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EMOTION IS A DOUBLE-EDGED SWORD THAT CAN 
ENHANCE1-3 OR HINDER COGNITION,4-6 DEPENDING 
ON THE CONTEXT IN WHICH EMOTIONAL STIMULI 
are encountered. The emotive content of pictures may enhance 
our attention and memory, particularly when task-relevant.7-9 
However, task-irrelevant, emotion-laden stimuli are also potent 
distracters, often reducing the recall of neutral memoranda pre-
sented earlier.10,11

Distraction by negative emotional events is postulated to re-
sult from the interaction of two neural systems, a “hot, affec-
tive” ventral system and a “cold, executive” dorsal system.10,12,13 
Negative emotional stimuli increase maintenance-related activ-
ity within the ventral system, which includes the amygdala and 
the ventrolateral prefrontal cortex (vlPFC). Concurrently, these 
stimuli attenuate activation of the dorsal executive system, 
which includes the dorsolateral prefrontal cortex (dlPFC) and 
the lateral parietal cortex (LPC).

Sleep deprivation can also impair attention and memory,14-19 
and its growing prevalence,20 especially among “knowledge 
workers,” motivates a detailed exploration of its impact on human 

behavior. Several behavioral and imaging studies have examined 
the effects of sleep deprivation on attention,17,18,21 memory,22-24 
and emotion processing.25,26 However, less is known about how 
these elements interact with each other and, in particular, how 
emotional stimuli can affect memory by serving as distracters in 
sleep deprived persons. An understanding of the neural mecha-
nisms underpinning this effect could help reduce adverse out-
comes in health care settings, shift work, and military operations.

Given earlier observations concerning the greater efficacy 
of negative emotional distracters compared to neutral distract-
ers,10,11 it is possible that emotional distracters could also have a 
greater impact on working memory in sleep deprived persons. 
This would underscore the value of maintaining emotional neu-
trality in workplaces where critical decisions are made by sleep 
deprived individuals, for example, in intensive care units.

In studying the neural mechanisms underlying the effects of 
negative distraction on memory, we focused on the amygdala, as 
it is known to mediate the effect of emotional stimuli on atten-
tion and memory.27-29 Additionally, sleep deprivation has been 
shown to elevate amygdala activation in response to aversive 
emotional targets26 as well as reduce the functional connectivity 
between the amygdala and a medial frontal region associated 
with emotional regulation. Analyses of functional connectivity 
between the amygdala and other neural structures also suggest 
that emotional stimuli may be processed in a manner that fa-
cilitates more robust recollection in spite of sleep deprivation.30

In light of these findings, we predicted that (1) working 
memory would be impaired following sleep deprivation and 
that emotional distracters would be more effective than neutral 
distracters; (2) declines in the ability to maintain neutral memo-
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randa in the presence of distracting negative emotional stimuli 
following sleep deprivation would be associated with elevated 
amygdala activity; and (3) an increase in emotional distract-
ibility would be associated with reduced psychophysiological 
interaction (PPI) between the amygdala and brain regions re-
sponsible for cognitive control and emotion regulation.

To test these predictions, healthy young adults underwent 
functional neuroimaging (fMRI) after a night of normal sleep 
and also following 24 h of total sleep deprivation. We assessed 
the effect of emotional distraction by evaluating short-term 
memory for neutral faces after 1 of 3 types of distracters (nega-
tive emotional, neutral and scrambled patterns) was presented 
during a maintenance interval (Figure 1).10 We also evaluated 
how sleep deprivation interacted with different distracters to 
modulate fMRI signal magnitude in the “hot, affective” ventral 
system and “cold, executive” dorsal systems during the main-
tenance period. Finally, we evaluated how sleep loss altered 
task-related changes in functional connectivity, using psycho-
physiological interaction (PPI) analyses.

METHODS

Participants
Twenty-nine individuals completed this counterbalanced 

crossover study. Data from 5 individuals were discarded as they 
did not respond to at least 95% of all trials during the sleep 
deprivation session. This was to ensure that all subjects were 
awake and paying attention to the stimuli even when sleep de-
prived. Thus, the final sample consisted of 24 individuals (14 
female; mean age, 22.33 years; SD, 1.34 years). All volunteers 
were right handed with self-reported regular sleeping habits 
(sleeping ≥ 6.5 h each night for the past month). The sleeping 
habits of all volunteers were monitored using wrist actigraphy 
to ascertain maintenance of regular sleep hours for the entire 
study duration (i.e., they slept no later than 01:00 and woke no 
later than 09:00). All volunteers declared that they had no his-
tory of psychiatric, sleep, or neurological disorders.

Design and Procedure
The experimental protocol was approved by the Singapore 

General Hospital IRB. Participants made 3 visits to the labo-

ratory over 2 weeks. The first was a briefing session, during 
which informed consent was obtained. During the briefing, 
subjects were introduced to the in-scanner task and completed 
12 practice trials. Subjects also completed the trait scale of the 
State Trait Anxiety Inventory (STAI)31 and the Positive and 
Negative Affect Schedule Extended Form (PANAS-X).32 At the 
end of this session, subjects were asked to wear an actiwatch 
and were reminded to maintain regular sleeping hours through-
out the study duration. A week later, subjects came to the lab 
either for a rested wakefulness session or a sleep deprivation 
session; the final test session took place the week following. 
The order of the sessions (rested wakefulness, sleep depriva-
tion) was counterbalanced across subjects.

For both sessions, prior to each scan, subjects signed in-
formed consent to undergo fMRI and confirmed that they had 
not smoked or consumed any medications, stimulants, alcohol, 
or caffeine for ≥ 24 h prior to scanning. They were given task 
instructions and practiced 6 trials of the in-scanner task (2 of 
each condition) prior to entering the scanner. Karolinska Sleep-
iness Scale (KSS) scores were taken at the end of the practice 
trials and after each in-scanner run. The state component of the 
STAI was administered before and after scanning while the 
PANAS-X was administered once before each scan.

For the rested wakefulness session, participants were pres-
ent at the lab at 07:30. Compliance to a regular sleep schedule 
was verified by checking the volunteer’s sleep diary and wrist 
actigraph. Subjects then completed a 10-min trial from the psy-
chomotor vigilance task (PVT), the PANAS-X, and the state 
component of the STAI. Scanning took place at ~08:00.

For the sleep deprivation session, participants arrived at the 
laboratory no later than 19:00 on the test night, after staying 
awake the whole day. A check of their sleep habits was conduct-
ed as described for the rested wakefulness session. Participants 
were monitored throughout the night and were only allowed to 
engage in non-strenuous activities such as reading, working on 
a computer, and conversing. Every hour, from 20:00 to 05:00, 
participants completed a 10-min PVT trial and the KSS. Scan-
ning took place at ~05:30, close to, or at, the cognitive perfor-
mance nadir for most persons.

The scanning times were chosen as they represent the start 
times of a regular workday and the low-point of cognitive per-

Figure 1—A schematic of the working memory task. Participants were instructed to view and remember the faces, view the distracters and to indicate if the 
probe face had been presented earlier. Distracters could be negative, neutral, or scrambled pictures.
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formance after a night of sleep deprivation.33,34 However, we 
note that this schedule does not align the rested wakefulness 
and sleep deprivation sessions to the same circadian phase and 
does not allow a decomposition of the effects of sleep depriva-
tion into “circadian” and “homeostatic” components.

Experimental Task
Subjects were scanned while performing a delayed-match-

to-sample working memory task for faces,10 with distracters 
presented during the maintenance interval between the memo-
randa and probes. Memoranda consisted of sets of 3 faces, and 
the distracters consisted of pairs of novel pictures. The picture 
distracters were of 3 types: highly arousing, negative emotional 
scenes (mutilations, aggressive behaviors); low arousing neu-
tral scenes (mundane activities); and digitally scrambled ver-
sions of the pictures (Figure 1). All the neutral and emotional 
distracters included people and were mostly obtained from the 
International Affective Picture System (IAPS),35 with supple-
mentation from in-house sources. The average IAPS arousal/
valence ratings for the emotional scenes were 5.84/2.49; ratings 
for the neutral scenes were 2.0/5.45. All stimuli (faces, scenes) 
were presented in color. There were 2 separate sets of stimuli 
(for both faces and distracters) for the rested wakefulness and 
sleep deprivation sessions, so that no stimulus was repeated 
within or across sessions. Care was also taken to ensure that 
average IAPS ratings of arousal and valence of the emotional 
and neutral distracters were similar across these 2 sets; their 
equivalence was verified by subsequent ratings made by the 
participants in this study (Supplementary Table 1, supplemen-
tary materials are available online only at www.journalsleep.
org). The order of use of these 2 stimulus sets was counterbal-
anced across subjects within the different scanning orders.

There were a total of 120 trials for each scanning session, 40 for 
each condition, presented over 10 runs of 12 trials (4 emotional, 
4 neutral, 4 scrambled). Each run started with 12 s of fixation, of 
which 4 s was discarded to allow for steady state magnetization, 
and ended with at least 20 s of fixation, lasting a total of 6.2 min. 
The order of the trials was pseudorandomized so that no more 
than 2 trials of any condition were presented consecutively. For 
each trial (Figure 1), subjects were presented with a memoranda 
set of 3 faces for 4 s (subtending a visual angle of 10° x 8.5°). 
Following a 2-s fixation, 2 distracters were presented consecu-
tively for 3 s each. Each distracter stimulus subtended a maximum 
visual angle of 19.5° x 14.5°. Following 4 s of fixation, a single 
face probe (visual angle 6° x 8.5°) was presented, and participants 
indicated if the face had been presented earlier or if it was new. 
Subjects were instructed to look at the distracters while maintain-
ing their focus to perform accurately, and to respond as quickly 
as possible to the probe. Half of the probes were old. Random 
intertrial intervals of fixation lasting 8, 10, 12, and 14 s were used. 
All intertrial intervals occurred with equal frequency.

After scanning, participants rated the emotional and neutral 
stimuli, using a Likert scale of 1 to 9, on their distractibility 
and emotional intensity. The ratings were made over 2 separate 
consecutive runs.

Imaging Procedure
Subjects viewed the stimuli using MR-compatible LCD 

visual goggles (Resonance Technologies, California) and re-

sponded using a button box held in their right hand. Foam pad-
ding was used to restrict head motion. Images were acquired on 
a 3T Siemens Tim TRIO system (Siemens, Erlangen). A single-
shot gradient-echo EPI was used (186 volumes, TR 2000 ms, 
TE 30 ms, flip angle 90°, FOV 192 × 192 mm, matrix 64 × 64). 
Parallel imaging (GRAPPA, acceleration factor 2) was enabled. 
Thirty-six oblique axial slices (3 mm thick with 0.3 mm inter-
slice gap) approximately parallel to the intercommisural plane 
were acquired. High resolution coplanar T1 anatomical images 
were also obtained. For the purpose of image display on Ta-
lairach space, further 3D high-resolution anatomical reference 
images were acquired using a T1-weighted MP-RAGE (mag-
netization-prepared rapid acquisition gradient echo) sequence 
(TR 2530 ms, TI = 1200 ms, flip angle 7°, FOV 256 × 192 mm, 
resulting voxel dimensions 1 x 1 x 1 mm).

DATA ANALYSIS

Behavioral Data
Performance was indexed using corrected recognition, com-

puted separately for each condition as the difference between 
hit rate and false alarm rate (% Hits - % False Alarms). Effects 
of state and condition were investigated using a 2 (State: rested 
wakefulness, sleep deprivation) by 3 (Condition: scrambled, 
neutral, emotional) repeated-measures ANOVA, and signifi-
cant effects were further explored using paired-samples t-tests. 
Average distractibility and emotional intensity ratings were 
computed separately for the emotional and neutral distracters 
at each state and analyzed using 2 (State: rested wakefulness, 
sleep deprivation) by 2 (Condition: neutral, emotional) repeat-
ed-measures ANOVA. We also investigated if sleep deprivation 
alters self-report of anxiety and mood on the STAI and PANAS-
X, and if state-related changes on these scales may account for 
performance change on the working memory task.

Imaging Data
Functional images were preprocessed using Brain Voyager 

QX version 1.10.4 (Brain Innovation, Maastricht). Data pre-
processing included inter-slice timing correction using trilinear 
and then sinc interpolation, linear trend removal, and temporal 
high-pass filtering of period 184 s to remove low-frequency 
non-linear drifts ≤ 2 cycles per run. Three-dimensional rigid-
body motion correction across runs was performed using, as 
the reference image, the first image of the functional run that 
was acquired immediately before the anatomical coplanar T1-
weighted image. Spatial smoothing was performed using an 
8-mm Gaussian kernel (full-width at half-maximum). Func-
tional slices were co-registered to the MPRAGE anatomical 
volume and transformed into Talairach space.

The BOLD signal for each run was first normalized to base-
line (specified as all fixation time points preceding the first trial 
and fixation time points that fall between 28 s post trial onset and 
the onset of a new trial). The functional data was then selective-
ly averaged in each subject as a function of trial type and time 
point (16 time points from the onset of each trial), using custom-
ized in-house software. All trials were included in these analy-
ses. The individual averaged functional data was then submitted 
to a second-level, mixed-effects general linear modeling (GLM) 
analysis.36 To identify the neural regions differentially affected by 
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emotional distracters, we conducted a 2 (State: rested wakeful-
ness, sleep deprivation) by 2 (Condition: neutral, emotional) by 
16 (Time-on-trial) repeated-measures ANOVA, with subjects 
as a random factor.37 Of particular interest were regions that 
showed a Condition by Time-on-trial interaction, and a State by 
Condition by Time-on-trial interaction. Percent signal changes 
were extracted from these regions of interest (defined as a cube 
of side 9 mm surrounding the peak voxel) and subjected to post 
hoc analyses. Possible time-on-task effects were also investi-
gated (see Supplementary results at www.journalsleep.org).

To test our hypothesis of an association between state-relat-
ed change in amygdala activation and emotional distractibility 
following sleep deprivation, we first identified the amygdala 
regions of interest (ROI) that showed a Condition by Time-
on-trial interaction. Signal changes within the right and left 
amygdala were averaged across the time points 12, 14, and 16 s 
post-trial onset. These time points were established by previous 
research to show peak effects of distraction during the mainte-
nance interval.10,11 We then correlated state-related change in 
activation in these ROI with state-related change in task per-
formance separately for the neutral and emotional conditions.

To identify the regions which show different functional 
connectivity in the emotional distracter relative to the neutral 
conditions, a psychophysiological interaction (PPI) analysis38,39 
between an amygdala seed region and the rest of the brain was 
conducted separately for each state. A cube of side 9 mm within 
the right amygdala was chosen as the seed region as it showed 
the largest Condition by Time-on-trial interaction (Table 1). 
Psychophysiological interaction analysis for each volunteer was 
conducted as follows: The design matrix of regressors included 
the BOLD signal time course in the right amygdala seed region, 
regressors coding for the temporal ordering of task conditions, 
and finally, a PPI term, which was the product of the decon-
volved time course in the amygdala with a vector representing 
the order of the psychological variables of interest (emotional 
vs. neutral). This product was subsequently re-convolved with 
a canonical hemodynamic function.39 This analysis was re-
stricted to the maintenance interval. To explore the hypothesis 
that state-related change in functional connectivity between the 
amygdala and prefrontal control regions may be related to emo-
tional distractibility following sleep deprivation, we correlated 
state-related change in amygdala connectivity and state-related 
change in performance. This was conducted separately for the 
emotional and neutral distracter conditions. An outlier who in-
flated the correlations between state-related change in amyg-
dala connectivity and performance was removed.

RESULTS

Behavioral Findings

Working memory was impaired by sleep deprivation
Consistent with previous findings,10 working memory for 

faces (hit rate – false alarm rate) was poorest for the emo-
tional distracter condition, F2,46 = 4.59, P = 0.02 (Figure 2, 
Supplementary Table 2). There was significant decline in 
performance following sleep deprivation, F1,23 = 14.45, P = 
0.001. However, the interaction between state and condition 
was not significant, F2,46 = 0.08, P = 0.92.

Table 1—Neural regions whose activity showed significant (P < 0.001, 
corrected) effects in a 2 (State: rested wakefulness, sleep deprivation) by 
2 (Condition: neutral, emotional) by 16 (Time-on-trial) repeated-measures 
ANOVA. Of particular interest were regions which showed a significant 
interaction of Condition by Time-on-trial. 

Neural region BA Side
Talairach

F value Px y z
State × Time-on-trial df 15, 345

Superior Parietal 
Cortex

7 R 18 -61 43 7.20 8.62 e-14
L 18 -79 40 7.86 3.13 e-15

Middle Temporal 
Gyrus

37 R 42 -58 4 7.45 2.40 e-14
L -48 -61 7 4.55 6.39 e-08

Fusiform Gyrus 19 R 21 -61 -11 7.16 1.03 e-13
L -27 -55 -11 7.28 5.78 e-14

Superior Occipital 
Gyrus

19 R 21 -76 31 8.49 1.39 e-16
L -27 -79 19 7.62 1.05 e-14

Condition × Time-on-trial df 15, 345
Amygdala R 18 -7 -8 12.06 5.94 e-24

L -24 -4 -11 10.97 9.23 e-22
Insula/Lentiform 
Nucleus

R 21 8 4 9.51 9.61 e-19
L -21 -1 -5 10.64 4.32 e-21

*Caudate Nucleus R 12 17 13 13.28 2.37 e-26
L -15 17 4 10.66 3.84 e-21

Inferior Frontal 
Gyrus

45 R 48 29 13 18.37 1.21 e-35
L -51 26 16 8.35 2.79 e-16

Inferior Frontal 
Gyrus

47 R 36 29 -5 6.97 2.70 e-13
L -39 26 -5 5.82 9.69 e-11

Middle Frontal 
Gyrus

6/9 R 42 2 34 19.71 6.20 e-38
L -45 -1 31 9.23 3.62 e-18

*Middle Frontal 
Gyrus

10 R 30 53 13 27.58 < 0.00000
L -33 50 10 32.25 < 0.00000

*Middle Frontal 
Gyrus

46 R 36 35 28 20.25 7.75 e-39

*Middle Frontal 
Gyrus

6/8 R 33 17 49 14.44 1.48 e-28
L -36 17 46 23.70 2.38 e-44

Medial Prefrontal 
Gyrus

9 0 59 28 15.90 2.87 e-31

*Anterior 
Cingulate

32 R 6 32 25 7.46 2.28 e-14
L -9 29 34 8.42 1.98 e-16

24/32 R 9 41 4 8.75 3.78 e-17
 Superior 
Temporal Gyrus

22/42 R 51 -7 7 15.00 1.30 e-29
L -60 -19 10 14.85 2.52 e-29

Superior Parietal 
Cortex

7 R 24 -52 46 14.07 7.28 e-28
L -27 -55 49 10.60 5.14 e-21

*Inferior Parietal 
Cortex

40 R 48 -58 40 28.97  < 0.00000
L -51 -58 37 38.43  < 0.00000

*Precuneus 18 L -6 -73 28 24.70  < 0.00000
Occipital Gyrus 19 R 33 -79 19 26.70  < 0.00000

L -30 -88 19 18.99  < 0.00000
Middle Occipital 
Gyrus

19 R 42 -55 -5 26.54  < 0.00000
L -45 -61 -2 26.70  < 0.00000

No regions showed significant main effects of State or Condition, or significant 
State by Condition or State by Condition by Time-on-trial interactions. All 
regions marked with an asterisk (*) show reduced activity for emotional 
distracters relative to neutral distracters.
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maintenance interval (Figure 3, Table 1). Consistent with previ-
ous studies,10,12,37 emotional distracters resulted in elevated ac-
tivity in several brain regions of the ventral affective system, 
including the amygdala, the vlPFC, and in the occipital cortex 
(Figure 3; Table 1). Activation in these regions was driven by 
the presence of meaningful distracters with further significant 
elevation of activity by negative emotional content (Figure 3).

In contrast, emotional distracters reduced activation below 
baseline in the dlPFC and the LPC (Figure 3; Table 1). Decreas-
es in maintenance related activity also occurred in the cingulate 
gyrus and bilateral superior temporal gyri. These effects can be 
attributed specifically to the emotional nature of the distracters 

Additional analyses were conducted to investigate possible 
effects of time of task on performance (see Supplementary re-
sults). While performance did decline with increased time on 
task, there were no interactions with state and condition.

Emotional scenes were perceived as more distracting and 
emotionally more intense

Consistent with prior work,10 emotional scenes were rated 
as more distracting, F1,23 = 254.54, P < 0.001, and more emo-
tionally intense, F1,23 = 340.26, P < 0.001, relative to neutral 
distracters (Supplementary Table 1). Sleep deprivation did not 
influence these ratings (smaller P = 0.33), and there was no sig-
nificant interaction between state and distracter type for either 
of the 2 scales (smaller P = 0.77).

State anxiety increased following sleep deprivation but did not 
correlate with state-related change in working memory

Participants reported greater anxiety on the STAI state scale 
when sleep deprived relative to when they were well rested, 
t23 = 7.97, P < 0.001. There were no significant differences be-
tween the 2 test sessions for the Positive and Negative Affect 
scales of the PANAS-X (Supplementary Table 3). Also, there 
were no correlations between state-related changes in self-
ratings of distractibility, emotionality and mood, and change 
in working memory performance for any of the 3 conditions.

Neuroimaging Findings

Emotional distracters elevated activity in the ventral “affective” 
system while simultaneously depressing activity in the dorsal 
“cognitive” system

Activation in several regions showed a Condition by Time-
on-trial interaction driven primarily by differences during the 

Figure 2—Sleep deprivation impaired working memory. Corrected 
recognition was significantly lowered with emotional distracters and 
showed a trend for decline with neutral and scrambled pictures. Error 
bars indicate ± 1 SE. (RW: rested wakefulness; SD: sleep deprivation).
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Figure 3—Dissociable effects of emotional distraction in dorsal and ventral neural systems at rested wakefulness (RW). There were dissociable patterns of 
activity during the maintenance phase in (A) lateral parietal cortex (LPC), (b) dorsolateral prefrontal cortex (dlPFC), (C) lateral occipital complex (LOC) and 
(D) ventrolateral PFC (vlPFC). Emotional distracters resulted in elevated activity in vlPFC and LOC while simultaneously reducing activity in the dlPFC and 
LPC to below prestimulus baseline levels. Error bars indicate ± 1 SE. (Scr: Scrambled; Neu: Neutral; Emo: Emotional).
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decreases in working memory (right: r = -0.51; P = 0.01; Figure 
4; left: r = -0.57, P = 0.004, Supplementary Figure 2). These 
correlations were selective to the emotional condition.

Sleep deprivation can alter the functional connectivity between the 
amygdala and cognitive control regions

Increased distraction by emotional pictures following sleep 
deprivation also correlated with state-related decreases in the 
PPI between the amygdala and the dlPFC and vmPFC (Figure 
5), whereas no effect was found in relation to neutral distracters 
anywhere in the brain. Thus, being able to maintain memoranda 

and not mere distraction, as they were observed in the contrast 
between emotional and neutral distracters but not between neu-
tral distracters and scrambled pictures (Figure 3).

Individuals vulnerable to emotional distraction following sleep 
deprivation had elevated amygdala activation

No region manifested a significant effect of State, a State by 
Condition interaction, or a State by Condition by Time interac-
tion (Table 1, Supplementary Figure 1). However, supporting 
our second hypothesis, increased amygdala activation to emo-
tional distracters following sleep deprivation correlated with 

Figure 4—Increased amygdala activity was associated with greater emotional distractibility following sleep deprivation (SD). Right amygdala activity 
(averaging the signal at time points 12, 14 and 16 s post trial onset) was elevated in response to emotional distracters relative to neutral distracters at rested 
wakefulness (RW). A State (rested wakefulness, sleep deprivation) by Condition (Neutral, Emotional) repeated-measures ANOVA conducted on averaged 
activation within this region of interest indicated decreases in amygdala activation following sleep deprivation, F1,23 = 5.44, P = 0.03, but this did not vary with 
condition, F1,23 = 0.17, P = 0.69. Critically, state-related change in amygdala activation correlated with the corresponding alteration of emotional distractibility 
(P = 0.01), while no parallel effect was present for neutral distracters. A similar effect was present for the left amygdala (Supplementary Figure 2). Error bars 
indicate ± 1 SE. (Neu: Neutral; Emo: Emotional).

Figure 5—Reduction in functional connectivity between the amygdala and brain regions known to mediate cognitive control, namely the dorsolateral prefrontal 
cortex (dlPFC) and ventromedial prefrontal cortex (vmPFC), was associated with greater distractibility by negative emotional stimuli during sleep deprivation. 
These correlations were computed following the removal of an influential outlier which inflated the correlations (N = 23). The region within the dorsolateral 
prefrontal cortex which showed a significant (P < 0.001, corrected) Condition by Time-on-trial interaction (Figure 3; Table 1) is shaded in blue. (RW: rested 
wakefulness; SD: sleep deprivation).
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text under which this model can be applied to the setting of 
sleep deprivation.

Compelling as our findings appear to be, there are a number 
of potential limitations that should be highlighted. First, we had 
no control over the different strategies that may have been em-
ployed in order to cope with emotional distracters. Examples of 
different coping strategies include suppression, reappraisal,43,61 
or refocusing of attention.62 Thus, while the present findings 
suggest the neural mechanisms through which sleep deprived 
persons might resist emotional distraction, it remains to be 
studied whether individuals susceptible to distraction when 
sleep deprived might benefit from explicit instructions on how 
to do so. This question could be addressed in subsequent stud-
ies that use methods proven to facilitate emotion regulation.56,57

Secondly, our findings differ from a previous report,26 in 
which a generalized increase in amygdala activity following 
sleep deprivation was found. However, two substantial differ-
ences between the studies must be noted: (1) the negative im-
ages were the task-relevant targets in the study of Yoo et al., 
whereas they were distracters in the present paradigm; and (2) 
participants in this study were tested in a within-subjects fash-
ion, while Yoo et al. employed a between-subjects design. We 
have already pointed out that different strategies might be en-
gaged to cope with distracters.

Summary
With these caveats in place, we conclude that increased dis-

traction by negative emotional pictures following sleep depri-
vation is associated with increased amygdala activation and 
with reduced functional connectivity between the amygdala 
and cognitive control regions in the dorsolateral and ventrome-
dial prefrontal cortices.
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SUPPLEMENTARY RESULTS

Time on task effects
We additionally investigated if differential effects of sleep 

deprivation on the different conditions may emerge as a func-
tion of the duration of the task. To investigate possible effects of 
time on task on cognitive performance, we conducted 2 (State: 
rested wakefulness, sleep deprivation) by 3 (Condition: scram-
bled, neutral, emotional) by 2 (Time-on-task: first 5 runs, last 
5 runs) repeated-measures ANOVA on 2 indices of behavior, 
corrected recognition and reaction time.

Similarly, to investigate possible effects of time on task on 
brain activity, percent signal change was first extracted from 
key regions of interest that showed a Condition by Time-on-tri-
al interaction, as illustrated in Supplementary Figure 1. This in-
cluded bilateral amygdala, right ventrolateral prefrontal cortex 
(vlPFC), dorsolateral prefrontal cortex (dlPFC), lateral parietal 

cortex (LPC) and the lateral occipital complex (LOC). We then 
investigated time on task effects using a 2 (State: rested wake-
fulness, sleep deprivation) by 2 (Condition: neutral, emotional) 
by 2 (Time-on-task: first 5 runs, last 5 runs) by 16 (Time-on-
trial) repeated-measures ANOVA.

Our behavioral findings suggest that while cognitive per-
formance deteriorated in the latter half of the task, there were 
no interactions with State or Condition. Concerning brain ac-
tivity, with the exception of the lateral occipital cortex, ac-
tivation in the regions of interest did not vary significantly 
with time on task, nor were there any significant interactions 
between Time-on-task, State, and Condition. These findings 
are detailed below.

Corrected Recognition. Recognition accuracy decreased fol-
lowing sleep deprivation, F1,23 = 14.59, P = 0.001, and was low-
est for the emotional distracter condition, F2,46 = 3.93, P = 0.03 
(Supplementary Table 4). While performance deteriorated in 

Supplementary Figure 1—Brain regions where maintenance-related activity was modulated by Condition (neutral, emotional) and State (RW, rested 
wakefulness; SD, sleep deprivation). Activation in these regions showed significant interactions of Condition by Time-on-trial (P < 0.001, corrected, Table 1). 
(dlPFC, dorsolateral prefrontal cortex; vlPFC, ventrolateral prefrontal cortex; LPC, lateral parietal cortex; LOC, lateral occipital cortex). 
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Supplementary Table 4—Mean (standard deviation) of working memory 
performance as a function of State (rested wakefulness, sleep deprivation), 
Condition (scrambled, neutral, emotional scenes) and Time-on-task (first 5 runs, 
last 5 runs). N = 24

Corrected Recognition
(Hit Rate – FA Rate)

Rested Wakefulness Sleep Deprivation
1st Half 2nd Half 1st Half 2nd Half

Scrambled 0.52 (0.23) 0.48 (0.22) 0.50 (0.18) 0.32 (0.26)
Neutral 0.51 (0.24) 0.44 (0.22) 0.44 (0.26) 0.37 (0.18)
Emotional 0.47 (0.24) 0.40 (0.28) 0.36 (0.24) 0.30 (0.20)

Reaction Time (ms)
Scrambled 1223 (208) 1207 (194) 1319 (248) 1286 (240)
Neutral 1285 (250) 1189 (203) 1323 (253) 1300 (262)
Emotional 1262 (232) 1207 (179) 1311 (224) 1296 (279)

the latter half, F1,23 = 9.94, P = 0.004, there were no interactions 
with State or Condition (smallest P = 0.42).

Reaction Time. Participants responded more slowly when 
sleep deprived, F1,23 = 6.71, P = 0.02. There was a trend to-
ward an effect of Time-on-task, F1,23 = 4.08, P = 0.06 and no 
effect of Condition, F2,46 = 0.78, P = 0.47 (Supplementary 
Table 4). There were also no significant interactions (smallest 
P = 0.11).

Neural activation. There were no significant effects of (1) 
Time-on-task, and no (2) State by Time-on-task (3) Condition 

by Time-on-task and (4) State by Condition by Time-on-task 
interactions in any region of interest (smallest P for all ef-
fects = 0.17). With the exception of the right LOC (Supple-
mentary Figure 3), no region of interest showed a significant 
State by Condition by Time-on-task by Time-on-trial interac-
tion (P < 0.001 for the LOC, all other regions, P > 0.06). Post 
hoc State by Condition by Time-on-trial repeated-measures 
ANOVA indicated a significant 3-way interaction for activation 
in the first 5 runs, F15,345 = 5.68, P < 0.001, but not in the last 5 
runs, F15,345 = 0.92, P = 0.54.

Supplementary Table 1—Mean ratings (standard deviation) of distractibility and 
emotional intensity on the neutral and emotional scenes

Distractibility
Rested Wakefulness Sleep Deprivation
Neutral Emotional Neutral Emotional

A/B 1.83 (0.67) 4.95 (1.10) 1.89 (1.05) 4.98 (1.10)
RWA-SDB (n = 11) 1.93 (1.10) 4.82 (1.05) 1.94 (1.35) 4.69 (0.98)
RWB-SDA (n = 13) 1.75 (0.65) 5.06 (1.18) 1.85 (0.77) 5.23 (1.17)

Emotional Intensity
A/B 1.62 (0.62) 4.84 (1.15) 1.71 (0.67) 4.97 (0.99)
RWA-SDB (n = 11) 1.49 (0.55) 4.68 (1.09) 1.77 (0.68) 4.83 (0.97)
RWB-SDA (n = 13) 1.73 (0.67) 4.98 (1.23) 1.66 (0.68) 5.08 (1.03)

There were 2 stimulus sets (A and B) to ensure that no stimulus was repeated across 
the 2 testing sessions, and the order of their use was counterbalanced across subjects 
and their scan order. Eleven subjects were presented with stimulus set A during their 
rested wakefulness session and stimulus set B during their sleep deprivation session 
(RWA-SDB), and vice versa for the remaining 13 participants (RWB-SDA). There were 
significant differences only in ratings between neutral and emotional scenes. N = 24.

Supplementary Table 2—Mean (standard deviation) working 
memory performance as a function of condition (scrambled, 
neutral, emotional scenes) and state (rested wakefulness, 
sleep deprivation). N = 24

Corrected Recognition 
(Hits Rate – FA Rate)

Rested 
Wakefulness

Sleep 
Deprivation

Scrambled 0.499 (0.195) 0.408 (0.155)
Neutral 0.478 (0.181) 0.407 (0.169)
Emotional 0.429 (0.193) 0.335 (0.164)

Reaction Time (ms)
Scrambled 1215 (191) 1303 (238)
Neutral 1237 (214) 1312 (245)
Emotional 1234 (192) 1302 (235)

Non-responses (%)
Scrambled 0.29 (0.62) 0.92 (1.01)
Neutral 0.13 (0.34) 0.21 (0.42)
Emotional 0.25 (0.44) 0.63 (0.82)

Supplementary Table 3—Mean (standard deviation) of ratings on 
the State and Trait Anxiety Inventory (STAI) and the Positive and 
Negative Affect Schedule Extended Form (PANAS-X) as a function 
of test session. 

Briefing
Rested 

Wakefulness
Sleep 

Deprivation
STAI 38.00 (6.38) 34.60 (7.25)# 45.25 (8.60)*
PANAS-X 
(Positive Affect) 34.29 (6.41) 32.46 (7.18) 29.29 (8.77)

PANAS-X 
(Negative Affect) 18.21 (5.12) 16.88 (5.57) 17.08 (6.26)

The trait component of the STAI was administered at briefing while 
the state scale was administered during the scanning sessions. 
The STAI scores at rested wakefulness (RW) and following sleep 
deprivation were averaged across the 2 test points (pre and post 
scan). N = 24. #Briefing differed from Rested Wakefulness, P < 0.05; 
*Rested Wakefulness differed from Sleep Deprivation, P < 0.05
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Supplementary Figure 2—Increased left amygdala activity (averaging the signal at time points 12, 14, and 16 s post trial onset) was associated with greater 
emotional distractibility following sleep deprivation (SD). There was a decrease in activation within this ROI following SD, F1,23 = 4.55, P = 0.04, but this did 
not vary as a function of condition, F1,23 = 0.43, P = 0.52. (RW, rested wakefulness; SD, sleep deprivation).

Supplementary Figure 3—There was a significant State (rested wakefulness, sleep deprivation) by Condition (neutral, emotional) by Time-on-task (first 
5 runs, last 5 runs) by Time-on-trial interaction within the lateral occipital cortex. Post hoc State by Condition by Time-on-trial repeated-measures ANOVA 
indicated a significant interaction for activation in the first 5 runs, but not in the last 5 runs. (RW, rested wakefulness; SD, sleep deprivation).


