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Although insufficient sleep is a well-recognized risk factor for overeating and weight gain, the neural
mechanisms underlying increased caloric (particularly fat) intake after sleep deprivation remain unclear.
Here we used resting-state functional magnetic resonance imaging and examined brain connectivity
changes associated with macronutrient intake after one night of total sleep deprivation (TSD). Compared to
the day following baseline sleep, healthy adults consumed a greater percentage of calories from fat and a
lower percentage of calories from carbohydrates during the day following TSD. Subjects also exhibited
increased brain connectivity in the salience network from the dorsal anterior cingulate cortex (dACC) to
bilateral putamen and bilateral anterior insula (aINS) after TSD. Moreover, dACC-putamen and
dACC-aINS connectivity correlated with increased fat and decreased carbohydrate intake during the day
following TSD, but not during the day following baseline sleep. These findings provide a potential neural
mechanism by which sleep loss leads to increased fat intake.

P
opulation studies consistently find that short sleep duration (habitual sleep # 6 h/night) is a significant risk
factor for weight gain and obesity1–7. Recent laboratory studies demonstrate that sleep restriction leads to
weight gain8–9, increased caloric intake8–16, increased portion sizes17, delayed meal timing8–11, increased fat

consumption8,10,12, and greater impulsivity in response to food cues18. In order to investigate mechanisms under-
lying the effect of sleep loss on increased caloric intake, most previous research has primarily focused on changes
in metabolic hormones, only a few recent studies have begun to examine how changes in brain activity may play a
role19–23.

Compared to habitual sleep, subjects undergoing restricted sleep displayed greater overall neuronal activity in
response to food stimuli, particularly in areas related to reward including the putamen, nucleus accumbens
(NAC), thalamus, insula and prefrontal cortex19. When comparing activation in response to images of healthy
versus unhealthy foods, subjects displayed greater activation in the insular cortex, orbitofrontal cortex (OFC) and
dorsolateral prefrontal cortex during sleep restriction but not during habitual sleep20. Compared with normal
sleep, subjects undergoing total sleep deprivation showed increased activation in the right anterior cingulate
cortex (ACC) in response to food images, which correlated with post-scan appetite ratings for pictures of high
calorie foods21. Conversely, in another study, subjects undergoing total sleep deprivation displayed decreased
activation in higher-order cortical evaluation regions (i.e., ACC, left lateral OFC, and anterior insula) and
enhanced activation in the amygdala while rating desirability for various foods displayed in pictures22. Finally,
self-reported daytime sleepiness correlated with reduced activation in the ventromedial prefrontal cortex
(VMPFC) in response to high- versus low-calorie food images, and activation in this region predicted overeating
in women23.

Notably, the brain regions showing altered activation in response to food stimuli following sleep loss are nodes
in the ‘‘salience network’’, which is thought to play a key role in conflict monitoring, interoceptive-autonomic
processing, homeostatic regulation and reward-processing24,25. It has been posited that the salience network
integrates processed sensory data with visceral, autonomic, and hedonic signals in order to guide behavior24,25.
Relative to lean individuals, those who are obese exhibit abnormal activation in regions that are components of
the salience network, including the ACC, insula and dorsal striatum, in response to food stimuli and when
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anticipating the consumption of high-calorie food26–30. Obese indi-
viduals also exhibit greater salience network functional connectivity
at rest and in response to food cues31–32. Collectively, these studies
suggest that sleep loss may alter neuronal activity within the salience
network and that changes in salience network activation may relate
to increases in caloric intake that have been previously observed
during sleep loss.

The current study examined the effects of acute total sleep depriva-
tion on salience network activity using resting-state functional con-
nectivity (FC). Assessing brain function in a resting-state (when
subjects are not performing a specific sensorimotor or cognitive task
in the scanner) measures the effect of sleep loss without the interfer-
ence of behavioral performance. FC also investigates the relationship
between neural activity in anatomically distinct but functionally
related brain regions, allowing for the identification and assessment
of physiological coupling between brain regions within intrinsic net-
works33–35. The current study also assessed the relationship between
salience network FC and actual caloric and macronutrient intake,
rather than relying on self-reported ratings of hunger or food crav-
ings that may not accurately reflect behavior. To our knowledge, only
one previous experiment examined the relationship between changes
in brain activity and actual caloric intake, in which changes in right
insula activation in response to unhealthy food stimuli after sleep
restriction was negatively correlated to the change in caloric intake
and fat intake between habitual sleep and sleep restriction20.

We investigated the impact of total sleep deprivation on caloric
intake, macronutrient intake and ACC-seed resting-state FC in a
healthy and diverse sample of adult men and women, and in a control
group who were not sleep deprived. We hypothesized that total sleep
deprivation would increase caloric intake and fat intake as well as
alter resting-state FC in the salience network. In addition, we
hypothesized that, following total sleep deprivation, salience network
FC would relate to caloric and macronutrient intake.

Results
Subject Characteristics. Sleep-deprived subjects (n534) did not
differ from control subjects (n512) in age, BMI or in the
percentage of African Americans or women (all p.0.50; Table 1).
Sleep duration and timing during the week prior to the in-laboratory
study were assessed using wrist actigraphy; there were no differences
in pre-study sleep duration, onset, offset or midpoint between sleep-
deprived and control subjects (all p.0.49).

Caloric Intake. Subjects consumed 939.0 6 81.7 (M 6 SD) kcal
during the overnight period of wakefulness and then consumed a
similar amount of calories during the day following total sleep
deprivation compared to the day following baseline sleep (BL:
2336.2 6 560.7 kcal, TSD: 2188.8 6 636.0 kcal; Figure 1a, p 5

0.12). However, sleep-deprived subjects consumed a larger
percentage of calories from fat (t(33) 5 22.93, p50.006) and a
smaller percentage of calories from carbohydrates (t(33) 5 3.15,
p50.004) during the day following total sleep deprivation
compared to the day following baseline sleep (Figure 1b). Protein
intake was not significantly different between baseline and total sleep
deprivation days (p50.41). There were no differences between
caloric intake and the percentage of calories derived from each

macronutrient during corresponding days in the control condition
(Figure 1, all p.0.09).

Resting-State Functional Connectivity. For resting-state functional
connectivity analyses, we used ACC as the seed region to
determine the salience network24,32. We used two types of ACC
seeds, the structurally defined ACC and a literature defined dorsal
ACC (dACC)31; Figure 2 depicts dACC connectivity changes.
After total sleep deprivation, increased dACC connectivity was
observed in bilateral putamen, bilateral anterior insula (aINS),
bilateral parietal lobe, bilateral inferior frontal gyrus (IFG) and
medial frontal cortex (MFC) (the same regions were observed
using the structural ACC seed). All of these activation clusters
survived whole brain cluster-level FWE corrected p,0.005
(Table 2). However, there were no significant changes in
structural ACC or dACC connectivity between corresponding
days in the control condition (Figure 2).

In the current study, we focused on regions of the salience net-
work; therefore, we confirmed the whole brain results of altered
dACC-bilateral putamen and dACC-bilateral insula resting-state
FC using anatomical region of interests (ROI) analyses. Compared
to the scan following baseline sleep, the strength of resting-state FC
was significantly increased between the dACC and bilateral putamen
(t(33) 5 23.41, p50.002, Figure 3a) and between the dACC and
bilateral insula (t(33) 5 -3.42, p50.002, Figure 3b) after total sleep
deprivation. No changes in dACC-putamen or dACC-insula con-
nectivity were observed between corresponding days in the control
condition (all p.0.46, Figure 3). In addition, subjects randomized to
TSD and control conditions did not differ in FC between dACC and
putamen or insula during the baseline measurement (all p.0.90).

Relationship between Functional Connectivity and Macronu-
trient Intake. To investigate the relationship between the
resting-state FC of the salience network and macronutrient
intake, bilateral putamen and bilateral aINS ROIs were built
based on the whole brain results summarized in the methods
section using Marsbar toolbox (p,0.0001, cluster size.100
voxels). In sleep-deprived subjects, dACC-putamen connectivity
during the scan following baseline sleep did not relate to
macronutrient intake during the day following baseline sleep (all
p.0.05). During the day following total sleep deprivation, dACC-
bilateral putamen connectivity was positively correlated with fat
intake (% kcal; Figure 4a, r 5 0.50, p50.003) and negatively
correlated with carbohydrate intake (%kcal; Figure 4b, r 5

20.37, p50.03) but was not related to protein intake (p50.55).
In sleep-deprived subjects, dACC-bilateral aINS connectivity
during the scan following baseline sleep did not relate to
macronutrient intake during the day following baseline sleep (all
p.0.38). During the day following total sleep deprivation, ACC-
bilateral aINS connectivity was positively correlated with fat
intake (% kcal; Figure 5a, r 5 0.41, p50.015) and negatively
correlated with carbohydrate intake (%kcal; Figure 5b, r 5

20.42, p50.014) but was not related to protein intake (p50.63).
dACC connectivity with IFG, parietal lobes and MFC was not
correlated with macronutrient intake during the day following
either baseline sleep or total sleep deprivation (all p.0.30).

Table 1 | Mean 6 SD Subject Characteristics

Age BMI % Women (n)
% African

American (n)
Pre-Study Actigraphic

Sleep Duration (h)
Pre-Study Actigraphic Sleep
Midpoint (time 6 minutes)

Sleep-deprived
subjects (n534)

34.7 6 7.9 24.8 6 2.8 47.1 (16) 64.7 (22) 8.0 6 0.5 0338h 6 50 minutes

Control subjects (n512) 33.5 6 9.3 24.4 6 3.6 58.3 (7) 75.0 (9) 7.9 6 0.4 0348h 6 48 minutes

www.nature.com/scientificreports
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Discussion
Consistent with previous research examining the effect of chronic
sleep restriction on caloric intake8–18, total sleep deprivation led to
increased caloric intake; subjects remarkably consumed nearly 1000
calories during the overnight period of wakefulness. Despite con-
suming these additional calories overnight, subjects consumed a
similar number of calories during the day following total sleep
deprivation compared to the day following baseline sleep. In addi-
tion, subjects consumed a greater percentage of calories from fat and
a smaller percentage of calories from carbohydrates during the day
following total sleep deprivation compared to the day following base-
line sleep. The observed increase in fat intake is consistent with
previous studies showing increased fat intake during chronic sleep
restriction8,10,12. At the neural level, one night of total sleep depriva-
tion enhanced dACC functional connectivity with bilateral putamen
and bilateral aINS, which are core regions of the salience network24,26.
Moreover, dACC connectivity with these two areas positively corre-
lated with the percentage of calories consumed from fat and nega-
tively correlated with the percentage of calories consumed from
carbohydrates after total sleep deprivation. Thus, total sleep depriva-

tion altered salience network functional connectivity and the
increased co-activation of dACC and aINS as well as dACC and
putamen predicted subsequent macronutrient intake.

To our knowledge, this is the first study to examine the relation-
ship between resting brain connectivity and actual macronutrient
intake after baseline sleep and after total sleep deprivation. This
approach assesses actual intake behavior rather than relying on
self-reported hunger levels or food cravings, which are often inac-
curate, and investigates the effect of sleep loss on brain function while
avoiding the potentially confounding factors of task performance.
When subjects are performing a task, such as viewing pictures of food
stimuli or providing ratings for how much a food is desired in the
scanner, it may be difficult to determine whether observed changes in
brain activity reflect changes in task performance, effects of sleep
loss, or an interaction of these two factors. In addition, we used FC
analyses in order to examine changes in the functional coupling of a
brain network rather than isolated brain regions.

The ACC, insula and putamen are all core regions of the salience
network, which guides behavior by identifying important homeos-
tatically relevant internal/external stimuli36. Increased ACC activa-

Figure 1 | Caloric and macronutrient intake. Caloric intake was ad libitum during the study. (a) Despite consuming nearly 1000 kcal during the

overnight period of wakefulness, sleep-deprived subjects consumed a similar amount of calories during the day following total sleep deprivation (TSD) as

during the day following baseline sleep (BL). Subjects randomized to the control condition consumed a similar amount of calories during corresponding

days (BL and CD1). (b) Sleep-deprived subjects consumed a larger percentage of calories from fat and a smaller percentage of calories from carbohydrates

during the day following TSD compared to the day following BL sleep. Macronutrient intake did not differ between corresponding days in control

subjects (BL and CD1). Data presented as Mean 6 SEM; *p,0.05.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8215 | DOI: 10.1038/srep08215 3



tion has been associated with homeostatically incongruous physical
states (i.e., thirst, hunger, overheating) and encoding the pleasantness/
averseness of stimuli in all sensory modalities37. The ACC becomes
activated during challenging physical conditions that disturb home-
ostasis and, in conjunction with the insular cortex via autonomic
information-processing24,25, guides behavior by altering the percep-
tion of salient stimuli and influencing emotional and cognitive res-
ponses37. Total sleep deprivation represents a physical homeostatic
challenge38 that has been shown to influence ACC activation19,21 and
ACC activation has been associated with oral fat administration spe-
cifically. ACC activation increases in response to oral fat administra-
tion and positively correlates with increasing fat concentrations39.
Ventral ACC activation increases in response to oral fat and sucrose
administration40 and ACC activation correlates with pleasantness rat-
ings for oral fat administration41.

Co-activation of the ACC and insula has been associated with
autonomic responses to salient stimuli24,25. It has been posited that
the insula detects salient stimuli (detection) whereas the ACC mod-
ulates the response to salient stimuli via inputs to sensory, motor and
association cortices (action selection); stimuli detected as salient by
the insula receive preferential access to the brain’s attentional
resources42. The insular cortex plays a role in the sensory perception
of food stimuli (i.e., sight, smell, and taste of food/drink) as well as the
rewarding/hedonic aspects of food43,44. Healthy women in the fasted

state, exhibited increased insula activation in response to high-cal-
orie food stimuli and this activation positively correlated with acy-
lated ghrelin levels (an orexigenic hormone secreted from the
stomach)45. Of note, sleep loss increases acylated ghrelin46. Finally,
like the ACC, oral fat administration increases insula activation39,47

and activation of the left insula in response to fattening food cues
predicted greater caloric consumption of fat when subjects had ad
libitum access to a buffet48.

Similar to the insula, the putamen nucleus plays a role in the
detection of salient stimuli (particularly rewarding stimuli), includ-
ing those related to food49–51 and may be particularly important
during the anticipation of stimulus delivery52. Dopamine release in
the dorsal striatum (putamen and caudate) relates to self-ratings of
meal pleasantness, hunger, and food desire and is increased in res-
ponse to food cues53,54. Garcia-Garcia and colleagues32, who found
that obese individuals exhibited greater resting-state FC within the
left putamen nucleus and between the putamen and insula, suggest
that changes in the recruitment of the putamen nucleus within the
salience network may reflect greater reliance on the reward response
when visualizing or anticipating food stimuli. Sleep deprivation has
been shown to increase the reactivity of brain reward regions (includ-
ing the insular cortex and putamen) to positive experiences55.

Although we also observed increased FC between the ACC and the
MFC, IFG and parietal lobe, the FC between these regions were not

Figure 2 | dACC-seed functional connectivity. Compared to the scan following baseline sleep, resting-state FC between dorsal anterior cingulate cortex

(dACC) and the following regions was increased during the scan following total sleep deprivation (TSD-BL): bilateral putamen, bilateral anterior insula

(aINS), bilateral inferior frontal gyrus (IFG), bilateral parietal lobe, and medial frontal cortex (MFC). All of these areas survived whole brain cluster-level

FWE corrected p,0.005. There were no significant changes in dACC connectivity between corresponding days in the control condition (CD1-BL).

Table 2 | Difference in dACC functional connectivity between BL and TSD

TSD . BL

Peak MNI Coordinates

x y z T Score P value (cluster-level FWE correction) Cluster Size

R_aINS 30 15 9 5.12 ,0.001 1,150
L_aINS 230 15 9 5.87 ,0.001 981
R_putamen 24 0 9 4.12 ,0.001
L_putamen 224 0 6 5.44 ,0.001
R_IFG 45 9 30 5.81 ,0.001 292
L_IFG 236 6 30 6.60 ,0.001 260
R_parietal lobe 57 236 42 6.32 ,0.001 128
L_parietal lobe 251 242 36 6.44 ,0.001 345
MFC 3 15 54 5.87 ,0.001 105

*The threshold was set as the whole brain cluster-level FWE corrected p,0.005 and cluster size.100 voxels.

www.nature.com/scientificreports
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Figure 3 | Salience network functional connectivity. Region of interests (ROI) analyses confirmed altered dorsal anterior cingulate (dACC)-bilateral

putamen and dACC-bilateral insula resting-state FC after total sleep deprivation (TSD). Anatomical bilateral putamen and bilateral insula were defined as

the ROIs using wfupickatlas tool box. The correlation coefficients between these regions and the dACC were then extracted. Compared to the scan

following baseline sleep (BL), resting-state FC was significantly increased between the dACC and bilateral putamen (a) and between the dACC and

bilateral insula (b) after TSD. No changes in dACC connectivity with bilateral putamen or bilateral insula were observed between corresponding days in

the control condition (BL and CD1). Data presented as Mean 6 SEM; **p,0.005.

Figure 4 | Correlation between dACC-Putamen connectivity and
macronutrient intake after TSD. During the day following total sleep

deprivation (TSD), dorsal anterior cingulate cortex (dACC)-putamen

connectivity was positively correlated with fat intake (a) and negatively

correlated with carbohydrate intake (b) but was not significantly related to

protein intake.

Figure 5 | Correlation between dACC-aINS connectivity and
macronutrient intake after TSD. During the day following total sleep

deprivation (TSD), dorsal anterior cingulate cortex (dACC)-bilateral

anterior insula (aINS) connectivity was positively correlated with fat intake

(a) and negatively correlated with carbohydrate intake (b) but was not

significantly related to protein intake.

www.nature.com/scientificreports
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correlated with macronutrient intake. The MFC, IFG and parietal
lobe all play a role in attention processing56,57 and previous studies
have shown that total sleep deprivation leads to altered activation in
these areas during cognitive performance58,59. It is possible that the
effort to maintain wakefulness increased the co-activation of the
ACC with each of these areas.

It is noteworthy that the sample consisted of healthy adults within
a range of 21-50 years and a normal-to-overweight BMI (18-30).
Therefore, our results may not generalize to children, adolescents
or the elderly or those who are obese. Future studies are necessary
to assess how sleep deprivation may affect salience network FC as
well as macronutrient intake in obese adults. In addition, the sample
size of this study was not large and we did not find any gender
differences. However, given that men overeat to a greater degree than
women during sleep loss10 and there are gender differences in the
neural response to food stimuli60, future research is needed to com-
pare gender differences in resting-state salience network FC.
Furthermore, we permitted the use of oral contraceptives and did
not track the menstrual cycle of female subjects, therefore we do not
know whether this factor contributes to the observed changes in
salience network connectivity. Finally, caloric intake was ad libitum
throughout our entire study. Although this is a strength which
allowed us to examine actual caloric and macronutrient intake
(rather than relying on self-report assessments of hunger or food
craving), the overnight intake was not controlled and varied between
subjects.

In summary, we observed increased resting-state co-activation
between the dorsal anterior cingulate cortex and bilateral putamen
as well as between the dorsal anterior cingulate cortex and bilateral
anterior insula after total sleep deprivation. Following total sleep
deprivation, increased salience network functional connectivity pre-
dicted increased fat intake and decreased carbohydrate intake. When
adults are forced to maintain wakefulness for an extended period of
time due to work or lifestyle (e.g., truck-drivers, medical profes-
sionals, military personnel) changes in salience network activation

may lead to high-fat, unhealthy food choices that could contribute to
weight gain overtime.

Methods
Subjects. Forty-six healthy adults (right-handed, 23 male, age range 21–50 years, 18–
30 BMI) were recruited in response to study advertisements. They reported habitual
nightly sleep durations between 6.5 h–8.5 h, habitual bedtimes between 2200h–
0000h, and habitual awakenings between 0600h–0900h; these reports were confirmed
objectively using actigraphy. They had no evidence of habitual napping, no sleep
disturbances and an absence of extreme morningness or extreme eveningness,
assessed by questionnaire61. Subjects were free of acute or chronic medical and
psychological conditions, as established by interviews, clinical history,
questionnaires, physical examinations and blood (including a fasting blood glucose
test) and urine tests. They were nonsmokers and did not participate in shift work,
transmeridian travel, or irregular sleep-wake routines in the 60 days prior to the
study. Enrolled subjects were monitored at home with actigraphy, sleep-wake diaries,
and time-stamped call-ins to assess bedtime and waketime during the week before
and after the in-laboratory phase. They were not permitted to use caffeine, alcohol,
tobacco and medications (except oral contraceptives) in the week before the
laboratory study, as verified by urine screenings. Sleep disorders were excluded by a
night of laboratory polysomnography and oximetry measurements.

The study was approved by the Institutional Review Board of the University of
Pennsylvania. All subjects provided written informed consent before enrollment,
which was in accordance with the Declaration of Helsinki. Subjects were compen-
sated for participating in the study.

Experimental Design. Subjects were screened twice prior to participating in the
study; training in a mock MRI scanner occurred during the second screening session.
During the study, subjects remained in the laboratory at the Clinical Translational
Research Center at the Hospital of the University of Pennsylvania for 5 consecutive
days (4 consecutive nights). Subjects arrived at the laboratory in the afternoon and
were provided 9 h time-in-bed (TIB) for their baseline sleep night (Figure 6). The first
functional magnetic resonance imaging (fMRI) scan session took place the next
morning (Baseline [BL] day) from 0700h–1000h. Subjects were then randomized to
either a total sleep deprivation (TSD) or control condition. During the second night of
the study, sleep-deprived subjects were kept awake and control subjects were allowed
8 h TIB to sleep (Figure 6). The second fMRI scan session took place the next morning
(total sleep deprivation [TSD] day or control day 1 [CD1]). Sleep-deprived subjects
were then allowed 12 TIB for recovery sleep and control subjects were allowed 8 h TIB
to sleep (Figure 6). Each subject was scanned at the same time for each scan to avoid
potential time-of-day differences between scans.

Subjects were behaviorally monitored by trained staff continuously to ensure
adherence and were not permitted to leave the laboratory during the study. Subjects

Figure 6 | Protocol summary. Subjects arrived at the laboratory in the afternoon and were provided 9h time-in-bed (TIB) for their baseline sleep night.

The first functional magnetic resonance imaging (fMRI) scan session took place the next morning (Baseline [BL] day) from 0700h-1000h. Subjects were

then randomized to either a total sleep deprivation (TSD) or control condition. During the second night of the study, sleep-deprived subjects were kept

awake and control subjects were allowed 8 h TIB to sleep. The second fMRI scan session took place the next morning from 0700h-1000h (total sleep

deprivation [TSD] day or control day 1 [CD1]). Sleep-deprived subjects were then allowed 12 TIB for recovery sleep and control subjects were allowed 8 h

TIB to sleep. Each subject was scanned at the same time for each scan to avoid potential time-of-day differences between scans. Subjects had ad libitum to

food/drink during the study. Subjects remained in the laboratory for the duration of the study and were monitored by trained staff at all times to ensure

adherence to the protocol.

www.nature.com/scientificreports
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were ambulatory and were allowed to watch television, read, play video or board
games, and perform other sedentary activities between test bouts (which were com-
pleted while sitting at the computer) but they were not allowed to exercise. Subjects
wore a wrist actigraph throughout the study and wore ambulatory electroenceph-
alography and electrocardiography recording equipment for 24-h intervals. The light
levels were held constant at ,50 lux during scheduled wakefulness and ,1 lux during
scheduled sleep periods. Ambient temperature was maintained between 22u–24uC.
Food/drink was ad libitum throughout the protocol (caffeine was prohibited).

Measures. Subjects selected their meals/snacks by choosing from various menu
options, and by making requests to the monitors and study coordinator. In order to
ensure that subjects were provided sufficient time to eat each day, three 30- to 45-min
opportunities were specified in the protocol during the daytime and one additional
30-min opportunity to eat was specified in the protocol during the overnight period
when subjects were kept awake. In addition to these specified meal times, subjects
were also allowed to consume food/drink at any time during the protocol other than
when they were completing neurobehavioral tests. All food was weighed and recorded
prior to being provided to subjects. To enhance the measurement accuracy of each
food’s weight, food was provided in individual containers (for example, a dinner
consisting of chicken, peas, and rice was provided in three separate containers). Each
day, a detailed description of the items and the amount consumed and intake time was
recorded by trained monitors. Additionally, any food/drink that was leftover after
each meal was weighed and recorded. The intake data were entered into The Food
Processor SQL program (ESHA Research, Salem, OR), a validated62 professional
nutrition analysis software and database program that provides components of food/
drink intake including calories and macronutrients.

Magnetic resonance imaging was conducted in a 3T whole-body scanner (Siemens
Medical Systems, Erlangen, Germany), using a standard array coil. A standard EPI
sequence was used for resting-state BOLD fMRI data acquisition with the following
parameters: TR 5 2s, TE 5 24 ms, FOV 5 220 3 220 mm, matrix 5 64 3 64 3 36,
slices thickness5 4 mm, inter-slice gap54 mm. A total of 210 images were acquired
for each subject. Subjects were instructed to remain still in the scanner at rest and to
keep their eyes open. An eye-tracker outsider the scanner was used to monitor sub-
jects’ eyes and ensure that they did not fall asleep during the scans. After the func-
tional scans, high-resolution (1 3 1 3 1 mm3) T1-weighted anatomic images were
obtained using a standard 3D MPRAGE sequence.

Image data processing and analyses were carried out using the Statistical
Parametric Mapping software (SPM8, Wellcome Department of Cognitive
Neurology, UK) and the REST 2.0 toolbox (http://resting-fmri.sourceforge.net/)
implemented in Matlab 14 (Math Works, Natick, MA). After head motion correction
and co-registration, functional images were smoothed using an isotropic Gaussian
kernel with a full-width at half-maximum (FWHM) of 8 mm, and then normalized to
the standard Montreal Neurological Institute (MNI) space. Linear trends were also
removed. Finally, all functional volumes were band pass filtered (0.01 Hz , f ,

0.08 Hz) in order to reduce low-frequency drift and physiological high-frequency
respiratory and cardiac noise. Nuisance covariates including six head motion para-
meters, global mean signal, white matter signal and CSF signal were regressed out
before the seed based functional connectivity (FC) analysis63.

The ACC seed was defined using an automated anatomical labeling region of
interest library through the WFU_Pickatlas toolbox (http://fmri.wfubmc. edu/
software/PickAtlas). The dACC seed was defined using MNI coordinates from
reference 31 (x: 66 y: 45 z: 9, radius: 6 mm) using Marsbar toolbox64. For each
subject, the mean BOLD fMRI signal time series were extracted from the seed and
used as the regressor in the FC analysis. The correlation coefficients between the time
series of seed region and other brain areas were grouped into an individual FC map
and transformed into z-score through a Fisher’s r-to-z transformation to improve the
normality of the correlation coefficients. These z-transformed individual FC maps
were then entered into the second level group analysis using paired t-tests to examine
connectivity differences between the scans following baseline sleep and total sleep
deprivation. Threshold was defined as uncorrected p , 0.001 at voxel level and family-
wise error (FWE) corrected p , 0.005 at cluster level. For ROI analyses, anatomical
bilateral putamen and bilateral insula were also defined using an automated ana-
tomical labeling region of interest library through the WFU_Pickatlas toolbox.

Statistical Analyses. Paired-samples t-tests were used to compare caloric intake and
macronutrient intake during the day following baseline sleep and the day following
either total sleep deprivation (sleep-deprived subjects) or the day following a night of
sleep (control subjects). FC values of the dACC-Putamen and dACC-aINS were
extracted and correlated with macronutrient intake on each day using Pearson’s r
(IBM SPSS Statistics for Windows, Version 19.0, Chicago, IL). False discovery rate
correction was used to correct for multiple comparisons (protein, carbohydrate and
fat) within each region for each day.
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