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Sleep deprivation, vigilant attention, and brain function:

a review
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Vigilant attention is a major component of a wide range of cognitive performance tasks. Vigilant attention is impaired by sleep
deprivation and restored after rest breaks and (more enduringly) after sleep. The temporal dynamics of vigilant attention deficits
across hours and days are driven by physiologic, sleep regulatory processes—a sleep homeostatic process and a circadian process.
There is also evidence of a slower, allostatic process, which modulates the sleep homeostatic setpoint across days and weeks and is
responsible for cumulative deficits in vigilant attention across consecutive days of sleep restriction. There are large inter-individual
differences in vulnerability to sleep loss, and these inter-individual differences constitute a pronounced human phenotype.
However, this phenotype is multi-dimensional; vulnerability in terms of vigilant attention impairment can be dissociated from
vulnerability in terms of other cognitive processes such as attentional control. The vigilance decrement, or time-on-task effect—a
decline in performance across the duration of a vigilant attention task—is characterized by progressively increasing response
variability, which is exacerbated by sleep loss. This variability, while crucial to understanding the impact of sleep deprivation on
performance in safety-critical tasks, is not well explained by top-down regulatory mechanisms, such as the homeostatic and
circadian processes. A bottom-up, neuronal pathway-dependent mechanism involving use-dependent, local sleep may be the main
driver of response variability. This bottom-up mechanism may also explain the dissociation between cognitive processes with

regard to trait vulnerability to sleep loss.

Neuropsychopharmacology (2020) 45:21-30; https://doi.org/10.1038/s41386-019-0432-6

INTRODUCTION

The study of vigilant attention in the context of sleep deprivation
has yielded far-reaching insights into the effects of sleep
deprivation on cognition and the brain. The primary focus of this
review is to provide an overview of inter-related findings on sleep
deprivation and vigilant attention, and review how these findings
have shaped our understanding of the neurocognitive effects of
sleep deprivation and, by extension, sleep.

Vigilant attention, also called sustained attention, refers to the
ability to maintain stable, focused attention across a time interval
[1]. Vigilant attention is typically measured with (computerized)
performance tasks requiring responses to target signals. In the
psychology literature, deficits in vigilant attention have been
studied in the context of Signal Detection Theory [2], which
provides a “discriminability” measure of an individual's perfor-
mance on a stimulus detection task while accounting for the
individual's willingness to respond. The concept of discriminability
is directly related to the concept of signal-to-noise ratio [3], which
may be seen as a measure of the fidelity of information processing
in the brain [4]. Deficits in vigilant attention are also commonly
described in terms of the time-on-task effect, or vigilance
decrement, which is a decline in timely or correct responses
across the duration of a vigilant attention performance task [5].

A variety of task paradigms have been used to measure vigilant
attention, including simple reaction time tasks, go/no-go tasks,
and two-alternative forced choice tasks, all of which typically

require subjects to make speeded, accurate responses to visual or
auditory stimuli. Historically, performance tasks employed to study
vigilant attention required responding to relatively infrequently
appearing target signals or events (e.g., occurring less than once a
minute) across extended periods of time (an hour or more) [6].
High workload—operationalized as a relatively high rate of target
signals—can increase the vigilance decrement, so that sensitivity
to deficits in vigilant attention can be retained in shorter tasks by
increasing the stimulus density (although the vigilance decrement
may be reduced again if stimuli are presented as often as every
few seconds) [7]. As such, shorter tasks (less than an hour in
duration) are currently favored in studies of vigilant attention.

Vigilance deficits have previously been posited to be the result
of neural habituation to repeated stimulation [8]. However, studies
based on event-related potentials have cast doubt on this idea [9].
It has also been proposed that the vigilance decrement arises from
under-stimulation or boredom due to the monotonous nature of
stereotypical vigilance tasks [10, 11]. At the level of brain
functioning, though, it is not evident why under-stimulation
would lead to a vigilance decrement. Even more puzzling, from
this perspective, is the pivotal observation that sleep deprivation
causes significant impairment in vigilant attention [12-15] and
acceleration of the vigilant decrement [16-19]. As we shall see,
this phenomenon suggests an alternative explanation for the
vigilance decrement (and an alternative view of what constitutes
“boredom” at the level of brain function).
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Fig. 1 Effects of acute total sleep deprivation and recovery sleep on
vigilant attention. Twenty-six healthy young adults were rando-
mized to a total sleep deprivation condition (n=13) or a control
condition (n=13) in a laboratory study. Subjects in the sleep
deprivation condition had two baseline days with 10-h sleep
opportunities, a 62-h period of total sleep deprivation, and two
recovery days with 10-h sleep opportunities. Subjects in the control
condition had 10-h sleep opportunities every night. A 10-min PVT
was administered repeatedly during scheduled waking periods to
measure vigilant attention. Data show the mean (+ standard error)
number of lapses (defined as response times greater than 500 ms)
on the PVT. Performance was stable across days in the control group
(blue line). In contrast, during the 62-h sleep deprivation period,
subjects had significantly impaired performance, with deficits
increasing across days of total sleep deprivation—modulated by
circadian rhythmicity, such that the number of lapses was highest
during the morning hours; and performance was quickly recuper-
ated following recovery sleep (red line). Tall gray bars represent
sleep opportunities (22:00-08:00) in both conditions; short gray bars
represent sleep opportunities in the control condition only. Figure
adapted from Whitney et al. [122] with permission

Central to several of the findings on sleep deprivation and
vigilant attention is the psychomotor vigilance test (PVT) [20]. The
PVT is a 10-min, one-choice reaction time task that requires
responding—as quickly as possible—to a stimulus appearing at
random, 2-10s inter-trial intervals. Performance on the task can
be quantified by means of the number of lapses of attention
(traditionally defined as the number of response times >500 ms)
[21] and a variety of other outcome measures [22] including the
time-on-task effect (vigilance decrement) [15, 23]. The high
stimulus load and the varying inter-trial intervals require a level
of vigilant attention that appears to be near-optimally sensitive to
impairment due to sleep deprivation. The task has been
characterized in depth [24]. It has no learning curve [25], and
baseline aptitude for the task varies little among individuals [21].
As such, it is well suited for use in studies pursuing frequent,
repeated measurements to probe the temporal dynamics of
vigilant attention.

TEMPORAL DYNAMICS

The timing and duration of periods of sleep and wakefulness are
governed by two key physiological processes [26]. A homeostatic
process—for which the underlying neurobiology is yet to be
elucidated—serves to balance time spent awake with time spent
asleep by building up a pressure for sleep across time spent awake
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and dissipating that pressure across time spent asleep. Simulta-
neously, a circadian process—originating in the biological clock in
the suprachiasmatic nuclei (SCN) of the hypothalamus—produces
a physiological drive for wakefulness during the day and sleep at
night (in humans and other diurnal species) by generating a
pressure for wakefulness during the afternoon and evening and
withdrawing that pressure during the night and early morning.

The difference between the pressure for sleep from the
homeostatic process and the pressure for wakefulness from the
circadian process is a primary determinant of the level of
sleepiness experienced while awake [27]. Although this was first
shown on the basis of self-reported fatigue [28], the interplay
between the homeostatic and circadian processes also drives the
temporal dynamics of vigilant attention, as can be readily
observed in performance on the PVT across a period of total
sleep deprivation [15]. As shown in Fig. 1, vigilant attention
deficits increase across time awake due to the build-up of
homeostatic pressure for sleep, with strong modulation over time
of day due to the waxing and waning of circadian pressure for
wakefulness [29]. As a result of these effects acting in tandem,
performance impairment during a period of acute total sleep
deprivation is greatest during the early to late morning hours
following a night awake, whereas performance is partially restored
during the subsequent afternoon in spite of continuing sleep
deprivation. While these temporal dynamics can be understood
principally as an additive interaction between the homeostatic
and circadian processes, there is evidence that the interaction is
actually synergistic in nature, with the influence of the circadian
process on vigilant attention increasing when homeostatic
pressure is high [30, 311.

In comparison with studies of acute total sleep deprivation,
studies of sustained sleep restriction (i.e., daily sleep curtailment)
have revealed that this two-process understanding of the
temporal dynamics of vigilant attention is incomplete. That is,
based on the effects of the homeostatic and circadian processes
alone (or various other theories of sleep regulation no longer
widely considered), it would be predicted that people could adapt
to sustained sleep restriction rapidly, reaching a steady state of
only mild impairment within a few days and returning to baseline
after only one or two nights of extended recovery sleep [32].
Whereas that is indeed what is observed for self-reported
sleepiness, data from other performance tasks including the PVT
tell a different story [33-36].

Several important observations have stood out. First, there is a
steady build-up of vigilant attention deficits (but not self-reported
sleepiness) across consecutive days of sleep restriction [35].
Second, this build-up is sleep dose-dependent, such that the
balance between wakefulness and prior sleep determines the
build-up rate [37, 38] (see Fig. 2). Third, the deficits are expressed
primarily in the morning hours, while performance in the
afternoon and evening is comparatively little affected (like what
is seen during total sleep deprivation, cf. Fig. 1) [39] (see Fig. 3).
Fourth, recuperation across consecutive days of recovery sleep
following a period of sustained sleep restriction can be slow [34]
(see Fig. 4)—compared to recuperation from much greater vigilant
attention deficits due to acute total sleep deprivation (cf. Fig. 1).
Fifth, the build-up rate of impairment across consecutive days of
sleep restriction [40], or across a period of total sleep deprivation
[41, 42], and the recuperation rate across subsequent days of
recovery sleep [40, 42] depends on prior sleep/wake history (see
Fig. 4).

These observations point to the involvement of another key
physiological process regulating vigilant attention, for which the
temporal dynamics play out more slowly than the homeostatic
and circadian processes (i.e., over days and weeks instead of hours
and days). Mathematical modeling [37] has indicated that this
third process can be seen as an allostatic process [43], which
serves to preserve homeostatic and circadian regulation in the
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Fig. 2 Vigilant attention and self-reported sleepiness under conditions of sustained sleep restriction. Forty-eight healthy young adults were
assigned to 3 days of acute total sleep deprivation (0h time in bed [TIB]; n=13; black) or 14 days of sustained sleep restriction with
randomization to 4 h TIB per day (n = 13; red), 6 h TIB per day (n = 13; yellow), or 8 h TIB per day (n =9; green), in the laboratory. The 10-min
PVT and the Stanford Sleepiness Scale (SSS) [123] were administered repeatedly during scheduled waking periods to measure vigilant
attention and subjective sleepiness, respectively. Data show the daily means (+standard error) for the number of lapses (defined as response
times >500 ms) on the PVT and the self-reported sleepiness score on the SSS, relative to baseline. The horizontal gray bands represent the
mean (tstandard error) in the total sleep deprivation condition following 1 night and 2 nights with 0 h TIB. In the 8-h TIB condition, lapses of
attention were relatively rare and subjective sleepiness was stable and low across the study duration. In the 6 and 4-h TIB conditions, there
was a steady build-up of vigilant attention deficits on the PVT across the 14 days of sleep restriction, in a sleep dose-response manner—such
that impairment in the 4-h TIB condition reached levels equivalent to 2-3 days of acute total sleep deprivation. However, there was no steady
build-up of self-reported sleepiness on the SSS, and no systematic dose-response effect—such that subjective sleepiness in the 4 and 6 h TIB
conditions stabilized at a much lower level than seen in the total sleep deprivation condition. Figure adapted from Van Dongen et al. [35] with

permission
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Fig. 3 Vigilant attention deficits after sustained sleep restriction as a
function of sleep dose and time of day. In a laboratory study, 90
healthy adults were randomized to one of 18 sustained nocturnal
sleep restriction conditions with or without daytime naps of various
durations, with the total sleep opportunity ranging from 4.2 to 8.2 h
per day. A 10-min PVT was administered repeatedly during
scheduled waking periods to measure vigilant attention. Data show
the estimated means for the number of PVT lapses (defined as
response times >500 ms) after 8 days of sleep restriction, relative to
baseline, for daily total time in bed (TIB) of 4.2 h (red), 5.2 h (orange),
6.2h (yellow), and 82h (green). The data reveal that the
dose-response effect of sleep restriction is most pronounced in
the morning hours, while the circadian drive for wakefulness
provides a degree of protected against vigilant attention deficits
in the afternoon (the “wake maintenance zone” [124]). Figure
adapted from Mollicone et al. [39] with permission

face of chronic sleep insufficiency. Another, equivalent way to
understand the third process is that it shifts the setpoint of the
homeostatic process around which the interplay of the pressures
for sleep and wakefulness takes place. Thus, sustained sleep
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Fig. 4 Effects of sustained sleep restriction and prior wake
extension on vigilant attention. In a laboratory study, 24 healthy
young adults were assigned to 7 days of sustained sleep restriction
to 3h time in bed (TIB) per day (SR1-7), followed by 5 days of
recovery sleep at 8h TIB per day (R1-5). In the days prior to the
laboratory study, they were randomized to a week of sleep
extension to 10h TIB per day (n=12; black) or keeping their
habitual sleep schedule (n = 12; red). A 5-min PVT was administered
repeatedly during scheduled waking periods in the laboratory to
measure vigilant attention. Data show the daily means (+standard
error) for the number of PVT lapses (defined as response times
>500 ms). In the prior habitual sleep condition, there was a steady
build-up of vigilant attention deficits across days of sleep restriction,
and a gradual recuperation across recovery days. In the prior sleep
extension condition, however, the build-up of deficits across days of
sleep restriction was attenuated, and recuperation across recovery
days was accelerated. These results show long-term effects of sleep
restriction and extension indicative of an allostatic process
modulating the setpoint of the sleep homeostatic process. Figure
adapted from Rupp et al. [40] with permission
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restriction gradually shifts the homeostatic setpoint, while
consecutive days of extended recovery sleep gradually shift it
back. Interestingly, this means that people’s sleep/wake history
may enduringly influence their baseline state and, as such, their
vulnerability to vigilant attention deficits due to sleep loss
[40, 42, 44].

Vigilant attention is affected by a spectrum of other,
predominantly transient, factors, including ambient temperature,
light exposure, physical activity and posture, hunger, and
environmental noise and other distractions [29]. The influences
of these and other factors are integrated with homeostatic,
circadian, and allostatic processes; recent evidence suggests that
this may occur through orexinergic/hypocretinergic neurons in
the lateral hypothalamus [45]. Vigilant attention is also signifi-
cantly affected by sleep inertia, a brief period of disorientation and
cognitive impairment immediately after awakening from (deep,
non-REM) sleep [46]. The temporal dynamics and underlying
mechanisms of these factors are generally poorly understood, and
they are outside the scope of this paper. They have considerable
practical relevance, though, especially in work settings where
managing vigilant attention is critically important for productivity
and safety.

INTER-INDIVIDUAL DIFFERENCES

There is wide variability among people in how much vigilant
attention performance impairment they exhibit while deprived of
sleep [15, 47-50]. The same inter-individual differences in vigilant
attention performance impairment are seen under conditions of
total sleep deprivation and sustained sleep restriction [51], and
they are quite substantial (see Fig. 5). Importantly, these inter-
individual differences in vulnerability to sleep loss are highly
replicable and stable within individuals [41, 51], indicating that
they are a trait, or phenotype. Furthermore, a study in twins
demonstrated that vulnerability to sleep loss is heritable [52].

Extensive attempts have been made to find predictors of
phenotypic vulnerability to sleep loss. Baseline levels of vigilant
attention performance are to some (limited) extent predictive of
performance impairment during total sleep deprivation [53]; as are
several aspects of brain functioning as characterized through
functional neuroimaging [54], which continue to be the subject of
investigation [55].

Much attention has been paid to genetic predictors of
phenotypic vulnerability to sleep loss, of which several have been
discovered—predominantly genetic variants of genes associated
with adenosinergic mechanisms that may underlie the homeo-
static process [56, 57] and genetic variants of clock genes involved
in circadian rhythmicity [58, 59]. Complex biobehavioral traits tend
to involve multitudes of genes, generally making it difficult to
explain even a small percentage of the observed phenotypic
variance [60]. Nonetheless, vigilant attention impairment due to
sleep loss is a strongly expressed phenotype [61] (see Fig. 5), and
at least one gene has been identified that predicts a relatively
substantial portion of inter-individual variability in psychomotor
vigilance impairment due to sleep loss. This concerns a single
nucleotide polymorphism of the TNFa gene, which was found to
explain 6.4% of the variance in PVT performance during total sleep
deprivation [62]. Moreover, two genetic variants of the dopami-
nergic system—a variable number tandem repeat polymorphism
of the DAT1 gene and a single nucleotide polymorphism of the
DRD2 gene— together explained 15% of the variance in PVT
performance during total sleep deprivation [63].

However, the phenotype of cognitive vulnerability due to sleep
deprivation is not a unitary phenomenon. A surprise finding in the
study that first established inter-individual differences in vulner-
ability to sleep loss as a phenotype [41] was the task-dependence
of the trait. That is, trait inter-individual differences in vigilant
attention deficits as measured on the PVT were not congruent
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Fig. 5 Inter-individual differences in vigilant attention deficits
during periods of total sleep deprivation following two different
conditions for prior sleep/wake history. Twenty-one healthy young
adults were each exposed to 36 h of acute total sleep deprivation in
the laboratory on three separate occasions. In the week prior to
each laboratory sleep deprivation session, subjects were rando-
mized to a week of sleep restriction to 6 h time in bed (TIB) per day
(one session) or sleep extension to 12 h TIB per day (two sessions). A
20-min PVT was administered repeatedly during scheduled waking
periods in the laboratory to measure vigilant attention. Data show
mean (xstandard error) lapses of attention (response times =500
ms), averaged across the final 24 h of each 36-h sleep deprivation
period. While the effect of prior sleep restriction was evident (red),
and consistent with the idea of a shifting homeostatic setpoint due
to prior sleep/wake history, the effect was small compared to
idiosyncratic, trait inter-individual differences in vulnerability to
sleep deprivation (green; 95% range). Trait inter-individual differ-
ences in vulnerability to vigilant impairment due to sleep depriva-
tion dominated the data set, explaining 67.5% of the variance [41]

with inter-individual differences in performance deficits on a
number of other cognitive tasks, and also not with inter-individual
differences in self-reported sleepiness. This paradoxical result
exposed the issue that overall performance impairment on a
cognitive task may be caused by deficits in any of the underlying
cognitive processes—a conundrum known as the “task impurity
problem” [64]. This highlighted the importance of decomposing
task performance into the constituent cognitive processes and
examining the effects of sleep deprivation on these processes
separately [65, 66].

Efforts to explore this issue further revealed that various
cognitive processes, such as working memory scanning, resisting
proactive interference, semantic encoding, and motor action
planning, may be resilient to degradation caused by sleep
deprivation [67-70]—suggesting that performance impairment
from sleep loss on a range of cognitive tasks may be driven
primarily by underlying deficits in vigilant attention [71]. Interest-
ingly, a recent study of human gene expression during total sleep
deprivation suggested a distinction between a large number of
genes for which the expression profiles were non-specifically
influenced by time awake, and a smaller group of genes for which
the expression profiles appeared to be more closely related to the
level of performance impairment on the PVT in particular [72]. It is
currently unknown whether similar gene expression patterns
would emerge with respect to other performance tasks for which
performance impairment reflects deficits in vigilant attention.

These intriguing results aside, at least one other cognitive
process is also greatly affected by sleep deprivation,
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independently from vigilant attention: top-down attentional
control [73]. Sleep deprivation-induced impairments in this
process are believed to underlie deficits in cognitive flexibility,
which are not linked to deficits in vigilant attention and not
predicted by the same genes [74, 75]. More research is underway
to better understand what is unique about attentional control and
the impact of sleep deprivation thereon [76]. At the same time,
though, the question may be asked: what is unique about vigilant
attention?

TOP-DOWN AND BOTTOM-UP REGULATION

Crucial for a deeper understanding of the effects of sleep
deprivation on vigilant attention, and on the brain mechanisms
that subserve vigilant attention performance, is the observation
that sleep loss-induced deficits in performance on vigilant
attention tasks, such as the PVT, are characterized by increased
moment-to-moment variability. This was first recognized as an
increase in exceptionally slow responses (of, say, more than twice
the mean response time) interspersed among otherwise normal,
fast responses on reaction time tasks performed during sleep
deprivation. This observation led to the “lapse hypothesis,” which
posited that performance during sleep deprivation is disrupted by
brief moments of reduced arousal that prevent timely responding
to the task [77]. The lapse hypothesis provides a simple heuristic
for how sleep deprivation leads to increased errors and accidents
in real-world settings [78]. This useful feature notwithstanding,
careful inspection of the distribution of response times on the PVT
(and other vigilant attention tasks) shows a more nuanced picture.
That is, during sleep deprivation the whole response time

Lapse threshold
i (600 ms)
> i
= ! — Baseline
S : — Sleep
g,' ': deprivation
0 200 400 600 800 1000

response time (ms)

Fig. 6 Effect of sleep deprivation on the PVT response time
distribution. Sixteen healthy young adults were each exposed to
38 h of acute total sleep deprivation in the laboratory. A 10-min PVT
was administered repeatedly during the sleep deprivation period to
measure vigilant attention. A histogram of the response times, in
bins of 10 ms each, is shown for daytime performance test times at
baseline (blue) and for the same daytime performance test times
24 h later during sleep deprivation (red). The data show that the
main effect of sleep deprivation is a skewing of the response time
distribution to the right, such that many more response times end
up in the right tail of the distribution. The dashed line denotes the
commonly used threshold defining lapses of attention (i.e., response
times >500 ms). The graph illustrates that the skewing of the
distribution due to sleep deprivation lengthens the slowest
response times and increases the number of lapses considerably.
In contrast, the effects of sleep deprivation on the peak of the
distribution and the fastest response times is much more modest,
and the majority of responses remains in the baseline range
(~200-300 ms for well-rested, healthy young adults). Figure adapted
from Grant et al. [90] with permission
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distribution skews to the right (see Fig. 6). As such, all response
times are affected by sleep deprivation, with the right tail of the
distribution showing the greatest change [14].

This finding gave rise to the “state instability hypothesis,” which
purported that sleep deprivation makes cognitive performance
progressively more variable due to the interaction of escalating
homeostatic pressure for sleep with the waxing and waning of
circadian pressure for wakefulness and a person’s compensatory
effort to continue to perform [15]. This hypothesis is consistent
with the documented neurobiology of global, top-down sleep/
wake regulation. Notable components of this neurobiology
include the ascending arousal system, which mediates the brain’s
arousal and, as such, reflects the homeostatic sleep drive and the
prevailing amount of compensatory effort; the SCN, which
orchestrates circadian rhythmicity and the associated wake drive;
and the ventrolateral preoptic (VLPO) nucleus or “sleep switch,”
which blocks arousal from the ascending arousal system to initiate
sleep [79]. When homeostatic sleep drive is high due to sleep
deprivation, the interaction of these components may result in
rapid fluctuations between wake and sleep states (i.e., state
instability) [80], which could explain the observed skewing of
response time distributions.

Results of neuroimaging studies of the effects of sleep
deprivation on PVT performance support a global (albeit
regionally distributed), top-down perspective on state instability
and the skewing of response time distributions in vigilant
attention performance [54, 81-86]. The restorative effects of
wake-promoting drugs (stimulants) that target neurotransmitter
systems in the ascending arousal system, such as modafinil and
amphetamine [87], are also consistent with this view. However,
the well-known restorative effect of caffeine [88], which at typical
doses (in the 100-200 mg range) acts predominantly as an
adenosine antagonist, is not readily explained in terms of global,
top-down sleep/wake regulation.

Moreover, if the effects of sleep deprivation are solely globally
mediated, the impact of sleep deprivation would not be expected
to differ fundamentally between cognitive processes, nor should
there be any profound task-dependence of inter-individual
differences in vulnerability to sleep loss. A global, top-down
perspective on vigilant attention also does not provide a
parsimonious explanation for one of the most prominent features
of impaired vigilant attention, i.e., the vigilance decrement or
time-on-task effect. The key to understanding these issues may lie
in a more detailed investigation of the time-on-task effect during
sleep deprivation and adapting a bottom-up perspective on
vigilant attention.

VIGILANCE DECREMENT AND LOCAL, USE-DEPENDENT SLEEP
The vigilance decrement involves a gradual degradation of
performance across the duration of a vigilant attention perfor-
mance task [5]. The homeostatic and circadian processes that
drive the temporal dynamics of vigilant attention interact with the
time-on-task effect, amplifying the time-on-task effect when the
homeostatic drive for sleep is high and the circadian drive for
wakefulness is low [15, 16, 18, 89, 90] and as a function of
consecutive days of sleep restriction [19] (see Fig. 7). Rest breaks
provide recuperation from the time-on-task effect [91, 92], as do
brief periods of engagement in a different task [92, 93]. The
temporal dynamics of such breaks have not been well character-
ized—e.g., it is unclear how much time is needed to reset the
time-on-task effect—but even relatively short breaks can be quite
effective. The underlying mechanisms are a topic of debate
[94, 95].

Although often described as a gradual decline in the mean level
of performance across the duration of a vigilant attention task, the
vigilance decrement actually entails an increase in response
variability as a function of time-on-task [96]. Under conditions of
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Fig. 7 Effect of sustained sleep restriction on the time-on-task
effect. Following a baseline period, 66 healthy young adults were
assigned to 7 days of sustained sleep restriction or extension, with
daily time in bed (TIB) randomized to 3h (n=18; red), 5h (n=16;
orange), 7 h (n = 16; green), or 9 h (n = 16; blue), which was followed
by 3 days of recovery sleep at 8h TIB daily. A 10-min PVT was
administered repeatedly during scheduled waking periods to
measure vigilant attention. Data show average response times per
1-min bin (not drawn to scale on the time axis) during a baseline day
(BL), during the 7 days of experimental sleep restriction or extension
(E1-7), and during the 3 recovery days (R1-3). In each of the
conditions, there was a general increase of the 1-min average
response time across the 10-min task duration, which was reset by
the rest breaks between the test bouts. This time-on-task effect was
exacerbated as a function of consecutive days of sleep restriction,
with shorter sleep durations corresponding to greater time-on-task
effects in a dose-response manner. The time-on-task effect was
diminished across consecutive recovery days. Figure adapted from
Van Dongen et al. [19] with permission

sleep deprivation, the increase in response variability over time-
on-task is accelerated [15]. The effects of sleep deprivation and
time-on-task on response variability are thus similar and interact-
ing—and also involve overlapping brain areas as seen in
functional neuroimaging experiments [97]—which has been
interpreted as evidence that these effects may essentially be the
same [19]. However, whereas the time-on-task effect can be
overcome by a mere rest break, the effect of sleep deprivation can
only be undone by a period of sleep.

This paradox may be resolved by considering “local sleep
theory,” which posits that sleep may be expressed locally in the
brain—at the level of neuronal/glial assemblies, such as cortical
columns—in a bottom-up, use-dependent manner [98]. In the
local sleep state, neuronal/glial assemblies show synchronized
firing patterns typical of the sleeping brain, with short bursts of
high activity followed by brief periods of inactivity that are
characteristic of slow wave sleep [99-101]. Furthermore, they
show altered neuronal input-output relationships resulting in
high-amplitude evoked responses typical of the sleeping brain
[102], which are reversible and show homeostatic and use-
dependent properties that are also typical of the sleeping brain
[102-104]. However, they can do so independent of the states of
neighboring neuronal/glial assemblies and independent of
the global brain state [102]. For a review of local sleep theory,
see ref. [98].

Local sleep theory’s relevance for vigilant attention has been
illustrated in a whisker-twitching experiment in rats, in which
specific whisker barrels (i.e., cortical columns) exhibited evoked
responses characteristic of sleep, while other whisker barrels
simultaneously exhibited evoked responses characteristic of
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wakefulness and while the whole organism was functionally
awake. The probability of a whisker barrel entering the local sleep
state increased with time spent in the wake state and the intensity
of stimulation of the associated whisker, indicating a homeostatic,
use-dependent process [102]. Notably, rats trained to monitor and
respond to stimulation of a specific whisker showed greater
performance impairment (more failures to respond) when the
corresponding whisker barrel had been driven into the local sleep
state [103]. Similarly, in humans implanted with intracranial
electrodes to record single neurons, local changes in neuronal
activity were observed immediately prior to lapses of attention on
the PVT [105]. Collectively, these results suggest that repeated
stimulation of the same neuronal circuitry produces local sleep in
that circuitry, which results in degraded information processing
and increased variability in task performance [19].

This bottom-up perspective on performance impairment in
vigilant attention tasks may explain a number of otherwise
unexplained phenomena at the intersection of human vigilant
attention and sleep deprivation [106]. Although task performance
in humans is unlikely to rely critically on information processing by
only a single cortical column, there are components of cognitive
pathways with relatively sparse circuitry—such as visuospatial
mental operations in the precuneus and posterior cingulate cortex
[107]—which represent a potential bottleneck for cognitive
processing. Extended and/or intensive use of such circuitry
through sleep deprivation and/or task performance may result
in expression of local sleep and consequent degradation of
information processing, leading to a steady increase in perfor-
mance instability [19]. This would explain the pervasive link
between the vigilance decrement and monotony (i.e., persistent
use of the same brain circuitry) [108, 109], and suggests that what
is commonly experienced as “boredom” during monotonous tasks
may actually be an epiphenomenon of the occurrence of
local sleep.

During a rest break (or after switching to another task not
critically affected by the same bottleneck for cognitive proces-
sing), the specific circuitry involved in the prior task can recover
through local sleep (without any overt impact, since that circuitry
is no longer being relied upon). Thus, a rest break may be
conceptualized as an opportunity for local sleep to overcome the
time-on-task effect, functionally equivalent to how global sleep
overcomes the overall effect of sleep deprivation on cognitive
performance.

People may vary in the degree of sparsity of circuits that are
potential bottlenecks for cognitive processing. That is, they may
differ from each other in how much or how little redundancy there
is in the capacity to process information—and this level of
redundancy (or “cognitive capacity”) may be dissimilar across
distinct circuits in a given individual’s brain. This would provide a
plausible explanation for why different cognitive processes are
found to be differentially affected by sleep deprivation [66] and
why there is considerable task-dependence in the inter-individual
differences in vulnerability to sleep deprivation [55]. It has also
been suggested as an explanation for developmental changes in
vulnerability to vigilant attention performance impairment in
adolescents [110].

Furthermore, local sleep theory predicts that the effect of sleep
deprivation on cognitive performance is modulated by informa-
tion processing load (or “task load”). For example, it has been
shown that performance deficits on a visual short-term memory
task occur especially in individuals who fail to maintain baseline
levels of brain activation in the precuneus and posterior cingulate
cortex (as observed through functional neuroimaging) while sleep
deprived and under high processing load [111]—presumably
because these individuals have less redundancy in that task-
critical neuronal circuitry and thus suffer the consequences of
local sleep induced by sleep deprivation and information
processing load more strongly [55].
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Fig. 8 Conceptual model pertaining to the effects of sleep deprivation on vigilant attention. Left: The ascending arousal system (AAS)
promotes global arousal throughout the cortex by means of wide-ranging projections (red pathways). These projections originate from
cholinergic structures in the brainstem (PPT, pedunculopontine tegmental nucleus; LDT, laterodorsal tegmental nucleus) and basal forebrain
(BF), monoaminergic structures in the BF and hypothalamus (e.g., LC locus coeruleus; TMN tuberomammillary nucleus; raphe nuclei), and
orexinergic/hypocretinergic neurons in the lateral hypothalamus (LH), modulated by circadian rhythmicity generated in the suprachiasmatic
nucleus (SCN). The strength of arousal from these projections, through interaction between cortical glutamatergic excitatory neurons, and
GABAergic inhibitory neurons in the cortex (not shown), instantiates the homeostatic and circadian processes reflecting prior wakefulness and
time of day and mediates the propensity for local sleep at the level of neuronal/glial assemblies. This propensity is manifested as a consequence
of intense neuronal use in support of information processing during vigilant attention task performance, in task-activated cortical areas such
as the precuneus (magnifying glass). Right: Information processing in a neuronal/glial assembly triggers a series of biochemical processes that
induce the local sleep state. Synaptic transmission is associated with increased local metabolic activity and energy transfer and release of
adenosine triphosphate (ATP) from presynaptic neurons and glial cells into the extracellular space. Breakdown of extracellular ATP to recover
the energy captured in the phosphoryl groups results in use-dependent accumulation of adenosine. Binding of adenosine at postsynaptic
adenosine receptors (P1R purine type 1 receptors) promotes local sleep, thereby fundamentally altering the neuronal assembly’s synaptic
transmission. As a consequence, the fidelity of task-relevant information processing is degraded in a use-dependent manner, modulated by
the strength of subcortical arousal from the AAS. This gives rise to the time-on-task effect (vigilance decrement) in interaction with the
homeostatic and circadian processes. A rest break (or switching to a task that does not intensively use the same neuronal/glial assemblies)
allows adenosine levels to decay (e.g., through the enzymatic action of ADA, adenosine deaminase), thereby resetting the time-on-task effect.
Binding of ATP, prior to breakdown, to purine type 2X7 receptors (P2X7R) leads to release of a cascade of sleep regulatory substances (SRSs),
such as interleukin-14 (IL-1p), tumor necrosis factor o (TNFa), and brain-derived neurotrophic factor (BDNF). Sustained wakefulness allows SRSs
to accumulate and, via their receptors and nuclear factor kB (NF-kB), causes the density of postsynaptic adenosine receptors to increase. This
leads to a build-up of the propensity for use-dependent local sleep across consecutive days of wake extension. Across days of recovery sleep,
adenosine receptors downregulate and the baseline propensity for local sleep is gradually restored. Left and right: Through mechanisms yet to
be elucidated, accumulation of SRSs across the cortex reflecting the collective states of neuronal/glial assemblies is signaled to subcortical
circuits (transparent downward arrows), influencing in particular the ventrolateral preoptic nucleus (VLPO). In response, the VLPO blocks the
AAS and induces local sleep across the whole cortex (i.e., global sleep), which enables restoration of baseline SRS concentrations and allows
recuperation from prior information processing deficits across neuronal/glial assemblies. Figure adapted from a schematic in Van Dongen
et al. [19], with visual elements derived from Saper et al. [79] and Davis et al. [125]

This same line of reasoning may provide an explanation for the
counterintuitive observation that performance on the relatively brief
(i.e, 10-min) PVT is more sensitive to sleep deprivation than
performance on classical vigilant attention performance tasks with
infrequent critical signals and much longer task duration. Specifi-
cally, the PVT has a much higher stimulus density and thus presents
a greater information processing load, persistently engaging the
same neuronal circuitry [19]. Intriguingly, it would follow that the
PVT has been such a useful tool for research on sleep deprivation
and vigilant attention [24] because it probes the susceptibility of a
key attentional network in the brain to local sleep by very effectively
inducing local sleep in that network, with definite, readily
interpretable consequences for the response time distribution.

This theoretical account of sleep deprivation and vigilant
attention has been supported by research based on cognitive
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modeling [112, 113]. Additionally, a (simplified) model for the
neurobiological underpinnings, which combines bottom-up and
top-down views on vigilant attention, has been proposed (see
Fig. 8).

FUTURE RESEARCH DIRECTIONS

The conceptual model shown in Fig. 8 of the neurobiological
underpinnings of vigilant attention deficits and the impact of
sleep deprivation, time-on-task, rest breaks, and recovery sleep is,
of course, an oversimplification of the mechanisms underlying
sleep regulation and cognition. Modern experimental techniques
such as optogenetics and chemogenetics are sketching an
increasingly complex picture of the regulatory mechanisms
involved [45, 114]. Nonetheless, evidence has been accumulating
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for many of the individual components of the model in Fig. 8, such
as the top-down regulation of neuronal activity by the homeo-
static and circadian processes [115], the bottom-up, use-
dependent drive for local sleep in neuronal/glial assemblies
[102], the variability in cognitive processing due to local sleep
[103], the binding of extracellular ATP to purine type 2 (X7)
receptors [116], key aspects of the signaling mechanisms involving
sleep regulatory substances [117, 118], and the upregulation of
purine type 1 (A;) receptors in response to prior sleep loss [119].

Even so, the proposed neurobiological integration of the
bottom-up and top-down aspects depicted in Fig. 8 awaits
experimental confirmation. This facet of the model could be
investigated, for example, by measuring performance on a
sequence of alternating cognitive tasks, one being a vigilant
attention task, such as the PVT, and another being a task
associated with intense use of a different neuronal pathway,
during sleep deprivation. By comparing the result with sleep-
deprived performance on just the PVT, extended to match for total
duration of performance testing, the interaction between bottom-
up, use-dependent regulation of the time-on-task effect and top-
down, homeostatic regulation of the sleep deprivation effect
would be exposed.

The model of Fig. 8 would predict that continued testing on the
extended PVT results in progressively worsening performance (per
the time-on-task effect), as has been found [120]. However, even if
the other task exhibits a time-on-task effect also, the model would
not predict that performance would continue to worsen across the
sequence of alternating tasks. Rather, it would predict that
temporarily engaging in the other task allows the neurons
specifically used intensively in the PVT to recover so as to reset
the time-on-task effect. Thus, the other task would effectively
serve as a “rest break” for the PVT. If this prediction does not hold
true, then the model needs to be revised.

Several other important implications to the specifics of the
interplay between local and global processes remain to be
investigated. For example, if performance of a vigilant attention
task, such as the PVT, induces the local sleep state, does that then
also influence the global homeostatic process, such that repeated
performance of the PVT across a period of sleep deprivation would
accelerate the build-up of sleep pressure (as compared to not
performing the task during sleep deprivation)? And if so, what is
the signaling mechanism for this local-to-global interaction? Also,
would it work the same way for performance tasks that do not
require much vigilant attention, but rather rely critically on, say,
attentional control or emotional control? Might this explain why a
day full of social interaction can make one feel particularly sleepy?
And could addressing these issues shed any light on why
sustained sleep restriction leads to cumulative deficits in cognitive
performance, but not in homeostatic sleep markers (e.g., delta
power in the non-REM EEG or theta power in the waking EEG
[32, 35])—suggesting a fundamental distinction between the
regulation of sleep and wakefulness versus the regulation of
waking alertness and performance?

Sleep deprivation represents a powerful, reversible intervention
that allows for the probing of vigilant attention and other aspects
of cognition, as well as the underlying mechanisms [61, 73].
Ultimately, research on sleep deprivation, vigilant attention, and
brain function may help to determine fixed and/or malleable
connections between specific neuronal pathways with specific
cognitive processes, which may yield new insights with respect to
the elusive mind-body problem [121].
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