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Anticipation is an adaptive process, aiding preparatory responses to potentially threatening events. However, excessive anticipatory
responding and associated hyper-reactivity in the amygdala and insula are integral to anxiety disorders. Despite the co-occurrence of
sleep disruption and anxiety disorders, the impact of sleep loss on affective anticipatory brain mechanisms, and the interaction with
anxiety, remains unknown. Here, we demonstrate that sleep loss amplifies preemptive responding in the amygdala and anterior insula
during affective anticipation in humans, especially for cues with high predictive certainty. Furthermore, trait anxiety significantly
determined the degree of such neural vulnerability to sleep loss: individuals with highest trait anxiety showed the greatest increase in
anticipatory insula activity when sleep deprived. Together, these data support a neuropathological model in which sleep disruption may
contribute to the maintenance and/or exacerbation of anxiety through its impact on anticipatory brain function. They further raise the
therapeutic possibility that targeted sleep restoration in anxiety may ameliorate excessive anticipatory responding and associated
clinical symptomatology.

Introduction
Anticipation is an adaptive process, mobilizing preparatory
responses to impending threat or danger (McNally and West-
brook, 2006). However, in excess, anticipation can be maladaptive,
contributing to rumination, worry, and the debilitating social
dysfunction associated with anxiety disorders (Etkin and Wa-
ger, 2007; Nitschke et al., 2009). Anatomically, lesion and neu-
roimaging reports in humans have characterized a brain
network that supports affective anticipation, including the
amygdala and anterior insula cortex (Masaoka et al., 2003;
Simmons et al., 2004, 2006; Nitschke et al., 2006; Kesner and
Gilbert, 2007; Sarinopoulos et al., 2010; Grupe et al., 2012).
The latter also responds preferentially to anticipation uncer-
tainty when the impending outcome is unclear (Dunsmoor et
al., 2007; Herwig et al., 2007; Somerville et al., 2013). More-
over, hyperactivity within these same two regions has consis-
tently been implicated in the psychopathology of anxiety
disorders (Etkin and Wager, 2007).

Independent of anticipation, emerging literature indicates a
role for sleep in affective brain regulation. For example, sleep loss
amplifies limbic reactivity in response to aversive stimuli (Yoo et
al., 2007). Conversely, a night of sleep palliatively resets limbic
responsivity to emotional events (van der Helm et al., 2011).
Moreover, patients with anxiety disorders commonly experience
co-occurring sleep abnormalities (Harvey et al., 2011), further
suggesting an association between sleep, anxiety, and affective
brain function.

Building on this evidence, the current study directly tested the
impact of sleep deprivation on anticipatory brain responses pre-
ceding emotionally salient events. We hypothesized that sleep
deprivation would increase anticipatory signaling within the
amygdala and anterior insula. The valence and certainty of the
anticipatory cues were independently manipulated to test
the prediction that the anticipatory amygdala activity would
be particularly sensitive to cue valence (Yoo et al., 2007),
whereas the anterior insula would show sensitivity to cue cer-
tainty (Dunsmoor et al., 2007). Finally, we sought to deter-
mine whether trait anxiety conferred vulnerability to the
detrimental effects of sleep deprivation on anticipatory brain
function, with higher levels of trait anxiety predicting greater
susceptibility to amplified amygdala and insula anticipatory
responding following sleep loss.

Materials and Methods
Participants. Eighteen healthy adults, age 18 –30 years (mean: 19.6; SD �
1.45 years; 9 female; Table 1) completed a repeated-measures cross-over
design (described below). Participants abstained from caffeine and alco-
hol for the 72 h before and during the entire course of the study and kept
a normal sleep–wake rhythm (7–9 h of sleep per night with sleep onset
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before 1:00 A.M. and rise time no later than 9:00 A.M.) for the 3 nights
before the study participation, as verified by sleep logs and actigraphy (a
wristwatch movement sensor, sensitive to wake and sleep states). Exclu-
sion criteria, assessed using a prescreening semistructured interview,
were as follows: a history of sleep disorders, neurologic disorders, open
and closed head injury, Axis I psychiatric disorders according to the
DSM-IV-TR (Diagnostic and Statistical Manual of Mental Disorders,
fourth edition, text revision) criteria (encompassing mental disorders
including depression, anxiety disorders, bipolar disorder, attention def-
icit disorder, and schizophrenia), history of drug abuse, and current use
of antidepressant, psychostimulant, or hypnotic medication. Subjects
who reported drinking �3 caffeine-containing beverages a day, such as
caffeinated coffee, tea, or soft drinks, were excluded. The study was ap-
proved by the local human ethics studies committee, with all participants
providing written informed consent.

Experimental design. Following screening, participants entered the
repeated-measures study design (Fig. 1 A), performing the emotional-
anticipation task twice inside the MRI scanner: once after a night of sleep
and once after 24 h of total sleep deprivation. In the sleep-deprived
session, participants arrived at the laboratory at 9:00 P.M. and were
continuously monitored throughout the enforced waking period by
trained personnel, independently confirmed using actigraphy monitor-
ing. Participants were typically run as a dyad, and were allowed a degree
of social interaction with the experimenters and each other across the
deprivation night before the first behavioral task. This choice was, in part,
to allow a degree of ecological similarity to real-world circumstances, as
societal sleep deprivation commonly occurs in a nonisolated context.
Activities during the sleep deprivation period were limited to using the
internet, writing and reading e-mails, taking short walks, reading, watch-
ing movies of low emotionality, and playing board games, thereby pro-
viding a standardized regimen of waking activity without undue stress.
The following morning, at �8:30 A.M. (�90 min), the participants were
separated and performed the emotional-anticipation task in the MRI
scanner.

In the sleep-rested session, participants came to the laboratory at 8:00
P.M. and were prepared for an �8 h in bed polysomnographic (PSG)
night of sleep recording in the laboratory (11:00 P.M. to 7:30 A.M. � 30
min; details below). Similar to the deprived condition, participants per-
formed an alternate version of the emotional-anticipation task in the
MRI scanner at �9:00 A.M. (�90 min). Test sessions were separated by
at least 6 d (mean 12.42), with the order of the sleep-rested and sleep-
deprived sessions counterbalanced across subjects.

Trait anxiety and sleep history measures. Trait anxiety was determined
using the State-Trait Anxiety Inventory (STAI) (Spielbeger, 1983), ad-
ministered on the first experimental visit. The STAI assesses negative
affect symptoms of relevance to both anxiety and mood pathology (Wat-
son et al., 1995; Nitschke et al., 2001). To determine the specificity of
relationship between changes in brain reactivity and trait anxiety, other
trait personality factors commonly examined in the context of anxiety
were measured. These included the neuroticism scale from the NEO

personality inventory (Costa and McCrae, 1997), the Intolerance of Un-
certainty Scale (IUS) (Freeston et al., 1994), and the Quick Inventory of
Depressive Symptomatology (QIDS) (Rush et al., 2003).

To assess the degree of difference between the structured sleep sched-
ule of the experiment and each participant’s unrestricted sleep schedule,
participants completed the Pittsburgh Sleep Quality Index upon study
entry. This instrument contains questions relating to the bed time, rise
time, and duration of sleep episodes across the past month (Buysse et al.,
1989). Additionally, to better characterize recent sleep status, partici-
pants further completed sleep logs 5 d before each experimental session.
Participants conformed to the structured sleep schedule during the
month before the experiment, including across the 5 d before the exper-
imental session. Specifically, in the month leading up to the study, par-
ticipants reported average bed times before 1:00 A.M. (mean: 12:13 A.M.;
SD � 50 min), rise times before 9:00 A.M. (mean: 8:00 A.M.; SD � 62
min) and sleep duration lengths between 7 and 9 h (mean: 7.53 h; SD �
0.76 h). Similarly, for the 2 d before the start of the structured sleep
schedule, participants reported sleep-log mean bed times of 12:21 A.M.
(SD � 45 min), mean rise times of 7:53 A.M. (SD � 42 min) and mean
sleep durations of 7.53 h (SD � 0.52 h). While it is important to note the
inherent limitations of self-report measures, these findings support the
likelihood that participants were entering the study in a rested state, and
that their normative schedules were congruent with the study require-
ments. Sleep statistics for the night of PSG recorded sleep in the sleep-
rested session are provided in Table 2, and conform to population norms
for this age range (Ohayon et al., 2004).

Subjective anxiety and sleepiness changes. To assess more transient state
anxiety levels beyond trait, we administered the state version of the STAI
questionnaire (Spielbeger, 1983) on the evening of both experimental
visits and the following morning before each MRI scan. Similarly, to
assess changes of subjective alertness, participants completed the vali-
dated Stanford Sleepiness Scale (SSS) (Hoddes et al., 1973). This stan-
dard measure of subjective alertness ranges across a seven-point scale,
with “1” being most alert, and was administered on the evening of both
experimental visits and the following morning, before each fMRI
emotional-anticipation task session.

fMRI emotional-anticipation task. Each subject was administered two
versions of a validated fMRI emotional-anticipation task (Mackiewicz et
al., 2006; Nitschke et al., 2006, 2009; Sarinopoulos et al., 2010), which
were counterbalanced across sleep-rested and sleep-deprived fMRI ses-
sions. For both versions, the task contained three different trial types:
negative, neutral, and ambiguous (Fig. 1 B). Each trial type consisted of
an anticipatory cue, followed by the presentation of an emotionally neg-
ative or neutral picture stimulus, the structure and timing of which is
outlined in Figure 1C. In addition, null trial events were pseudorandomly
interspersed between these anticipation trials, during which a fixation
point was displayed on the screen for a jittered duration (maximum, 5 s;
minimum, 1.5 s; mean, 2.5 s), advantageously producing intertrial inter-
val variability optimal for event-related fMRI design (Dale, 1999). The
inclusion of the three distinct anticipation trial types offered the ability to
discriminate between the following possible sleep deprivation outcomes:
(1) a generalized change in anticipatory signaling, regardless of cue type;
(2) a valence-sensitive change in anticipatory signaling, dependent on
aversive outcome [e.g., negative cue (100% aversive) � ambiguous cue
(50% aversive) � neutral cue (0% aversive)]; or (3) an outcome-
certainty sensitive change in anticipatory signaling related to whether the
cues accurately predicted the outcome with certainty (negative cue and
neutral cue) or uncertainty (ambiguous cue). As in previous studies
(Mackiewicz et al., 2006; Nitschke et al., 2006, 2009; Sarinopoulos et al.,
2010), subjects were instructed about all cue–picture pairings before
scanning, but were not informed of the proportion of aversive versus
neutral pictures that followed the ambiguous cue. Both task versions had
90 trials consisting of 30 negative, 30 neutral, and 30 ambiguous trials,
with the latter further divided into 15 ambiguous–negative and 15 am-
biguous–neutral trials (60 null events were also included). Each of three
functional runs consisted of 30 trials and 20 null events.

For each of the two task versions, unique negative and neutral images
were selected from a standardized affective picture set (Lang et al., 1997)
defined on valence and arousal parameters. The negative stimulus sets

Table 1. Demographics and trait and state questionnaire data (mean � SD)

Demographic information
n 18
Age 19.6 � 1.45
Gender 9 male, 9 female

Trait measures
Anxiety (STAI trait) 32.33 � 9.29
Depression (QIDS) 1.18 � 3.63
NEO (neuroticism) 35.72 � 5.70
IUS 59.56 � 15.50

State measures Sleep rested Sleep deprived
Subjective sleepiness

Evening 3.03 � 0.24 2.46 � 0.22
Morning 1.82 � 0.88 4.35 � 1.32

Anxiety (STAI-state)
Evening 28.11 � 7.18 28.34 � 7.70
Morning 30.29 � 7.50 39.47 � 10.20
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contained images with low valance and high arousal (Set 1 valence: range,
1.40 –2.99; mean � SD, 2.10 � 0.40; Set 2 valence: range, 1.48 –3.10;
mean � SD, 2.10 � 0.40; Set 1 arousal: range, 5.62–7.35; mean � SD,
6.40 � 0.42; Set 2 arousal: range, 5.5–7.29; mean � SD, 6.34 � 0.47). No
set was statistically different from any other set in terms of valance ( p �
0.97) or arousal ( p � 0.50). Similarly, both task versions of the neutral
stimulus set contained images with middle valence and low arousal (Set 1
valence: range, 4.39–5.61; mean � SD, 5.01 � 0.28; Set 2 valence: range,

4.23–5.64; mean � SD, 4.99 � 0.32; Set 1 arousal:
range, 1.72–3.64; mean � SD, 2.96 � 0.40; Set 2
arousal: range, 1.76–3.63; mean � SD, 2.92 �
0.45), none of which differed on the basis of va-
lence (p � 0.70) or arousal (p � 0.65). Across the
two task versions, the negative set had lower va-
lence ratings (p � 0.001) and higher arousal rat-
ings than the neutral set (p � 0.001).

fMRI acquisition. Blood oxygenation level-
dependent contrast functional images were
acquired with echo-planar T2*-weighted im-
aging using a Siemens 3 tesla MRI scanner with
a 12-channel head coil. Each image volume
consisted of 32 ascending 3.5 mm slices (96 �
96 matrix; TR, 2000 ms; TE, 28 ms; size, 2.5 �
2.5 � 3.5 mm; FOV, 224 mm; flip angle, 90°). A
high-resolution T1-weighted structural scan
was acquired at the end of the sleep-rested ses-
sion (256 � 256 matrix; TR, 1900; TE, 2.52; flip
angle, 9°; FOV, 256 mm; size, 1 � 1 � 1 mm).
Concurrent eye tracking was used to further ver-
ify wakefulness during both test sessions (View-
Point Eye Tracker; Arrington Research).

fMRI analysis. Preprocessing and data anal-
ysis were performed using Statistical Paramet-
ric Mapping software implemented in Matlab
(SPM8; Wellcome Department of Cognitive
Neurology). Images were motion corrected
and slice scan time corrected, and then spatially
normalized to the Montreal Neurological In-
stitute (MNI) template and smoothed using an
8 mm full-width-at-half-maximum Gaussian
kernel using default parameters in SPM8. For
each subject, trial-related activity was assessed
by convolving a vector of trial onsets with a
canonical hemodynamic response function.
The six movement-related covariates (3 rigid-
body translations and 3 rotations determined
from the realignment preprocessing step) were
used as regressors in the design matrix for
modeling movement-related artifact in the
time series. Additionally, a white-matter re-
gressor was included to control for physiological
noise. Nonsphericity of the error covariance was
accommodated for using a first-order autore-
gressive model, in which the temporal autocor-
relation was estimated by pooling over
suprathresholds (Friston et al., 2002).

A general linear model (Friston et al., 1994),
specified for each participant to investigate the
effects of interest, focused on the anticipation
period to test our specific hypotheses. Con-
trasts were created at the first (individual) level
with four events: negative cues, neutral cues,
ambiguous cues, and null events. The experi-
mental hypotheses were tested at the second
(group) level using a validated voxelwise small-
volume correction approach (Poldrack, 2007;
Poldrack and Mumford, 2009) focusing on
amygdala and anterior insula regions of inter-
est (ROIs). This voxelwise method reports ac-
tivation differences only from significant

voxels within each ROI using a familywise error (FWE) correction,
thresholded at p � 0.05. ROI volumes were defined as 6 mm spheres
centered on a set of peak activations observed in previously published
neuroimaging studies investigating anxiety-related abnormalities in
emotional anticipation [MNI coordinates (x, y, z): left amygdala, �17,
�8, �14; right amygdala, 22, �5, �13; (Nitschke et al., 2009); left ante-
rior insula, �29, 24, 11; right anterior insula, 33, 17, 15; (Sarinopoulos et
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Figure 1. Study design. A, Time course of experiment for both the sleep-deprived and sleep-rested conditions. B, fMRI antici-
pation reactivity task trial types. Each trial consisted of an anticipatory cue followed by either an emotional negative or neutral
picture stimulus. For negative trials, the anticipation cue was a red “�” symbol that was always followed by a negative picture. For
the neutral trials, the anticipation cue was a yellow “O” symbol that was always followed by a neutral picture. For ambiguous trials,
the anticipation cue was a white “?” symbol, which was followed by either a negative or a neutral picture at exactly a 50:50 ratio.
C, An example anticipation reactivity task trial with timing. Each anticipation trial lasted an average of 8.75 s. Following a fixation
screen, the trial proceeded with (1) the cued anticipation phase, in which one of the three warning cues were presented using a
variable jittered time duration for optimal signal estimation (maximum, 5.6 s; minimum, 2.5 s; mean, 4.5 s) (Dale, 1999); (2) the
stimulus reactivity phase, in which the emotionally negative or neutral image was presented (1 s); and (3) the response period,
where subjects made a categorical emotionality judgment using a button-press rating (negative/neutral; 2.5 s), also confirming
wakefulness. Pseudorandomly interspersed between these anticipation trials were null trial events (data not shown), where a
fixation point was displayed on the screen for a jittered duration (maximum, 5 s; minimum, 1.5 s; mean, 2.5 s), serving as both a
baseline condition as well as modulating intertrial interval variability for optimal modeling of trial events.
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al., 2010)]. Differences were examined using a repeated-measures condi-
tion (sleep-rested, sleep-deprived)– cue type (negative, neutral, ambigu-
ous) ANOVA, implemented in SPM8. Effects outside our a priori ROIs
are reported for descriptive purposes only, using whole-brain voxelwise
ANOVA analyses, thresholded at p � 0.001 (uncorrected).

To further assess hypothesized effects in the amygdala and anterior
insula, we supplemented the voxelwise analyses with an ROI-based ap-
proach, averaging activity across the entire ROI (Poldrack, 2007; Krieges-
korte et al., 2009; Poldrack and Mumford, 2009; Vul et al., 2009). For this
method, average parameter estimates were extracted from the entire 6
mm amygdala and anterior insula ROI volumes independently, and then
entered into a condition (sleep-rested, sleep-deprived)– cue type (nega-
tive, neutral, ambiguous) repeated-measures ANOVA, performed using
STATA 11 (StataCorp). Main effects and interactions were tested using a
significance of p � 0.05.

To test the hypothesis that neural changes in anticipatory reactivity
following sleep loss were associated with innate anxiety, we regressed trait
STAI anxiety scores against the sleep-deprivation difference in anticipa-
tory reactivity in amygdala and insula ROIs, again using a voxelwise
approach corrected at a threshold of p � 0.05 FWE. We then further
examined this same relationship using the alternate average ROI ap-
proach, correlating individual STAI trait scores with the average param-
eter estimates extracted from the entire ROIs for all cues using a
significance threshold of p � 0.05 (performed in STATA 11; (Poldrack,
2007; Poldrack and Mumford, 2009; Vul et al., 2009). Trait anxiety effects
beyond our a priori ROIs are reported using whole-brain voxelwise re-
gression analysis, thresholded at p � 0.001 (uncorrected). Finally, to
determine the specificity of associations with trait anxiety, we repeated
this regression approach on an exploratory basis with other trait ques-
tionnaire measures (QIDS, NEO Neuroticism, IUS), as well as state ques-
tionnaire measures (STAI state, SSS).

Results
Impact of sleep deprivation on anticipatory brain function
First, we sought to determine the impact of sleep deprivation
on anticipatory responding within the amygdala and anterior
insula, examined using a voxelwise condition (sleep-rested,
sleep-deprived)– cue type (negative, neutral, ambiguous)
repeated-measures ANOVA. A main effect of condition was ob-
served in the bilateral amygdala (Fig. 2A; p � 0.05 FWE cor-
rected), with sleep deprivation amplifying anticipatory activity,
regardless of cue type. Replicating these voxelwise results, the
complementary ROI-based analyses examining average activity
from the entire amygdala ROI confirmed the main effect of con-
dition (left: F � 10.12, p � 0.006; right: F � 10.91, p � 0.004), and
similarly confirmed the lack of a significant cue type interaction
(left: F � 1.31, p � 0.20; right: F � 0.18, p � 0.84).

For the right anterior insula, the voxelwise ANOVA revealed a
main effect of condition and a condition– cue type interaction
(Fig. 2B; p � 0.05 FWE corrected; with no significant effects

identified for the left anterior insula). These right anterior insula
findings were confirmed by ROI-based analyses for activity aver-
aged across the entire ROI (condition: F � 13.19, p � 0.002;
condition– cue type: F � 4.15, p � 0.02). For both of these ap-
proaches, the condition– cue type interaction was driven by cue
uncertainty rather than cue valence. Specifically, post hoc analyses
exploring the interaction revealed that in the sleep-rested condi-
tion (Fig. 2B), the right anterior insula demonstrated a typical
profile of preferential sensitivity to anticipation uncertainty
(Dunsmoor et al., 2007; Herwig et al., 2007; Somerville et al.,
2013), with stronger responding to the ambiguous cue relative to
the neutral cue (T � 2.45, p � 0.03), and marginally so relative to
the negative cue (T � 1.67, p � 0.11). However, this profile of
insula signaling was disrupted by sleep deprivation, with signifi-
cantly stronger anticipatory responding to the negative cue com-
pared with the ambiguous cue (T � 2.33, p � 0.03), and no
difference in reactivity to the ambiguous cue compared with the
neutral cue (T � 0.50, p � 0.49). When comparing the two con-
ditions, sleep deprivation showed larger right anterior insula
responses for both cues signaling certainty relative to the sleep-
rested condition, regardless of valence (negative: T � 4.13, p �
0.001, neutral: T � 2.65, p � 0.02), with no difference observed
for the ambiguous cue (T � 1.00, p � 0.33). This right anterior
insula finding was not asymmetric, as indicated by an analogous
ANOVA that included hemisphere (left, right) as an additional
factor. There were no main or interaction effects with hemisphere
for the a priori left insula ROI (all p � 0.10; similar null findings
were observed for a left insula region derived by flipping the sign of
the x-coordinate for the a priori right insula ROI, thus resulting in
the homologous location). The above amygdala and anterior insula
effects were also observed in an exploratory whole-brain voxelwise
analysis at p � 0.001 (uncorrected, Tables 3, 4).

Although the order of the sleep-rested and sleep-deprived ses-
sions were counterbalanced across subjects, we conducted cau-
tionary analogous ANOVAs, but with order included as a factor.
Results were unchanged for the amygdala main effect of condi-
tion (left: F � 10.20, p � 0.006; right: F � 10.93, p � 0.0045) and
for the right anterior insula main effect of condition (F �
12.79, p � 0.003) and condition– cue type interaction (F �
4.8, p � 0.02).

In sum, these results demonstrate that sleep loss triggered a
generalized anticipatory response within the amygdala, indepen-
dent of certainty as well as valence. Furthermore, sleep depriva-
tion not only amplified activity in the anterior insula, but
disrupted this preemptive signaling, inverting the common pro-
file of uncertainty responsivity observed in the sleep-rested con-
dition to one that no longer faithfully signaled uncertainty.

Sleep deprivation, trait anxiety, and anticipatory brain function
Testing our third hypothesis, we examined whether trait levels of
anxiety within a given individual conferred increasing neural sus-
ceptibility to the impact of sleep deprivation. Voxelwise regres-
sion analyses using the right anterior insula ROI as a mask
indicated that STAI trait anxiety scores positively correlated with
the increased anticipatory signaling within the right anterior in-
sula following deprivation, relative to the rested condition (Fig.
3A). That is, individuals with highest STAI trait anxiety levels
demonstrated the greatest vulnerability to the amplifying antici-
patory effects of sleep deprivation, reflected by the largest in-
crease in anterior insula reactivity across all cues. This finding was
confirmed by ROI-based regression analyses (r � 0.55, p � 0.02;
Fig. 3B) (Poldrack, 2007; Kriegeskorte et al., 2009; Poldrack and
Mumford, 2009; Vul et al., 2009), and also evident as a peak in the

Table 2. Polysomnography sleep-stage values for the sleep-rested night
(mean � SD)

Time (min) Percentage of total sleep time

Time in bed 511.92 � 30.7
Sleep latency 14.22 � 16.8
Total sleep time 469.43 � 38.7
WASO 23.39 � 22.6
NREM stage 1a 25.72 � 10.4 5.53 � 2.4
NREM stage 2a 253.15 � 34.1 53.87 � 5.2
NREM SWSa 90.35 � 28.4 19.41 � 6.7
REMa 100.20 � 24.8 21.20 � 4.3

WASO, wake after sleep onset; NREM, nonrapid-eye-movement sleep; SWS, slow-wave sleep (SWS, NREM stage 3
and 4); REM, rapid-eye-movement sleep. Sleep efficiency (total sleep time divided by time in bed) was within
normal levels (91.7 � 5.1%).
aObtained by 100% of participants.

10610 • J. Neurosci., June 26, 2013 • 33(26):10607–10615 Goldstein et al. • Anticipation, Sleep Loss, and Anxiety



whole-brain voxelwise analysis (Table 5). In contrast to the right
anterior insula, amygdala responses demonstrated no signifi-
cant relationship with STAI trait scores using either the vox-
elwise or average ROI analysis, as was also the case for the left
anterior insula (all R � 0.35, p � 0.17). Exploratory analyses
assessing the laterality of the right insula association with the
STAI revealed a significant asymmetry when using either the a
priori left insula ROI or the aforementioned left insula region
in the homologous location as the a priori right insula ROI
(both Z � 2.28, p � 0.01). To test the specificity of this effect
for the STAI trait anxiety scale, we examined associations with
other self-report measures. No significant predictive associa-
tions were identified between the change in anterior insula or
amygdala reactivity and any other assessed trait measure of
affect (all R � 0.26, p � 0.30) or state measures of affect and
sleepiness (all R � 0.40, p � 0.12).

Impact of sleep deprivation on subjective sleepiness, state anxiety,
and behavior
Subjective sleepiness scores on the SSS showed the expected
increase following sleep deprivation (Table 1). A repeated-
measures condition (sleep-rested, sleep-deprived)–time-of-day
(evening, morning) ANOVA revealed a main effect of condition

(F � 24.78, p � 0.0001) and a condition–time-of-day interaction
(F � 28.22, p � 0.0001). Post hoc analyses demonstrated that
sleep deprivation significantly increased subjective sleepiness
across the night (T � 5.37, p � 0.0001), whereas sleep reduced
subjective sleepiness across the rested night (T � 3.35, p � 0.002).
These findings support the likelihood that participants were sub-
jectively rested and alert at the time of the sleep-rested test ses-
sion, and that the manipulation of sleep deprivation was effective.

An analogous ANOVA was performed for STAI state scores,
revealing effects of condition (F � 12:00, p � 0.0028), time of day
(F � 24.64, p � 0.0001), and condition–time of day (F � 14.09,
p � 0.0019) (Table 1). Post hoc analyses demonstrated that
sleep deprivation elevated STAI state levels (T � 4.83, p �
0.002), while sleep nonsignificantly increased STAI state
scores (T � 1.99, p � 0.06).

Corresponding to the higher subjective sleepiness ratings on
the SSS in the sleep-deprived condition, there were more omitted
trials on the fMRI task in the sleep-deprived relative to the sleep-
rested condition (T � 3.24, p � 0.01), consistent with previous
deprivation studies (Van Dongen et al., 2003). Conversely, task
trial response times were not significantly different between the
two conditions (T � 1.14, p � 0.27). Of note, omitted trials in
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Figure 2. A, Brain maps displaying ROI mask (left brain image) and the ANOVA main effect of condition (sleep deprivation, sleep rested; right brain image) from the voxelwise ROI analysis in
bilateral amygdala across all three cue types (negative, neutral, and ambiguous) [peak MNI coordinates (x, y, z); left: �18, �6, �16; right: 24, �2, �16]. Right side bar graphs illustrate the
difference in average parameter estimates across the 6 mm ROI spheres between the sleep-deprivation and sleep-rested conditions, and average signal for each condition, respectively. B, Brain maps
displaying ROI mask (left brain image) and the ANOVA condition– cue type (negative, neutral, and ambiguous) interaction results from the voxelwise ROI analysis in the right anterior insula for the
three cue types [peak MNI coordinates (x, y, z); 32, 20, 14], together with equivalent bar graphs as in A. No significant main effect of condition or cue type interaction was observed in the left anterior
insula at FWE p � 0.05. Error bars represent SEM. Within-region statistics: *p � 0.05, **p � 0.01.
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both conditions were modeled separately and not included in the
anticipation fMRI contrast.

Discussion
Together, our findings demonstrate that sleep deprivation ampli-
fies preemptive amygdala and anterior insula responding during
the anticipation of potentially aversive experiences. Additionally,
these results help determine the anatomical and contextual spec-
ificity under which this neural increase does and does not occur.
Finally, our data further establish that trait anxiety confers signif-
icant vulnerability to these increased anticipatory neural re-
sponses following sleep loss.

Enhanced affective anticipatory sensitivity following sleep de-
privation was observed in both our target regions of interest: the
amygdala and anterior insula (see Table 3 for alterations beyond
these ROIs). However, this change was uniquely different for
each region on the basis of the different anticipatory cues. Within
the amygdala, the enhanced anticipatory response was common
across cue types, independent of valence or certainty. This antic-
ipatory change differs from the already characterized alteration in
amygdala reactivity to emotional stimuli themselves, which
showed selective increases only to emotional rather than non-
emotional stimuli (Yoo et al., 2007; Gujar et al., 2011). Therefore,

sleep loss resulted in a profile of generalized anticipatory signal-
ing within the amygdala, potentially reflecting a preparatory
brain state of heightened threat expectancy (Adolphs, 2010;
Thayer et al., 2012). While this may be adaptive to the organism
in the compromised and fatigued condition of sleep deprivation,
similar profiles of excessive amygdala reactivity (independent
of sleep status) have been reported in psychopathology, and
occur at the cost of optimal judgment and decision-making,
indicative of maladaptive consequences (Hoehn-Saric et al.,

Table 3. Voxelwise whole-brain results for the ANOVA main effect of condition

Region (Brodmann’s area)
Cluster
size (mm 3) x y z

Peak
Z score

Anterior insula (13), right 350 32 22 14 3.58
Posterior insula (13), left 569 �48 �40 22 3.52
Parahippocampal gyrus (34), right 4725 24 6 �22 3.8
Amygdala, right 2134 24 �2 �16 3.76
Amygdala, left 2931 �18 �6 �16 4.24
Fusiform gyrus (37), left 28656 �28 �42 �16 5.4
Fusiform gyrus (37), right 67441 28 �50 �14 5.38
Precentral gyrus (6), left 35000 �42 �8 54 5.1
Precentral gyrus (6), right 197 52 �14 30 3.28
Superior temporal gyrus (22), left 14853 �60 �6 �2 4.8
Superior temporal gyrus (22), right 1225 56 �34 16 3.78
Claustrum, left 2494 �34 �10 12 4.57
Claustrum, right 2450 32 �8 14 3.78
Middle temporal gyrus (39), left 31500 �46 �68 12 4.5
Inferior frontal gyrus (9), right 5425 46 4 28 4.42
Hippocampus, right 656 28 �18 �16 3.72
Postcentral gyrus (43), right 7569 68 �10 18 4.12
Postcentral gyrus (43), left 1116 �36 �36 50 3.4
Middle cingulate gyrus (24), left 2100 �2 �2 50 3.69
Middle cingulate gyrus (24), right 284 10 4 34 3.68
Inferior parietal lobule (7), left 175 �44 �72 46 3.42
Caudate body, left 44 �16 6 18 3.21
Subgyral (20), right 66 46 �16 �22 3.21
Precuneus (7), left 22 �20 �58 60 3.21
Putamen, right 66 32 �18 12 3.14

Uncorrected p � 0.001, �10 mm 3 contiguous cluster extent.

Table 4. Voxelwise whole-brain results for the ANOVA condition– cue type
interaction

Region (Brodmann’s area) Cluster size (mm 3) x y z Peak Z score

Anterior insula (13), right 197 32 20 14 3.55
Cerebellar tonsil, left 2209 �8 �34 �44 3.79
Cerebellar tonsil, right 547 16 �38 �46 3.27
Inferior parietal lobule (40), right 788 42 �58 38 3.6
Medial frontal gyrus (8), left 44 �10 38 42 3.24
Middle frontal gyrus (47), left 22 �54 46 �10 3.18

Uncorrected p � 0.001, �10 mm 3 contiguous cluster extent.
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Figure 3. A, Brain maps displaying anterior insula ROI mask (left brain image) and the
voxelwise ROI regression between STAI trait anxiety and the relative sleep deprivation induced
increase in anticipatory response in anterior insula for all cues [peak MNI coordinates (x, y, z); 34,
18, 18; T � 4.04, p � 0.001]. Regression thresholded at p � 0.05 FWE-corrected for multiple
comparisons. B, Scatterplot displaying this same relationship using the average parameter
estimates across the 6 mm ROI anterior insula ROI mask (left brain image).

Table 5. Voxelwise whole-brain regression between STAI-trait anxiety and the
condition difference in anticipation reactivity

Region (Brodmann’s area) Cluster size (mm 3) x y z Peak Z score

Anterior insula (13), right 22 34 18 18 3.27
Posterior cingulate gyrus (31), left 1050 �26 �58 26 3.91
Cuneus (30), left 284 �26 �74 12 3.67
Inferior parietal lobule (39), left 109 �48 �72 42 3.54
Claustrum, right 88 28 12 20 3.48
Middle frontal gyrus (9), right 241 28 18 32 3.43
Middle frontal gyrus (9), left 22 �48 42 28 3.37
Precentral gyrus (4), right 66 28 �18 50 3.4
Inferior temporal gyrus (20), right 44 54 �24 �22 3.31
Postcentral gyrus (1), right 109 60 �18 52 3.27

SD�SR, all cues; uncorrected p�0.001,�10 mm 3 contiguous cluster extent. SD, sleep deprived; SR, sleep rested.
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2004; Nitschke et al., 2009; Etkin et al., 2010; Pessoa, 2010).
Indeed, sleep deprivation impairs behavioral task perfor-
mance on affective decision tests known to involve amygdala
function, consistent with this latter maladaptive hypothesis
(Killgore et al., 2006, 2007a,b; Anderson and Dickinson, 2010;
Anderson and Platten, 2011).

Unlike the amygdala, the right anterior insula demonstrated
hyperactivity following sleep deprivation only in a specific antic-
ipatory context: that of cues predicting outcome certainty regard-
less of valence. Under sleep-rested conditions, the anterior insula
demonstrated greater anticipatory signaling of impending uncer-
tainty, consistent with previous reports highlighting a role for the
anterior insula in uncertainty processing (Huettel et al., 2005;
Dunsmoor et al., 2007; Herwig et al., 2007; Preuschoff et al., 2008;
Somerville et al., 2013). This specificity has been considered
advantageous, providing a qualitative prediction of impending
threat that allows for adaptive decision-making, especially when
future events are unpredictable (Loewenstein et al., 2001; Singer
et al., 2009). Conversely, generalized rather than specific anterior
insula responding both to certain as well as uncertain cues has
been proposed to account for the dysfunctional affective state of
anxiety, resulting in heightened subjective estimates about im-
pending future outcomes, thereby treating all predictive cues as
threatening (Simmons et al., 2006, 2008, 2011; Nitschke et al.,
2009). Similar to this latter profile, and in contrast to the selective
anterior insula anticipatory signaling of uncertainty following
a full night of sleep, participants showed an inverted insula
pattern of responding when sleep deprived, driven by elevated
responses to both types of certain cues. Such disrupted signal-
ing within the anterior insula may prevent the discrimination
of, and hence appropriate preparation for, events of varied
affective probability under conditions of sleep loss. It may
further result in the sleep-deprived brain treating all cues as
potentially aversive; a bias that has similarly been reported in
anxiety disorders (Hoehn-Saric et al., 2004; Nitschke et al.,
2009) and is congruent with the subjective anxiogenic conse-
quence of sleep deprivation (Babson et al., 2009, 2010). Al-
though observed for the right but not left anterior insula, these
effects were not statistically asymmetric.

Trait anxiety levels predicted susceptibility to the amplifying
impact of sleep deprivation within the anterior insula. Therefore,
those individuals with elevated trait anxiety—who, parentheti-
cally, are those already at higher risk for developing an anxiety or
mood disorder— demonstrated the greatest vulnerability to the
impact of sleep loss within the insula. The association with trait
anxiety was specific to the right anterior insula, and was not ob-
served in either the left anterior insula or amygdala. This statisti-
cally significant insula asymmetry contributes to an ongoing
discussion in the literature about anatomic specificity and later-
ality in insula function (Damasio, 2003; Craig, 2009; Deen et al.,
2011; Simmons et al., 2011). The absence of trait anxiety relation-
ships with increased amygdala anticipatory activity within the
current study in no way challenges established associations be-
tween anxiety and amygdala function (Birbaumer et al., 1998;
Thomas et al., 2001; Etkin and Wager, 2007; Davis et al., 2010;
Somerville et al., 2013). Instead, these finding simply indicate
that the change in amygdala reactivity induced by sleep depriva-
tion, relative to the sleep-rested condition, appears to robustly
occur independent of trait anxiety levels.

This right insula association with trait anxiety is of potential
clinical relevance given that excessive anticipatory insula activity
is a characteristic of most anxiety disorders (Simmons et al., 2006,
2011; Etkin and Wager, 2007) and, further, that sleep disruption

is a recognized symptom of anxiety disorders (Harvey et al.,
2011). Together with previous reports describing behavioral as-
sociations between anxiety and sleep loss (Sagaspe et al., 2006),
such data support an emerging neuropathological model in
which sleep disruption may not only be a symptom of anxiety,
but potentially contributes to the maintenance and/or exacerba-
tion of rumination and worry through hyperlimbic anticipatory
reactions. Moreover, the data raise the therapeutic possibility that
targeted sleep restoration may beneficially ameliorate such neural
and psychological symptomatology both in anxiety disorders and
subclinical high-anxious individuals.

Finally, our findings should be appreciated within the context
of certain limitations. First, the range of STAI trait scores across
our participants was relatively narrow, which affects the general-
izability of the association observed with the anterior insula.
Whether similar relationships would be observed in samples with
a larger range, and in those with clinically diagnosed anxiety, is
not known. Second is the lack of a polysomnographic screening
night to verify the absence of sleep disorders characterized using
validated screening questionnaires (Horne and Ostberg, 1976;
Buysse et al., 1989). A related issue in the current study is the lack
of an adaptation night in the sleep laboratory, which may have
resulted in poorer sleep quality during the sleep-rested night (Ag-
new et al., 1966; Kingshott and Douglas, 2000). This is an issue
that, if present, may suggest that the effects we observed would be
stronger when participants are in a fully sleep-rested state. How-
ever, three aspects of empirical data suggest that our participants
were likely well rested on the morning of the sleep-rested session:
(1) participants reported a high degree of functioning and con-
centration on a validated measure of alertness (Hoddes et al.,
1973) on the evening before the experimental manipulation and
on the morning of the sleep-rested test session; (2) the sleep-
rested night resulted in significantly increased subjective alert-
ness scores the next morning (while the sleep-deprivation
condition resulted in significantly decreased alertness scores
when assessed at the equivalent times); and (3) the duration and
sleep-stage amounts measured on the rested night conform well
to age and population norms (Ohayon et al., 2004).

In summary, here we demonstrate that sleep loss exaggerates
preemptive responding in the amygdala and anterior insula dur-
ing affective anticipation. Furthermore, trait anxiety confers sig-
nificant neural vulnerability to these amplifying effects of sleep
loss in the anterior insula, a finding that may hold translational
implications regarding the co-occurrence between sleep disrup-
tion and anxiety disorders.
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