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Sleep deprivation and neurobehavioral dynamics
Mathias Basner1, Hengyi Rao1,2, Namni Goel1 and David F Dinges1
Lifestyles involving sleep deprivation are common, despite
mounting evidence that both acute total sleep deprivation and
chronically restricted sleep degrade neurobehavioral functions
associated with arousal, attention, memory and state stability.
Current research suggests dynamic differences in the way the
central nervous system responds to acute versus chronic sleep
restriction, which is reflected in new models of sleep–wake
regulation. Chronic sleep restriction likely induces long-term
neuromodulatory changes in brain physiology that could
explain why recovery from it may require more time than from
acute sleep loss. High intraclass correlations in
neurobehavioral responses to sleep loss suggest that these
trait-like differences are phenotypic and may include genetic
components. Sleep deprivation induces changes in brain
metabolism and neural activation that involve distributed
networks and connectivity.
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growing awareness of these risks, current surveys indicate
that 35–40% of the adult US population chronically
restrict their sleep to less than 7 hours on weekday nights
[9], primarily for lifestyle reasons [10]. This makes
chronic sleep restriction more common in modern cultures than acute total sleep deprivation, and it highlights
the need to understand the dynamics of neurobehavioral
changes induced by chronic sleep restriction intermittently followed by extended sleep for recovery [3]. Below
we focus on recent scientific evidence on human neurobehavioral differences in response to acute total versus
chronic partial sleep deprivation and the implications for
the two-process model of sleep–wake regulation; phenotypic and genotypic factors related to responses to sleep
deprivation; and neuroimaging evidence for the neural
basis of the behavioral effects of sleep deprivation.

Chronic sleep restriction induces cumulative
neurobehavioral deficits
Increased scientific focus on dynamic changes in sleep
physiology and waking neurobehavioral functions during
sleep restriction and recovery has revealed that the results
of decades of experiments on acute total sleep deprivation cannot be used to precisely predict the effects of
chronic partial sleep restriction. Although the former
experiments are more cost-effective to perform than
the latter, and hence more common, experiments on
chronic sleep restriction have revealed the importance
of much longer time constants in the biology of sleep
homeostasis and waking functions.

For a complete overview see the Issue and the Editorial
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Introduction
Sleep as an adaptive state of dormancy is found widely
throughout the animal kingdom [1]. Although its biological and behavioral functions have not been fully
understood, there is substantial evidence that human
sleep must be of sufficient duration and physiological
continuity to ensure coherent levels of waking alertness,
attention, cognitive performance and neurobehavioral
effectiveness [2–4], and to avoid predisposing humans
to adverse health outcomes [5]. Epidemiological evidence has linked habitually short sleep duration to excessive sleepiness, accidents, cognitive deficits, and more
recently to increased risk of obesity [6], diabetes [7],
hypertension [8], and all-cause mortality. Despite
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A decade ago, well-controlled sleep-dose–response
experiments found that chronic restriction of sleep to
between 3 hours and 7 hours time in bed per 24 hours, for
a period of 1–2 weeks, resulted in near-linear declines
across days in behavioral alertness and cognitive performance [11,12]. The rate of these cumulative changes varied
systematically with the degree of sleep restriction.
The experiments also revealed that no matter what
psychometric scales were used, participants subjectively
underestimated the growing degradation of their neurobehavioral functions across days of sleep restriction [12].
Since then, the effects of chronic sleep restriction on
human biology and behavior have been extensively replicated and expanded [4,13,14,15–18,19,20–22]. This
has included experiments confirming that the neurobehavioral effects of chronic sleep restriction are modulated
by endogenous circadian phase — manifesting most
severely at times of circadian ‘night’ [23–25].
Remarkably, the cumulative deficits in vigilant attention
performance that developed over 14 nights of sleep
www.sciencedirect.com
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restricted to 4 hours per night were comparable to those
recorded after 3 nights (64–88 hours) of total sleep
deprivation [12], indicating that chronic partial sleep
loss has the potential to induce waking brain deficits
equivalent to even the most severe total sleep deprivation. These findings also suggested that the neurobiology underlying the behavioral effects of chronic
sleep debt could continue to undergo long-term
changes. Further evidence of such long time constants
in homeostatic sleep pressure manifesting in waking
neurobehavioral functions comes from an experiment
by Rupp and colleagues [26] in which the amount of
baseline nightly sleep obtained before chronic sleep
restriction affected both the rate at which behavioral
and physiological alertness was degraded and the rate at
which these deficits were reversed by repeated nights of
recovery sleep.

Neurobehavioral consequences of sleep loss
Both acute total and chronic partial sleep deprivation
induce neurobehavioral changes in humans beyond subjective sleepiness, despite motivation to prevent these
effects. The most reliable changes include increased
lapses of sustained attention (i.e., errors of omission)
and compensatory response disinhibition (i.e., errors of
commission); psychomotor and cognitive slowing; working memory deficits; slow eyelid closures; and reduced
physiological latency to sleep, even when it is being
resisted [3,4]. A recent experiment by Lo and colleagues
[14], and a meta-analysis [27], have called into question
the claim that sleep loss primarily degrades executive
functions and reasoning. High-order cognitive functions
can be diminished by sleep loss, but when this occurs, it is
likely mediated by deficits in the ability to sustain wakefulness, alertness, attention, and to respond accurately in
a timely manner. Moreover, sleep deprivation may prevent the now well-documented benefits of sleep for
memory consolidation [28].
The most sensitive measures of sleep loss appear to be
those that precisely track moment-to-moment changes in
neural indicators of state (especially EEG, EOG, and
functional magnetic resonance imaging (fMRI)), or behavioral indicators of the stability of sustained attention,
such as the psychomotor vigilance test (PVT). The latter
has proven to be among the most sensitive measures of
acute and chronic sleep loss [2,29] in part because it
prevents compensatory stimulation and lacks the aptitude
and learning affects that confound other cognitive
measures. It also has the advantages of reflecting performance that has ecological validity (i.e., vigilant attention is required for learning, safe driving, etc.). These
characteristics and performance parameter optimizations
make the new brief PVT-B a rapid assay for tracking the
dynamic interaction of sleep homeostatic drive and circadian phase relative to sleep loss [30]. As importantly,
rodent versions of the PVT have recently been developed
www.sciencedirect.com

and validated to be sensitive to both acute total sleep
deprivation [31] and chronic partial sleep loss [32], enhancing feasibility of translational studies.

Sleep deprivation and the two-process model
According to the two-process model [33] sleep–wake
behavior is regulated by a homeostatic process S (integrating pressure for sleep during wakefulness that dissipates during sleep) and a circadian process C
(modulating sleep pressure depending on time of day).
The two-process model is a theoretical and mathematical
description of sleep–wake dynamics [34]. It predicts that
the homeostatic drive for sleep decays during sleep at a
much faster exponential rate than its build-up during
wakefulness, as putatively reflected in the intensification
of sleep EEG slow wave activity (SWA). The accelerated
recovery is evident in sleep SWA increasing well above
pre-deprivation (baseline) levels after acute total sleep
deprivation. A recent study by Banks and colleagues
[13] revealed that this SWA response was much less
dramatic following chronic partial sleep deprivation,
accumulating modestly as sleep duration increased,
exceeding pre-deprivation (baseline) levels only when
sleep duration was increased to approximately 9–
10 hours. This finding is supported by recent experiments
on recovery responses in chronically sleep-deprived rats
[35,36], and humans [21,37–39]. Thus, both recovery
sleep duration and elevated SWA are correlated with
essential neurobiological elements of sleep homeostatic
response and recovery. Critical questions that remain to
be answered include: first, why some neurobehavioral
functions (e.g., subjective sleepiness) recover much faster
than others (e.g., PVT performance stability) and second,
whether ‘recovery’ actually ‘resets’ the sleep homeostatic
drive, or whether it harbors underlying neurobehavioral
vulnerability to further sleep loss. Both of these issues are
major gaps in our current understanding of the meaning of
‘recovery.’
While the neurobiology underlying escalating behavioral
deficits induced by chronic partial sleep deprivation
remains to be discovered, a promising advance recently
has been made on the neurobiology of the two-process
model prediction of a nonlinear interaction between
process S and process C, which produces the dynamic
modulation of neurobehavioral functions during acute
total and partial sleep deprivation [23,24]. A new report
from Paul Franken’s laboratory [40] provides evidence
that forebrain expression of the clock gene PER2
responds to both sleep loss and time of day, making it
a prime candidate for integrating C and S processes in the
expression of neurobehavioral profiles during sleep loss.

Mathematical modeling of neurobehavioral
dynamics
Modifications of the mathematical models based on the
two-process model have been underway for two decades,
Current Opinion in Neurobiology 2013, 23:854–863
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Importantly, this revised two-process model predicts a
critical amount of daily wake duration of 20.2 hours. If
daily wake duration is above 15.8 hours [12] but below
20.2 hours (corresponding to a total sleep time of 3.8–
8.2 hours), the model converges over a period of weeks
to an asymptotically stable equilibrium (i.e., performance impairment will stabilize). If daily wake duration is
above 20.2 hours, the model diverges from an unstable
equilibrium and, similar to acute total sleep deprivation,
performance impairment escalates [42]. The model
also predicts the recent findings of Banks et al. [13]
that a single night of recovery sleep is inadequate to
recover from a prolonged period of sleep restriction
(Figure 2). McCauley et al. speculate that adenosine
receptor up-regulation (wakefulness) and down-regulation (sleep) could constitute the underlying neurobiological mechanism of longer time constants for
behavioral changes from chronic partial sleep restriction
[42].

Figure 2
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Fatigue Risk Management Systems [41]. Among the
challenges to these applications is that the two-process
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the two-process model belongs to a broader class of
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modulating the homeostatic process across days and
weeks to better reflect the neurobehavioral changes
observed under both acute total and chronic partial sleep
loss (Figure 1).
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Lapses of attention (reaction times 500 ms) on a 10-minute
psychomotor vigilance test (PVT) during a period of sleep restriction (5
nights with 4 hours time in bed [TIB], SR1-SR5, N = 142 subjects, left
panel) and on the day after one ‘recovery’ night that varied by six
different sleep doses (0 hours, 2 hours, 4 hours, 6 hours, 8 hours,
10 hours TIB, right panel). PVT performance lapses on B2 (10 hours TIB)
are also shown as a black horizontal line in the right panel for the group
with restricted sleep. The control group (white diamonds, N = 17)
received 10 hours TIB on all nights throughout the protocol. PVT lapses
increased in a near-linear fashion during sleep restriction, further
increased in a sleep-dose dependent manner after one night of 0 hours
(N = 13), 2 hours (N = 27), or 4 hours (N = 29) TIB, and decreased in a
sleep-dose dependent manner after one night of 6 hours (N = 25),
8 hours (N = 21), or 10 hours (N = 27) TIB. However, performance did not
return to baseline levels even after a sleep dose of 10 hours TIB in the
recovery night, suggesting that a longer TIB or more than one night are
needed to fully recover from this degree of chronic sleep restriction. The
figure is based on data from Banks et al. [13].

Neurobehavioral performance observations and predictions by different models. A total of 48 healthy young adults were subjected to one of four
laboratory sleep deprivation protocols [12]. Each protocol began with several baseline days involving 16 hours scheduled wake time (SWT)/8 hours
time in bed (TIB); the last of these baseline days is labeled here as day 0. Subsequently, 13 subjects were kept awake (24 hours SWT/0 hours TIB) for
three additional days, for a total of 88 hours awake (left panels), after which they received varied amounts of recovery sleep (not shown). The other
subjects underwent various doses of sleep restriction for 14 consecutive days, followed by two recovery days with 16 hours SWT/8 hours TIB (right
panels). The sleep restriction schedule involved 20 hours SWT/4 hours TIB per day for 13 subjects (circles; red); 18 hours SWT/6 hours TIB per day
for another 13 subjects (boxes; yellow); and 16 hours SWT/8 hours TIB per day for the remaining nine subjects (diamonds; green). Awakening was
scheduled at 07:30 each day. Neurobehavioral performance was tested every 2 hours during scheduled wakefulness using the PVT, for which the
number of lapses (reaction times greater than 500 ms) was recorded. (a) Observed neurobehavioral performance (PVT lapses) for each test bout
(dots represent group averages). The first two test bouts of each waking period are omitted in order to avoid confounds from sleep inertia. Gray bars
indicate scheduled sleep periods. (b) Corresponding performance predictions according to the two-process model [34], linearly scaled to the data.
Data points represent performance predictions at wake onset. Thin curves represent predictions within days, but the focus here is on changes
across days (dashed lines). Note the rapid stabilization across days predicted to occur in the chronic sleep restriction conditions (right panel), which
does not match the observations shown in (a). (c) Corresponding predictions according to the model introduced by McCauley et al. [42] as defined
by their Eqs. (21) and (26). Note the improved fit to the experimental observations across days for total sleep deprivation (left panel), as well as for the
20 hours SWT/4 hours TIB condition (right panel). Performance impairment in the 18 hours SWT/6 hours TIB and 16 hours SWT/8 hours TIB
conditions (right panel) is under-predicted. However, the group-average impairment levels observed for these conditions are inflated due to a few
outliers [12]. Figure and caption modified based on J Theor Biol 256 (2009) 227–239, McCauley P, Kalachev LV, Smith AD, Belenky G, Dinges DF,
Van Dongen HPV, A new mathematical model for the homeostatic effects of sleep loss on neurobehavioral performance, Copyright 2009, with
permission from Elsevier.
www.sciencedirect.com
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Phenotypic differential vulnerability to sleep
loss

Figure 3
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Inter-individual differences in the vulnerability to sleep loss (DF Dinges,
unpublished data). The three male subjects in panels a–c performed a
10-minute psychomotor vigilance test (PVT) every 2 hours during an 88h period of acute total sleep deprivation. The green horizontal line
reflects 5 lapses (RTs  500 ms), and the blue bars indicate the period
from 00:00 hours to 08:00 hours each day of deprivation. (a) This
subject demonstrated a type 1 response, indicative of resilience to the
effects of sleep loss. He had more than 5 PVT lapses during only three
test bouts in the period between 06:00 hours–08:00 hours near 24 hours
and 48 hours awake. (b) This subject was somewhat vulnerable to the
effects of total sleep deprivation (type 2 response), with more lapses
during the night, but substantial improvement of PVT performance
during the daytime (i.e., circadian rescue). (c) This subject was very
vulnerable to the effects of sleep loss (type 3 response). PVT lapses
were evident early in deprivation (which began for all subjects after a
final baseline night of 8 hours sleep disrupted by blood draws from an
indwelling venous catheter every 1.5 hours). As deprivation continued
Current Opinion in Neurobiology 2013, 23:854–863

Recent evidence from our laboratory as well as from other
groups has indicated large and highly replicable, trait-like
individual differences in the magnitude of homeostatic
sleep responses and waking measures of fatigue, sleepiness, and cognitive performance to both acute total
[43,44] and to chronic partial sleep deprivation
[12,45,46,47]. While some individuals are highly
vulnerable to performance deficits when sleep deprived,
others show remarkable levels of neurobehavioral resistance to sleep loss, and the remainder display intermediate
responses [44,48] (Figure 3). Thus far, our laboratory
studies indicate these responses occur as a normal distribution [43], which suggests they may be a polygenetic
trait. However, our laboratory distribution may not reflect
the distribution of responses in the general population,
due to the self-selection bias of studies relying on volunteers (i.e., people are more likely to volunteer for sleep
deprivation experiments if they feel they can cope with
the sleep loss). Thus far, these differences have not been
found to be evident in neurobehavioral functions at baseline when subjects are fully rested. Rather, inter-subject
variability in waking measures of sleep loss (e.g., state
instability evident in PVT lapse rates [2]) increases
systematically as homeostatic pressure for sleep increases
during acute and chronic sleep deprivation, exposing
inter-subject differential vulnerability.
It is not known whether the same individuals vulnerable
to the adverse neurobehavioral effects of chronic partial
sleep deprivation are also vulnerable to acute total sleep
deprivation. Some studies have reported differences in
behavioral, sleep homeostatic and/or physiological
responses to chronic partial versus acute total sleep loss
[12,15,49]. A few studies have systematically examined
the same subjects undergoing both acute total and chronic
partial sleep deprivation [14,16–18,19]. However, they
report inconsistent results, likely due to small sample
sizes, different populations, varying doses of sleep restriction, and different outcome measures.
The neurobiological bases of phenotypic differential
vulnerabilities to sleep loss are unknown. Thus far, they
have not been accounted for by demographic factors, IQ,
habitual sleep duration, and psychometric scales [50].
However, the stable, trait-like inter-individual differences observed in response to acute total sleep depri-

into the first night, his lapse rates escalated to very high levels. These
inter-individual differences in vulnerability to sleep deprivation on a
sensitive vigilant attention task were not accounted for by demographic
factors, IQ or sleep need. Other studies of large numbers of healthy
adults studied during chronic partial sleep deprivation also reveal
systematic inter-individual differences in neurobehavioral vulnerability
to sleep loss that have thus far have not been found to be predictable
with psychometric scales [50].

www.sciencedirect.com
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vation have yielded intraclass correlation coefficients
accounting for 58–92% of the variance in neurobehavioral
measures [43,44,51], which strongly suggests an underlying genetic component. Common genetic polymorphisms involved in sleep–wake, circadian, and cognitive
regulation may underlie the large phenotypic differences
in neurobehavioral vulnerability to sleep deprivation in
healthy adults [3,50,52]. Two examples — one from a
genetic variation involved in circadian regulation and
one from a genetic variation involved in cognitive regulation — illustrate this point.

loss [53,54]. More recently, we found that this polymorphism related to individual differences in sleep homeostatic
responses, but not to performance responses to chronic
partial sleep loss [45]. By contrast, two very recent
studies [14,20] reported that PER3 is related to individual differences in neurobehavioral responses to sleep
restriction. It remains uncertain whether differences in
important methodological details — including the need
for much larger replicate subject samples — underlie the
discrepancies relative to PER3 as a marker for neurobehavioral vulnerability to sleep loss.

The PERIOD3 VNTR polymorphism (PER3) has been
reported by Derk-Jan Dijk’s laboratory to be associated
with individual differences in sleep homeostatic and
executive performance responses to acute total sleep

More work is needed on other potential genotypic markers of phenotypic vulnerability to sleep loss. We
recently reported that the Catechol-O-Methyltransferase
(COMT) Val158Met polymorphism predicted individual

Figure 4

Non-vulnerable

Vulnerable

Intraparietal Sulcus

(a)

L : -24, -64, -34; R: 27, -52, 40
3.0

2.5

2.5

2.0

2.0

1.5
1.0
0.5

A

A

3.0

Signal

Signal

R

25
Contrast (%)

50

3.0

2.5

2.5

2.0

2.0

Signal

Signal

3.0

1.5
1.0
0.5

50

1.5
1.0
0.5
0.0

0.0
5

25

50

5

Mean Activity
SD

25

50

Contrast (%)

Contrast (%)
Mean Activity
RW

25
Contrast (%)

L : -39, -73, -14; R : 36, -82, -5

R

z = -8

5

Inferior Occipital Cortex

(b)

B

0.0
5

B

1.0
0.5

0.0

z = 40

1.5

Mean Activity
+ 0.5s Delay RW

Mean Activity
+ 0.5s Delay SD
Current Opinion in Neurobiology

Inter-individual differences in the brain activation responses to a night of total sleep loss. Twenty healthy young adults were scanned twice in the MR
scanner while they performed visual selective attention tasks. One scan was at rested wakefulness (RW) after a normal night’s sleep, the other scan
was after one night of acute total sleep deprivation (SD). The 20 subjects were median split into Vulnerable and Non-vulnerable (Resilient) groups,
according to their change in PVT performance after sleep deprivation. Lapses refer to the trials that subjects’ responses were at least 0.5 s longer than
the mean reaction time (+0.5 s delay). This figure shows the state-specific mean and lapse associated BOLD signal in the intraparietal sulcus (IPS) (a)
and inferior occipital cortex (b) for Vulnerable and Non-vulnerable groups. Lapses were associated with a stronger signal in the bilateral intraparietal
sulcus during both RW and SD. Both regions showed a decline in activation following SD for the Vulnerable but not for the Non-vulnerable subjects.
Error bars reflect standard errors. Figure and modified caption based on Neuroimage 51 (2010) 835–843, Chee MW, Tan JC, Lapsing when sleep
deprived: neural activation characteristics of resistant and vulnerable individuals, Copyright 2010, with permission from Elsevier.
www.sciencedirect.com
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differences in sleep homeostatic responses to chronic
sleep restriction [47], but such prediction has not been
found for response to acute total sleep deprivation [55]. A
new experiment on Drosophila found that flies with high
levels of protein kinase G (PKG) relative to the FORAGING gene (FORR) did not display deficits in short-term
memory following 12 hours of sleep deprivation, but
their memory was more susceptible to disruption from
starvation, suggesting that resistance to the effects of
sleep deprivation may confer vulnerability to other
environmental factors [56].

Brain metabolism and neural activity changes
after sleep loss
Early investigations of the effects of sleep deprivation on
brain metabolism and neural activation using positron
emission tomography (PET) found metabolic rate
reductions in thalamic, parietal, and prefrontal regions
during prolonged sleep loss [57,58]. More recent studies
using blood oxygenation level dependent (BOLD) fMRI
demonstrated significant decreases in regional brain activation during cognitive task performance following a
night of total sleep deprivation, including reduced
fronto-parietal activation during lapses on a visual selective attention task after sleep loss [59,60]. These
activation changes were observed mainly in those vulnerable subjects with the larger performance deficits, while
resilient individuals showed a trend toward increased
parietal activation during performance lapses [59],
suggesting a potential neurobiological compensatory
mechanism after sleep loss (Figure 4). New PET studies
on neurotransmitter receptors have observed down-regulation of striatal dopamine receptors [61] and increased
cerebral serotonin receptor binding with sleep loss [62],
which may reflect a complex adaptive brain response to
sleep deprivation.
Arterial spin labeled (ASL) perfusion fMRI permits noninvasive measures of absolute cerebral blood flow (CBF)
that are tightly coupled to regional brain function [63],
providing a method to quantify neural activity changes
after sleep loss. We used ASL to quantify CBF changes
after prolonged cognitive workload without sleep deprivation and observed reduced CBF in the fronto-parietal
network during post-task rest compared to pre-task rest,
which correlated with performance decline [64]. A recent
study by Poudel and colleagues [65] used ASL to
measure resting CBF changes after partial sleep deprivation. Significantly reduced fronto-parietal CBF was
observed only in drowsy participants, while non-drowsy
participants maintained fronto-parietal CBF and
increased CBF in basal forebrain and cingulate regions
following sleep deprivation. These results support
a compensatory mechanism for drowsiness after sleep
loss [65], which may be the difference between those
resilient to sleep deprivation, versus those highly vulnerable to it.
Current Opinion in Neurobiology 2013, 23:854–863

Another emerging method for identifying the effects of
sleep deprivation on brain activity is resting-state functional connectivity fMRI (FC-fMRI), which examines
intrinsic spontaneous neural activity in the absence of
external tasks. Recent FC-fMRI studies have consistently indicated an organized mode of resting brain function [66]. Two recent studies using FC-fMRI reported
that sleep deprivation reduced functional connectivity
within the default mode network (DMN) and between
DMN and its anti-correlated network [67,68],
suggesting that changes in brain functional connectivity
occur as a result of sleep loss.
Currently, nearly all published neuroimaging studies have
focused on acute sleep deprivation. There is a critical need
to use the newer neuroimaging techniques to identify the
dynamic effects of chronic sleep restriction and recovery on
brain functions. Findings from the few ASL and restingstate FC-fMRI studies already provide some important
new clues to what may be the basis for dynamic changes in
neurobehavioral function during and following sleep loss.

Conclusions
This review highlights that there are fundamental differences in the way the central nervous system is affected by
and adapts to acute total sleep deprivation and chronic
partial sleep restriction. Although logistically challenging,
more studies on the neurobehavioral and brain metabolic
consequences of chronic sleep restriction (and recovery
from it) are needed to improve our understanding of the
neuromodulatory changes that recycling through periods
of sleep loss induces in the brain, and to find ways to
better mitigate the associated neurobehavioral and health
consequences.
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