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Abstract: This review describes some of the literature pertaining to sleep deprivation, shift 

working, and heat exposure. Consequences of each on human cognitive function, 

particularly with respect to vigilance and attentional capacity are reviewed. Individually, 

each of these factors is known to impair human cognition; however, we propose the 

possibility that for miners working in hot underground environments and who are assigned 

to rotating shifts, the combination may leave miners with significant degrees of fatigue and 

decreased ability to focus on tasks. We suggest that such decreased capacity for vigilance is 

a source of concern in an occupational health and safety context. 
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1. Overview 

Western societies have relatively recently undertaken a shift from an agrarian-based “wake at  

dawn-bed at dusk” pattern of activity to a 24 h/7 day per week system where virtually every service 

desired is available at any time during the day and night. On an evolutionary scale, this new pattern of 

human activity is nascent. In other words, our current habits have us operating out of phase with eons 

of biological development.  

The literature reviewed here describes some of the consequences of altered sleeping behaviours for 

those who work shifts with a particular emphasis on those employed by the mining industry. We also 

describe some implications of poor sleep quality that may be exacerbated by the physical environments 

of the underground mining industry. 

We will argue that the experience of shift working, increased degrees of “sleep debt”, (the 

difference between the amount of sleep an organism requires and the amount experienced) [1], the 
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effects of increased ambient temperatures during work times, and sleep pathology might adversely 

affect miners’ cognitive abilities. We will suggest that from an occupational health and safety 

perspective, such cognitive deficits may lead to situations that are dangerous for sleep deprived miners 

and those working around them.  

This paper advances the hypothesis that miners will oftentimes be working in harsh physical 

environments whilst experiencing some degree of cognitive dysfunction arising from abnormal 

sleeping behaviours. Changes in normal sleeping behaviours may be the result of miners needing to 

work outside of normal daytime hours, needing to shift normal daily circadian patterns to accommodate 

rotating shifts, or sleep pathology. Fatigue induced cognitive changes arising from altered sleep 

patterns may be exacerbated by working in hot underground environments. Individually, or perhaps in 

interaction, these factors may leave miners with an increased risk for experiencing workplace 

accidents. We review here literature pertaining to the influence that these individual factors may have 

on human cognitive function before advancing our premise that such cognitive deficits are potentially 

contributing to unsafe workplaces in the mining sector. 

2. Introduction 

A fundamental reality for life on Earth is that it came to its current form with an immutable pattern 

of light and dark featuring prominently in its evolutionary development. This pattern of alternating 

light and dark has been an important feature of evolutionary processes from when the cosmos first 

formed. Accordingly, most, if not all, existing species have evolved a biology that responds to the 

planetary light/dark cycle.  

Many responses to the planetary cycles are expressed at a behavioural level [2]. For example, rats 

are a nocturnal species, biologically predisposed to being active during darkness. So too are their 

predators, owls being an obvious example.  

Some circadian patterned activities are endogenous synchronous activities that require daily 

resetting by sunlight such that the organism is entrained to the local light/dark conditions. Waking, 

eating, working, etc. are behavioural examples of circadian patterned activities. Circadian responses 

are also seen on molecular scales [3]. For example, clock genes are active during specific times of the 

day coding for biochemical responses that are necessary for the organism to respond to light or dark 

cued events. Transcriptional activators CLOCK and BMAL1 target the genes Period (Per) and 

Cryptochrome (Cry). These target genes form repressor complexes that inhibit the parent activators in a 

rhythmic fashion. While active, the target genes specifically modify metabolic events necessary for the 

organism to function in response to the light/dark cycle [4]. Clock gene activity is also related to some 

cognitive processes [5]. 

These biochemical events are described here to demonstrate that cellular processes programmed to 

the light/dark cycle exist. As suggested below, disturbances of this intricately balanced cellular activity 

may have serious consequences for human health and mental function [6]. The processes are the result 

of eons of evolutionary process, leaving humans as diurnal organisms that manifest biological 

imperatives on many different scales. Many human biological mechanisms are patterned to be active 

(or inactive) as a function of the light/dark cycle [7]. For the purposes of this review, we need only 

acknowledge that clock gene activity is important to the regulation and maintenance of the circadian 
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pacemaker’s control of these rhythms [4]. It is beyond the scope of this review to detail the 

neurobiology of entrainment and other circadian patterned cellular processes; however, excellent 

review articles detail the interactions between neurons of the suprachiasmatic nucleus and endocrine 

and other metabolic processes (For example, see Bass and Takahashi [4]).  

We describe here two well-known biochemical systems that are influenced by sleep and which have 

subsequent implications for human cognitive function. This review argues that poor quality sleep for 

miners will decrease workplace safety as a result of altered vigilance and attentional capacity. Again, 

an extensive review of sleep neuroendocrinology is beyond the scope of this article; however, we 

overview these two systems to demonstrate the relationships between altered neurochemical systems 

and human cognition. Disruptions in these systems as a result of poor sleep may be a factor for 

occupational safety [8]. 

One important neuroendocrine system that assists in the resetting of biological mechanisms to local 

light conditions is the melatonin system. The pineal gland secretes melatonin [9] which is involved in 

the regulation the sleep-wake cycle [10,11]. Melatonin concentrations peak at night when light levels 

are low and act to inhibit the mechanisms of wakefulness [11]. Sleepers with normal sleep architecture, 

defined as a typical pattern of sleeping behaviours (see below) generally have a peak secretion of 

melatonin between 0100 and 0500 h [12,13].  

Disruptions to melatonin rhythmicity can result in cognitive dysfunction [8]. In the absence of the 

evolutionarily defined peaking effect, homeostatic benefits of melatonin may be altered for those 

obliged to be awake during the night. Research has found that sleep efficiency (ratio of total sleep time 

to time in bed) is highest when the person sleeps during the night with endogenous melatonin  

release [14]. In contrast, when a person attempts to sleep during the circadian phase that has little 

melatonin release (daytime sleep), sleep efficiency is markedly reduced and the sleeper experiences 

more intervals of wakefulness [15].  

Cortisol is another important hormone that is influenced by the sleep wake cycle. When the human 

cortisol system is disrupted, fatigue, depression, and immune system disorders often manifest. Those 

with disrupted cortisol regulation are also prone to obesity [16]. Cortisol levels are high during 

wakefulness and low during sleep. The lowest concentrations of cortisol are seen during the very 

earliest stages of light sleep and peak at the moment prior to our awakening in the morning, assuming 

that such awakening is biologically derived and is not as a function of external stimuli [17]. Cortisol 

secretion is also increased during times of stress [18]. Cortisol is implicated in the development of 

insomnia and its subsequent cognitive implications [19]. Thus, it may be that shift workers who 

experience abnormal cortisol secretions resulting from needing to work outside of endogenous 

circadian patterns may have diminished cognitive resources related to changes in cortisol metabolism. 

These neurochemical systems are examples of the evidence that the human biology responsible for 

our sleep and waking behaviours has a fundamentally important relationship with the planetary 

light/dark cycle [3]. Irrespective of personal choices made by the individual to be active outside of the 

genetically determined circadian systems of the sleep/wake cycle, biochemical and cellular processes 

continue to operate on those patterns defined by evolutionary processes. As is described here, there are 

implications for biological mechanisms, some of which are potentially life threatening [20] when 

humans deemphasize the importance of their normal circadian rhythms.  
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2.1. The Human Sleep Cycle 

While there have always been humans who were required to be alert during the night (those 

responsible for health or child care, military personnel, etc.) the societal shift to being active outside of 

daylight hours is directly attributable to Joseph Swan’s (1828–1914) 1850s commercialization of the 

modern electric light bulb and Thomas Edison’s (1847–1931) subsequent development of an efficient 

distribution system for electrical power in 1882. These milestones have permitted humans to actively 

engage in activities beyond daylight hours. Thus, as recently as 130 years ago, humans experienced 

opportunities to systematically participate in activities out of phase with the biological patterns that 

have been selected for over eons of evolution. 

It is obvious that the extension of our activities into the dark phase has afforded humans with an 

enormous advantage in productivity and advancement; however, there is no disputing that those living 

in Western societies are behaving differently in terms of the behavioural and biological systems of our 

progenitors. Evidence is accumulating which suggests that there are enormous costs paid by some 

people who routinely undertake dark-phase activity [20]. 

To appreciate the implications of changes in sleep and circadian patterns arising from working 

outside of the normal light/dark cycle, an understanding of the normal patterns associated with human 

sleeping behaviours is necessary. This section reviews normal human sleep patterns and provides a 

primer of sleep and circadian medicine. 

Readers will recognize the basic pattern of the sleep/wake cycle as a result of their own experiences. 

They know that under circumstances where there are no demands to function outside of the normal 

pattern of activity, every night humans are obliged to seek a warm, safe place where they can recline 

for, on average, 8 h. When humans sleep, they are effectively removed from a conscious perception of 

their external world, save for some sentinel functions that may serve protective purposes [21].  

Less commonly understood is that sleep is not a homogenous state. During human sleep, there is a 

fundamental alteration in neurochemistry as a function of the person’s specific sleep state. Humans are 

known to experience 2 different states of cortical activity when they are sleeping, each with its own 

underpinning neurophysiology [22]. 

The first brain state normally experienced as humans progress into a night’s sleep is characterized 

by a reduced degree of brain activity. This state is called non-rapid eye movement (nREM) sleep [22] 

and it can be differentiated into subclasses using clinically relevant objective markers of 

electrophysiological activity. These subclasses include stage N1, a light stage of sleep that marks the 

transition between wakefulness and sleep, and N2 which is the sleep state that predominates 

throughout a typical night’s sleep. The most profound reduction in brain activity during nREM sleep  

is during N3 sleep which is also known as slow wave sleep (SWS) [23]. SWS manifests on 

electroencephalogram (EEG) tracings with large jagged waveforms that are thought to reflect neural 

connections between the subcortical thalamic nuclei involved in sleeping behaviours and the cortex 

where most human cognitive functions are processed [24]. Some readers may note that this 

classification system of sleep states is unlike the familiar Rechtshaffen and Kales sleep scoring  

rules [25] used previously. The classification system used here replaces the “R and K rules” and our 

use of the new rules for staging and scoring sleep reflects current clinical practice [23]. 
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The experience of SWS is important for humans as it is during this phase when important metabolic 

events like the secretion of growth hormones [26] are known to take place. Some memory functions 

are thought to be dependent on the experience of SWS [27].  

The second brain state that arises during human sleep is called rapid eye movement (REM) sleep.  

In the timeline of medical research, the discovery of this brain state is new as it was only in the 1950s 

when researchers at the University of Chicago systematically investigated the observation that the eyes 

of sleeping humans move in a bizarre fashion during sleep [28]. Since the discovery of REM sleep, the 

scientific investigation of sleeping behaviours has yielded an enormous body of literature. We 

emphasize the nascent nature of the state of sleep research to illustrate that a scientific understanding 

of human sleep is preliminary. Hundreds of scientists across the globe explore sleeping behaviours; 

however, the function and purpose of sleep remains somewhat speculative [29].  

Mammals that are experiencing REM sleep exhibit cortical neural activity that is quite similar to 

that of their wake state [28]. During REM sleep, a large amount of metabolic energy is expended in a 

process that the sleeper is largely unconscious of. A human that is awoken from REM sleep will likely 

reiterate some dream-based imagery; however, if the sleeper is not awoken, the cognitive recall of the 

dream content will pass from the sleeper’s awareness immediately [30]. It is unlikely though that this 

expenditure of biochemical resources has the sole purpose of providing dream imagery to the human 

experiencing REM sleep; however, a parsimonious explanation for the several objectively observed 

phasic and tonic features of REM sleep has yet to be advanced [29]. 

Thus, for the human, there are 3 specific brain states, each of which arises from their own unique 

neurophysiology: wake, nREM and REM sleep. For the human experiencing a routine night’s sleep, 

the transitions between brain states are not linear. For the normal human brain that is entrained to and 

is responding to daylight, the wake state predominates and conscious awareness of the environment is 

established. During the night, each of the 3 brain states is expressed during sleep when consciousness 

of the external world is either greatly diminished or is absent [31]. The hypnogram below shows that 

sleeping humans experience epochs of each of the 3 brain states throughout the night but not in a linear 

order. The hypnogram reveals a cyclic pattern of the 3 brain states throughout the night. Humans enter 

their first REM sleep epoch approximately 90 minutes after they fall asleep and remain in REM sleep 

for approximately 20 minutes. The initial REM sleep interval is shorter than those that are experienced 

later in the night. Humans tend to have more nREM sleep earlier in the night. Note that there are 

intervals of wake that occur normally during a typical night’s sleep; however, these are generally short 

and it is unlikely that the sleeper retains awareness of them [31]. 

When humans are prevented from sleeping in a manner dictated by their own biological 

mechanisms, they show increased sleepiness as a result of homeostatic processes [32]. Sleep debt is 

reduced when the sleep restricted person obtains recovery sleep. The degree to which an individual 

pays back that debt is proportional to the amount of sleep that was lost [33]. 

With respect to the hypotheses being advanced by this review, an understanding of the sleep 

architecture graphed in the hypnogram is important. The cycling of brain states has sophisticated 

neurochemical control mechanisms housed in phylogenetically ancient brain structures [34]. That is, 

the mechanisms serving homeostatic functions of the sleep cycle were organized in the human brain 

eons ago in response to the light/dark cycle and have since been consolidated by natural selection 

processes. Thus, the usual human sleep architecture is the result of millions of years of evolution and 
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any homeostatic functions served by the experience of sleep are likely to be maximized when that 

neurobiology is expressed as is coded for by our evolutionary history.  

Figure 1. A hypnogram of human sleep over the course of a stereotypical night. 

 
 

Shift working miners will by necessity of workplace requirements be constantly performing outside 

of their normal homeostatic sleep wake drives [35]. Thus, employees who are beginning their shifts 

with a degree of sleep loss will simultaneously be faced with an increased drive to recover the lost 

sleep [36]. Irrespective of the cognitive changes that are directly attributable to truncated sleep  

time [37], the homeostatic drive to recovery sleep will also induce changes in cognitive function [38]. 

Organizational psychologists have realized the importance of recovery sleep [39]. 

2.2. Functions of Sleep 

As described above, sleeping behaviours are processed in phylogenetically ancient neuroanatomical 

structures [34]. When we consider that in our evolutionary history, the act of assuming long periods of 

quiescence and dissociation from the external environments would have left our progenitors prone to 

predation, sleeping might appear to be maladaptive. However, since the experience of sleep-like 

responses is ubiquitous in the animal kingdom [40], and since there are severe and potentially life 

threatening consequences of sleep deprivation [41], it is clear that the experience of sleep serves some 

important metabolic and homeostatic functions. Natural selection processes suggest that sleep is of 

significant importance to the biology of human functioning.  
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Various hypotheses describing the function(s) of sleep have been advanced [29,42]. Many of these 

functions have been attributed to the general experience of sleep or to the experience of specific sleep 

states. For example, research has indicated that immune response efficiency is correlated with  

healthy sleeping [43]. Similarly, efficiency in thermoregulatory mechanisms has a basis in the 

neurophysiology of sleep [44]. Other functions that sleep is thought to be involved with include 

learning and memory formation [45-47], neocortical maintenance [48], energy conservation [49], and 

brain development [50]. It is beyond the scope of this review to detail all of the functions attributed to 

sleeping behaviours. We direct interested readers to excellent reviews authored by Frank [51] and 

Kilgore [52].  

Our hypotheses are that sleep deprivation, working rotating shifts, pathology, and heat exposure 

may lead to unsafe workplaces with respect to potential lapses in vigilance and attention. We 

acknowledge that there are myriad of functions served by sleep and alterations of any of those may 

lead to outcomes that decrease workplace safety; however, here we focus on the cognitive benefits 

conferred as the result of healthy sleep experiences.  

2.3. Sleep and Cognition 

The literature describing the relationships between sleep and cognition is vast. The roles that sleep 

serves in various aspects of cognition have been investigated [52]. Previous literature suggests that the 

experience of sleep and/or specific sleep states factors into response time [53], short-term memory [54], 

and mathematical skills [55] among many others.  

Executive functions such as innovation [56], multi-tasking [57], working memory (that which requires 

storage of information necessary for the performance of a given task) [58], impulsiveness [59], and 

verbal skills [60] are altered as a result of sleep disruptions. Further, chronically sleep deprived 

individuals demonstrate poor introspective understanding of the extent of their impairment [61]. Thus 

sleep-deprived individuals may show objectively measured declines in their executive functions; 

however, they have little insight into such deficits.  

While any of these deficits might detrimentally influence worker productivity, from the perspective 

of workplace safety decreased attention and vigilance arising from sleep disruption is likely more 

important. It is not only sleep deprivation that may cause attention lapses. Alertness changes also with 

circadian phase, so, in addition to the experience of sleep disruption, the time when the subjects’ 

alertness is measured is important [62]. It may be that when normal sleep architecture laid down by 

evolutionary processes is disrupted by changes in circadian patterns, another possible contributing 

factor for unsafe working environments is introduced. 

From the perspective of occupational health and safety, miners who are having lapses in attention or 

who are unable to focus on a tedious task as a result of sleep restriction or fatigue might be susceptible 

to making errors that could lead to accidents and increased workplace mortality [63]. While it would 

be difficult to evaluate post hoc if a lapse in worker’s vigilance due to sleep disruption was responsible 

for a specific personal injury or one that caused injury to a nearby coworker, fatigue and drowsiness have 

been reported as factors in many notorious incidents including the Challenger shuttle explosion [64], the 

Exxon Valdez oil spill [65], and the Union Carbide gas leak in Bhopal [66], among others. 
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2.4. Consequences of Sleep Deprivation  

Sleep deprivation leads to dysfunction measurable on a number of dimensions ranging from cellular 

responses [67,68] to societal outcomes [69]. Anywhere on that continuum of sleep deprivation induced 

changes are issues that pertain to the thesis proposed here: miners who do not acquire adequate sleep 

are more likely to develop physical and cognitive deficits that could lead to workplace accidents. Some 

of the consequences of reduced sleep are described here. 

Animal and clinical literature describes the serious consequences of moderate sleep deprivation. 

The focus of this review is on the implications for cognition that sleep alterations have; however, there 

are many somatic results too. We briefly describe some of these here as these physical outcomes may 

potentially induce subjective complaints of sleepiness and subsequent cognitive changes. As examples, 

chronically sleep deprived humans have an increased prevalence of metabolic disorders [70], 

neuroendocrine problems [71], reduced immune responses [72], and increased oxidative stress [73]. 

Type II diabetes and obesity [74] are more likely in the population of sleep deprived individuals, as are 

mood disorders [75], decreased sociability, and somatic complaints [76].  

Perhaps the most obvious outcome of sleep deprivation is fatigue. Fatigue can be considered as 

either a mental or physical process [77]. Fatigue manifests with muscular weakness, exhaustion, and 

lethargy; however, there are also cognitive deficits that arise when the individual is fatigued. These 

include anxiety, irritability, attentional lapses, and listlessness [78]. Either physical or mental fatigue is 

potentially dangerous in an active mine site where much physical activity is expected; however, we 

focus here on the possibility of sleep deprivation induced cognitive deficits that can lead miners to 

have decreased vigilance and focus.  

The scientific literature makes it clear that obtaining good quality sleep is a crucial factor for 

alertness and attentional capacity [79,80]. Subjects who were sleep deprived reported problems with 

higher order cognitive processing such that deficits in some types of memory encoding [81,82], 

decision-making [83], and divergent operations [84] were observed. The type of fatigue that may 

follow successive periods of poor quality sleep has negative consequences for alertness and vigilance 

ability [85]. Learning and focusing capacity is similarly reduced [86]. With respect to those who are 

required to operate heavy equipment or engage in other potentially dangerous activities, one of the 

most serious consequences of poor quality sleep is the increased likelihood of experiencing microsleeps. 

Microsleeps are intervals when a person falls asleep up to 30 seconds while ostensibly claiming an 

awake state [87]. When sleep deprivation is of an extended nature, people will often involuntarily 

initiate eye movements that are indicative of an nREM sleep state [88]. Concurrent with those eye 

movements are lapses in attention [89]. Obviously, such microsleeps represent a danger to those 

operating heavy equipment or those who are in proximity to it.  

A common tool that evaluates attention and concentration is the psychomotor vigilance task (PVT). 

For the PVT, subjects respond to a signal that is presented on a variable schedule for an interval 

ranging from 5 (shortened version) to 10 minutes. Response times and attentional lapses (defined as 

responses that take longer than some predefined period) are recorded [90]. Extended reaction times are 

indicative of sleep loss [53]. Poor performance on the PVT is related to disrupted or fragmented SWS 

suggesting that vigilant attention is affected when SWS sleep is of poor quality [91]. Interestingly, 

older adults are more resistant to the effects of sleep deprivation on performance of the PVT [92]. 
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The effects of sleep deprivation in humans have been studied using other objective methods. 

Diminished brain activity arising from sleepiness is reported in the neuroimaging literature [93].  

For example, many of the cognitive deficits arising from poor sleep as described above are correlated 

with reductions in metabolic rates and blood flow in the human thalamus and cortex [94,95]. The 

prefrontal cortex is the neuroanatomical locus for several important higher order cognitive functions 

such as attention, executive processing, and performance of tasks requiring divergent thinking [96]. 

These areas of the human brain show decreased metabolic activity when the subject is sleep  

deprived [97]. Similarly, EEG data suggests a reduction in arousal when the subject is sleepy [98].  

The physiological observations of sleep deprivation suggest causality for many of the cognitive 

disruptions arising from fatigue and restricted sleeping. While many of the studies reviewed here 

include manipulations of acute sleep deprivation, the danger to miners arising from such extreme sleep 

deprivation is less likely than it is from the cumulative effects of poor sleep [91]. It is important to  

note that the cumulative effects from several successive nights of poor sleep results in cognitive 

performances much like those that arise from a night of total sleep deprivation [61]. Chronic fatigue is 

likely for individuals who have accumulated sleep deprivation. Interestingly, subjects operating under 

conditions of sleep deprivation have little introspective understanding of the cognitive consequences of 

poor sleep. For example, subjects experiencing 6 or less hours of sleep for several nights reported 

feeling moderately sleepy; however, their objectively observed cognitive performances were markedly 

reduced. Thus, subjects accumulated cognitive dysfunction over days; however, they had little insight 

into the reductions of their attention and vigilance functions [61]. 

Partial sleep deprivation or sleep restriction studies also suggest that poor quality of sleep results in 

decreased cognitive performance. Dose response curves for subjects experiencing 4 h of sleep per day 

for 4 days showed levels of performance on alertness and memory tasks like those who had 

experienced 2 nights of total sleep deprivation. Belenky et al. (2003) [85] showed that when subjects 

had their normal sleep time shortened by as little as 2 h per night over a week long interval, the 

subjects performed some tests of vigilance and attentional ability as though they were totally deprived 

of sleep for 24 h. PVT results suggest that for otherwise healthy subjects who were restricted to less 

than 4 h of sleep over 5 consecutive nights had measurable deficits on attention and vigilance  

skills [99]. Thus, cognitive declines were similarly accumulated in direct relationship to fatigue 

induced by accumulated sleep restriction. It is important to note that even as the sleep restricted miner 

may be able to pay down their sleep debt that accrues over several nights of truncated sleep on their off 

time, the cognitive consequences of excessive sleep loss are not mitigated by a single night of recovery 

sleep [85].  

A particularly compelling way for describing cognitive changes arising from sleep deprivation 

equates the extent of sleep deprivation with performances like those who have consumed alcoholic 

beverages. Blood alcohol levels (BAL) provide a measure that most readers will understand as a result 

of wide media attention to the problem of driving while under the influence of alcohol. Comparing 

altered performance on tasks due to sleep deprivation performance to that like those with increased 

BAL gives salience to the nature of the sleep deprivation based performance. Studies that have used 

this approach have indicated that remaining awake for 19 consecutive hours yields results on some 

cognitive and reaction time tasks like those who have a BAL of 0.05%. Extending the awake time to 

24 consecutive hours leaves individuals with response times similar to those with a BAL of  
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0.1% [100]. BAL of this magnitude exceeds the legal limit for operating a motor vehicle in most legal 

jurisdictions in North America. Studies conducted in simulators [100] and in field studies [101] 

suggest that on some measures, workers performed as though they had BAL of 0.05 or higher when 

just moderately fatigued [102].  

Thus, poor quality of sleep clearly affects human cognitive functions. The research described to 

here related only the implications of shortened sleep times. Other sleeping-behaviour related phenomena 

might also induce fatigue in miners who are working. Miners are routinely obliged to alter their 

biologically defined patterns of circadian behaviours. We now consider the consequences for cognition 

resulting from such alterations. 

3. Shiftworking 

Shift working is a fact of life for many employees. For Western workplaces, it is estimated that 20% 

of employees are obliged to work shifts [103]. Working rotating shifts is certainly an expectation of 

those employed as underground miners. Irrespective of any personal choices made by those in our 

“24/7” society to spend less time asleep than might be biologically optimum, practical requirements of 

working shifts truncates time in bed. Miners (and other shift workers) may be required to start their 

work interval near 0700 h. In order to be at work on time, it is likely that the miner will need to arise 

very early to allow for commuting time, etc. For example, a miner scheduled to work a day shift might 

need to awaken near 5:00 am. To acquire 8 h of sleep, the average time spent asleep for humans per 

night, the miner would need to retire at 2100 h. While there are probably some adults who are able to 

sleep this early, it is likely that many would find it difficult to sleep at that time either due to societal or 

family pressures to be awake or the circadian driven propensity for sleep initiation prohibits it [104]. 

Similarly, those scheduled to work night shifts may be reporting for duty after a reduced 

opportunity for sleep. Working night shifts often results in workers having poor personal habits that 

exacerbate sleep related issues. For example, poor diet, substance abuse, smoking, and diminished 

exercising are correlated with working night shifts [105] and each of these factors is related to 

decreased sleep quality [106,107]. For those working night shift, the risk of accidents increases, 

particularly at the end of the shift [108].  

Even while the night shift worker may be tired from their previous shift, they might still need to 

respond to events during regular hours. Timetables for circumstances pertaining to parenting, medical 

appointments, banking, etc. may require that the shift worker attend to such events even though they 

have been awake for several hours and/or they will need to be awake for several more hours to come.  

These workplace requirements of miners who work shifts leave them in a state of sleep deprivation 

with all of the inherent cognitive consequences described in the previous sections [109]. While 

working shifts induces a degree of sleep deprivation, there are other potential causes of cognitive 

impairment in shift working miners. Even when the night shift working miner is able to acquire sleep 

during daylight hours, circadian misalignment of the opportunity to sleep and the biologically defined 

time of increased sleep drive often have night shift workers complaining of insomnia whilst being 

unusually fatigued [85]. Irrespective of the fatigue that may be so induced, daytime sleep obtained by a 

night shift working employee might be of decreased quality and quantity [110]. Sleep obtained during 
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the day tends to have reduced sleep efficiency [110] and sleep efficiency is positively correlated with 

human cognitive function [111].  

The fact that some employees are required to work rotating shifts is in and of itself problematic. 

Consequences of working rotating shifts include insomnia [112], an increased prevalence of some 

types of cancer [113] and cardiovascular disease [114], or shift workers may have adverse outcomes 

during pregnancy [115], among others. Analysis of EEG recordings taken from rotating shift workers 

indicate that their day time sleep is 1–4 h shorter than the sleep obtained when the worker is on day 

shifts [116,117]. The stage of sleep that is most reduced under these circumstances is “N2”  

sleep [118,119]. Older literature may refer to this stage of sleep as “stage 2 sleep” reflecting a past 

approach to scoring clinical sleep studies [25]. N2 or stage 2 sleep is the predominant sleep stage of 

nREM sleep (see Figure 1 above). As described above, the neurophysiology associated with stage N2 

sleep has been shown to be important for some cognitive processes. For example, it is associated with 

some types of learning [120,121]. 

Thus, the possibility of a worker beginning their shifts with some degree of fatigue is high. 

Individuals working night shift are more likely to be sleepy during their shifts. Objective evidence of 

an increased sleepiness on the night shift is found in EEG data collected from train operators [122]. 

Approximately 25% of the subjects assessed showed brain wave patterns that were indicative of sleep. 

Further, these subjects showed an increased tendency to express slow eye movements in the early 

morning, another physiological manifestation of sleep. Decreased cognitive capacity was observed 

during these objectively determined hallmarks of sleep. For example, train operators were more likely 

to overlook a warning signal [122]. Similar findings were seen in a sample of truckers [123] and  

long-haul aircrew [124]. Some process workers were observed to actually fall asleep during their night 

shifts even though they self-reported sleepiness but not the experience of sleeping [117]. Medical 

interns working in hospital environments overnight showed EEG determined sleep intrusions and 

attentional lapses in the early morning [125]. Simulator studies using truckers [126] and power station 

operators [127] as subjects corroborate the field study data. Clearly, there are cognitive consequences 

associated with working night shifts.  

Space considerations preclude a review of the biological and cellular consequences of working 

rotating shifts; however, interested readers are directed to an excellent review by Bass and Takahashi [4]. 

It is important to note though, some researchers have identified the experience of shift working as a 

health hazard. For example, the International Agency for Research on Cancer has stated that shift 

working is probably carcinogenic [128].  

Objective data measuring performance confirms that shift workers, particularly those working at 

night, are susceptible to alterations in their cognitive abilities while at work [85]. The length of the 

shift being worked may also contribute to fatigue-induced cognitive changes [129]. When shift 

workers are engaged in 12 h shifts there is only a 12 h interval between successive night shifts. With 

commute times, societal and family obligations, and biological asynchrony with sleep drives, there are 

approximately 6 h of available sleep time between shifts. Sleep obtained during that 6 h period is likely 

to be of reduced quality [130]. As described above, sleep debt can accumulate and since miners are likely 

to be assigned 3 to 4 consecutive shifts, cumulative effects on cognition will likely manifest [131]. 

Extended duration shifts are related to an increase in the number of workplace accidents, fatigue, 

decreased vigilance and altered quality of sleep [132]. Decreased productivity and performance as well 
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as increased reaction times have been recorded in those who work extended duration shifts [133]. 

Sleep loss due to the length of working hour requirements can predict impaired cognitive performance 

and subsequent increases in accident and error rates [89]. 

Of increasing concern to employers is the safety of their employees when they drive home at the 

end of their shifts. Such employees are at significant risk of being involved in a motor vehicle accident 

relative to the general populace [134]. Those who work at night are particularly at risk for crashing 

while driving after their shift [102]. As described previously, research equating BAL and driving 

performance could be interpreted as having these shift workers driving whilst impaired. 

The issue of fatigue while driving has been the focus of much research. Of particular interest has 

been the relationship between fatigue, sleep deprivation, and accident rates in the transportation  

sector [135]. With respect to drivers who work overnight, there is a pronounced increase in the rate of 

road accidents involving trucks on the night shift [136,137]. The American National Transportation 

Safety Board reports that between 30 and 40% of all American trucking accidents are as a result of 

driver fatigue [138]. Total sleep time in the preceding 24 h and disrupted sleep patterns arising from 

split-shifts were identified as the most influential factors in truck accidents. Given the reliance on 

heavy machinery in modern mining workplaces, these data have bearing on occupational health and 

safety concerns for underground operations throughout the night.  

In addition to the effects of acute or accumulated sleep deprivation, employees who work extended 

duration shifts are more likely to be involved in motor vehicle collisions [102]. A regression analysis 

revealed that for every extended duration shift an employee worked per month, there was an 9.1% 

increase in the crash rate overall and a 16.2% increase in the likelihood of crashing during the 

commute home after such a shift [139].  

With respect to risk management, sleepy shift workers who are driving home after a shift may 

expose their employers to liability issues. In the United States, fatigued drivers who were involved in 

personal injury car accidents have been held jointly responsible with their employers for injuries to 

others [140]. 

In summary, the literature reviewed here raises the hypothesis that shift working miners’ attention 

and vigilance is reduced as a result of their normal employment requirements. Their sleep is shortened 

either due to a need for early arousal to be at work on time or because of societal and biological factors 

interfering with sleeping opportunities during the day leaving them fatigued during work times. That 

they are expected to work rotating shifts in and of itself induces fatigue. It is clear that fatigue induces 

decreased vigilance and focus. Thus, it may be that employees who are performing outside of that 

evolutionarily defined sleep patterns or who are obliged to truncate their sleep time in order to attend 

to their workplace experience consequences attributable to such disruptions in normal sleep architecture 

that may result in personal injury to themselves or their coworkers.  

4. Sleep Pathology 

We assume that like the rest of Western society, mining sector employees show increased propensity 

for adverse lifestyle based health issues [141]. This section introduces yet another possible sleep 

related factor that may influence miners’ vigilance and attentional capacity during work times: 

neurological consequences arising from sleep based medical pathology. 
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Many of the employees in the mining industry are middle aged or older. Biologically defined sleep 

patterns change as function of aging, leaving the older worker with worse sleep than when they were 

younger [142]. Further, older workers are more likely to have health issues that affect their sleep. For 

example, some medications alter sleep architecture [143,144]. Similarly, there is a well established 

trend to obesity and hypertension in North American society reflecting poor lifestyle choices [141].  

In addition to these, smoking [145], alcohol use [146], and sedentary lifestyles [147] all contribute to 

poor quality of sleep and inherently reduced sleep efficiency. Objective evidence of increased obesity, 

smoking, addiction, or other sleep restricting medical phenomena in the population of shift working 

miners might be difficult to obtain and generalize to other mine sites; however, we assume that shift 

working miners present as a cross section of society. Accordingly, we suggest that as with the general 

population, incidence of these pathologies is increasing in the population of miners. Thus, in addition to 

causes of fatigue like shift working and/or sleep time restrictions as described above, miners may also 

experience reduced sleep efficiency due to medical reasons with subsequent cognitive dysfunction. 

Respiratory problems during sleep (obstructive sleep apnea (OSA), for example) are under 

diagnosed within the general population. Some estimate that the prevalence rate of undiagnosed OSA 

might be as high as 80% [148]. OSA manifests with many, sometimes hundreds, of small disruptions 

to the normal sleep architecture due to the sufferer’s repeated need to arouse such that they can inhale 

and subsequently, oxygenate themselves [149]. Two specific concerns arise from this maladaptive 

respiratory pattern with respect to daytime cognitive function. First, as described elsewhere in this 

review, phenomena that alter normal sleep architecture with subsequent decreases in sleep efficiency 

are related to cognitive dysfunction [85]. Second, the repeated decreases in blood oxygenation that 

occur during an apneic event may induce cumulative cellular damage within the brain [150]. Jackson, 

Howard, and Barnes [151] described untreated OSA patients as experiencing decreased attentional and 

vigilance function as a result of these nightly neurological arousals.  

Neuroimaging data suggests that OSA might be causal to cellular damage leading to some of the 

cognitive changes associated with the syndrome. One study showed that neuronal cell bodies (grey 

matter) in the hippocampus, a structure vitally important for learning and memory [152,153] are 

reduced in numbers as a function of severity of OSA symptoms [154]. Microlesions within the brain 

have also been correlated with OSA [155].  

Clearly, the consequences of untreated sleep pathology may be an important occupational health 

and safety concern as well as a matter of great personal concern for those middle aged miners who 

may, like the general population, have increased propensity for OSA. 

5. Heat Exposure 

The literature reviewed to this point has strongly suggested that miners, and other shift workers, 

may have decreased cognitive functions as a result of shortened sleep time, being required to work 

rotating shifts, having sleep pathology, or any combination of these. Previous literature has also 

suggested that sleep related cognitive dysfunction would become progressively worse during the 

course of a specific shift [108] and over the few days that the miner might be assigned to that shift 

before getting a series of days off [78]. We review here yet another factor that may induce fatigue and 
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subsequent loss of attentional capacity and decreased vigilance or that might exacerbate the dysfunction 

arising from poor sleep: the workplace environment itself.  

Underground miners are routinely exposed to environments that are dusty, damp, noisy, and hot. 

Miners are expected to undertake a significant degree of physical activity during the course of the shift. 

Underground mining environments can be as warm as 51 °C [156]. These environmental factors can 

induce fatigue and the types of cognitive changes that have been previously described [157].  

Core body temperature measures can be elevated during work in a hot environment. Increased core 

temperatures are related to poor performance on some cognitive tasks [158]. Recent evidence shows 

that the consequences of heat stress are task dependent. Tasks that require higher order neural processing 

tend to be sensitive to heat exposure while routine and undemanding tasks are somewhat immune to 

increases in heat exposure [159]. Thus, when miners are required to respond to novel circumstances, 

heat exposure induced fatigue may interfere with their ability to react quickly. 

Interestingly, acclimation to an environment with reductions in core body temperatures reduces heat 

exposure induced cognitive dysfunction [160]. These observations suggest a hypothesis that shorter 

shifts over more days might result in increased safety within a mining environment. As described 

above, extended duration shifts are more likely to induce workplace fatigue. Allowing an acclimatization 

effect over several days and reducing the number of hours the miner is expected to work may mitigate 

potential causes of fatigue and subsequent cognitive dysfunction; however, such a timetable may be 

unpopular with some miners, particularly younger employees [161]. 

Mining is a physically demanding undertaking. As such and without consideration of increased 

ambient temperatures, when performing physical tasks, an increased metabolic demand ensues resulting 

in raised core body temperatures with subsequent cognitive deficits as related above [162]. Such 

elevated metabolic activity requires increased heat dissipation to achieve homeostatic thermoregulation. 

Bleeding of heat from the actively working miner is problematic. The most effective strategy of 

maintaining heat balance is by diaphoresis (sweating). The cooling effect of sweating results from the 

evaporation of sweat after it is produced. Evaporation of sweat produced while working underground 

is hampered as a function of the heavy safety apparel that miners don for each shift [163].  

Thus, miners who are engaged in their normal workplace activities experience increased metabolically 

derived heat gain, poor opportunities to dissipate that heat through diaphoretic processes, and they are 

acquiring more heat in transfer from increased ambient temperatures. These combined causes of 

increased core body temperature are likely to result in cognitive impairment that will worsen over the 

course of miners' extended duration shifts.  

It is worth noting that there are circadian thermoregulatory processes. Thus, in addition to the 

processes of thermal homeostasis described above, there are times during the 24 h day when biological 

predisposition to increased metabolic activity occurs [164]. It may be that these cyclic changes in 

metabolic responses will contribute to some of the cognitive deficits observed in shift working 

employees at certain times of the day. 

The coupling of metabolic circadian responses to increased ambient temperatures found in an 

underground mine, sleep deprivation, shift working, and pathological conditions leading to altered 

sleep architecture suggests a cumulative explanation for decreased attention and vigilance in the 

mining sector. Given the reliance of the mining industry on heavy moving equipment and other 
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dangerous activities such as planting and detonating explosives, hot, sleepy, and cognitively impaired 

miners are a potential danger to themselves and others.  

6. Conclusions 

Further research is necessary to determine the extent to which underground miners are experiencing 

fatigue whilst working. It remains unknown if combinations of early morning awakening or sleep 

restriction during daytime sleep, sleep pathology, or working in hot environments decrease cognitive 

function for physically active miners during working hours. If there are fatigue induced neurocognitive 

outcomes, an opportunity for decreased worker safety exists. Modern mines likely have multiple 

redundant safety checks built into their procedures that act to prevent large-scale disasters; however, 

several mining disasters have occurred recently [165,166]. It is unknown yet, and perhaps it may never 

be known if employee fatigue contributed to these mining accidents. It is not unreasonable to expect 

that engineers and designers developed safety checks for NASA, mariners, and nuclear power stations to 

prevent disaster yet events such as the Challenger explosion, the grounding of the Exxon Valdez, and the 

near meltdown at Chernobyl are emblazoned on the public psyche. Fatigue on the part of employees 

directly contributed to these events. Clearly, it is in the best interests of the mining industry and its 

employees to fully explore this putative danger with an eye to preventing future mining disasters.  
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