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Mitigation of cognitive impairment due to sleep deprivation in operational settings is critical for safety
and productivity. Achievements in this area are hampered by limited knowledge about the effects of
sleep loss on actual job tasks. Sleep deprivation has different effects on different cognitive performance
tasks, but the mechanisms behind this task-specificity are poorly understood. In this context it is
important to recognize that cognitive performance is not a unitary process, but involves a number of
component processes. There is emerging evidence that these component processes are differentially
affected by sleep loss.

Experiments have been conducted to decompose sleep-deprived performance into underlying
cognitive processes using cognitive-behavioral, neuroimaging and cognitive modeling techniques.
Furthermore, computational modeling in cognitive architectures has been employed to simulate sleep-
deprived cognitive performance on the basis of the constituent cognitive processes. These efforts are
beginning to enable quantitative prediction of the effects of sleep deprivation across different task
contexts.

This paper reviews a rapidly evolving area of research, and outlines a theoretical framework in which
the effects of sleep loss on cognition may be understood from the deficits in the underlying neurobiology
to the applied consequences in real-world job tasks.

© 2012 Elsevier Ltd. All rights reserved.

Dissociating components of cognition in sleep deprivation

research

Introduction

mitigating the adverse consequences of sleep deprivation in oper-
ational environments. These efforts are hampered, however, by
limited knowledge about the effects of sleep loss as a function of job
task. The literature is filled with evidence regarding differential
effects of sleep deprivation on different performance tasks.! =89

Sleep deprivation affects performance outcomes across a wide Furthermore, there is considerable trait inter-individual vari-

range of performance tasks and cognitive domains.!™* Sleep
deprivation has been cited as a factor in many accidents in trans-
portation and industrial settings,>® and the costs to society are
substantial in terms of property damage, lost productivity, personal
injury, and death.” Significant research efforts are devoted to
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ability in responses to sleep loss,'® which also differs from one
performance task to another.!! The mechanisms underlying these
task-specific, differential responses are poorly understood. This
makes it challenging, in general, to accurately predict the quanti-
tative impact of sleep loss on performance for any specific job
task.!?

Against this background, it is important to recognize that
cognitive performance is not a unitary concept. Rather, cognitive
performance involves a number of component processes, such as
stimulus detection, information encoding, working memory, motor
action, etc. These component processes may be differentially
affected by sleep deprivation. When examining the effects of sleep
deprivation on performance, therefore, it is crucial to consider how
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Abbreviations

ACT-R  adaptive control of thought — rational
ATP adenosine triphosphate

DLPFC  dorsolateral prefrontal cortex

EEG electroencephalogram

fMRI functional magnetic resonance imaging
GABA  gamma-aminobutyric acid

IGT [owa gambling task

IL1 interleukin-1

PVT psychomotor vigilance test

RT response time

SRSs sleep regulatory substances

TNF tumor necrosis factor

VLPO ventrolateral preoptic nucleus

VMPFC ventromedial prefrontal cortex

sleep loss affects each of the underlying cognitive processes and
how those cognitive processes interact to affect overall perfor-
mance. After disentangling the effects of sleep deprivation this way,
computational modeling may be used to reconstruct and predict
sleep-deprived performance across different task platforms. This
paper reviews recent scientific advances that contribute to our
understanding of cognitive impairment under conditions of sleep
loss in new ways, with relevance both for the laboratory and for
operational settings.

Task impurity

Studies investigating the effects of sleep deprivation on human
cognition have traditionally focused on global task performance
outcomes. This has yielded inconsistent findings regarding the
effects of sleep loss on performance, both across and within
different cognitive domains.*!> The heterogeneity of cognitive
effects of sleep deprivation may be due at least partially to the “task
impurity” problem,'*> which refers to the intertwined involve-
ment of multiple cognitive processes during performance of a task.

The potential for task impurity to affect the ability to draw
conclusions about sleep loss and cognition can be illustrated with
currently popular research on decision-making using the lowa
gambling task (IGT).'® Decision-making on the IGT involves the
selection of cards from decks that are associated with variable gains
and losses (shown in terms of hypothetical amounts of money),
which are a priori not known. Good decision-making on this task
requires subjects to learn to choose card decks that provide occa-
sional small gains with infrequent small losses (good decks),
instead of card decks that offer large gains with more frequent large
losses (bad decks). However, sleep-deprived individuals choose
higher-risk decks and exhibit reduced concern for negative
consequences when performing tasks like the IGT.!”18

The IGT has been of particular interest for two reasons. First,
performance on the task is diagnostic of decision-making problems
experienced by patients with injury to the ventromedial prefrontal
cortex (VMPFC)."® Second, the IGT provides a context for analyzing
decision-making based on the interplay of two distinct aspects of
cognition: cold (i.e., rational) and hot (i.e., affective).?®?! The general
presumption has been that poor IGT performance reflects the absence
or improper weighting of affective factors, and that this applies to
a wide range of decision-making problems in everyday life.>?

The IGT has become a popular general-purpose assay of
decision-making. Global performance on the IGT, i.e., number of
good and bad deck choices at asymptote, is often used as an index of
the quality of decision-making in general. The variety of settings in

which the IGT has been used includes the study of decision-making
under conditions of sleep deprivation, where increased bad deck
choices have been documented.'”?? It is tempting to conclude that
sleep deprivation produces poor IGT performance by interfering
with affective factors biasing decision-making. However, the
mechanisms at work during decision-making on the IGT turn out to
be far more complex.?4%>

Interplay of hot and cold cognition

Converging evidence indicates that IGT performance is based on
multiple interacting circuits being employed to integrate hot and
cold information in decision-making. Consistent with this notion,
there is evidence that in healthy subjects the IGT measures two
kinds of decision-making. The early trials assess decision-making
about ambiguous risks, and later trials assess decision-making
about known risks.?®?7 The influence of executive functions
managed by the dorsolateral prefrontal cortex (DLPFC) becomes
more pronounced as explicit knowledge is gained and risks become
more precisely known. Thus, decision-making in the IGT involves
continuous and dynamic processes, including the VMPFC and
DLPFC circuits that support hot and cold cognition. 283!

Overall performance impairment on the IGT under conditions of
sleep deprivation, or any other challenge, does not point unambig-
uously to the causal factors for the impairment. This is not to say that
the IGT is an inferior decision-making task, but rather is a recogni-
tion that decision-making performance on the IGT must be analyzed
in detail to understand why it is optimal in some circumstances and
suboptimal in others. In offering the IGT as a clinical tool, Bechara
defined its construct validity as an assessment of decision-making
capacity without claiming that decisions in the task depend only
on affective guidance3? Nevertheless, in both experimental and
clinical uses of the IGT, the composite score over all trials is typically
the only index used, and the pervasive assumption is that perfor-
mance reflects hot cognition.* 3> Yet, overall performance on the
IGT, and other decision-making tasks, is based on multiple compo-
nent processes involved in cognition, including cold cognition. It is
important to recognize that these component processes may not
respond to sleep deprivation in a unitary way.!>637

The complexity of IGT decision-making recommends caution in
the interpretation of results from the diverse decision-making
paradigms currently used in sleep research, particularly those that
potentially involve complex interactions between cold and hot
cognition. For example, decision-making in social exchange para-
digms involving social-economic games such as the Ultimatum
Game, the Dictator Game, or the Trust Game, have been widely used
in cognitive neuroscience>®4% and are presumed to have a signifi-
cant affective component governing rejection of unfair offers.

A recent study found that following sleep deprivation, subjects
increasingly rejected unfair offers in these games even when this
resulted in greater personal losses of monetary distributions.*! The
inference was made that sleep loss increased the impact of negative
affect, which in turn resulted in more rejections of offers perceived to
be unfair. This inference is supported by findings of increased nega-
tive affect after sleep deprivation in other experimental paradigms.*?

Although affective influences were invoked to account for
decision-making changes after sleep deprivation, affect was not
actually measured in the study.*! Recent neuroimaging work has
shown that judgment in social exchange games is not simply due to
affective aversion to inequity. Instead, these decisions are highly
context-dependent and involve brain structures, such as those in the
DLPFC, that contribute to controlled, deliberative processing.>#4
Therefore, independent measures of affect should be employed
before invoking hot cognitive processes as an explanation for
observed deficits.
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Ambiguity in underlying deficits

Other studies of economic decision-making paradigms in which
affective processes are presumed to contribute to risk preferences
have employed neuroimaging in the context of sleep depriva-
tion.*>46 One study, involving choices among risky decision-
making gambles, showed that after sleep deprivation risk prefer-
ence shifted from loss avoidance to gain seeking.#’ This shift in
preference was accompanied by elevation in VMPFC activity, sug-
gesting that sleep loss biased decision-making toward highest
ranked outcomes. A second study examined social and economic
exchange values using an experimental paradigm in which subjects
could exchange money to view attractive faces.® Findings from this
study were that sleep deprivation altered VMPFC activation, and
that this activation reflected the valuation of social rewards. The
alteration in value showed individual differences, in that sleep
deprivation produced an increase in exchange value for some
subjects and a decrease in exchange value for others, a finding
consistent with prior reports of trait-like inter-individual differ-
ences in the effects of sleep deprivation.'

The overarching point is that a single global outcome measure
from a decision-making task cannot unambiguously predict
underlying cognitive deficits or performance in other domains after
sleep loss. When using any measure of decision-making it is
essential to measure both cold and hot cognitive component
processes. Ideally, the global measures of decision-making perfor-
mance should be accompanied by independent measures of cold
and hot component cognitive processes. These independent
measures of hot and cold cognition would also be valuable in
clarifying results from neuroimaging studies.

Component cognitive processes

The problem of task impurity is in some respects compounded
when different complex tasks that are assumed to assess the same
domain of cognition may depend on somewhat different combi-
nations of component processes. For example, executive func-
tioning, as a cognitive domain, is multi-faceted, made up of
a number of separate but associated processes.*® Latent variable
analyses of different executive function tasks have revealed that
these tasks vary in the extent to which they load on inhibition, set
shifting, and working memory updating abilities.3>*° If sleep
deprivation does not uniformly compromise these component
processes, then it stands to reason that studies of sleep deprivation
on executive functioning may come to different conclusions
depending on the specific tasks used to assess executive function.
Reviews of the literature confirm this notion.*>1—>3

Evidence consistent with the idea that the relationship between
sleep loss and executive functioning varies across component
processes has been reported. Friedman and colleagues examined
whether developmental patterns of sleep problems, recorded
between the ages from 4 y to 16 y, predicted executive functioning
in late adolescence.®® Their study documented that children who
had more of an improvement in sleep problems over the years
displayed better executive functioning at age 17. Using a statistical
model to dissociate components of executive function across
several tasks, inhibition and updating but not shifting functions
were found to be significantly related to prior sleep problems.

Decomposable performance tasks

A more theoretically driven approach to tackling the task
impurity problem is the use of tasks that can be directly decom-
posed into separate components of interest. Cognitive tasks
designed specifically to tease apart the effects of sleep deprivation

on distinct cognitive processes are gradually being introduced into
sleep research.36-4-6

Tucker and colleagues investigated the effects of sleep depri-
vation on distinct, experimentally isolated components of cognitive
performance3® by utilizing a modified Sternberg task.”” This task
allows for the dissociation of specific working memory processes
(working memory scanning efficiency and resistance to proactive
interference) from other components of cognition (e.g., encoding
a stimulus, deciding on a response, and executing a motor
response). In the task, subjects are shown a set of items to be held in
working memory, and then a probe item. They respond by indi-
cating whether or not the probe item is in the memory set. The
number of items in the memory set varies, and thereby the working
memory scanning requirement. Furthermore, when the probe item
is not in the memory set, it may have been in the previously shown
memory set, which induces proactive interference.

Subjects were randomized to a total sleep deprivation condition
or a control condition, and performance was assessed at baseline,
after sleep deprivation (or no sleep deprivation in the control
condition), and following two nights of recovery sleep. Overall
performance on the modified Sternberg task showed impairment
during sleep deprivation, as compared to baseline and recovery and
compared to controls. However, two dissociated components of
cognitive processing on this task — working memory scanning
efficiency (see Fig. 1) and resistance to proactive interference —
remained at baseline levels.® It appeared that only non-working
memory components of the task were affected by sleep
deprivation.3%-°8

This study demonstrated that deficits observed in overall
performance on a working memory task are not necessarily due to
specific impairments in working memory processes, but can be due
to performance degradation in other components of cognitive
processing. This finding challenges an influential theory stating
that sleep deprivation is particularly detrimental for cognitive
functions assumed to rely on the prefrontal cortex, such as working
memory, executive functioning and decision-making.>®

Resilience of working memory scanning efficiency to sleep
deprivation was also observed in a study conducted by Tucker and
co-workers in another laboratory,?® where they additionally found
that sleep deprivation degrades different components of cognition
than does aging. Further evidence that sleep deprivation does not
significantly impair resistance to proactive interference was
reported by Cain and colleagues,”® based on a decomposition of
reaction times in the Stroop color-naming task.%! Such findings
leave unresolved whether latent variables statistically derived from
multiple complex measures would be pure indices of distinct
cognitive processes. The results of latent variable analyses depend
not only on the underlying cognitive processes, but also on the
selection of tasks and on the experimental challenge during which
they are administered. It thus remains unclear whether the inhi-
bition and updating abilities related to sleep problems in the study
by Friedman and colleagues®® effectively distinguished executive
from non-executive contributions to cognitive processing.

Cognitive processes and brain function

Although cognitive processes are not necessarily mapped to
brain activation along neuroanatomical lines,®> neuroimaging
techniques may be useful to disentangle the cognitive effects of
sleep deprivation when combined with clever experimental
designs. Some examples of this have already been discussed above.

Another noteworthy example is a functional magnetic reso-
nance imaging (fMRI) study by Chee and Chuah, who used two
different versions of a task to dissociate the contributions of
attention and short-term memory capacity to performance decline
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Fig. 1. Performance degradation on a modified Sternberg working memory task during
sleep deprivation. The top panel shows the intercept of the linear relationship between
memory set size and response time (RT), which measures overall cognitive perfor-
mance with the exception of the working memory scanning efficiency component. The
bottom panel shows the slope of this relationship, which isolates the working memory
scanning efficiency component of performance on the task. Means + standard errors
are shown for twelve healthy adults tested in a laboratory during a baseline session
(BL), after 51 h of total sleep deprivation (TSD), and following two nights of recovery
sleep (REC), at fixed time of day (11:00 h). The results show that performance on the
Sternberg task was adversely affected by sleep deprivation, but this was not attribut-
able to impairment of working memory scanning efficiency. Figure adapted from
Tucker et al.>® with permission.

in working memory following sleep deprivation.®? In a visual short-
term memory version of the task, subjects were instructed to
remember an array of blocks with between one and eight colors,
and then recall whether a probe color was present or absent from
the memory array. In a visual attention version of the task, subjects
simply responded if a colored block was presented in the center of
the array. Sleep deprivation resulted in a significant decline of
performance on the visual short-term memory version of the task,
with accuracy declining both with increasing array size and sleep
deprivation.

The findings from this task version alone would seem to indicate
that sleep deprivation caused a reduction in visual short-term
memory capacity. However, a performance decline, accompanied
by reduced brain activation in the visual pathway, was also
observed in the visual attention version of the task, with no effect of
array size. This suggested that degraded attention or perceptual
processing, rather than reduced short-term memory capacity, may

M.L. Jackson et al. / Sleep Medicine Reviews xxx (2012) 1-11

have been the primary cause of the overall decline in working
memory performance observed following sleep deprivation.

Further dissociation of perceptual processing is possible by
examining event-related potentials in the electroencephalogram
(EEG) during task performance.® Jackson and colleagues con-
ducted a sleep deprivation study in which performance on a visual
reaction time task was measured. Slowing of reaction times and
increased errors of omission were observed, accompanied by
decreased amplitude of the P300 components of the visual event-
related potential over the parietal cortex.®® The P300 is associated
with stimulus evaluation processes such as item categorization and
stimulus discrimination.%67 Thus, the study results suggested that
sleep deprivation selectively affected post-detection aspects of
perception, rather than earlier sensory processes.

Cognitive modeling

Dissociation of distinct components of cognition in the context
of sleep deprivation has also been pursued with cognitive
modeling.%8%° One promising approach involves the diffusion
model (see Fig. 2), which aims to disentangle the cognitive
processes involved in making simple two-choice decisions. The
diffusion model separates the quality of evidence entering a deci-
sion from the decision criteria, as well as from non-decision
processes.”®

As part of the experiment conducted by Tucker and colleagues,>
subjects performed a two-choice numerosity discrimination task at
baseline, after sleep deprivation (or no sleep deprivation in the
control condition), and following two nights of recovery sleep. In
each trial of the task, between 31 and 70 asterisks were placed in
random locations in a 10 by 10 array on a computer screen, and
subjects were instructed to decide whether the number of asterisks
was greater or less than 50. The diffusion model was fitted to the
response times (RTs)®® to dissociate three distinct aspects of
cognitive processing: drift rates (accumulation of evidence entering
the decision), boundary separation (evidence thresholds that
trigger the decision), and non-decision processes (e.g., information
encoding and response execution). Following sleep deprivation,
best-fitting model parameters indicated longer drift rates, pointing
to reduced ability to effectively extract information from the stimuli
presented. In addition, the non-decision components of cognition
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Fig. 2. The diffusion model for two-choice decision-making tasks. The figure shows
three sample paths of evidence accumulation following stimulus presentation. These
reach the criterion threshold for a correct decision (“A”) or error (“B”) with different
drift rates (v), representing varying ability to effectively extract information from the
stimulus. This illustrates variability within the decision process, leading to probability
distributions for correct and error response time (RT). The mathematical equations of
the diffusion model disentangle evidence accumulation (drift rate) from the criteria
triggering the decision, and from non-decision processes such as information encoding
and response execution. Figure adapted from Ratcliff and Van Dongen®® with
permission.
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were found to be impaired, which could reflect degraded infor-
mation encoding and/or response output processes.??

During the same experiment,>® subjects additionally performed
a one-choice decision, simple reaction time task called the
psychomotor vigilance test (PVT).”' Ratcliff and Van Dongen’?
demonstrated that the principles of the diffusion model for two-
choice decisions also applied to this one-choice task, and that
drift rates are affected by sleep deprivation in the same manner for
the PVT’? as seen for the numerosity discrimination task.®® This
suggests that dissociating components of cognition through
cognitive modeling is a fruitful approach toward better under-
standing the effect of sleep loss on cognition across different
performance tasks.

Integrating components of cognition through cognitive
architectures

Reconstructing task-specific performance

To enable prediction of the effects of sleep deprivation on
cognitive performance across different task platforms, a critical
further step is to determine how the distinct components of
cognition integrate to produce cognitive impairment in sleep-
deprived individuals. By carefully tracing the throughput of infor-
mation from stimulus input to performance output, the various
ways that sleep loss can lead to degraded performance may become
better understood both qualitatively and quantitatively. Computa-
tional models of cognitive performance have been employed to
understand and predict task performance as reconstructed from
the constituent cognitive processes and the effects of sleep depri-
vation thereon.”®

In the context of a research program aimed at minimizing the
impact of performance impairment due to sleep deprivation by
redesigning task environments, Gunzelmann and colleagues
argued that four features are needed to be able to use a computa-
tional model to make task-specific performance predictions at an
appropriate level of detail.”> These features are a quantitative
theory of the components of cognition and their interactions; an
understanding of how the components of cognition are involved in
a particular task context; a model of the temporal dynamics of the
cognitive effects of sleep deprivation overall; and an understanding
of how these temporal dynamics impact on information processing
mechanisms in the components of cognition brought to bear on the
task context.

Cognitive architectures

Models of the components of cognition and their interactions
have been developed in the form of cognitive architectures, which
can be seen as formalized, unified conceptualizations of human
cognition.”* Cognitive architectures are computational instantia-
tions of theories regarding the components of cognition and how
they interact to drive cognitive performance. One such cognitive
arc%itecture is called adaptive control of thought — rational (ACT-
R).

ACT-R represents cognition as a set of modules characterizing
components of cognition, which contribute to the emergence of
human behavior by interacting through a central cognition unit.
There are modules in ACT-R that represent visual perception
processes, acquisition and use of declarative knowledge, motor
actions, etc. Each module contains mechanisms determining the
quantitative details of that module’s performance. For instance, the
declarative knowledge module contains mechanisms to determine
the activation (availability) of a chunk of information based on how
frequently the chunk has been used in the past, how recently it has

last been used, and its relevance to the current task context. Acti-
vation levels are used to determine what chunks of knowledge are
retrieved from declarative memory, and how long it takes to
execute that retrieval. The quantitative mechanisms in ACT-R were
developed and validated using empirical evidence from the
literature.”>~77

Central cognition in ACT-R is implemented as a production
system. This aspect of the cognitive architecture represents
procedural knowledge as condition—action pairs or “productions”.
The selection and execution of productions is determined by
a utility mechanism, which evaluates and compares the usefulness
of alternative productions that are applicable in the current
context. Utility is defined here in terms of the history of each action
leading to desirable outcomes (i.e., achieving goals), reflected in
a reinforcement learning algorithm.”® This mechanism allows
utility to evolve over time, which leads to the emergence of adap-
tive, effective action as experience is gained in a particular task
environment. To anticipate the discussion below, we focus on this
component of the architecture to demonstrate the ability to capture
changes in cognitive processing resulting from sleep loss. (We have
also explored the impact of sleep loss in the context of other
components of the information processing system, such as declar-
ative memory.”?%%) See Fig. 3.

The conditions triggering productions in ACT-R are related to
information made available by the different modules. For instance,
when a chunk of information is retrieved from declarative knowl-
edge, this information is available to central cognition to influence
the selection of an appropriate action and promote triggering of the
corresponding production. ACT-R also has an “intentional” module
that constrains action to a particular goal and an “imaginal” module
that can maintain an internal representation of critical aspects of the
task context. These parts of the architecture handle information
processing capacities that can be considered executive functioning.
Acting together, ACT-R’s components provide a general account of
human cognition (see Fig. 3), which has been used to simulate
human performance across a wide variety of tasks and domains.”>””

Intentional -1 ---___-=

I_' : a

. I 1 Goal / : 1
| ’ !

: JEE OO SERe K P

1

Central Cognition
(Production System)
Declarative - Imaginal

Monitor

Software-Based Task Environment

Fig. 3. Representation of the adaptive control of thought — rational (ACT-R) cognitive
architecture, showing central cognition and some of the other components of cogni-
tion implemented in the system. Modules are shown in large font, with associated
information buffers adjacent in smaller font. The external task environment is repre-
sented with black boxes and white text. The effects of sleep loss are implemented as
changes to the parameters of the underlying mechanisms (see gray boxes), reducing
the efficiency and the effectiveness of the information processing system. In the
research discussed in the main text, we focus specifically on changes to the parameters
associated with central cognition.”!
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Simulation of task performance

For ACT-R to interact with a task environment, there needs to be
an understanding of how the components of cognition represented
in ACT-R are used in the task context. Concretely, it is necessary for
ACT-R to have appropriate knowledge about the task, which is
applied through the operation of the information processing
mechanisms in the architecture. The combination of knowledge
and mechanisms, which constitutes a “model” in ACT-R, deter-
mines how the components of cognition are utilized in performing
a particular task. Because ACT-R models are software-based, they
can actually be situated in task environments and simulate human
performance. That is, ACT-R models produce simulated actions in
software-based tasks, leading to moment-to-moment predictions
of behavior and performance that can be compared directly to
human data.

To simulate task performance under conditions of sleep depri-
vation in ACT-R, mathematical models quantifying the temporal
dynamics of the global cognitive effects of sleep deprivation have
been used. A number of such “fatigue models” are available,382 all
of which are based at least in part on the seminal two-process
model of sleep regulation.®*#* This model posits that sleep timing
and duration are determined by two key neurobiological processes:
a homeostatic process aiming to balance time spent awake with
time spent asleep, and a circadian process promoting wakefulness
during the day and sleep during the night.

The homeostatic process can be seen as providing a drive for
sleep that increases across time awake and decreases across time
asleep; the circadian process can be seen as a drive for wakefulness
that increases during the day and decreases during the night.
During a normal schedule of daytime wake and nighttime sleep, the
two processes work synergistically to produce alert wakefulness
during the day and consolidated sleep at night.2> Under conditions
of extended or nighttime wakefulness and/or travel across time
zones, the two processes become misaligned and waking alertness
is compromised.8? The consequences for global performance
outcomes are well characterized and can be quantitatively pre-
dicted based on equations for the homeostatic and circadian

processes.86-90

Impact of fatigue on cognitive processes

Current research focuses on how to harness the dynamics of the
global cognitive effects of sleep deprivation, as captured in fatigue
models, to drive appropriate temporal changes in the effectiveness
or efficiency of cognitive processes in the modules of ACT-R. An
underlying assumption is that relative changes in global perfor-
mance over time are present on some scale in one or more of the
component cognitive processes, and therefore should also be
reflected in the efficacy of particular information processing
mechanisms in ACT-R.?! If this assumption holds and the right ways
to connect a fatigue model to the ACT-R cognitive architecture can
be identified, then it should be possible to conduct simulations of
performance during sleep deprivation that generalize well across
task platforms.”>%2

An illustrative example is computational modeling of the effects
of sleep loss on sustained attention performance on the PVT. ACT-R
was enabled to perform this simple reaction time task through the
implementation of four productions: 1) waiting for the stimulus to
appear, 2) shifting visual attention to the stimulus when it appears,
3) executing a response when the stimulus has been encoded, and
4) executing a response independent of the presence of the stim-
ulus. The fourth production allowed the model to produce false
starts, and was intended as a stand-in for deficits in processes like

motor inhibition, which are not currently part of the ACT-R
architecture.

The execution of these productions depended on the task
context. The “wait” production only fired when there was nothing
present on the screen; attention was shifted only when the stim-
ulus appeared; and a response was made only when attention had
been shifted and the stimulus had been encoded. In the context of
Fig. 3, when a stimulus appeared, its location became available in
the where buffer of the vision module. Once this happened, the
second production was executed, sending a request to the vision
module to move attention to the stimulus. Once the vision module
executed the action, a representation of the stimulus became
available in the what buffer. This then enabled the third production
to send a request to the motor module to execute a key press to
make a response. The fourth production mentioned above would
make the same request, but did not depend on having information
encoded, so it could be selected and executed at any time. This
happened rarely, however, because that production had a low
nominal utility (selectable only through stochasticity in the utility
mechanism).

To model the effects of sleep deprivation on PVT performance
in ACT-R, a mechanism causing interruptions of cognitive pro-
cessing in central cognition was implemented. These interrup-
tions were brief (tens of milliseconds), but if they occurred
frequently, their combined effects manifested as cognitive lapses
(i.e., significantly slowed response times). The likelihood of the
interruptions depended on the utility values of the productions in
the model — when falling below a given threshold, no actions were
taken — and the utility values were linearly coupled to the output
of a fatigue model. This made the frequency of the brief inter-
ruptions dependent on the predicted level of fatigue. A second
mechanism was included to reflect compensatory effort exerted to
overcome the effects of sleep loss.”! This way, the computational
model produced simulated performance patterns, characterized
as response time distributions, that closely matched human data
observed at baseline and through up to 88 h of total sleep depri-
vation.” See Fig. 4.

Generalization to other task platforms

The mechanism involving brief interruptions of cognitive
processing in central cognition, coupled to the output of a fatigue
model, turned out to also be useful for predicting how sleep loss
impacts human performance in other tasks that utilize the same
component cognitive processes, such as dual-task performance®*
and automobile driving.”® In an ACT-R model of driving,”? brief
interruptions of cognitive processing can have a substantial
impact on the model’s monitoring of lane position and steering,
that is, on the model's success (in simulations) to control
a vehicle.?® This ecologically valid behavior is achieved without
changing any of the parameters for the cognitive processes
instantiated in the ACT-R modules or for the coupling with the
fatigue model, demonstrating the potential of the approach of
reconstructing task performance from decomposed cognitive
processes to predict the effects of sleep loss across different
tasks.

Because the ACT-R model of driving (with the cognitive inter-
ruption mechanism included)’® actually drives the car in the
simulated environment, its behavior is a reflection of the interac-
tion between information processing mechanisms in the cognitive
architecture and characteristics of the task environment. Fig. 5
illustrates this interaction with predictions of the proportion of
time spent in a lane violation state during a 10-min driving
scenario, as a function of selected driving speed. The predictions
were generated using the ACT-R model of driving’> with all model
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Fig. 4. Psychomotor vigilance test (PVT) performance as observed in an experiment
and as predicted with computational modeling. The top panel shows response time
distributions, aggregated over thirteen healthy human subjects, observed during 10-
min PVT sessions performed at baseline and across three days of total sleep depriva-
tion (TSD) in a laboratory.®> The data are represented as proportions of responses
falling into discrete response time categories. The first (left-most) point in each graph
represents the proportion of false starts (i.e., responses made before the stimulus was
presented or within 150 ms of stimulus onset). The next set of points captures
responses between 150 and 500 ms after stimulus onset — aggregated into 10 ms bins
— which are considered to be alert responses. The second-to-last point represents the
proportion of responses greater than 500 ms, which by convention are called “lap-
ses”.16 The last (right-most) point (not labeled) shows non-responses, which are trials
when no response was made within 30,000 ms of stimulus onset (time-outs). Note the
shift to the right of the response time distribution that occurred as a consequence of
sleep deprivation, which is indicative of increasing state instability.”> The bottom panel
shows adaptive control of thought — rational (ACT-R) model predictions of the
response time distributions as a function of increasing amounts of sleep deprivation.
The model predictions are based upon simulating human performance in the task —
actual aggregations of response times for individual trials over 100 simulated 10-min
task sessions. Note the high degree of correspondence between the human observa-
tions in the top panel and the computational predictions in the bottom panel.
Figure adapted from Gunzelmann et al.%! with permission.

parameters held constant, varying only to the speed at which the
car was driven. The results were intuitively reasonable, illustrating
that computational models of performance developed on the basis
of standard performance tasks have the potential to scale up to real-
world job tasks and applications.

A challenge for this approach to reconstructing cognitive
performance are the complex interactions of mechanisms and
potentially large numbers of parameters relating sleep deprivation
effects to different processing mechanisms. The research described
here illustrates the promise of the approach, but there are still
significant questions to be addressed. This will require focused

4%
== 70 mph
=& 50 mph
3% 1
E =025 mph
=
k]
S 2%
t
Q
o
3
o
1%
0%
0 24 48 72

Time awake (h)

Fig. 5. Predicted probability of lane violations as a function of driving speed and
duration of wakefulness. The figure shows the average percentage of time that
a portion of a motor vehicle is outside its lane boundary during a 10-min driving
scenario, simulated with our adaptive control of thought — rational (ACT-R) model for
three different speeds and four different times awake. The ACT-R model’s knowledge
and all model parameters were held identical to those in the published model”* for all
simulations. The only difference was the speed at which the model drove. Because the
model generates data by interacting with the simulated driving environment, its
performance predictions vary in accordance with the driving context.

empirical and modeling research to quantitatively understand the
temporal dynamics of fatigue, the cognitive processes affected, and
the resulting changes in performance and behavior.

A theory on the neurobiological mechanisms underlying task-
specific performance deficits

Top-down control

Neuroimaging studies have revealed that the functional
connectivity normally observed between cognitive control regions
of the parietal lobe and the parahippocampal region is attenuated
following sleep deprivation, suggesting a loss of top-down
control.”®7 There is increased thalamic activation in response to
visual attention performance during sleep deprivation,®® which has
been interpreted as an attempt of the brain to augment arousal
levels in the face of increasing sleep pressure.®® On the other hand,
cognitive (attentional) lapses have been found to be associated with
reduced thalamic activation and attenuated frontoparietal activa-
tion'9%191 a5 well as increased activity of the extrastriate cortex and
hippocampus'®! and of the frontal and posterior midline regions of
the “default mode network”,'% which may collectively reflect
a break-down in the ability of top-down control mechanisms to
modulate attention and to encode stimuli.!®®

These findings are consistent with the state instability
hypothesis®> — a conceptual framework for explaining the
occurrence of cognitive lapses and the shifting of response time
distributions in sustained attention performance following sleep
deprivation (see Fig. 4). Within this framework, response times
become more variable from moment to moment during extended
wakefulness due to the penetration of sleep-initiating mecha-
nisms in the face of reduced top-down control of brain state. A
reduction of top-down control over attention due to sleep
deprivation would seem to suggest that executive control of
cognitive functioning is especially sensitive to sleep deprivation.
However, as discussed above, it is not clear that degraded
performance during sleep deprivation results from problems
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with executive control over attention. There is growing evidence
that degraded performance during sleep deprivation may also
results from inefficiencies in stimulus detection and encod-
ing36:101104 and the bottom-up flow of information,’%1°? which
could leave executive control circuits working with an impov-

erished information flow.
Bottom-up emerging property

The state instability hypothesis does not state specifically what
drives the assumed penetrating sleep-initiating mechanisms.
Addressing that issue may be important for understanding the
effects of sleep deprivation on cognitive performance more
comprehensively. One theory for which evidence is accumu-
lating19>1%6 posits that sleep/wake regulation takes place locally at
the level of cortical columns and other neuronal assemblies,107108
making sleep initiation fundamentally a bottom-up emerging
(rather than a top-down controlled) property of brain.%®

In experiments with rats,'' a whisker barrel (i.e., cortical
column) was shown to respond to intensive whisker twitching
displaying evoked responses in the EEG that were characteristic of
sleep. Yet, neighboring whisker barrels simultaneously exhibited
evoked responses characteristic of wakefulness, and the whole
organism was functionally awake. The incidence of the whisker
barrel in question showing evoked responses indicative of the local
sleep state was probabilistic, and increased with the time it had
been in the wake state and the intensity of the whisker stimulation.
These results indicated that local sleep initiation is a homeostatic,
use-dependent, stochastic process.

Preliminary data showed that on a rat-research variant of the
PVT,""! rats trained to lick for a drop of liquid in response to stim-
ulation of a specific whisker and tested while functionally awake
showed more performance errors (i.e., failures to lick) when the
corresponding whisker barrel displayed evoked responses indica-
tive of local sleep.!%? This observation provided the first experi-
mental evidence that local, stochastic sleep initiation at the level of
cortical columns causes performance impairment, and suggested
a new explanation for why the effects of sleep deprivation on
cognition manifest as performance instability.!'> The data from
these experiments further indicated that local sleep initiation
occurs in connection with stimulus-driven — and therefore task-
related and use-dependent — synaptic transmission. This may
explain why sleep deprivation-induced cognitive impairment is
task-specific, as the impairment would be expected to depend on
which neuronal assemblies are specifically associated with the task
context and on the intensity by which they are stimulated by the
task."? See Fig. 6.

Conclusion

The deleterious effects of sleep deprivation on cognitive
performance appear to emerge from interaction between the
task environment and specific degradations in components of
cognitive functioning.”>7>1' The moment-to-moment variability
associated with these degradations and the dynamic nature of
most task environments make this interaction complex, resulting
in sleep-deprived operational task performance where errors and
accidents tend to be rare but their consequences may be
severe!®

Understanding the nature and underlying mechanisms of task-
specific deficits in cognitive performance when sleep-deprived
may make it possible to design task environments that inherently
mitigate these deficits. In the framework of the theory outlined
above, this might be possible, for instance, by strategically
distributing task demands over multiple cognitive pathways. This
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Fig. 6. Simplified representation of a theory on mechanisms of local, use-dependent
sleep initiation underlying task-specific cognitive impairment during sleep depriva-
tion. a) Information processing in neuronal assemblies (such as cortical columns)
triggers a metabolic, biochemical cascade that promotes the local sleep state (medium
gray schematic). When the neuronal assembly is in the wake state and stimulated by
input stemming from the cognitive task at hand, it responds with synaptic trans-
mission to process the input signal and generate corresponding output. This triggers
release of adenosine triphosphate (ATP) into the extracellular space and increases local
metabolic activity. Rapid breakdown of extracellular ATP results in accumulation of
adenosine. Binding of adenosine at purine type 1 receptors (adenosine receptors)
promotes the neuronal assembly sleep state, during which there is hyperpolarization
(changing the evoked potential triggered by the input stimulus) and synaptic trans-
mission is fundamentally altered. This effectively removes the assembly from the
coordinated response of the neuronal assemblies involved in the task at hand, resulting
in a lapse of information processing. Thus, the local sleep state causes output vari-
ability which, at the behavioral level, leads to task-specific performance instability. b)
ATP induces release of sleep regulatory substances (SRSs) such as tumor necrosis factor
(TNF) and interleukin-1 (IL1) through binding at purine type 2 receptors (dark gray
schematic). Continued stimulation of the neuronal assembly causes these SRSs to
accumulate and effect an increase in the density of post-synaptic receptors binding
adenosine, thereby use-dependently increasing the probability of entering the sleep
state. The SRSs also promote the neuronal assembly sleep state through activation of
GABAergic inhibitory neurons. The GABAergic neurons inhibit glutamatergic excitatory
neurons, which prevents these latter neurons from promoting the local wake state. The
SRSs together with metabolic products such as adenosine also influence regional blood
flow and thereby oxygen and metabolic nutrient supply. c¢) Subcortical sleep regulatory
circuits coordination and consolidation sleep/wake states across the whole brain, as
influenced by the collective neuronal assembly states integrated across the brain
through mechanisms involving the SRSs (light gray schematic). Key subcortical sleep
regulatory circuits include the ventrolateral preoptic nucleus (VLPO), which can shut
down the wake-promoting (e.g., glutamatergic) neurons of the reticular activating
system and other systems such as the cholinergic networks of the basal forebrain;
orexinergic (hypocretinergic) neurons, through which it has been suggested that
compensatory effort to stay awake prevents whole-brain sleep by inhibition of the
VLPO; and the circadian pacemaker in the suprachiasmatic nuclei of the hypothalamus,
which drives circadian rhythms in background metabolic activity. Whole-brain
induction of sleep by the VLPO allows SRS concentrations and receptor densities to
be restored, and prevents behavioral interaction with the environment when too many
neuronal assemblies are in the local sleep state. Figure adapted from Van Dongen
et al.""? with permission.

could lessen neuronal assembly use and thereby reduce the likeli-
hood of local, use-dependent sleep initiation that would result in
disrupted performance.

In conclusion, it is important to dissociate the component
processes of cognitive tasks in order to better understand the
effects of sleep loss on performance. Research on the decon-
struction and reconstruction of cognitive performance under
conditions of sleep deprivation will help to bridge the gap
between laboratory research and field application. It may lead
to the development of countermeasures targeting the compo-
nents of cognition most affected by sleep deprivation, which
will be invaluable in the many safety- and performance-critical
operational environments that offer insufficient opportunity for
sleep.
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Practice points
e The effects of sleep deprivation on cognitive perfor-

e To understand the effects of sleep deprivation on

e Computational models in cognitive architectures are

mance are stochastic in nature and task-specific;

cognitive functioning, it is essential to focus not only on
overall performance outcomes but also on dissociated
cognitive processes underlying task performance;

beginning to be used to simulate and predict moment-
to-moment performance when sleep-deprived, in a way
that generalizes to real-world operational tasks.

Research agenda

e To discern components of cognition underlying task

e To further develop performance tasks and cognitive

e To

performance in order to better explain cognitive deficits
due to sleep loss;

models that allow dissociation of components of cold
and hot cognition;

investigate inter-individual differences in the
degradation of specific components of cognition under
conditions of sleep deprivation.
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