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Sleep loss, executive function, 
and decision-making
Brieann C. Satterfield, William D.S. Killgore
Department of Psychiatry, College of Medicine, University of Arizona, Tucson, AZ, United States

ABBREVIATIONS

ACC Anterior cingulate cortex
ADA Adenosine deaminase
ADORA2A Adenosine A2A receptor
BART Balloon risk analog test
BDNF Brain derived neurotrophic factor
DAT1 Dopamine transporter
DRD2 Dopamine D2 receptor
DTI Diffusion tensor imaging
h Hour
IGT Iowa gambling task
mg Milligram
min Minute
OFC Orbitofrontal cortex
PER3 PERIOD3
PFC Prefrontal cortex
PVT Psychomotor vigilance test
RT Response time
SD Standard deviation
SE Standard error
sec Second
TNFα Tumor necrosis factor alpha
VWM Visual working memory
WCST Wisconsin card sorting task

INTRODUCTION

We live in a society that operates around the clock, often for-
getting that sleep is important. In fact, insufficient sleep has 
become a public health epidemic and is often overlooked as 
a serious problem [1]. While the National Sleep Foundation 
recommends adults sleep >7 h per night [2], 35% of adults in 
the United States sleep less [3]. Most people have suffered 
from sleep loss, either chronic or acute, at some point in their 
lives whether it be due to a new baby, stress, studying for an 
exam, or other circumstances. However, many people fail to 
realize the negative impact sleep loss has on cognitive func-
tioning and how this has far-reaching  real-world implications. 

In fact, insufficient sleep is common in several safety-critical 
occupations, including medical professionals, military per-
sonnel, airline pilots, and truck drivers, just to name a few. 
Thus, it is important to understand how sleep loss impacts 
various aspects of cognition.

The present chapter provides an overview of the effects 
of sleep loss on several major cognitive domains. First, it is 
important to discuss the underlying neurobiological mecha-
nisms that regulate sleep and wake, and thus modulate cog-
nitive performance. We must also appreciate that human 
cognitive capacities are complex, with higher-order pro-
cesses (e.g., executive functions, decision-making) building 
upon a foundation of elementary processes (e.g., attention). 
Therefore, this chapter will offer a discussion of how sleep 
loss impairs alertness, sustained attention, and vigilance. 
Additionally, we will discuss the importance of consider-
ing how inter-individual differences are related to relative 
resistance or vulnerability to cognitive impairment. We will 
then build upon these elementary capacities and focus on 
the consequences that sleep loss has on several complex 
executive function domains including working memory, 
inhibitory control, cognitive control, problem solving, risk-
taking, and decision-making.

NEUROBIOLOGY OF SLEEP AND FATIGUE

There are two fundamental neurobiological processes 
that drive fatigue and alertness: the homeostatic process 
(Process S) and the circadian process (Process C) [4, 5]. 
The homeostatic process keeps track of prior amounts of 
sleep and wakefulness, and is conceptualized as an ac-
cumulating pressure for sleep with increasing time spent 
awake. This pressure is then dissipated over the course of 
a sleep period. The circadian process is the body’s natu-
ral 24-h rhythm that keeps track of time of day. This pro-
cess, modulated by the suprachiasmatic nucleus (SCN) of 
the hypothalamus, oscillates throughout a 24-h period to 
drive daytime alertness and nighttime sleepiness. During 
daytime hours, homeostatic sleep pressure accumulates 
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340 PART | VI Sleep loss and neurocognitive function

with each hour awake, but is counteracted by the circadian 
drive for alertness. This interaction between the homeo-
static and circadian pressures allows us to maintain nor-
mal daytime functioning at a fairly constant level. During 
nighttime hours, the homeostatic pressure for sleep is high 
and the circadian drive for alertness is low, promoting the 
onset and maintenance of sleep. Thus, waking performance 
is optimal during daytime hours and worst during night-
time hours (Fig. 26.1) [5, 6]. However, perturbations to this 
system (i.e., shift work, mistimed sleep, travel across time 
zones) can result in impaired neurobehavioral function-
ing. For example, the homeostatic and circadian processes 
become misaligned when an individual works during the 
night and sleeps during the day. In such a case, the ho-
meostatic pressure for sleep mounts over the course of 
nighttime waking hours, but the circadian drive for alert-
ness decreases, and hits the nadir during the early morning 
hours (Fig.  26.1). The net effect of this misalignment is 
increased fatigue, which can lead to cognitive performance 
impairment. Further, sleeping during the day is often dif-
ficult for a nightshift worker. This is because the circadian 
process increases the pressure for wakefulness throughout 
the day, forcing an individual to awaken before the homeo-
static pressure is fully dissipated. This type of sleep curtail-
ment can lead to a net accumulation of sleep debt [6].

ALERTNESS, SUSTAINED ATTENTION, AND 
VIGILANCE

In our day-to-day lives, the ability to maintain focus and 
attention is essential for effectively completing the task at 

hand and solving problems that require complex cognitive 
processing. Our ability to maintain attention and alertness 
fluctuates throughout the day as a function of the circadian 
and homeostatic processes, often without notice. However, 
when these two processes become misaligned due to ex-
tended wakefulness or mistimed sleep, attention begins to 
degrade. When wake is extended beyond 16 h or restricted 
to <6 h per night, individuals tend to show consistent and 
profound impairment in sustained attention.

Psychomotor vigilance

Sustained attention is typically measured using the psycho-
motor vigilance test (PVT) [7, 8]. The PVT is a simple com-
puterized reaction time task that is considered to be the gold 
standard measure of behavioral alertness. It is sensitive to 
sleep loss and does not show an appreciable learning effect 
[9, 10]. In the standard version of the task, a visual stimulus 
is presented on the screen at random intervals between 2 
and 10 s for a total of 10 min in duration. When the stimulus 
appears, the examinee presses a response button as quickly 
as possible, while avoiding false starts. Lim and Dinges [11] 
identified several distinct impacts that sleep deprivation has 
on PVT performance: (1) slowing of response times (RTs), 
(2) increases in attentional lapses, (3) exaggerated time-on-
task effects, and (4) sensitivity to homeostatic and circadian 
influences.

In a typical sleep deprivation study, PVT RTs begin to slow 
around 16 h of wakefulness and degrade further across the night, 
with impairment being the most prominent during the early 
morning hours (i.e., the circadian nadir). Slower  responses on 

FIG. 26.1 The two process model of sleep regulation. The homeostatic process (S) and circadian process (C) interact to drive daytime alertness and 
nighttime sleepiness. Homeostatic pressure for sleep increases as a function of time spent awake and dissipates with time spent asleep. At the same time, 
circadian pressure oscillates across a 24-h period, with pressure for alertness highest in the early evening and lowest during the early morning hours. 
However, when an individual skips a night of sleep (shaded area) homeostatic pressure continues to build, while the circadian process continues to drive 
sleepiness during the earlier morning hours. At this point, the net effect of high homeostatic pressure and low circadian pressure is reduced alertness and 
increased fatigue, resulting in impaired cognitive functioning. Once an individual goes to sleep, homeostatic pressure decreases, and often results in in-
creased sleep duration that is required to fully dissipate the homeostatic buildup. Modified from File:Two-process model of sleep regulation.jpg [Internet]. 
WikiMedia. (2007). Available from: https://en.wikipedia.org/wiki/File:Two-process_model_of_sleep_regulation.jpg.
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the PVT are associated with reduced  activation in the default 
mode network, a cortical system that includes the medial fron-
tal and posterior cingulate cortex, regions that are most active 
when the brain is idle and not involved in complex cognitive 
processing [12]. While the average RT across trials increases 
during periods of sleep deprivation, there is also a significant 
slowing of both the fastest 10% and slowest 10% of RTs on the 
PVT. Albeit, the slowest RTs are disproportionately affected 
compared to the fastest 10% RTs (Fig. 26.2) [8, 10, 13, 14].  
This indicates that sleep loss impacts not only the typical re-
sponse, but also the best and worst performance. Decrements 
in PVT performance are not limited to conditions of total sleep 
deprivation. PVT performance is also substantially degraded 
when sleep is restricted by only a few hours each night. Belenky 
et al. demonstrated that when sleep is restricted to either 7, 5, 
or 3 h per night over the course of 1 week, response speeds  
(1/RT*1000) slowed in a cumulative manner across days [15]. 
Even when participants were allowed three 8 h nighttime re-
covery sleep periods, performance did not return to baseline 
levels (Fig. 26.3) [15].

Another characteristic of sleep loss is the increased fre-
quency and duration of attentional lapses (RTs ≥ 500 ms) 
that occur within a single PVT bout, which are also ac-
companied by increases in errors of commission or false 
alarms (i.e., responding when no stimulus is present). Van 
Dongen and colleagues demonstrated that when sleep is re-
stricted to either 6, 4, or 8 h over the course of 2 weeks the 
number of attentional lapses increases in a cumulative and 

FIG. 26.2 Time course of PVT mean RTs across 32 h of sleep depriva-
tion. PVT performance remained relatively stable until 16 h wake. Up until 
this point, only 400 ms separated the average 10% slowest (black circles) 
and 10% fastest (white squares) RTs. However, with increased time awake, 
RTs slowed dramatically. Just after 24 h wake, approximately 5700 ms 
separated the the fastest and slowest 10% of RTs. While not displayed in 
this figure, mean and median RTs are also significantly impacted by sleep 
loss and fall between the fastest and slowest curves shown here. Modified 
from Cajochen C, Khalsa SB, Wyatt JK, Czeisler CA, Dijk DJ. EEG and 
ocular correlates of circadian melatonin phase and human performance 
decrements during sleep loss. Am J Physiol 1999;277:R640–9.

FIG. 26.3 Mean response speed (1/RT*1000) on the PVT over the course of a 7 day sleep restriction protocol as a function of sleep condition group. 
All groups had similar PVT performance at baseline (B). In the 9 h sleep group, PVT performance remained stable across sleep restriction days (E1–E7) 
and into the recovery days (R1–R3). When sleep was restricted to either 7, 5, or 3 h, there was a steady decline in PVT mean speed as days progressed. 
This decline was more pronounced in the 3 h sleep condition compared to the 7 h sleep condition. Additionally, 8 h sleep for three nights (recovery) was 
not sufficient to return PVT performance back to baseline levels. Reproduced from Belenky G, Wesensten NJ, Thorne DR, Thomas ML, Sing HC, Redmond 
DP, Russo MB, Balkin TJ. Patterns of performance degradation and restoration during sleep restriction and subsequent recovery: a sleep dose-response 
study. J Sleep Res 2003;12(1):1–12, with permission from John Wiley and Sons.
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dose- dependent manner [16]. In fact, when sleep restriction 
was most severe (i.e., 4 h per night), the average number of 
lapses at the end of the 2 weeks was similar to the average 
number of lapses seen at the end of an 88 h sleep deprivation 
period [16]. Neuroimaging findings suggest that attentional 
lapses during sleep deprivation are related to reduced neural 
activation within the frontal, parietal and occipital regions, 
as well as the thalamus [17]. Together, imaging and behav-
ioral studies have demonstrated how sleep loss disrupts 
normal functioning within the vigilant attention network, in 
turn hindering the ability to sustain attention.

The time-on-task effect is a phenomenon in which per-
formance degrades as a function of time spent performing a 
cognitive task. That is, performance progressively declines 
the longer an individual is required to sustain attention nec-
essary to perform the task [18]. This results in increased 
performance variability [19]. The time-on-task effect is ap-
parent on several different types of cognitive tasks, however 
it is especially noticeable on tasks of vigilant attention, like 
the PVT. [20] On the PVT, the time-on-task effect manifests 
as a steady increase in the standard deviation of RTs across 
the task duration [10]. This phenomenon is present even un-
der well-rested baseline conditions. Variability in PVT RTs 
is also a distinct characteristic of how vigilant attention is 
affected by sleep loss. Interestingly, the time-on-task effect 
interacts with sleep loss to amplify performance impair-
ments when homeostatic pressure is high [8, 10, 21]. When 
faced with sleep loss, the time-on-task effect can be medi-
ated by taking short breaks or switching tasks [6, 22, 23].

Last, PVT performance is sensitive to homeostatic and 
circadian influences [8, 24]. Fig. 26.4 shows the dynamic 
influence that the two neurobiological processes exert on 
performance. As described above, homeostatic pressure 
increases across hours awake, while the circadian process 
waxes and wanes across a 24-h period (Fig.  26.4, left). 
When these processes are considered in interaction, the sum 
of the two processes modulates PVT performance in a dis-
tinct manner. Fig. 26.4 (right) shows how the net effect of 
the two neurobiological processes impact PVT performance 
during 62 h of total sleep deprivation. Not only does PVT 
impairment increase with time spent awake, it also oscillates 
with the circadian process. Performance slightly improves 
during the early evening hours when the circadian pressure 
for wake is high, but further deteriorates after the circadian 
nadir and with mounting homeostatic pressure [25].

Wake state instability

Several aspects of PVT performance impairment, as de-
scribed above, have been summarized into a single theory: 
the wake state instability hypothesis [10]. Sleep loss leads 
to a decrease in RTs, increase in attentional lapses and er-
rors, and an increase in the time-on-task effect, all of which 
are influenced by mounting homeostatic pressure and mani-
festing as performance instability [8]. These moment-to-
moment variations in performance are not gradual, linear, 
or predictable, but rather stochastic in nature. For exam-
ple, Fig. 26.5 shows PVT responses from a single subject 

FIG. 26.4 The influence of the homeostatic and circadian processes on PVT performance during 62 h of extended wakefulness. The left panel shows the 
steady increase in homeostatic pressure across the sleep deprivation period in interaction with the waxing and waning of the circadian process. The right 
panel shows a mathematical derivation of the sum of the homeostatic and circadian processes (gray curve) overlaid on mean PVT lapses (± SD; black 
curve) collected from 12 healthy adults. Reproduced from Van Dongen HPA, Belenky G. Individual differences in vulnerability to sleep loss in the work 
environment. Ind Health 2009;47(5):518–26, with permission.
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throughout the course of a 62 h sleep deprivation period. In 
the early afternoon when the subject has only been awake for 
5 h, PVT performance is stable, with minimal variability in 
RTs and no attentional lapses. However, a different picture 
emerges 24 h later when the subject has been awake for 29 
consecutive hours (Fig.  26.5, middle). At this point, there 
is moderate variability in RTs as time-on-task increases, 
and the occasional response exceeds the 500 ms attentional 
lapse threshold. Another 24 h later (Fig. 26.5, bottom), per-
formance variability is further increased. At 53 h awake, at-
tentional lapses become more frequent, RTs become longer, 
more errors are made, and the time-on-task effect is ampli-
fied. Together, these data illustrate that performance instabil-
ity is a hallmark of sleep loss [6, 18, 23]. It is this unstable 
and unpredictable nature that makes fatigue so dangerous, 
especially in safety-critical operations. It has been posited 
that the stochastic nature of performance instability is the 
result of neuronal groups involved in the task expressing a 
local, use-dependent sleep like state. The local sleep theory 
suggests that activity from sustained use during a perfor-
mance task and extended wakefulness pushes local neuronal 
groups to fall asleep. In turn, information processing in the 
task-specific pathway is interrupted, causing performance 
instability and increased attentional lapses [18, 26].

INDIVIDUAL DIFFERENCES

Research has shown that there are varying degrees of cogni-
tive impairment during sleep loss across individuals. That is, 
not all individuals respond to sleep loss in the same manner 
[27–30]. These inter-individual differences are substantial 
and robust across a variety of manipulations, and constitute 
a trait [21, 31, 32]. As demonstrated by Van Dongen and 
colleagues [32], there are individuals who are resilient to 
the effects that sleep deprivation exerts on cognitive per-
formance and individuals who are incredibly vulnerable. 
Fig. 26.6 shows that resilient individuals (triangles) are able 
to maintain stable performance across a 40 h sleep depri-
vation period, while vulnerable individuals (circles) show 
substantial impairment as wake extends past 16 h [33]. Due 
to the stable, trait nature of inter-individual differences, a 
number of biomarkers have been assessed to predict which 
individuals may be more or less susceptible to cognitive im-
pairment due to sleep loss. These include personality and 
sensory markers [34, 35], neural markers [36], and genetic 
markers [37].

Several neuroimaging studies have sought to iden-
tify neural predictors of inter-individual differences in 
cognitive performance by assessing functional activation 
while performing a cognitive task [17, 38–40], functional 

FIG. 26.5 Raw PVT RTs from a single subject collected over the course of a 62 h sleep deprivation period. RTs are plotted against time-on-task. PVT 
performance is shown at 5 h wakefulness (top panel), again 24 h later (middle panel), and another 24 h later (bottom panel). RTs become longer and more 
variable as a function of both time-on-task and time awake. Additionally, false starts (black diamonds) also increase. Gray diamonds: mean RT ± SD. 
Reproduced from Satterfield BC, Van Dongen HPA. Occupational fatigue, underlying sleep and circadian mechanisms, and approaches to fatigue risk 
management. Fatigue Biomed Heal Behav 2013;246(3):118–36, with permission of Taylor & Francis Ltd. (http://www.informaworld.com).

http://www.informaworld.com
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 connectivity between brain regions [41], and white matter 
microstructure [42]. Chee and Tan found that sleep loss 
was associated with lower fronto-parietal activation com-
pared to the rested state, and individuals most vulnerable 
to impaired selective attention had reduced activation in 
top-down cognitive bias regions (i.e., frontal and parietal 
cortices) [17]. In addition to measuring changes in neural 
activation, individual differences in neuroanatomical con-
nectivity and structure have been identified. For example, 
our lab used diffusion tensor imaging (DTI) to assess the 
association between microstructure of the fronto-parietal at-
tention system and PVT performance during a single night 
of sleep deprivation. We found that indirect measures of 
higher white matter integrity and higher myelination in the 
fiber pathways connecting the left frontal and left parietal 
regions were significantly correlated with resistance to PVT 
impairment [42]. Neural markers have the potential to help 
identify those individuals most vulnerable and those most 
resistant to impaired cognitive performance without having 
to expose them to any sleep loss paradigm. This affords us 
with a better understanding of the neural mechanisms un-
derlying sleep loss related cognitive impairment.

Identifying genetic markers of inter-individual differ-
ences to performance impairments has become a large area 
of research in the last several years. Often, genetic polymor-
phisms are used as a tool to investigate how the functional 
differences brought about by the polymorphisms influence 

inter-individual differences in cognitive performance [43]. 
These studies have focused on polymorphisms associated 
with circadian pathways, adenosine (a marker of homeo-
static pressure) pathways, neurotransmitters, neural signal-
ing pathways, and immune responses [43].

PVT performance during sleep deprivation is mediated 
by several genetic variants, including those of the adenosine 
A2A receptor (ADORA2A) gene [44], adenosine deaminase 
(ADA) gene, dopamine transporter (DAT1) gene [45, 46], 
and the tumor necrosis factor alpha (TNFα) gene [47]. For 
example, it was recently found that a variant of DAT1 medi-
ates the time-on-task effect during sleep deprivation [45]. 
Study participants performed the PVT every 2 h over the 
course of a 38 h sleep deprivation period. Subjects homozy-
gous for the 10-repeat variant of DAT1 were resilient to the 
time-on-task effect compared to subjects with the 9-repeat 
variant of the same gene. As Fig. 26.7 shows, performance 
between the two DAT1 genotype groups diverged as sleep 
deprivation progressed, with the most resilient individuals 
(i.e., the 10/10 group) maintaining stable performance with 
very little time-on-task effect [45]. Holst et al. also found 
that DAT1 genotype modulates PVT performance, spe-
cifically PVT lapses [46]. Genetic markers have also been 
found to influence performance on a variety of other cogni-
tive tasks and will be discussed throughout the remainder 
of the chapter.

EXECUTIVE FUNCTIONS

The term “executive function” is used to describe a group 
of higher order cognitive processes that are necessary to co-
ordinate and control deliberate actions toward future goals 
[48]. The term encompasses several cognitive processes 
including the ability to sustain attention while suppress-
ing distractors, inhibit inappropriate actions, switch tasks, 
shift mental sets, think flexibly, plan and sequence events, 
and make appropriate and low-risk decisions, to name a 
few (Fig. 26.8). While these complex cognitive processes 
are mediated by several interacting cortical and subcorti-
cal regions, they rely heavily on the prefrontal cortex (PFC) 
which is sensitive to the effects of sleep loss [49]. Notably, 
the PFC shows reduced glucose metabolism following sleep 
deprivation (Fig. 26.9) [50], which is not fully reversed fol-
lowing a single night of recovery sleep [51]. This decline in 
prefrontal metabolic activity is thought to underlie some of 
the cognitive impairments seen during sleep loss.

To further complicate matters, not only are there inter-
individual differences in cognitive performance as dis-
cussed in the previous section, these differences are also 
task-dependent [52], meaning that those most vulnerable to 
impairment on one task are not necessarily vulnerable to 
performance impairment on a different task. This is because 
cognitive performance, including executive functioning, 
is not a unitary concept. Most tasks designed to measure 

FIG. 26.6 Mean PVT lapses collected from 24 individuals during 40 h of 
total sleep deprivation. The number of PVT lapses remains low until about 
16 h awake. At this point, the number of PVT lapses increases significantly 
for those most vulnerable (n = 7) to impairment (circles). In contrast, the 
number of PVT lapses remains relatively stable for those most resilient 
(n = 8) to impairment (triangles). Performance for the remaining nine 
individuals falls between these curves. Modified from Van Dongen HPA, 
Maislin G, Dinges DF. Dealing with inter-individual differences in the tem-
poral dynamics of fatigue and performance: Importance and techniques. 
Aviat Space Environ Med 2004;75(Suppl 3):A147–54, with permission.



FIG. 26.7 Time-on-task performance for the DAT1 genotype groups across 38 h of total sleep deprivation. Mean RTs (±standard error) from 12 individual 
test bouts are plotted in 1-min bins for the 10-min PVT. Individuals carrying the 9-repeat allele, as either heterozygous or homozygous, were grouped to-
gether (9R). Data are plotted against the start time of the PVT test bout. As sleep deprivation progressed, time-on-task performance diverged between the 
9R and 10/10 DAT1 genotype groups, such that those homozygous (10/10) for the DAT1 10-repeat allele were protected against severe time-on-task impair-
ment. Shaded area: nighttime test bouts. Modified from Satterfield BC, Wisor JP, Schmidt MA, Van Dongen HPA. Time-on-task effect during sleep depriva-
tion in healthy young adults is modulated by dopamine transporter genotype. Sleep 2017;40(12):zsx167, with permission from Oxford University Press.
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FIG. 26.8 A simplified schematic of the hypothesized relationship between the different executive functions. The ability to sustain attention and inhibit 
inappropriate responses are thought to be central components of executive function. A well-rested individual will pay attention to incoming information in 
order to respond appropriately to incoming stimuli, such as inhibiting the current course of action if needed. At the same time, the brain monitors performance 
based on internal and external feedback and triggers a signal that a new plan of action is required if performance levels drop and the number of errors increase. 
Then, behaviors are updated to reflect a change in goals and a new plan is selected. With the implementation of a new course of action, an individual must then 
shift both behavioral and attentional resources to continue with the new plan. However, sleep loss disrupts several points in this cycle leading to unfavorable 
actions and outcomes. For example, impairments in attention and inhibition may lead to distractibility and impulsivity, respectively. Further, impaired atten-
tion can lead to perseveration, or over focused behavior. In turn, relevant goals and rules are unable to be updated, resulting in inflexibility. Inflexible behavior 
does not allow for an individual to select a new course of action and could lead to compulsive behavior. Thus, one must be able to effectively integrate atten-
tion, inhibition, and flexibility in order to monitor performance and accurately update goals in response to environmental changes. Reproduced from Bari A, 
Robbins TW. Inhibition and impulsivity: Behavioral and neural basis of response control. Prog Neurobiol 2013;108:44–79, with permission from Elsevier.
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 executive functions involve several integrated processes that 
are differentially impacted by sleep loss [53]. The complex-
ity and multiple cognitive processes involved in many ex-
ecutive function tasks introduces a “task impurity problem.” 
As Tucker and colleagues have demonstrated, performance 
on executive function tasks may not be attributable to global 
task impairments, but rather impairments in specific cogni-
tive components of the task [54]. Thus, caution should be 
taken when administering and interpreting performance 
data from complex executive function tasks.

Working memory

Working memory can be described as the capacity to main-
tain and manipulate information in immediate memory, and 
underlies most executive functions. Working memory is con-
ceptualized as having four components that include the stor-
age of information, integration of information, regulation 
of information, and manipulation of information [55–57].  
Working memory is distinct from short-term memory in 
that it requires both short-term storage of information and 
manipulation of that information [55]. There are several 
cognitive tasks that are used to measure various aspects of 
working memory, including digit span, word recall, number 
generation, serial addition, Sternberg, and N-back tasks [56].

In a meta-analysis, Lim and Dinges found that sleep loss 
impacts working memory performance with moderate ef-
fects sizes. Specifically, they found that both accuracy and 
RTs are impaired on these tasks [11]. Chee and colleagues 
conducted a series of studies using two different working 

memory tasks to investigate how sleep loss disrupts neu-
ral signaling specific to maintenance and manipulation of 
information. Following either 24 or 35 h of total sleep de-
privation, both tasks showed reduced functional activation 
within bilateral parietal regions [58, 59], a common finding 
in studies of working memory and sleep loss [39, 60, 61]. 
However, Chee et al. [58, 59] found conflicting results in 
regard to activity within the PFC. In the latter study of the 
series [59], activity in the left PFC was reduced after sleep 
loss, while the first study [58] found that activation in the 
left PFC actually increased after 24 h of sleep deprivation. 
The increase in neural responsiveness of the PFC following 
sleep loss may reflect the initiation of compensatory mech-
anisms that are required to maintain stable performance. 
The compensatory recruitment hypothesis suggests that 
some individuals are able to sustain cognitive performance 
during sleep loss by recruiting areas of the cortex that are 
typically not engaged by the same task during rested wake-
fulness [62].

Working memory performance during sleep loss appears 
to also be mediated by a genetic polymorphism of the cir-
cadian clock gene PERIOD3 (PER3). Individuals with the 
5-repeat allele for PER3 had better working memory perfor-
mance on an N-back task than those with the 4-repeat allele. 
The difference in performance was significant only at the 
circadian nadir in the early morning hours [63]. Taken to-
gether, findings from neuroimaging studies show that sleep 
deprivation influences working memory through disruption 
to fronto-parietal networks, and performance is mediated by 
genetic polymorphisms of the circadian system.

Posterior
Cingulate Dorsal

Prefrontal
Cortex

Ventral
Prefrontal
Cortex

Occipital
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Thalamus

FIG. 26.9 A positron emission tomography (PET) image of regional cerebral glucose metabolism following 24 h of sleep deprivation. Sleep deprivation 
results in decreased glucose metabolism in areas of the prefrontal cortex, thalamus, and posterior cingulate. Reduced metabolism in these areas is thought 
to subserve some of the sleep loss induced impairments in cognitive performance we often see. Reproduced from Killgore WDS, Weber M. Sleep depri-
vation and cognitive performance. In: Bianchi MT, editor, Sleep deprivation and disease: effects on the body, brain, and behavior. New York: Springer; 
2014. p. 209–29.
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While imaging studies have been able to identify brain re-
gions involved in working memory performance during sleep 
loss, behavioral studies have found that sleep loss differentially 
impacts specific aspects of working memory performance 
[54, 59, 64], and in a sex-dependent manner [65, 66]. For ex-
ample, Chee and Chuah found that sleep deprivation impairs 
general visual working memory (VWM) capacity, possibly 
due to degraded perceptual processing [67]. However, others 
have found that sleep loss does not impair VWM capacity, but 
rather impairs the ability to filter out VWM distractors [64]. 
Tucker et al. [54] also demonstrated that while sleep loss may 
show global decrements in working memory, the impairment 
is driven by specific working memory components. When dis-
sociating a working memory task into “executive” and “non- 
executive” components, the non-executive working memory 
components (i.e., RTs) were the only elements impacted. 
“Executive” working memory scanning efficiency and resis-
tance to proactive interference remained intact [54].

In a recent study, Rångtell and colleagues [65] admin-
istered a sequence-type working memory task following 
a single night of sleep loss, or 8 h sleep, which study par-
ticipants performed in silence or with an auditory distrac-
tion. They were then asked to rate how confident they 
were in their performance. Overall, sleep loss impaired 
working memory performance in women, but not in men. 
Neither sex reported differences in subjective working 
memory performance. The auditory distraction impaired 
performance in both conditions and was not impacted 
by sex [65]. Overall, the accumulating data suggests that 
working memory impairments may actually be driven by 
degradation in alertness and vigilance, rather than the spe-
cific executive functions such as the ability to maintain 
and manipulate information, and these impairments are 
sex-specific.

Inhibitory control

Some actions may be adaptive under one set of circum-
stances, yet maladaptive in other circumstances. A key 
aspect of executive functioning is the ability to inhibit 
inappropriate responses or behaviors in a particular con-
text. For instance, lack of inhibitory control can lead to 
impulsive decisions that may have negative consequences. 
Inhibitory control is typically assessed using response in-
hibition tasks, including the stop signal task or go/no-go 
paradigms. These tasks are designed to measure the ability 
to withhold a prepotent (i.e., automatic) response [68]. In 
a typical go/no-go task, individuals learn to respond to a 
specific set of stimuli (go stimuli) and learn to withhold 
a response for a different set of stimuli (no-go stimuli). 
Performance is assessed based on correctly responding to 
go stimuli (simple attention and response time) and cor-
rectly withholding a response to no-go stimuli (inhibitory 
control).

Neuroimaging studies using the go/no-go paradigm sug-
gest that the task recruits several PFC regions. Specifically, 
the ability to correctly withhold a response most consis-
tently activates the right lateral PFC and bilateral insula. In 
contrast, failure to withhold a response engages the right 
anterior cingulate cortex (ACC), medial frontal gyrus and 
portions of the parietal lobe. All of which are regions often 
associated with error detection and behavioral monitoring 
[69]. These are some of the same regions that show reduced 
metabolic activity following sleep loss [50]. Thus, it would 
be expected that sleep loss impairs the ability to withhold 
inappropriate responses, which has been observed. In fact, 
sleep deprived individuals who are unable to efficiently 
inhibit responses on the go/no-go have difficulty recruit-
ing the ventrolateral PFC. Conversely, resilient individuals 
show increased activation within this region [70].

Drummond and colleagues [71] used the go/no-go to 
assess the effects of 64 h of sleep deprivation on inhibi-
tory control. As expected, the ability to inhibit inappro-
priate responses decreased as a function of time awake. 
Interestingly, hit rates (correct go responses) remained un-
affected for most of the sleep deprivation period, but rapidly 
declined at 55 h of wakefulness [71]. Another sleep depri-
vation study found similar results [72]. Additionally, these 
findings have been replicated under conditions of partial 
sleep restriction, where sleep was limited to 6 h per night 
for four nights. Study participants showed impaired inhibi-
tory actions while maintaining correct responses [73]. Sleep 
loss causes a steady decline in response withholding with 
increasing time spent awake, while maintaining the ability 
to attend to incoming stimuli. These findings emphasize 
the fact that sleep deprivation does not result in a global 
degradation of cognitive performance due to impaired basic 
attention, thus cognitive impairment is task and domain-
specific [32, 53, 74].

Cognitive control

A hallmark characteristic of executive function is the ability 
to modulate cognitive processes. In a broad sense, cogni-
tive control is the ability to regulate and coordinate thoughts 
and actions in-line with behavioral goals or changes in situ-
ational demands [75]. This allows us to balance cognitive 
stability—the ability to actively focus on and maintain task-
relevant information—with cognitive flexibility—the ability 
to update information according to changes in situational 
demands, while also suppressing irrelevant information in 
order to appropriately adapt behavioral actions to meet new 
goals [75–77]. For example, you may be driving down a 
long, straight highway when a large deer jumps out in front 
of your vehicle. Your current goal of driving down a straight 
highway is disrupted by the unexpected object in the road. 
You must update your goal in order to appropriately adapt 
your response to the situation (i.e., avoid hitting the deer). 
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Impairments in cognitive control can lead to perseverative, 
or over-focused, behaviors that can have serious conse-
quences. These types of behaviors are often seen in psychi-
atric conditions such as obsessive compulsive disorder and 
schizophrenia [78].

Cognitive control encompasses the interaction of mul-
tiple cognitive processes, including working memory, at-
tention, decision-making, response selection, response 
inhibition, and associated learning [78]. These processes 
underlie several behaviors such as multi-tasking/task-
switching, changing behavior to fit a new rule, or sup-
pressing distractions. Multi-tasking and task-switching 
are typically assessed using paradigms that require an in-
dividual to rapidly switch between response sets. The ef-
fect of interference (i.e., failure to suppress distractions) is 
often assessed using task paradigms that involve ignoring 
irrelevant information presented in order to stay focused on 
the task goal. Whereas flexibility (changing behavior to fit 
a new rule) is often measured using reversal learning tasks 
that require an individual to recognize changes in contin-
gencies (changes in stimulus-response patterns) and update 
behavior accordingly.

In well-rested individuals, these task paradigms have 
been shown to reliably recruit areas of the PFC, specifi-
cally the orbitofrontal cortex (OFC) and dorsolateral PFC. 
There are also several reciprocal projections between the 
PFC and subcortical structures such as the ventral striatum, 
amygdala, and thalamus that are involved in maintaining 
cognitive control [78, 79]. Additionally, both the cortical 
and subcortical regions are highly sensitive to disruptions 
in the neurochemical environment. Dopamine is a primary 
neuromodulator in the fronto-striatal pathway that is quite 
sensitive to perturbations such as sleep loss. Even small 
variations in dopamine levels can result in cognitive impair-
ment [78, 80]. Thus, alteration of functioning within the do-
pamine system may be one of the primary ways that sleep 
deprivation can affect cognition.

Multi-tasking and task-switching
In safety-critical operations, the ability to rapidly and ef-
ficiently switch between multiple tasks is paramount. 
Unfortunately, many of the occupations (e.g., airline pilots, 
truck drivers, medical personnel, military personnel, etc.) 
that require multi-tasking are also often subjected to chronic 
sleep loss. During a typical task-switching paradigm, indi-
viduals perform two types of tasks in succession in which 
numerical stimuli are presented. On one task type study par-
ticipants are asked to identify which of the numbers is even 
or odd. On another task type study participants are asked 
to identify if the number presented is smaller or larger than 
a predetermined value. When two of the same task types 
are presented one after another, this is considered a repeti-
tion trial. When the trial switches from one task to the other 
this is considered a switch trial. Switch trials are used to 

 calculate switch cost, or the change in reaction time and ac-
curacy between the switch and repetition trials. Essentially, 
switch cost is a measure of the amount of time that is re-
quired to reconfigure the cognitive processes needed to per-
form the new task—a basic executive function.

A recent neuroimaging study found that while perform-
ing a task-switching paradigm following sleep deprivation, 
neural activation increased in the fronto-parietal network 
and cingulate gyrus as compared to the well-rested state. 
However, different brain regions were involved in the 
switch trials. Task-switching was associated specifically 
with increased activation in the superior temporal gyrus and 
thalamus. Based on the cerebral metabolic data described 
earlier, it would seem sensible to expect reduced activation 
in these key brain regions. However, the fact that sleep de-
privation was associated with increased neural activation 
suggests that compensatory mechanisms may be initiated to 
maintain some level of information retrieval necessary for 
the task [81]. Nonetheless, from a behavioral perspective, 
sleep loss results in slowed RTs, especially during switch 
trials [81, 82]. A single night of sleep loss also reduces per-
formance accuracy and increases switch costs [82].

Total sleep deprivation studies are extreme cases of 
sleep loss and often do not translate to real-world scenar-
ios. Haavisto and colleagues [83] investigated how multi-
tasking performance is affected by sleep restriction over the 
course of what some would consider a typical workweek. 
Individuals in the restricted condition were only allowed to 
sleep for 4 h per night for five consecutive nights, compared 
to those in the well-rested condition who were allowed to 
sleep for 8 h per night. A multi-tasking paradigm was used 
in which study participants performed a series of subtasks 
to assess short-term memory, arithmetic skills, and visual 
and auditory monitoring. Sleep restriction impaired the 
ability to multi-task as a function of the number of days of 
sleep restriction, with performance also degrading further 
as time-on-task increased. Additionally, it took two nights 
of recovery sleep (8 h) to return to baseline performance 
levels [83]. Because sleep loss degrades the ability to multi-
task or rapidly switch between activities, the potential for 
errors and accidents significantly increases.

Cognitive interference
Another aspect of cognitive control is being able to sup-
press irrelevant or distracting information while maintain-
ing focus on relevant task information. When the irrelevant 
aspects of the task cannot be ignored, this is known as 
cognitive interference. Typically, cognitive interference is 
measured using various forms of the Stroop paradigm. The 
goal of a Stroop task is to inhibit a common or “prepotent” 
response in favor of a less common response. For example, 
the brain naturally reads printed words it sees without any 
effort. This automatic tendency to read is known as a prepo-
tent response. During a typical Stroop task, the participant 
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is presented with a series of words depicting color names 
(e.g., “RED”, “GREEN”, “BLUE”). In some conditions 
the words are printed in either congruent (e.g., “RED” in 
red letters) or incongruent (e.g., “RED” in blue letters) ink 
colors, while in the neutral condition the words are printed 
in black ink. Individuals are to state the color of the ink in 
which the word appears, but not the word itself. The goal is 
to suppress the prepotent response (i.e., reading the word) in 
favor of the less common response (i.e., saying the color of 
the ink in which the word appears). This induces cognitive 
interference. Interestingly, several studies using the Stroop 
task have found that sleep deprivation does not affect cogni-
tive interference, but rather only causes a general slowing of 
RTs [84–86]. A recent study found that resilience to slowed 
RTs and increased errors on the Stroop during a 30 h sleep 
deprivation period was related to a genetic polymorphism 
of the brain derived neurotrophic factor (BDNF) gene. 
Those individuals with the common Val allele had fewer er-
rors compared to those with the Met allele [87], suggesting 
that some aspects of cognitive interference are predictable 
by genetic markers.

However, Gevers and colleagues [88] recognized the 
importance of assessing task performance in relevant com-
ponents rather than assessing performance across the task as 
a whole. The Stroop task was administered once after a full 
night of sleep and again following a night of sleep depriva-
tion. The task was decomposed into three components for 
analysis: size of the interference effect, bottom-up modula-
tion (facilitated processing after repetitions), and top-down 
modulation (cognitive control adjustments for incongruent 
trials). They found that sleep deprivation impaired top-
down control such that there was a reduced ability to ef-
ficiently recognize and adapt to conflicts (i.e., incongruent 
trials) [88]. It is possible that earlier studies did not find an 
effect of cognitive interference because different aspects of 
the task, as demonstrated by Gevers et al. [88], are differ-
entially impacted by sleep loss, further highlighting the im-
portance of deconstructing a task into specific, well-defined 
cognitive components.

Flexible attentional control
As with multi-tasking, the ability to think flexibly and 
quickly adapt to changing environmental circumstances is 
important in safety-critical operations. Effective attentional 
control requires an individual to anticipate responses and 
outcomes based on a predetermined set of expectations. 
However, real-world situations place individuals in dynamic 
environments that often challenge set expectations. Thus, 
individuals must be able to effectively recognize a change 
in circumstances and appropriately update the behavioral 
response. Reversal learning paradigms are typically used to 
assess flexible attentional control. While there are a wide 
variety of reversal learning paradigms, in the simplest form 
these tasks involve learning specific stimulus-response 

mappings that are tied to a reward and those that are tied to 
an unfavorable outcome. At a point in the middle of the task, 
the stimulus-response contingencies are reversed, such that 
previously rewarding stimuli become unfavorable and vice 
versa. Those that are able to maintain flexible attentional 
control will quickly recognize a change has occurred and 
adapt their responses. In contrast, those that do not think 
flexibly tend to show perseverative behavior by responding 
to the old stimulus-response mappings.

Interestingly, impairments in cognitive flexibility mimic 
impairments seen in individuals suffering from damage to 
the OFC and the basal ganglia [78, 89–91]. Neuroimaging 
studies in well-rested adults show that reversal learning re-
cruits the ventrolateral PFC when a subject stops responding 
to the previously correct stimuli and starts responding to the 
new, relevant stimuli. When a subject makes a reversal er-
ror (i.e., responding to the incorrect stimulus following the 
stimulus-response reversal), there is neural activation within 
the ventral striatum [92]. Until recently, flexible attentional 
control had not been thoroughly explored under conditions 
of sleep deprivation. Whitney and colleagues [93, 94] con-
ducted a series of sleep deprivation studies to assess how 
sleep loss impacts the ability to maintain flexible attentional 
control. In the first study, research participants were exposed 
to a 62 h sleep deprivation period. These individuals per-
formed a modified version of the basic go/no-go paradigm 
during well-rested baseline, after 55 h of extended wakeful-
ness, and following recovery sleep. During this novel task, 
participants were required to respond to a specific set of nu-
meric stimuli (go stimuli) and withhold their response from 
a different set of numeric stimuli (no-go stimuli). However, 
they were required to learn which stimuli were go and which 
were no-go based on monetary reward feedback. Halfway 
throughout the task, the stimulus-response contingencies 
were reversed. Stimuli that were previously go stimuli be-
came no-go stimuli and stimuli that were previously no-go 
stimuli became go stimuli. Participants were unaware of the 
reversal, and were again required to use monetary reward 
feedback to determine the correct stimulus-response map-
pings [93]. Sleep deprivation degraded pre-reversal perfor-
mance, and even further degraded post-reversal performance 
(Fig. 26.10). Importantly, the profound impairment seen on 
the reversal learning task was distinct from vigilant attention 
impairment [93]. Further, it was found that the Val165Met 
genetic polymorphism of catechol-O-methyltransferase (i.e., 
the enzyme that degrades dopamine in the PFC) was associ-
ated with resilience to impairment on the go/no-go reversal 
learning task. Specifically, individuals carrying the Met al-
lele were protected from the post-reversal performance im-
pairment described above [76].

In a follow-up study, Whitney and colleagues [94] used 
a novel adaptation of the continuous performance task 
(AX-CPT) in which previous cue-probe contingencies 
were switched halfway throughout the task. They again 
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 demonstrated that sleep deprivation diminishes flexible at-
tentional control, and also found that top-down control does 
not efficiently prevent errors [94]. They also found that a 
polymorphism that affects the binding potential of the do-
pamine D2 receptor (DRD2) is associated with protection 
from impairment. Specifically, individuals homozygous for 
the C allele were resilient to impaired flexible attentional 
control. Together, these findings demonstrate that sleep 
deprivation profoundly degrades the ability to maintain 
flexible attention control, which can lead to maladaptive 
behaviors, including perseveration. Further, resilience to 
cognitive control impairment seems to be mediated by func-
tional dopaminergic polymorphisms involved in the fronto-
striatal pathways.

Problem solving

The ability to solve problems is a core aspect of nearly any 
job. Depending on the operational environment, the kinds of 
problems that workers may encounter can range from sim-
ple mundane challenges to those that can be mission critical 
or even life threatening. Because many occupations require 
individuals to remain awake for extended periods or during 
times that are out of phase with their circadian rhythm, it is 
important to understand how various aspects of problem-
solving ability can be impacted by lack of sleep.

Convergent thinking and logical deduction
Different kinds of problems require different kinds of solu-
tions. One type of problem can be solved through the pro-
cess of convergent thinking. This type of problem solving 
involves the step-by-step application of logical deductive 

reasoning and the use of established rules to reach a solu-
tion. These kinds of problems can be solved by beginning 
with an established set of information or major premise, 
adding a second minor premise, and finally arriving at a 
logical conclusion. For example, given the major premise 
that “every A is B” and the minor premise that “this C is 
A,” then it is logical to conclude that “therefore this C is B.” 
Concretely, we could apply this to a real-life example such 
as “all bulldogs are animals. Baxter is a bulldog. Therefore, 
Baxter is an animal.” While this process sounds complex, 
evidence suggests that this form of convergent thinking is 
not significantly degraded by sleep deprivation [49]. Most 
studies that have specifically tested outcome measures such 
as logical deduction, intellectual functioning, grammatical 
reasoning, reading comprehension, and nonverbal problem 
solving have found negligible effects of sleep deprivation 
on these capacities [11, 49].

Divergent and innovative thinking
In contrast to the convergent thought processes discussed 
above, the ability to think laterally, innovatively, and flexibly 
does appear to be particularly susceptible to sleep depriva-
tion [49]. In one study, a single night without sleep was as-
sociated with fewer creative responses and greater difficulty 
letting go of unsuccessful strategies [95]. Similarly, sleep 
deprivation has also been shown to adversely affect the abil-
ity to generate lists of novel words and produces slower and 
less efficient performance on the Tower of London, a task 
that requires planning, forethought, and cognitive flexibility 
[49]. The ability to generate and vocalize a series of ran-
dom numbers is also degraded by sleep deprivation, leading 
to increased redundancy and stereotypy of responses and 
frequent rule violations [96]. On the other hand, inconsis-
tent effects of sleep deprivation have been reported for the 
Wisconsin Card Sorting Test (WCST), a clinically based 
test of concept formation, set shifting, and mental flexibil-
ity [97]. It is important to keep in mind, however, that the 
WCST is a clinical task that was designed to detect rela-
tively severe brain injuries and may not be sensitive enough 
to detect the subtle effects produced by sleep loss.

One particularly interesting study attempted to mimic 
real life decision-making during sleep deprivation by using 
a complex marketing strategy game. The task required par-
ticipants to engage in several high level executive function 
tasks during a prolonged period of sleep loss. In particular, 
participants had to continuously monitor ongoing activities, 
revise their marketing strategies in light of periodically ap-
pearing new information, and apply available information 
to develop creative and innovative solutions under severe 
time constraints [98]. When normally rested, participants 
were able to think flexibly and innovatively, but once sleep 
deprived, they showed rigid thinking and perseverated on 
poor and ineffective strategies. As they reached the end of 
the game, these sleep deprived individuals had exhausted 

FIG.  26.10 Discriminability scores (±SE) on the go/no-go reversal 
learning paradigm. At baseline (left), there were no significant differences 
in pre- or post-reversal performance between the well-rested control and 
the sleep deprived groups. However, performance was profoundly degraded 
in the sleep deprived group (right). Impairment was further impaired fol-
lowing the stimulus-response reversal. Asterisks (*) indicate statistically 
significant pairwise differences. Modified from Whitney P, Hinson JM, 
Jackson ML, Van Dongen HPA. Feedback blunting: Total sleep deprivation 
impairs decision making that requires updating based on feedback. Sleep 
2015;38(5):745–54, with permission from Oxford University Press.
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their financial resources and were in a significantly worse 
financial position than compared to playing the same game 
in a rested state [98]. While such tasks can be incredibly 
ecologically valid and applicable to real-world situations, 
these types of complex tasks also suffer from the previously 
described task impurity problem [53, 54]. These types of 
tasks are not designed to deconstruct the component pro-
cesses most affected by sleep loss, but do provide important 
understanding of how lack of sleep may actually be mani-
fested in real-world situations.

RISK-TAKING, JUDGMENT, AND 
DECISION-MAKING

Can sleep deprivation increase the tendency to engage in 
high-risk activities or does it affect decisions that involve risk? 
While these questions seem simple, the answers appear to be 
complex and depend on a number of factors. We will address 
several issues, including how sleep loss affects self-reported 
risk-taking propensity, decision-making under conditions of 
uncertainty, the role of effort on risky behavior, implicit cogni-
tive biases, aggressive behaviors, and moral decision-making.

Self-rated risk propensity

People can engage in high risk activities for a number of 
reasons. The construct of risk-taking is often confused with 
the closely related construct of sensation seeking, a pref-
erence for seeking out novel experiences and other thrill-
ing activities that produce high levels of physiological 
arousal [99]. In contrast to sensation seeking, Risk-Taking 
Propensity represents the tendency to engage in activities 
that include a high level of risk, danger, or uncertainty of 
outcome [100, 101]. Although risk taking can occur because 
an individual is sensation seeking, risky behavior can also 
occur for reasons other than the pursuit of thrills or excite-
ment. Accordingly, these two constructs are only modestly 
correlated with one another [102].

Interestingly, sleep deprivation has been shown to af-
fect scores on measures of both sensation seeking and 
risk- taking, but the associations are typically inverse. For 
instance, one night of total sleep deprivation has been shown 
to significantly reduce scores on measures of self-reported 
sensation-seeking and self-reported risk-taking propensity 
[103, 104]. Similar findings have also been reported follow-
ing two nights without sleep [35, 105]. Such findings are 
not surprising when considered in light of the fact that one 
of the most common symptoms of sleep loss is increased 
fatigue and reduced physical and mental energy [106]. It 
seems sensible that increased fatigue would lead to a reduc-
tion in activities requiring energy expenditure or exertion 
of mental or physical effort. Interestingly, longer periods of 
total sleep deprivation (i.e., 75 h awake) have been associ-
ated with a reversal of this trend, with participants showing 

greater interest in risky activities by the third night without 
sleep [35]. It is not entirely clear why this upsurge in risky 
preferences may occur, but it is conceivable that severe ex-
tended sleep deprivation may (1) substantially alter judg-
ment, (2) lead to a burst of hypomanic disinhibition due to 
altered prefrontal functioning, or (3) be an attempt of par-
ticipants to seek out stimulation as a means to behaviorally 
induce arousal. Notably, repeated doses of caffeine (200 mg 
every 2 h) appeared to be protective against this sudden 
surge in self-reported risk-seeking. Overall, these findings 
suggest that short term sleep deprivation (one or two nights) 
reduces interest in high-risk sensational activities, whereas 
that interest may show a rebound when sleep deprivation 
becomes extreme (≥3 nights).

Risky decision-making

While it is clear that sleep loss can lead to altered risk-related 
perceptions, it is also important to understand how sleep de-
privation can affect actual risk-taking behavior. These types 
of effects are often revealed by gambling or other similar 
game-like risk tasks. As discussed below, sleep deprivation 
can lead to altered perception of risk, which will alter be-
havioral outcomes.

Cognitive framing
Sleep deprivation can affect how a person responds to the 
way in which a risk is presented to them, a phenomenon 
known as “framing.” In most circumstances, risks can be 
framed as a potential gain (e.g., would you rather have an 
80% chance of winning $4000, or a 100% chance of win-
ning $3000) or as a potential loss (e.g., would you prefer 
an 80% chance of losing $4000 or a 100% chance of losing 
$3000). In such cases, it is well established that most people 
are risk avoiding when considering possible gains (i.e., they 
would prefer the “sure thing”) and risk seeking when con-
sidering possible losses (i.e., they would prefer the “long 
shot”) [107]. Interestingly, sleep deprivation appears to shift 
this basic cognitive bias. For example, in one study using 
a gambling game, when possible outcomes were described 
in terms of potential gains, sleep deprivation produced an 
increase in risk-taking above baseline. However, when pos-
sible outcomes were framed as potential losses, sleep de-
privation caused participants to become more risk averse 
than when normally rested [108]. These findings suggest 
that sleep deprivation modifies the typical framing effect, 
increasing risk-taking when gains are emphasized and in-
creasing risk-aversion when losses are emphasized, thus 
magnifying our typical tendencies.

Altered expectations of reward
Sleep deprivation appears to alter the cognitive assessment 
of risk by changing functioning within brain regions that 



352 PART | VI Sleep loss and neurocognitive function

assign value to objects or situations. For example, one study 
examined the effects of sleep deprivation on brain activation 
while participants completed a roulette-style gambling task 
[109]. During a neuroimaging session, participants com-
pleted a series of roulette gambles that ranged from certain 
wins to highly risky bets. One night of sleep deprivation 
led to increased activation within the nucleus accumbens 
during high-risk decisions. This brain structure is involved 
in the anticipation of rewards and the increased respon-
siveness of this area following sleep loss suggests that it 
may be increasing the expected value of the risky bets. 
Simultaneously, sleep deprivation also blunted activation 
within the insular cortex during losses. Together, these find-
ings suggest that sleep deprivation alters brain activation in 
a way that could bias an individual toward risky-behavior 
(i.e., increasing expectation of rewards and minimizing re-
sponses to losses).

The same research team conducted a follow-up study 
to examine the effects of sleep deprivation on complex 
 reward-based decision-making [110]. Research participants 
completed a series of trials, some of which focused on gains 
and others that focused on losses. For instance, during the 
gain-focused trials, participants could choose to increase the 
potential amount of money that could be won or increase 
the probability of winning a particular amount. On the other 
hand, loss-focused trials permitted the participant to either 
reduce the amount of money that could be lost or lower the 
probability of losing a specified amount. Rested individu-
als showed a bias toward minimizing losses, but this pat-
tern shifted toward maximizing gain after sleep deprivation. 
These changes were associated with increased activation of 
reward processing regions, including the ventromedial PFC, 
and a decline in activation of the insular cortex, which is 
generally associated with aversion and negative affective ex-
periences [110]. Together, these findings suggest that sleep 
deprivation alters functional activation in brain regions as-
sociated with reward and punishment, which may increase 
the expectation that risky decisions will lead to reward.

Reward-based learning
Poor decision-making is often characterized by a preference 
for short-term gains that ultimately lead to long-term losses. 
Everyday life is full of choices that involve deciding whether 
to forgo immediate satisfaction in service of longer lasting 
benefits. One experimental paradigm that seems to get to 
the heart of these kinds of decisions is the Iowa Gambling 
Task (IGT), a computerized gambling game-like task that 
involves selecting cards from four decks with varied, but 
unstipulated, payout schedules. Two of the decks are high 
risk because of their widely variable payouts that lead to a 
net loss, and two of the decks are low risk because they have 
very consistent but small payouts that reliably lead to a net 
gain. When healthy normal individuals play this game, they 

rapidly learn to maximize long-term profits over short-term 
gains by sticking with the low risk decks. In contrast, pa-
tients with focal lesions to the ventromedial PFC, a region 
critical to learning from rewards and punishments, tend to 
become selectively attracted to the short-term gains associ-
ated with the high-risk decks, which eventually leads them 
to progressively lose money throughout the course of the 
game [111, 112].

The IGT has been studied in several studies of sleep de-
privation, which have consistently demonstrated that lack 
of sleep is associated with a pattern of performance that is 
qualitatively similar to that of patients with lesions in the 
ventromedial region of the PFC [113–115]. In short, sleep 
deprivation leads to a short-term focus on immediate gains 
to the detriment of longer-term outcomes, a pattern that 
appears to be more severe with greater durations of sleep 
deprivation. This effect is mediated, in part, by the DAT1 
polymorphism, such that individuals with the 9-repeat al-
lele have elevated responsivity to gain anticipations [116]. 
Interestingly, stimulant countermeasures such as caffeine, 
modafinil, and dextroamphetamine have not been effective 
at restoring performance on the IGT (Fig. 26.11), despite 
normalizing performance on psychomotor vigilance [113, 
114]. This lack of effect of stimulants suggests that the defi-
cits on the IGT are probably not due to problems with at-
tention and vigilance and are brought about by alteration 

FIG.  26.11 Net scores on the IGT for each block of the task. Study 
participants performed the task following 46 h of extended wakefulness. 
Stimulants (600 mg caffeine, 20 mg dextroamphetamine, 400 mg modafinil, 
or placebo) were administered at 44 h wakefulness. Stimulants did not af-
fect IGT performance, and are thus grouped with the placebo group here. 
Stimulants (black squares) were not effective at restoring IGT performance 
back to baseline levels (white diamonds). Modified from Killgore WDS, 
Grugle NL, Balkin TJ. Gambling when sleep deprived: don’t bet on stimu-
lants. Chronobiol Int 2012;29(1):43–54, with permission from Taylor & 
Francis Ltd. (http://www.informaworld.com).

http://www.informaworld.com
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in the process of integrating information about rewards 
and punishments with ongoing decision-making processes. 
Furthermore, we also recently showed that daytime sleepi-
ness reduces the psychological weight that individuals give 
to more temporally distant versus more recent trials on the 
IGT in their decision-making strategy [117]. These data 
suggest that sleepiness may shorten the “time horizon” over 
which decision information is integrated into the decision-
making process. Thus, a sleep deprived individual could 
also make risky choices because they base decisions on a 
limited amount of information.

Impulsive behavior
While risk taking often involves deciding between high 
and low risk options, another form of risk-taking involves 
“pressing one’s luck” beyond the point where the benefits 
of success are outweighed by the costs of failure. A task that 
assesses the tendency to push the limits and behave impul-
sively is known as the Balloon Analog Risk Task (BART). 
The BART is a computerized task that presents a series of 
30 virtual balloons that must be inflated on the screen to win 
money. To inflate each balloon, the participant presses the 
spacebar on the keyboard. With each key press, or “pump,” 
the balloon increases in size slightly and gains an addi-
tional five cents in value. The larger the balloon becomes, 
the greater its potential monetary value. The participant can 
“bank” the accumulated value of a balloon at any time, as 
long as it has not exploded. If the balloon is inflated too 
much, the balloon will explode and all accumulated value 
for that balloon will be lost. Each balloon has a different 
breaking point that is not known to the participant. In order 
to win the most money possible, the participant must make 
a judgment about how much to inflate each balloon and then 
attempt to cash in before reaching the unknown explosion 
point. A commonly used output variable from this task is 
mean number of key presses for the unexploded balloon tri-
als (i.e., those trials that were “banked” without popping 
the balloon), which is commonly known as the Adjusted 
Average Number of Pumps. Some studies have also calcu-
lated a “Cost/Benefit Ratio,” which considers both the Cost 
(i.e., proportion of exploded balloons) versus the Benefit 
(i.e., the proportion of all potential money that was actually 
banked) [35, 104, 105]. Higher Cost/Benefit Ratio scores 
suggest greater risk-taking.

Several sleep deprivation studies have used the BART to 
examine the effects of sleep loss on risky behavior. The first 
published study to examine the BART during sleep depriva-
tion showed that one night without sleep led to a decline 
in the Cost/Benefit Ratio, suggesting a tendency toward 
less behavioral risk-taking [104]. A second study published 
around the same time also found that a single night of sleep 
deprivation was associated with reduced risk-taking (i.e., 
lower Adjusted Average Number of Pumps) among women 

but not men [118]. Later work further confirmed that risk 
taking on the BART was reduced with two nights of sleep 
deprivation, but was returned to baseline levels with a 20 mg 
dose of dextroamphetamine, but not by similarly alerting 
doses of 400 mg modafinil, or 600 mg of caffeine [105]. In 
contrast, Killgore and colleagues found that BART Cost/
Benefit scores were generally unaffected by two nights of 
sleep deprivation, but this was followed by a surge in be-
havioral risk-taking after three nights without sleep [35]. 
The cause of this surge in risk-taking after extreme sleep 
deprivation is not clear, but it is possible that inhibitory 
capacity eventually fails after several nights awake, or that 
the increased risk taking is simply a way for participants to 
stimulate arousal [35].

The fact that the BART typically shows reduced risk-
taking during sleep loss seems to stand in contradiction to 
the increased risk-taking that is consistently found on the 
IGT. One explanation for this discrepancy may involve the 
difference in effort required by these two tasks [104]. While 
both the IGT and BART involve risky decision-making, 
risky choices on the IGT require no more effort than the 
safe options (i.e., a single button press is required regardless 
of which option is selected), while greater risk taking on the 
BART requires the expenditure of additional physical and 
cognitive effort (i.e., more button presses are required to be 
risky, while fewer button presses are safer). This explana-
tion was given further support by a study that showed that 
sleep deprivation leads to “effort discounting,” a willing-
ness to accept less reward if it requires only minimal ef-
fort rather than expend greater effort to obtain higher value 
rewards [119]. Sleep deprived individuals appear to be less 
willing to expend effort to engage in risky activities.

Aggressive/punitive responses
Negative mood states are common during sleep deprivation 
and evidence suggests that individuals may become more 
easily frustrated by even minor hassles or interpersonal 
slights. For instance, sleep deprivation appears to increase 
the willingness to blame others for frustrating problems and 
makes people less willing to work with others to achieve 
mutually satisfying outcomes [120]. Without sleep, peo-
ple often feel picked on or targeted for persecution [121]. 
Sometimes, this can even lead to aggressive behaviors [122]. 
In one study, participants played a series of “bargaining” and 
“trust” games that required them to interact with other play-
ers to earn various levels of money [123]. On these games, 
sleep deprivation increased the tendency to engage in ag-
gressive exchanges with the other players. Moreover, sleep 
deprived individuals were less trusting of their partners and 
more often rejected monetary offers that were perceived as 
unfair, even when rejecting the offer would come at a finan-
cial cost to themselves. Sleep deprivation appears to have an 
adverse effect on trust and normal social discourse.
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Moral judgment
Our stable moral precepts and beliefs dictate our responses 
to difficult situations where the appropriate decision is not 
obvious. A few studies have demonstrated moral judgment 
and moral decision-making can be affected by sleep depri-
vation. In the earliest published study to examine moral 
judgment following sleep loss, participants completed a 
series of moral and non-moral dilemmas when fully rested 
and again following 53 h of sleep deprivation [124]. The 
findings showed that most decision-making processes were 
relatively unaffected by sleep deprivation, including non-
moral decisions and moral decisions that were generally low 
in emotional intensity. However, sleep deprivation appeared 
to significantly slow responses to difficult moral decisions 
that involved high levels of emotional conflict. Compared 
to the speed of decisions at baseline, the time to respond to 
emotionally challenging situations was much slower, sug-
gesting that sleep deprivation does not affect all decisions 
equally—sleep deprivation specifically impairs the ability 
to make emotionally based decisions. Moreover, sleep de-
privation also altered the qualitative direction of the judg-
ments. Specifically, sleep deprived individuals were more 
likely to make utilitarian type judgments that violated their 
own moral beliefs compared to when they were well rested 
[124]. However, this effect was not significant in a second 
study of only a single night of sleep loss [125], suggest-
ing that deficits in moral judgments may only emerge with 
prolonged periods without sleep. Other evidence also sug-
gests that moral reasoning may be affected by partial sleep 
restriction as well. For instance, when sleep was restricted 
to approximately 2.5 h per night over 5 days, military per-
sonnel showed significant reductions in principle-oriented 
moral reasoning [126]. Among this sample of military ca-
dets, their moral decisions became more rules-focused and 
self-oriented over the course of sleep restriction, and they 
showed progressively greater difficulty with higher-level 
principle-oriented reasoning. Overall, it appears clear that 
sleep deprivation affects the speed and quality of moral de-
cisions and judgments.

PRACTICAL IMPLICATIONS

Extreme cases of acute sleep deprivation often fail to be 
generalizable to real-word situations. However, a common 
occurrence in everyday life is that of chronic sleep restric-
tion. It is common for individuals to repeatedly, and regu-
larly, obtain insufficient amounts of sleep. Individuals that 
are chronically sleep-restricted often have difficulty with 
day-to-day tasks, and they may not even realize it until it 
is too late. For example, individuals that are leaving a night 
shift often drive drowsy. While drowsy driving may not al-
ways lead to a direct negative consequence, under the right 
circumstances the results can be catastrophic due to the un-
predictable nature of sleep loss induced impairments. For 

instance, if an individual experiences even a single lapse 
in attention at the same moment a stop light turns red, the 
result could be disastrous. Further, the inability to effec-
tively inhibit responses and make rational decisions can 
significantly impact work performance and interpersonal 
relationships. As sleep loss impairs inhibitory control, in-
dividuals that are sleep-restricted may make decisions or 
act in ways that are out of character or inappropriate to the 
context due to a diminished capacity to inhibit responses. 
This could prove harmful to an individual’s social or pro-
fessional reputation or could damage close interpersonal 
relationships. Additionally, sleep loss alters reward expec-
tation in such a way that individuals do not realize the con-
sequences of their actions, as they expect to be rewarded 
by their choices, regardless of the quality of the decisions. 
This exaggerated expectation of reward may lead individu-
als to make risky decisions, which could affect economic 
choices such as gambling or selecting risky investments. Of 
course, these same unrealistic expectations of reward could 
potentially affect other behaviors as well, including social, 
interpersonal, and professional decisions. Overall, it is im-
portant for individuals to recognize the range of cognitive 
consequences of sleep loss and the downstream effects that 
insufficient sleep can have on basic day-to-day activities 
and interpersonal relationships.

Often times, the effects of sleep loss can be mitigated 
with effective countermeasure strategies, including caffeine 
and strategic napping [6], although there is some evidence 
that widely used stimulants, such as caffeine, may improve 
some executive functions [35, 127, 128] while having no 
discernable effects on others [113, 114]. However, many of 
the negative consequences associated with sleep loss can 
be avoided all together with a proactive approach. Those 
who are often faced with chronic sleep loss should take the 
steps necessary to educate themselves on causes and conse-
quences of fatigue. It is also important to become educated 
about and implement proper sleep hygiene techniques, in-
cluding making sleep a priority, standardizing sleep sched-
ules, creating a good sleep environment, and “unplugging” 
from technology and other forms of stimulation at least 
30 min before bed [129]. Additionally, individuals should 
attempt to align lifestyle choices with their work and social 
schedules to maximize sleep opportunities [6].

CONCLUSIONS

Sleep loss appears to have a multifaceted impact on both 
neural and behavioral measures. These impacts affect both 
global and domain-specific aspects of cognition. This, in 
part, is due to the differential responsiveness of the inter-
connected brain regions underlying each specific cogni-
tive task. Sleep loss consistently impairs vigilant attention 
performance, resulting in increased lapses of attention and 
slowed response times. However, the literature is mixed as 
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to if, and how, insufficient sleep influences performance on 
higher-order executive function and decision-making tasks. 
For example, the executive and non-executive components 
of working memory are differentially impacted by sleep 
loss. Further, other complex executive functions, such as 
cognitive control, are negatively impacted by sleep loss, yet 
impaired vigilant attention does not seem to be the underly-
ing cause. For some higher-level tasks that involve judgment 
and decision-making, the effects of sleep loss on emotional 
systems may be particularly important. While research into 
the underlying mechanisms of cognitive impairment due 
to sleep loss has increased in recent years, more work is 
needed in order to fully elucidate how sleep loss specifi-
cally impacts various aspects of cognition. Identification of 
task-specific impairments, and the mechanisms subserving 
these impairments, can aid in the development of appropri-
ate countermeasures and fatigue risk management strategies 
for those most at risk for experiencing chronic and acute 
sleep loss.
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