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Abstract
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Sleep deficiency, which can be caused by acute sleep deprivation, chronic insufficient sleep,
untreated sleep disorders, disruption of circadian timing, and other factors, is endemic in the U.S.,
including among professional and non-professional drivers and operators. Vigilance and attention
are critical for safe transportation operations, but fatigue and sleepiness compromise vigilance and
attention by slowing reaction times and impairing judgment and decision-making abilities.
Research studies, polls, and accident investigations indicate that many Americans drive a motor
vehicle or operate an aircraft, train or marine vessel while drowsy, putting themselves and others
at risk for error and accident. In this chapter, we will outline some of the factors that contribute to
sleepiness, present evidence from laboratory and field studies demonstrating how sleepiness
impacts transportation safety, review how sleepiness is measured in laboratory and field settings,
describe what is known about interventions for sleepiness in transportation settings, and
summarize what we believe are important gaps in our knowledge of sleepiness and transportation
safety.
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FATIGUE, TIREDNESS, SLEEPINESS, DROWSINESS: WHAT DOES IT
MEAN FOR TRANSPORTATION SAFETY?
While many Americans complain about their sleep, few consider it a serious health or safety
issue. However, sleep deficiency, which may be caused by acute sleep deprivation, chronic
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insufficient sleep duration, sleep disorders (such as sleep apnea), disruption of circadian
timing, or other factors, is endemic in our society (National Center on Sleep Disorders
Research, 2011). A National Sleep Foundation (NSF) “Sleep in America” poll found that
one third of adults report sleeping 7 or fewer hours per night, and 15% of adults report
sleeping 6 hours or less per night (National Sleep Foundation, 2002). In addition to people
whose insufficient sleep is due to restricting their time in bed, individuals with sleep
disorders (frequently undiagnosed) and other medical conditions often have poor quality,
unrestful sleep that leads them to be sleepy during the daytime. This has important
consequences for transportation safety. The 2003 National Highway Traffic Safety
Administration (NHTSA) National Survey of Distracted and Drowsy Driving found that
more than 40% of working-age drivers reported having fallen asleep while driving at least
once, with 8% reporting having done so in the previous 6 months (Royal, 2003); NHTSA
extrapolated these findings to 7.5 million drivers nodding off while driving each month. The
NHTSA findings are supported by a poll conducted by the National Sleep Foundation
(NSF). In their 2009 annual Sleep in America poll, NSF found that 54% of the respondents
reported driving while drowsy within the past year and 28% reported actually falling asleep
while driving within the past year (National Sleep Foundation, 2009). The findings from
these surveys help explain data from the 100-Car Naturalistic Driving Study, where 22–24%
of crashes and near-crashes were associated with signs of drowsiness, and driver drowsiness
contributed to a 4- to 6-fold increase in crash/near-crash risk (Klauer, Dingus, Neale,
Sudweeks, & Ramsey, 2006). Americans are sleepy and this puts them at risk for
transportation accidents (Czeisler, 2015).
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Vigilance and attention are critical for safe transportation operations, but fatigue and
sleepiness compromise vigilance and attention by slowing reaction times, increasing the
likelihood of lapses of attention, and impairing judgment and decision-making (Budnick,
Lerman, Baker, Jones, & Czeisler, 1994). Fatigue and sleepiness also increase distractibility
(Anderson & Horne, 2006), and together these factors decrease operator efficiency and
increase the risk of operator error. Such performance impairments have important
consequences for the efficiency and safety of transportation operations (Philip & Åkerstedt,
2006). Transportation workers, like most US workers, fail to obtain sufficient sleep on work
nights, making them vulnerable to fatigue-related performance decrements and errors.
However, sleepiness and fatigue pose special problems for transportation operators, whether
professional or non-professional. The operation of a transportation vehicle is typically a
routine, highly-over-learned task with minimal novelty, operators are usually in a sedentary
position, in many modes of transportation operators are in dim light or near darkness, and
the routine tasks performed by transportation operators are especially vulnerable to
momentary lapses of attention or slowed reaction times. Even the loss of just an hour of
sleep, such as occurs during the spring transition from Standard Time to Daylight Savings
Time, is associated with a 6–11% increase in traffic accidents (Coren, 1996; Monk, 1980;
Varughese & Allen, 2001). This sensitivity to such a small change suggests that the drivers
involved in those traffic accidents do not habitually obtain enough sleep, making it
impossible for them to compensate for the loss of that extra hour of sleep and leaving them
extremely vulnerable to the lapses of attention and associated performance deficits. More
than half of Americans admit having driven a vehicle while drowsy in the past year
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(National Sleep Foundation, 1999, 2000, 2002, 2005), with nearly a fifth reporting having
fallen asleep at the wheel. While NHTSA reports suggest that only a small proportion of
crashes are due to drowsiness or falling asleep at the wheel (National Highway Traffic
Safety Administration, 2008), there is evidence that drowsy driving is a more widespread
problem (Hanowski, Wierwille, & Dingus, 2003; Klauer et al., 2006). In fact, the National
Transportation Safety Board found that fatigue was the leading cause of fatal-to-the-driver
heavy truck crashes in the United States (National Transportation Safety Board, 1990), and
an analysis of 15 years of passenger vehicle crash data by the AAA Foundation for Traffic
Safety estimated that 15–20% of fatal crashes involved a drowsy driver (Tefft, 2012, 2014);
see Table 1. Thus, sleep loss and the resulting sleepiness impacts on attention have
important implications for transportation safety (Czeisler, 2015).

21ST CENTURY SOCIETAL CHANGES AND IMPACTS ON FATIGUE IN
Author Manuscript

TRANSPORTATION
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Several factors in the late 20th and early 21st century have resulted in greater levels of
fatigue among people in the US and other industrialized societies. While shift work was
once mainly done by public safety, healthcare, and manufacturing workers, today more
workers in all industries (including financial services, retail and food services) are required
to do their jobs at night. Estimates of shift work frequency vary, but the Bureau of Labor
Statistics estimates that nearly 10% of workers work on the night shift or on irregular or
rotating shift schedules (Bureau of Labor Statistics, 2005), accounting for more than 12
million people in the US (Bureau of Labor Statistics, 2012). Working at night or on a
rotating schedule impacts medical and social aspects of the worker’s life (Monk, 2000). In
fact, the disruption caused by shift work is recognized as a circadian rhythm sleep disorder
in both the International Classification of Sleep Disorders (Diagnostic Classification
Steering Committee, 1995) and the DSM-IV (American Psychiatric Association, 2000).
Even workers who choose to work at night because of higher pay or to accommodate
childcare or other family demands report that working at night has negative influences on
their health and safety (Barton, 1994; Novak & Auvil-Novak, 1996). While there are
numerous adverse health consequences of shift work (Davis, Mirick, & Stevens, 2001; De
Bacquer et al., 2009; Drake, Roehrs, Richardson, Walsh, & Roth, 2004; Fischer et al., 2001;
Fujino et al., 2006; Ha & Park, 2005; Kawachi et al., 1995; Knutsson, Hallquist, Reuterwall,
Theorell, & Åkerstedt, 1999; Kubo et al., 2006; Lin, Hsiao, & Chen, 2009; Monk, 2000;
Schernhammer et al., 2001; Vener, Szabo, & Moore, 1989), it is the risk of accidents while
at work (Mitler et al., 1988) and while commuting (Drake et al., 2004; Novak & AuvilNovak, 1996) that have the greatest and most immediate impacts on transportation. This
increased accident risk is largely due to the insufficient sleep experienced by most night and
rotating shift workers, as they attempt to sleep during the day when an extended and
consolidated bout of sleep is difficult to achieve. This results in shorter average sleep
durations for night workers than reported by day workers (Drake et al., 2004; Garde,
Hansen, & Hansen, 2009; Grundy et al., 2009; Luckhaupt, S.E., 2012). Compounding the
impact of shift work schedules are the extended work hours of many shift workers either at
their primary job or at second jobs, and longer commuting times. In fact, while the average
commute time in the US is 25.1 minutes (McKenzie & Rapino, 2011), more than a third of
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Americans have a commute time that is longer than half an hour (McKenzie & Rapino,
2011), and 7.5% commute an hour or longer on a regular basis (estimated to be nearly 1
million night workers). In a recent survey of transportation workers by the National Sleep
Foundation (2012), train operators and pilots reported significantly longer commutes than
other transportation and non-transportation workers.
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As individuals and families spend more time working, the available time for personal,
family, and household activities is reduced. Because many such activities are not optional,
individuals often choose to forgo sleep to accomplish them. The availability of round-theclock grocery stores, fitness centers, and restaurants makes daily life easier for shift workers
and those with long work hours or other demands on their time, but also makes it easier to
push those chores into the night, displacing sleep. In addition, with the availability of 24hour television and internet, it is easy to pursue social activities and entertainment during the
night. In fact, one quarter of Americans admit that they chronically sleep less than needed
(National Sleep Foundation, 2000), despite the fact that most recognize that this adversely
affects their performance. It is therefore not surprising that nearly 40% of adults 30 to 64
years old reported daytime sleepiness so severe that it interfered with work and social
functioning at least a few days each month (National Sleep Foundation, 2002).

CAUSES AND CONSEQUENCES OF SLEEPINESS AND FATIGUE
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Cognitive functioning is modulated by many factors (see Table 2), including the sleep-wake
homeostat (elapsed time awake) and the phase (timing) of the endogenous circadian
pacemaker (the biological clock). The sleep-wake homeostat contributes an approximately
linear decline to cognitive function and alertness with increasing time awake (Dijk, Duffy, &
Czeisler, 1992; Johnson et al., 1992), while the circadian pacemaker contributes a rhythmic
variation in cognitive functioning and alertness over the course of the 24-hour day (Dijk et
al., 1992; Johnson et al., 1992). Under normal conditions (awake during the day and
sleeping at night) in well-rested individuals, the sleep-wake homeostat and the circadian
timing system interact to produce a relatively stable level of cognitive functioning and
alertness across a ~16 hour wake episode (Dijk et al., 1992). However, in individuals who
are not fully rested, there can be a dip in alertness and performance in the afternoon relative
to the morning or early evening (Lenné, Triggs, & Redman, 1997; Moller, Kayumov,
Bulmash, Nhan, & Shapiro, 2006; Reimer, D'Ambrosio, & Coughlin, 2007).
Circadian Timing
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Circadian rhythms, i.e., biological rhythms oscillating with an approximate cycle length of
twenty-four hours (from the Latin words: circa--about and dies--a day), are present at all
levels of biological complexity from unicellular organisms to humans. Circadian rhythms
are endogenous (i.e., internally generated), self-sustaining oscillations; therefore,
rhythmicity continues even in the absence of periodic external time cues (such as sunlightdarkness or sleep and wakefulness). In humans, many physiological processes, including
body temperature, hormone secretion, renal and cardiac function, subjective alertness, sleepwake behavior, and performance vary according to the time of day (Allan & Czeisler, 1994;
Cajochen, Khalsa, Wyatt, Czeisler, & Dijk, 1999; Cajochen, Wyatt, Czeisler, & Dijk, 2002;
Czeisler, 1978; Czeisler, Buxton, & Khalsa, 2005; Czeisler & Gooley, 2007; Czeisler &
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Jewett, 1990; Czeisler & Klerman, 1999; Dijk & Czeisler, 1994; Dijk et al., 2002; Dijk,
Neri, et al., 2001; El-Hajj Fuleihan et al., 1997; Horowitz, Cade, Wolfe, & Czeisler, 2003;
Johnson et al., 1992; Khalsa, Conroy, Duffy, Czeisler, & Dijk, 2002; Scheer, Hilton,
Mantzoros, & Shea, 2009; Van Cauter & Buxton, 2001; Waldstreicher et al., 1996; Wyatt,
Dijk, Ritz-De Cecco, Ronda, & Czeisler, 2006). Circadian rhythms in alertness and
performance are generated by the same light-sensitive cluster of neurons (the
suprachiasmatic nuclei) that drive circadian rhythms of body temperature and other
physiologic functions (Boivin & Czeisler, 1998; Czeisler, 1995; Czeisler, Chiasera, &
Duffy, 1991; Czeisler & Gooley, 2007; Czeisler et al., 1990; Czeisler & Khalsa, 2000;
Czeisler et al., 1989; Czeisler & Wright Jr., 1999; Duffy, Kronauer, & Czeisler, 1996;
Jewett, Kronauer, & Czeisler, 1991, 1994; Jewett et al., 1997; Shanahan & Czeisler, 1991;
Shanahan, Kronauer, Duffy, Williams, & Czeisler, 1999; Shanahan, Zeitzer, & Czeisler,
1997). This biological clock also plays a major role in the timing and architecture of sleep
(Czeisler et al., 2005; Czeisler & Dijk, 2001; Czeisler & Gooley, 2007; Czeisler & Khalsa,
2000; Dijk & Lockley, 2002; Khalsa et al., 2002; Münch, Silva, Ronda, Czeisler, & Duffy,
2010; Saper, Scammell, & Lu, 2005). Spontaneous sleep duration, level of sleepiness, rapid
eye movement (REM) sleep, and both the ability and the tendency to sleep vary markedly
with circadian phase (or biological time of day) and interact with a homeostatic process to
regulate sleep propensity and daytime alertness and neurocognitive performance (Czeisler et
al., 2005; Czeisler & Dijk, 2001; Czeisler & Gooley, 2007; Czeisler, Weitzman, Moore-Ede,
Zimmerman, & Knauer, 1980; Czeisler, Zimmerman, Ronda, Moore-Ede, & Weitzman,
1980; Dijk & Czeisler, 1994, 1995; Dijk, Duffy, Riel, Shanahan, & Czeisler, 1999; Dijk,
Shanahan, Duffy, Ronda, & Czeisler, 1997; Khalsa et al., 2002; Van Dongen & Dinges,
2005; Wyatt, Ritz-De Cecco, Czeisler, & Dijk, 1999). The overall circadian rhythm
promotes alertness and waking during the daytime, and promotes sleep at night. These daynight circadian variations in sleep-wake propensity (Dijk et al., 1992; Johnson et al., 1992)
severely compromise the alertness and performance of workers who try to remain awake at
night to work. Studies from a variety of occupations show consistently that night workers
make more mistakes (Bjerner, Holm, & Swensson, 1955), have more occupational accidents
and injuries (Drake et al., 2004; Smith, Folkard, & Poole, 1994; Smith, Colligan, & Tasto,
1982), and have a greater risk of a fatal occupational injury (Åkerstedt, Fredlund, Gillberg,
& Jansson, 2002; Folkard, 2008) than do day workers. In fact, the circadian timing system
not only produces lower levels of alertness during the night than in the day, but actually
sends the strongest biological drive for sleep in the late night/early morning hours (e.g.,
~3:00–6:00 am).
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This day-night rhythm in alertness also impacts the performance of early morning workers
and interferes with the ability to sleep during the daytime. The net consequence of these
direct and indirect effects is an increased rate of drowsy driving related accidents especially
during the latter half of the night and on the commute home after a night shift as compared
to the day (National Highway Traffic Safety Administration, 2000; Drake et al., 2004;
Folkard & Tucker, 2003; Novak & Auvil-Novak, 1996). In fact, the temporal distribution of
motor vehicle crashes attributed to drowsy driving shows a major peak in the late night and
early morning hours (e.g., ~3–6 am) (National Transportation Safety Board, 1990; Harris,
1977; Horne & Reyner, 1995; Langlois, Smolensky, Hsi, & Weir, 1985; Mitler et al., 1988;
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Pack et al., 1995), and an FRA review of main-track collisions found a peak accident
occurrence at 4–5 am (Collision Analysis Working Group, 2006). In a recent poll of workers
in a variety of transportation modes, they were significantly more likely than nontransportation workers to report working irregular schedules (National Sleep Foundation,
2012) and to have shift start times during the late evening or early morning hours, factors
that are likely to contribute to disruption of their circadian rhythms and increase the risk of
errors and accidents.
Time Awake

Author Manuscript
Author Manuscript
Author Manuscript

Without sleep, alertness and neurocognitive performance exhibit a steady deterioration, onto
which a rhythmic circadian variation is superimposed (Boivin et al., 1997; Cajochen et al.,
1999; Cajochen et al., 2002; Chee et al., 2008; Czeisler et al., 2005; Czeisler & Dijk, 2001;
Czeisler, Dijk, & Duffy, 1994; Czeisler & Gooley, 2007; Czeisler & Khalsa, 2000; Dijk &
Czeisler, 1994, 1995; Dijk et al., 1992; Dijk, Duffy, & Czeisler, 2000; Dijk et al., 1999;
Dorrian, Rogers, & Dinges, 2005; Jewett, 1997; Jewett, Borbély, & Czeisler, 1999; Jewett,
Wyatt, et al., 1999; Johnson et al., 1992; Klein et al., 1993; Wright Jr., Hull, & Czeisler,
2002; Wyatt et al., 1999). This is the so-called “sleep-wake homeostat”, a process by which
sleepiness increases with longer durations of waking, and some or all of that sleepiness is
then dissipated during the following sleep episode. A schematic of this process is illustrated
in the upper panel of Figure 1. Acute sleep deprivation impairs judgment (Anderson &
Dickinson, 2009; Babkoff, Zukerman, Fostick, & Ben Artzi, 2005; Killgore et al., 2007);
cognitive performance (Doran, Van Dongen, & Dinges, 2001; Durmer & Dinges, 2005;
Goel, Rao, Durmer, & Dinges, 2009; Ratcliff & Van Dongen, 2009); memory (Turner,
Drummond, Salamat, & Brown, 2007); reaction time (Anderson, Wales, & Horne, 2010;
Cajochen et al., 1999; Dorrian et al., 2005; Lim & Dinges, 2008); visual-perceptual ability
(Anderson, Wales, et al., 2010; Horowitz et al., 2003; Kendall, Kautz, Russo, & Killgore,
2006; Rogé, Pébayle, El Hannachi, & Muzet, 2003; Russo et al., 2005; Santhi, Horowitz,
Duffy, & Czeisler, 2007); distractibility (Anderson & Horne, 2006; Anderson, Wales, et al.,
2010) and ability to focus attention (Anderson, Wales, et al., 2010; Turner et al., 2007), and
increases the instability of waking neurobehavioral functions (Anderson, Wales, et al., 2010;
Doran et al., 2001; Goel, Rao, et al., 2009) and the probability of eyelid closure and risk of
loss of situational awareness, even when the eyes remain open (Anderson, Wales, et al.,
2010). In fact, 24 hours of sustained wakefulness (missing a single night of sleep) has been
shown to greatly impair neurobehavioral performance (Bocca & Denise, 2006; Cajochen et
al., 1999; Venkatraman, Chuah, Huettel, & Chee, 2007) to an extent that is comparable to a
level of 0.10 percent blood alcohol concentration (Hack, Choi, Vijayapalan, Davies, &
Stradling, 2001). Ironically, instead of slowing response times to preserve accuracy, many
sleep deprived individuals increase speed at the expense of making more mistakes (i.e.,
become ‘fast and sloppy’) and take greater risks (Horowitz et al., 2003; McKenna,
Dicjinson, Orff, & Drummond, 2007). These neurobehavioral impairments associated with
sleep loss are accompanied by changes in regional brain activity (Chee et al., 2006; Chee et
al., 2008; Drummond et al., 2005; Drummond, Gillin, & Brown, 2001; Drummond et al.,
2000; Drummond et al., 1999; Thomas et al., 2000). The instability of the waking state due
to sleep loss is associated with the occurrence of so-called “micro-sleep” episodes (i.e.,
brief, involuntary sleep episodes < 15 seconds long) and sleep attacks (i.e., involuntary sleep
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episodes >15 seconds long) (Chee et al., 2008; Durmer & Dinges, 2005; Lim & Dinges,
2008), both of which can be classified as attentional failures (Barger et al., 2006; Lockley et
al., 2004). The impact of 48 hours of sleep loss on neurobehavioral performance is even
more severe, degrading the ability to sustain attention and vigilance (Babkoff, Mikulincer,
Caspy, & Kempinski, 1988; Durmer & Dinges, 2005; Jewett, 1997; Van Dongen, Maislin,
Mullington, & Dinges, 2003) and to withhold automatic responses and inhibit inappropriate
responses (Drummond, Paulus, & Tapert, 2006).
Insufficient Sleep
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Equally relevant to transportation safety are the alertness and performance decrements
associated with chronic partial sleep loss. Nightly sleep curtailment (also called chronic
partial sleep deprivation) leads to the accumulation of a sleep “debt”, which negatively
affects health and performance (Balkin, Rupp, Picchioni, & Wesensten, 2008). Multiple
nights of insufficient sleep have detrimental effects on alertness, vigilance, psychomotor
skills, postural stability and mood (Belenky et al., 2003; Cohen et al., 2010; Czeisler, 2003;
Durmer & Dinges, 2005; Johnson, 1982; Mander et al., 2010; Naitoh, 1976; Taub & Berger,
1973; Van Dongen & Dinges, 2003; Van Dongen et al., 2003; Wilkinson, 1965). Subjective
measures of stress, tiredness, sleepiness, irritability, hostility, distractibility, mood
disturbances and the frequency of complaints increase, while sociability, optimism,
judgment, and the ability to acquire new information decrease under chronic sleep loss
(Anderson & Horne, 2006; Dinges et al., 1997; Haack & Mullington, 2005; Killgore, Balkin,
& Wesensten, 2006; Killgore et al., 2007; Rupp, Wesensten, & Balkin, 2010). The impacts
of insufficient sleep on performance are cumulative, and objective measures of performance,
including reaction time and memory, worsen with each successive day that insufficient sleep
is obtained (Belenky et al., 2003; Cain, Silva, Münch, Czeisler, & Duffy, 2010; Lee et al.,
2009; Silva, Cain, et al., 2010; Silva, Wang, Ronda, Wyatt, & Duffy, 2010; Van Dongen et
al., 2003). In laboratory studies, participants limited to 4 h in bed for two nights (Drake et
al., 2001) or 6 h in bed for a week showed performance decrements comparable to 24 h of
continuous wakefulness (Van Dongen et al., 2003).
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Laboratory studies indicate that recovery from sleep loss is complex, that not all aspects of
performance recover at the same rate, and recovery from a week of insufficient sleep (such
as experienced during the work week by many workers) takes longer than a night or two of
extended weekend sleep (Banks, Van Dongen, & Dinges, 2007; Lamond et al., 2007; Silva,
Cain, et al., 2010). Thus, work schedules that cause chronic sleep restriction may generate a
deterioration of performance that becomes progressively greater with additional weeks of
sleep curtailment. Despite intermittent opportunities for recovery sleep on days off,
individuals exposed to such schedules become progressively more vulnerable to the adverse
effects of sleep loss. Furthermore, numerous studies demonstrate that subjectively, most
individuals are unaware of their level of impairment from chronic sleep loss (Lee et al.,
2009; Silva, Wang, et al., 2010). This poses an additional challenge to regulators and
managers in safety-critical operations, because nearly half of the US working population
(Gertler & DiFiore, 2009, 2011) spends fewer than 7h in bed per night, and such individuals
are not aware of their level of impairment due to sleepiness and fatigue.
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Interactions Between Time Awake, Circadian Time, and Recent Sleep-Wake History on
Sleepiness
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The impact of how long an individual has been awake on their alertness and performance
interacts with their recent sleep-wake history and the time of day in a complex manner. For a
given duration of wakefulness, the decline in performance associated with that duration of
waking will depend on what time the wake episode began, being steeper if waking began
earlier than usual or ends later than usual (Cajochen et al., 2002; Silva, Wang, et al., 2010;
Wyatt et al., 1999). In addition, the rate of performance decline during typical wake
durations (13–18 h) is greater if the individual has a chronic sleep debt (Cohen et al., 2010;
Lee et al., 2009; Silva, Wang, et al., 2010; Thomas, Raslear, & Kuehn, 1997). These nonlinear interactions are even greater when waking exceeds that of a typical waking day
(>20h) (Cohen et al., 2010) or when the wake episode occurs during the biological nighttime
(Cohen et al., 2010; Lee et al., 2009; Silva, Wang, et al., 2010). This latter example
underlies the increased risk for drowsy driving crashes (Åkerstedt, Peters, Anund, &
Kecklund, 2005) among workers commuting home after a night shift; this is an especially
vulnerable time because the strong circadian drive for sleep is enhanced by the additional
sleepiness resulting from having remained awake for an extended time all night (Lee et al.,
2009; Silva, Wang, et al., 2010). Compounding the impact of attempting to remain awake all
night at an adverse biological time, the typical night shift worker sleeps in the morning
following work. This is a biological time at which it is difficult to sustain sleep for an
extended duration, and night workers typically report shorter sleep durations than their day
worker counterparts (Garde et al., 2009; Luckhaupt, S.E., 2012), resulting in greater levels
of sleepiness on the following night. Furthermore, unlike the day worker who wakes on
average 2–3 h before reporting to work (National Sleep Foundation, 2008), night workers
are typically awake longer than day workers before reporting to work, resulting in the end of
their work occurring after more than 12 h awake, even further reducing their ability to
remain alert throughout the night shift and increasing the risk of an accident while at work
or while commuting home. Nearly 10% of American workers work on the night shift or on
irregular or rotating shift schedules (Bureau of Labor Statistics, 2005), accounting for
approximately 12.5 million people (Bureau of Labor Statistics, 2012), and most workers
drive to and from work (McKenzie & Rapino, 2011). An Australian study indicated that of
work-related motor vehicle crashes, nearly 75% occurred during a commute (Boufous &
Williamson, 2006). In a survey study of 635 nurses at a large metropolitan hospital in the
US, we found that the odds of reporting nodding off driving to or from work in the previous
year was 3.9 times higher for rotating shift workers and 3.6 times higher for night nurses
compared to nurses who worked only days or evenings (Gold et al., 1992), and near-miss
accidents were 2.5 times more likely to be reported by the shift workers. The increased
motor vehicle crash risk from drowsy driving impacts not only those millions of shift
workers who drive during their working hours or commute to and from work each night, but
also impacts other drivers on the road, particularly those driving to work in the morning
while night shift workers are driving home.
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Sleep Inertia
Sleep inertia is a period of time immediately upon awakening during which alertness and
performance are impaired, such that normal waking levels are not yet met (Balkin & Badia,
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1988; Lubin, Hord, Tracy, & Johnson, 1976). It has been reported that both subjective
alertness and cognitive performance are significantly impaired upon awakening even in
subjects who are not sleep deprived and who are awakened at their habitual wake time
(Achermann, Werth, Dijk, & Borbély, 1995; Jewett, Wyatt, et al., 1999; Wertz, Ronda,
Czeisler, & Wright Jr., 2006). Previous investigations have reported varying durations of
sleep inertia effects (Achermann et al., 1995; Jewett, Wyatt, et al., 1999; Federal Aviation
Administration, 2010; Webb & Agnew, 1964). While most studies only measure sleep
inertia over the first 20–30 minutes after awakening (Silva & Duffy, 2008; Scheer, Shea,
Hilton, & Shea, 2008), studies which continue assessments up to two hours show that
performance often does not plateau until an hour or more after awakening (Achermann et
al., 1995; Jewett, Wyatt, et al., 1999), with the duration and impairment effects of sleep
inertia being related to the duration of wakefulness preceding the sleep episode (Dinges,
Orne, Whitehouse, & Orne, 1987), the sleep stage just before awakening (Cavallero &
Versace, 2003; Dinges, Orne, & Orne, 1985; Silva & Duffy, 2008), and the circadian time at
which awakening occurs (Scheer, Shea, Hilton, & Shea, 2008; Silva & Duffy, 2008). Sleep
inertia is of greatest concern for transportation in cases where operators are on-call and/or
may be required to report for duty shortly after awakening, and has been implicated in
aviation accidents and errors where flight crew have napped for extended durations in flight
(Transportation Safety Board of Canada, 2012; Gokhale, 2010).
Medication Use/Medical Conditions that Impact Sleepiness
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Sleepiness is a frequent side effect of prescription medications, including some antidepressants, statins, anti-hypertensives, hypnotics, anti-anxiety medications, pain
management medications, anti-epileptic agents, muscle relaxants and medications to block
stomach-acid secretion. Many common over-the-counter drugs also have side-effects that
include sleepiness, including diphenhydramine, an anti-histamine sold for treating allergy
symptoms but also the active ingredient in many over-the-counter sleeping pills sold in the
U.S. Stimulants and drugs of abuse can also have a profound effect on the ability to sustain
alertness and performance. Caffeine is the most widely used psycho-active agent in the
world, fueling our 24/7 society. Because caffeine antagonizes the actions of adenosine
(Dunwiddie & Masino, 2001), a neuromodulator that mediates the sleep-inducing effects of
prolonged wakefulness (Porkka-Heiskanen et al., 1997), it can temporarily increase alertness
while not reducing any sleep debt. While caffeine and other wake-promoting compounds
may improve alertness, they cannot substitute for sleep, and may interfere with sleep when
the opportunity for sleep arises (Drake, Roehrs, Shambroom, & Roth, 2013; LaJambe,
Kamimori, Belenky, & Balkin, 2005). In a study of fatal-to-the-driver truck crashes, the
National Transportation Safety Board found that plasma caffeine levels were highest in
drivers involved in fatigue-related crashes (1990, 1995). They interpreted those findings as
indicating that the sleepiest drivers were taking caffeine to try to (unsuccessfully) combat
their fatigue. Alcohol, another major drug of abuse, is a central nervous system depressant
that increases sleep propensity during wakefulness but disrupts sleep consolidation after
sleep onset. Even low doses of alcohol synergistically interact with sleep loss to greatly
increase sleep propensity (Roehrs, Beare, Zorick, & Roth, 1994; Vakulin et al., 2007),
degrade driving performance and increase crash risk in a driving simulator (Banks,
Catcheside, Lack, Grunstein, & McEvoy, 2004; Horne, Reyner, & Barrett, 2003; Howard et
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al., 2007; Vakulin et al., 2007) and on the road (Philip, Vervialle, Le Breton, Taillard, &
Horne, 2001). Healthy professional drivers who were awake for 18 to 21 hours and were
exposed to legal low-dose alcohol (blood alcohol concentration of 0.03 g/dL) had
significantly more attentional failures and greater variation in both lane position and speed
in a driving simulator than they did when their blood alcohol concentration exceeded 0.05
g/dL—a level associated with significantly increased risk of a motor vehicle crash (Howard
et al., 2007).
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Many medical conditions disrupt sleep, leading to increased daytime sleepiness. Arthritis,
peripheral vascular disease, and other conditions with pain disrupt sleep, causing sleep
fragmentation and reducing the time spent in the deepest stages of sleep. Patients with
gastroesophageal reflux disease, heartburn, and chronic obstructive pulmonary disease
experience sleep disruption associated with the supine position assumed for sleep. Restless
legs syndrome (RLS), which the National Institutes of Health estimates to affect 5–15%of
Americans (National Heart, Lung, and Blood Institute, 2010), makes it difficult to initiate
sleep due to unpleasant feelings in the legs. Patients with RLS typically experience
symptoms in the evening or at night and while quietly resting, and the symptoms only
dissipate when the legs are moved. RLS is strongly associated with periodic limb
movements of sleep (PLMS), in which the leg or arm muscles twitch or jerk during sleep,
leading to sleep disruption and fragmentation once sleep is initiated (Allen et al., 2003).
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Obstructive sleep apnea (OSA) is a common sleep disorder in which the supine posture of
sleep, combined with the reduction in muscle tone during sleep, result in partial or complete
airway obstruction. While healthy individuals have occasional airway obstructions during
sleep, people with OSA have frequent (>10–15 times per hour of sleep) obstructions that are
associated with hypoxia and brief arousals to reopen the airway. These frequent arousals
fragment sleep and can lead to daytime sleepiness, although not all individuals with OSA
report daytime sleepiness. In general, vigilance and the ability to sustain attention are
degraded in patients with OSA. Reaction times in patients with mild to moderate OSA have
been reported to be comparable to or worse than those of a young adult with a blood alcohol
concentration of 0.080 g/dL (Powell et al., 1999). Untreated patients with OSA perform
much more poorly in a driving simulator (in terms of lane deviations, tracking errors, offroad events and collisions with obstacles) and are 6 to 10 times (i.e., about 500% to 1,000%)
more likely to have an actual motor vehicle crash than people without OSA (Findley et al.,
1995; Findley & Bonnie, 1988; Findley, Fabrizio, Thommi, & Suratt, 1989; Findley,
Levinson, & Bonnie, 1992; Findley, Unverzagt, & Suratt, 1988; Findley, Weiss, & Jabour,
1991; George, 2004; George, Boudreau, & Smiley, 1996; George, Nickerson, Hanly, Millar,
& Kryger, 1987; Hack et al., 2001; Schwartz, 1991; Teran-Santos, Jimenez-Gomez, &
Cordero-Guevara, 1999). OSA is a concern for operators in all modes of transportation, and
in two surveys of railway T&E workers, sleep apnea was reported by 6–8% of the
respondents (Gertler & DiFiore, 2009, 2011), likely to be an underestimate of the true
prevalence due to the demographic characteristics of the T&E workforce and the prevalence
of OSA among other worker groups (Rajaratnam et al., 2011; Barger et al., 2015). A recent
screening program of nearly 20,000 commercial drivers found that more than 20% had OSA
(Berger et al., 2012). Recent NTSB accident reports include undiagnosed or untreated sleep
apnea in the operator as possible contributing factors to accidents (National Transportation
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Safety Board, 2002, 2011b). Because of the strong association between obesity and OSA,
and the fact that many individuals with OSA are not aware of it (Howard et al., 2004;
Pavlova, Duffy, & Shea, 2008), screening of obese individuals for OSA in safety-sensitive
occupations is strongly recommended (Ancoli-Israel, Czeisler, George, Guilleminault, &
Pack, 2008; Talmage, Hudson, Hegmann & Thiese, 2008), so that those individuals can be
treated to avoid both the safety hazards and the medical consequences of OSA (Czeisler,
2015). A 2004 study estimated that the cost of treating all patients in the US with OSA
would be worthwhile considering the cost savings from reducing motor vehicle accidents
(Sassani et al., 2004).
Duration of Work
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Duration of work shift can have an impact on error and accident risk, although the impact of
work duration is difficult to separate from the impact of time awake. The number of
consecutive work hours; the number of consecutive days of work; the time of day and the
frequency of rest breaks have all been found to influence the risk of error and accident
(Dembe, Erickson, Delbos, & Banks, 2005; Folkard & Lombardi, 2006; Loomis, 2005;
Rogers, Hwang, Scott, Aiken, & Dinges, 2004). A meta-analysis found that the relative risk
of injury or accident is more than doubled after 12-hours of work (Folkard & Lombardi,
2006), and increases with the duration of time since the last break. Rogers and colleagues
found that the risk of error was three times higher when nurses worked shifts of 12.5 hours
or longer, and increased work duration, overtime and working more than 50 hours in a week
also increased the risk of error (Rogers et al., 2004). Overtime after long shifts further
increased the risk of error (Rogers et al., 2004). A 12-hour night shift combines the effects
of extended work hours with work at adverse circadian time, and this combination increases
the risk of fatigue related error and accident at work and on the commute home. Long work
hours also result in reduced opportunity for recovery sleep, and increase the risk of error and
accident when such shifts are worked on successive days. Similar increases in error or
accident risk with prolonged task performance have also been shown for non-commercial
drivers (Philip, Taillard, Quera-Salva, Bioulac, & Åkerstedt, 1999).
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Given that full time employees on 12-hour schedules work 50 to 100 fewer days per year
than do full time employees on 8-hour work schedules, such schedules are often quite
popular among workers (Thomas, Schwartz, & Whitehead, 1994). When workers
experienced with both 8- and 12-hour night shifts were asked which shift resulted in fatigue
which decreased their performance at work, 80 percent of respondents felt that the 12-hour
workday resulted in the least efficient performance due to fatigue (Tepas & Mahan, 1986).
In addition, studies of conversions from 8-hour to 12-hour shifts in a power plant and a
natural gas utility conducted by NIOSH researchers have demonstrated that introduction of
12-hour shifts results in consistent declines in performance and alertness and increased
fatigue, especially for those on the 12-hour night shift (Lewis et al., 1986; Rosa & Bonnet,
1995; Rosa et al., 1990; Rosa & Colligan, 1995). A follow-up study in the same facility 3.5
years after imposition of the 12-hour shift schedule demonstrated that the declines in
performance and alertness attributable to the extra 4 hours on shift were still apparent, with
no improvement due to adaptation (Rosa & Colligan, 1995).
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The relevance of work duration in transportation is illustrated in a 2000 FMCSA Federal
Register proposed rule. In that document, Chart 5 shows data from 1991–1996 on the
relative risk of a fatigue-related truck crashes with increased hours driving ("Hours of
service of drivers; driver rest and sleep for safe operations," 2000). Those data show that the
relative risk of a fatigue-related crash increases sharply after 8–10 hours driving, and there
was a 15-fold increase in the risk after 13 hours of driving compared to 1 hour of driving.
Distractions, and Interaction of Sleepiness with Distraction
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Driver/operator distraction is a major safety concern in all modes of transportation.
Distractions compromise safety by taking the operator’s attention away from their
operational environment (the road/track ahead, their instruments), and even when such
distractions are brief, if they occur at critical moments they can have serious consequences.
Distractions become even more of a concern in high-speed operating conditions where the
time for responding to operational challenges is shorter. Recent laboratory research has
shown that distractibility markedly increases when individuals are fatigued (Anderson &
Horne, 2006; Anderson, Wales, et al., 2010), and the authors concluded that sleepy
individuals may actually seek out distractions, perhaps in an attempt to remain awake and/or
due to an inability to suppress their responses to distractions. A video study of long and
short-haul truck drivers found that when drowsy, drivers spent less time visually scanning
their environment but spent more time adjusting their position, conversing with a passenger,
and scratching their face or head (Barr, Yang, Hanowski, & Olson, 2011). The National
Transportation Safety Board has found distractions, typically from cell phone usage or text
messaging, to be a contributing factor in a series of recent major accidents in all modes of
transportation, causing deaths, injuries, and millions in damage (2011a, 2011b, 2011c).
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Sleep-Wake Transitions and Automatic Behavior
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Individuals struggling to stay awake under conditions of elevated sleep pressure—whether
due to acute sleep deprivation, chronic sleep restriction, or repeated interruption of sleep
(due to external interruptions or the presence of a sleep disorder)—are not always able to do
so. Sleep deprivation greatly increases the risk that an individual will succumb to the
increased sleep pressure when their brain initiates an involuntary transition from sleep to
wakefulness. This transition is initiated by the ventrolateral preoptic (VLPO) area of the
hypothalamus, which has been identified as the brain’s “sleep switch” (Saper, Fuller,
Pedersen, Lu, & Scammell, 2010; Saper et al., 2005). These classic consequences of chronic
sleep loss are particularly evident while doing a routine task like driving (Strohl et al.,
1998). In a condition of chronic sleep deprivation, even when work (or wakefulness) is
scheduled during an appropriate circadian phase, the probability of a sleep-related
performance failure while working or driving is markedly increased. Of course, once an
individual has lost the struggle to stay awake and makes the transition from wakefulness to
sleep—however briefly—driving performance is much worse than that of a drunk driver, as
the individual is unresponsive to the environment throughout the duration of the microsleep
episode or the sleep attack. In addition to outright falling asleep, sometimes drowsy
individuals linger in an intermediate state between sleep and wakefulness. In this situation,
which probably represents a transitional state in which part of the brain is asleep while part
of the brain remains awake (Vyazovskiy et al., 2011), the operator of a motor vehicle may
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maintain full pressure on the accelerator and proceed for a considerable distance, even
negotiating gradual turns and exhibiting goal-directed behavior, but fail to heed stop signals
or respond appropriately to traffic conditions in a timely manner. This intermediate state,
which has been termed automatic behavior syndrome, is characterized by the ability to
perform some aspects of operating the vehicle (maintaining pressure on the accelerator, and
in some cases turning the steering wheel), but doing so without appropriate situational
awareness or judgment (Guilleminault, Billiard, Montplaisir, & Dement, 1975;
Guilleminault, Phillips, & Dement, 1975). In the case of a motor vehicle driver, this can
result in driving toward the flashing hazard lights of a disabled or public safety vehicle in
the breakdown lane. A striking example of apparent automatic behavior was documented
when the husband of a motorist who was nearly driven off the highway by a drowsy driver
called 911 to report the drowsy driver and then videotaped the drowsy driver as she drove
for 30 minutes on U.S. Interstate 25 in Denver (ABC 7News Denver, 2007).
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METHODS FOR ASSESSMENT OF FATIGUE AND SLEEPINESS IN THE
LABORATORY AND IN THE FIELD
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We currently do not have good measures of individual sleep need, or ways to assess a
person’s level of sleep deficiency. Sleepiness is a subjective feeling, but the deficits from
insufficient sleep can be objectively assessed in a variety of ways. Findings from
neuroimaging studies suggest that sleep deprivation particularly affects the prefrontal cortex,
a brain region associated with alertness, attention and higher order cognitive functions
(Thomas et al., 2000). Fluorodeoxyglucose positron emission tomography (PET) studies of
subjects who performed a serial addition/subtraction task revealed that 24 h of sleep
deprivation reduced regional cerebral metabolic rate in the prefrontal cortex (Thomas et al.,
2000). Functional magnetic resonance imaging (fMRI) studies similarly revealed that during
performance of serial subtraction tests, prefrontal cortical activation decreased after 35 h of
sleep deprivation; in contrast, during performance of verbal learning and divided attention
tests, prefrontal activation increased (Drummond & Brown, 2001). The increases were
associated with increases in subjective sleepiness, and may represent cerebral compensation
for the effects of sleep deprivation (Drummond et al., 2000). People who are sleep deprived
exhibit cognitive deficits that resemble those observed in patients with prefrontal cortical
lesions. These deficits include impaired planning abilities (Harrison & Horne, 1999, 2000),
flatness of speech (Harrison & Horne, 1997), and increased perseveration [e.g., (Harrison &
Horne, 1997, 1999; Horne, 1988)]. The extent of the effects of sleep deprivation seems to
depend on the complexity of the task (Chee & Choo, 2004). FMRI studies have shown
multiple changes in both cortical activation and deactivation that accompany performance in
various tasks under conditions of sleep deprivation (Chee & Choo, 2004). These fMRI
changes are thought to underlie both the observed deterioration and conservation of
performance in tasks of varying complexity.
A variety of tests are used to determine the cognitive impairments associated with sleep loss.
One of the most widely used, in both laboratory and field settings, is the psychomotor
vigilance task (PVT; Dinges & Powell, 1985; Kribbs, Pack, & Dinges, 1994; Lamond,
Dawson, & Roach, 2005). The PVT is a test of visual reaction time (RT) in which the
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subject is asked to maintain the fastest possible RTs to a simple visual stimulus for several
minutes. PVT performance has been shown to decline with duration of wakefulness (Wyatt,
Cajochen, Ritz-De Cecco, Czeisler, & Dijk, 2004), and to show an interaction between
circadian and wake-dependent factors (Cain et al., 2010; Silva, Wang, et al., 2010; Wyatt et
al., 1999). Tests of cognitive throughput (Dijk et al., 1992; Gillooly, Smolensky, Albright,
Hsi, & Thorne, 1990; Johnson et al., 1992; Klein, Wegmann, Athanassenas, Hohlweck, &
Kuklinski, 1976; Monk & Carrier, 1997; Wyatt et al., 2004), attentional selection (Santhi et
al., 2007), executive function (Cain, Silva, Chang, Ronda, & Duffy, 2011; Lingenfelser et
al., 1994; McCarthy & Waters, 1997; Stenuit & Kerkhofs, 2008), and short-term memory
(Wright Jr. et al., 2002; Wyatt et al., 2004; Wyatt et al., 1999) are also used in studies of
sleep loss. In addition to these general types of performance, specific types of job-relevant
performance assessments have also been used in the controlled laboratory setting, including
performance driving an automobile (Howard, Gora, Swann, & Pierce, 2002; Vakulin et al.,
2007) or train simulator (Thomas et al., 1997).
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EEG measures can also be used to determine relative sleepiness by recording waking EEG
signals and examining them with spectral analysis. An advantage of EEG is that it can be
collected continuously while the individual being monitored is performing other tasks,
although there are many practical and technical difficulties with using it in field settings.
With prolonged wakefulness, EEG activity in lower frequencies increases (especially over
more frontal brain regions; Aeschbach et al., 1997; Cajochen et al., 1999), with prominent
increases in delta and theta frequencies (Aeschbach et al., 1999; Åkerstedt & Gillberg, 1990)
that are associated with performance failures in the laboratory (Makeig & Jung, 1996) and in
the field (Cabon, Coblentz, Mollard, & Fouillot, 1993; Torsvall & Åkerstedt, 1987). Eye
movements are also used as an index of relative sleepiness, as it has been known for many
years that slow rolling eye movements (SEM) and prolonged eyelid closure are both
associated with the onset of sleep and are increased during quiet wakefulness when the
individual has been awake for a long time (Åkerstedt & Gillberg, 1990; Aserinsky &
Kleitman, 1955; Santamaria & Chiappa, 1987).
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Laboratory studies suggest that ocular and oculomotor measures may be more reliably
related to impaired vigilance and behavioral lapses than EEG measures of drowsiness
(Dinges, Mallis, Maislin & Powell, 1998). Changes in the frequency, amplitude and duration
of blinks, and episodes of slow eye closure occur in response to sleep deprivation and during
the biological nighttime (Åkerstedt et al., 2005; Caffier, Erdmann, & Ullsperger, 2003;
Johns, Tucker, Chapman, Crowley, & Michael, 2007). An increase in the percentage of time
the eyes are at least 80% closed (PERCLOS) has been reported in drowsy participants
during task performance, and correlates well with vigilance and simulated driving tasks in
the laboratory (Mallis, Maislin, Powell, Konowal, & Dinges, 1999; Research & Standards,
1998; Dinges, Mallis, Maislin & Powell, 1998; Wierwille & Ellsworth, 1994). While
controlled laboratory studies have shown that PERCLOS can closely track performance
lapses, use of camera-based PERCLOS technology in real-world settings has encountered
problems, including the ability to function in bright or highly variable lighting conditions,
and in operators wearing sunglasses or eyeglasses. However, in the fatigued state, failure in
the performance of a visual task such as driving is caused not only when the eyelids are
closed, but can also occur when the eyelids are open by a process of visual suppression or
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neglect (Anderson, Chang, Sullivan, Ronda, & Czeisler, 2013; Anderson, Wales, et al.,
2010; Chapman, Johns, & Crowley, 2006). In fact, the performance-related dangers of
drowsiness begin well before long eyelid closures occur. Some reports suggest that the
velocity and amplitude of eyelid movements may provide useful indicators of drowsiness,
and that the use of multiple eyelid closure metrics may improve the prediction of drowsiness
(Caffier et al., 2003; Johns et al., 2007). A few studies conducted in driving simulators
(Åkerstedt et al., 2005; Howard et al., 2002; Phipps-Nelson, Redman, & Rajaratnam, 2011;
Shin, Sakai, & Uchiyama, 2011), as well as small field studies (Ftouni et al., 2013; Lee et
al., 2012) have reported that measures of eyelid velocity and amplitude are associated with
driving impairments, and thus may be a promising tool for real-time detection of drowsiness
in operational settings.

SUBJECTIVE FATIGUE AND SLEEPINESS: POOR ESTIMATES OF
Author Manuscript

OBJECTIVE DEFICITS IN ATTENTION AND PERFORMANCE
The impact of sleep loss on performance and attention can be measured with a variety of
objective tests, as outlined above. However, as noted, many of those methods require
specialized equipment and/or take the operator’s attention away from the task at hand. For
this reason, subjective assessments of sleepiness have been advocated as measures of
potential performance impairment. While there is evidence that in general both subjective
and objective measures of sleepiness change in parallel, this is not always the case especially
with chronic sleep loss. Moreover, individuals routinely underestimate their level of
sleepiness, degree of impairment from sleepiness, and potential for a sleepiness-related
accident.
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Laboratory studies indicate that individuals can typically perceive a change in their level of
sleepiness when sleep is acutely curtailed (Duffy, Willson, Wang, & Czeisler, 2009).
However, they are far less accurate in estimating their sleep-related impairments under
conditions of chronic partial sleep loss (Silva, Cain, et al., 2010; Silva, Wang, et al., 2010).
For example, in a 14-day chronic sleep restriction study subjective sleepiness ratings showed
an acute response to the first night of sleep restriction, but only small further increases on
subsequent days, even though performance continued to decline each subsequent day (Van
Dongen et al., 2003). Another study found performance to be independent of subjective
sleepiness in both acute and chronic sleep deprivation conditions, suggesting that objective
and subjective measures represent distinct entities that should not be assumed to be
equivalent (Franzen, Siegle, & Buysse, 2008). And studies in our laboratory that involve
many days of sleep disruption or sleep restriction have found that while objectively assessed
performance continues to decline over subsequent days of partial sleep loss, subjective
assessments of alertness decline initially (typically only on the first or second day after sleep
loss) but then level off and no longer parallel the objective deficits in performance (Silva,
Cain, et al., 2010; Silva, Wang, et al., 2010). It may be that individuals can perceive large
changes in response to sleep loss when they begin at a high level of alertness, but they are
less able to perceive more gradual changes due to chronic sleep loss. In general, most
individuals are poor judges of their fatigue-related performance impairment. Complicating
this, drowsiness is often not a uniform state but can come and go in waves (Thorpy &
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Billiard, 2011). When fatigued, small areas of the sleepy brain can transiently go “off-line”
and show sleep-like activity, while the individual overall remains awake but in an impaired
state (Vyazovskiy et al., 2011). This so-called “local sleep” becomes more and more likely
with longer durations of wakefulness (Hung et al., 2013). This may underlie the observation
that while sleepy individuals can often mask their feeling of drowsiness temporarily by
changing some aspect of their environment (activity level, temperature, noise level; Thorpy
& Billiard, 2011), such strategies provide only temporary relief, and as wakefulness
continues the strategies become more and more ineffective (Schwarz et al., 2012).
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While additional research is warranted to understand individual differences in the
subjective-objective sleepiness disconnect and whether individuals can be trained to be
better judges of their actual sleep-related vulnerabilities, the existing evidence indicates that
subjective sleepiness ratings are not an appropriate tool for measuring objective performance
and alertness levels, at least in real-world settings where variations in environmental factors
are difficult or impossible to control and where the use of stimulants may mask although not
reverse performance impairments due to sleep loss (Buxton et al., 2010).

INDIVIDUAL DIFFERENCES IN RESPONSE TO SLEEP LOSS
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Inter-individual differences play an important role in the response to chronic and acute sleep
loss (Van Dongen, Baynard, Maislin, & Dinges, 2004; Van Dongen et al., 2003). LeProult et
al. (2003) reported that there were stable individual differences in the response to acute
sleep deprivation but that objective and subjective measurements of the response to sleep
deprivation were unrelated. Thus, individuals who have the subjective perception that they
are highly susceptible to the effects of sleep deprivation are not necessarily the same
individuals who show the largest performance impairments during sleep deprivation.
Similarly, the study of Frey et al. (2004) found that no individual was particularly
vulnerable or resistant to all the effects of sleep deprivation. Rather, sleep deprivation effects
were task dependent, as was also shown previously by Van Dongen and colleagues (2004).
Van Dongen has also reported that individual responses to sleep deprivation and sleep
restriction have trait-like characteristics (Van Dongen, Doran, & Dinges, 2000; Van
Dongen, Baynard, et al., 2004; Van Dongen, Maislin, & Dinges, 2004; Van Dongen,
Olofsen, Dinges, & Maislin, 2004). They found that when subjects were brought back to the
laboratory for repeat visits, the same ones remained particularly vulnerable while others
remained resistant to the adverse effects of sleep loss on cognitive performance (Van
Dongen, Baynard, et al., 2004). While all the subjects had more lapses of attention after a
night without sleep, the stable individual trait differences accounted for 67% to 92% of the
variance in the performance decrement induced by sleep loss, and persisted even when
participants were either well rested (12 hours in bed each night for a week) or sleep
restricted (6 hours in bed each night for a week) before they stayed awake all night (Van
Dongen, Baynard, et al., 2004).
Differences in Vulnerability to Sleep Loss Due to Recent Sleep-Wake History
As described above, the ability to sustain attention, maintain cognitive performance and
prevent attentional failures deteriorates when the sleep of individuals with habitual sleep
durations in the ~8 hour range is restricted to 7 or fewer hours per night for many nights in a
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row (Belenky et al., 2003; Dinges, 2004; Policy, 2006; Van Dongen et al., 2003). However,
there is also evidence from sleep extension studies suggesting individuals who habitually
sleep 8 hours or fewer per night may actually have a chronic sleep debt, and that individuals
with habitually short sleep durations may not reflect true underlying sleep “need” (Dinges,
2005; Klerman & Dijk, 2005; Roehrs, Timms, Zwyghuizen-Doorenbos, & Roth, 1989;
Wehr et al., 1993). In both cases, when such individuals were brought into the laboratory for
sleep extension, they performed significantly better after sleep extension than they had at
baseline, suggesting that they had a chronic sleep debt. It is not only the duration of recent
sleep that can make an individual vulnerable to subsequent sleep loss, but the regularity of
their recent sleep can also contribute. Whether sleep irregularity is due to shift work,
transmeridien travel, or social jet lag (Wittmann, Dinich, Merrow, & Roenneberg, 2006), it
can lead to changes in circadian timing which in turn can impact resiliency to sleep loss
(Committee on Sleep Medicine Research Board on Health Sciences Policy, 2006). Given the
widespread amount of short sleep among the general population, many individuals may be
vulnerable to even modest (additional) amounts of sleep loss due to their chronic insufficient
sleep. This concept is supported by studies that examined the number of traffic accidents
following the switch to daylights savings time in the spring. The springtime change is
associated with a one-hour loss of sleep, yet this modest change results in 6–11% more
traffic accidents in the days immediately following the daylight savings time transition,
suggesting that the affected drivers may have had an underlying vulnerability to even such a
modest amount of sleep loss (Coren, 1996; Monk, 1980; Varughese & Allen, 2001). Both
acute and chronic sleep loss, whether caused by work schedules, family responsibilities,
social activities or health problems, will degrade tolerance and increase performance
vulnerability to any subsequent sleep loss. Moreover, recent studies suggest that an 8–10
hour recovery sleep is not sufficient to return the performance levels of individuals who
have recently had chronic sleep loss back to baseline (Banks, Van Dongen, Maislin, &
Dinges, 2010). Thus, individuals who obtain less sleep than needed during the work week
may not be able to make up for that sleep loss by extending their sleep on the weekend.
Age-Related Differences in the Vulnerability to Sleep Loss
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There are reports of a ‘global slowing’ in cognitive function associated with aging. This has
been reported in attentional tasks, where the average reaction times of older subjects tend to
be longer than the average reaction times of young adult subjects. This loss of speed has
been attributed to not only a ‘global slowing’ but also a reduction in attentional resources
with age. In one study the performance of young and older adults were compared in a full
attention and divided attention task (Anderson, 1999). There was an overall increase in
reaction time in both the full and the divided attention tasks in the older subjects. However,
not all tasks show a performance impairment in older adults relative to younger adults. A
number of studies which have examined the neurophysiological basis of age-related changes
in cognitive functioning show that the differences between young and older adults are not
simple, and the same cognitive task can engage different brain regions in younger and older
adults (Grady et al., 1994; Grady et al., 1998). In particular, in older adults regions of the
brain associated with higher order cognitive functions seem to be activated in order to
preserve performance in some cognitive tasks. Data from highly screened older adults
suggest that the reported impact of aging on cognition may be due less to aging per se than
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to consequences of aging on health and sleep. In fact, several laboratory studies have
demonstrated that healthy older adults without sleep disorders maintain their attention and
performance better when acutely or chronically sleep deprived than do young adults (Adam,
Rétey, Khatami, & Landolt, 2006; Bonnet, 1989; Bonnet & Rosa, 1987; Buysse et al., 1993;
Duffy et al., 2009; Silva, Wang, et al., 2010). We and others have hypothesized that the
common age-related changes in homeostatic sleep-wake regulation that disrupt sleep at night
may also make it less likely that a healthy older adult falls asleep in response to acute or
chronic sleep loss (Carrier, Land, Buysse, Kupfer, & Monk, 2001; Dijk & Duffy, 1999;
Dijk, Duffy, & Czeisler, 2001). However, very healthy older individuals without sleep
disorders are rare, and while older drivers are less likely to report driving when drowsy or
dozing off behind the wheel than younger adults (National Sleep Foundation, 2003), 15% of
those age 65+ reported doing so within the past year in a scientific poll conducted by the
National Sleep Foundation.
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Young adults are especially vulnerable to the impacts of sleep loss. This is likely due in part
to their strong homeostatic sleep-wake regulation and the insufficient sleep they regularly
obtain. More than half of adolescent drivers reported that they had driven drowsy during the
past year in a National Sleep Foundation survey, with 15% of 10th, 11th and 12th graders
reporting driving drowsy at least once per week (National Sleep Foundation, 2006). Drowsy
driving, when combined with the relative inexperience and risk-taking behavior of young
drivers, results in a greater likelihood of motor vehicle crash. The potential impact of
insufficient sleep on teen crash risk has been highlighted in a recent paper by Vorona and
colleagues. They examined crash data from two adjacent counties in Virginia where high
school start times differed by nearly 1.5 hours and found that in the county with the earlier
school start times (assumed to be associated with reduced sleep duration), crash rates were
about 10% higher on weekdays during the school year among teenage drivers, but did not
differ among adult drivers (Vorona et al., 2014). In fact, teenage drivers are overrepresented
in fatal crashes, with a NHTSA study finding that even though drivers age 15–20
represented only 6.3% of total drivers, they were involved in 18% of the police-reported
crashes and in 13.8% of the fatal crashes (National Highway Traffic Safety Administration,
2005b). Teen drivers are 4 times more likely than older drivers to have a motor vehicle crash
(Insurance Institute for Highway Safety, 2006), and motor vehicle crashes injure
approximately 450,000 teenagers each year (National Highway Traffic Safety
Administration, 2005b) and are the leading cause of death for 16–20 year olds (National
Highway Traffic Safety Administration, 2005a, 2005b).
Genetic Basis of Individual Differences in Vulnerability to Sleep Loss
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Genetic polymorphisms may account for differences in the ability of some individuals to
tolerate sleep loss. A variable length tandem repeat polymorphism in the PER3 gene (PER3
5/5), found in 10–15% of the population, has been reported to confer a particular
vulnerability to the performance- impairing effects of 24 hours of wakefulness (Groeger et
al., 2008; Viola et al., 2007), although not to daytime performance under nighttime sleep
restriction (Goel, Banks, Mignot, & Dinges, 2009). On the other hand, a haplotype of the
adenosine A2A receptor gene (ADORA2A), may be associated with resistance to the effects
of sleep loss on performance (Retey et al., 2006; Rupp, Wesensten, Newman, & Balkin,
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2013), and more rare variants have been identified that are associated with an apparent need
for less sleep (He et al., 2009; Pellegrino et al., 2014). These recent findings suggest that it
may soon be possible to identify a subset of individuals who will exhibit reduced
performance degradation when deprived of sleep and another subset whose performance will
deteriorate markedly when they are sleep deprived. Such information could be used to
identify individuals best-suited for critical and safety-sensitive tasks in situations where
long-duration work episodes are unavoidable. It could also be used to identify individuals
who are at greater risk for sleepiness-related errors when they do not obtain sufficient sleep
so that they are deployed to tasks where sustained attention is less critical and/or can employ
countermeasures strategically. While our understanding of the genetic basis of individual
differences in response to sleep loss is in the early stages currently, as knowledge in this area
grows it will provide the potential for this information to be used in personalized
occupational medicine.
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LABORATORY AND FIELD INTERVENTIONS TO REDUCE FATIGUE
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Drowsiness is the intermediate state between alert wakefulness and sleep, and usually lasts
only a few minutes when we are falling asleep intentionally, but can last much longer when
we are struggling to stay awake, as for example when driving at night (Kecklund &
Åkerstedt, 1993; Torsvall & Åkerstedt, 1987). Drowsiness is a fluctuating state of reduced
awareness and impaired performance and estimated to be a contributing factor in up to 20%
of road crashes (Klauer et al., 2006; Committee on Sleep Medicine Research Board on
Health Sciences Policy, 2006; Tefft, 2014) and a possible contributing factor in nearly 30%
of railway collisions (Collision Analysis Working Group, 2006). The primary method for
monitoring sleep, sleepiness, and wakefulness uses the electroencephalogram (EEG),
electrooculogram, and electromyogram (Åkerstedt, 1984; Torsvall & Åkerstedt, 1987;
Torsvall, Åkerstedt, & Gillberg, 1981). Increased EEG alpha and theta activity, slow rolling
eye movements (SEMs), prolonged eyelid closure duration, and changes in the rate of eyelid
reopening are evident in drowsy individuals prior to sleep onset (Santamaria & Chiappa,
1987). While increased EEG theta activity is associated with behavioral lapses in the
laboratory (Makeig & Jung, 1996), there are significant practical and technical difficulties in
utilizing EEG as a real-time measure of drowsiness, and few studies have been able to
identify relationships between EEG signs of drowsiness in operational settings (Cabon et al.,
1993).
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Laboratory studies suggest that ocular and oculomotor measures are related to impaired
vigilance and behavioral lapses due to drowsiness (Dinges, Mallis, Maislin & Powell, 1998).
Changes in the frequency, amplitude and duration of blinks and episodes of slow eye closure
occur in response to sleep deprivation and during the biological nighttime (Åkerstedt et al.,
2005; Anderson, Chang, Ronda, & Czeisler, 2010; C. Anderson, Wales, et al., 2010; Caffier
et al., 2003; Chapman et al., 2006; Dinges & Grace, 1998; Dinges, Mallis, Maislin &
Powell, 1998; Johns et al., 2007; Mallis et al., 1999), and these ocular changes correlate with
decrements in vigilance and driving simulator performance in the laboratory (Akerstedt et
al., 2005; Dinges, Mallis, Maislin & Powell, 1998; Howard et al., 2002; Phipps-Nelson et
al., 2011; Shin et al., 2011; Wierwille & Ellsworth, 1994). For these reasons, devices have
been developed to monitor ocular or oculomotor parameters in real time and provide
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operator feedback. These include both eyeglass-mounted systems and camera-based
systems. In a recent field study carried out among Australian shift working nurses, strong
associations were found between oculomotor measures of drowsiness and increased odds of
self-reported adverse driving events during commutes following night shifts (Ftouni et al.,
2013), and we carried out a pilot study in shift workers driving an instrumented automobile
on a closed track showing associations between EEG and oculomotor measures of
drowsiness and critical driving events (Lee et al., 2012). However, there remains a relative
paucity of studies evaluating the ability of these ocular measures to detect impaired
vigilance as a result of drowsiness, particularly in field settings. There is also insufficient
information about the ability of such systems to prevent fatigue-related accidents (Balkin,
Horrey, Graeber, Czeisler, & Dinges, 2011). Furthermore, these systems are being sold as
safety features for drivers of non-commercial vehicles, with little evidence for their accuracy
or sensitivity. Drivers of those vehicles may take greater risks in driving when they are
drowsy if they believe the technology may prevent crashes.
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Caffeine is used widely to ameliorate the impacts of insufficient sleep. Laboratory studies
(including those in our own lab) indicate that caffeine can counteract some or all of the
attentional deficits in individuals who are acutely or chronically sleep-deprived (Babkoff,
French, Whitmore, & Sutherlin, 2002; Kamimori, Johnson, Thorne, & Belenky, 2005;
Lieberman, Tharion, Shukitt-Hale, Speckman, & Tulley, 2002; McLellan et al., 2005;
Penetar et al., 1993; Wesensten et al., 2002; Wright Jr., Badia, Myers, & Plenzler, 1997;
Wyatt et al., 2004). Driving simulator studies have also found that alertness and in some
cases driving ability in sleepy drivers are also improved by caffeine (De Valck, De Groot, &
Cluydts, 2003; Horne & Reyner, 1996; Reyner & Horne, 1997). In a study of actual highway
driving in France, Philip and colleagues found that 200 mg caffeine significantly improved
middle-of-the-night driving compared with placebo (Schweitzer, Randazzo, Stone, Erman,
& Walsh, 2006), returning some aspects of driving performance to daytime levels (Philip et
al., 2006). An Australian case-control study of long-distance commercial drivers who had
crashes found that those who reported consuming caffeine for the purpose of staying awake
had a 63% reduced likelihood of crashing (Sharwood et al., 2013). While this evidence
supports the use of caffeine as a countermeasure for drowsy driving and forms the basis for
drowsy driving recommendations in some countries [including the UK and Australia] and
US states, several US states recommend against using caffeine to promote wakefulness
among drowsy drivers. The argument against caffeine as a countermeasure to drowsiness is
that caffeine is only a temporary solution, it does not eliminate the need for sleep, and it may
give the driver a false sense of fitness for continuing to drive. This argument is supported by
an NTSB study of fatal-to-the-driver truck crashes, which found plasma caffeine levels were
highest in drivers involved in fatigue-related crashes (National Transportation Safety Board,
1990, 1995). The NTSB hypothesized that the sleepiest drivers may have (unsuccessfully)
resorted to more caffeine in an attempt to remain alert enough to continue driving.
Furthermore, despite the evidence in support of using caffeine to counteract drowsy driving,
no prior studies have assessed caffeine in the context of driving after a night shift. Caffeine’s
wake promoting effects can impact and disrupt subsequent sleep, and thus it is important to
understand whether it is an effective countermeasure for workers driving home after a night
shift (Drake et al., 2013; LaJambe et al., 2005).
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Brief naps are another countermeasure that have been promoted for reducing the impact of
sleep loss on alertness and performance. There is strong evidence that a nap can be effective
in reducing sleepiness (Bonnet, Gomez, Wirth, & Arand, 1995; De Valck et al., 2003;
Gillberg, Kecklund, Axelsson, & Åkerstedt, 1996; J. A. Horne & Reyner, 1996; Macchi,
Boulos, Ranney, Simmons, & Campbell, 2002). Sagaspe et al. found that a 30-min nap
opportunity improved on-road driving performance in young adults (De Valck & Cluydts,
2001; Philip et al., 2006) but not middle aged adults (Sagaspe et al., 2007), likely due to the
fact that the older drivers did not sleep as long or as deeply (Sagaspe et al., 2007). However,
not all studies have found a beneficial impact of naps on driving (Lenne, Dwyer, Triggs,
Rajaratnam, & Redman, 2004). Naps can produce the paradoxical effect of making the
individual more impaired immediately following awakening due to sleep inertia. Laboratory
studies have demonstrated that the performance impairments due to sleep inertia can last as
long as 2 h after awakening (Achermann et al., 1995; Federal Aviation Administration,
2010; Jewett, Wyatt, et al., 1999; Silva & Duffy, 2008; Webb & Agnew, 1964) and can be
worse than 24-h of continuous wakefulness (Wertz et al., 2006). The degree and duration of
impairment from sleep inertia depends in part on the stage of sleep the individual awakens
from, with deeper sleep producing more severe and long-lasting sleep inertia. For this
reason, naps as a countermeasure for sleepiness should be short (15–30 minutes) so as to
reduce the likelihood of severe sleep inertia upon awakening, and drivers/operators should
wait before operating a vehicle to allow time for sleep inertia to dissipate. Another factor
that may impact the practicality of napping for transportation operators is the availability of
a suitable environment for taking a nap. Few workplaces have facilities where workers can
nap, and while some individuals may be able to nap successfully in a work setting or in a
vehicle, there are large individual differences in the ability to nap in such an environment
(Philip et al., 2006). In one study of nighttime performance in a driving simulator, breaks
alone (without sleep) reduced some time-on-task fatigue effects, but the breaks did not
improve driver sleepiness (Phipps-Nelson et al., 2011). Combinations of naps and caffeine
have also been tested as a countermeasure for sleepiness (Schweitzer et al., 2006), and the
combination of the two has been shown to reduce driver impairments in a simulator (Reyner
& Horne, 1997). While sleepy motor vehicle drivers often use strategies such as turning up
the radio volume or opening a window to reduce their sleepiness, the only available
scientific evidence suggests that those measures are ineffective in ameliorating drowsiness
in drivers (Reyner & Horne, 1998; Schwarz et al., 2012).
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Testing of countermeasures and combinations of countermeasures for operator sleepiness is
an area where much more research should be conducted. At present, much of the advice that
is offered to transportation operators and managers is based on small studies, or has
evidence both for and against the particular countermeasure. While the best advice is for all
operators to obtain sufficient sleep every night, this advice is not practical in every situation,
and more research would serve the interests of operators, managers, and regulators alike.

BEST PRACTICES FOR FATIGUE REDUCTION IN TRANSPORTATION
As has been described above, alertness level depends on a number of factors with time-of
the day, circadian timing, recent sleep-wake history, hours of service/duration of wake being
the major contributing factors to operator sleepiness/alertness levels. Other contributing
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factors that can affect alertness levels include the nature of the work itself, the operational
environment (i.e. the degree to which it promotes alertness or fatigue), medical problems,
medications, and medication side effects. The key to preventing fatigue and sleepiness
related accidents in transportation operations is to have a comprehensive Fatigue
Management Plan in place that addresses all possible sources of sleepiness and fatigue, both
in the workplace and outside of it. While other chapters in this volume will address this in
greater detail, key features of such systems are shift schedules that consider circadian
timing, duration of shifts, and time off between shifts; identifying and addressing non-workrelated causes of sleepiness and fatigue; maintaining a culture where workers can report
fatigue problems without fear of retribution; using available technology to detect fatigue
before it causes a problem; providing resources and education for managers and workers
about sleep hygiene and countermeasures for sleepiness and fatigue (see Table 3 and as an
example http://www.nafmp.com/en/).
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CHANGING ATTITUDES ABOUT SLEEP LOSS
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As outlined above, insufficient or inadequate sleep has profound consequences for
transportation safety. Many factors contribute to sleep deficiency, from extended work
hours, rotating shift schedules, medications, undiagnosed sleep disorders, and personal
choice to limit sleep time, and individuals are often poor judges of how their attention is
adversely impacted by insufficient sleep. This is compounded by a culture in which lack of
sleep is something many people brag about, where individuals who “need” less sleep are
held up as models to emulate, and where individuals who complain of sleep deprivation are
considered weak. These attitudes are not only incorrect, they are dangerous, and when they
are held by managers and operators in the transportation industry and by individuals who
drive automobiles on our highways they contribute to sleep-related accidents. It is important
that researchers and regulators work in tandem to change such attitudes so that driving while
sleepy is as socially unacceptable as driving while drunk.

PRIORITY GOALS / RESEARCH NEEDS / FUTURE DIRECTIONS
While much is understood about the causes and consequences of sleepiness and fatigue in
transportation operations, there remain several knowledge gaps that we believe should be
addressed. Some of these relate to understanding risks, while others relate to mitigating
those risks. These areas in which more research needs to be conducted include:
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•

Quantifying the prevalance of drowsy driving among different groups (professional
vs. non-professional; young, middle-aged, older) and motor vehicle crash risk
associated with drowsy driving in those cohorts.

•

Standardizing the information regarding motor vehicle crashes would be extremely
helpful in understanding the number of drowsy driving-related crashes and being
able to determine whether interventions reduce the number or severity of such
crashes. This includes standards for police investigators to use in defining a crash
as related to drowsy driving and national standards for compiling drowsy driving
crash data.
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•

Investigations of the impact of specific countermeasures on accident risk reduction
in different transportation modes. A variety of common countermeasures, including
caffeine, naps, breaks, should be tested for their ability to counteract drowsiness.
Also of value will be more extensive investigations evaluating the effectiveness of
countermeasures commonly adopted by operators (turning up the radio volume,
opening a window) vs. sleep and circadian science-based countermeasures.

•

Investigations of the impact of OSA screening, testing, and treatment interventions
on accident risk reduction in different transportation modes.

•

National standards for testing and certifying the efficacy of on-board fatigue
management systems in non-commercial vehicles.

•

Cost-benefit investigations of fatigue reduction and management plans in different
transportation modes.

•

Case-control evaluations of accident rate and severity in non-commercial vehicles
with on-board fatigue management systems. These studies could inform whether
drivers are likely to take greater risks in driving when fatigued if they have such
systems available.

•

Investigations of individual differences in fatigue-related accident risk. Greater
understanding of the source(s) of individual differences in fatigue-related accident
risk could lead to personalized occupational medicine approaches, such as
individually-tailored fatigue management plans that take into account individual
differences in sleep need and countermeasure efficacy.
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Figure 1. Accumulation and Dissipation of Homeostatic Sleep Pressure in Three Conditions with
Varying Durations of Waking and Sleep

Author Manuscript

Horizontal axis: time; vertical axis: level of sleep pressure; shaded areas: sleep episodes;
dashed horizontal line: typical level of sleep pressure accumulated at the end of a 16-hour
waking day in someone who began the day fully rested.
Upper panel-Normal condition: Sleep pressure accumulates during the 16 hours of waking
and fully dissipates during the 8 hours of nocturnal sleep. Middle panel-Chronic Sleep
Restriction: Sleep pressure accumulates during the 18 hours of waking to a level slightly
higher than in the normal condition (indicated by the dashed horizontal line), but due to
sleep being restricted to 6 hours per night, sleep pressure does not dissipate completely,
leading the next waking day to begin at an elevated level; this process continues and sleep
pressure keeps building up over subsequent days. Lower panel-Acute Sleep Deprivation:
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Sleep pressure accumulates to such a high level during the 24 hours of waking that the
following 8 hour sleep opportunity is not sufficient to bring it back to baseline. Because this
recovery sleep episode occurs during the daytime when the quality of sleep is reduced, this
further limits the ability of this sleep episode to bring sleep pressure back to baseline levels.
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1.2 – 1.6%

2.6% *

20.8% *

Revised estimates of the U.S.
drowsy driver crash problem
size based on General Estimates
System case review

The role of driver inattention in
crashes; new statistics from the
1995 Crashworthiness Data
System

An On-Road Study to
Investigate Fatigue in Local/
Short Haul Trucking
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Report to Congress on the
Large Truck Crash Causation
Study

Predicting daytime and
nighttime drowsy driving
crashes based on crash
characteristic models
11.6% *

16 – 22% *

0.9%
(1 – 4%) *

Crashes and Fatalities Related
to Driver Drowsiness/Fatigue

The Impact of Driver
Inattention on Near-Crash/
Crash Risk: An Analysis Using
the 100-Car Naturalistic
Driving Study

all crashes

Study/report
1.4%

injury
crashes

15–33%

3.6%

fatal
crashes

Estimates of crashes involving a
drowsy driver

investigation

investigation

field study

field study

investigation

case review

statistical summary /
review

Study type

2001–2003

2001–2003

2001–2004

1997

1995

1989–1993

1989–1993

Data
collected

967

1,773

82 **
(761) ***

77 **

4,536

6,300,000 crashes annually

6,300,000
crashes annually

Number of
crashes included
in analysis

Federal Motor
Carrier Safety
Administration, 2005
(MC-R/MC-RAI)

Masten et al. 2006

Klauer et al. 2006
(DOT HS 810 594)

Hanowski et al. 2003

Wang et al. 1996

Knipling & Wang,
1995

Knipling & Wang,
1994

Source

* of crashes where the
critical reason was
assigned to the truck
(includes all non-

* crashes / near-crashes
** number of crashes
*** number of nearcrashes

* near-crashes where
fatigue was present
** number driver-at-fault
near-crashes

* crashes in which a
vehicle was towed from
the scene

Knipling & Wang updated
their earlier estimate

* based on the paper's
review of other studies

Notes

Government estimates of drowsy driving related crashes range from 1.4% to 3.2%, with an estimated 2.5% of all fatal crashes involving a drowsy driver
(National Highway Traffic Safety Administration, 2011). These estimates have been called into question by studies which find the numbers for drowsy
driving related crashes to be much higher [see e.g. (Tefft, 2014) who report that 6% of all crashes and 21% of fatal crashes involve a drowsy driver].
Explanations for these discrepancies may include methodological differences, different data sets, and different definitions of fatigue relatedness between
the studies. Adding to the difficulty of estimating fatigue relatedness in crashes is that accident reports in different accident locations may code fatigue in
different ways (or not at all), training of local investigators in recognizing hallmarks of drowsy driving is inconsistent, unreliable self-reports from
involved drivers, and the lack of objective ways to determine driver impairment due to fatigue.
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6% *

Prevalence of Motor Vehicle
Crashes Involving Drowdy
Drivers, United States, 2009–
2013

13% **

13.1%**
(7.7%)**
†

2.2%

21%

16.5%
(3.6 %) †

2.5%

investigation

investigation

statistical summary

investigation

Study type
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1999–2008

2005–2009

2005–2007

Data
collected

14,268 ***

47,597

5,895,000
(5-year average)

5,471 **

Number of
crashes included
in analysis

Tefft BC., 2014

Tefft BC., 2012

National Highway
Traffic Safety
Administration, 2011
(DOT HS 811 449)

National Highway
Traffic Safety
Administration, 2008
(DOT HS 811 059)

Source

* crashes in which a
vehicle was towed from
the scene
** resulted in hospital
admission
*** out of 21,292
investigated crashes

* crashes in which a
vehicle was towed from
the scene
** resulted in hospital
admission
† value based on original
non-imputed data

* of driver-at-fault crashes
** out of 6,950 ivestigated
crashes

Notes

Note: This table is meant as an overview of reports/estimates of drowsy driving, and does not attempt to cover all studies reporting drowsy driving statistics during the time period.

7.0%*
(3.9%) * †

1.4% *

Traffic Safety Facts

Prevalence of Motor Vehicle
Crashes Involving Drowsy
Drivers, United States, 1999–
2004

3.2% *

all crashes

National Motor Vehicle Crash
Causation Survey: Report to
Congress

Study/report
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fatal
crashes

Author Manuscript

injury
crashes
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Factors That Influence Fatigue and Sleepiness
Circadian Rhythmicity (biological time of day)
◦

A biological clock regulates daily 24-hour rhythms in many aspects of physiology and behavior, including sleepiness-alertness

◦

All other things being equal, sleepiness and fatigue are greatest in the late night/early morning hours

Sleep Inertia
◦

When you first awaken, you are typically not at full alertness

◦

It can take from a few minutes to an hour or more to reach full alertness and cognitive performance levels after awakening

◦

The reduced alertness and cognitive performance in the time between awakening and reaching full alertness is called “sleep
inertia”

◦

The stage of sleep you awaken from, the time of day at which you awaken, how long you have been asleep, and how sleep
deficient you are all influence the duration and degree of sleep inertia

◦

Sleep inertia is most problematic for “on-call” workers who have to perform critical tasks shortly after awakening

Author Manuscript

Time Awake
◦

The longer you are awake, the more sleep pressure you build up

◦

In studies where time awake can be separated from circadian rhythmicity, it is evident that time awake produces a linear increase
in sleepiness/fatigue

◦

During the biological daytime, someone who is well-rested will show a fairly stable level of alertness and performance across a
~14–16 hour wake episode (after sleep inertia has dissipated). This is due to an interaction between time awake and circadian
rhythmicity

◦

Some individuals may experience a “post-lunch dip”, whereby they feel sleepy in the mid-afternoon and then more alert in the
early evening

Sleep-Wake History

Author Manuscript

◦

The amount of sleep and wakefulness over the past days (or weeks) influences fatigue/sleepiness

◦

The quality of recent sleep also contributes to fatigue/sleepiness

◦

Someone who is sleep-deficient (due to poor quality sleep or short sleep duration) will build up sleepiness much more quickly than
someone who is well-rested

◦

The impact of chronic insufficient sleep is often not recognized by the individual experiencing it

Time-on-Task
The duration of performing a task influences fatigue/sleepiness
◦

Mentally or physically challenging tasks will lead to fatigue/sleepiness more quickly than less demanding tasks

◦

Breaks can reduce some of the fatigue related to time-on-task, at least temporarily (but breaks will not change the
amount of fatigue/sleepiness related to time awake)

Medications and Medical Conditions

Author Manuscript

◦

Prescription and over-the-counter medications and medication side effects can influence fatigue and sleepiness directly and
indirectly (by disrupting sleep, thereby leading to daytime sleepiness)

◦

Stimulants temporarily reduce sleepiness, but may make it difficult to sleep, thereby leading to increased sleepiness the following
day

◦

Alcohol increases sleepiness, but interferes with sleep

◦

Pain causes sleep fragmentation and reduces deep sleep, increasing daytime sleepiness and fatigue

◦

Individuals with pulmonary disorders, heartburn, and reflux disorder will have increased symptoms when they lie down, thus
disrupting their sleep and increasing daytime sleepiness and fatigue

◦

Restless legs syndrome (RLS) symptoms increase in the evening and when the individual is at rest, making it difficult to fall
asleep

Rev Hum Factors Ergon. Author manuscript; available in PMC 2016 June 01.

Duffy et al.

◦

Page 47

Sleep disorders disrupt sleep, fragmenting it and often also reducing the time spent in certain sleep stages. This leads to daytime
sleepiness and fatigue. Many individuals with obstructive sleep apnea have not been diagnosed, or do not follow the prescribed
treatment
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Author Manuscript

Elements of a Comprehensive Fatigue Management Plan
Identify causes of fatigue, both in the work environment and outside it
◦

Read available literature and official guidelines to understand what causes fatigue

◦

Review work schedules (duration, timing, days off) and the amount of planned rest, both at and away from work

◦

Look for environmental factors and other causes of fatigue

◦

Consult employees about on-the-job fatigue using interviews, questionnaires, etc.

◦

Consider implementing a sleep disorders screening program

◦

Consider employee health status, lifestyle choices, family obligations, other employment, length of commute, etc. in identifying
sources of fatigue

Evaluate the risk of injuries, errors, and other potential damage caused by fatigue

Author Manuscript

◦

Review past injuries and near misses (including those occurring during travel to or from work) for time-of-day, work shift
duration, and sleep debt effects

◦

Identify high-risk tasks that occur during night or early morning shifts, or at the end of long work periods

◦

Correlate work quality records to work schedules

◦

Estimate the likelihood and total cost of each of the risks

Implement measures to control risks caused by fatigue
◦

Educate workers on the symptoms and effects of fatigue

◦

Plan work schedules to minimize risks from fatigue (including shift start/end times, shift durations, regular overtime, timing and
frequency of days off)

◦

Adjust processes to schedule critical work to when workers are most alert

◦

Implement special considerations for shift workers: shift start and end times (avoid early morning shift starts), transportation after
long shifts, minimize long duration shifts, allow sufficient time off after night shifts

◦

Encourage healthy lifestyles, including scheduling sufficient time for sleep

Review that risk control measures work as planned

Author Manuscript

◦

When changes to work schedules or processes are planned or implemented

◦

After each incident or near miss caused by fatigue

◦

When new information or recommendations become available

Author Manuscript
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