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The Effects of Total Sleep Deprivation on 
Cerebral Responses to Cognitive Performance

 

Sean P.A. Drummond, Ph.D., and Gregory G. Brown, Ph.D.

 

We review the findings from a study utilizing functional 
magnetic resonance imaging (FMRI) to examine the effects 
of total sleep deprivation (TSD) on verbal learning, 
arithmetic, and divided attention. For verbal learning and 
divided attention, TSD was associated with increased 
activation in the bilateral prefrontal cortex and parietal 
lobes. Increased sleepiness after TSD and lower levels of 
memory impairment were correlated with increased 
activation in specific regions of the prefrontal cortex and 
parietal lobes, respectively. The arithmetic task led to 

significantly decreased activation in the bilateral prefrontal 
cortex and parietal lobes. Based on this and other data, we 
hypothesize an adaptive cerebral response during cognitive 
performance following TSD with the specific pattern of 
adaptation depending on the specific cognitive processes 
performed. We discuss the need to test the hypothesis in a 
variety of ways.
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© 2001 American College of Neuropsychopharmacology. 
Published by Elsevier Science Inc.

 

KEY

 

 

 

WORDS

 

: 

 

Sleep deprivation; Verbal learning; Arithmetic; 
Divided attention; FMRI; Prefrontal cortex; Parietal lobes

 

Understanding the impact of sleep deprivation on cog-
nitive performance is increasingly important in a soci-
ety where many people acutely or chronically fail to ob-
tain adequate sleep. Recent advances in functional
brain imaging techniques allow researchers to relate
brain function more directly than ever to behavioral
performance following sleep deprivation.

Prior to our study described below, only three pub-
lished neuroimaging studies have concomitantly exam-
ined the effects of total sleep deprivation (TSD) on cere-
bral function and behavioral performance in normal
control participants. These studies utilized either
positron emission tomography (PET) (Thomas et al.
2000; Wu et al. 1991) or functional magnetic resonance

imaging (FMRI) (Portas et al. 1998) to study brain acti-
vation during performance of attention-demanding
tasks. Both of the PET studies reported decreased be-
havioral performance following TSD, decreased global
levels of glucose metabolism, and decreased local acti-
vation in attention and arousal-related brain regions
such as the thalamus. The FMRI study (Portas et al.
1998) utilized a short-lasting visual reaction time task
that resulted in equal performance before and after
TSD. The authors reported that the thalamus showed
an increased hemodynamic response to the attention
task only following TSD. Together, these studies sug-
gest that activity levels in brain systems involved in
arousal and attention may influence cognitive perfor-
mance following TSD. The serial addition/subtraction
task used by Thomas et al. (Thomas et al. 2000) required
arithmetic working memory in addition to the atten-
tional demands and showed decreased activation in re-
lated regions such as prefrontal cortex, inferior parietal
lobe, and anterior cingulate gyrus. This suggests that
brain regions involved in working memory and arith-
metic might be vulnerable to TSD.

We recently reported the results from a study utiliz-
ing FMRI to examine the effects of 35 h TSD on cogni-
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tive performance (Drummond et al. 1999, 2000, 2001).
The study was aimed at comparing cerebral activation
during performance of verbal learning, arithmetic, and
divided attention tasks after normal sleep to that fol-
lowing TSD. Table 1 provides a summary of the overall
findings. The findings from individual tasks are sum-
marized below, but readers are referred to the primary
articles for more details on methodology and results.

 

Verbal Learning

 

This task was designed to highlight brain regions in-
volved in verbal learning and memorization (Drum-
mond et al. 2000). After the normal night of sleep, the
verbal learning task activated brain regions typically re-
ported for such tasks (Frackowiak 1994). Following
TSD, we did not find the expected general decrease in
cerebral activation predicted by the PET studies re-
viewed above. Rather, each of the regions within left
prefrontal cortex showing a significant response after
normal sleep also showed a significant response follow-
ing TSD as did several new regions, including addi-
tional prefrontal areas and the bilateral inferior and su-
perior parietal lobes (Figure 1). Following TSD,
increased levels of subjective sleepiness were correlated
with increased activation in two ventral prefrontal re-
gions. Lower levels of impairment on free recall after
TSD (i.e., relative preservation of performance), were
correlated with greater activation in the bilateral pari-
etal lobes, including the language areas of the left infe-
rior parietal lobe.

 

Arithmetic

 

The design of this task aimed to activate brain regions
involved in arithmetic working memory (Drummond
et al. 1999). After normal sleep, we observed the ex-
pected activation in bilateral prefrontal and parietal
lobe arithmetic working memory regions (Dehaene et
al. 1999). Following TSD, however, only the left supe-
rior parietal lobe and left premotor area remained sig-

nificantly responsive to task demands. Unlike verbal
learning, no new areas of activation appeared following
TSD. Increased subjective sleepiness following TSD was
correlated with activation in one ventral prefrontal region.

Behavioral performance was not correlated with acti-
vation in any brain region.

 

Divided Attention

 

The divided attention task combined our verbal learning
and arithmetic tasks (Drummond et al. 2001). The cere-
bral response to divided attention following TSD was
very similar to that seen with our verbal learning task.
Specifically, several brain regions, particularly within the
right prefrontal cortex, bilateral parietal lobes, and cingu-
late gyrus showed a stronger response to task demands
after TSD than after normal sleep. Furthermore, greater
levels of subjective sleepiness were significantly corre-
lated with activation in one of the same ventral prefron-
tal regions seen for the verbal learning task. Finally, as
with verbal learning, less impairment in free recall per-
formance following TSD was significantly correlated
with activation in the bilateral parietal lobes.

 

DISCUSSION

 

Both the verbal learning and divided attention tasks
showed greater cerebral BOLD (blood oxygen level de-
pendent) responses in the bilateral prefrontal cortex
and parietal lobes following TSD. We suggest this re-
cruitment of additional brain regions to participate in
performance of a cognitive task following TSD repre-
sents an adaptive cerebral compensatory response to
the detrimental effects of TSD.

 

Specific Brain Regions May Be Related to Specific 
Compensatory Functions

 

One deficit for which the brain may need to compen-
sate during TSD is the decreased response of the left

 

Table 1.

 

Summary of TSD Effects on Neuroimaging Data in the Three Cognitive Tasks

 

Task L. PFC R. PFC
L. PMA 
& SMA

ANT. 
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↑
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↓
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 left hemisphere; R. 
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right hemisphere; PFC 
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 prefrontal cortex (BA 8,9,10,44,45,46,47); PMA & SMA 

 

�

 

 primary and supplementary motor ar-
eas (BA6); ANT. CING. 

 

�

 

 anterior cingulate gyrus (BA24,25,32); TL. 

 

�

 

 temporal lobe (BA20,21,22,38, medial regions); PL. 

 

�

 

 parietal lobes
(BA7,39,40); Cb 

 

�

 

 cerbellum. 

 

↑

 

: regions showing a greater response to the cognitive task after TSD relative to the normal night; 

 

↓

 

: regions showing
less of a response following TSD; 

 

�

 

: regions showing equivalent response on both nights; S: reigons significantly correlated with increased sleepiness
following TSD; P: regions significantly correlated with lower levels of impairment in free recall performance following TSD.
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temporal lobes observed during both verbal learning
and divided attention after TSD. This region is typically
reported to be involved in a variety of language pro-
cessing and learning tasks, at least in the normally
rested state (Cabeza and Nyberg 2000). The significant
correlation between lower levels of impaired memory
performance and increased activation in the bilateral
parietal lobes following TSD implies the loss of tempo-
ral lobe involvement may have been compensated for
by bringing the parietal lobes on-line. The involvement
of the left inferior parietal lobe in short-term verbal
memory storage (Frackowiak 1994; Smith and Jonides
1997) suggests this area as a likely candidate for such a
compensatory role. There is also some evidence from
research with Alzheimer’s Disease (Becker et al. 1996)
and Huntington’s Disease (Dierks et al. 1998) patients
that the parietal lobes can play a compensatory role

during cognitive performance. At the same time, this
putative “switch” from temporal to parietal involve-
ment may represent a less efficient way of performing
these tasks and, thus, may help explain why behavioral
performance was not fully intact following TSD.

Compensation for increased sleepiness is also likely
necessary following TSD. In all of our tasks, increased
levels of sleepiness after TSD were associated with in-
creased BOLD responses in the left ventral prefrontal
cortex. Others have found increased EEG activity in
frontal regions following sleep deprivation during both
waking rest (Cajochen et al. 1999) and cognitive perfor-
mance (Smulders et al. 1997), and this increased activ-
ity, especially that in the theta range, is thought to re-
flect increased sleepiness. Cajochen et al. (1999)
reported that theta EEG power in the frontal derivation
was significantly positively correlated with subjective

Figure 1. Activation during the verbal learning task. This figure compares brain regions showing a significant response to
the verbal learning task after a normal night of sleep (top) and following total sleep deprivation (TSD) (bottom). The first
two columns show significant responses on each individual night; the third column shows results of between night analyses.
Group activation data is overlayed onto the mean anatomical image from the 13 participants. Colored regions correspond to
clusters of significant activation after applying a cluster threshold for Type I error protection; yellow indicates the most
intense activation, red the least intense. The left column contains axial slices located 2mm above the anterior commisure-
posterior commisure (AC-PC) line. They show the similar locations of left prefrontal cortex responses (i.e., left orbital and
inferior frontal gyri) on each night as well as the increased spatial extent of those responses following TSD. Also shown are
anterior cingulate and left middle temporal gyrus on the normal night. The middle column contains sagittal slices located
51mm left of the midline. They also show the similar location (left orbital, inferior, and middle frontal gyri) and increased
spatial extent of left prefrontal responses. The right column contains two slices: 48mm superior to the AC-PC line and 51mm
left of the midpoint. The top image shows the greater left temporal activation after normal sleep compared with TSD; the
bottom image shows the greater bilateral parietal lobe activation after TSD, as well as right precentral gyrus and precuneus.
This last column is adapted from a figure published in Drummond, et al. (2000). Reprinted by permission from Nature
403:655-657, copyright 2000 Macmillan Magazines Ltd.
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sleepiness during TSD. The correlations we observed
between increased BOLD signal in the prefrontal cortex
and increased sleepiness may reflect the same mecha-
nisms represented by the EEG findings. Each may be a
manifestation of neurochemical consequences of pro-
longed waking and/or increased sleepiness and thus
provide a physiological measure of sleepiness. Alterna-
tively, they may reflect a compensatory mechanism de-
signed to combat increased sleepiness, although this re-
mains speculative. Finally, if it is true that the areas of
the brain having the greatest activity levels during the
day have the “deepest” sleep at night (Horne 1993; Kat-
tler et al. 1994), the correlations we and others have
found between sleepiness and increased prefrontal ac-
tivity of one form or another may reflect the pre-sleep
component of this dynamic.

We suggested in this section that increased cerebral re-
sponses during TSD may represent a compensatory mech-
anism. It may be more parsimonious, though, to charac-
terize these findings as an adaptive cerebral response to
performance under stress – in this case the stress of TSD.
Only in specific circumstances can we argue this adapta-
tion is actually compensating for a deficit. We have out-
lined two of those cases above and discuss other variables
that may relate to adaptation in general, below.

 

The Adaptive Cerebral Response May Be Related to 
Cognitive Demands

 

While the increased response of the parietal lobes we
observed following TSD is consistent with an adaptive
(perhaps compensatory) response, neither we nor Tho-
mas et al. (2000) observed a similar pattern during
arithmetic tasks of short or long duration, respectively.
Therefore, rather than a consistent global response, the
cerebral response to cognitive performance following
TSD may vary with specific cognitive demands placed
on an individual. Our verbal learning and divided at-
tention tasks elicited greater responses after TSD in re-
gions associated with working memory while these re-
gions were not as responsive after a normal night of
sleep. On the other hand, these same regions 

 

did not

 

show TSD-related greater responsiveness to our arith-
metic task but 

 

did

 

 respond with arithmetic during the
normal waking state. This double dissociation suggests
the cognitive demands inherent in a task may in part
determine the likelihood of an adaptive response after
TSD. For example, it may be that since verbal learning
tasks typically do not rely heavily on the working mem-
ory systems (particularly the executive components
thereof), these systems can be tapped after TSD to help
compensate for diminished learning resources. Since
working memory and arithmetic tasks 

 

do

 

 normally rely
on these same frontal and parietal systems, the re-
sources necessary for compensation may not be avail-
able after TSD.

Imaging studies of attention tasks also support the
hypothesis that the brain’s adaptation to TSD relates to
specific task demands. As reviewed above, Portas et al.
(1998) reported increased activation after TSD in the
thalamus during a short-term attention task, while oth-
ers (Thomas et al. 2000; Wu et al. 1991) have reported
decreased activation in the thalamus after TSD during
more long-term attention demanding tasks. Behavior-
ally, performance on attention tasks declines with in-
creasing time-on-task, particularly after TSD (Dinges
and Kribbs 1991). These findings from attention-demand-
ing tasks suggest that cognitive demands may relate not
only to the likelihood but also the cerebral location of
an adaptive response. The relevant cognitive demands
in this set of studies may have been visual attention (re-
lating to the cerebral location of adaptation) and the de-
gree to which attention was sustained over time (relat-
ing to the likelihood of adaptation).

 

Potential Confounds and Future Directions

 

If the likelihood and location of cerebral adaptation to
sleep deprivation relates to the cognitive demands in-
herent in a task, why did we see adaptation during ver-
bal learning and divided attention but not during arith-
metic? As suggested above, one reason may be the
demands placed on the working memory systems by
the tasks. One construct often related to working mem-
ory is task difficulty. D’Esposito et al. (1995) have re-
ported that increasing task difficulty does not affect
prefrontal activation but does increase the extent of pa-
rietal lobe activation. Difficulty here, however, is un-
likely to explain either the TSD effects on individual
tasks or the differences seen among the tasks. Our par-
ticipants rated the subjective difficulty of each task on
each night and these values did not differ between the
two nights for any task. Participants consistently rated
the verbal learning task the least difficult of the three
and the divided attention task the most difficult. The
fact we observed cerebral adaptation on the easiest and
hardest task suggests difficulty did not directly moder-
ate the observed cerebral responses. Nonetheless, with-
out further research we would not rule out the possibil-
ity that working memory load, task difficulty, or some
other working memory-related process interacts with
task demands to influence the cerebral response follow-
ing TSD. One way to more systematically test the effects
of, for example, task difficulty on the cerebral response
is to vary it parametrically within an experiment and
identify any brain regions showing a significant rela-
tionship with that variation. Our previous task design
did not allow for such an analysis.

Another factor that may have influenced our find-
ings is time-on-task. Our cognitive tasks lasted 6 min
each. Would we observe the same type or magnitude of
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increased responses with a substantially longer or
shorter task? FMRI is well suited to examining the cere-
bral response to increasing time-on-task and relating
this response to behavioral performance. A third key
question is whether the observed adaptive response can
be replicated with other types of cognitive tasks. We
found adaptation during verbal learning (Drummond
et al. 2000) and divided attention (Drummond et al.
2001), and Portas et al. (1998) found it during a visual
attention task. Does cerebral adaptation occur during
other learning and attention tasks, or during working
memory, reasoning, visuo-spatial, or vigilance tasks?

In addition to the various cognitive task-related vari-
ables addressed above, a variety of other variables may
impact the cerebral response to cognitive performance
following TSD. For example, the type and duration of
sleep deprivation may affect cerebral responses. Drake
et al. (2000) reported that objective measures of sleepi-
ness show an initial decline with partial sleep depriva-
tion and then level off despite continued sleep loss. It is
likely that chronic partial and acute total sleep depriva-
tion elicit different types of cerebral responses and
characterizing those differences will be important. Cir-
cadian factors must also be studied. Our study mea-
sured cerebral responses in the early evening when par-
ticipants were near, if not in, the Wake Maintenance
Zone (WMZ). The WMZ is a time of day when the drive
of the circadian system is such that sleep is least likely
to occur (Strogatz et al. 1987) and cognitive perfor-
mance is often near its peak (Monk et al. 1997). Thus, it
may also be the time of day when cerebral adaptation is
most likely to be evident. What would the cerebral re-
sponse to cognitive performance look like in the early
morning hours when the circadian system pulls more
for sleep and errors are more likely to occur? In addi-
tion to time-of-day effects, variables related to individ-
ual differences need examination. Many studies note
great variability in participant responses to sleep depri-
vation, but little is known about what underlies this
variability. Do age, sex, or chronotype have any effect
on cerebral responses following TSD?

Finally, to fully implement any knowledge we gain
from the above types of experiments, we must bring
this paradigm to research on populations that typically
experience sleep deprivation. Do military personnel,
shift workers, or others who experience repeated peri-
ods of sleep deprivation continue to show cerebral ad-
aptation or does the strength of such a response dimin-
ish? Can the presence or absence of adaptation help us
understand the neuropsychological profile of patient
populations experiencing sleep deprivation, such as in-
somnia patients or those with traumatic brain injury?
What effects do sleepiness counter measures such as
naps, caffeine, and pharmaceuticals have on cerebral re-
sponses?

In summary, we hypothesize an adaptive, poten-

tially compensatory, cerebral response to cognitive per-
formance during TSD that is related to the cognitive de-
mands placed on an individual. Adaptation is seen as
brain regions coming “on-line” and/or showing an in-
creased spatial response to specific cognitive demands
following sleep deprivation. The cognitive demands in-
herent in a given task may help determine both the like-
lihood and location of this increased cerebral response.
Additionally, specific brain regions may be related to
specific compensatory functions. Many questions re-
main before the full nature and extent of this adaptive
response can be known. Answers to these questions
may ultimately provide insight into the plasticity of the
brain and perhaps the function(s) of sleep itself.
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