job categories. 

Average maximum HR, HRR, and core temperature was 126.9 ± 19.8 bpm, 53.7 ± 12.5 %, 

and 37.98 ± 0.19 ˚C for blast crew and 138.8 ± 18.5 bpm, 57.0 ± 16.8 %, and 37.88 ± 0.28 ˚C 

for drillers. These variables were not statistically different between drillers and blast crews 

(Average maximum HR: t = -1.382, p = 0.182; HRR: t = -0.540, p = 0.595; and core 

temperature: t = 1.127, p = 0.270). Analysis of variance of the time effect on these variables 

is summarised in table 6.3.  

Forty-seven percent of blast crew and 43 % of drillers attained a maximum core body 

temperature in excess of 38 ˚C. The absolute maximum core temperature recorded was 

38.44 ˚C among blast crew and 38.22 ˚C among drillers. The increase in core body 

temperature over the course of the shift (maximum – minimum) was 1.02 ± 0.22 and 1.03 ± 

0.25 for blast crew and drillers respectively, the difference was not significant (t = -0.120, p 

= 0.905).  

A mean USG was calculated for each participant across all of their urine samples during the 

shift (including pre and post). The average mean USG was 1.024 ± 0.007 and 1.021 ± 0.006 

for blast crew and drillers respectively, which was not significantly different (t = 1.426, p = 

0.166). Average mean USG was ≥ 1.020 for 78.6 and 57.1 % of blast crew and drillers 

respectively. Table 6.4 displays the USG across the shift for both job categories. There was 

no statistically significant difference between USG of the first and last urine sample of the 

shift for blast crew (first: 1.023 ± 0.007, last: 1.025 ± 0.007; t = -1.994, p = 0.068) or drillers 

(first: 1.023 ± 0.004, last: 1.023 ± 0.005; t = -0.230, p = 0.822). Change in body mass 

between pre and post shift was -0.2 ± 1.1 Kg and 0.3 ± 1.4 Kg for blast crew and drillers 

respectively, but the difference was not significant (t = -0.797, p = 0.434).  

Among blast crew personnel, USG was significantly different between those who consumed 

alcohol the night before (first urine sample of the day - alcohol: 1.019 ± 0.007, no alcohol: 

1.027 ± 0.004; t = -2.454, p = 0.030; and mean USG - alcohol: 1.021 ± 0.007, no alcohol: 

1.028 ± 0.004; t = -2.672, p = 0.022). Urine specific gravity did not significantly differ with 

caffeine consumption prior to the shift for blast crew personnel (first urine sample of the 

day - Caffeine: 1.023 ± 0.008, no caffeine: 1.023 ± 0.007; t = -0.21, p = 0.983; or mean USG  

- caffeine: 1.026 ± 0.006, no caffeine: 1.023 ± 0.008; t = 0.654, p = 0.526). The volume of 

fluids consumed on shift was 4.4 ± 2.1 L for blast crew personnel. All workers reported 
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consuming water, with several indicating they also consumed an electrolyte beverage, soft 

drink, energy drinks, tea or coffee. The volume of fluid consumed on shift was not 

significantly different between consumers and non-consumers of alcohol the night before 

(alcohol: 4.8 ± 2.5 L, no alcohol: 3.8 ± 1.5 L; t = 0.818, p = 0.433). 

Seventy-three percent of blast crew personnel and 86 % of drillers reported at least one 

symptom of heat illness during their shift. The number of workers reporting each symptom, 

and its severity, are presented in table 6.5. The sum of heat illness score did not 

significantly differ between drillers and blast crews (Mann-Whitney U = 44.5, p = 0.068). 

Table 6.6 presents the correlation analysis of potential risk factors for heat illness with the 

heat illness score. Figure 6.4 shows a scatter plot of mean shift USG with heat illness score 

for blast crew and drillers. 

The age, height, body mass, BMI, and VO2max of study participants are summarised and 

compared between summer and winter groups in table 6.7. 
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Figure 6.1 Ambient Temperature (A), Relative Humidity (B), and WBGT (C) for Summer 
(blast crews) and Winter (drillers) over the shift. 
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          Table 6.1 Climatic conditions over the shift for blast crew and drillers. 

   6 - 10 am 10 am - 2 pm 2 - 6 pm F df p 

Blast Crew  (Summer) 

        Ambient Temperature (˚C) 28.6 ± 1.5 33.9 ± 1.7 † 35.5 ± 1.3 † 74.402 2 , 6 <0.001 
 Relative Humidity (%) 52.1 ± 8.5 28.3 ± 5.7 † 24.0 ± 6.3 † * 108.613 2 , 6 <0.001 
 WBGT (˚C) 

 
28.1 ± 2.3 29.1 ± 2.4 29.5 ± 1.9 4.242 2 , 6 0.071 

 

        Drillers  (Winter) 

        Ambient Temperature (˚C) 13.7 ± 3.1 20.3 ± 4.1 † 23.4 ± 4.1 † * 43.836 ^ 1.030 , 6.183 <0.001 
 Relative Humidity (%) 51.5 ± 18.6 37.9 ± 19.1 † 29.1 ± 16.2 † * 10.407 2 , 12 0.002 
 WBGT (˚C) 

 
12.0 ± 1.8 15.5 ± 3.3 † 17.2 ± 3.1 † * 25.429 2 , 12 <0.001 

                 
^ Greenhouse-Geisser statistic 

 † Significantly different from 6 - 10 am. 

 * Significantly different from 10 am - 2 pm. 
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Figure 6.2 A representative example of Heart Rate and Core Body Temperature throughout the shift. 
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Table 6.2 Average mean Heart Rate, Heart Rate Reserve, and Core Body Temperature. 

 6 - 10 am 10 am - 2 pm 2 - 6 pm F df p 

Blast Crew (Summer) 

        Heart Rate (bpm) 84.8 ± 14.3 85.8 ± 15.5 87.1 ± 14.5 1.078 2 , 26 0.355 
 Heart Rate Reserve (%) 18.6 ± 6.4 19.3 ± 7.2 20.5 ± 6.5 1.124 2 , 26 0.340 
 Core Body Temperature (˚C) 37.37 ± 0.13 37.41 ± 0.17 37.57 ± 0.19 * † 10.123 2 , 24 0.001 
 

        Drillers (Winter) 

        Heart Rate (bpm) 95.0 ± 9.3 91.1 ± 8.4 95.9 ± 7.9 2.696 ^ 1.113 , 6.677 0.146 
 Heart Rate Reserve (%) 19.3 ± 6.1 16.1 ± 4.4 20.4 ± 5.0 2.919 ^ 1.108 , 6.651 0.113 
 Core Body Temperature (˚C) 37.42 ± 0.28 37.37 ± 0.29 37.39 ± 0.33 0.25 2 , 22 0.781 
                 
^ Greenhouse-Geisser statistic 

* Significantly different from 10 am - 2 pm 

† Significantly different from 6 - 10 am 
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Figure 6.3 Average mean Core Body Temperature (A), Heart Rate (B), and Heart Rate 
Reserve (C) of blast crew and drillers throughout the shift. 
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Table 6.3 Average maximum Heart Rate, Heart Rate Reserve, and Core Body Temperature. 

 

 
6 - 10 am 10 am - 2 pm 2 - 6 pm F df p 

Blast Crew (Summer) 

        Heart Rate (bpm) 117.8 ± 19.0 120.4 ± 21.5 121.5 ± 20.9 0.581 2 , 26 0.566 
 Heart Rate Reserve (%) 46.1 ± 12.2 48.0 ± 13.1 49.3 ± 13.9 0.591 2 , 26 0.561 
 Core Body Temperature (˚C) 37.74 ± 0.21 37.79 ± 0.21 37.94 ± 0.25  * † 4.019 2 , 24 0.030 
 

        Drillers (Winter) 

        Heart Rate (bpm) 124.1 ± 11.8 122.5 ± 15.0 132.8 ± 15.0 2.331 2 , 12 0.140 
 Heart Rate Reserve (%) 44.3 ± 12.0 43.5 ± 11.3 51.7 ± 13.9 2.430 2 , 12 0.130 
 Core Body Temperature (˚C) 37.75 ± 0.34 37.76 ± 0.31 37.66 ± 0.34 0.732 2 , 22 0.732 
                 
* Significantly different from 10 am - 2 pm 

† Significantly different from 6 - 10 am 
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        Table 6.4 Urine specific gravity of Blast Crew and Drillers over the shift. 

 

 

 

 

 

 

 

    Pre-Shift 6 - 10 am 10 am - 2 pm 2 pm - 6 pm Post-Shift 

       Blast Crew (Summer) 
    

 
Mean ± SD 1.023 ± 0.007 1.017 ± 0.008 1.023 ± 0.007 1.025 ± 0.008 1.024 ± 0.007 

 
n 12 4 8 11 8 

 
% ≥ 1.020 83.3 50 87.5 72.7 87.5 

       Drillers (Winter) 
    

 
Mean ± SD 1.023 ± 0.004 1.013 ± 0.007 1.020 ± 0.009 1.020 ± 0.008 1.023 ± 0.006 

 
n 14 8 14 9 9 

 
% ≥ 1.020 85.7 12.5 50 55.6 77.8 
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Table 6.5 Heat Illness symptoms of Blast Crew and Drillers. 

    
Blast crew 
(Summer)       

Driller 
(Winter)   

Symptom n (%) median range   n (%) median range 

        Feeling Tired 10 (67) 3 1 - 6 
 

8 (57) 3 1 - 5 

Cramps 3 (20) 4 1 - 6 
 

2 (14) 4 3 - 5 

Nausea 3 (20) 1 1 - 3 
 

2 (14) 2.5 1 - 4 

Dizziness 2 (13) 1.5 1 - 2 
 

2 (14) 2.5 1 - 4 

Thirst 11 (73) 5 1 - 7 
 

10 (71) 3 1 - 5 

Vomiting 3 (20) 2 1 - 2 
 

1 (7) 1 1 - 1 

Confusion 5 (33) 1 1 - 6 
 

3 (21) 2 1 - 5 

Muscle Weakness 5 (33) 3 1 - 6 
 

4 (29) 2.5 1 - 5 

Heat Sensations 9 (60) 3 1 - 8  
 

1 (7) 3 3 - 3 

Chills 2 (13) 2.5 2 - 3 
 

3 (21) 3 1 - 5 

Feeling Light-headed 4 (27) 2 1 - 4 
 

2 (14) 1.5 1 - 2 

                        

All symptoms 11 (73) 12 4 - 50 
 

12 (86) 6 1 - 38 

                

Severity scale: 0 – no symptom, 3 – mild symptoms that did not interfere with work, 5 – moderate 
symptoms, 7 – sever symptoms requiring a break from work, 10 – had to stop work. 

 

Table 6.6 Correlation analysis of heat illness symptom score with potential risk factors. 

 
Blast Crew (Summer) 

  
Drillers (Winter) 

 

  
Pearson correlation 

coefficient (r) p   
Pearson correlation 

coefficient (r) p 

      Age -0.267 0.402 
 

-0.351 0.263 

BMI -0.174 0.589 
 

-0.331 0.293 

VO2max 0.136 0.674 
 

0.389 0.211 

Avg. USG 0.468 0.125 
 

-0.393 0.206 
Avg. Core 
Temperature -0.005 0.987 

 
0.013 0.970 

Max. Core 
Temperature -0.328 0.298 

 
0.049 0.886 

Avg. WBGT 0.229 0.473 
 

-0.248 0.437 

Max. WBGT 0.168 0.602 
 

-0.324 0.304 
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Figure 6.4 Scatter plot of mean shift USG and Heat illness score for blast crew and drillers. 

 

 

 

 

 

 

Table 6.7 General characteristics of the Blast crew and Drillers. 

  

Blast crew  (Summer)        
(n = 15) 

Drillers (Winter)             
(n = 14) 

t p 

     Age (years) 36.7 ± 9.7 29.7 ± 7.4 2.2 0.04 

Height (m) 1.8 ± 0.1 1.8 ± 0.1 0.8 0.45 

Body Mass (Kg) 100.9 ± 14.3 86.3 ± 18.0 2.4 0.02 

BMI (Kg/m2) 31.0 ± 4.5 27.0 ± 5.7 2.1 0.05 

VO2max (ml/Kg/min) 36.3 ± 7.2 38.0 ± 6.0 -0.7 0.51 
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Discussion 
The aim of this investigation was to determine if the heat strain and hydration status of 

surface mine workers exceeded the recommended limits. The results indicate that, 

although the climatic conditions and work intensity were sufficient to cause a challenge to 

thermoregulation, heat strain (core temperature and heart rate) remained within the 

recommended safe limits. However, over 80 % of workers were dehydrated before 

commencing work, and tended to remain so for the duration of the shift. This study also 

aimed to determine the experience of heat illness symptoms and investigate their 

relationship to potential risk factors. Over 70 % of workers reported symptoms of heat 

illness, commonly of mild to moderate severity. Whilst a statistically significant relationship 

was not observed between symptoms and known risk factors, it is considered most likely 

that the workers hydration status, combined with the added heat stress in summer, is a key 

factor in this health concern. 

Hydration Status 

The most concerning finding of the present investigation was that USG was ≥ 1.020 in over 

80 % of workers on commencing their shift. Workers tended to maintain this level of 

inadequate hydration throughout the shift, with the exception of a temporary 

improvement between 6 – 10 am (table 6.4). Two possible explanations can be put forward 

to explain this observation. Firstly, the number of workers providing a urine sample at this 

time was less than all other time points. Workers who are better hydrated are likely to 

produce more urine samples; therefore they may be over-representing the study sample at 

this time. Secondly, it could be that workers consumed a large amount of fluid on 

commencing their shift, possibly because they were aware their hydration status was being 

monitored. This can produce a lower USG value if the fluid passes through the body with 

little being absorbed. With the exception of the 6 – 10 am time points, at least 50 % of 

workers (who provided urine samples) showed a USG of ≥ 1.020 at all other time points 

(table 6.4).  

These findings support previous research and extend the dehydration issue to surface mine 

workers in Queensland. Surface mines in Western Australia report USG to range between 

1.019 – 1.026 before, during, and after a shift (Carter & Muller, 2007; Miller & Bates, 

2007a), with 65 – 80 % of the samples above 1.020 (Miller & Bates, 2007a). Underground 

miners have also shown mean USG to be 1.025 before, during, and after a shift (Brake & 

Bates, 2003). These data suggest that many industrial workers are dehydrated, but they are 

able to maintain a consistent level of hydration throughout their work shift. Little change in 
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body mass from pre to post-shift measures, as observed in this study and others (Miller & 

Bates, 2007a), also supports this assertion.  

This observation is contradictory to the phenomenon of “voluntary dehydration” which 

stipulates that individuals will tend to replace only 60 – 70 % of fluids lost through 

sweating, contributing to an overall loss in body mass (Szlyk et al., 1989). A recent study 

investigated the influence of initial hydration status on voluntary fluid consumption during 

exercise (Maresh et al., 2004). Comparing well hydrated and dehydrated (3.7 % body mass 

loss) groups, it was observed that the dehydrated group consumed sufficient fluid during 

exercise to maintain their initial body mass while the hydrated group lost 1.4 % of their 

body mass during 90 minutes of treadmill walking in the heat. The difference in fluid 

consumption was attributed to the rating of thirst experienced by the groups and it was 

concluded that increased thirst driven drinking (in those initially dehydrated) can attenuate 

the loss in body mass during exercise in the heat. This laboratory experiment sheds light on 

the experience of mine workers. The observed USG values in the present study and the 

others reported above suggest that it is likely workers are maintaining an approximately 3 

% body mass deficit throughout their shift (USG of 1.020 or higher). Since thirst is generally 

not experienced until a 2 % loss in body mass is incurred, it would appear that miners are 

drinking to the dictates of the thirst mechanism, similar to the dehydrated group in the 

above study. This is supported by the finding that the majority of workers reported 

experiencing thirst on their shift in the present study (table 6.5).  

Blast crew in the present study reported consuming an average of 4.4 L of fluid 

(predominantly water) during their shift. This volume is similar to that observed in outdoor 

workers in Western Australia (Miller & Bates, 2007a), but is much lower than 8.9 L 

consumed per shift by construction workers (Miller & Bates, 2007a). Over a 12-hour shift, 

these values (present study) equate to approximately 0.36 L/h. This is lower than reported 

among petroleum workers in North West Australia (0.46 L/h) (Gazey et al., 1996) and lower 

than observed among underground miners (0.46 – 0.8 L/h) (Brake & Bates, 2003; Hanson et 

al., 2000). Therefore, strategies to improve hydration in this workforce should focus on 

assisting miners to consume more fluids than they perceive necessary.  

Another important finding of the present study is the association between alcohol 

consumption the night before and hydration status the next day. Contrary to what might 

have been expected, it was observed that those who consumed alcohol the night before 

had significantly lower USG compared to those who did not, suggesting improved hydration 
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status. Others have also reported a lower median USG in workers consuming alcohol after 

hours, although the difference was not significant (Carter & Muller, 2007). There is some 

evidence that this is due to the volume of other fluids consumed, as those who drank 

alcohol also consumed greater fluid volumes during their shift (present study – although 

not statistically significant) or while off duty (Carter & Muller, 2007). Therefore these 

studies suggest that the consumption of alcohol at night, which is a common practice 

among the workforce, does not necessarily deteriorate hydration status provided that the 

consumption of other fluids is concomitantly increased. However, it should be noted that 

alcohol has a diuretic effect, promoting fluid loss through the kidneys. This effect will allow 

more water into the urine, which in turn would lower USG. In which case the USG would no 

longer accurately reflect the hydration status of the body. Therefore, hydration status in 

the group of alcohol consumers may be poorer than indicated by USG. 

Overall the majority of surface mine workers are dehydrated prior to commencing their 

shift and tend to maintain this hydration status throughout. This level coincides with an 

approximately 3 % reduction in body mass (Baker et al., 2009; Oppliger et al., 2005). As 

body mass loss progresses above 2 %, research has reported increased perceived effort 

(Below et al., 1995; Montain & Coyle, 1992; Szinnai et al., 2005), reduced physical 

(Armstrong et al., 1985; Below et al., 1995; Cheuvront et al., 2005; Otani et al., 2006; 

Strydom et al., 1966; Wästerlund et al., 2004) and cognitive (Cian et al., 2000; Gopinathan 

et al., 1988) performance, elevated heat strain (Armstrong et al., 1997b; Kenney et al., 

1990; Montain et al., 1995; Sawka et al., 1985), and increased risk of heat illness 

(Armstrong et al., 1988; Backer et al., 1999; Donoghue et al., 2000; Kark et al., 1996; Shahid 

et al., 1999; Shearer, 1990). Therefore, the hydration status of this workforce is a health 

and safety concern that needs to be addressed.  

Heat Strain  

The heat strain experienced by surface mine workers was monitored through continuous 

measurement of core body temperature and heart rate in the present investigation. Figure 

6.2 displays these variables for a representative worker (blast crew) throughout a 12-hour 

shift. Heart rate is quite variable, indicating the variation in the physical demand of work 

tasks including walking, carrying equipment, and sitting. Most of the shift is spent at a light 

work intensity, with short periods of moderate intensity work. Core body temperature is 

much less variable, but appears to reflect periods of higher work intensity by increasing 

accordingly. This is shown particularly between 8:30 - 10:30 am. At this time the author 

was able to personally observe the work being conducted. The worker arrived on the field 
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being prepared for blasting, where ~ 280 holes had previously been drilled and filled with 

emulsion (the blast manager noted this was a relatively small field, with others reaching 

1300 holes – personal communication). The final preparation before blasting involved 

walking the rows of holes several times, firstly to check they had been filled correctly, then 

to connect all holes to the fuse cable, then to check all the connections. In figure 6.2 it can 

be seen that performing these tasks in the prevailing climatic conditions was sufficient to 

cause a challenge to thermoregulation, with core temperature rising ~ 0.6 ˚C over 

approximately one hour. After completing the task the workers returned to an air-

conditioned break room and rested, with core temperature and heart rate declining as a 

result. 

To the author’s knowledge this is the first study to report continuous measurement of core 

body temperature in surface mine workers. Other researchers have shown tympanic 

temperature to range between 36.5 – 37.2 ˚C for outdoor workers before, during (lunch 

break), and after a work shift (Miller & Bates, 2007b). These values are much lower than 

the average mean and average maximum core temperature values found in the present 

study. Continuous monitoring of underground miners found that core body temperature 

can increase by as much as 0.5 ˚C in 10 minutes, or 0.9 ˚C over 60 minutes (Brake & Bates, 

2002a). It is likely that the previous research has missed the peaks in core temperature by 

only assessing workers before and after work, and on their lunch break. The last two 

measures could potentially have been taken following rest periods within air-conditioned 

environments (such as the vehicle transporting them back to the measurement location), 

and thereby missing the peaks in body temperature experienced by the workers.  

The present study reveals that surface mine workers are under much greater heat strain 

than previously indicated, although, heat strain was not in excess of the recommended 

limits. The Australian Institute of Occupational Hygienists (AIOH) recommends that an 

individual’s exposure to heat stress be discontinued if core body temperature is ≥ 38.5 ˚C 

(for medically selected and acclimatised personnel) or ≥ 38.0 ˚C (for un-selected and un-

acclimatised workers) (DiCorleto et al., 2003). Similar recommendations are provided by 

the International Organisation for Standardisation (International Organisation for 

Standardisation, 2004b). All participants were considered fit for work (by passing the 

relevant pre-employment screening) and acclimatised due to a minimum of several months 

of experience in the job. Therefore a core body temperature of 38.5 ˚C or higher in any of 

the workers would be considered excessive. Core body temperature over the course of the 
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shift (37.4 ˚C) was within the normal range; and the average maximum core temperature 

was 37.9 – 38.0 ˚C. The single highest core temperature attained was 38.4 ˚C.  

Although no workers experienced excessive heat strain in the present study, it was 

apparent from the fluctuations in core body temperature observed during the shift that the 

heat stress workers were exposed to was sufficient to challenge thermoregulation. The 

mean increase in core temperature was 1.0 ˚C for both job categories and maximum 

temperatures indicated that short periods of work were sufficient to raise core body 

temperature to moderate or high levels. Workers verbally reported that the climatic 

conditions and work tasks were not the most demanding they perform, on the days that 

were monitored. It may be that heat strain may be higher on warmer or more humid days 

and when working on larger blast fields. Therefore the level of heat stress surface miners 

are exposed to is a health and safety issue that needs careful attention. 

Another important point to consider in relation to the core body temperature experienced 

by surface mine workers is that almost 50 % of workers exceeded 38.0 ˚C during their shift. 

This is the limit value recommended by the AIOH for un-acclimatised and un-selected 

personnel (DiCorleto et al., 2003). Individuals who are unaccustomed to work in a hot 

environment are initially at greater risk of experiencing high levels of heat strain because 

they have not yet gained the beneficial effects of acclimatisation. Acclimatisation (repeated 

exposure to physical work in a hot environment) results in an improved sweating response 

and sweat composition, and increased vasodilation of skin vasculature (Wendt, van Loon, & 

Lichtenbelt, 2007). These adaptations greatly assist in keeping the core body temperature 

within acceptable limits and improve the tolerance of the individual to work in the heat 

(Niess et al., 2003). In the present study the workers are assumed to be acclimatised due to 

working in this setting for a minimum of several months. It is therefore not considered 

excessive for their body temperature to exceed 38.0 ˚C. However, if new or inexperienced 

workers were to be introduced to this work, or if employees were returning from an 

extended period away from work, they may be at risk of excessively high heat strain, as 

their body has not yet adapted to improve their tolerance (Weller, Linnane, Jonkman, & 

Daanen, 2007). Allowing new, inexperienced, or returning workers a period of 

acclimatisation, involving shortened work rest cycles, should be implemented to gradually 

build up their tolerance to their work tasks in the heat (Wyndham et al., 1970). 

An interesting observation of the present study was the similarity in core body temperature 

between blast crew and drillers despite the difference in season in which these groups 
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were monitored. Core body temperature is determined by the heat stress the individual is 

exposed to from the combined effects of the climatic conditions, work intensity, and 

clothing worn. Therefore these factors will be considered in comparing the core body 

temperature between the job categories in this investigation.  

The core body temperature response to work is determined firstly by work intensity, and 

secondly by climatic heat stress above a certain level (Lind, 1963; Lind et al., 1970). Heart 

rate data indicate that both blast crew and drillers spent the majority of the shift at a light 

work intensity (HRR ~ 20 %) with short periods of moderate intensity tasks (average 

maximum HRR ~ 50 %) (tables 6.2 and 6.3). According to the heart rate data alone, it would 

appear that both blast crews and drillers work at similar intensities which may explain why 

they showed similar core body temperature fluctuations. However, this does not take into 

consideration the climatic conditions in which their work was undertaken.  

Drillers were monitored in the winter month of July, where climatic conditions were not 

high enough to expect an elevation in core body temperature beyond that due to work 

intensity. In contrast, blast crews were monitored in the summer month of December, 

where climatic heat stress was high and approaching the recommended limits (WBGT ≥ 30 

˚C) (International Organisation for Standardisation, 1989) (table 6.1 and figure 6.1). Work in 

this climate would be expected to produce an elevation in core body temperature greater 

than that due to work intensity alone (Lind, 1963). 

Several reasons are proposed for this unexpected observation. Firstly, whilst ambient 

temperature was high for blast crews in summer, it was a dry heat, particularly from 

midday and through the afternoon, with humidity commonly below 30 % (figure 6.1B). 

These conditions are favourable to the body’s primary mechanism for heat loss, the 

evaporation of sweat from the skin surface. By this process much of the heat generated in 

muscular activity could have readily dissipated to the environment. This would have 

assisted in maintaining core body temperature within acceptable limits.  

Several other factors of the work environment also differed between blast crews and 

drillers which may have an influence on core body temperature. Radiant heat from nearby 

surfaces and machinery, and convective air currents may have differed between the 

groups. Whilst both drillers and blast crew were exposed to work in direct sunlight, drillers 

also operated in close proximity to a drill rig. Like all machinery, the drill rig requires a 

power source. Whilst some of the power is used by the machine, a large proportion is lost 
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as heat, from the engine block, exhaust, and friction generated from moving parts. The drill 

rods handled by the drillers are also quite hot. These sources will increase the heat load of 

drillers relative to blast crews.  

In addition, drillers spent most of their work shift in close proximity to the drill rig, in 

contrast to blast crews whose tasks allowed greater freedom of movement (walking the 

length of the field being prepared for blasting). Greater levels of movement allow more air 

to traverse the skin surface. This generates convective currents that assist in removing heat 

from the body. In addition, blast crews had access to air-conditioned break rooms whereas 

drillers did not. Resting in these cool locations hastened the return of core body 

temperature to resting levels and would have promoted a lower average mean core body 

temperature for this job category.  

Three final factors that may have influenced the core body temperature include the 

clothing worn, heart rate measurement, and self-pacing of work tasks. Excess clothing 

creates a barrier between the skin surface and the environment and impairs the 

effectiveness of the heat loss mechanisms. All workers wore long sleeve shirts, long pants, 

and steel-capped boots. In addition, drillers commonly wore warm jackets during parts of 

their shift, as it was winter. This would have facilitated the maintenance of higher body 

temperatures in drillers by slowing the rate of heat loss from the body. 

The measurement of heart rate to estimate work intensity may be subject to a small error 

during summer. For a given work intensity, heart rate will be elevated when in a hot, 

compared to a cool climate (Rowell et al., 1966). Utilising HRR may have slightly 

overestimated the work intensity of blast crews, which may therefore have been working 

at a slightly lower intensity than the drillers. Choosing a lower work intensity in summer 

(compared to winter) has previously been observed in employees at a metal workshop 

(Gertner et al., 1984). This would also contribute to maintaining a lower body temperature 

in the heat. The opportunity for employees to self-pace their work tasks is commonly found 

to maintain heat strain within acceptable limits and reduce the risks of heat illness 

(Mairiaux & Malchaire, 1985; Millican et al., 1981; Wyndham, 1973).  

Finally, in comparison to studies of underground miners, this study reveals a lower level of 

heat strain experienced by surface mine workers. Core body temperature is higher in 

underground miners in Australia and Germany compared to the present study (Brake & 

Bates, 2002a; Kalkowsky & Kampmann, 2006). Average mean and maximum core body 
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temperature was 37.7 °C and 38.3 °C respectively in these studies. Lower body 

temperatures of 37.0 °C were reported in underground coal mines of the United Kingdom 

but maximum temperatures were similarly above 38 °C (Hanson et al., 2000). The reasons 

for higher body temperatures in underground miners are two-fold. Firstly, the mean heart 

rate of workers was 103 – 108 bpm in these workplaces (Brake & Bates, 2001; Kalkowsky & 

Kampmann, 2006), which is also higher than experienced by surface mine workers in this 

investigation. This suggests a higher work intensity of underground miners, although a part 

of this may be attributed to increased cardiovascular strain of work in the heat. Secondly, 

relative humidity of the underground environment was much higher (50 – 80 %) (Brake & 

Bates, 2003; Kalkowsky & Kampmann, 2006) and would have limited the evaporation of 

sweat, increasing the heat strain experienced.  

In summary, the combination of climatic conditions and work tasks surface mine workers 

are exposed to is sufficient to cause a challenge to thermoregulation. While the present 

study has shown that heat strain is much higher for surface mine workers than previously 

observed, it remains within the limits recommended by the AIOH.  

Heat Illness 

Heat illness has traditionally been labelled as either “present” or absent” according to 

defined conditions such as heat cramps, heat exhaustion, and heat stroke. While this 

classification may be useful clinically for diagnosis, it may be disadvantageous in studying 

the development of these conditions. Instead, heat illness should be considered as falling 

along a continuum of ailments resulting from an accumulation of the effects of heat in the 

body (Coris et al., 2006; Goldman, 2001; Kark et al., 1991). Indeed, muscle cramps are 

commonly experienced with heat exhaustion (Backer et al., 1999; Donoghue et al., 2000; 

Shearer, 1990). Furthermore, novice runners are prone to continuing or increasing their 

effort during endurance events despite symptoms of heat exhaustion, progressing until 

collapse with heat stroke (Hanson & Zimmerman, 1979; Hart et al., 1980; Hughson et al., 

1980). Such a view may be more useful in industrial settings and aid in the early 

identification of heat illnesses before they progress into more serious conditions. 

The Heat Illness Symptoms Index (HISI) (Coris et al., 2006) has recently been developed as a 

novel approach to investigating mild forms of heat illness. A heat exposed individual is 

asked to rate 11 symptoms of heat illness on a scale from 0 – 10, 0 indicating no symptoms, 

and 10 indicating the symptom caused the individual to stop work. The index has been 

utilised among American football players and shown good reliability and validity, 
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correlating well with factors known to be associated with the development of heat illness, 

including mass loss due to sweating (dehydration), perceived exertion, and climatic heat 

stress. Therefore, the HISI was used in the present investigation to assess the experience of 

heat illness symptoms among surface mine workers. Assessing milder forms of heat illness 

will aid in developing a better understanding of the progression of heat illness symptoms. 

In the present investigation, over 70 % of workers reported experiencing at least one 

symptom of heat illness on the HISI (table 6.5). Thirst was the most commonly reported 

symptom and was generally moderate in severity. The Symptom “feeling tired” was also 

common, although tended to be mild in nature. Muscle cramps and weakness were 

experienced by 20 – 30 % of workers and was of a mild to moderate severity. Other 

symptoms were reported by several workers but tended to be mild or less in severity.  

While no workers in the present study had a medically reportable case or severe symptoms 

of heat illness which caused them to stop work, these symptoms should be taken seriously 

as they indicate that the physiological systems of the body are beginning to struggle to 

meet the demands of thermoregulation. This raises a health and safety concern as mild 

symptoms can quickly progress to more serious or life threatening situations if appropriate 

actions are not taken to alleviate the condition (Hanson & Zimmerman, 1979; Hart et al., 

1980; Hughson et al., 1980). Two factors add to the significance of this finding. Firstly, each 

worker in the present investigation was only monitored for a single shift. To have over 70 % 

report symptoms suggests that it is a common experience. Secondly, anecdotal evidence 

from the workers themselves (blast crews) suggested that the days on which they were 

monitored were not the hottest conditions they worked under, nor were the tasks 

performed as physically demanding as they can be. Therefore, there is potential for more 

severe symptoms of heat illness to be experienced by surface mine workers than that 

captured by the present study. 

A similar frequency of symptoms was reported in underground mines in the United 

Kingdom where medical personnel estimate a heat related incident occurring every day, 

ranging from heat rash to loss of consciousness (Hanson & Graveling, 1997). Other studies 

of the heat strain experienced by underground miners did not identify any medically 

reported cases of heat illness during the periods where heat strain was monitored (Brake & 

Bates, 2002a; Kalkowsky & Kampmann, 2006), however, heat exhaustion is known to occur 

frequently underground (Donoghue et al., 2000). Therefore it would appear likely that 

underground miners may also frequently experience mild or moderate symptoms. 
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Several factors are known to be related to the experience of heat illness requiring medical 

attention (exhaustion or stroke). Dehydration is commonly observed (Donoghue et al., 

2000; Shearer, 1990), and the risks of heat illness is increased with poor fitness and BMI 

(Chung & Pin, 1996; Donoghue & Bates, 2000a; Gardner et al., 1996; Wallace et al., 2006), 

and high climatic heat stress (Donoghue & Bates, 2000b). These studies all associate these 

factors with medically reported cases of heat illness (usually heat exhaustion) where the 

individual had to be removed from the heat stress exposure. Alternatively, little research 

attention has assessed the factors that are associated with minor symptoms of heat illness. 

Loss in body mass during athletic training sessions was significantly positively correlated to 

heat illness symptom index score (Coris et al., 2006). Identifying such factors would help to 

identify those at risk and promote earlier intervention strategies. 

In the present study, none of the known risk factors for heat illness (including VO2max, BMI, 

age, core body temperature, climate, and hydration) were found to be associated with the 

experience of heat illness symptoms (table 6.6). The most likely reason for this is a small 

sample size combined with inadequate variation in the study population. Although the 

sample from both mine sites monitored in this study represents approximately 75 % of 

workers in these job categories for the contractor, the number of workers is quite small (14 

drillers and 15 blast crew). Since there are several factors thought to contribute to heat 

illness symptoms, the bivariate correlations with individual factors tend to have low R2 

values. This makes it more difficult to establish statistical significance with a small sample 

size as it is likely that each of the risk factors is influencing the symptoms experienced to 

some degree. Secondly, there may not have been sufficient variation in the population to 

provide a complete view of each factors influence. The majority of workers were of low 

aerobic fitness, overweight (BMI ≥ 25), and dehydrated (USG ≥ 1.020), therefore there may 

not have been sufficient numbers of moderate to highly fit, healthy weight, and well 

hydrated individuals to bring out these relationships statistically. 

Instead the data can be discussed qualitatively to suggest the likely contributing factors to 

the heat illness symptoms experienced by these surface mine workers. Firstly, heat illness 

is caused primarily by an excessive rise in core body temperature, dehydration, or a 

combination of both (Backer et al., 1999; Donoghue et al., 2000; Shahid et al., 1999). Since 

core body temperature did not reach levels considered to be excessive for acclimatised 

workers, the most likely factor influencing the symptoms experienced is the workers 

hydration status. This is supported by the majority of workers experiencing thirst during 
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their shift (table 6.5). Figure 6.4 shows the relationship between mean shift USG and heat 

illness symptoms score. For blast crew, there appears to be a trend that supports this 

assertion, whereby the heat illness score tends to rise with USG above 1.020. In contrast, 

with the exception of two individuals, the heat illness score tended to remain low in 

drillers. The most obvious difference between drillers and blast crew was the season in 

which they were monitored. Since both groups were similarly poorly hydrated, the rise in 

heat illness symptoms score for blast crews may show that the higher climatic heat stress in 

summer raises the risk of heat illness for dehydrated workers.  

Overall, 70 % of surface mine workers experienced mild to moderate symptoms of heat 

illness on their shift. It appears most likely that it is the hydration status of the workers, 

combined with the increased climatic heat stress in summer, which is contributing to the 

heat illness symptoms experienced by surface mine workers. 

Conclusion 

In conclusion, many of the surface mine workers monitored in the present study were 

dehydrated on commencing work and tended to remain so for the duration of their shift. 

Whilst the work performed in the prevailing climatic conditions was sufficient to cause a 

thermoregulatory challenge, workers did not experience excessive levels of heat strain. The 

majority of workers reported minor symptoms of heat illness during their shift. Since heat 

illness occurs along a continuum, this finding is a concern that needs to be addressed, as 

heat illness can easily progress into more serious cases if appropriate controls are not 

implemented. Although no factors were statistically related to the experience of heat 

illness symptoms in the present study, it is likely that the workers inadequate hydration 

status, combined with the climatic conditions in summer, are contributing to these 

symptoms.  
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Chapter 7                                                                                         

Intraocular Pressure and Hydration Status 

Introduction 
Working in the heat involves large volumes of body water loss through sweating. 

Dehydration can occur relatively quickly if this water loss is not replaced through food and 

fluid consumption. Surface mine workers commonly work under conditions of high heat 

stress and a concerning observation is that many are dehydrated before commencing work, 

and tend to remain dehydrated throughout the shift (chapter 3 and 6) (Carter & Muller, 

2007; Miller & Bates, 2007a). Dehydration raises heat strain (Armstrong et al., 1997b; 

Kenney et al., 1990; Montain et al., 1995; Sawka et al., 1985), and increases the risk of 

developing heat illness (Armstrong et al., 1988; Backer et al., 1999; Donoghue et al., 2000; 

Kark et al., 1996; Shahid et al., 1999; Shearer, 1990). Therefore accurately monitoring 

hydration status is an important aspect of working safely in the heat.  

Assessments of hydration status include techniques involving isotope dilution to estimate 

total body water, blood sample analysis for plasma osmolality, haemoglobin, haematocrit, 

and plasma volume, changes in body mass, and urine sample analysis for osmolality, 

specific gravity and colour (Armstrong, 2005, 2007). Dilution techniques and blood sample 

analysis are costly, require technical expertise, have limited portability, and pose several 

concerns to individual safety, and are therefore not feasible for hydration assessment in an 

occupational setting. Currently only changes in body mass, and urine specific gravity and 

colour assessment are suitable for monitoring hydration status in the field or workplace 

setting. Body mass change is a simple and effective indicator of hydration status, provided 

that a well-hydrated body mass is known, and the weight of food and fluid intake and 

excretions can be accounted for. The current program of research, and others (Carter & 

Muller, 2007; Miller & Bates, 2007a), have shown miners to present to work in a 

dehydrated state, making body mass assessment of changes in hydration status difficult. 

Assessment of urine specific gravity is a low cost, portable, and reliable technique, and it is 

being used in several occupational settings (Brake & Bates, 2003) (and has been 

implemented in those that participated in this program of research). However, practical 

limitations of this technique include: 1) less urine is produced when dehydrated and it can 

be difficult to obtain a urine sample for analysis; 2) handling urine samples presents a 

biological hazard that needs to be dealt with appropriately; and 3) some workers are weary 

of providing urine samples as they may also be used for drug screening. Therefore, 
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research is required to determine if there are methods for hydration assessment that may 

overcome these limitations. 

A recent review has encouraged investigation into novel approaches for assessing 

hydration status that are portable, inexpensive, safe and simple to use, as well as accurate 

and reliable (Armstrong, 2007). A novel approach to the assessment of hydration status 

could be found in the measurement of intraocular pressure (the pressure within the eye) 

(IOP). IOP can be measured quickly and accurately using a handheld device (Abraham, 

Epasinghe, Selva, & Casson, 2006). This technique offers portability, sterility, and can be 

used effectively by health care workers with limited ophthalmic experience (Abraham et 

al., 2006). 

IOP is determined by the rates of formation and drainage of aqueous humor from the 

anterior chamber of the eye. Aqueous humor fills the anterior chamber of the eye. 

Aqueous is continually being formed, filtering from the capillaries in the ciliary processes, 

flowing through the anterior chamber, and draining from the eye through the limbus and 

the scleral venous sinus (Schlemm’s canal) (Chong, 1996; Marieb, 2001; Oyster, 1999). In 

the general population IOP is 15.4 mmHg for males and 16.5 mmHg for females, with 90 % 

of the population between 11.6 – 21.6 mmHg (Oyster, 1999). 

It has been suggested that dehydration may lower the rate of aqueous formation, resulting 

in reduced IOP (Ashkenazi et al., 1992; Harris et al., 1994; Kielar et al., 1975; Marcus et al., 

1970). This has been suggested following studies of both high intensity exercise of a short 

duration, and low intensity exercise, and is potentially mediated by alterations in plasma 

osmolality 5. Short duration and high intensity dynamic exercise requires energy derived 

primarily from anaerobic metabolism. Lactic acid is a by product of these anaerobic 

processes, resulting in increased blood lactate concentrations, decreased blood pH, and 

raised plasma osmolarity. Several researchers have reported that the decline in IOP 

following short duration and high intensity dynamic exercise coincides with the rise in 

blood lactate and plasma osmolarity, and the decrease in pH (Kielar et al., 1975; Marcus et 

                                                           
5 For clarification, for a given solution the term osmolality refers to the osmotatic activity per 

volume of water. Alternatively, osmolarity describes the osmotatic activity per volume of solution. 

Since body fluids are primarily water with relatively small amounts of solutes, there is little 

difference between osmolarity and osmolality of body fluids (Marino, 2007). As such these terms 

can be used interchangeably, and will be presented according to the terminology in the research 

being summarised.  
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al., 1970; Stewart et al., 1970). Infusion of sodium lactate while in a resting state (to 

simulate high intensity exercise) also raised plasma osmolarity and reduced IOP (Marcus et 

al., 1970).   

Whilst high intensity exercise will cause hyperosmolality of the blood to occur rapidly, low 

intensity exercise in a hot environment can lead to dehydration, which also raises plasma 

osmolality (Bartok et al., 2004; Oppliger et al., 2005; Popowski et al., 2001). Several 

researchers have suggested that dehydration causing an increase in plasma osmolarity (as 

opposed to acidosis from high intensity exercise) could lower the rate of aqueous 

formation and reduce IOP (Harris et al., 1994; Kielar et al., 1975; Marcus et al., 1970; 

Martin et al., 1999). However, these studies did not require subjects to exercise for a 

sufficient duration, or in a hot environment, to expect a decline in hydration status. 

Therefore, the IOP response to a period of exercise causing progressive dehydration has 

not been investigated in a well-controlled setting. 

One study has assessed IOP over a prolonged duration and in a hot environment where an 

individual may potentially dehydrate. During a 24 hour march in conditions of heat stress, 

IOP progressively declined for the first 15 hours, at which time plasma osmolarity attained 

a peak (Ashkenazi et al., 1992). Forty-eight hours after completing the march, a low point in 

IOP was observed, and again was accompanied by a rise in plasma osmolality. At both time 

points a statistically significant correlation between IOP and plasma osmolality was 

observed (~ 0.68). This study provides some evidence to suggest that IOP is influenced by 

hydration status, and was conducted in an environment in which hydration status may 

have been challenged. However, two limitations of this study should be noted. Firstly, the 

independent effect of exercise on IOP cannot be accounted for in this study design, as all 

subjects completed only one trial. Secondly, pre-trial hydration practices were not 

controlled and subjects were able to drink ad libatum during the trial. 

Overall the research into intraocular pressure and hydration status has found some 

evidence for a relationship between these variables. However, research controlling for the 

effect of exercise, pre-trial hydration practices, and fluid consumption during the trial is yet 

to be conducted. Such research is required to elucidate the relationship and the potential 

to utilise IOP as an indicator of hydration status. Therefore, the aim of this investigation 

was to determine if IOP during exercise differs in a cool or hot climate with fluid restriction; 

promoting differing levels of dehydration. Whether IOP could be utilised as an indicator of 

hydration status was also assessed. 



 

178 
 

Methods 

Participants 

A total of 7 males volunteered to participate in this study. They were 33.3 ± 9.6 years of 

age, 175 ± 0.06 cm in height, 68.6 ± 8.1 kg in mass, had a body mass index of 22.5 ± 2.7 

kg/m2, and a VO2max of 59.7 ± 7.2 mL/kg/min. All participants’ eyes were normal as 

confirmed by an ophthalmological exam including best corrected visual acuity (Bailey-Lovie 

charts), funduscopy and tonometry (Tiolat icare tonometer type TA01i, Icare, Helsinki, 

Finland) to exclude any retinal or optic nerve disease. Participants were informed of the 

requirements of participation and the procedures to be implemented prior to signing a 

consent form. This study received ethical approval from the Queensland University of 

Technology Human Research Ethics Committee. 

Procedures 

Participants were required to attend three testing sessions. The first session involved an 

incremental exercise test for the determination of their aerobic capacity (VO2max). The 

remaining two sessions involved three 30 minute treadmill walks, interspersed with 10 

minutes rest in which time several indicators of hydration status were assessed. All sessions 

were conducted at least three days apart. Prior to the VO2max session participants avoided 

heavy physical exercise for 24 hours, and consumed no food for 3 hours. Following a warm 

up period participants determined a comfortable running speed for use during the test. 

Participants then donned the expired gas analysis equipment and a heart rate monitor and 

stood on the treadmill for baseline data collection. The test started at a speed of 4 km/h 

below the comfortable running speed previously determined and 0 % grade. On every 

minute, the speed was increased by 1 km/h, until the chosen speed was attained. 

Thereafter, the grade was increased by 0.5 or 1 % every minute until volitional exhaustion 

was achieved.  

The two 90 minute walking trials were conducted in a hot (42.8 ± 0.8 ˚C ambient 

temperature and 34.2 ± 3.4 % relative humidity) or cool climate (21.8 ± 0.7 ˚C ambient 

temperature and 51.0 ± 2.0 % relative humidity), presented in a random order. All trials 

were conducted in the morning commencing at 8:30 am. In preparation for these trials, 

participants avoided heavy exercise and consuming alcohol, caffeine and tobacco in the 24 

hours prior. They also consumed no food from midnight until after the trial. To ensure 

adequate pre-trial hydration, all participants were provided with 30 mL/kg body mass of an 

isotonic solution (Gatorade) to drink between 4 and 10 pm the night before. Participants 

were also instructed to consume a further 250 mL of this solution upon rising, and no later 
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than 60 min before the trial. Following this no fluid was consumed until after the trial was 

completed.  

Upon arriving at the laboratory participants were seated and allowed to rest for at least 10 

min. During this time a cannula was inserted into a superficial forearm vein, in preparation 

for blood sampling. Baseline data was collected following the resting period. This included 

measurement of (in this order) IOP, collection of blood samples, body temperature, blood 

pressure, heart rate, and nude body mass. Following baseline measures (in case of the hot 

trial, participants entered the heated chamber and remained in the chamber for the 

duration of the trial), participants commenced seven minutes of treadmill walking at 5 

km/h and 1 % grade after which participants were seated and IOP was measured to attain 

an exercise baseline. Participants then commenced 90 min of treadmill walking at 5 km/h 

and 1 % grade. Every 30 minutes participants dismounted and had ten minutes of seated 

rest, in which time IOP was measured, blood samples were drawn, blood pressure and core 

temperature were measured, and nude mass measured after towelling dry. Heart rate was 

recorded in the final five minutes of each 30 minute segment.  

Measurements and Equipment 

Intraocular pressure was measured by a qualified ophthalmologist using a handheld 

tonometer (Tiolat icare tonometer type TA01i, Icare, Helsinki, Finland). Participants were 

instructed to focus on a point directly in front of them during the measures. The device 

takes the mean of six readings to determine the IOP. This process was performed in 

triplicate for both right and left eyes. The mean of all values (3 from each eye) was 

calculated as the participant’s IOP (Carbonaro et al., 2009; Newcombe & Duff, 1987).  

Two 6 mL blood samples were drawn at each time point. One was collected into a 

vacutainer with lithium heparin for the determination of plasma osmolality (Posm). This 

sample was centrifuged immediately (4000 rpm for 10 min) (Universal 320R, Hettich, 

Germany) and the plasma stored at room temperature until after the trial. Plasma 

osmolality was measured using the freezing point depression technique (Osmomat 030, 

Gonotec, Berlin, Germany). The second sample was collected into a vacutainer with K3 

EDTA for the determination of haemoglobin (Hb) and haematocrit (Hct). This sample was 

stored at room temperature until after the trial. Haemoglobin concentration was 

determined by the cyanmethemoglobin method. A spectrophotometer (Cary UV-VIS 50bio, 

Varian, USA) was used to determine the absorbance of the solution. Whole blood was 

drawn into Na-heparinised microhaematocrit tubes (NRIS, Virtex Medical A/S, Denmark) 
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and centrifuged at 11500 rpm for 10 min for the determination of haematocrit ((red cell 

length divided by the whole sample length) multiplied by 100). Haemoglobin and 

haematocrit were used to calculate the percent change in plasma volume (PV) during the 

trial according to a previously published equation (Dill & Costill, 1974). All measures of 

blood were made in triplicate, with the average of the three values reported. 

Whole body nude mass was measured at baseline and 30, 60, and 90 min time points. The 

scales were accurate to the nearest 50 g (Tanita BWB-600, Wedderburn, Australia). 

Immediately prior to measurement participants towelled dry to remove unevaporated 

sweat from their skin. The weight of urine produced immediately before measuring whole 

body mass was accounted for when calculating the change in body mass due to sweat loss. 

Heat strain was monitored by assessment of body temperature, heart rate, and blood 

pressure. Body temperature was measured in duplicate on the tympanic membrane via 

infrared thermometer (Thermoscan Pro 3000, Braun, Kronberg, Germany). Heart rate was 

monitored via telemetry (S610, Polar, Finland) and recorded manually at rest and during 

exercise. Blood pressure was measured using an automated cuff system on the upper arm 

(Omron M4, Omron, Australia).  

Statistical Analysis 

Continuous variables are summarised as mean ± standard deviation (unless otherwise 

stated). Repeated measures analysis of variance (ANOVA) was performed to assess the 

effects of time (baseline, 30, 60, and 90 min) and trial (hot and cool) on IOP, indicators of 

hydration status, heat strain, and blood pressure variables. Where the assumption of 

sphericity was violated, the Greenhouse-Geisser statistic was used (noted as Greenhouse in 

the results section), producing fractional degrees of freedom. A correlation coefficient was 

determined to observe the relationship between IOP and indicators of hydration status, 

heat strain, and blood pressure across all trials and time points. Where a moderate 

relationship was observed (r > 0.5 or < -0.5), a univariate general linear model (dependent 

variable: IOP; covariate: hydration indicator), with subject ID as a random effect, was 

utilised to determine statistical significance. This was to account for the within-subject 

correlation likely present within the data (due to repeated measures) (Davis, 2002), and 

provides an mean equation of the linear association from the association within each 

participant. Confidence intervals around the slope of the line were calculated using the t 

statistic for six degrees of freedom (2.447). Statistical significance was set at the p < 0.05 

level. 
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Results 
All seven participants completed both the hot and cool trials. Three participants had 

missing data for Hb and Hct analysis due to clots forming in the vacutainer. For a given 

variable, if one data time point was missing, that participants data was excluded from the 

repeated measures analysis of variance (therefore n = 4 for analysis of Hb, Hct, and PV). 

However, only the specific missing time points were excluded from analysis via the 

univariate general linear model (PV). 

Table 7.1 summarises the changes in intraocular pressure and the indicators of hydration 

status over time between the hot and cool trials. Repeated measures ANOVA revealed a 

significant interaction (time by trial) for the change in body mass (Greenhouse F = 50.083, p 

< 0.001), Posm (Greenhouse F = 34.867, p < 0.001), Hct (F = 6.328, p = 0.013), Hb (F = 9.212, 

p = 0.019), and PV (F = 10.772, p = 0.002). 

For the hot trial IOP was 17.5 ± 3.4 mmHg and 16.5 ± 2.7 mmHg at baseline and exercise 

baseline times respectively. In the cool trial, IOP was 16.6 ± 3.1 mmHg and 17.0 ± 2.5 

mmHg for baseline and exercise baseline time points respectively. Repeated measures 

ANOVA (time (2) by trial (2)) showed no significant interaction (F = 1.281, p = 0.301) or 

main effects (time F = 0.661, p = 0.464; trial F = 0.358, p = 0.571). This assessment was 

conducted to determine the effect of the intensity of exercise on IOP before any effect of 

the change in hydration status would be observed. Since there was no statistical difference 

between these time points, each of the participant’s data was averaged for a single 

baseline value for each trial, which was used in subsequent analysis. A significant 

interaction was observed for IOP with trial (2) and time (4) (Greenhouse F = 10.747, p = 

0.009) (table 7.1), indicating that over the duration of the trials, IOP declined to a greater 

extent in the hot compared to the cool. 

The core body temperature, heart rate, systolic and diastolic blood pressure response 

during the trials is summarised in table 7.2. A significant time by trial interaction was 

observed for core temperature (F = 20.908, p < 0.001), and heart rate (F = 25.487, p < 

0.001). No significant interaction was observed for systolic blood pressure (F = 0.643, p = 

0.602) or diastolic blood pressure (F = 1.021, p = 0.418). Neither showed a significant main 

effect for time (SBP: F = 0.091, p = 0.964; DBP: F = 0.275, p = 0.842) or trial (SBP: F = 0.808, 

p = 0.420; DBP: F = 0.607, p = 0.480). 

A moderate relationship was observed between IOP and body mass loss (r = 0.507), Posm (r 

= -0.682), and change in plasma volume (r = 0.528). As such these variables were entered 
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into a univariate general linear model as covariates (individually) with IOP as a dependent 

variable and subject number as a random factor, to account for the repeated 

measurements. All three variables were found to be significantly associated with IOP (table 

7.3). Figures 7.1, 7.2, and 7.3 display the regressions between IOP and body mass loss, 

Posm, and change in plasma volume respectively. Low or negligible associations were 

observed between IOP and Hb (r = -0.186), Hct (r = -0.082), body temperature (r = -0.458), 

heart rate (r = -0.140), systolic blood pressure (r = 0.026), and diastolic blood pressure (r = 

0.091).  

To assess the suitability of IOP to be used as an indicator of hydration status, the mean 

regression equation of the relationship between body mass loss and IOP was used (table 

7.3). A body mass loss of -2 % was taken as a criterion limit for the presence of 

dehydration. IOP at this point was predicted to be 14.6 mmHg. Figure 7.4 displays the 

relationship of IOP and body mass loss for each participant, with reference to this cut-off 

limit. Of 42 data points, 10 were in a false positive region (IOP < 14.6 mmHg and mass loss 

> -2 %), 4 were false negative (IOP > 14.6 mmHg and mass loss < -2 %), 21 were true 

negatives (IOP > 14.6 mmHg and body mass > -2 %), and 7 were true positive (IOP < 14.6 

mmHg and body mass < -2 %). Overall 67 % of the data was correctly classified by these 

limits. Change in IOP, from baseline to each time point, was also calculated. Change in IOP 

was moderately related to the change in body mass (r = 0.720). Univariate general linear 

model revealed a significant association for change in IOP and change in body mass, with 

subject ID as a random factor (F = 52.403, p < 0.001). The intercept of this relationship was 

-0.281 (standard error = 1.017) and the slope was 1.131 (95 % CI = 0.75 – 1.51) (figure 7.5). 

At a -2 % loss in body mass, change in IOP was predicted to be -2.4 mmHg. Figure 7.6 plots 

the change in body mass and change in IOP with reference to this cut-off limit. Only 6 data 

points were identified as false positives (Δ IOP < -2.4 mmHg and mass loss > -2 %) and 2 

false negatives (Δ IOP > -2.4 mmHg and mass loss < -2 %). Nine true positives were 

identified (Δ IOP < -2.4 mmHg and mass loss < -2 %) and 25 true negatives (Δ IOP > -2.4 

mmHg and mass loss > -2 %). Overall 67 % of the data was correctly classified by these 

limits. 
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Table 7.1 Intraocular pressure and indicators of hydration status during the hot and cool 
trials. 

    Baseline 30 min 60 min 90 min 

          IOP (mmHg) 
        

 
Hot 17.0 ±2.9 15.6 ±3.5 14.5 ±3.7 13.6 ±2.9 

 
Cool 16.8 ±2.7 16.5 ±2.6 15.8 ±2.5 15.7 ±1.8 

Body mass loss 
(%) 

        

 
Hot 0 ±0 -1.07 ±0.35 -2.17 ±0.55 -3.13 ±0.74 

 
Cool 0 ±0 -0.15 ±0.11 -0.47 ±0.18 -0.78 ±0.25 

Posm (Osmol/kg) 
        

 
Hot 0.288 ±0.003 0.293 ±0.005 0.296 ±0.005 0.300 ±0.006 

 
Cool 0.290 ±0.004 0.291 ±0.004 0.290 ±0.004 0.290 ±0.004 

Hct (%)  
        

 
Hot 42.9 ±2.0 43.8 ±2.4 44.3 ±2.8 45.3 ±2.9 

 
Cool 43.1 ±3.3 42.7 ±2.8 43.1 ±3.0 42.9 ±2.9 

Hb (g /100mL) 
        

 
Hot 13.7 ±0.8 14.2 ±1.0 14.6 ±1.0 14.9 ±1.3 

 
Cool 13.6 ±0.8 13.6 ±0.7 13.7 ±0.8 13.8 ±0.8 

Δ PV (%) 
        

 
Hot 0.0 ±0.0 -4.8 ±2.8 -8.5 ±4.1 -11.5 ±5.8 

 
Cool 0.0 ±0.0 1.1 ±4.4 -0.6 ±3.5 -0.8 ±3.4 
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 Table 7.2 Heat strain and blood pressure during the hot and cool trials. 

    Baseline 30 min 60 min 90 min 

        Body Temperature (˚C) 
      

 
Hot 36.5 ±0.3 37.7 ±0.3 38.06 ±0.2 38.4 ±0.3 

 
Cool 36.6 ±0.7 36.8 ±0.6 36.67 ±0.7 37.0 ±0.3 

Heart Rate (bpm) 
       

 
Hot 57.6 ±12.4 103.7 ±12.2 111.7 ±17.9 122.6 ±21.8 

 
Cool 60.9 ±10.2 89.3 ±13.7 87.3 ±14.0 90.2 ±11.9 

SBP (mmHg) 
        

 
Hot 128.5 ±9.5 129.4 ±13.3 131.6 ±17.2 131.3 ±19.0 

 
Cool 134.8 ±19.2 135.3 ±11.6 137.7 ±18.3 131.0 ±12.2 

DBP (mmHg) 
        

 
Hot 76.8 ±12.0 74.7 ±11.6 74.14 ±10.8 74.6 ±8.6 

  Cool 82.2 ±15.3 81.0 ±11.2 76.50 ±15.6 75.2 ±8.5 
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Table 7.3 Univariate general linear model for IOP and hydration covariates, with subject ID as a random factor. 

 F Degrees of 
Freedom 

Significance Intercept (SE) Slope 95 % CI 
Low 

95 % CI 
High 

Δ Body mass * 37.630 1 , 34 < 0.001 16.491 (0.986) 0.928 0.56 1.30 

Posm 38.526 1 , 48 < 0.001 83.350 (11.31) -230.930 -322.0 -139.0 

Δ PV * 5.480 1, 29 0.026 15.709 (1.470) 0.122 -0.01 0.25 

* Only data at 30, 60, and 90 minutes time points was used in this analysis as baseline values were “0” for all subjects. 
SE – standard error of the intercept. 
95 % CI – 95 % confidence interval around the slope of the line. 
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Figure 7.1 Regression of intraocular pressure and body mass loss for all subjects across all 
trials and time points. 
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Figure 7.2 Regression of intraocular pressure and plasma osmolality for all subjects across 
all trials and time points. 
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Figure 7.3 Regression of intraocular pressure and the change in plasma volume for all 
subjects across all trials and time points. 
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Figure 7.4 Intraocular pressure and body mass loss with reference to the actual (mass loss > 
-2 %) and predicted (IOP < 14.6 mmHg) cut-off limits for dehydration. 
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Figure 7.5 Regression of the change in intraocular pressure and body mass loss for all 
subjects across all trials and time points. 
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Figure 7.6 Change in intraocular pressure and body mass loss with reference to the actual 
(mass loss > -2 %) and predicted (change in IOP < -2.4 mmHg) cut-off limits for dehydration.  
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Discussion 
The aim of this investigation was to determine if intraocular pressure (IOP) during exercise 

differs in a cool or hot climate with fluid restriction; promoting differing levels of 

dehydration. Intraocular pressure declined to a significantly greater degree during the hot 

trial compared to the cool, and the IOP response was significantly associated with the 

change in hydration status. This study also aimed to assess whether IOP could be utilised as 

an indicator of hydration status.  Sixty-seven percent of the data was correctly classified as 

hydrated or dehydrated when using either an absolute or a change score for IOP, predicted 

from a -2 % loss in body mass. Further research is required to elucidate the individual 

variation in the relationship between IOP and hydration status.  

Hydration Status during the Hot and Cool trials 

The experimental design was successful at producing a difference in hydration status over 

time and between the two trials, with hydration being minimally affected in the cool trials 

and progressively declining in the hot trial. Since there is no single “gold standard” 

indicator for hydration status (Armstrong, 2007), several indicators were observed in the 

present study to provide a collective body of evidence regarding the degree of dehydration 

occurring during the trials. The primary indicator in this setting was a loss in body mass. 

With food and fluid restriction and accounting for the weight of urinary losses, any loss in 

body mass from the baseline value reflects the evaporation of sweat and a loss in total 

body water. As expected, a significantly greater decline in body mass was observed in the 

hot compared to the cool trial (table 7.1), averaging ~ 2 and 3 % at the 60 and 90 min time 

points respectively. As body mass loss progresses above 2 %, decrements in physical, 

visuomotor, psychomotor, and cognitive performance are observed (Armstrong et al., 

1985; Below et al., 1995; Cheuvront et al., 2005; Cian et al., 2000; Gopinathan et al., 1988; 

Otani et al., 2006; Strydom et al., 1966; Wästerlund et al., 2004). In addition, dehydration 

increases the heat strain experienced by those working in the heat (Armstrong et al., 

1997b; Kenney et al., 1990; Montain et al., 1995; Sawka et al., 1985), and predisposes them 

to developing heat illness (Armstrong et al., 1988; Backer et al., 1999; Donoghue et al., 

2000; Kark et al., 1996; Shahid et al., 1999; Shearer, 1990). Therefore the level of 

dehydration observed in the hot trial of this study was of practical significance. In contrast, 

only a small degree of dehydration was encountered during the cool trial, as less sweat was 

required to cool the body in that climate. 

Other indicators of hydration status concur with these findings. Plasma osmolality (Posm) 

rose significantly more in the hot trial compared to the cool (table 7.1). The water secreted 
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from the sweat glands is drawn from the plasma, as a result the concentration of sodium 

and chloride rises and plasma osmolality is increased (Sawka et al., 2001). The plasma 

volume is also reduced due to this water loss, and was observed as a significant percent 

reduction in the hot trial (table 7.1). In the cool trial these variables remained relatively 

stable, and reflect the maintenance of hydration status. 

Intraocular Pressure and its Relationship to Hydration status 

Several researchers have proposed a relationship between hydration status and IOP. It has 

been speculated that dehydration causing an increase in plasma osmolarity may cause a 

reduction in IOP (Harris et al., 1994; Kielar et al., 1975; Marcus et al., 1970; Martin et al., 

1999). However, these studies did not require subjects to exercise for a sufficient duration, 

or in a hot environment, to expect a decline in hydration status. Rather, they observed 

short duration high intensity exercise where plasma osmolarity was elevated due to the 

acidosis associated with blood lactate accumulation. Alternatively, during prolonged 

exercise (24 hour march) in conditions of heat stress, statistically significant correlation 

coefficients for IOP and plasma osmolarity were ~ 0.68 and ~ 0.65 during and after the 

march respectively; suggesting that IOP is influenced by hydration status (Ashkenazi et al., 

1992). The study was conducted in an environment in which hydration status may have 

been challenged; however, two limitations should be noted. Firstly, the independent effect 

of exercise on IOP cannot be accounted for in this study design, as all subjects completed 

only one trial. Secondly, pre-trial hydration practices were not controlled and subjects were 

able to drink ad libatum during the trial. 

In the present study IOP was monitored during a prolonged period of low-intensity dynamic 

exercise in both cool and hot climates with fluid restriction. This experimental design is 

novel in that the exercise intensity was constant but two distinct levels of dehydration 

were experienced. A significant interaction effect was observed for IOP, indicating that the 

change in IOP as the trial progressed (time) was dependent on the climate in which the trial 

was performed. That is, the decrease in IOP was significantly greater during the hot trial 

compared to the cool (table 7.1). It could be argued that the ambient temperature had an 

influence on IOP, however, the scientific literature suggests this is not the case. Minor 

increases in ambient temperature (4 °C) have resulted in no change to IOP (Van de Veire, 

Germonpre, Renier, Stalmans, & Zeyen, 2008), while exposure to cold air (-19 °C) caused 

significant decreases in IOP (Ortiz, Cook, Yablonski, Masonson, & Harmon, 1988). In 

contrast, the decrease in IOP in the present investigation occurred despite a similar 
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magnitude increase in ambient temperature (+21 °C). As such, physiological alterations 

within the body were responsible for the change in IOP observed.  

The most likely explanation for the greater reduction in IOP in the hot trials was the greater 

degree of dehydration experienced. A physiological mechanism for this proposal has been 

suggested. Fluctuations in IOP result from alterations in the rate of formation or drainage 

of the aqueous humor in the posterior and anterior chamber of the eye, respectively. The 

rate of aqueous humor drainage is primarily influenced by anatomical structures and 

venous pressure, affecting the resistance encountered to the flow of aqueous humor 

(Oyster, 1999). Research has concluded that there is no significant change in the aqueous 

humor outflow following exercise (Stewart et al., 1970). Three processes are responsible 

for the formation of the aqueous humor including diffusion, ultrafiltration, and active 

transport (Chong, 1996; Oyster, 1999). Water is the main constituent of aqueous humor 

and it enters the posterior chamber from the ciliary processes by osmosis (diffusion). Active 

transport facilitates the movement of ions and molecules against the prevailing 

concentration gradient. Ultrafiltration involves the movement of fluids and solutes along a 

concentration gradient (from high to low pressure). The hydrostatic pressure in the 

capillary is ~ 30 mmHg compared to ~ 15 mmHg in the aqueous, creating a pressure 

difference of 15 mmHg favouring flow into the aqueous humor. In opposition, the oncotic 

pressure (pressure exerted by plasma proteins on the capillary wall) in the tissue is ~ 15 

mmHg, and promotes flow from the aqueous to the blood. The flow resulting from these 

two processes effectively cancel each other out, therefore, the contribution of 

ultrafiltration to aqueous humor formation is thought to be negligible under normal 

circumstances. However, dehydration raises plasma osmolality, creating an osmotic 

disequilibrium between aqueous humor and plasma, favouring the movement of water 

from the aqueous humor to the blood. This would reduce the rate of aqueous humor 

formation and result in lowered IOP (Ashkenazi et al., 1992; Risner et al., 2009). The current 

study provides some support for this mechanism as a statistically significant relationship 

was found between plasma osmolality and IOP (table 7.3). The slope of the relationship 

was negative, indicating that IOP is reduced when plasma osmolality is increased. Body 

mass loss and change in plasma volume were also significantly associated (table 7.3), 

further supporting the effects of hydration status. However, it should be noted that a 

causal relationship cannot be concluded from these associations. 
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Several other factors differed between the cool and hot trials and should be considered in 

the interpretation of these findings. Such factors, including exercise intensity and or heat 

strain during the trials, other physiological processes influencing IOP, or individual factors 

associated with IOP, could be potential confounders to the associations observed. 

There is consensus in the scientific community that IOP is reduced following exercise 

(Risner et al., 2009), with the magnitude of the reduction inversely related to exercise 

intensity. Whilst the decline in IOP following short duration and high intensity dynamic 

exercise coincides with the rise in blood lactate and plasma osmolarity, and the decrease in 

pH (Kielar et al., 1975; Marcus et al., 1970; Stewart et al., 1970), several studies have 

reported short duration low intensity exercise to produce a small decline in IOP, without 

these changes in blood chemistry (Harris et al., 1994; Kiuchi et al., 1994). These findings 

suggest an independent effect of exercise intensity. In the present study the absolute 

workload of 5 km/h and 1 % grade represented a relative intensity for each subject of 22 ± 

2.4 % VO2max, which was significantly lower than the study that reported decreased IOP 

without changes in blood chemistry (Kiuchi et al., 1994). The absolute workload was also 

consistent between trials, yet there was a significant difference in the IOP response. 

Therefore it can be concluded that the IOP response occurred independent of exercise 

intensity (aerobic exercise), supporting the notion that the primary cause of reduced IOP 

was the degree of dehydration. 

Several factors differed between the cool and hot trials and should be considered as 

potential factors influencing the IOP response. Body temperature is one such factor. The 

present study observed a significant interaction effect (time by trial) such that body 

temperature increased to a greater extent during the hot trial, compared to the cool (table 

7.2). This is considered a normal body temperature response to exercise in the heat; 

however, it does indicate a potential confounder to the above conclusion. It could be 

suggested that the IOP response observed may be influenced by body temperature instead 

of hydration status per se. Only a low negative association (r > -0.5) was observed between 

IOP and body temperature. This finding is also in contrast to previous reports. Shapiro et al 

(1981) observed IOP to be significantly higher in non-acclimatised subjects following a 

period of exercise in the heat, compared to acclimatised participants. It was concluded that 

the higher IOP was due to a higher body temperature following exercise in the non-

acclimatised group. Alternatively, Moura et al (2002) investigated the effect of fluid 

ingestion on IOP at rest and during exercise. Body temperature increased during a period of 
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exercise and decreased during an equivalent period of rest. However, the IOP response was 

the same during both conditions. It was concluded that body temperature was not 

influencing IOP, but rather that fluid ingestion produced a transient increase in IOP.  

Two reasons can be suggested that may have inadvertently influenced the conclusions of 

Shapiro et al (1981). Firstly, there may have been a training effect due to acclimatisation. 

Resting IOP is lower in individuals with greater aerobic fitness (Qureshi, Wu, Xi, Yang, & 

Huang, 1997) (in the present study VO2max was significantly correlated to baseline IOP r = -

0.552, p = 0.041). IOP is also lowered following an exercise program in healthy individuals 

(Qureshi, 1996) and those with glaucoma (Passo, Goldberg, Elliot, & Van Buskirk, 1991). 

Therefore, there is the potential for IOP to be lower following acclimatisation involving 

regular aerobic exercise, and this may have influenced the findings. Secondly, the exercise 

protocol of Shapiro et al (1981) permitted participants to consume fluids during the 

exercise trials, but they did not report the volume actually consumed. It may be the case 

that different levels of fluid consumption between acclimatised and non-acclimatised 

groups may have influenced their study conclusions. In the current study, participants were 

not permitted to consume fluids during the trial, and a drop in IOP was observed coincident 

with increased body temperature which suggests that temperature does not influence IOP, 

as concluded by Moura et al (2002). 

Heart rate was another potential contributor to the IOP response observed as a significant 

interaction was observed during the trials. Heart rate increased from baseline to 30 min in 

both hot and cool trials, but by a greater extent in the hot. Thereafter, heart rate stabilised 

in the cool, but steadily rose in the heat (table 7.2). The phenomenon observed is known as 

cardiovascular drift (Sawka & Coyle, 1999), and is partly attributed to the effects of 

dehydration on cardiovascular strain. In the heat there is a redistribution of blood flow to 

the cutaneous vasculature for the purposes of heat loss, as well as a reduction in blood 

volume due to dehydration. These alterations result in a reduced stroke volume, requiring 

an elevation in heart rate to maintain cardiac output (Gonzalez-Alonso et al., 1995; 

Gonzalez-Alonso et al., 1997). The heart rate difference between trials in the present study 

is a result of the dehydration experienced, and was not associated with the IOP response (r 

= -0.140). Several other researchers have observed no relationship between heart rate and 

IOP (Ashkenazi et al., 1992; Karabatakis et al., 2004) and support this conclusion.  

Finally, blood pressure was also monitored throughout the trials. Systolic and diastolic 

blood pressure showed a similar response to exercise in both climates (table 7.2), 
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suggesting that blood pressure was not related to the IOP response. In support, no 

apparent association between these variables was observed (r > 0.5 or < -0.5). Several 

other researchers have also reported no relationship between blood pressure and IOP 

during sub-maximal dynamic exercise (Ashkenazi et al., 1992; Karabatakis et al., 2004). 

Intraocular Pressure as an Indicator of Hydration Status 

Since these data suggest an association between IOP and hydration status, there is the 

potential that IOP could be used as a simple and practical technique to indicate hydration 

status. To assess this possibility, a body mass loss of 2 % was chosen as a criterion level of 

dehydration, as this level is associated with decrements in physical, visuomotor, 

psychomotor, and cognitive performance (Armstrong et al., 1985; Below et al., 1995; 

Cheuvront et al., 2005; Cian et al., 2000; Gopinathan et al., 1988; Otani et al., 2006; 

Strydom et al., 1966; Wästerlund et al., 2004), increased heat strain (Armstrong et al., 

1997b; Kenney et al., 1990; Montain et al., 1995; Sawka et al., 1985), and increased risk of 

developing heat illness (Armstrong et al., 1988; Backer et al., 1999; Donoghue et al., 2000; 

Kark et al., 1996; Shahid et al., 1999; Shearer, 1990). Using the regression between body 

mass loss and IOP (table 7.3), the corresponding IOP cut-off was predicted to be 14.6 

mmHg. The application of this cut-off limit correctly classified 67 % of the data as hydrated 

or dehydrated (figure 7.4). However, the individual variation in IOP should be considered in 

the interpretation of this finding. IOP at baseline ranged between 12 – 21 mmHg, revealing 

that at baseline, in a well-hydrated state, one participant’s IOP was below the cut-off. 

Secondly, those who commenced the hot trial with a relatively high IOP (> 18 mmHg - three 

participants), ended the trial with an IOP above the cut-off in spite of loosing -2 % or more 

in body mass. These observations suggest that the individual variability in IOP may be too 

great to establish a set limit value to accurately indicate dehydration for all individuals.  

Alternatively, calculating the change in IOP from to indicate an alteration in hydration 

status could be proposed. Even though individual variability in IOP may be high, most 

participants evidenced a decline during the hot trial and a relatively stable IOP during the 

cool, when hydration was maintained. A significant association was observed between the 

change in IOP and the change in body mass, predicting an IOP decline of -2.4 mmHg to 

coincide with a -2 % body mass loss. With these cut-off limits 67 % of the data was correctly 

classified as hydrated or dehydrated (figure 7.6). Again individual variation in the response 

is likely the cause of the incorrect classification of several data points. Therefore utilising a 

change score for IOP did not improve the prediction of hydration status in this sample. 
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Further research is required to shed light on the individual factors that may be influencing 

the association between IOP and hydration status.  

Conclusions 

In conclusion, IOP is progressively reduced during a period of exercise causing dehydration, 

but remains relatively stable if hydration is maintained. The present study provides 

evidence to suggest that IOP is influenced by hydration status, likely due the effect of a rise 

in plasma osmolality on the rate of formation of aqueous humor. Further study with a 

greater sample size and discrete levels of dehydration is recommended to further support 

the observations of this study and to determine if IOP could be utilised as an indicator of 

hydration status, from either a limit value or a change score approach.  
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Chapter 8                                                                                                      

General Discussion 
 

The overarching aim of this PhD program of research was to evaluate the effects of heat 

stress on surface mine workers, with particular attention given to their heat strain, 

hydration status, and heat illness experience. The primary findings revealed that: 1) heat 

strain remained within the recommended limits for acclimatised workers; 2) the majority of 

workers were dehydrated before commencing a work shift, and tended to remain 

dehydrated for the duration; and 3) over 70 % of workers have experienced symptoms of 

heat illness during their work. 

To ensure the high quality of measurement for heat strain and hydration status variables, 

secondary aims of the program of research were to determine a calibration procedure for 

an ingestible temperature sensor, and to assess the reliability of urinary variables over 

time. The findings revealed that: 1) a calibration for each temperature sensor is required 

and an appropriate procedure for calibration was determined; and 2) urine specific gravity 

can be measured reliably up to 24 hours post urine collection under three storage 

conditions. 

In response to the finding that hydration status is an issue for surface mine workers, a 

study was undertaken to investigate the potential for a novel approach to hydration 

assessment through the measurement of intraocular pressure. Intraocular pressure (IOP) 

progressively declined during a period of exercise causing dehydration, but remained 

relatively stable when hydration status was maintained. Sixty-seven percent of the data 

was correctly classified as hydrated or dehydrated when using either an absolute or a 

change score for IOP, predicted from a -2 % loss in body mass. Further research is required 

to elucidate the individual variation in the relationship between IOP and hydration status. 

This discussion will elaborate on these findings under the headings of heat strain, hydration 

status, and heat illness. An indication of the limitations of the program of research and the 

generalisability of the findings will also be discussed. Finally, the future research directions 

and contributions to the literature arising from this body of work will be considered. 

Heat Strain 
Heat strain describes the overall physiological response resulting from heat stress 

(DiCorleto et al., 2003). When exposed to heat stress, body temperature will rise. To 



 

200 
 

prevent an excessive rise, increased rates of heat loss are facilitated by an increased skin 

blood flow (Nadel et al., 1979) and evaporation of sweat from the skin surface (Buono & 

Maupin, 2003). These alterations can result in a reduced stroke volume, requiring an 

elevation in heart rate to maintain cardiac output (Gonzalez-Alonso et al., 1995; Gonzalez-

Alonso et al., 1997). In most situations these responses will be sufficient to produce a new 

equilibrium in heat production and loss and body temperature will stabilise (Lind, 1963; 

Saltin & Hermansen, 1966). However, if heat loss cannot match the rate of heat production, 

body temperature will continue to rise to unsafe levels. Therefore the primary variable of 

interest in monitoring heat strain is core body temperature.  

In recent years an ingestible temperature sensor has become widely used to monitor core 

body temperature during occupational and athletic activities where the traditional 

methods of assessment are prohibitive (Brake & Bates, 2002a; Byrne et al., 2006; Edwards 

& Clark, 2006; Laursen et al., 2006). To ensure a high degree of accuracy in the 

measurement of core body temperature, sensors should be calibrated against a traceable 

thermometer prior to ingestion (Byrne & Lim, 2007). Chapter 4 revealed a systematic bias 

of temperature sensors to measure higher than a traceable thermometer, and that the 

magnitude of the error varied between sensors. These findings highlight the importance of 

establishing a method to verify the calibration of each sensor and correct raw data. 

Procedures for such a calibration were detailed, indicating 1) a minimum of four water bath 

temperatures in the physiological range of 33 - 41 °C should be assessed; 2) sensors should 

be allowed four minutes immersed in the water bath prior to taking a reading for 

comparison to a traceable thermometer; and 3) a linear regression relating these four 

temperatures can then be used to adjust the subsequent raw data of that sensor. Following 

such a procedure will allow for comparing differences between individuals, and comparing 

the same individual on multiple occasions, where the use of more than one sensor is 

required. As such each sensor used in the field study (chapter 6) underwent these 

calibration procedures to ensure an accurate measurement of core body temperature was 

obtained during the work period. 

The findings of the present study (chapter 6) show that the heat stress surface mine 

workers (drillers and blast crews) were exposed to, from the combined effects of the 

climatic conditions, work rate, and clothing, was sufficient to cause a challenge to 

thermoregulation, resulting in elevated core body temperature. An example of the core 

body temperature and heart rate during a work shift is presented in figure 6.2. Focusing on 
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a particular period of this shift between 8:30 - 10:30 am, the worker (blast crew) was 

performing a specific work task while exposed to the climate in summer (WBGT > 28 ˚C). A 

rise in work intensity (heart rate) was followed by an elevation in core body temperature, 

indicating that heat strain was raised during this work task. However, upon completing the 

task and returning to an air-conditioned break room, heart rate and core temperature 

returned to pre activity levels.  

The average mean and maximum heart rate data of all workers, reveals the intermittent 

nature of the work, such that most of the shift is spent at a light work intensity, with short 

periods of moderate to high intensity work interspersed throughout the shift. A similar 

finding was observed for core body temperature.  Core body temperature over the course 

of the shift (37.4 ˚C) was within the normal range and the average maximum core 

temperature was 38 ˚C. The single highest core temperature attained was 38.4 ˚C. These 

data indicate that heat strain was elevated for portions of the shift; however, it did not rise 

to levels considered to be excessive by the Australian Institute of Occupational Hygienists 

(AIOH) for acclimatised workers (DiCorleto et al., 2003). 

To the authors knowledge this is the first study to report continuous monitoring of surface 

mine workers’ core body temperature. Other researchers have shown mean tympanic 

temperature to range between 36.5 – 37.2 ˚C for outdoor workers before, during (lunch 

break), and after a work shift (Miller & Bates, 2007b). These values are much lower than 

the average mean and maximum core temperature values found in the present study. 

Potentially due to the different measurement site and the discrete time points of 

measurement, it is possible that heat strain was underestimated and the peaks in core 

temperature failed to be detected. The present study reveals that surface mine workers are 

under greater heat strain than previously acknowledged.  

The level of heat strain experienced by the workers was not considered excessive for 

acclimatised workers. Alternatively, almost 50 % of workers surpassed the recommended 

limit in core body temperature for un-acclimatised and unselected workers (DiCorleto et 

al., 2003). While all the participants in the present study were considered to be 

acclimatised, from at least several months working in this setting, this finding highlights the 

importance of allowing workers to acclimatise to the work environment. When new or 

inexperienced workers are introduced to this work, or if employees are returning from 

extended periods away from work, they may be at risk of excessively high heat strain, as 

their body has not yet adapted to improve heat tolerance (Weller et al., 2007). Allowing 
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new, inexperienced, or returning workers a period of acclimatisation will gradually build up 

their tolerance to work in the heat (Wyndham et al., 1970). 

In summary, the combination of climatic conditions and work tasks surface miners are 

exposed to is sufficient to cause a challenge to thermoregulation. Whilst the present study 

has showed heat strain is much higher for surface mine workers than previously observed, 

it remains within the limits recommended by the AIOH for acclimatised workers. 

Consideration should be given to new or returning workers to allow for acclimatisation to 

the work environment to take place. 

Hydration Status 
Water is a requirement for many of the processes of the human body. In spite of this 

requirement, body water is continually lost in urine, stool, through respiration, and through 

sweating, particularly during work in a hot environment. Unless this water loss is replaced 

the body will become dehydrated and various functions of the body will be impaired, 

resulting in increased heat strain (Armstrong et al., 1997b; Kenney et al., 1990; Montain et 

al., 1995; Sawka et al., 1985) and predisposing the individual to heat illness (Armstrong et 

al., 1988; Backer et al., 1999; Donoghue et al., 2000; Kark et al., 1996; Shahid et al., 1999; 

Shearer, 1990). Therefore monitoring hydration status and setting appropriate limits is an 

important aspect to consider when evaluating workers exposed to heat stress. 

There are several measurement techniques available to monitor hydration status. Those 

recommended for field research and for use by industry and athletes include changes in 

body mass, urine specific gravity, and urine colour (Armstrong, 2007). Due to the practical 

limitations on the research team to access surface mine workers on site during their shift, a 

study was undertaken to determine the effects of time and storage conditions on the 

reliability of urine analysis (chapter 5). The results indicated that there was negligible 

change in USG over 24 hours in a fridge, air-conditioned room, or warm storage conditions. 

It was concluded that urine specific gravity could be measured accurately from urine 

samples collected during a 12-hour shift, provided they were analysed within 24 hours. This 

time limit was adhered to for all urine samples collected from workers (chapter 6) and 

allows the authors to be confident in the accuracy of USG measurement. In contrast, urine 

colour was found to be significantly altered over a 24 hour period from collection; a 

response which differed with the storage conditions. Consequently urine colour was 

deemed unreliable for the field investigation (chapter 6).  
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The hydration status of surface mine workers was assessed through a self-reported average 

urine colour (chapter 3) and measurement of urine specific gravity during a normal work 

shift (chapter 6). The findings highlight that the vast majority of surface mine workers 

assessed during the present investigation are dehydrated during their work. These results 

contribute to a growing body of evidence revealing that many mine workers in Australia 

commence work in a dehydrated state and remain dehydrated for the duration of the work 

day (Brake & Bates, 2003; Carter & Muller, 2007; Miller & Bates, 2007a). This is a concern 

for several reasons, firstly, most heat stress management procedures estimate the heat 

stress workers are exposed to, and make decisions regarding an acceptable exposure 

duration based on the assumption that workers are well hydrated (Brake & Bates, 2002b; 

DiCorleto et al., 2003; International Organisation for Standardisation, 1989; Miller & Bates, 

2009). Therefore exposure limits will be overestimated when workers are dehydrated. 

Secondly, the level of dehydration observed (chapter 6 – USG ≥ 1.020) coincides with an 

approximately 3 % reduction in body mass (Baker et al., 2009; Oppliger et al., 2005). As 

body mass loss progresses above 2 %, perceived exertion of work tasks increases (Below et 

al., 1995; Montain & Coyle, 1992; Szinnai et al., 2005), and decrements in physical 

(Armstrong et al., 1985; Below et al., 1995; Cheuvront et al., 2005; Otani et al., 2006; 

Strydom et al., 1966; Wästerlund et al., 2004), and cognitive performance are observed 

(Cian et al., 2000; Gopinathan et al., 1988), which may increase the risk of accident 

resulting in injury. In addition, dehydration increases the heat strain experienced by those 

working in the heat (Armstrong et al., 1997b; Kenney et al., 1990; Montain et al., 1995; 

Sawka et al., 1985), and predisposes them to developing heat illness (Armstrong et al., 

1988; Backer et al., 1999; Donoghue et al., 2000; Kark et al., 1996; Shahid et al., 1999; 

Shearer, 1990). Therefore, the hydration status of this workforce is a health and safety 

concern that needs to be addressed. Achieving improved hydration status among this 

workforce is an attainable goal. Construction workers in the United Arab Emirates and 

Australia are reported to have USG  of 1.012 and 1.017 respectively (Bates & Schneider, 

2008; Miller & Bates, 2007a). Strategies should be developed and implemented to improve 

the hydration status of surface mine workers.  

Strategies should include effective education of the workforce, regular monitoring of 

hydration status, and provision of appropriate fluids. Workers should be well informed of 

the situations in their workplace that expose them to heat stress and how dehydration can 

negatively affect their health and performance. An important finding of this study (chapter 

6) was that the majority of surface mine workers commence work in a dehydrated state 
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and remain so for the duration of their shift. This coincides with previous reports that 

workers tend to maintain the hydration status (urine specific gravity) that they commenced 

work at (Bates & Schneider, 2008; Miller & Bates, 2007a). Therefore, educational strategies 

should highlight the importance of achieving a well hydrated state before commencing 

work and aiming to maintain that level throughout the shift.  

Methods for workers to monitor their own hydration status, and more structured hydration 

monitoring from management should be implemented to assist in educating workers about 

their hydration status and guide rehydration when it is required. Similar to 

recommendations for athletes, workers should be encouraged to monitor their body mass, 

thirst, and urine colour and volume (Cheuvront & Sawka, 2005). Measuring worker USG 

before commencing work and again post shift has been implemented at an underground 

mine in Queensland (Brake & Bates, 2003) and provides an objective assessment of 

hydration status which can also be used as an educational tool for workers.  

Educational material should also consider the volume and type of fluids available to 

consume. Workers should be encouraged to drink small amounts regularly and to consume 

fluids that promote hydration and fluid absorption (water and carbohydrate / electrolyte 

beverages) as opposed to beverages that can promote diuresis (those containing caffeine) 

or prematurely induce satiety (soft drinks) (Clapp, Bishop, Smith, Lloyd, & Wright, 2002; 

DiCorleto et al., 2003). Allowing workers to consume carbohydrate and electrolyte 

beverages may assist with maintaining and improving hydration status in the workforce. 

These beverages are thought to improve hydration by 1) providing a source of water, 2) 

enhancing the absorption of water and glucose from the intestine, and 3) maintaining the 

thirst sensation, promoting continued fluid ingestion (Clapp et al., 2002). Much of the 

research in relation to these beverages has been conducted in athletic settings, and further 

research is required to determine their usefulness in industrial settings. Research has 

shown electrolyte and carbohydrate beverages to increase fluid intake during exercise in 

the heat compared to ingesting water alone (Clapp, Bishop, Smith, & Mansfield, 2000b). 

These subjects began exercise in a well hydrated state and those consuming the electrolyte 

and carbohydrate beverage maintained their body mass, compared to a decrease seen 

when consuming water, or a placebo. Contradictory findings have been observed in a field 

setting. During 15 hours of wildfire suppression, a similar increase in USG was observed 

from those consuming water compared to those consuming water with and electrolyte 

additive (Cuddy, Ham, Harger, Slivka, & Ruby, 2008). Interestingly, a similar hydration 
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status was maintained between these groups despite a lower volume of fluid consumption 

in the electrolyte additive group. Therefore, provision of electrolytes in the water supplies 

may not be sufficient to improve fluid intake, but was helpful in retaining the water in the 

body. The issue of palatability may have been in effect in this case and adding carbohydrate 

may have been beneficial. 

Another consideration of carbohydrate and electrolyte beverages is the effect regular 

consumption may have on other health parameters. One month of consuming 

approximately 4.5 L of a carbohydrate electrolyte beverage during daily outdoor work in 

the heat did not alter resting blood pressure in normotensive young workers (Roberts, 

2006). Research is also needed to assess other factors, such as the potential for tooth 

decay or increased body mass due to the increased sugar intake, before these drinks can be 

considered appropriate for routine and long term usage. 

Finally, whilst fluid palatability may be influenced by its temperature, the effect fluid 

temperature has on thermoregulation is less clear. Ad libatum fluid intake was greater 

when water was cooled to 4 °C compared to 19 °C (Mundel, King, Collacott, & Jones, 2006). 

Some evidence suggests that cold water acts as a heat sink and slows the rate of heat 

strogae (Burdon, O'Connor, Gifford, & Shirreffs, 2010), but mixed results have been found. 

In contrast, when ingested fluid is warmed to body temperature (~37-39°C) core body 

temperature is lower during exercise heat stress (when consuming fluid compared to no 

fluid consumption) (Below et al., 1995; Fujii et al., 2008; Gonzalez-Alonso et al., 1995; 

Montain & Coyle, 1992), and this is achieved through improved skin blood flow and sweat 

rate (thermoregulation) (Gonzalez-Alonso et al., 1995). 

Following on from the finding that hydration status is an issue for this workforce, a final 

study of the program of research was undertaken to investigate the potential for a novel 

approach to the assessment of hydration status via measurement of intraocular pressure 

(IOP). IOP is measured by a simple hand-held device that extends a small probe to touch 

the surface of the eye and then retracts. The measurement is quick and provides minimal 

discomfort for the subject. Such a technique for hydration assessment may have practical 

advantages over the current field assessment techniques. Firstly, it would improve safety 

by eliminating the need to handle biological specimens. Secondly, less urine is produced 

when dehydrated and therefore it can be difficult to obtain a urine sample for analysis. 

Thirdly, some workers are weary of providing urine samples, concerned about potential 

drug tests. 
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To the authors knowledge chapter 7 reports the first study to monitor IOP during a 

prolonged period of low-intensity dynamic exercise in both cool and hot climates with fluid 

restriction. This experimental design is novel in that the exercise intensity was kept 

constant but two distinct levels of dehydration were experienced. IOP declined by a 

significantly greater amount in the hot compared to the cool trial and the data suggests 

that this response was due to the degree of dehydration incurred. These findings support 

and build upon those previously published (Ashkenazi et al., 1992), and provides further 

evidence that IOP is influenced by dehydration. 

Since these data suggest a potential relationship between IOP and hydration status, there is 

the potential that IOP could be used as a simple and practical technique to indicate 

hydration status. Sixty-seven percent of the data was correctly classified as hydrated or 

dehydrated when using either an absolute or a change score for IOP, predicted from a -2 % 

loss in body mass. Further research is required to elucidate the individual factors 

influencing IOP and to sample a greater number of participants at discrete levels of 

hydration to further support the observations of this study. 

Heat Illness 
Heat illness has traditionally been labelled as either “present” or absent” according to 

defined conditions such as heat cramps, heat exhaustion, and heat stroke. While this 

classification may be useful clinically for diagnosis, it may be disadvantageous in studying 

the development of these conditions. Instead, heat illness should be considered as falling 

along a continuum of ailments resulting from an accumulation of the effects of heat in the 

body (Coris et al., 2006; Goldman, 2001; Kark et al., 1991). Such a view may be more useful 

in industrial settings and aid in the early identification of heat illnesses before they progress 

into more serious conditions. Therefore the current studies investigated the experience of 

heat illness symptoms among surface mine workers. 

Symptoms of heat illness were recorded via self-report questionnaires. In chapter 3, miners 

were asked to indicate if they had experienced individual symptoms of heat illness during 

work over the past 12 months. The list of symptoms was developed from the scientific 

literature (literature review – heat illness section) and several sources describing symptoms 

common to heat illness (Armstrong et al., 2007; Close, 2007; DiCorleto et al., 2002; Keim et 

al., 2002; Pickering & Tuck, 1997). Before distribution the questionnaire was reviewed by 

occupational health and safety staff to ensure that it was easy to understand and that it 

covered all aspects deemed to be important to the workforce in relation to heat stress. 
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Thereafter, the questionnaire was administered by a member of the research team to small 

groups of workers before commencing or immediately after a work shift. This allowed for a 

complete explanation of the purpose of the questionnaire to the participants, and to 

answer any questions that were raised. These measures were important to ensuring a 

consistent distribution experience for all respondents, a satisfactory response rate, and 

enhancing the quality of the data obtained (Polit & Beck, 2004). 

In chapter 6, symptoms were reported post-shift through the Heat Illness Symptoms Index 

(Coris et al., 2006). This index has been utilised among American football players and has 

shown good reliability and validity, correlating well with factors known to be associated 

with the development of heat illness, including body mass loss due to sweating 

(dehydration), perceived exertion, and climatic heat stress. In addition to symptom 

experience, this index allowed for an expansion of the information gathered in chapter 3 by 

also assessing the severity of the symptoms.  

In relation to worker health, a concerning finding of this program of research was the 

experience of heat illness symptoms. More than 85 % of surface miners reported at least 

one symptom of heat illness over a 12-month period (chapter 3). The most commonly 

reported symptoms included fatigue, headache, high body temperature, and muscle 

cramp. Raising the concern posed by this finding is the frequency of symptom experience, 

with ~ 80 % reported to have been experienced on more than one occasion. Chapter 6 

highlights this concern further; revealing that over 70 % reported at least one symptom 

during a single work shift. Thirst was the most commonly reported symptom and was 

generally moderate in severity. Fatigue was also common, although tended to be mild in 

nature. Muscle cramps and weakness were experienced by 20 – 30 % of workers and was 

of a mild to moderate severity.  

The high proportion of surface mine workers experiencing symptoms of heat illness is a 

significant health and safety concern for this workforce. Mild or moderate symptoms can 

quickly progress to more serious or life threatening situations if appropriate actions are not 

taken to alleviate the condition. Infact, muscle cramps are commonly experienced with 

heat exhaustion (Backer et al., 1999; Donoghue et al., 2000; Shearer, 1990). Furthermore, 

novice runners are prone to continuing or increasing their effort during endurance events 

despite symptoms of heat exhaustion, progressing until collapse with heat stroke (Hanson 

& Zimmerman, 1979; Hart et al., 1980; Hughson et al., 1980). Anecdotal evidence from 

occupational health and safety staff reveals that there have been several instances of 
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surface miners requiring medical attention for heat illness. Therefore, consideration needs 

to be given to identifying the factors associated with the experience of heat illness 

symptoms. This will allow strategies to be developed that focus on reducing the experience 

of symptoms and preventing them from escalating to more serious conditions.  

Although no miners (chapter 6) had a medically reportable case or severe symptoms of 

heat illness which caused them to cease work, their symptoms indicated that the 

physiological systems of the body were struggling to meet the demands of 

thermoregulation. Symptoms of heat illness will result if body temperature rises, the body 

becomes dehydrated, or a combination of both (Backer et al., 1999; Donoghue et al., 2000; 

Shahid et al., 1999). It is likely that a combination of these factors were contributing to the 

symptoms experienced, however, as discussed above, while heat strain was raised during 

work, it was not found to be excessive in the present sample of workers. Alternatively, the 

majority of these workers were dehydrated. Therefore, the primary avenue for reducing 

heat illness symptoms arising from this program of research is to improve the workers 

hydration status.  

Support for this assertion arises from the relationship found between hydration status and 

symptom experience. Chapter 3 revealed there is an increased risk of experiencing 

symptoms of heat illness when dehydrated, with greater levels of dehydration increasing 

the risk. These findings align with previous observations. Loss in body mass (a sign of 

dehydration) during athletic training sessions was significantly correlated to heat illness 

symptom index score (Coris et al., 2006). In addition, a primary contributor to heat illness 

symptoms and cases requiring medical attention is dehydration and a loss of electrolyte 

balance (Donoghue et al., 2000; Shearer, 1990). From these research findings it is apparent 

that improving hydration status should be a priority for the surface mining workforce 

operating in conditions of heat stress. 

Other factors that should be mentioned in relation to heat illness include the workers 

fitness, body mass index (BMI), and age. Low physical fitness and a high BMI are commonly 

found to increase the risk of developing heat illness requiring medical attention (Chung & 

Pin, 1996; Donoghue & Bates, 2000a; Gardner et al., 1996; Wallace et al., 2006). In 

contrast, aerobic fitness and BMI were not associated with the experience of heat illness 

symptoms in the present program of research (chapters 3 and 6). Several reasons can be 

proposed to explain these findings. Firstly, this may reflect a difference between medically 

reportable cases and symptoms. Given the high proportion of workers reporting symptoms, 
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it is likely that many were only minor in nature. This suggests that fitness and BMI may play 

a lesser role in the early stages of heat illness, and a larger role in progressing minor 

symptoms to more serious cases of heat illness if exposure is prolonged and/or the work 

tasks externally paced.  Alternatively, there may not have been sufficient variation in the 

study samples to provide a complete view of each factors influence. The majority of 

workers were of low aerobic fitness and overweight, therefore there may not have been 

sufficient numbers of moderate to highly fit and healthy weight individuals to bring out 

these relationships statistically. Due to this, and in light of previous research, it would be 

inappropriate to conclude that fitness and BMI are irrelevant to the risk of heat illness in 

this population without further evidence. Consideration should be given to encouraging 

employees to maintain a healthy lifestyle. 

Assessment of heat illness symptoms has also suggested age to be a significant contributing 

factor. In chapter 3, when both underground and surface miners data was pooled, those 

who experienced moderate symptoms of heat illness were 2.9 years younger than those 

who experienced minor symptoms. Similarly, forestry workers that experienced symptoms 

were 8 years younger than those who did not (Maeda et al., 2006). In underground miners, 

although the age difference between workers experiencing heat exhaustion and controls 

was not statistically different, there was a decline in the odds ratio from 1.0 for those < 30 

years of age, to 0.85 for 30 – 38.9 years, and 0.79 for 39 – 48.9 years (Donoghue & Bates, 

2000a), suggesting older workers were less likely to experience heat exhaustion. These 

observations are in contrast to the common expectation that older individuals will be more 

susceptible to heat illness due to a general decline in aerobic fitness and increase in body 

fat stores associated with aging (Havenith et al., 1995a; Havenith et al., 1995b; Kenney & 

Munce, 2003). It has been suggested that older workers may be more experienced and 

better able to pace their work to avoid developing heat illness symptoms (Maeda et al., 

2006). Further research should investigate the susceptibility of older workers to heat 

illness.  

To reduce the incidence of heat illness symptoms and aid in preventing symptoms from 

progressing to more serious conditions the following recommendations are suggested. 

Educational strategies should aim to equip workers with the ability to identify work 

environments and situations in which they will be exposed to heat stress. This will 

empower workers to better assess when they may need to pace their work intensity to 

tolerate the work environment. Research has shown the self-pacing of work tasks was an 
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effective control in preventing heat illness (Millican et al., 1981) and it has been a key 

factor in the absence of fatal heat stroke in the European mining industry (Lind, 1970). 

When tasks are externally paced, consideration should be given to appropriate work / rest 

cycles. Finally, workers need to be well informed of the symptoms of heat illness and be 

able to identify them personally and in their colleagues. Appropriate measures to alleviate 

these symptoms should also be made known and encouraged.  

Overall, the majority of surface mine workers experience symptoms of heat illness during 

their work. This raises a significant health and safety concern as these can quickly progress 

to more serious conditions if appropriate actions are not taken to alleviate the condition. 

Dehydration was seen to affect the experience of heat illness symptoms. Therefore 

improving hydration status should be a key element in the strategies implemented to 

reduce the experience of heat illness symptoms. 

Limitations and Generalisability 
Several areas for potential limitations of the current program of research include data 

quality, sample size, and control of extraneous variables. Also, an indication of the degree 

to which these findings can be generalised to the wider surface mining population will be 

made. 

Careful attention was given to ensuring a high quality of the data collected in this research 

program. Self-report questionnaires for heat illness symptoms were developed from 

previously published questionnaires used in industrial and athletic populations exposed to 

heat stress, and from the information contained in several important sources relating to 

heat stress exposure (Armstrong et al., 2007; Close, 2007; DiCorleto et al., 2002; Keim et 

al., 2002; Pickering & Tuck, 1997) as well as scientific and medical reports on cases of heat 

illness (literature review – heat illness section). Information collected from occupational 

health and safety professionals and workers in the industry under investigation also 

provided important input into the relevance of the questionnaire items for this population. 

The questionnaires were also piloted to ensure understanding of the items and confirm its 

relevance to the industry and workers. The administration of these questionnaires was 

conducted in a consistent manner for all respondents with ample opportunity to ask 

questions. Participants were informed that their responses remained anonymous and that 

management would not be provided with information pertaining to individual employees. 

This was an ethical requirement but is also important to encourage an honest response to 

the questions without fear of reprisal for a poor result.  



 

211 
 

The primary variable for assessing heat strain was core body temperature monitored via an 

ingestible temperature sensor and data logger. This apparatus allowed for unimpeded 

movement of the workers and did not interfere with their normal work tasks. Sensors were 

calibrated following the procedures developed in chapter 4, ensuring that each one was 

representative of a single traceable thermometer. Finally, although some interference with 

the field data was noticeable; coinciding with food and fluid consumption, a consistent 

approach to identifying and removing erroneous data was implemented.  

There are several techniques available for monitoring hydration status, each with its own 

strengths and weaknesses. The primary considerations for assessing hydration status both 

subjectively (questionnaire format - chapter 3) and objectively (physiological monitoring - 

chapter 6) was that it be practical, inexpensive, and portable, whilst providing an accurate 

and reliable indication of hydration status. Previous research has concluded that urine 

colour and urine specific gravity are indicative of hydration status (Armstrong et al., 1998; 

Armstrong et al., 1994; Baker et al., 2009; Oppliger et al., 2005; Popowski et al., 2001) and 

are recommended for use in field settings (Armstrong, 2007). In addition, urine specific 

gravity was found to be a reliable measure, following a variety of storage conditions, over a 

24 hour period (chapter 5); allowing this measure to be accurate within the practical 

constraints of the work sites. Monitoring body mass change is also recommended for use in 

field settings; however, it requires a well-hydrated baseline body mass. Since workers were 

reporting to work in a dehydrated state, less emphasis was placed on body mass change as 

an indicator of hydration status in the field environment (chapter 6). Additional factors that 

limit the utility of body mass change measurement to indicate hydration status in the field 

include: 1) shift lengths of  8 – 12 hours, therefore body mass change should be corrected 

for oxidative and respiratory water exchange (Mitchell et al., 1972); 2) correction for the 

weight of food and fluid consumption and excretions (Armstrong, 2005); and 3) accounting 

for the weight of sweat accumulated in clothing (International Organisation for 

Standardisation, 2004b). 

Alternatively, change in body mass was the primary hydration status indicator in chapter 7. 

In the laboratory environment, pre-trial hydration was well controlled, the weight of fluid 

excretions was accounted for, and nude body mass was measured after towelling dry. 

Therefore any change in body mass was an accurate indication of sweat loss, and resulting 

dehydration. In contrast, urine samples were not considered optimal for the purposes of 
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this laboratory study, as urine represents hydration status over the time period since the 

previous void (Armstrong, 2007). As such, urine variables were not reported in chapter 7.  

Overall the author believes that the data collection procedures used in this program of 

research were not a limitation. The data is of a high standard and has produced accurate 

and reliable results from which to base the conclusions on.  

Another important aspect to consider is the sample size. A limitation of the field study of 

surface mine workers (chapter 6) was the small sample size. As a result, the statistical 

analysis of the heat illness symptoms experienced and potential risk factors lacked 

sufficient power to identify which factors were contributing. It is likely that each factor 

plays a part, and to determine the influence of each would require a far greater sample 

size, beyond the scope of what was practically achievable. Blast crews and drillers were 

selected as the study population because they represent a category of workers exposed to 

the extreme environmental conditions. Although the sample size was limited by the small 

overall number of workers in these categories, it represented approximately 75 % of the 

contractor’s drillers and blast crews at the sites visited. Since the data is representative of 

this particular workforce, it has been discussed qualitatively based on the known aetiology 

of heat illness, previous research on the factors relating to heat illness, and earlier findings 

in this population (chapter 3). Aside from this aspect of chapter 6, all other studies of the 

program of research had sufficient sample size to conduct the appropriate statistical 

analysis. 

A common criticism of field based research is the reduced control of extraneous variables. 

In chapter 6, the factors contributing to heat stress could not be strictly controlled in a 

consistent manner for each participant’s shift in which they were monitored. For instance, 

climatic conditions varied over the course of the shift and between days. Also, the tasks 

performed differed between workers. Therefore the heat stress exposure was not 

consistent for all participants and the data does not lend itself to the description of specific 

work tasks. However, field research has the advantage of describing “real world” situations. 

Collectively the data shows how this category of surface mine workers cope with the 

environment and work tasks that they are commonly exposed to. In some respects this is 

more valuable than the information that could be gathered by laboratory research of 

simulated work tasks and environments. The findings highlight the areas of greatest 

concern for the workers (namely hydration status) and therefore can be used to guide the 

development of strategies to improve the health and safety of this workforce. 
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Finally, the generalisability of the study findings should be considered. Generalisability 

describes the degree to which the study findings can be extended to the broader 

population, in this case, the wider surface mining community in Australia. The main factors 

that will affect the generalisability of the study findings are the characteristics of the 

workforce and the level of heat stress exposure. The findings suggest a low to moderate 

fitness level and that many of the workers are overweight. This is consistent with health 

surveys of the mining workforce and comparable to reports of underground miners (table 

2.9), suggesting that these findings can be generalised to the wider industry based on the 

workforce characteristics. Also, it is anticipated that the present findings are generalisable 

to mine sites where the environmental and organisational conditions, work intensity, and 

clothing requirements are similar to those in the present studies.  

Future Research Directions 
The current program of research has provided a broad evaluation of the effects heat stress 

has on the drilling and blast crew workers of the surface mine workforce. The above 

discussion has highlighted significant findings in the areas of heat strain, hydration status, 

and heat illness, from which several avenues for continued investigation arise. 

In relation to the heat strain experience of miners, particularly blast crews and drillers, two 

directions for continued study include: 1) the effects of acclimatisation; and 2) an 

evaluation of drillers during the summer season. Although heat strain was not considered 

excessive for the present sample of workers, almost 50 % surpassed the core body 

temperature limit for un-acclimatised workers, which suggests that ensuring workers are 

appropriately acclimatised is important to tolerating these work conditions. A potential 

difficulty in maintaining appropriate acclimatisation arises from the fact that many mines in 

Australia are located at great distances from major population centres. Mine workers can 

often be flown in for the duration of a roster (of varied length), before being flown back to 

their place of residence, potentially outside the hot climate. Since the physiological 

adaptations of acclimatisation are reversible (Weller et al., 2007), future research should 

investigate the effects this travel has on the acclimatisation of the workers. Secondly, 

drillers were identified as a high risk group by the high number of symptoms reported by 

workers in this category (chapter 3). Unfortunately, this group was unavailable for repeat 

physiological monitoring during the summer period. The finding that similar body 

temperatures were observed in this group during the winter, compared to blast crews in 

summer, suggests the potential for higher heat strain for drillers in summer. Such a 

possibility warrants further research attention. 
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Hydration status was identified as a key element in need of improvement for this 

workforce. Research is required to determine strategies and beverages that are most 

effective at re-hydrating individuals in an industrial setting. Much of the research in this 

area has been conducted for athletic purposes (Mundel et al., 2006; Passe, Horn, & Murray, 

2000; Passe, Horn, Stofan, & Murray, 2004) or simulated environments (Clapp, Bishop, 

Smith, & Bauman, 2000a; Clapp et al., 2000b; Jung, Dale, & Bishop, 2007) of relatively short 

duration. However, the extent to which this research can be generalised to the mining 

industry needs to be determined, as workers are required to work for much longer periods 

of time (12 hours shifts) than most athletic events, and are required to work for several 

consecutive days. Differences in the nature of the work across the 12 hour period and work 

organisation also emphasises the need for more industry specific information and work 

related intervention strategies.  

In addition to improving hydration practices, continued research into novel approaches to 

hydration assessment is recommended. The present research program has identified a 

relationship between changes in hydration status and intraocular pressure (IOP). IOP can 

be measured with a portable hand-held device and could potentially yield a quick and 

accurate assessment technique for use in a field setting. To build on the current findings 

further research should assess a larger sample of individuals and determine other factors 

that are contributing to the variance in the response observed. 

A concern highlighted by the present program of research was the high proportion of 

workers experiencing symptoms of heat illness. It is most likely that many of these 

symptoms were only mild to moderate in nature (chapter 6), but these findings are of 

concern as symptoms can progress if appropriate actions are not taken (Hanson & 

Zimmerman, 1979; Hart et al., 1980; Hughson et al., 1980). Therefore, in conjunction with 

the identification of the symptoms experienced, future research should look at the workers 

response to the symptoms. That is, to elucidate whether the individuals or management 

practices were sufficient to alleviate the symptoms and prevent a more serious condition. 

Finally, some evidence from the present studies suggests that older workers may be less 

susceptible to symptoms of heat illness. This has also been observed in the forestry 

industry (Maeda et al., 2006). As the workforce is aging in the western world (Ilmarinen, 

2001), further research is required to confirm or refute these findings. 
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Contributions to the Literature 
Overall this body of work has produced a significant contribution to the scientific 

community, in terms of both methodological considerations for conducting field research 

and to the literature regarding the effects of heat stress at surface mining operations. 

Issues in relation to methods of data collection in challenging environments were 

overcome through the work conducted in this program. A calibration procedure for 

ingestible temperature sensors was developed and published to the scientific community 

to promote a consistent procedure to ensuing high quality data from this measurement 

technique. Secondly, urine specific gravity assessment was found to be reliable up to 24 

hours post urine collection, a finding that allowed greater flexibility when dealing with the 

logistical constraints of working with industry. Finally, some evidence was gained from the 

program of research to indicate the potential for a novel approach to the assessment of 

hydration status through measurement of intraocular pressure. Although much research is 

still required, these findings constituted the next step in investigating the utility of this 

measure.  

 To date there has been a scarcity of research literature describing the effects of heat stress 

at surface mine operations. The current program of research has advanced the knowledge 

base in terms of the heat strain, hydration status, and heat illness symptoms experienced 

by workers in this industry, particularly in the job categories identified as high risk (drillers 

and blast crews). Continuous monitoring of core body temperature revealed that these 

workers were under a greater heat strain than previously observed (Miller & Bates, 2007b), 

indicating that the effects of heat stress need to be given careful consideration in these 

workplaces. Indeed, the majority of workers who participated in the present program of 

research have experienced symptoms of heat illness during their work. With workplace 

health and safety staff at surface mines anecdotally reporting that heat illness requiring 

medical attention does occur at their sites (personal communications), this research points 

to a way forward to improving the workers tolerance to heat stress, namely through 

improving their hydration status.  
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Appendix A: Heat Stress Questionnaire 
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