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The deleterious effects of insufficient sleep have been well-established in the literature and can lead to a wide range of adverse health outcomes. Some of the most replicated findings demonstrate significant declines in cognitive functions such as vigilance and executive attention, psychomotor and cognitive speed, and working memory. Consequently, these decrements often lead individuals who are in a fatigued state to engage in substandard performance on everyday tasks. In the interest of curtailing these effects, prior work has attempted to identify mechanisms that predict fatigue onset and develop techniques to mitigate its negative consequences. Nonetheless, these results are often confounded by variables such as an individual’s resistance to fatigue, sleep history, and unclear distinctions about whether certain performance decrements are present due to fatigue or due to other confounding factors. Similar areas of research have provided approaches to produce models for the prediction of cognitive performance decrements due to fatigue through the use of multi-modal recording and analysis of fatigue-related responses. Namely, gathering and combining response information from multiple sources (i.e., physiological and behavioral) at multiple timescales may provide a more comprehensive representation of what constitutes fatigue onset in the individual. Therefore, the purpose of this review is to discuss the relevant literature on the topic of fatigue-related performance effects with a special emphasis on a variety of physiological and behavioral response variables that have shown to be sensitive to changes in fatigue. Furthermore, an increasing reliance on sleep loss, meant to assist in meeting the demands of modern society, has led to an upsurge in the relevance of identifying dependable countermeasures for fatigued states. As such, we will also review methods for the mitigation of performance effects due to fatigue and discuss their usefulness in regulating these effects. In sum, this review aims to inspire future work that will create opportunities to detect fatigue and mitigate its effects prior to the onset of cognitive impairments.
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Introduction

Cognitive performance is affected by sleep loss; well-replicated effects include slower response times (Ogilvie and Wilkinson, 1984; Philip et al., 2004; Wesensten et al., 2005; Jackson et al., 2016; Patrick et al., 2017; Boardman et al., 2018), increased lapses in attention (Durmer and Dinges, 2005; Banks and Dinges, 2007; Lim and Dinges, 2008; Goel et al., 2009; Anderson and Dickinson, 2010; Banks et al., 2010; Jackson et al., 2016; Lo et al., 2016), and declines in memory performance (Dodds et al., 2011; Lo et al., 2016; Patrick et al., 2017; Boardman et al., 2018; Deliens et al., 2018; McMahon et al., 2018; Gerhardsson et al., 2019). Some of these changes have been modeled using computational representations of cognitive processes, as well. For instance, Gunzelmann et al. (2009) modeled the cognitive effects of fatigue on vigilant attention. This model describes how fatigue affects cognitive processes by reducing the usefulness of potential behaviors when responding to a certain informational input. In turn, this reduction causes the behaviors to fall below an action threshold (Walsh et al., 2017). In other words, increasing time awake decreases the likelihood of engaging the appropriate response to a particular input.

Prior work has also shown the effects of fatigue on behavioral and subjective outcomes. For example, sleep-deprived individuals are more likely to engage in risk-taking behaviors (Killgore et al., 2011), have less inhibitory control (Chuah et al., 2006), and are more likely to make mistakes (i.e., drivers and pilots; Previc et al., 2009; Jackson et al., 2016). Moreover, the ability to detect and correct errors is hampered by increased wakefulness (Hsieh et al., 2007). Research has also demonstrated that performance decrements associated with fatigue are coupled with increases in subjective sleepiness (Philip et al., 2012; Paech et al., 2016) and decreases in motivation and mood state (Pigeau et al., 1995; Chuah et al., 2006; Franzen et al., 2008).

When discussing fatigue, it is important to distinguish between fatigue due to sleep deprivation and fatigue due to sleep restriction. Sleep loss due to sleep deprivation is characterized as a period of prolonged wakefulness (i.e., pulling an all-nighter; Reynolds and Banks, 2010), whereas sleep restriction is defined as a chronic reduction of sleep time (i.e., 2–3 h of sleep for 5 days in a row; Banks and Dinges, 2007). Sleep deprivation is more impactful in the short term as its effects present themselves after only one night of continuous sleep loss (Hsieh et al., 2007; Tobaldini et al., 2013; Patrick et al., 2017) and can increase in severity with extended wakefulness (Pigeau et al., 1995; Previc et al., 2009; Short and Banks, 2014). Nonetheless, the long-term effects of sleep restriction are known to mimic those of sleep deprivation (Axelsson et al., 2008; Goel et al., 2009; Philip et al., 2012). In real-life settings, sleep restriction is more common as a result of medical conditions, sleep disorders, and lifestyle (Banks and Dinges, 2007); whereas periods of sleep deprivation are most often found in occupations such as healthcare, aviation, mining, transportation, and military settings where work hours extend to all hours of the day (Short and Banks, 2014; Paech et al., 2016). However, in laboratory settings, sleep deprivation is more commonly studied since less time is required for fatigue responses to be observed (Belenky et al., 2003). Indeed, research has shown that the number of adults getting an inadequate amount of sleep per night has increased over the past several decades (Ford et al., 2015; Watson et al., 2015), with more time being spent on activities such as work and socialization (Basner et al., 2007).

Consequently, it is commonplace for individuals to seek interventions that reduce fatigue. Caffeine is one of the most common substances used to counter the effects of sleep loss as it is ubiquitously found in consumer goods, over-the-counter medications, and supplements. It is often used in research for its notable mitigating properties (Wesensten et al., 2005; Killgore et al., 2011; Killgore and Kamimori, 2020a). Prescription medications, such as modafinil, are also used to treat sleep disorders and have been studied as a fatigue countermeasure (Pigeau et al., 1995; Wesensten et al., 2005). More recently, non-invasive nervous system modulation through both the brain [i.e., transcranial direct current stimulation (tDCS); McIntire et al., 2014, 2017] and the periphery (i.e., vagal nerve stimulation; Rizzo et al., 2003; McIntire et al., 2021) have also been studied.

In situ, and without complete and accurate data about an individual’s sleep history, the prediction of performance decrements due to fatigue is difficult. In circumstances such as driving a vehicle or flying an aircraft, real-time behavioral metrics, i.e., from eye-tracking software, may be useful to predict performance outcomes, but are not uniquely indicative of fatigue. Changes in these metrics can also correlate to changes in different states thus making it difficult to ascertain the specific cause and to uniquely identify a single factor as the underlying reason. For example, blink frequency increases as fatigue increases (Morris and Miller, 1996), but an increase in blink frequency is also correlated to a decrease in cognitive load (Svensson and Wilson, 2002) and a decrease in the complexity of a driving environment (Faure et al., 2016); therefore, by only using frequency of blinks, it is nearly impossible to discern whether the increase in frequency was solely caused by fatigue. Furthermore, fatigue often causes an increase in attentional lapses (Jackson et al., 2016), but attentional lapses are not uniquely predictive of fatigue since it can also result from a higher cognitive load (Buckley et al., 2016), mind-wandering (Chernyshev et al., 2015), and boredom (Cheyne et al., 2006). Therefore, the inability to determine the distinct cause for the change in behavioral metrics makes it impossible to claim that the change is uniquely predictive of fatigue. Changes in performance may also be due to distraction (Nabatilan et al., 2012), alcohol impairment (Shiferaw et al., 2014), time-on-task (Cazzoli et al., 2014), or habituation (Van Dongen et al., 2003a; Philip et al., 2012). Results obtained from these metrics can also be influenced by boredom and practice effects, though some work has made efforts to establish sensitivity levels as a means to diminish confounding interpretations (Dinges et al., 1997; Russo et al., 2003).

A source of information that remains underexplored is a user’s physiological response to performing under fatigue. Prior work in the transportation industry has explored the use of eye tracking technology to assess fatigue. For instance, Jackson et al. (2016) observed an increase in eyelid closure and number of attentional lapses following a period of sleep deprivation. Moreover, it has been found that oculomotor measures, such as saccadic velocity, pupil diameter, and latency to pupil constriction, are affected by sleep deprivation (Russo et al., 2003; Rowland et al., 2005). In the extant literature, many other sources of physiological response data from both the brain and autonomic nervous system have been explored. One such physiological response is the effect of sleep loss on the sympathetic and parasympathetic nervous systems. Research in this area has evidenced that sleep loss leads to increases in sympathetic activity and decreases in parasympathetic activity (Kato et al., 2000; Dettoni et al., 2012). Differences in automatic thermoregulation have also been identified. For example, Vaara et al. (2009) found that the disruption of circadian rhythms, resulting from fatigue, leads to reduced activity in certain regulatory brain regions (i.e., the hypothalamus), which causes a cumulative decrease of body temperature over the period of sleep deprivation.

In similar areas of study, it has been evidenced that multimodal recording and analysis of physiological response data produce more accurate models for the prediction of cognitive performance decrements (Estepp and Christensen, 2015). These multi-modal data source architectures combine information from multiple physiological sensors at multiple functional timescales. It is likely that the prediction of fatigue-related performance effects is best served by observing multiple sources of physiological and behavioral response information. Herein, we review the relevant literature on this topic with a special emphasis on a variety of physiological and behavioral response variables that have shown to be sensitive to changes in fatigue. Simply predicting fatigue is not sufficient to elucidate performance enhancement; therefore, we also review methods for the mitigation of fatigue-related performance effects. In an ideal, end-user product, prediction of fatigue would facilitate an individualized mitigation strategy specific to the environment and desired outcome of the task at hand. It is our hope that this review presents a consolidated perspective on the most viable approaches for the prediction and mitigation of fatigue-related performance effects such that future work on the design and evaluation of closed-loop systems with those aims be well-served.



Sleep deprivation vs. sleep restriction

Sleep loss, regardless of originating from sleep deprivation or sleep restriction, has widespread neurological, behavioral, and physiological consequences. Past research has suggested that different kinds of sleep loss are represented by their own distinct characteristics as well as some notable similarities. As the main purpose of this review is to address fatigue-related performance effects due to sleep deprivation, we will dedicate the following section to comparing and contrasting the conceptualization of sleep deprivation and sleep restriction, as well as their distinctive impacts on human functioning. Subsequently, in the sections that follow, the term “fatigue” will be only used to describe the effects of sleep deprivation on performance, unless otherwise specified.

Sleep deprivation is defined as a complete absence of sleep for at least one night (Reynolds and Banks, 2010). It has been extensively studied since its first empirical investigation in the late nineteenth century (Patrick and Gilbert, 1896) and remains the most common form of sleep loss that has been explored in laboratory settings, particularly because sleep deprivation experiments often produce large behavioral deficits in less time when compared to sleep restriction experiments (Belenky et al., 2003). As such, the effects of sleep deprivation on human performance are well-established and have been numerously replicated. Sleep restriction is defined as a reduced duration of sleep for multiple, consecutive nights and is considered the most common form of sleep loss experienced in everyday settings (Banks and Dinges, 2007). In fact, the American Academy of Sleep Medicine and Sleep Research Society recommends engaging in at least 7 h of sleep per night in order to promote optimal human health (Watson et al., 2015); nonetheless, it is common for individuals to restrict their sleep time as a way to keep up with the demands of modern society. Regardless of its prevalence, early sleep restriction studies produced scarce results mainly due to methodological limitations (Short and Banks, 2014). However, through more rigorous control of its empirical study, sleep restriction has garnered increased attention from the scientific community over the last 20 years, making its effects on human performance presently well-known and documented.

Typical sleep restriction experiments are performed in a laboratory environment. Participants are randomly assigned to one of several different sleep-dose conditions (i.e., 4, 6, or 8 h spent in bed per night) which are kept constant for a number of consecutive nights (Belenky et al., 2003; Van Dongen et al., 2003b). Throughout the experimental session, participants undergo different tests to determine objective and subjective sleepiness, as well as the effects of restricted sleep on performance. Research has shown that a wide range of functions are affected by restricting sleep. For instance, spending less than 6 h in bed per night for several consecutive nights causes an immediate increase in objective and subjective sleepiness (Philip et al., 2012; Short and Banks, 2014). Effects may span across cognitive, physiological, and behavioral aspects. For instance, cognitively, sleep restriction leads to decreases in psychomotor vigilance response speed (Belenky et al., 2003), increases in attentional lapses (Belenky et al., 2003; Axelsson et al., 2008; Mollicone et al., 2010), and increases in false memory formation (Lo et al., 2016). Physiologically, sleep restriction may lead to changes in oculomotor responses (Russo et al., 2003; Wilkinson et al., 2013), alterations in sleep stage duration (Carskadon and Dement, 1981), and increases in sympathetic nervous system activity (Dettoni et al., 2012; Słomko et al., 2018). These deficits often occur in a sleep-dose dependent manner (Belenky et al., 2003; Van Dongen et al., 2003b; Mollicone et al., 2010), signifying that the intensity of such effects may vary based on the amount of sleep loss that has taken place. In contrast, other studies have shown that levels of subjective sleepiness increase rapidly at first but stabilize after a few nights of sleep restriction (Carskadon and Dement, 1981; Philip et al., 2012). For instance, Van Dongen et al. (2003b) found that participants restricted to 4 and 6 h of sleep time initially reported increasing levels of subjective sleepiness but reported only minor changes in these ratings as sleep loss accumulated. In fact, even as their objective performance decreased, their feelings of sleepiness did not reach levels equal to those after 2 nights of sleep deprivation. Therefore, evidence suggests that subjective measurements of sleep are not reliable indicators of performance ability due to sleep restriction, as people are lulled into believing that the consequences of lack of sleep on cognitive function are benign (Van Dongen et al., 2003b; Mollicone et al., 2010; Reynolds and Banks, 2010).

Though different in many aspects, there are effects of sleep restriction that overlap with those found in sleep deprivation conditions. In fact, multiple days of sleep restriction can produce cognitive decrements comparable to 1–2 days of sleep deprivation (Banks and Dinges, 2007). For instance, Van Dongen et al. (2003b) identified performance on the Psychomotor Vigilance Task (PVT) and Digit Symbol Substitution Task (DSST) reaching levels comparable to those in sleep deprivation studies. Prior research has also identified increases in subjective and objective sleepiness, deficits in vigilance, decrements in attention and cognition, decline in mood, changes in glucose metabolism, and changes in heart rate variability as common deficits between these two types of sleep loss (Short and Banks, 2014). Furthermore, it has been observed that both sleep restriction and deprivation are sensitive to the wake-maintenance zone, meaning they both follow the circadian phase where alertness increases and sleepiness decreases during the afternoon (Mollicone et al., 2010; McMahon et al., 2018).

In contrast, one of the most significant differences between the two types of sleep loss is often found in the time-duration and intensity of their effects (Short and Banks, 2014), which are most evident during periods of recovery following sleep loss. For instance, Philip et al. (2012) found that one night of recovery is enough to restore cognitive performance and sleepiness levels following a period of sleep deprivation, whereas it takes multiple nights of recovery sleep after sleep restriction to return performance levels to baseline (Belenky et al., 2003; Axelsson et al., 2008; Banks et al., 2010). Some have posited that the accumulation of sleep loss experienced during multiple nights of sleep restriction causes the brain to undergo adaptive changes to stabilize performance; this adaptive response is thought to prevent the rapid recovery of performance to baseline levels that is often seen after sleep deprivation (Belenky et al., 2003; Axelsson et al., 2008). Another notable difference is found within physiological effects. Słomko et al. (2018) found that subjects in the sleep deprivation condition had higher core body temperatures compared to subjects in the sleep restriction condition. They also found that sleep restriction has a greater effect on the autonomic nervous system than sleep deprivation. Namely, sleep restriction leads to an increase in sympathetic nervous system activity, whereas sleep deprivation does not (Dettoni et al., 2012; Słomko et al., 2018).

Beyond their differences, it has been well-established that sleep deprivation and sleep restriction share a multitude of similar effects; namely, increased sleepiness, deficits in vigilance, attention, cognition, changes in mood state, and changes in heart rate (Short and Banks, 2014). Due to these similarities, and the efficiency of sleep deprivation paradigms, sleep deprivation is often used as a proxy for sleep restriction, as it is not always feasible to keep a participant in the laboratory for multiple consecutive nights. Consequently, there is an overabundance of literature dedicated to sleep deprivation in comparison to sleep restriction. It is because of the aforementioned similarities, as well as its empirical prevalence, that we have chosen to dedicate the following sections to a thorough discussion of fatigue-related effects and mitigations due to sleep deprivation.



Effects of fatigue


Fatigue and cognition

The need for sleep is a biological imperative modulated by the suprachiasmatic nuclei of the hypothalamus (Goel et al., 2009). This region also modulates the stability of waking cognitive functions, which declines as the drive for sleep increases (Short and Banks, 2014). During extended wakefulness, an individual’s readiness for sleep increases, resulting in shorter time periods between wake and sleep states (i.e., latencies; Carskadon and Dement, 1987). In turn, this increasing need for sleep is believed to intrude in one’s ability to perform cognitively demanding tasks (Durmer and Dinges, 2005). The effects of sleep deprivation on cognition have been extensively studied in the literature (see Supplementary Table 1; Van Dongen et al., 2003a,b; Durmer and Dinges, 2005; Franzen et al., 2008; Goel et al., 2009; Jackson et al., 2016; McMahon et al., 2018); however, the ability to sustain attention is regarded as one of the cognitive functions most sensitive to fatigue, with deficits manifesting after a single night of extended wakefulness (Wilson et al., 2007; Franzen et al., 2008; Slama et al., 2018; Mantua et al., 2021) and progressively deteriorating with increasing time awake (Doran et al., 2001; Van Dongen et al., 2003b). In real-life situations, it has also been observed that scores on a cognitive function task decrease after an on-call shift (Halbach et al., 2003).

Slower reaction times are a consistent effect of increasing time awake, an effect that can be observed in a widespread number of measures (i.e., Serial Reaction Time tasks, Pigeau et al., 1995; Axelsson et al., 2008; Stimulus Reaction tasks, Philip et al., 2004; Romeijn et al., 2012). However, sleep deprivation paradigms often study sustained attentional states by using the PVT, a simple, yet attentionally-demanding task that requires participants to continuously detect and respond to randomly occurring stimuli. The widespread use of the PVT has yielded useful insights into the impact of extended wakefulness on sustained attention, which is characterized by an increase of attentional lapses, as well as an overall slowing of reaction time (Lim and Dinges, 2008). Furthermore, PVT is often used to study vigilant attention and alertness. These effects are also evident when using other types of attentionally-demanding tasks (i.e., Simple Reaction Time Task; Detection Tasks; Task Switching Tasks, Stroop Test), a trend that demonstrates the robust impact of sleep deprivation on attention (Dodds et al., 2011; Philip et al., 2012; Deliens et al., 2018; McMahon et al., 2018). Further, other forms of attention have also manifested fatigue-related effects; for instance, McMahon et al. (2018) found that complex attention, as measured by the Identification Task, was impaired after 27 h of being awake. Similarly, Chua et al. (2017) tested the effects of fatigue on divided attention and found that participants experienced substantial impairments in dividing their attention between tasks of varying complexity after 40 h of continuous wakefulness. In real-world studies, it has been found that medical residents exhibit an increase in reaction time on vigilance tests following night duty as well as a decrease in alertness (Orton and Gruzelier, 1989; Howard et al., 2003; Bartel et al., 2004). Additionally, decreased vigilance and a decrease in response speed has also been observed in pilots (Neri et al., 2002; Bourgeois-Bougrine et al., 2003). Furthermore, Lockley et al. (2004) found that medical interns experience an increase in attentional failures after working a night shift. These attentional failures doubled with interns who were forced to work more hours (approximately 84.9 h per week) compared to those who got to work significantly less (approximately 65.4 h per week).

Linked to attention, response inhibition has also demonstrated susceptibility to fatigued states (Chuah et al., 2006; Drummond et al., 2006; Deliens et al., 2018). To test this, Drummond et al. (2006) asked participants to perform a Go/No-Go task throughout two nights of sleep deprivation. Go/No-Go tasks require participants to respond to a set of stimuli as quickly as possible and withhold responses when presented with a predetermined target. Their results demonstrated that hit accuracy decreased and response time increased after 55 h of continuous wakefulness, suggesting that fatigue interferes with the ability to withhold incorrect responses. Similarly, Slama et al. (2018) found decreases in response inhibition and increases in response times on the Stop Signal task after a night of sleep deprivation, whereas participants in the rested condition did not exhibit such effects.

Beyond attention, research has shown that sleep deprivation also affects cognitive control, flexible thought processing (Bratzke et al., 2009; Deliens et al., 2018; Slama et al., 2018), working memory (Durmer and Dinges, 2005; Dodds et al., 2011; Deliens et al., 2018), and arithmetic ability (Drummond and Brown, 2001; Boardman et al., 2018). Flexible thought processing (i.e., developing novel, divergent inferences) is an essential part of solving complex problems and unpredictable events that cannot be solved using logical, deductive reasoning. Interestingly, when participants are given tasks that require them to engage in flexible thinking, sleep deprivation manifests more adverse effects than when they perform logical, rule-based tasks (Harrison and Horne, 2000). For example, Couyoumdjian et al. (2010) compared task-switching performance between sleep-deprived and well-rested participants. Task-switching paradigms consist of performing two different tasks in rapid, random succession, often resulting in high switch-costs (i.e., longer reaction times). Their results demonstrated that participants in the sleep deprivation group had significantly more accuracy errors, higher switch costs, and slower reaction times compared to the rested group. Similarly, Deliens et al. (2018) found higher switching costs using a within-subjects design, such that participants took part in both well-rested and sleep deprivation conditions.

Fatigue-related deficits are also present when tasks draw on memory; therefore, many sleep deprivation paradigms are focused on different types of memory. For instance, short-term memory is often studied by using digit span tests (Pigeau et al., 1995) and repeated acquisition tests (Lieberman et al., 2002); these tests yield results that indicate a decline in short-term memory. Concerning working memory deficits, common measurement tasks include the N-Back task and arithmetic tasks. Fatigued participants consistently exhibit lower accuracy and increased reaction times on the N-Back task (Dodds et al., 2011; Deliens et al., 2018; McMahon et al., 2018; Slama et al., 2018). Furthermore, working memory is also studied by using spatial span and pattern recognition tasks (Dodds et al., 2011); these tests show declines in working memory following sleep deprivation. Others have demonstrated that these deficits can also be seen in arithmetic tasks, which heavily rely on working memory capacity; Boardman et al. (2018) demonstrated this by asking participants to solve equations with varying levels of difficulty throughout 66 h of continuous wakefulness. Their results showed that fatigued participants had poorer accuracy overall, which worsened with increasing task difficulty when compared to being in a rested state. Applied research has found that medical residents on the night shift exhibit a decline in visual memory capacity as measured by the Delayed Recognition Span Test (Rollinson et al., 2003). However, no impact on short-term attention (Rollinson et al., 2003) or the ability to learn medically relevant information (Browne et al., 1994) was observed. Furthermore, it has been observed in the workplace that fatigued employees tend to be less productive and don’t perform as well (Rosekind et al., 2010).

Interestingly, changes in cognition don’t always point back to fatigue. Changes in cognition could be due to other confounding factors. For instance, increases in attentional lapses are often associated with fatigue, but it could also be due to factors such as being in an environment with a higher cognitive load (Buckley et al., 2016), being bored (Cheyne et al., 2006), and mind wandering (Chernyshev et al., 2015). Additionally, a decrease in reaction time can be associated with fatigue, but it can also be associated with age (Hultsch et al., 2002), distraction due to background noise (Trimmel and Poelzl, 2006), and alcohol impairment (Hernandez et al., 2007).



Fatigue and behavior

Fatigue has been associated with various impacts on behavior (see Table 1). Most notably, it leads to variations in mood states. Past work has suggested that it affects mood states more intensely than it does motor and cognitive performance (i.e., higher scores on mood scales when fatigued; Pilcher and Huffcutt, 1996). Sleep deprivation often leads to an increase in negative emotions (Chuah et al., 2006; Tempesta et al., 2010), anger, and confusion (Paterson et al., 2011; Schwarz et al., 2019), as well a decrease in positive affect (Zohar et al., 2005; Franzen et al., 2008; Schwarz et al., 2019). Pigeau et al. (1995), found that after 48 h of sleep deprivation, individuals experienced a greater decrease in mood states compared to after only 24 h, signifying that mood states gradually worsen the longer an individual is awake. Similarly, Franzen et al. (2008) found correlations between increases in subjective sleepiness and decreases in mood states, suggesting that participants experience worsening moods as their feelings of sleepiness increase.


TABLE 1    Summary of the types of measurements for different types of effects of fatigue on behavior.
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In sleep deprivation paradigms related to mood, the Profile of Mood States (POMS) is often used. Results on this measure frequently demonstrate that as fatigue increases, mood tends to worsen (Lieberman et al., 2002; Wilson et al., 2007; Michael et al., 2013; McIntire et al., 2014, 2017; Abe et al., 2020), a trend that has also been found when using other measurements such as the Mood Scale (Chuah et al., 2006), a Seven-Point Likert scale (Deliens et al., 2018), and the Positive and Negative Affect Schedule (PANAS; Gerhardsson et al., 2019). More specifically, declines in mood resulting from fatigue lead to increases in depression, confusion (Lieberman et al., 2002), irritability, and anxiety (Durmer and Dinges, 2005). These results have been found in laboratory studies as well as applied studies. For instance, prior work has observed fluctuations in the mood states of medical professionals following night and extended shifts. For example, Orton and Gruzelier (1989) examined variations in mood states in young doctors after extended shifts (i.e., lasting up to 31 h). Interns and residents tend to experience a decrease in mood (i.e., increased feelings of anger and confusion; decreased feelings of motivation and happiness) following both night and extended shifts (Bartle et al., 1988; Orton and Gruzelier, 1989; Browne et al., 1994; Howard et al., 2003). Additionally, sleep deprivation observed in college students leads to an increase in irritability, lack of motivation, and an increase in mood swings (Ranasinghe et al., 2018).

Evidence has also shown that fatigue influences emotional perception. To illustrate, Tempesta et al. (2010) presented subjects with pleasant, neutral, and unpleasant stimuli and asked them to rate their emotional quality. Next, participants underwent a night of normal sleep or one night of sleep deprivation and rated a matched set of stimuli. Results showed that subjects rated neutral stimuli as significantly more negative following sleep deprivation. These results were replicated by Pilcher et al. (2015), suggesting an emotional processing bias toward negativity due to fatigue. Fatigue has also been linked with increases in clinical symptoms associated with psychopathology (Kahn-Greene et al., 2007). For instance, Kahn-Greene et al. (2007) found that sleep-deprived subjects reported significant increases on clinical scales measuring depression, anxiety, and paranoia, relative to their baseline responses, suggesting a profound impact of sleep deprivation on emotional functioning.

Past work has shown that fatigue also influences emotional self-regulation and coping mechanisms. For instance, Killgore et al. (2008) found that two nights of sleep deprivation leads to lower emotional intelligence scores (i.e., reduced self-regard, assertiveness, sense of independence, and self-actualization), decrease in interpersonal functioning (i.e., reduced empathy toward others), increased impulsivity, decreased behavioral coping, and reduced positive thinking. Sleep deprivation has also been found to affect responses to stressful conditions. Minkel et al. (2012) studied this by manipulating the level of stress intensity (i.e., low vs. high stress) on a task after a night of sleep deprivation. Results showed that fatigued participants reported greater subjective stress in the low-stress condition relative to well-rested participants, suggesting that sleep deprivation alters the threshold at which a person perceives a certain event as stressful.

Being in a fatigued state also influences judgment and risk-taking processes, as fatigued individuals tend to view short-term rewards as more valuable than long-term rewards, which relates to difficulties with delaying gratification. Killgore et al. (2006b) exemplified this in a study that examined the effects of 49 h of sleep deprivation on an emotionally guided task (i.e., Iowa Gambling Task) that required participants to delay gratification to ensure long-term success. Well-rested participants preferred to avoid high-risk choices in order to ensure consistent rewards; however, the same subjects preferred to make riskier selections after two nights of sleep deprivation. Killgore et al. (2011) found a similar trend when using the Balloon Analog Risk-Taking task, such that participants engaged in increased risk-taking behaviors after 75 h of sleep deprivation. In both the Balloon Analog Risk Task and Iowa Gambling Task, fatigued participants were more likely to make risky decisions. The behavioral effects of fatigue have also been identified in real-life settings, such that the judgment of an individual is impacted. For instance, Choshen-Hillel et al. (2021) found that the judgment of medical residents was impacted. They found an increase in impulsivity and slower processing time when making decisions after a 26-h shift when compared to baseline levels (i.e., when well-rested). Consequently, fatigue-related variations in behavior can lead to effects on everyday decision-making, as these processes not only rely on cognitive capacity, but also emotional factors (Killgore, 2010).

Fatigue also impacts task performance. Errors on simulation tasks are often used to gauge performance deficits. For instance, Previc et al. (2009) found that increasing wakefulness degrades the ability to accurately perform tasks in a flight simulator. Ten military pilots flew a series of flight simulations over a 34 h period of sleep deprivation during which flying errors were evaluated. Results demonstrated increasing flight errors peaking at approximately 24 h of wakefulness, which were in line with subjective reports of sleepiness. Similar effects have been found in other simulated settings. Jackson et al. (2016) asked professional drivers to complete a series of simulated driving tasks after a night of rest and after a night of sleep deprivation. Their results demonstrated that participants had increased variations in speed, lane positioning, and attentional lapses, as well as decreases in braking reaction time. These findings are also evident in real-life settings. For instance, Lockley et al. (2004) found that medical interns experienced an increase in attentional failures during extended work shifts and night hours (approximately 84.9 h per week) compared to a work schedule with fewer hours (approximately 65.4 h per week). Additionally, medical residents working extended or night shifts experience a decline in performance, dexterity, and surgical skills compared to residents who received a couple of extra hours of sleep per night (Veasey et al., 2002; Howard et al., 2003). Furthermore, it has been observed that in commercial truck drivers, sleep deprivation leads to a decrease in ability to perform as seen by an increase in accidents and an increase in near-accidents (Garbarino et al., 2016). An increase in accidents due to fatigue can also be seen in aviation (Caldwell et al., 2009). However, changes in performance are not unique to fatigue. Changes in performance could also be due to variables such as alcohol impairment (Shiferaw et al., 2014) or distracting environments (Nabatilan et al., 2012).



Fatigue and physiology

Sleep deprivation is known to induce a wide range of physiological effects (see Table 2). For instance, it has been associated with variations in cardiovascular functions, metabolism, ocular activity, thermoregulation, and brain activity. Sleep deprivation leads to alterations in the autonomic nervous system (ANS; Burgess et al., 1997; Ogawa et al., 2003; Tobaldini et al., 2013; Glos et al., 2014); more specifically, it leads to an increase in sympathetic activity (Holmes et al., 2002; Zhong et al., 2005) and a decrease in parasympathetic activity (Zhong et al., 2005; Tobaldini et al., 2013). In particular, fatigue-related variations have been linked to the cardiac autonomic nervous system. For instance, sleep deprivation leads to decreases in heart rate variability (HRV; Zhong et al., 2005; Glos et al., 2014), which is considered a useful, non-invasive measure of cardiac ANS state. Interestingly, Chua et al. (2012) found that changes in HRV are correlated with increases in PVT lapses (i.e., decreases in attention) suggesting that changes in HRV states could be used to predict an individual’s vigilance level. Furthermore, fatigued individuals exhibit increased blood pressure (Kato et al., 2000; Ogawa et al., 2003; Patrick et al., 2017), decreased muscle sympathetic nerve activity (MSNA; Kato et al., 2000; Ogawa et al., 2003), and a decreased heart rate (HR; Burgess et al., 1997; Holmes et al., 2002; Zhong et al., 2005; Vaara et al., 2009). Additionally, increased blood pressure, resulting from fatigue, has been observed in real-world settings with commercial long-haul truck drivers (Stoohs et al., 1995). Substantial evidence has shown that sleep deprivation has a perturbing effect on cardiovascular balance; however, there have been reports of physiological processes that may serve as protection mechanisms against the stress caused by sleep deprivation. Namely, Vaara et al. (2009) found that the disruption of cardiac sympathetic balance imposed by sleep deprivation led to decreases in HR and increases in vagal nerve activity. These physiological responses have been associated with autonomic regulation processes in response to sleep deprivation.


TABLE 2    Summary of the types of measurements for different types of effects of fatigue on physiology.
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Sleep deprivation is known to affect different functional aspects of brain activity. Typical sleep deprivation studies use neuroimaging devices such as Functional Magnetic Resonance Imaging (fMRI), Positron Emission Tomography (PET), and Magnetoencephalography (MEG) to detect changes in brain networks. For instance, sleep loss has been linked to variations in cerebral metabolism. Hsieh et al. (2007) identified fatigue-related decreases in anterior cingulate cortex (ACC) metabolic activity, which is associated with decreased executive functioning. Wu et al. (1991) found significant decreases in global cerebral glucose metabolic rate (CMR), a marker for neuronal activity, after 32 h of sleep deprivation. This decrease was coupled with performance deficits on a Continuous Performance Test, which measures visual vigilance. Another study also found decreased global CMR and decreases in regional CMR, specifically in prefrontal and parietal cortices, as well as in the thalamus (Thomas et al., 2000), which were concurrent with decreases in alertness and cognitive performance. Similarly, Chuah et al. (2006) found decreased ventral and prefrontal activation in sleep-deprived participants when attempting to successfully perform a Go/No-Go task. There is also evidence suggesting that the prefrontal cortex (PFC), a region devoted to executive functioning, is particularly susceptible to fatigue. (Drummond et al., 1999, 2000; Harrison and Horne, 2000; Thomas et al., 2000; Goel et al., 2009; Deliens et al., 2018). For instance, Drummond et al. (2000); Drummond and Brown (2001), and Drummond et al. (2005) reported finding greater cerebral blood oxygen levels in the bilateral prefrontal and parietal cortex following a period of total sleep deprivation during verbal learning and divided attention tasks, suggesting that the brain recruits multiple brain regions as a compensatory response to performing tasks that require executive functioning while sleep deprived. Similar suggestions have been reported previously by Harrison and Horne (1998), such that sleep-deprived subjects were significantly impaired when performing verbal and unfamiliar tasks. Sleep deprivation is also associated with variations in both localized (Ogilvie and Wilkinson, 1984; Wilson et al., 2007; Previc et al., 2009) and global (Caldwell et al., 2004a; Gorgoni et al., 2014) electroencephalogram (EEG) activity; namely decreases in alpha waves and increases in delta and theta band power. Furthermore, Gorgoni et al. (2019) has identified specific increases in beta activity in the fronto-central midline area of the brain while Finelli et al. (2000) identified increases in theta activity in the frontal region of the brain.

Research has also revealed the effects of sleep deprivation on structural aspects of the brain. Killgore et al. (2020b) identified fatigue-related effects in ventral, prefrontal, and anterior cingulate areas of the brain; specifically, they found that increasing lapses on the PVT correlated with greater density of gray matter in these areas of the brain. Following a night of sleep deprivation, an increase in gray matter density was observed in the PFC (Sun et al., 2020); whereas, a decrease in gray matter density was observed in the thalamus (Liu et al., 2014) and temporal regions of the brain (Sun et al., 2020). Changes in cortical thickness have also been observed such that a night of sleep deprivation leads to a decrease in cortical thickness in the temporal (Sun et al., 2020) and parietal (Elvsåshagen et al., 2017) regions of the brain.

Fatigued states can also be assessed through a wide array of ocular behavior. Prior research has studied fatigue-related effects that range from variations in pupil size to percentage of eyelid closure (PERCLOS). For instance, Franzen et al. (2009) examined variations in pupil diameter when viewing emotional stimuli following a night of sleep deprivation. The pupil is known to dilate in response to emotional information (Franzen et al., 2009). However, compared to fully rested participants, fatigued individuals had larger degree of pupil dilation when viewing emotional stimuli and exhibited an anticipatory pupil reaction when expecting to view negative stimuli. These results suggest that sleep deprivation may lead to heightened responses to negative stimuli. Other common ocular measurements include blink duration and activity, saccades, eye and eyelid movement, and the duration of eyelid closure. Previous research has identified that ocular measures are fairly accurate at predicting performance deficits due to fatigue (Ftouni et al., 2013); more specifically, PERCLOS was found to be a valid measure of drowsiness (Abe et al., 2011; Jackson et al., 2016). Jackson et al. (2016) studied the effects of fatigue on PERCLOS during a simulated driving task. After a period of sleep deprivation, participants exhibited a greater amount of eyelid closure (eyes were closed for longer periods of time) compared to fully rested participants. Furthermore, PERCLOS is correlated with a decrease in performance and an increase in PVT lapses and fatigue (Dinges et al., 1997; McKinley et al., 2011; Chua et al., 2012; Jackson et al., 2016). Other changes in eye movement are also associated with fatigue. McKinley et al. (2011) found that fatigued individuals exhibit slower eye movements with less irregularity. Furthermore, Neri et al. (2002) conducted a real-life experiment on pilots and also observed an increase in slow eye movement. Stone et al. (2019) examined 14 oculomotor measures and found that a majority were significantly impaired by fatigue and modulated by circadian rhythms. More specifically, the number of blinks and saccadic rate increased; whereas, eye acceleration, steady-state gain, proportion smooth (i.e., portion of time that eye-tracking was smooth), and saccadic velocity decreased. Similar findings had been put forth by Caldwell et al. (2004a), such that saccadic velocity decreased as the level of sleep loss in their subjects increased. These consistent variations suggest that using a comprehensive number of oculometric measurements could be used as a biomarker of fatigue (Stone et al., 2019). However, it is important to note that oculometric measurements are indicative of more than just fatigue. For instance, blink frequency could indicate an increase of fatigue, but it could also be due to a decrease in cognitive load (Svensson and Wilson, 2002) or a decrease in complexity of the environment (Faure et al., 2016). Therefore, oculometric measurements should be used in conjunction with other measurements in order to more accurately detect fatigue.


Circadian rhythms

An important element of studying the effects of sleep deprivation is to identify effects that result from a disruption of circadian rhythms. It is possible that the effects seen during a night of sleep deprivation are the result of a disruption of circadian patterns. Circadian disruptions have been used to account for many of the physiological effects seen following sleep deprivation. For instance, disruption of circadian rhythms due to sleep deprivation has been shown in autonomic nervous system processes, having the strongest influence on the cardiac system, resulting in a decrease in heart rate and an increase in heart rate variability (Viola et al., 2008) as well as an increase in blood pressure variability during the early hours of the day, following a night of sleep deprivation (Zhong et al., 2005; Glos et al., 2014). Burgess et al. (1997) found that the parasympathetic system is affected by circadian rhythms, as evidenced by changes in respiratory sinus arrhythmia (RSA) measurements when controlling for the influence of sleep. Other physiological aspects have been found to have a circadian influence as well. For instance, Michael et al. (2013) found that some salivary biomarkers (i.e., the fatigue biomarker index) exhibited similar patterns of change, regardless of whether participants were sleep deprived or rested, suggesting a circadian influence. Sinusoidal circadian patterns have also been observed in ocular measures such as pursuit behavior, saccade behavior, latency, proportion smooth, smooth pursuit accuracy, and PERCLOS (Fransson et al., 2008; Ftouni et al., 2013; Stone et al., 2019).




Fatigue and subjective sleepiness

A well-replicated effect of sleep deprivation is that individuals report progressively greater levels of subjective sleepiness as time awake increases (Rowland et al., 2005; Wesensten et al., 2005; Chuah et al., 2006; Wilson et al., 2007; Goldich et al., 2010; Abe et al., 2011; Gorgoni et al., 2014; Jackson et al., 2016; Deliens et al., 2018; Slama et al., 2018; Gerhardsson et al., 2019). Subjective sleepiness assesses how tired an individual feels at a given point in time. Many sleep deprivation paradigms utilize scales such as the Karolinska Sleepiness Scale (KSS), Stanford Sleepiness Scale (SSS), and the Visual Analog Scale (VAS) to determine subjective sleepiness, as these scales accurately portray increases in subjective sleepiness and feelings of fatigue following sleep deprivation (Philip et al., 2012; Lo et al., 2016; Paech et al., 2016). However, other, similar measures have also been identified in the literature (see Table 3 for a summary). An increase in subjective sleepiness is also observed in real-life conditions. For instance, sleep-deprived medical residents experienced increased feelings of subjective feelings of sleepiness and fatigue following a night shift (Bartle et al., 1988; Browne et al., 1994).


TABLE 3    Summary of the types of measurements for different types of effects of fatigue on subjective measures.
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Interestingly, each individual rates their own subjective sleepiness differently suggesting differences in levels of resilience to sleep deprivation (Philip et al., 2004; Van Dongen et al., 2004; Killgore et al., 2011; Short and Banks, 2014). For example, these variations are present between age groups, such that older and younger adults differ in how they perceive their own levels of sleepiness. For instance, Philip et al. (2004) found that younger adults reported feeling less tired than they objectively were, as demonstrated by their reaction time performance. Namely, the inaccuracy of young adults self-perception of sleepiness was evident by their increased performance decrements (i.e., longer reaction time) compared to older adults, who more accurately estimated how their feelings of sleepiness would impact their objective performance. Since individuals possess different levels of resistance to fatigue, having an understanding of how performance is impacted varies from person to person, therefore making subjective sleepiness an unreliable measure of objective fatigue-related performance deficits by itself. For instance, Mantua et al. (2021) found that subjective sleep didn’t predict performance on PVT (i.e., reaction time and lapses). Although subjective sleepiness cannot be solely used to determine an individual’s level of sleepiness, it can be used in combination with other measures to detect and predict fatigue-related deficits. For instance, prior research has used subjective measures in combination with physiological effects to predict fatigue. Wilson et al. (2007) suggested that both physiological and subjective data parallel fatigue-related changes in performance. They found that a decline in performance on PVT (i.e., increased reaction time) was associated with an increase of delta and theta activity on the EEG (lower frequency waves associated with decreased alertness) as well as increased subjective feelings of fatigue and sleepiness. Furthermore, other research has found correlations between subjective sleepiness and oculomotor measures, suggesting that subjective sleepiness, in combination with some oculomotor measures, may be used to detect when an individual is approaching a state of fatigue (Rowland et al., 2005; Goldich et al., 2010).




Mitigating fatigue

With the growing demands of society, people increasingly seek out ways to mitigate the effects of fatigue. The most common and accessible method is through the use of caffeine, which is often used in research settings since it is readily available to the public. Other drugs, such as modafinil, d-amphetamine, Donepezil, and AMPAKINE compounds (CX717), have also been studied for their mitigation properties. Each drug has a different elimination rate which causes differences in the time it takes post-administration to have its effect and in the duration of benefits (Wesensten et al., 2005). Furthermore, other methods such as tDCS and transcutaneous vagal nerve stimulation (tVNS; McIntire et al., 2014) have been studied as a way to stimulate the brain non-invasively. Table 4 summarizes the different types of mitigation strategies.


TABLE 4    Summary of different types of fatigue mitigation.
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Mitigating cognitive effects

Caffeine has demonstrated consistent mitigating effects across many cognitive domains that are sensitive to sleep deprivation. For instance, caffeine leads to cognitive improvements in psychomotor vigilance speed, objectively measured alertness, visual vigilance, and performance on executive function tasks (Lieberman et al., 2002; Wesensten et al., 2005; Kohler et al., 2006; Paech et al., 2016). More specifically, caffeine administration has shown improvements in latencies on short-term memory tasks and has led to faster reaction times on psychomotor tasks (McIntire et al., 2014). Interestingly, the time of caffeine administration matters. McIntire et al. (2017) administered caffeine at one of two different times throughout the night. They found that the earlier the administration of caffeine, the greater the effects on reaction time speed. More specifically, it has been found that 2–4 h post-administration seems to be the optimal time for the effects of caffeine to fully kick in with the full effects lasting up to 6 h post-administration (Wesensten et al., 2005). Others have found that it only takes 1 h for caffeine to have its greatest effects and lasts for 8 h (Lieberman et al., 2002). Additionally, caffeine has prevented an increase in the number of risks taken when compared to placebo during sleep deprivation (Killgore et al., 2011). Caffeine also results in faster overall speed of PVT performance, a reduction in attentional lapses, a reduction in responsive lapses, and increases in novel problem-solving. Killgore and Kamimori (2020a) recently demonstrated this by testing the effectiveness of multiple doses of caffeine on several cognitive abilities. Twenty-three participants received 4 doses of caffeine or placebo during 77 h of sleep deprivation and completed a number of tests. Caffeine was indeed more effective than placebo across all tasks; however, the magnitude of these benefits did not restore abilities to baseline levels and the effects did not last after the first night.

Other substances have also been compared to the well-documented effects of caffeine. For instance, Wesensten et al. (2005) tested the efficacy of modafinil and d-amphetamine, two substances used for treatment of daytime sleepiness and narcolepsy, on performance and alertness. They found similar improvements on performance, alertness, psychomotor vigilance speed, and objectively measured alertness after administration of modafinil and d-amphetamine compared to caffeine. Additionally, they found that modafinil leads to an improvement on executive function tasks (i.e., improvements on the Biber Cognitive Estimation Performance) similar to the effects of caffeine. Conversely, they found that d-amphetamine leads to a decrease in performance on the Stroop task, demonstrating impairments in executive functioning. Furthermore, Pigeau et al. (1995) found that modafinil and d-amphetamine led to better performance on tasks involving reaction time, logical reasoning, and short-term memory compared to placebo. They also found that there was still a slight decline in performance compared to baseline (5–10% decline). Furthermore, they found that after a second administration of the drug, there was an even further decline in performance from baseline (20–30%) but still better performance than placebo. Additionally, Caldwell et al. (2004b) found that performance levels on a flight simulator decreased only slightly compared to baseline in the modafinil condition, but decreased significantly in the placebo condition. Boyle et al. (2012) utilized different doses of the drug CX717 in their study. They found that higher doses, CX717 may improve some tasks, but not all. For instance, they found that 1,000 mg of CX717 led to increases in performance on some attention-based tasks (i.e., reduction in the number of attentional slips on the Sustained Attention to Response Task, improved performance on psychomotor speed tests, and improved performance on the Critical Flicker Fusion test). On the other hand, they found that CX717 did not have an effect on memory, sensorimotor tasks, or alertness as assessed by multiple tests of alertness (i.e., Maintenance of Wakefulness Test, Continuous Tracking Task, Sustained Attention to Response Task, Rapid Visual Information Processing Task, and Critical Flicker Fusion). On the other hand, the substance donepezil failed to produce any significant effects on cognitive performance (Dodds et al., 2011).

Non-invasive stimulation is another well-documented technique to counteract fatigue. It has been shown that tDCS prevents a decrease in vigilance, leads to improvements in latencies on short-term memory tasks, leads to a faster reaction time on psychomotor tasks, increases target detection accuracy, and leads to improvements on PVT (McIntire et al., 2014, 2017). Furthermore, tDCS leads to improvements on attention, memory, and executive functioning compared to sham (Cheng et al., 2021). Recent studies have also worked on stimulating the Vagus nerve (i.e., tVNS). tVNS leads to increases in arousal, executive attention, and multitasking with participants performing better on PVT and Multi-Attribute Test Battery (MATB; McIntire et al., 2021). Additionally, tVNS increases alertness and decreases daytime sleepiness (Rizzo et al., 2003).



Mitigating behavioral effects

The different mitigation strategies significantly affect behavior and mood states following a period of sleep deprivation. Caffeine has been shown to positively affect mood states (i.e., induce feelings of happiness, joy, and excitement), even at low doses (Lieberman et al., 2002). Furthermore, caffeine has been shown to reverse the effects of sleep deprivation on the Profile of Mood Scale (POMS) and VAS, thus improving mood (Penetar et al., 1993). Modafinil and d-amphetamine have also been shown to have a positive effect on mood states compared to placebo, but mood was slightly lower than the baseline mood state and steadily declined after initial increase (Pigeau et al., 1995). The dose of the drug determines the strength of the effect of the reversal of sleep deprivation effects on POMS and thus determines the strength of the increase in mood (Newhouse et al., 1989). However, the more sleep-deprived an individual is, the less effective mitigation drugs will be on increasing mood (Pigeau et al., 1995). Boyle et al. (2012) found that CX717 did not affect mood, even at high dose concentrations.

Non-invasive stimulation has also shown behavioral mitigating properties. McIntire et al. (2014, 2017) found that tDCS improves mood and decreases the negative effects associated with mood when stressors such as fatigue are involved. They found that changes in accuracy on various tasks were not correlated with mood changes, unlike caffeine. Furthermore, they concluded that tDCS may be more beneficial at mitigating fatigue with longer-lasting effects on mood. tVNS has also been shown to increase mood and energy levels (McIntire et al., 2021).



Mitigating physiological effects

Although not necessarily the main goal for mitigating the effects of fatigue, changes in physiology are inevitable. For instance, an increase in HRV, decrease in heart rate, an unchanged pre Ejection period (PEP), and an overall increase in parasympathetic activity were observed following caffeine administration (Kohler et al., 2006; Crooks et al., 2019). Furthermore, it was found that caffeine resulted in an increase in skin conductivity, EEG alpha frequency, and a decrease in EEG alpha power (Barry et al., 2005). Other drugs, such as modafinil and d-amphetamine, have also been shown to have physiological effects and resulted in an increase in body temperature (Pigeau et al., 1995), a “pounding and racing” heartbeat (Wesensten et al., 2005), and a decrease in slow wave EEG activity (Caldwell et al., 2000). However, these results are not exclusive to the effects of caffeine on a sleep-deprived individual as other studies have shown similar physiological results of caffeine on those not involved in a sleep-deprivation paradigm (Richardson et al., 2004; Yeragani et al., 2005).

Even though the goal of caffeine is not to mitigate physiological effects, but rather mitigate feelings of sleepiness, the resulting physiological effects of mitigation techniques can be used to predict performance on complex tasks. Kohler et al. (2006) found that HRV and HR were useful at predicting response time and accuracy, with and without caffeine administration, on grammatical reasoning tasks. They determined that tasks that require higher cognitive processing are affected by increases in parasympathetic activity (i.e., caused by caffeine).



Mitigating subjective effects

Mitigation techniques have consistently shown to have their effects on subjective measures. Caffeine leads to a decrease in self-reported risk levels (Killgore et al., 2011), decrease in subjective sleepiness (Wesensten et al., 2005), lower fatigue ratings (McIntire et al., 2017), and fewer self-reported negative side effects (Killgore and Kamimori, 2020a). Furthermore, Lieberman et al. (2002) found that 100 mg of caffeine was not enough to have mitigating effects on subjective sleepiness, but 200 and 300 mg were. Additionally, it has been found that modafinil and d-amphetamine also led to participants feeling less sleepy, less fatigued, and less depressed compared to placebo (Pigeau et al., 1995; Caldwell et al., 2004b; Wesensten et al., 2005). Furthermore, donepezil has been found to reduce feelings of sleepiness and increase feelings of alertness (Dodds et al., 2011).

Non-invasive stimulation has also been found to have effects on subjective measures. McIntire et al. (2014, 2017) found that after tDCS, participants subjectively felt less fatigued, less drowsy, had more energy, and felt like they were in a better mood state (i.e., felt more happy and optimistic) compared to both placebo and caffeine conditions. Furthermore, they found that tDCS led to participants feeling more confident in their ability to do a task and fewer feelings of boredom. Similarly, participants reported lower feelings of fatigue and felt like they had more energy compared to sham following tVNS.




Discussion

As aforementioned, fatigue due to sleep deprivation affects many aspects of human performance. Performance deficits are found in cognitive, behavioral, physiological, and subjective domains. There have been many efforts to identify predictors and countermeasures for fatigue due to sleep deprivation in order to mitigate its effects. However, due to individual differences, and the fact that some indicators of fatigue are not solely indicative of being in a fatigued state (i.e., increased response times may indicate boredom, cognitive load, mind-wandering, etc.), we propose that a multimodal system that records and analyzes multiple sources of physiological and biological response data in real-time may provide an informative model of fatigue-related performance effects and provide individualized mitigation techniques.

Prior work has suggested this notion as well, based on the relationships between sleep deprivation and measures such as oculometrics (Goldich et al., 2010; Abe et al., 2011; Ftouni et al., 2013; Jackson et al., 2016), sleep history (Mantua et al., 2021), and physiology (Chua et al., 2012; Glos et al., 2014). For instance, Mantua et al. (2021) studied the impact of subjective sleep need and sleep resilience on performance. They found that subjective sleep and sleep resilience are insufficient at predicting performance individually, however, their interaction can predict performance effects more accurately. Some ocular metrics (i.e., PERCLOS) have been found to parallel changes in subjective sleepiness, performance decrements, and are sensitive to sleep deprivation (Abe et al., 2011; Ftouni et al., 2013; Jackson et al., 2016). For instance, Ftouni et al. (2013) found that ocular metrics such as the Johns Drowsiness scale, blink duration, and percentage of time with eyes closed displayed strong temporal relationships with subjective sleepiness and attentional performance on the PVT. Similarly, Chua et al. (2012) found that monitoring HRV also provides insight into when individuals are approaching fatigue; specifically, they found that HRV performed as well as PERCLOS in predicting attentional lapses on the PVT. This leads us to posit the idea of a closed-loop system that would assess fatigue, mitigate fatigue, and monitor the outcome of those mitigations (physiologically), all in real-time. Prior work in similar fields has found the use of closed-loop systems to be useful at monitoring and predicting performance deficits in real-time (Wilson et al., 2007; Christensen and Estepp, 2013).

An important component of closed-loop systems is the ability to monitor the effects of fatigue on performance in real-time. The length of effect of some mitigation strategies has been well documented. For instance, the half-life of caffeine has been observed to be around 4–6 h depending on the dose (Penetar et al., 1993; Wesensten et al., 2005; Killgore et al., 2006a). Even though the half-life of caffeine is well documented, individuals have different tolerance levels to caffeine. For instance, it has been observed that individuals who don’t regularly drink caffeine experience a longer half-life following consumption compared to caffeine drinkers (5.3 h compared to 4.1 h; Whitsett et al., 1984). Furthermore, non-users experience an increase in physical performance following caffeine administration compared to users (Bell and McLellan, 2002). Although the length of effect of caffeine is well known, the length of effects of other mitigation techniques is not. For instance, the duration of effects of newer methods such as tVNS and tDCS are less clear. Some have found the effects of tDCS to last up to 24 h (McIntire et al., 2017), whereas others report effects lasting 30–90 min (Nitsche and Paulus, 2001). Furthermore, the duration of tDCS effects has been found to depend on the duration of the stimulation session as well as on the number of times a participant is stimulated (McKinley et al., 2012). Although the duration of effects for tVNS and tDCS is less clear, we propose that real-time assessment would be useful in order to monitor the duration, intensity, and effectiveness of each mitigation to optimize performance for each individual.

Furthermore, we propose that multimodal systems, monitored in real-time, will be beneficial in determining optimal mitigation strategies since individuals have different resistance levels to fatigue. For instance, Van Dongen et al. (2004) found significant differences in levels of subjective sleepiness and mood, cognitive processing ability, and alertness among individuals. They found that these results were not affected by sleep history (i.e., how much sleep they got before testing), but rather by some other trait. Furthermore, Mantua et al. (2021) studied the effects of individual need for sleep on the PVT. They found that individuals who were less resistant to fatigue performed worse on the PVT compared to those with medium to high resistance. Philip et al. (2004) studied the impact of age on performance. They found that younger participants were not as proficient in gauging their level of fatigue compared to older participants. Reaction times between the groups were similar, but perception of performance was not. Lastly, some neuroimaging studies have identified that individual differences in brain structures and activation patterns during sleep deprivation may be able to predict their vulnerability to fatigue (Mu et al., 2005; Rocklage et al., 2009). Since each individual perceives and reacts differently to fatigue, it is nearly impossible to have a single mitigation strategy to counteract fatigue, further proving the need for a real-time, individualized system.



Conclusion

Sleep deprivation due to fatigue leads to a wide range of performance decrements that may pose occupational risks. Many studies have looked at the effects of sleep deprivation on cognitive, physiological, behavioral, and subjective measures. For example, recent experiments reveal that a night of no sleep leads to a decreased ability to respond to tasks properly resulting in slower response times, increased lapses in attention, and declines in memory performance. Furthermore, other experiments have shown that sleep deprivation leads to increased subjective sleepiness and an increase in behavioral outcomes such that participants experience an increase in risk-taking, decrease in inhibitory controls, decreased ability to detect and correct errors, and an increased likelihood to make mistakes. Additionally, studies have also shown physiological effects resulting from fatigue such that there is an increase in sympathetic activity and a decrease in parasympathetic activity. Many studies have utilized different mitigation strategies to attempt to counteract these deleterious effects of not getting enough sleep. For example, many studies have utilized different drugs, such as caffeine and modafinil whereas other studies have used non-invasive stimulation to counteract these effects. Although these mitigation techniques have proven to be useful, individual differences make it difficult to determine when to apply the intervention to optimize its potential and minimize the effects of sleep deprivation. Further research studying closed-loop mitigation systems in sleep deprivation is needed to determine the best time and techniques for each individual. In addition, there is also value in exploring unique methods and techniques not reviewed here (with appropriate theoretical justification), as their absence from this review may suggest they are either unknown or under-studied, to date.



Author contributions

KK, VP, and JE defined the scope of the review, outlined the manuscript, and edited the manuscript. KK and VP performed the literature and drafted the primary manuscript. KK created and edited the summary tables. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Department of Defense as part of the congressional appropriation of the 6.2 (Applied Research) Research, Development, Test, and Engineering (RDTandE) budget category.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Author disclaimer

The views expressed are those of the authors and do not necessarily reflect the official policy or position of the Department of the Air Force, the Department of Defense, or the United States Government. The appearance of external hyperlinks does not constitute endorsement by the United States Department of Defense of the linked websites or the information, products, or services contained therein. The Department of Defense does not exercise any editorial, security, or other control over the information you may find at these location.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.930280/full#supplementary-material



References

Abe, T., Mishima, K., Kitamura, S., Hida, A., Inoue, Y., Mizuno, K., et al. (2020). Tracking intermediate performance of vigilant attention using multiple eye metrics. Sleep 43:zsz219. doi: 10.1093/sleep/zsz219

Abe, T., Nonomura, T., Komada, Y., Asaoka, S., Sasai, T., Ueno, A., et al. (2011). Detecting deteriorated vigilance using percentage of eyelid closure time during behavioral maintenance of wakefulness tests. Int. J. Psychophysiol. 82, 269–274. doi: 10.1016/j.ijpsycho.2011.09.012

Anderson, C., and Dickinson, D. L. (2010). Bargaining and trust: the effects of 36-h total sleep deprivation on socially interactive decisions. J. Sleep Res. 19, 54–63. doi: 10.1111/j.1365-2869.2009.00767.x

Axelsson, J., Göran, K., Torbjörn, Å, Paolo, D., Mats, L., and Michael, I. (2008). Sleepiness and performance in response to repeated sleep restriction and subsequent recovery during semi-laboratory conditions. Chronobiol. Int. 25, 297–308. doi: 10.1080/07420520802107031

Banks, S., and Dinges, D. F. (2007). Behavioral and physiological consequences of sleep restriction. J. Clin. Sleep Med. 3, 519–528. doi: 10.5664/jcsm.26918

Banks, S., Van Dongen, H. P. A., Maislin, G., and Dinges, D. F. (2010). Neurobehavioral dynamics following chronic sleep restriction: dose-response effects of one night for recovery. Sleep 33, 1013–1026. doi: 10.1093/sleep/33.8.1013

Barry, R. J., Rushby, J. A., Wallace, M. J., Clarke, A. R., Johnstone, S. J., and Zlojutro, I. (2005). Caffeine effects on resting-state arousal. Clin. Neurophysiol. 116, 2693–2700. doi: 10.1016/j.clinph.2005.08.008

Bartel, P., Offermeier, W., Smith, F., and Becker, P. (2004). Attention and working memory in resident anaesthetists after night duty: group and individual effects. Occup. Environ. Med. 61, 167–170. doi: 10.1136/oem.2002.006197

Bartle, E. J., Sun, J. H., Thompson, L., Light, A. I., McCool, C., and Heaton, S. (1988). The effects of acute sleep deprivation during residency training. Surgery 104, 311–316.

Basner, M., Fomberstein, K. M., Razavi, F. M., Banks, S., William, J. H., Rosa, R. R., et al. (2007). American time use survey: sleep time and its relationship to waking activities. Sleep 30, 1085–1095. doi: 10.1093/sleep/30.9.1085

Belenky, G., Wesensten, N. J., Thorne, D. R., Thomas, M. L., Sing, H. C., Redmond, D. P., et al. (2003). Patterns of performance degradation and restoration during sleep restriction and subsequent recovery: a sleep dose-response study. J. Sleep Res. 12, 1–12. doi: 10.1046/j.1365-2869.2003.00337.x

Bell, D. G., and McLellan, T. M. (2002). Exercise endurance 1, 3, and 6 h after caffeine ingestion in caffeine users and nonusers. J. Appl. Physiol. 93, 1227–1234. doi: 10.1152/japplphysiol.00187.2002

Boardman, J. M., Bei, B., Mellor, A., Anderson, C., Sletten, T. L., and Drummond, S. P. (2018). The ability to self-monitor cognitive performance during 60 h total sleep deprivation and following 2 nights recovery sleep. J. Sleep Res. 27:e12633. doi: 10.1111/jsr.12633

Bourgeois-Bougrine, S., Carbon, P., Gounelle, C., Mollard, R., and Coblentz, A. (2003). Perceived fatigue for short-and long-haul flights: a survey of 739 airline pilots. Aviat. Space Enviro. Med. 74, 1072–1077.

Boyle, J., Stanley, N., James, L. M., Wright, N., Johnsen, S., Arbon, E. L., et al. (2012). Acute sleep deprivation: the effects of the AMPAKINE compound CX717 on human cognitive performance, alertness and recovery sleep. J. Psychopharmacol. 26, 1047–1057. doi: 10.1177/0269881111405353

Bratzke, D., Rolke, B., Steinborn, M. B., and Ulrich, R. (2009). The effect of 40 h constant wakefulness on task-switching efficiency. J. Sleep Res. 18, 167–172. doi: 10.1111/j.1365-2869.2008.00729.x

Browne, B. J., Van Susteren, T., Onsager, D. R., Simpson, D., Salaymeh, B., and Condon, R. E. (1994). Influence of sleep deprivation on learning among surgical house staff and medical students. Surgery 115, 604–610.

Buckley, R. J., Helton, W. S., Innes, C. R., Dalrymple-Alford, J. C., and Jones, R. D. (2016). Attention lapses and behavioural microsleeps during tracking, psychomotor vigilance, and dual tasks. Consci. Cogn. 45, 174–183. doi: 10.1016/j.concog.2016.09.002

Burgess, H. J., Trinder, J., Kim, Y., and Luke, D. (1997). Sleep and circadian influences on cardiac autonomic nervous system activity. Am. J. Physiol. Heart Circul. Physiol. 273, H1761–H1768. doi: 10.1152/ajpheart.1997.273.4.H1761

Caldwell, J. A., Caldwell, J. L., Brown, D. L., and Smith, J. K. (2004a). The effects of 37 hours of continuous wakefulness on the physiological arousal, cognitive performance, self-reported mood, and simulator flight performance of F-117A pilots. Military Psychol. 16:83. doi: 10.1207/s15327876mp1603_2

Caldwell, J. A., Caldwell, J. L., Smith, J. K., and Brown, D. L. (2004b). Modafinil’s effects on simulator performance and mood in pilots during 37 h without sleep. Aviat. Space Environ. Med. 75, 777–784.

Caldwell, J. A., Caldwell, J. L., Smyth, N. K. III, and Hall, K. K. (2000). A double-blind, placebo-controlled investigation of the efficacy of modafinil for sustaining the alertness and performance of aviators: a helicopter simulator study. Psychopharmacology 150, 272–282. doi: 10.1007/s002130000450

Caldwell, J. A., Mallis, M. M., Caldwell, J. L., Paul, M. A., Miller, J. C., and Neri, D. F. (2009). Fatigue countermeasures in aviation. Aviat. Space Environ. Med. 80, 29–59. doi: 10.3357/asem.2435.2009

Carskadon, M. A., and Dement, W. C. (1981). Cumulative effects of sleep restriction on daytime sleepiness. Psychophysiology 18, 107–113. doi: 10.1111/j.1469-8986.1981.tb02921.x

Carskadon, M. A., and Dement, W. C. (1987). Daytime sleepiness: quantification of a behavioral state. Neurosci. Biobehav. Rev. 11, 307–317. doi: 10.1016/S0149-7634(87)80016-7

Cazzoli, D., Antoniades, C. A., Kennard, C., Nyffeler, T., Bassetti, C. L., and Müri, R. M. (2014). Eye movements discriminate fatigue due to chronotypical factors and time spent on task–a double dissociation. PLoS one 9:1. doi: 10.1371/journal.pone.0087146

Cheng, J. X., Zhao, X., Qiu, J., Jiang, Y., Ren, J., Sun, S., et al. (2021). Effects of transcranial direct current stimulation on performance and recovery sleep during acute sleep deprivation: a pilot study. Sleep Med. 79, 124–133. doi: 10.1016/j.sleep.2021.01.014

Chernyshev, B. V., Lazarev, I. E., Bryzgalov, D. V., and Novikov, N. A. (2015). Spontaneous attentional performance lapses during the auditory condensation task: an ERP study. Psychol. Neurosci. 8, 4–18. doi: 10.1037/h0101029

Cheyne, J. A., Carriere, J. S., and Smilek, D. (2006). Absent-mindedness: lapses of conscious awareness and everyday cognitive failures. Consci. Cogn. 15, 578–592. doi: 10.1016/j.concog.2005.11.009

Choshen-Hillel, S., Ishqer, A., Mahameed, F., Reiter, J., Gozal, D., Gileles-Hillel, A., et al. (2021). Acute and chronic sleep deprivation in residents: cognition and stress biomarkers. Med. Educ. 55, 174–184. doi: 10.1111/medu.14296

Christensen, J. C., and Estepp, J. R. (2013). Coadaptive aiding and automation enhance operator performance. Hum. Fact. 55, 965–975. doi: 10.1177/0018720813476883

Chua, E. C. P., Fang, E., and Gooley, J. J. (2017). Effects of total sleep deprivation on divided attention performance. PLoS One 12:e0187098. doi: 10.1371/journal.pone.0187098

Chua, E. C. P., Tan, W. Q., Yeo, S. C., Lau, P., Lee, I., Mien, I. H., et al. (2012). Heart rate variability can be used to estimate sleepiness-related decrements in psychomotor vigilance during total sleep deprivation. Sleep 35, 325–334.

Chuah, Y. L., Venkatraman, V., Dinges, D. F., and Chee, M. W. (2006). The neural basis of interindividual variability in inhibitory efficiency after sleep deprivation. J. Neurosci. 26, 7156–7162. doi: 10.1523/JNEUROSCI.0906-06.2006

Couyoumdjian, A., Sdoia, S., Tempesta, D., Curcio, G., Rastellini, E., De Gennaro, L., et al. (2010). The effects of sleep and sleep deprivation on task-switching performance. J. Sleep Res. 19, 64–70. doi: 10.1111/j.1365-2869.2009.00774.x

Crooks, E., Hansen, D. A., Satterfield, B. C., Layton, M. E., and Van Dongen, H. P. (2019). Cardiac autonomic activity during sleep deprivation with and without caffeine administration. Physiol. Behav. 210:112643. doi: 10.1016/j.physbeh.2019.112643

Deliens, G., Bukowski, H., Slama, H., Surtees, A., Cleeremans, A., Samson, D., et al. (2018). The impact of sleep deprivation on visual perspective taking. J. Sleep Res. 27, 175–183. doi: 10.1111/jsr.12595

Dettoni, J. L., Consolim-Colombo, F. M., Drager, L. F., Rubira, M. C., Cavasin de Souza, S. B. P., Irigoyen, M. C., et al. (2012). Cardiovascular effects of partial sleep deprivation in healthy volunteers. J. Appl. Physiol. 113, 232–236. doi: 10.1152/japplphysiol.01604.2011

Dinges, D. F., Pack, F., Williams, K., Gillen, K. A., Powell, J. W., Ott, G. E., et al. (1997). Cumulative sleepiness, mood disturbance, and psychomotor vigilance performance decrements during a week of sleep restricted to 4–5 hours per night. Sleep 20, 267–277. doi: 10.1093/sleep/20.4.267

Dodds, C. M., Bullmore, E. T., Henson, R. N., Christensen, S., Miller, S., Smith, M., et al. (2011). Effects of donepezil on cognitive performance after sleep deprivation. Hum. Psychopharmacol. 26, 578–587. doi: 10.1002/hup.1248

Doran, S. M., Van Dongen, H. P., and Dinges, D. F. (2001). Sustained attention performance during sleep deprivation: evidence of state instability. Arch. Itali. de Biologie. 139, 253–267. doi: 10.4449/aib.v139i3.503

Drummond, S. P., Brown, G. G., Stricker, J. L., Buxton, R. B., Wong, E. C., and Gillin, J. C. (1999). Sleep deprivation-induced reduction in cortical functional response to serial subtraction. Neuroreport 10, 3745–3748.

Drummond, S. P., Meloy, M. J., Yanagi, M. A., Orff, H. J., and Brown, G. G. (2005). Compensatory recruitment after sleep deprivation and the relationship with performance. Psychiat. Res. 140, 211–223. doi: 10.1016/j.pscychresns.2005.06.007

Drummond, S. P., Paulus, M. P., and Tapert, S. F. (2006). Effects of two nights sleep deprivation and two nights recovery sleep on response inhibition. J. Sleep Res. 15, 261–265. doi: 10.1111/j.1365-2869.2006.00535.x

Drummond, S., and Brown, G. G. (2001). The effects of total sleep deprivation on cerebral responses to cognitive performance. Neuropsychopharmacology 25, S68–S73.

Drummond, S., Brown, G. G., Gillin, J. C., Stricker, J. L., Wong, E. C., and Buxton, R. B. (2000). Altered brain response to verbal learning following sleep deprivation. Nature 403, 655–657. doi: 10.1038/35001068

Durmer, J. S., and Dinges, D. F. (2005). Neurocognitive consequences of sleep deprivation. Seminar. Neurol. 25, 117–129. doi: 10.1055/s-2005-867080

Elvsåshagen, T., Zak, N., Norbom, L. B., Pedersen, P. Ø, Quraishi, S. H., Bjørnerud, A., et al. (2017). Evidence for cortical structural plasticity in humans after a day of waking and sleep deprivation. Neuroimage 156, 214–223. doi: 10.1016/j.neuroimage.2017.05.027

Estepp, J. R., and Christensen, J. C. (2015). Electrode replacement does not affect classification accuracy in dual-session use of a passive brain-computer interface for assessing cognitive workload. Front. Neurosci. 9:54. doi: 10.3389/fnins.2015.00054

Faure, V., Lobjois, R., and Benguigui, N. (2016). The effects of driving environment complexity and dual tasking on drivers’ mental workload and eye blink behavior. Trans. Res. Part F 40, 78–90. doi: 10.1016/j.trf.2016.04.007

Finelli, L. A., Baumann, H., Borbély, A. A., and Achermann, P. (2000). Dual electroencephalogram markers of human sleep homeostasis: correlation between theta activity in waking and slow-wave activity in sleep. Neuroscience 101, 523–529. doi: 10.1016/S0306-4522(00)00409-7

Ford, E. S., Cunningham, T. J., and Croft, J. B. (2015). Trends in self-reported sleep duration among US adults from 1985 to 2012. Sleep 38, 829–832. doi: 10.5665/sleep.4684

Fransson, P. A., Patel, M., Magnusson, M., Berg, S., Almbladh, P., and Gomez, S. (2008). Effects of 24-hour and 36-hour sleep deprivation on smooth pursuit and saccadic eye movements. J. Vestibular Res. 18, 209–222. doi: 10.3233/VES-2008-18404

Franzen, P. L., Buysse, D. J., Dahl, R. E., Thompson, W., and Siegle, G. J. (2009). Sleep deprivation alters pupillary reactivity to emotional stimuli in healthy young adults. Biol. Psychol. 80, 300–305. doi: 10.1016/j.biopsycho.2008.10.010

Franzen, P. L., Siegle, G. J., and Buysse, D. J. (2008). Relationships between affect, vigilance, and sleepiness following sleep deprivation. J. Sleep Res. 17, 34–41. doi: 10.1111/j.1365-2869.2008.00635.x

Ftouni, S., Rahman, S. A., Crowley, K. E., Anderson, C., Rajaratnam, S. M., and Lockley, S. W. (2013). Temporal dynamics of ocular indicators of sleepiness across sleep restriction. J. Biol. Rhythms 28, 412–424. doi: 10.1177/0748730413512257

Garbarino, S., Durando, P., Guglielmi, O., Dini, G., Bersi, F., Fornarino, S., et al. (2016). Sleep apnea, sleep debt and daytime sleepiness are independently associated with road accidents. A cross-sectional study on truck drivers. PLoS One 11:e0166262. doi: 10.1371/journal.pone.0166262

Gerhardsson, A., Åkerstedt, T., Axelsson, J., Fischer, H., Lekander, M., and Schwarz, J. (2019). Effect of sleep deprivation on emotional working memory. J. Sleep Res. 28:e12744. doi: 10.1111/jsr.12744

Glos, M., Fietze, I., Blau, A., Baumann, G., and Penzel, T. (2014). Cardiac autonomic modulation and sleepiness: physiological consequences of sleep deprivation due to 40h of prolonged wakefulness. Physiol. Behav. 125, 45–53. doi: 10.1016/j.physbeh.2013.11.011

Goel, N., Rao, H., Durmer, J. S., and Dinges, D. F. (2009). Neurocognitive consequences of sleep deprivation. Seminar. Neurol. 29, 320–339. doi: 10.1055/s-0029-1237117

Goldich, Y., Barkana, Y., Pras, E., Zadok, D., Hartstein, M., and Morad, Y. (2010). The effects of sleep deprivation on oculomotor responses. Curr. Eye Res. 35, 1135–1141. doi: 10.3109/02713683.2010.507902

Gorgoni, M., Bartolacci, C., D’Atri, A., Scarpelli, S., Marzano, C., Moroni, F., et al. (2019). The spatiotemporal pattern of the human electroencephalogram at sleep onset after a period of prolonged wakefulness. Front. Neurosci. 13:312. doi: 10.3389/fnins.2019.00312

Gorgoni, M., Ferlazzo, F., Ferrara, M., Moroni, F., D’Atri, A., Fanelli, S., et al. (2014). Topographic electroencephalogram changes associated with psychomotor vigilance task performance after sleep deprivation. Sleep Med. 15, 1132–1139. doi: 10.1016/j.sleep.2014.04.022

Gunzelmann, G., Gross, J. B., Gluck, K. A., and Dinges, D. F. (2009). Sleep deprivation and sustained attention performance: integrating mathematical and cognitive modeling. Cogn. Sci. 33, 880–910. doi: 10.1111/j.1551-6709.2009.01032.x

Halbach, M. M., Spann, C. O., and Egan, G. (2003). Effect of sleep deprivation on medical resident and student cognitive function: a prospective study. Am. J. Obstetrics Gynecol. 188, 1198–1201. doi: 10.1067/mob.2003.306

Harrison, Y., and Horne, J. A. (1998). Sleep loss impairs short and novel language tasks having a prefrontal focus. J. Sleep Res. 7, 95–100. doi: 10.1046/j.1365-2869.1998.00104.x

Harrison, Y., and Horne, J. A. (2000). The impact of sleep deprivation on decision making: a review. J. Exp. Psychol. 6, 236–249. doi: 10.I037//1076-8O8X.6.3.236

Hernandez, O. H., Vogel-Sprott, M., and Ke-Aznar, V. I. (2007). Alcohol impairs the cognitive component of reaction time to an omitted stimulus: a replication and an extension. J. Stud. Alcohol Drugs 68, 276–281. doi: 10.15288/jsad.2007.68.276

Holmes, A. L., Burgess, H. J., and Dawson, D. (2002). Effects of sleep pressure on endogenous cardiac autonomic activity and body temperature. J. Appl. Physiol. 92, 2578–2584. doi: 10.1152/japplphysiol.01106.2001

Howard, S. K., Gaba, D. M., Smith, B. E., Weinger, M. B., Herndon, C., Keshavacharya, S., et al. (2003). Simulation study of rested versus sleep-deprived anesthesiologists. J. Am. Soc. Anesthesiol. 98, 1345–1355. doi: 10.1097/00000542-200306000-00008

Hsieh, S., Cheng, I. C., and Tsai, L. L. (2007). Immediate error correction process following sleep deprivation. J. Sleep Res. 16, 137–147. doi: 10.1111/j.1365-2869.2007.00583.x

Hultsch, D. F., MacDonald, S. W. S., and Dixon, R. A. (2002). Variability in Reaction Time Performance of Younger and Older Adults. J. Gerontol. 57, P101–15. doi: 10.1093/geronb57.2.P101

Jackson, M. L., Raj, S., Croft, R. J., Hayley, A. C., Downey, L. A., Kennedy, G., et al. (2016). Slow eyelid closure as a measure of driver drowsiness and its relationship to performance. Traffic Inj. Prevent. 17, 251–257. doi: 10.1080/15389588.2015.1055327

Kahn-Greene, E. T., Killgore, D. B., Kamimori, G. H., Balkin, T. J., and Killgore, W. D. (2007). The effects of sleep deprivation on symptoms of psychopathology in healthy adults. Sleep Med. 8, 215–221. doi: 10.1016/j.sleep.2006.08.007

Kar, S., Routray, A., and Nayak, B. P. (2011). Functional network changes associated with sleep deprivation and fatigue during simulated driving: validation using blood biomarkers. Clin. Neurophysiol. 122, 966–974. doi: 10.1016/j.clinph.2010.08.009

Kato, M., Phillips, B. G., Sigurdsson, G., Narkiewicz, K., Pesek, C. A., and Somers, V. K. (2000). Effects of Sleep Deprivation on Neural Circulatory Control. Hypertension 35, 1173–1175. doi: 10.1161/01.HYP.35.5.1173

Killgore, W. D. S. (2010). Effects of sleep deprivation on cognition. Prog. Brain Res. 185, 105–129. doi: 10.1016/B978-0-444-53702-7.00007-5

Killgore, W. D., Kamimori, G. H., and Balkin, T. J. (2011). Caffeine protects against increased risk-taking propensity during severe sleep deprivation. J. Sleep Res. 20, 395–403. doi: 10.1111/j.1365-2869.2010.00893.x

Killgore, W. D. S., and Kamimori, G. H. (2020a). Multiple caffeine doses maintain vigilance, attention, complex motor sequence expression, and manual dexterity during 77 hours of total sleep deprivation. Neurobiol. Sleep Circadian Rhythms 9:100051. doi: 10.1016/j.nbscr.2020.100051

Killgore, W. D. S., McBride, S. A., Killgore, D. B., and Balkin, T. J. (2006a). The effects of caffeine, dextroamphetamine, and modafinil on humor appreciation during sleep deprivation. Sleep 29, 841–847. doi: 10.1093/sleep/29.6.841

Killgore, W. D. S., Balkin, T. J., and Wesensten, N. J. (2006b). Impaired decision making following 49 h of sleep deprivation. J. Sleep Res. 15, 7–13. doi: 10.1111/j.1365-2869.2006.00487.x

Killgore, W. D. S., Vanuk, J. R., Shane, B. R., Weber, M., and Bajaj, S. (2020b). A randomized, double-blind, placebo-controlled trial of blue wavelength light exposure on sleep and recovery of brain structure, function, and cognition following mild traumatic brain injury. Neurobiol. Dis. 134:104679. doi: 10.1016/j.nbd.2019.104679

Killgore, W. D., Kahn-Greene, E. T., Lipizzi, E. L., Newman, R. A., Kamimori, G. H., and Balkin, T. J. (2008). Sleep deprivation reduces perceived emotional intelligence and constructive thinking skills. Sleep Med. 9, 517–526. doi: 10.1016/j.sleep.2007.07.003

Kohler, M., Pavy, A., and Van Den Heuvel, C. (2006). The effects of chewing versus caffeine on alertness, cognitive performance, and cardiac autonomic activity during sleep deprivation. J. Sleep Res. 15, 358–368. doi: 10.1111/j.1365-2869.2006.00547.x

Lieberman, H. R., Tharion, W. J., Shukitt-Hale, B., Speckman, K. L., and Tulley, R. (2002). Effects of caffeine, sleep loss, and stress on cognitive performance and mood during US Navy SEAL training. Psychopharmacology 164, 250–261. doi: 10.1007/s00213-002-1217-9

Lim, J., and Dinges, D. F. (2008). Sleep deprivation and vigilant attention. Annals N. Y. Acad. Sci. 1129, 305–322. doi: 10.1196/annals.1417.002

Liu, C., Kong, X. Z., Liu, X., Zhou, R., and Wu, B. (2014). Long-term total sleep deprivation reduces thalamic gray matter volume in healthy men. Neuroreport 25, 320–323. doi: 10.1097/WNR.0000000000000091

Lo, J. C., Chong, P. L., Ganesan, S., Leong, R. L., and Chee, M. W. (2016). Sleep deprivation increases formation of false memory. J. Sleep Res. 25, 673–682. doi: 10.1111/jsr.12436

Lockley, S. W., Cronin, J. W., Evans, E. E., Cade, B. E., Lee, C. J., Landrigan, C. P., et al. (2004). Effect of reducing interns’ weekly work hours on sleep and attentional failures. N. Engl. J. Med. 351, 1829–1837. doi: 10.1056/NEJMoa041404

Mantua, J., Brager, A. J., Alger, S. E., Adewale, F., Skeiky, L., Balkin, T. J., et al. (2021). Self-Reported Sleep Need, Subjective Resilience, and Cognitive Performance Following Sleep Loss and Recovery Sleep. Psychol. Rep. 124, 210–226. doi: 10.1177/0033294119899896

McIntire, L. K., McKinley, R. A., Goodyear, C., and Nelson, J. (2014). A comparison of the effects of transcranial direct current stimulation and caffeine on vigilance and cognitive performance during extended wakefulness. Brain Stimul. 7, 499–507. doi: 10.1016/j.brs.2014.04.008

McIntire, L. K., McKinley, R. A., Goodyear, C., McIntire, J. P., and Brown, R. D. (2021). Cervical transcutaneous vagal nerve stimulation (ctVNS) improves human cognitive performance under sleep deprivation stress. Commun. Biol. 4:634. doi: 10.1038/s42003-021-02145-7

McIntire, L. K., McKinley, R. A., Nelson, J. M., and Goodyear, C. (2017). Transcranial direct current stimulation versus caffeine as a fatigue countermeasure. Brain Stimul. 10, 1070–1078. doi: 10.1016/j.brs.2017.08.005

McKinley, R. A., Bridges, N., Walters, C. M., and Nelson, J. (2012). Modulating the brain at work using noninvasive transcranial stimulation. NeuroImage 59, 129–137. doi: 10.1016/j.neuroimage.2011.07.075

McKinley, R. A., McIntire, L. K., Schmidt, R., Repperger, D. W., and Caldwell, J. A. (2011). Evaluation of eye metrics as a detector of fatigue. Hum. Fact. 53, 403–414. doi: 10.1177/0018720811411297

McMahon, W. R., Ftouni, S., Drummond, S. P. A., Maruff, P., Lockley, S. W., Rajaratnam, S. M. W., et al. (2018). The wake maintenance zone shows task dependent changes in cognitive function following one night without sleep. Sleep 41:zsy148. doi: 10.1093/sleep/zsy148

Michael, D. J., Valle, B., Cox, J., Kalns, J. E., and Fogt, D. L. (2013). Salivary biomarkers of physical fatigue as markers of sleep deprivation. J. Clin. Sleep Med. 9, 1325–1331. doi: 10.5664/jcsm.3280

Minkel, J. D., Banks, S., Htaik, O., Moreta, M. C., Jones, C. W., McGlinchey, E. L., et al. (2012). Sleep deprivation and stressors: evidence for elevated negative affect in response to mild stressors when sleep deprived. Emotion 12, 1015–1020. doi: 10.1037/a0026871

Mollicone, D. J., Van Dongen, H. P. A., Rogers, N. L., Banks, S., and Dinges, D. F. (2010). Time of day effects on neurobehavioral performance during chronic sleep restriction. Aviat. Space Environ. Med. 81, 735–744. doi: 10.3357/ASEM.2756.2010

Morris, T. L., and Miller, J. C. (1996). Electrooculographic and performance indices of fatigue during simulated flight. Biol. Psychol. 42, 343–360. doi: 10.1016/0301-0511(95)05166-x

Mu, Q., Mishory, A., Johnson, K. A., Nahas, Z., Kozel, F. A., Yamanaka, K., et al. (2005). Decreased brain activation during a working memory task at rested baseline is associated with vulnerability to sleep deprivation. Sleep 28, 433–446. doi: 10.1093/sleep/28.4.433

Nabatilan, L. B., Aghazadeh, F., Nimbarte, A. D., Harvey, C. C., and Chowdhury, S. K. (2012). Effect of driving experience on visual behavior and driving performance under different driving conditions. Cog. Tech. Work 14, 355–363. doi: 10.1007/s10111-011-0184-5

Neri, D. F., Oyung, E. L., Colletti, L. M., Mallis, M. M., Tam, P. Y., and Dinges, D. F. (2002). Controlled breaks as a fatigue countermeasure on the flight deck. Aviat. Space Environ. Med. 73, 654–664.

Newhouse, P. A., Belenky, G., Thomas, M., Thorne, D., Sing, H. C., and Fertig, J. (1989). The effects of d-amphetamine on arousal, cognition, and mood after prolonged total sleep deprivation. Neuropsychopharmacology 2, 153–164. doi: 10.1016/0893-133x(89)90018-3

Nitsche, M. A., and Paulus, W. (2001). Sustained excitability elevations induced by transcranial DC motor cortex stimulation in humans. Neurology 57, 1899–1901. doi: 10.1212/WNL.57.10.1899

Ogawa, Y., Kanbayashi, T., Saito, Y., Takahashi, Y., Kitajima, T., Takahashi, K., et al. (2003). Total sleep deprivation elevates blood pressure through arterial baroreflex resetting: a study with microneurographic technique. Sleep 26, 986–989. doi: 10.1093/sleep/26.8.986

Ogilvie, R. D., and Wilkinson, R. T. (1984). The detection of sleep onset: behavioral and physiological convergence. Psychophysiology 21, 510–520. doi: 10.1111/j.1469-8986.1984.tb00234.x

Ogilvie, R. D., Wilkinson, R. T., and Allison, S. (1989). The detection of sleep onset: behavioral, physiological, and subjective convergence. Sleep 12, 458–474. doi: 10.1093/sleep/12.5.458

Orton, D. I., and Gruzelier, J. H. (1989). Adverse changes in mood and cognitive performance of house officers after night duty. Br. Med. J. 298, 21–23. doi: 10.1136/bmj.298.6665.21

Paech, G. M., Banks, S., Pajcin, M., Grant, C., Johnson, K., Kamimori, G. H., et al. (2016). Caffeine administration at night during extended wakefulness effectively mitigates performance impairment but not subjective assessments of fatigue and sleepiness. Pharmacol. Biochem. Behav. 145, 27–32. doi: 10.1016/j.pbb.2016.03.011

Paterson, J. L., Dorrian, J., Ferguson, S. A., Jay, S. M., Lamond, N., Murphy, P. J., et al. (2011). Changes in structural aspects of mood during 39-66h of sleep loss using matched controls. Appl. Ergon. 42, 196–201. doi: 10.1016/j.apergo.2010.06.014

Patrick, G. T. W., and Gilbert, J. A. (1896). Studies from the psychological laboratory of the University of Iowa: on the effects of loss of sleep. Psychol. Rev. 3, 469–483.

Patrick, Y., Lee, A., Raha, O., Pillai, K., Gupta, S., Sethi, S., et al. (2017). Effects of sleep deprivation on cognitive and physical performance in university students. Sleep Biol. Rhythms 15, 217–225. doi: 10.1007/s41105-017-0099-5

Penetar, D., McCann, U., Thorne, D., Kamimori, G., Galinski, C., Sing, H., et al. (1993). Caffeine reversal of sleep deprivation effects on alertness and mood. Psychopharmacology 112, 359–365. doi: 10.1007/BF02244933

Philip, P., Sagaspe, P., Prague, M., Tassi, P., Capelli, A., Bioulac, B., et al. (2012). Acute versus chronic partial sleep deprivation in middle-aged people: differential effect on performance and sleepiness. Sleep 35, 997–1002. doi: 10.5665/sleep.1968

Philip, P., Taillard, J., Sagaspe, P., Valtat, C., Sanchez-Ortuno, M., Moore, N., et al. (2004). Age, performance, and sleep deprivation. J. Sleep Res. 13, 105–110. doi: 10.1111/j.1365-2869.2004.00399.x

Pigeau, R., Naitoh, P., Buguet, A., McCann, C., Baranski, J., Taylor, M., et al. (1995). Modafinil, d-amphetamine and placebo during 64 hours of sustained mental work. I. Effects on mood, fatigue, cognitive performance, and body temperature. J. Sleep Res. 4, 212–228. doi: 10.1111/j.1365-2869.1995.tb00172.x

Pilcher, J. J., and Huffcutt, A. (1996). Effects of Sleep Deprivation on Performance: A Meta-Analysis. Sleep 19, 318–326. doi: 10.1093/sleep/19.4.318

Pilcher, J. J., Callan, C., and Posey, L. (2015). Sleep Deprivation Affects Reactivity to Positive but not Negative Stimuli. J. Psychosom. Res. 79, 657–662. doi: 10.1016/j.jpsychores.2015.05.003

Previc, F. H., Lopez, N., Ercoline, W. R., Daluz, C. M., Workman, A. J., Evans, R. H., et al. (2009). The effects of sleep deprivation on flight performance, instrument scanning, and physiological arousal in pilots. Int. J. Aviat. Psychol. 19, 326–346. doi: 10.1080/10508410903187562

Ranasinghe, A. N., Gayathri, R., and Vishnu Priya, V. (2018). Awareness of effects of sleep deprivation among college students. Drug Invent. Today 10, 1806–1809.

Reynolds, A. C., and Banks, S. (2010). Total sleep deprivation, chronic sleep restriction and sleep disruption. Prog. Brain Res. 185, 91–103. doi: 10.1016/B978-0-444-53702-7.00006-3

Richardson, T., Rozkovec, A., Thomas, P., Ryder, J., Meckes, C., and Kerr, D. (2004). Influence of caffeine on heart rate variability in patients with long-standing type 1 diabetes. Diabet. Care 27, 1127–1131. doi: 10.2337/diacare.27.5.1127

Rizzo, P., Beelke, M., De Carli, F., Canovaro, P., Nobili, L., Robert, A., et al. (2003). Chronic vagus nerve stimulation improves alertness and reduces rapid eye movement sleep in patients affected by refractory epilepsy. Sleep 26, 607–611. doi: 10.1093/sleep/26.5.607

Rocklage, M., Williams, V., Pacheco, J., and Schnyer, D. M. (2009). White matter differences predict cognitive vulnerability to sleep deprivation. Sleep 32, 1100–1103. doi: 10.1093/sleep/32.8.1100

Rollinson, D. C., Rathlev, N. K., Moss, M., Killiany, R., Sassower, K. C., Auerbach, S., et al. (2003). The effects of consecutive night shifts on neuropsychological performance of interns in the emergency department: a pilot study. Ann. Emerg. Med. 41, 400–406. doi: 10.1067/mem.2003.77

Romeijn, N., Verweij, I. M., Koeleman, A., Mooij, A., Steimke, R., Virkkala, J., et al. (2012). Cold hands, warm feet: sleep deprivation disrupts thermoregulation and its association with vigilance. Sleep 35, 1673–1683. doi: 10.5665/sleep.2242

Rosekind, M. R., Gregory, K. B., Mallis, M. M., Brandt, S. L., Seal, B., and Lerner, D. (2010). The cost of poor sleep: workplace productivity loss and associated costs. J. Occup. Environ. Med. 52, 91–98. doi: 10.1097/JOM.0b013e3181c78c30

Rowland, L. M., Thomas, M. L., Thorne, D. R., Sing, H. C., Krichmar, J. L., Davis, H. Q., et al. (2005). Oculomotor responses during partial and total sleep deprivation. Aviat. Space Environ. Med. 76, C104–C113.

Russo, M., Thomas, M., Thorne, D., Sing, H., Redmond, D., Rowland, L., et al. (2003). Oculomotor impairment during chronic partial sleep deprivation. Clin. Neurophysiol. 114, 723–736. doi: 10.1016/s1388-2457(03)00008-7

Schwarz, J., Axelsson, J., Gerhardsson, A., Tamm, S., Fischer, H., Kecklund, G., et al. (2019). Mood impairment is stronger in young than in older adults after sleep deprivation. J. Sleep Res. 28:e12801. doi: 10.1111/jsr.12801

Shiferaw, B., Stough, C., and Downey, L. (2014). Drivers’ visual scanning impairment under the influences of alcohol and distraction: a literature review. Curr. Drug Abuse. Rev. 7, 174–182. doi: 10.2174/1874473708666150107143813

Short, M. A., and Banks, S. (2014). “The functional impact of sleep deprivation, sleep restriction, and sleep fragmentation,” in Sleep Deprivation and Disease: Effects on the Body, Brain and Behavior, ed. M. T. Bianchi (New York, NY: Springer Science + Business Media), 13–26.

Slama, H., Chylinski, D. O., Deliens, G., Leproult, R., Schmitz, R., and Peigneux, P. (2018). Sleep deprivation triggers cognitive control impairments in task-goal switching. Sleep 41:zsx200. doi: 10.1093/sleep/zsx200

Słomko, J., Zawadka-Kunikowska, M., Klawe, J. J., Tafil-Klawe, M., Newton, J., and Zalewski, P. (2018). Cardiovascular regulation and body temperature: evidence from a nap vs. sleep deprivation randomized controlled trial. Physiol. Res. 67, 687–693. doi: 10.33549/physiolres.933758

Stone, L. S., Tyson, T. L., Cravalho, P. F., Feick, N. H., and Flynn-Evans, E. E. (2019). Distinct pattern of oculomotor impairment associated with acute sleep loss and circadian misalignment. J. Physiol. 597, 4643–4660. doi: 10.1113/JP277779

Stoohs, R. A., Itoi, A., Guilleminault, C., and Dement, W. C. (1995). Sleep and sleep-disordered breathing in commercial long-haul truck drivers. Chest 107, 1275–1282. doi: 10.1378/chest.107.5.1275

Sun, J., Zhao, R., Yang, X., Deng, H., Zhu, Y., Chen, Y., et al. (2020). Alteration of Brain Gray Matter Density After 24 h of Sleep Deprivation in Healthy Adults. Front. Neurosci. 14:754. doi: 10.3389/fnins.2020.00754

Svensson, E. A., and Wilson, G. F. (2002). Psychological and psychophysiological models of pilot performance for systems development and mission evaluation. Int. J. Aviat. Psychol. 12, 95–110. doi: 10.1207/S15327108IJAP1201_8

Tempesta, D., Couyoumdjian, A., Curcio, G., Moroni, F., Marzano, C., de Gennaro, L., et al. (2010). Lack of sleep affects the evaluation of emotional stimuli. Brain Res. Bull. 82, 104–108. doi: 10.1016/j.brainresbull.2010.01.014

Thomas, M., Sing, H., Belenky, G., Holcomb, H., Mayberg, H., Dannals, R., et al. (2000). Neural basis of alertness and cognitive performance impairments during sleepiness. I. Effects of 24 h of sleep deprivation on waking human regional brain activity. J. Sleep Res. 9, 335–352. doi: 10.1046/j.1365-2869.2000.00225.x

Tobaldini, E., Cogliati, C., Fiorelli, E. M., Nunziata, V., Wu, M. A., Prado, M., et al. (2013). One night on-call: sleep deprivation affects cardiac autonomic control and inflammation in physicians. Eur. J. Intern. Med. 24, 664–670. doi: 10.1016/j.ejim.2013.03.011

Trimmel, M., and Poelzl, G. (2006). Impact of background noise on reaction time and brain DC potential changes of VDT-based spatial attention. Ergonomics 49, 202–208. doi: 10.1080/00140130500434986

Vaara, J., Kyröläinen, H., Koivu, M., Tulppo, M., and Finni, T. (2009). The effect of 60-h sleep deprivation on cardiovascular regulation and body temperature. Eur. J. Appl. Physiol. 105, 439–444. doi: 10.1007/s00421-008-0921-5

Van Dongen, H. P., Rogers, N. L., and Dinges, D. F. (2003a). Sleep debt: theoretical and empirical issues. Sleep Biol. Rhythms 1, 5–13. doi: 10.1046/j.1446-9235.2003.00006.x

Van Dongen, H., Maislin, G., Mullington, J. M., and Dinges, D. F. (2003b). The cumulative cost of additional wakefulness: dose-response effects on neurobehavioral functions and sleep physiology from chronic sleep restriction and total sleep deprivation. Sleep 26, 117–126. doi: 10.1093/sleep/26.2.117

Van Dongen, P. A., Baynard, M. D., Maislin, G., and Dinges, D. F. (2004). Systematic interindividual differences in neurobehavioral impairment from sleep loss: evidence of trait-like differential vulnerability. Sleep 27, 423–433.

Veasey, S., Rosen, R., Barzansky, B., Rosen, I., and Owens, J. (2002). Sleep loss and fatigue in residency training: a reappraisal. JAMA 288, 1116–1124. doi: 10.1001/jama.288.9.1116

Viola, A. U., James, L. M., Archer, S. N., and Dijk, D. J. (2008). PER3 polymorphism and cardiac autonomic control: effects of sleep debt and circadian phase. Am. J. Physiol. Heart Circ. Physiol. 295, H2156–H2163. doi: 10.1152/ajpheart.00662.2008

Walsh, M. M., Gunzelmann, G., and Van Dongen, H. P. A. (2017). Computational cognitive modeling of the temporal dynamics of fatigue from sleep loss. Psychon. Bull. Rev. 24, 1785–1807. doi: 10.3758/s13423-017-1243-6

Watson, N. F., Badr, M. S., Belenky, G., Bliwise, D. L., Buxton, O. M., Buysse, D., et al. (2015). Joint consensus statement of the American Academy of Sleep Medicine and Sleep Research Society on the recommended amount of sleep for a healthy adult: methodology and discussion. Sleep 38, 1161–1183. doi: 10.5665/sleep.4886

Wesensten, N. J., Killgore, W. D., and Balkin, T. J. (2005). Performance and alertness effects of caffeine, dextroamphetamine, and modafinil during sleep deprivation. J. Sleep Res. 14, 255–266. doi: 10.1111/j.1365-2869.2005.00468.x

Whitsett, T. L., Manion, C. V., and Christensen, H. D. (1984). Cardiovascular effects of coffee and caffeine. Am. J. Cardiol. 53, 918–922. doi: 10.1016/0002-9149(84)90525-3

Wilkinson, V. E., Jackson, M. L., Westlake, J., Stevens, B., Barnes, M., Swann, P., et al. (2013). The accuracy of eyelid movement parameters for drowsiness detection. J. Clin. Sleep Med. 9, 1315–1324. doi: 10.5664/jcsm.3278

Wilson, G. F., Caldwell, J. A., and Russell, C. A. (2007). Performance and psychophysiological measures of fatigue effects on aviation related tasks of varying difficulty. Int. J. Aviat. Psychol. 17, 219–247. doi: 10.1080/10508410701328839

Wu, J. C., Gillin, J. C., Nuchsbaum, M. S., Hershey, T., Hazlett, E., Sicotte, N., et al. (1991). The effect of sleep deprivation on cerebral glucose metabolic rate in normal humans assessed with positron emission tomography. Sleep 14, 155–162.

Yeragani, V. K., Krishnan, S., Engels, H. J., and Gretebeck, R. (2005). Effects of caffeine on linear and nonlinear measures of heart rate variability before and after exercise. Depress Anxiety 21, 130–134. doi: 10.1002/da.20061

Zhong, X., Hilton, H. J., Gates, G. J., Jelic, S., Stern, Y., Bartels, M. N., et al. (2005). Increased sympathetic and decreased parasympathetic cardiovascular modulation in normal humans with acute sleep deprivation. J. Appl. Phsyiol. 98, 2024–2032. doi: 10.1152/japplphysiol.00620.2004

Zohar, D., Tzischinsky, O., Epstein, R., and Lavie, P. (2005). The effects of sleep loss on medical residents’ emotional reactions to work events: a cognitive-energy model. Sleep 28, 47–54. doi: 10.1093/sleep/28.1.47



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Predicting and mitigating fatigue effects due to sleep deprivation: A review



		Introduction



		Sleep deprivation vs. sleep restriction



		Effects of fatigue



		Fatigue and cognition



		Fatigue and behavior



		Fatigue and physiology



		Circadian rhythms







		Fatigue and subjective sleepiness







		Mitigating fatigue



		Mitigating cognitive effects



		Mitigating behavioral effects



		Mitigating physiological effects



		Mitigating subjective effects







		Discussion



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Author disclaimer



		Supplementary Material



		References

















OPS/images/fnins-16-930280-t002a.jpg
Thermoregulation

Neurological

Body
temperature

Variations in

cerebral

metabolism

Brain waves

Brain structure

Increase in core
body
temperature
fluctuations

Increase in core
body
temperature

Decrease in
body
temperature

Decrease in
anterior
cingulate cortex
(ACC)
metabolic
activity
Decrease in
global and
regional
(prefrontal,
parietal, cortices,
and thalamus)
cerebral glucose

metabolic rate
(CMR)

Increase in
visual cortex
cerebral glucose
metabolic rate

Decrease in
glucose
metabolic

measurements
in the thalamus,
basal ganglia,
white matter,
and cerebellum

Increase in
cerebral blood
oxygen levels

Decrease in
alpha activity
Increase in alpha
activity

Increase in beta
activity

Increase in theta
activity
Increase in delta
activity
Increased degree

of band
connectivity

Increase density
of gray matter
(central,
prefrontal, ACC)

Rectal thermometer

Ingestible vitasense
temperature transmitter

Vitasense temperature

transmitter

Ear-in thermometer

Electroencephalography
(EEG)

Positron emission
tomography (PET)

PET

PEL

Functional magnetic
resonance imaging
(IMRI)

EEG

EEG

EEG

EEG

EEG

EEG

High resolution T1
structural scans (MRI)

Holmes et al., 2002

Chua et al,, 2012

Stomko et al., 2018

Vaara et al., 2009

Hsieh et al., 2007

Wu et al., 1991; Thomas et al., 2000

Wu et al., 1991

Wu et al., 1991

Drummond et al., 2000, 2005

Ogilvie and Wilkinson, 1984; Wilson et al.,
2007; Previc et al., 2009

Gorgoni et al,, 2014

Gorgoni et al.,, 2014

Finelli et al., 2000; Neri et al., 2002; Previc
etal,, 2009; Gorgoni et al., 2014

Ogilvie and Wilkinson, 1984; Wilson et al.,
2007; Previc et al., 2009; Gorgoni et al., 2014

Karetal., 2011

Sun et al,, 2020; Killgore et al., 2020b





OPS/images/fnins-16-930280-t002b.jpg
Decrease density ~ High resolution T1 Liu et al., 2014; Sun et al., 2020
of gray matter structural scans (MRI)

(thalamus and

emporal

regions)

Decrease cortical ~ High resolution T1 Elvsashagen et al., 2017; Sun et al., 2020
hickness structural scan (MRI)

(temporal and

parietal)

Brain activity Decrease in fMRI Chuah et al., 2006
ventral and
prefrontal

activation

Decreased fMRI Drummond et al., 1999
activity in
parietal lobes
and premotor
areas

Decreased fMRI Drummond et al., 1999
activity in the
prefrontal cortex

Decreased global ~ fMRI Mu et al., 2005
brain activation

Decreased white fMRI Rocklage et al., 2009
matter in areas

susceptible to
sleep
deprivation

Increased white fMRI Rocklage et al., 2009
matter in areas
not susceptible

to sleep
deprivation
Metabolic Hormone levels No difference in Blood sample Tobaldini et al., 2013
hormone levels
Plasma sample Ogawa et al,, 2003
Biomarkers Increase in Blood sample Glucose, creatine, serum urea: Kar et al., 2011
biomarkers High sensitivity c-reactive protein:
Choshen-Hillel et al., 2021
Saliva sample Melatonin: Michael et al., 2013; Abe et al., 2020
Cytokine levels No difference in Blood sample Tobaldini et al., 2013
tissue
inflammatory
cytokine levels
Ocular Pupil Increase in pupil ~ Pupil sleepiness test Franzen et al., 2008
measurements diameter
Pupilometer Franzen et al., 2009
Decrease in Eye-tracking system Abe et al,, 2011, Abe et al., 2020

pupil diameter (EMR-9)
No significant FIT-2500 fatigue analyzer =~ Goldich et al., 2010

change in pupil

diameter

Increase in pupil ~ Automated oculomotor Rowland et al., 2005
latency test

Increase in pupil ~ Pupil sleepiness test Franzen et al,, 2008
dilation

Pupilometer Franzen et al., 2009





OPS/images/fnins-16-930280-t002c.jpg
Eye movement

Eyelid closure

Saccades and
Microsaccades

Increase in pupil
area

No change in
instrument
scanning

Increase in slow
eye movement

Increase in blink
duration

Increase in
percentage of
eyelid closure
over time
(PERCLOS)

Increased
percentage of
time with eyes
closed

Decreased blink
frequency

Increase in eye
blink rate

Decrease in
saccade velocity

Increase in
number of
saccades

Decrease in
number of
microsaccades

EyeLink II system

Eye-Trac 6000

EOG

EOG

Infrared reflectance
oculography (Optalert)

Eye tracking system
(EMR-9)

EyeCom eye tracker
(ECe)

ISCAN eye tracker
Copilot eye tracker
EOG

Video camera

Infrared reflectance
oculography (Optalert)

EOG

Spontaneous eye blink
rate recording (sEBR)

EOG
EOG

Fitness impairment tester
Electronystagm (ENG)
250-Hz eye tracker

EMR-9 eye tracker

EOG

Wilson et al., 2007

Previc et al., 2009

Neri et al., 2002

Morris and Miller, 1996; Abe et al., 2020

Ftouni et al., 2013

Abe et al,, 2011, 2020

=

cKinley et al,, 2011

Chua et al,, 2012
Jackson et al., 2016
hua et al,, 2012

(o
Dinges et al., 1997
Ftouni et al., 2013; Wilkinson et al., 2013

Abe et al., 2011; Chua et al., 2012
Slama et al., 2018

Morris and Miller, 1996
Morris and Miller, 1996

Goldich et al., 2010
Fransson et al., 2008

Stone et al., 2019
Abe et al., 2020

Abe et al., 2020





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Predicting and mitigating fatigue
effects due to sleep deprivation:
A review








OPS/images/fnins-16-930280-t001.jpg
Fatigue related Domain Sub-domain  Effect Measurements Representative citation
variations in
performance

Effects on behavior Mood/emotions Decline in mood  Mood scale Pigeau et al., 1995; Chuah et al., 2006; Paterson
and increase in etal, 2011
negative
emotions
(depression,
anxiety,
paranoia, etc.)

Profile of mood States Newhouse et al., 1989; Orton and Gruzelier, 1989;

(POMS) Lieberman et al., 2002; Howard et al., 2003; Zohar
et al., 2005; Wilson et al., 2007; Previc et al., 2009;
Minkel et al., 2012; Michael et al., 2013; McIntire
etal, 2014, 2017; Schwarz et al., 2019; Abe et al.,

2020
International affective Tempesta et al., 2010; Pilcher et al., 2015
picture system
Likert scale Chuah et al., 2006; Deliens et al., 2018
Mood States Bartle et al., 1988
questionnaire
Sleep deprivation survey Ranasinghe et al,, 2018
Positive and negative Zohar et al., 2005; Franzen et al., 2008;
affect schedule (PANAS) Gerhardsson et al., 2019; Schwarz et al., 2019
Personality assessment Kahn-Greene et al., 2007
inventory
Decrease in Bar-On emotional Killgore et al., 2008

positive thinking  quotient inventory

Decrease in Mood scale igeau et al., 1995
motivation
PANAS Franzen et al., 2008
Likert scale Chuah et al., 2006
Emotional Responsivity Increased International affective Tempesta et al., 2010; Pilcher et al., 2015
perception/ responsivity picture system
responding to
stressful
situations
Pupillary Increased pupil Pupilometer Franzen et al., 2009
response to dilation
emotional
stimuli
Interpersonal Emotional Decrease in Bar On emotional Killgore et al., 2008
skills intelligence emotional quotient inventory
intelligence
scores
Social skills Decrease in Visual perspective taking ~ Deliens et al., 2018
social skills tasks
Personality Change in Personality assessment Kahn-Greene et al., 2007
personality inventory
Impulsivity Increase in Risk taking assessment Choshen-Hillel et al,, 2021
impulsivity
Balloon analog risk task Killgore et al., 2011
Evaluation of risks scale Killgore et al., 2011
Towa gambling task Killgore et al., 2006b
Behavioral Simulations Decreased Number of flight Previc et al., 2009
performance performance on simulation errors
simulations
Simulated laparoscopic Howard et al., 2003
surgery
Driving simulatory test Rowland et al., 2005; Jackson et al., 2016
Task Decline in task Target identification McKinley et al,, 2011
performance performance
Rifle marksmanship Lieberman et al., 2002
Truck driver reports Garbarino et al., 2016
Motor Decline in The grooved pegboard Halbach et al., 2003; Killgore and Kamimori, 2020a
coordination coordination

and speed and speed






OPS/images/fnins-16-930280-t002.jpg
Fatigue related Domain

variations in

performance

Effects on physiology Autonomic nervous
system
Respiratory
Cardiovascular

Sub-domain

Sympathetic
activity

Parasympathetic
activity

Muscle
sympathetic

nerve activity
(MSNA)

Breathing rate

Heart rate
variability
(HRV)- Low
frequency (LF)
aspect

Heart rate
variability
(HRV)- High
frequency (HF)
aspect

Heart rate

Pre-ejection
period (PEP)

Blood pressure

Effect

Increase in
sympathetic
activity
Decrease in
parasympathetic
activity
Decrease in
MSNA

Breathing
becomes more
shallow

Increase in LF
aspect of HRV

Decrease in LF
aspect of HRV

No change in HF
aspect of HRV

Decrease in HF
aspect of HRV

Increase in HF
aspect of HRV

Decrease in
heart rate

Increase in heart
rate

No changes in
heart rate

Increase in
pre-ejection
period

No changes in

blood pressure
variability (BPV)

Increase in
blood pressure

Measurements

Determined by the heart
rate and pre ejection
period (using ECG)

Determined by the heart
rate (using ECG)

Epidural catheter (to
measure postganglionic
sympathetic activity)

Tungsten microelectrode
(inserted in peroneal
nerve)

Respiration belt

Abdominal amplitude
Spirometry
ECG

Wrist monitor

ECG

ECG

ECG

Wrist monitor

Wrist monitor

ECG
ECG

ECG

ECG

Sphygnomanometer

Blood pressure
autonomic monitor

Non-invasive device

Non-invasive tonometric
device

Sphygmomanometer

Representative citation

Holmes et al., 2002; Zhong et al., 2005; Viola
et al., 2008

Zhong et al,, 2005; Viola et al., 2008; Tobaldini
etal, 2013

Kato et al., 2000

Ogawa et al., 2003

Ogilvie et al., 1989; Holmes et al., 2002; Barry
et al., 2005

Ogilvie and Wilkinson, 1984
Patrick et al., 2017
Zhong et al,, 2005; Tobaldini et al., 2013

Vaara et al., 2009
Glos et al., 2014

Glos et al., 2014

Zhong et al,, 2005; Tobaldini et al., 2013
Vaara et al., 2009
Vaara et al., 2009

Burgess et al., 1997; Holmes et al., 2002
Chua et al., 2012

Kato et al., 2000

Burgess et al., 1997; Holmes et al., 2002

Kato et al., 2000; Tobaldini et al., 2013

Vaara et al., 2009

Patrick et al., 2017

Ogawa et al., 2003; Zhong et al., 2005

Stoohs et al., 1995






OPS/images/fnins-16-930280-t003.jpg
Fatigue related
variations in
performance

Effects on subjective
measures

Domain

Subjective
sleepiness

Subjective mood

Subjective
performance

Effect

Increase in
subjective
sleepiness

Decline in
subjective mood

Decline in
subjective
performance

Measurements

Karolinska sleepiness scale (KSS)

Stanford sleepiness scale (SSS)

Visual analog scale (VAS)

Fatigue questionnaire

9- Point Likert scale assessing
subjective sleepiness

Pittsburg sleep quality index

Connor-Davidson resilience scale
Epworth sleepiness scale

Linear analog scales

Sleep habits questionnaire

Sleep deprivation survey

PANAS

Mood questionnaire
Side effects questionnaire

Evaluation of risks sale

Likert scale assessing subjective
performance

Representative citation

Neri et al., 2002; Van Dongen et al., 2003b, 2004; Philip et al., 2004,
2012; Drummond et al., 2005; Chuah et al., 2006; Bratzke et al.,
2009; Anderson and Dickinson, 2010; Abe et al., 2011, 2020; Chua
etal., 2012; Ftouni et al,, 2013; Glos et al., 2014; Gorgoni et al., 2014;
Jackson et al., 2016; Lo et al., 2016; Boardman et al., 2018; Deliens

et al., 2018; Gerhardsson et al., 2019; McMahon et al., 2018; Schwarz
etal, 2019; Slama et al., 2018; Sun et al., 2020; Cheng et al., 2021

Ogilvie et al., 1989; Penetar et al., 1993; Pigeau et al., 1995; Morris
and Miller, 1996; Lieberman et al., 2002; Van Dongen et al., 2003b;
Bartel et al., 2004; Drummond et al., 2005; Rowland et al., 2005;
Wesensten et al., 2005; Kohler et al., 2006; Hsieh et al., 2007;
Goldich et al., 2010; Mollicone et al., 2010; Killgore and Kamimori,
2020a; Cheng et al., 2021

Penetar et al., 1993; Neri et al., 2002; Philip et al., 2004; Van Dongen
et al., 2004; Kohler et al., 2006; Wilson et al., 2007; Fransson et al.,
2008; Franzen et al., 2008; Previc et al., 2009; Tempesta et al., 2010;
Abe etal.,, 2011; Dodds et al., 2011; Chua et al., 2012; Minkel et al.,
2012; Mclntire et al., 2014, 2017; Slama et al., 2018; Cheng et al.,
2021

Bourgeois-Bougrine et al., 2003
Paech et al., 2016

Couyoumdjian et al., 2010; Dodds et al., 2011; Choshen-Hillel et al.,
2021

Mantua et al., 2021
Garbarino et al., 2016
Boyle et al., 2012
Stoohs et al., 1995
Ranasinghe et al., 2018

Zohar et al., 2005; Franzen et al., 2008; Gerhardsson et al., 2019;
Schwarz et al., 2019

Bartle et al., 1988; McIntire et al., 2017
Mclntire et al., 2014, 2017; Killgore and Kamimori, 2020a
Killgore et al., 2011

Howard et al., 2003; Paech et al., 2016; Boardman et al., 2018







OPS/images/fnins-16-930280-t004.jpg
Mitigation category

Drug

Non-invasive stimulation

Other

Mitigation type

Caffeine

Modafinil

D-amphetamine

Donepezil

CX717 (AMPAKINE compound)

Transcranial direct current stimulation (tDCS)
Transcutaneous vagal nerve stimulation (tVNS)

Break period

Representative citation

Penetar et al., 1993; Lieberman et al., 2002; Barry et al., 2005; Wesensten et al., 2005;
Kohler et al., 2006; Killgore et al., 2011; McIntire et al., 2014; Paech et al,, 2016;
Mclntire et al., 2017; Crooks et al., 2019; Killgore and Kamimori, 2020a

Pigeau et al., 1995; Caldwell et al., 2000, Caldwell et al., 2004b; Wesensten et al., 2005
Newhouse et al., 1989; Pigeau et al., 1995; Wesensten et al., 2005

Dodds et al., 2011

Boyle et al., 2012

Nitsche and Paulus, 2001; MclIntire et al,, 2014, 2017; Cheng et al., 2021

Rizzo et al., 2003; McIntire et al., 2021

Pigeau et al., 1995






OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience







