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INTRODUCTION
“Everyone knows what attention is. It is the taking possession 

by the mind, in clear and vivid form, of one out of what seem 
several simultaneously possible objects or trains of thought. Fo-
calization, concentration, of consciousness are of its essence.”1 
As observed by William James, concentration and focalization 
are core components of attention. Attention control allows us to 
behave intentionally and efficiently, avoiding irrelevant stimuli. 
Attention, specifically vigilance or sustained attention, which 
refers to the ability to maintain a consistent alertness level and 
behavioral response during continuous activity, is essential for 
many other high level cognitive processes.2,3

Chronic sleep loss, a significant health and safety concern, af-
fects millions of people throughout the world. Many experiments 
have demonstrated the detrimental neurobehavioral effects of 
sleep deprivation on attention, working memory and other cog-
nitive tasks, reflected in psychomotor slowing, increased errors 
of omission and commission, and reduced learning of cognitive 
tasks.4,5 A recent meta-analysis of 70 experiments and 147 cogni-
tive tests, revealed that across six cognitive categories acute total 
sleep deprivation had the largest effect sizes relative to measures 
of simple and complex attention, as well as working memory.6

Study Objectives: Attention is a cognitive domain that can be severely affected by sleep deprivation. Previous neuroimaging studies have used 
different attention paradigms and reported both increased and reduced brain activation after sleep deprivation. However, due to large variability 
in sleep deprivation protocols, task paradigms, experimental designs, characteristics of subject populations, and imaging techniques, there is 
no consensus regarding the effects of sleep loss on the attending brain. The aim of this meta-analysis was to identify brain activations that are 
commonly altered by acute total sleep deprivation across different attention tasks.
Design: Coordinate-based meta-analysis of neuroimaging studies of performance on attention tasks during experimental sleep deprivation.
Methods: The current version of the activation likelihood estimation (ALE) approach was used for meta-analysis. The authors searched published 
articles and identified 11 sleep deprivation neuroimaging studies using different attention tasks with a total of 185 participants, equaling 81 foci for 
ALE analysis.
Results: The meta-analysis revealed significantly reduced brain activation in multiple regions following sleep deprivation compared to rested 
wakefulness, including bilateral intraparietal sulcus, bilateral insula, right prefrontal cortex, medial frontal cortex, and right parahippocampal gyrus. 
Increased activation was found only in bilateral thalamus after sleep deprivation compared to rested wakefulness.
Conclusion: Acute total sleep deprivation decreases brain activation in the fronto-parietal attention network (prefrontal cortex and intraparietal 
sulcus) and in the salience network (insula and medial frontal cortex). Increased thalamic activation after sleep deprivation may reflect a complex 
interaction between the de-arousing effects of sleep loss and the arousing effects of task performance on thalamic activity.
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With the development of neuroimaging techniques in past 
decades, numerous studies have used functional magnetic reso-
nance imaging (fMRI) or positron emission tomography (PET) 
with various experimental paradigms to investigate how sleep 
deprivation affects the attending brain. The first neuroimaging 
study by Wu and colleagues7 used PET and examined brain 
function changes during a sustained attention task after ap-
proximately 32 h of total sleep deprivation. They showed sig-
nificantly reduced absolute glucose metabolism in the frontal 
and temporal lobes, thalamus, basal ganglia, cerebellum, and 
an increased relative metabolic rate in the visual cortex. In a 
more recent study from the same group,8 reduced metabolism 
in the thalamus, basal ganglia, and frontal lobe were replicated 
after 24 hours of sleep deprivation. Similarly, Thomas and col-
leagues62 used PET and showed decreased global metabolism 
after short-term sleep deprivation, with larger reductions in 
the thalamus, prefrontal and posterior parietal cortices. Using 
fMRI, multiple acute sleep deprivation studies on attention also 
reported reduced activation in the prefrontal regions,10–12,15,49,53,91 
which is consistent with PET studies. However, inconsistent 
findings have been reported from fMRI studies, particularly 
for the thalamus. For example, Portas et al.9 used fMRI and 
explored brain activity changes during performance on a selec-
tive attention task under different levels of arousal and found 
increased attention-related thalamic activation following 24 h 
of acute sleep deprivation, which contradicted the findings of 
Wu et al.7 Subsequently, some fMRI studies10,12,53,90 on atten-
tion and sleep deprivation have reported increased thalamic ac-
tivation after sleep loss, while others did not report or showed 
no changes in thalamic activation.11,13,15,49–52 Using various 
selective attention paradigms in fMRI, Chee and colleagues 
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demonstrated that total sleep deprivation not only significantly 
attenuated neural activation in prefrontal and parietal regions, 
but also reduced brain activation in other areas such as in-
sula,10–12 parahippocampal place area (PPA),13–15 and fusiform 
face area (FFA).13,14 The attenuated activity in the insula and 
visual cortex has also been reported in some studies,49,53 but not 
others.50,52 These inconsistent findings may be due to variability 
in brain imaging techniques, experimental designs, task para-
digms, statistical evaluation of imaging data, and characteris-
tics of subject population across different studies.

Attention has been divided into four categories: selective, 
divided, orienting (switching), and sustained (vigilance) atten-
tion.16–18 Selective attention refers to the ability to maintain a 
behavioral or cognitive focus in the face of distracting or com-
peting stimuli; divided attention is the ability to respond simul-
taneously to multiple tasks or multiple task demands; orienting 
attention refers to the ability of mental flexibility that allows 
individuals to shift their focus of attention and move among 
tasks having different cognitive requirements; and finally, sus-
tained attention is the ability to maintain a consistent behavioral 
response during continuous and repetitive activity.

Although studies suggest that frontal and parietal regions 
are involved in almost all tasks requiring some element(s) of 
attention, different task paradigms may engage different brain 
regions to optimize attention performance. For instance, the 
anterior cingulate cortex (ACC) is activated in selective atten-
tion tasks,19,20 while the anterior insula, medial cingulate cortex 
and precuneus are involved in divided attention tasks,21 and the 
thalamus is recruited in sustained attention tasks.22,23 Corbetta 
and Shulman24 demonstrated that two brain systems are related 
to orienting attention tasks, one is a dorsal system including 
frontal eye fields (FEF) and intraparietal sulcus (IPS), which 
follows cues and responses for rapid control over attention, and 
the other is a ventral system consisting of tempo-parietal junc-
tion (TPJ) and ventral frontal cortex to identify the interrupting 
signal and reallocate attention.

Although various studies have undoubtedly demonstrated 
impaired attention performance and altered neural activation 
after sleep loss, it remains unclear whether acute total sleep 
deprivation has a common detrimental effect on brain function 
across different kinds of attention tasks. Moreover, large and re-
liable inter-individual differences in vigilance attention perfor-
mance and cognitive responses to sleep deprivation have been 
reported, which suggests trait-like differential vulnerability.25,80 
However, due to the considerable technical and practical de-
mands for neuroimaging studies of sleep loss, most published 
sleep deprivation studies only employ a small number (typi-
cally 6–26) of subjects, which limits the validity and reliability 
of the findings. Therefore, it is important to pool existing neuro-
imaging literature on sleep deprivation and attention to provide 
an overview of the effects of sleep deprivation on brain areas 
mediating various attention deficits from sleep deprivation.

To achieve this aim, the present study conducted a coor-
dinate-based meta-analysis using the activation likelihood 
estimation (ALE) method26–28 in order to identify brain areas 
in which the reported foci of activation converge across dif-
ferent experiments. ALE is the most common algorithm for 
meta-analyses of neuroimaging literature to identify brain loca-
tions showing a consistent response across experiments, which 

collectively involve hundreds of subjects and numerous imple-
mentations of a particular protocol or paradigm.28,39,41 Based on 
the collection of peak coordinates from each study included in 
the meta-analysis, ALE estimates the probability that at least 
one of the peaks lies within a voxel. This computation is re-
peated at each voxel in the brain and results in an ALE map. 
A statistical threshold for the ALE map is computed using a 
nonparametric permutation test. This test identifies real activa-
tion if the null hypothesis that the activation foci are spread 
uniformly throughout the brain (i.e., random clustering) is re-
jected. This approach allows the synthesis of findings not only 
across different studies, but also across various task paradigms 
and different laboratories,29 therefore is increasingly used to in-
tegrate the knowledge accrued from a rapidly growing number 
of neuroimaging studies. ALE meta-analyses have been suc-
cessfully applied in a number of areas to identify brain function 
and structural changes in both healthy populations and clinical 
patients. These include neurobehavioral studies of attention,30 
memory,31,32 reinforcement learning,33 social perception,34,35 and 
sleep apnea.36 In the present study, we use ALE analysis to as-
sess the voxel-wise correspondence of neuroimaging studies 
following total sleep deprivation during different types of at-
tention tasks in order to identify the common effects of sleep 
deprivation on the attending brain.

METHODS

Search Criteria
We searched the PubMed (http://www.pubmed.org) and 

ScienceDirect (http://www.sciencedirect.com) databases from 
years 1990 to 2013 for neuroimaging studies investigating the 
effects of sleep deprivation on attention using the keywords 

“sleep deprivation,” “sleep loss,” or “sleep restriction” respec-
tively with “attention.” These terms were each combined with 

“fMRI” or “PET” to identify relevant functional neuroimaging 
studies. No language restrictions were applied and the search 
was restricted to healthy adults tested relative to sleep depriva-
tion. In addition, studies were only considered if they reported 
results of state differences between sleep deprivation and rested 
wakefulness (RW) from whole-brain group analysis as coordi-
nates corresponding to a standard reference space (e.g., Tala-
riach or MNI). For this reason, a neuroimaging study on total 
sleep deprivation from Portas et al.9 was excluded from the 
present meta-analysis because this study only reported results 
from individual participants (without group analyses). More-
over, due to the lack of exact coordinates in the Talariach and 
MNI templates, the first PET study of sleep deprivation 7 and 
a study conducted by Chee et al.37 were also excluded. Fur-
thermore, due to a limitation of the ALE method, which cannot 
examine the interaction effect between state (sleep deprivation/
rested wakefulness) and task performance, two other studies47,48 
that only reported brain regions in which activation correlated 
with different levels of task performance were not included in 
the meta-analysis.

We did not find any chronic sleep deprivation studies that 
met our criteria. The final analyzed dataset included a total 
of 11 eligible acute total sleep deprivation fMRI studies using 
various attention tasks and a total of 185 participants, equaling 
81 foci for ALE analysis. These fMRI studies were comprised 
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from three kinds of attention tasks: divided attention (25 partic-
ipants, 2 experiments, and 14 foci), selective attention (140 par-
ticipants, 7 experiments, and 45 foci), and orienting attention 
(20 participants, 2 experiments, and 22 foci). Unfortunately, 
there were no neuroimaging studies investigating the effect of 
sleep deprivation on sustained attention included in the present 
meta-analysis due to the search criteria and the limitations of 
ALE mentioned above.

ALE Meta-Analysis
The coordinate-based meta-analysis of neuroimaging results 

was performed using the most common ALE approach.27,28,38 The 
reported coordinates were analyzed for topographic convergence 
using the current version of the revised ALE algorithm (http://
brainmap.org/ale, Research Imaging Institute of the Univer-
sity of Texas Health Science Center, San Antonio, Texas). The 
current ALE was performed in Talariach reference space using 
GingerALE version 2.3.1. Coordinates originally published in 
MNI space were converted to Talariach reference space using 
the Lancaster transformation42 before the ALE analysis. The 
ALE procedure consisted of the following steps: first, modeling 
of single-study activation foci as peaks of three-dimensional 
Gaussian probability densities with subject-based full-width at 
half-maximum values28; second, summation of probability densi-
ties to produce a statistical map estimating the likelihood of acti-
vation at each voxel; third, thresholding of this ALE map based 
on the null hypothesis of a uniform distribution of foci39,40; fourth, 
correcting for multiple comparisons by permutation-based 
thresholding of the maximum cluster size. For all results, the sig-
nificance threshold was set at P < 0.05, corrected for multiple 
comparisons at the cluster level. The number of permutations 
was 1,000 for all calculations of simple ALE maps.41

RESULTS
The Pubmed and ScienceDirect search and subsequent ap-

plication of the inclusion criteria yielded a total of 11 relevant 
articles (see Table 1). These articles assessed the effect of total 
sleep deprivation on brain activation during various attention 
tasks, yielding 81 foci inside the brain, including 58 foci of re-
duced activation and 23 foci of increased activation.

The ALE meta-analysis revealed reduced brain activation across 
various attention tasks following a night of total sleep deprivation 
compared to rested wakefulness after normal sleep, including right 
parahippocampal gyrus (see Figure 1 I), bilateral insula (Figure 1 
II), right prefrontal cortex (PFC, Figure 1 IV), medial frontal gyrus 
and bilateral intraparietal sulcus (IPS, Figure 1 V). This analysis 
also revealed increased activation in bilateral thalamus (left lateral 
posterior nucleus and right ventral lateral nucleus, see Figure 1 III) 
after total sleep deprivation (see Table 2).

DISCUSSION
The coordinate-based ALE meta-analysis of functional neu-

roimaging data has been increasingly used to integrate findings 

Table 1—Overview of the 11 published studies included in the meta-analysis.

Publication Journal Number of Participants Waking Hours Type of Attention Task *
1 Chee et al., 200810 J Neuroscience 17 24 Selective
2 Chee et al., 201011 Neuroimage 26 24 Selective
3 Chee and Tan, 201012 Neuroimage 20 24 Selective
4 Czisch et al., 201251 Front Neurology 14 36 Selective
5 Drummond et al., 200149 J Sleep Research 13 35 Divided
6 Jackson et al., 201150 Brain Imaging Behav 12 27 Divided
7 Kong et al., 201113 Neuroimage 18 24 Selective
8 Kong et al., 201214 Neuroimage 22 24 Selective
9 Lim et al., 201015 PlosOne 23 24 Selective

10 Mander et al., 200852 Brain Research 6 ** 34–36 Orienting
11 Tomasi et al., 200953 Cerebral Cortex 14 24 Orienting

* There were no qualified studies involving only sustained attention performance. ** In Mander et al., 2008 study, there were total 7 participants, but only 6 
involved in fMRI experiment.

Figure 1—Results from the ALE meta-analysis revealed significantly 
reduced activation (shown in blue) in the fronto-parietal network (Prefrontal 
cortex and bilateral Parietal lobe), Insula, and right Parahippocampal 
cortex (see images at Z = −6, Z = 9, Z = 32, Z = 43, the Z values represent 
the horizontal coordinates from inferior to superior direction, more 
negative Z value, more inferior direction and vice versa), but increased 
activation (shown in yellow and red) in the thalamus (see image at Z = 14) 
across different attention tasks following total sleep deprivation compared 
to rested wakefulness. All activations are significant at P < 0.05 corrected 
for multiple comparisons using the false discovery rate. ALE, activation 
likelihood estimation; L, left; R, right; B, bilateral. 
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and knowledge accrued across different studies. Applying ALE 
meta-analysis on neuroimaging studies of attention following 
a night of acute total sleep deprivation, we observed signifi-
cantly reduced brain activation in multiple areas, most concen-
trically in bilateral parietal lobule, which are key parts of the 
attention network in the human brain. In addition, functional 
enhancement was demonstrated in bilateral thalamic areas. To 
the best of our knowledge, this is the first neuroimaging-based 
meta-analysis on the effects of total sleep deprivation on brain 
function during attention, the cognitive domain most strongly 
affected by sleep loss.6 The main findings are discussed below.

Reduced Fronto-Parietal Activation Following Total Sleep 
Deprivation

Activation in the fronto-parietal attention network is reduced 
following acute total sleep deprivation compared to normal 
resting. The parietal lobe is divided into two major regions, 
the somatosensory cortex and the posterior parietal cortex.43 
The posterior parietal lobe is tightly linked to attention in both 
healthy controls 43,44 and clinical patients.45,46 Acute total sleep 
deprivation affects the superior parietal lobule (SPL) and in-
ferior parietal sulcus (IPS), regardless of the type of attention 
tasks (simple/alert attention,47,48 divided attention,49,50 selec-
tive attention,10–12,14,15,51 orienting attention52,53) that subjects 
are performing. A series of experiments using a Sternberg-like 
memory task also showed that the IPS is crucial in modulating 
attention after total sleep deprivation.54–57 Collectively; these 
results indicate that total sleep deprivation has a detrimental ef-
fect on parietal activation during tasks requiring attention.

The right prefrontal cortex is also susceptible to total sleep 
deprivation. Consistent with the current meta-analysis, a 
number of studies have observed reduced brain activity in PFC 
after total sleep deprivation.10–12 However, a few studies have 
demonstrated no changes or increased frontal activation after 
sleep loss.58–60 This inconsistency may be partly due to varying 
degrees of task difficulty. It has been suggested that increased 
PFC function after sleep deprivation may be a compensatory 
response, which is supported by studies showing increased 
neural activity in PFC following sleep deprivation related to 
increasing working memory load.61,82,83

Salience Network and Attention
Salience network activation is also reduced following total 

sleep deprivation compared to normal resting. The insula is 
considered a node of the salience network67 and involved in 
multiple cognitive, affective, and regulatory functions. Insula 
activation likely facilitates access to attention and working 
memory when a salient stimulus is presented; Kerzel and 
Schönhammer have suggested that attention is captured by sa-
lient stimuli.68 Therefore, the attention deficits caused by sleep 
deprivation may be partly due to a disruption or attenuation 
in salience detection. However, reduced insula activation is 
not specific to the context of non-emotional attention tasks in-
cluded in this meta-analysis and may relate to the influence of 
sleep deprivation on emotional appraisal or regulation.92 For 
example, previous studies have consistently shown that sleep 
deprivation significantly decreased neural activity in the insula 
during emotion-related attention-demanding tasks, such as 
food desirability choices84 and economic decision making.85,93

The meta-analysis also revealed that activation in the me-
dial frontal gyrus is decreased following sleep deprivation 
compared to normal resting. Notably, the medial frontal re-
gion in the current findings overlapped with the ACC, which is 
another node of the salience network and is tightly connected 
to the insula.69–72 Previous study has indicated that the insula 
and ACC are important for identifying critical stimuli from 
sensory input.67 Once such a stimulus is detected, the salience 
network may facilitate task-related information processing in 
the fronto-parietal attentional network for task completion. 
Converging evidence suggests that recurrent activity in insula 
and mid-cingulate cortex is related to refocusing on attention 
tasks.73–75 Both structural and functional connectivity between 
the insula and the inferior parietal lobule have been reported,76 
further supporting the involvement of insula in attention con-
trol. During sleep deprivation, the intensity for task engage-
ment may be reduced due to lower activity in insula and ACC. 
Reduced activity in insula and ACC may also be related to an 
impaired awareness of one’s internal state, a covert aspect of at-
tention. This explanation is consistent with recent resting-state 
fMRI findings that the insula-ACC connection aids interocep-
tive awareness of body states.71 Findings from chronic sleep 

Table 2—Brain activations affected by sleep deprivation.

Talairach Coordinates
Volume (mm3) Brodmann Area x y Z

Reduced brain activation following sleep deprivation (RW-SD)
L. Intraparietal −30 −56 40 1,448 7
R. Intraparietal 26 −54 40 1,040 7
L. Insula −36 10 8 896 13
Medial Frontal 6 12 44 568 6
R. Insula 28 18 8 480 N/A
R. Parahippocampal 26 −46 −6 456 19
R. Prefrontal 38 0 32 424 6

Increased brain activation following sleep deprivation (SD-RW)
L. Thalamus −16 −18 12 600 N/A
R. Thalamus 16 −16 14 576 N/A

RW, rested wakefulness; SD, sleep deprivation; L, left; R, right; N/A, not available.
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restriction also support this view, in which participants show 
a reduced awareness of the increasing cumulative cognitive 
deficits.88 Additional studies are needed to further investigate 
the association between salience network activity changes and 
attention after both acute and chronic sleep deprivation/restric-
tion as well as the role of the salience network in the dissocia-
tion between objective and subjective measures of sleepiness.

Thalamic Hyperactivation
Thalamic activation is increased after total sleep deprivation 

compared to normal resting. The thalamus is a key node of the 
subcortical arousal system and cortical attention network and 
plays an important role in maintaining alertness and vigilant 
attention.63–65 Previous behavioral studies have indicated that 
alertness and vigilance attention are decreased after sleep de-
privation5; therefore, increased thalamic activation following 
sleep deprivation seems contradictory. A potential explanation 
is that greater thalamic activation may reflect increased effort 
to compensate for dysfunction of the fronto-parietal attentional 
network after sleep loss.62 Indeed, previous study has shown 
greater thalamic activation for sleep deprivation than RW, and 
task difficulty was associated with increases in thalamic activa-
tion for the RW but not the sleep deprivation condition. More-
over, thalamic activation was inversely correlated with parietal 
and prefrontal activation, suggesting that increased thalamic 
activation may compensate for the decreased parietal activation 
during sleep deprivation in order to complete the task.62

Alternatively, wake maintenance during an attention task fol-
lowing sleep loss may simply require greater thalamic activa-
tion. For example, Coull and colleagues showed that thalamic 
activity was reduced under a rest control condition when the 
α-2 adrenoceptor agonist clonidine was applied to decrease 
arousal level. However, increased thalamic activity was ob-
served when clonidine was applied during performance on a 
rapid visual information processing task.66 In addition, Chee 
and Tan examined the different effects of sleep deprivation 
on brain activation in subjects who were vulnerable versus 
those not vulnerable to sleep loss.12 They reported a trend of 
increased mean thalamic activity following sleep deprivation 
in subjects who were non-vulnerable and exhibited better per-
formance, while significantly reduced thalamic activation was 
found during lapses in subjects who were vulnerable and exhib-
ited poorer performance, suggesting a trial-to-trial modulation 
of thalamic activation on behavioral performance.

It is noteworthy that all studies included in this meta-anal-
ysis are based on the blood-oxygen-level dependent (BOLD) 
fMRI, which has limitations and the results may not be compa-
rable to PET studies. In contrast to BOLD fMRI findings, PET 
studies consistently report reduced metabolic rate in thalamus 
after sleep deprivation.7,8,62 This inconsistency may be due to 
different signals measured by BOLD fMRI and PET. BOLD 
contrast reflects the complex interaction between changes in 
blood flow, blood volume, and oxygenation consumption that 
occurs during neural activity.94,95 Therefore, BOLD lacks ab-
solute quantification of neural activity and can only measure 
relative signal changes between task and baseline conditions. 
This limitation makes the accurate interpretation of brain acti-
vation changes during attention tasks following sleep depriva-
tion very difficult.96 Changes in brain activation following sleep 

deprivation may be due to changes in baseline neural activity, 
or changes in task-specific neural activity, or both. By contrast, 
PET provides absolute quantification of cerebral metabolic 
rate or blood flow, thus allowing direct comparisons of brain 
activity during tasks between sleep deprivation and normal 
resting without the contamination of potential baseline changes. 
Giving the opposite findings in thalamic activation from PET 
and BOLD fMRI studies, it is likely that the increase in relative 
BOLD activation in the thalamus following sleep deprivation 
during attention tasks is due to a complex interaction between 
the de-arousing effects of sleep loss and the arousing effects 
of task performance. Because PET requires the injection of 
invasive, expensive, and rapidly decaying radioactive tracers, 
and subjects cannot repeatedly undergo PET scans within a 
short time, the utility of PET is limited. Future fMRI studies 
using noninvasive and quantitative measures of brain activity 
(e.g., cerebral blood flow measured by arterial spin labeling 
fMRI96,97) are necessary to verify this hypothesis and dissociate 
the potential different effects of sleep deprivation on brain ac-
tivity during task and resting baselines.

Limitations
Specific methodological limitations should also be consid-

ered with respect to the current meta-analysis. First, only 11 
neuroimaging studies included in this meta-analysis reported 
the difference of brain activation during attention after sleep 
loss, thereby limiting the power to detect the potential sleep 
deprivation induced deficits in the human brain. Furthermore, 
the limited number of studies may enhance the effects of sleep 
deprivation on some brain areas related to the specific experi-
mental tasks and designs used by the studies included in the 
meta-analysis. For example, the reduced activation in the para-
hippocampal gyrus observed in the current study may have 
been driven by the fact that several studies used object-selec-
tive attention tasks.13–15 In addition, due to the small number of 
neuroimaging studies included in the present meta-analysis, it 
is impossible to compare brain activation differences across dif-
ferent types of attention and/or task paradigms. Finally, because 
7 of the 11 studies included in the meta-analysis focused on 
selective attention and many of these studies are from the same 
lab using a particular type of research method, it is possible 
that the results are biased and caution is needed when inter-
preting the findings. For example, the findings may overempha-
size the effect of sleep deprivation on selective attention rather 
than a common effect among all types of attention tasks. Future 
studies are needed to further explore the potential different ef-
fects of sleep deprivation on different attention tasks.

Second, sustained attention is an essential component for al-
most all cognitive tasks, and the two neuroimaging studies that 
investigated the effect of acute total sleep deprivation effects 
on sustained attention did not meet inclusion criteria. Previous 
studies have consistently demonstrated that behavioral perfor-
mance during sustained attention tasks and brain activations 
underlying sustained attention are highly impaired by sleep depri-
vation.62,90,91 It is difficult to dissociate the effects of sleep depriva-
tion on selective, divided, and orienting attention from sustained 
attention, which are mediated by overlapping neural circuits.77–79

Third, variability in statistical approaches used in different 
neuroimaging studies is another potential methodological 
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concern, particularly with respect to arbitrary thresholds selec-
tion and correction for multiple comparisons. These differences 
may impact rates for false positives and false negatives.30 ALE 
addresses this issue by weighting the findings of each peer-re-
viewed study equally and relying upon patterns of consistency 
across studies to overcome this concern.26 However, using this 
approach, studies with less stringent thresholds or corrections 
for multiple comparisons may introduce a larger number of foci, 
and may cause a higher impact on the final results compared to 
the studies which applied stricter statistical standards. Although 
the updated ALE method with cluster-level correction pro-
vides higher sensitivity and stringent protection against false 
positives than the previous FDR thresholding,41 the potential 
for bias cannot be fully eliminated. Future studies with larger 
sample sizes are essential.

Finally, meta-analytic results are often influenced by the 
heterogeneity of the included studies. Therefore, it is an aim 
of meta-analysis to statistically control for potential sources of 
heterogeneity. Since the ALE algorithm is based on a random 
effects model, it is more conservative than the fixed-effects 
model and incorporates both within-study and between study 
variance. Unfortunately, the ALE software did not allow the 
investigation of heterogeneity between individual studies.81 A 
possible solution to address the heterogeneity in meta-analysis 
is to use Effect-Size Signer Differential Mapping (ES-SDM), 
which allows for measuring between-study heterogeneity. 
However, this method requires t-values for peak activations, 
which were not reported in 6 of the 11 studies included in the 
current meta-analysis. Thus the ES-SDM is not feasible for 
this study.

Due to this limitation of ALE, we cannot completely exclude 
the possibility that the results are influenced by a possible het-
erogeneity from different studies. Although we tried to mini-
mize the heterogeneity by establishing relatively strict inclusion 
criteria, many other potential moderators including the length 
of continuous time awake (i.e., total hours of sleep deprivation), 
participants’ age range and gender composition, the duration 
of attention task performance, and within/between-participant 
design, may contribute variance to the current findings. How-
ever, some qualitative insight may be obtained by comparing 
the effects of 24-h versus 36-h total sleep deprivation on brain 
activation. Of the 11 studies included in the meta-analysis, 8 
administered 24-h sleep deprivation and 3 administered 36-h 
sleep deprivation. Of the 8 studies that administered 24-h sleep 
deprivation, 3 reported increased thalamic activation after sleep 
loss. In contrast, none of the 3 studies that administered 36-h 
sleep deprivation reported thalamic activation changes after 
sleep loss. These findings suggest that 36-h sleep deprivation 
may have different influences on thalamic activation, possibly 
due to the greater severity of sleep pressure induced by 36-h 
sleep deprivation. Time-of-day effects may also contribute to 
the different influences of 36-h versus 24-h sleep deprivation on 
thalamic activation. In the 24-h sleep deprivation studies, sub-
jects were scanned at the same or similar time-of-day, whereas 
subjects in the 36-h sleep deprivation studies were scanned at 
different time-of-day, which might interfere with the effect of 
sleep loss. For example, previous studies have shown that atten-
tion performance is more severely impaired during the morning 
(07:00–09:00) after 24 hours sleep deprivation, compared to 

evening hours after 36 hours awake (19:00–21:00) when the 
circadian system is promoting alertness.86,87,89

CONCLUSION
Using an ALE meta-analysis, we identified reduced activa-

tion in multiple brain regions following a night of sleep loss 
compared to normal resting, including bilateral inferior pari-
etal lobe, bilateral insula, right prefrontal cortex, medial frontal 
cortex, and right parahippocampal gyrus, which collectively im-
plicate the vulnerability of the fronto-parietal attention network 
and the salience network to acute total sleep deprivation. We 
also identified increased activation in bilateral thalamus, which 
may reflect a complex interaction between the de-arousing ef-
fects of sleep loss and the arousing effects of task performance 
on thalamic activity.
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