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Abstract
Context—Sleep restriction alters responses to food. However, the underlying neural mechanisms
for this effect are not well understood.

Objective—The purpose of this study was to determine whether there is a neural system that is
preferentially activated in response to unhealthy compared with healthy foods.

Participants—Twenty-five normal-weight individuals, who normally slept 7–9 h per night,
completed both phases of this randomized controlled study.

Intervention—Each participant was tested after a period of five nights of either 4 or 9 h in bed.
Functional magnetic resonance imaging (fMRI) was performed in the fasted state, presenting
healthy and unhealthy food stimuli and objects in a block design. Neuronal responses to
unhealthy, relative to healthy food stimuli after each sleep period were assessed and compared.

Results—After a period of restricted sleep, viewing unhealthy foods led to greater activation in
the superior and middle temporal gyri, middle and superior frontal gyri, left inferior parietal
lobule, orbitofrontal cortex, and right insula compared with healthy foods. These same stimuli
presented after a period of habitual sleep did not produce marked activity patterns specific to
unhealthy foods. Further, food intake during restricted sleep increased in association with a
relative decrease in brain oxygenation level-dependent (BOLD) activity observed in the right
insula.

Conclusion—This inverse relationship between insula activity and food intake and enhanced
activation in brain reward and food-sensitive centers in response to unhealthy foods provides a
model of neuronal mechanisms relating short sleep duration to obesity.
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Introduction
The neural mechanism by which sleep restriction can affect food intake has become an
active area of investigation due to mounting evidence relating short sleep to obesity,1,2

increased weight gain,3,4 higher risk of cardiometabolic disorders and altered glucose
metabolism.1,5–7 Clinical studies suggest that short sleep leads to greater desire for high-fat
foods and sweets8 and our laboratory has shown that restricting sleep increases food intake,
particularly fat intake, in normal sleepers.9 Others have also reported that the increased
caloric intake during periods of restricted sleep is in large part due to increased snacking.10

However, the specific neural mechanism explaining the role of sleep duration on eating
behavior and obesity remains unknown.

Some studies have shown that reducing sleep duration can alter levels of hormones involved
in energy balance regulation,5,11,12 such as leptin and ghrelin. In some studies, leptin is
reduced by sleep restriction11,13 and this could result in a hormonal cascade of events
leading to increased dopamine release, sucrose preference and increased food intake.14 Short
sleep may also increase ghrelin levels,8,11 suggesting increased appetite6 as well as
increased incentive value of rewarding foods.15 The effect of sleep restriction on these two
hormones suggests that reducing sleep would lead to a state that would promote increased
food intake and positive energy balance.

Our previous study suggested that food stimuli activate areas involved in reward to a greater
extent during a period of restricted sleep compared with habitual sleep.16 Various studies
have shown that highly palatable foods have strong effects on brain regions associated with
reward. Specifically, Bragulat et al.17 found activation in the insula and medial frontal
cortex in response to food odors and Pelchat et al.18 found insular activation in response to
thoughts of high-fat and high-sugar foods. These two brain regions are known to be
important in compulsive and drug seeking behavior.19 There is also further evidence relating
the brain's reward system to food intake. Of relevance to the present study is that foods high
in fats and sugars activate the brain's dopaminergic system through the mesoaccumbens-
dopaminergic pathway.20 Recently, Benedict et al.21 suggested that total sleep deprivation
enhances hedonic stimulus processing of foods, which is consistent with a greater drive to
consume food under sleep deprivation compared with regular sleep. However, neuronal
responses were assessed after consumption of a liquid meal and did not differ between high
calorie and low calorie food stimuli.

The goal of this study was to determine how sleep restriction modulates the neuronal
response to healthy and unhealthy food stimuli in the fasted state. We hypothesized that
brain activation in areas known to be associated with pleasure seeking and appetitive
behaviors, such as the insula and dorsolateral prefrontal cortex, will be activated to a greater
extent after a period of short sleep in response to unhealthy as opposed to healthy food
stimuli.

Materials and Methods
Participants

Participants were recruited from New York City and the surrounding area by advertisements
on approved media. Eligibility requirements included age 30–45 years, body mass index 22–
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26kg m−2, right handedness and weight stability for at least 3 months as determined by
questionnaire. Subjects were also required to sleep, on average, 7–9 h per night, as assessed
by actigraphy (ActiGraph LLC, Pensacola, FL, USA) and sleep diary over a 2-week period,
with no more than four nights with <7 h of sleep. Exclusion criteria included abnormal
scores on the Pittsburg Quality of Sleep Questionnaire, Epworth Sleepiness Scale, Berlin
Questionnaire, Sleep Disorders Inventory Questionnaire, Beck Depression Inventory or
Composite Scale of Morningness/Eveningness. Further exclusion criteria included smoking,
diabetes, neurological, sleep, or eating disorders, history of drug or alcohol abuse, shift
work, travel across time zones within 4 weeks of the study, habitual caffeine intake
>300mgday−1, regular naps, history of drowsy driving, pregnancy within 1 year of the study
or contraindications for MRI scanning. The study was approved by the Institutional Review
Boards of St. Luke's/Roosevelt Hospital Center and Columbia University (New York, NY).
All subjects provided informed consent before the study.

Design
Details of the study design have been published9,22 and this is a secondary analysis of the
data published previously examining neuronal responses to food stimuli after sleep
restriction.22 Briefly, subjects underwent two inpatient periods of controlled time in bed:
either restricted (4h per night; 0100–0500h) or habitual (9h per night; 2200–0700h), in
random order with a 3-week washout period. A restricted sleep condition of 4 h per night
was chosen because this length of time has previously been used in other short-term
intervention trials8 and 9 h per night was used for habitual sleep as recommended by Van
Dongen et al.23 Participant adherence to this sleep scheduled was maintained by research
coordinators. This washout period length was considered sufficient for sleep to recover after
the first study period and for women to be tested in the same phase of their menstrual cycle
for both study periods, assuming a 28-day menstrual cycle. In the washout period, subjects
were told to maintain their normal sleep schedules and this was verified using actigraphy.
During the first 4 days of each phase, subjects consumed a controlled, weight maintaining
diet. During the day preceding the study measurements, participants were allowed to eat ad
libitum. Their food intake during that time was recorded. Results of the food intake data are
reported elsewhere;9 of relevance to this analysis, participants consumed more energy and
fat during the period of restricted sleep relative to habitual sleep. Sleep duration and
composition were assessed for sleep episodes with polysomnographic recordings. Details of
recordings and effects of restricted compared with habitual sleep have been previously
reported.24 Briefly, restricted sleep reduced the amount of time spent in all sleep stages
except for slow-wave sleep (SWS), which was conserved. Based on the proportion of sleep,
however, there was a lower percentage of sleep in all sleep stages, except for SWS, which
was proportionally higher during restricted compared with habitual sleep.

Functional magnetic resonance imaging
On the morning of day 6, after an overnight fast, subjects were taken to the Columbia
University fMRI Research Center to undergo functional magnetic resonance imaging
(fMRI) scanning. Each participant viewed 2 separate functional runs of 10 blocks (5 food
and 5 non-food), each run lasting 5 min 48 s. Blocks consisted of four food or non-food
images shown for 4 s each and were separated by a 16-s basal period. In each run,
approximately half of the food blocks presented images of healthy foods (carrots, yogurt,
oatmeal and grapes; Supplementary Table) and half presented images of unhealthy foods
(pepperoni pizza, doughnuts, chocolate bars and candy). All images were shown to subjects
with Presentation software (Neurobehavioral Systems, http://nbs.neuro-bs.com) viewed
through Avotec goggles (http://www.avotecinc.com/eyeTracking.htm).
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Functional images were acquired along the anterior-posterior commissure line with a T2*-
weighted echo-planar imaging sequence of 27 contiguous axial slices (repetition time =
2000 ms, echo time = 35 ms, flip angle = 90°, field of view = 192 × 192mm) of 4.5mm
thickness and 3 mm in-plane resolution. Structural data were acquired with a highresolution
T1-weighted SPGR scan (repetition time = 19 ms, echo time = 5 ms, flip angle = 20°, field
of view = 220 × 220 mm), recording 124 slices at a slice thickness of 1.5 mm and an in-
plane resolution of 0.86 × 0.86 mm.

All pre-processing and data analyses were performed at the fMRI Research Center using
SPM5 (Wellcome Department of Imaging Neuroscience, London, England) as previously
described.16 Contrasts for healthy foods >non-foods and unhealthy foods >non-foods during
the each sleep period were created for each subject. Brain regions were considered as
statistically significantly activated when an extent threshold of at least 10 voxels with an
uncorrected signal level of P<0.05 was observed. Following individual analyses, we
performed group-level analyses comparing the two sleep periods using the same statistical
parameters.

A post hoc region of interest was performed to assess the correlation between neuronal brain
oxygenation level-dependent (BOLD) signaling and food intake. We performed Pearson
correlation between the difference in BOLD (beta) signal change in our region of interest
between restricted and habitual sleep and the difference in energy intake between restricted
and habitual sleep using Statistical Analysis Software (SAS version 9.2, Cary, NC, USA). A
similar analysis was done for fat intake. Beta values when viewing unhealthy relative to
healthy foods were extracted for each participant using Marseille Boîte à Région d′intérêt
(MarsBaR).25 Because the insula was differentially activated by unhealthy compared with
healthy foods during restricted sleep in this study, and was found to be specifically
responsive to food stimuli in our previous studies,16,26 we chose to perform an analysis in
the insula (x, y, z: 40–47, − 20 to − 8, 10–20). The same analysis was also performed for the
anterior cingulate cortex, as defined by the Automated Anatomical Labeling atlas and
identical to that used by Benedict et al.21 (x, y, z: 12, − 13, 40). Pearson correlations were
conducted between the difference in BOLD (beta) signal change in the insula between
restricted and habitual sleep and the difference in sleep stages (minutes and percent of total
sleep time for stage 1, stage 2, SWS and rapid eye movement (REM) sleep, and the number
of REM sleep periods during the sleep episode) between restricted and habitual sleep using
data from night 5 (that is, the night preceding fMRI scans).

Results
A total of 15 men and 15 women were enrolled in this study and complete image sets were
acquired for 25 (13 men and 12 women, mean age (s.d.) 34.7±4.7 years and body mass
index 23.6 ± 1.3 kg m−2). Of the three women with incomplete data, one was unable to
undergo fMRI due to hair extensions that caused interference with the scanning protocol,
one voluntarily withdrew after completing the first phase of the study and the other was
dismissed before starting the first phase due to disclosure of an exclusion factor for the
study. Two men have missing data: one was excluded after periodic limb movement
disorder diagnosis during the first phase of the study and the other completed both study
phases but his fMRI data were subsequently corrupted and could not be analyzed.

Unhealthy foods > healthy foods
Restricted sleep—The neuronal response to unhealthy foods, in contrast to healthy foods,
included the insula, middle and superior frontal gyri, right inferior frontal gyrus, left inferior
parietal lobules and postcentral gyrus (Table 1; Figure 1a).
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Habitual sleep—Brain activity within the inferior parietal lobe and medial temporal gyrus
(Brodmann's areas (BAs) 40 and 39) was most strongly activated in response to unhealthy
foods relative to healthy foods following habitual sleep (Table 2; Figure 1b).

Unhealthy foods > healthy foods during habitual sleep relative to restricted sleep
Direct comparisons between habitual and restricted sleep (habitual > restricted) for the
unhealthy greater than healthy food conditions reveal greater activity following habitual
sleep observed in right thalamus (18, 12, 0), left precuneus (−12, −56, 14 and 0, −66, 42),
and middle cingulate gyrus (14, −44, 36) (P<0.01, cluster size of 100), which is consistent
with relative upregulation of these neural mechanisms following habitual sleep. The reverse
contrast (restricted >habitual sleep) did not yield significant differences.

Correlation between BOLD signal and food intake and sleep architecture during restricted
vs. habitual sleep

We examined the relationship between the difference in food intake during the period of
restricted sleep and habitual sleep and the difference in BOLD signal in the right insula in
response to unhealthy relative to healthy foods, and found an inverse association between
the difference in food intake and the difference in the BOLD signal between restricted and
habitual sleep (r= −0.280; Figure 2). That is, the relative BOLD signal for unhealthy foods
was reduced in association with increased caloric intake, suggesting a downregulation
during restricted sleep. A similar, but weaker, relationship was observed for fat intake (r= −
0.191).

The BOLD signal in the right insula in response to unhealthy relative to healthy foods was
correlated with sleep architecture from the previous night in restricted and habitual sleep
conditions. There was a slight trend for a positive relationship between insula activation and
time spent in REM sleep (r=0.31, P = 0.13). This finding suggests a role of this sleep
architecture parameter in the increased insula response to unhealthy food under restricted
conditions, since REM sleep was reduced under restricted compared with habitual sleep
duration in these participants and percent time spent in REM sleep was inversely related to
fat intake.24 In this case, individuals with a greater reduction in REM sleep between
restricted and habitual sleep tended to have lesser difference in insula activation after
restricted relative to habitual sleep.

Because Benedict et al.21 found greater activation of the anterior cingulate cortex in
response to food images (mixed healthy and unhealthy) after total sleep deprivation
(complete lack of sleep) relative to habitual sleep (8h), and that the difference in BOLD
signal in this region was correlated with the difference in appetite ratings (not actual food
intake), we assessed the correlation with difference in food intake using the same region of
interest. In our study, there was no evidence for a correlation between the difference in
BOLD signal in the anterior cingulate cortex in response to unhealthy relative to healthy
foods and food intake between restricted and habitual sleep (r= −0.099). This difference
may relate to appetite ratings21 vs. actual intake measures in this study.

Correlations were also done between the BOLD signal in the anterior cingulate cortex in
response to unhealthy relative to healthy foods and sleep architecture from the previous
night in restricted and habitual sleep conditions. No significant correlations were observed
between any sleep stages and the BOLD signal in the anterior cingulate cortex.
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Discussion
This research extends earlier work showing that food stimuli provoke greater activity
patterns in brain areas previously associated with reward under periods of restricted
compared with habitual sleep.16 Here, we specifically explored the neuronal circuitry related
to unhealthy and healthy food types during periods of restricted sleep. In line with our
hypothesis, the insular cortex as well as areas thought to be involved in hedonic functions,
such as the orbitofrontal cortex and dorsolateral prefrontal cortex, displayed the strongest
activation in response to unhealthy food compared with healthy food stimuli, specifically
during the period of restricted sleep.

The insula was integral to our hypothesis because of its known role in energy homeostasis,
regulation of pleasure-seeking behaviors,27 integration of external stimuli, signal salience
and internal bodily states of arousal.28 In the present study, the insula was activated by
unhealthy foods to a greater extent than healthy foods, especially under sleep restricted
states and was inversely related to food intake. Enhanced insular activation during restricted
sleep is consistent with an amplification of the salience of unhealthy foods relative to
healthy foods and recent reports of an inverse correlation between change in hunger after
consumption of a high-fat yogurt and cerebral blood flow in the insula relative to
consumption of a low-fat yogurt.29 Although preliminary, these results support a role for the
insula as part of a regulatory mechanism encompassing the subjective emotional context
responsive to signal salience and bodily state. Interestingly, in this study, when we assessed
food intake on a day of ad libitum feeding before the fMRI scan, participants ate more often
and ate more fat during the restricted sleep period than the habitual sleep period.30

It is interesting to note that, in this study, the right insula was preferentially activated by
unhealthy foods during restricted sleep. There has been evidence of right-sided bias for
chemosensory stimuli and in gustatory imaging studies.31,32 Also, neuroimaging studies
suggest that the right orbitofrontal cortex is involved in short-term memory tasks.33

In addition to the insula, various sections of the prefrontal cortex, such as the medial frontal
cortex, also displayed stronger activation in response to unhealthy as compared with healthy
food stimuli. Activation of the medial frontal cortex, which is thought to be involved in
higher reasoning as well as attention,34 suggests that unhealthy food stimuli may trigger
neural responses related to high level cognitive process.

Unhealthy food, relative to nonfoods, elicited specific responses in the orbitofrontal cortex, a
brain area known to be associated with pleasure and hedonic responses27 as well as the
anticipation of reward.28,35 This association is corroborated by Schloegl et al.,36 who
described the orbitofrontal cortex as a hedonic control center for food.

The comparison of regional brain activity in response to unhealthy foods during habitual
relative to restricted sleep yielded interesting results. They showed an expected advantage of
sleep on neuronal responses to food stimuli, such as upregulation of some arousal areas
(thalamus and precuneus), and upregulation of the cingulate gyrus suggests that a cognitive
control mechanism may also be more active following habitual sleep than restricted sleep.
This could possibly signify improved food restraint behavior.

Benedict et al.21 reported greater activation in the anterior cingulate cortex in response to
food images after a night of total sleep deprivation compared with a night of 8 h sleep with
no difference in response to high calorie and low calorie foods. In this study, the anterior
cingulate cortex was not found to be differentially activated by unhealthy and healthy foods
under restricted and habitual sleep. However, we used actual food intake as an objective
measure of hunger rather than subjective ratings. These methodological distinctions may
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have contributed to this difference in findings. Disparities in study design, such as the
degree of sleep restriction, the length of the study, the study population and sample size, as
well as the methods used to measure hunger/food intake, may also account for the
differences in results.

A unique feature of this study is the categorization of foods into healthy and unhealthy as
opposed to high and low calorie.21,37–40 The reason behind our classification system was to
focus on the perceived healthfulness of foods rather than their calorie content. This is
important as some high calorie foods, such as nuts and avocado, are healthy (recommended
to be consumed as part of a healthful diet) and some low calorie foods, such as candy, are
not (their consumption should be restricted to ‘once in a while’). Results of a recent study by
Mehta et al41 support the use of this paradigm as ‘fattening’ foods, in their study, akin to our
unhealthy foods, produced stronger alterations in neuronal response when compared with
less fattening foods. Although we believe that all foods have a place as part of a healthy diet,
foods established as being unhealthy such as candy and ice cream may produce feelings of
guilt regardless of their calorie content.42 Therefore, it seems plausible that some of the
neuronal responses observed in the present study may have been a result of an emotional
context associated with the foods presented. In shifting the paradigm from high calorie to
unhealthy foods, we were able to differentiate between the neuronal response to healthy and
unhealthy stimuli during restricted sleep to observe a connection associated with different
types of foods. When 17 individuals not associated with the study were asked to categorize
the foods shown in this study as healthy and unhealthy, they correctly categorized 36.9±2.2
(s.d.) food items (92.2% success rate).

Nevertheless, there are strong similarities in results between our study and those examining
brain responses to high and low calorie foods. For example, the dorsolateral prefrontal
cortex, an area of the brain heavily implicated in the dopaminergic system, was activated in
response to unhealthy foods in the present study and by high calorie foods in other studies.38

This suggests that the brain responds similarly to some high calorie and some unhealthy
foods. In the present study, the average calorie content of the foods in the healthy group was
1.19±1.33 kcal g−1 compared with 3.59±1.10 kcal g−1 for the unhealthy group (P<0.0001),
confirming the similarity of the unhealthy and high calorie groupings. On the other hand, in
this study, unhealthy food stimuli activated the cingulate gyrus, inferior parietal lobe and
insula while high calorie foods have not.38 These results suggest that the salience of a
particular food can be based on individual perceptions of healthfulness, or lack thereof,
rather than its calorie content.

There are some limitations to this study that are worth noting. First, all of our subjects were
normal weight. Normal-weight individuals have been shown to display a more robust
neuronal response to visual food stimuli in brain regions noted in this study such as the
insula and orbitofrontal cortex compared with obese subjects.43 Additional research has also
shown that the neuronal differences in response to food stimuli in reduced weight
individuals extend to differences in actual consumption.44,45 Therefore, we can theorize that
we would have observed more robust results with overweight or obese participants. Our
participants were tested after a day of ad libitum feeding. We have shown that food intake
was increased by ∼300kcal on the day before fMRI testing during restricted sleep compared
with habitual sleep and that the number of eating occasions was greater.9 Responses to food
stimuli may have been attenuated by allowing participants to self-select their food intake the
day before the fMRI scanning. Also, our study was not a priori designed to test the effects
of sleep duration on neuronal responses to specific groupings of food. We only had five food
blocks per run, resulting in five unhealthy and five healthy runs. This limited our power to
detect changes in neuronal responses. Similarly, it would be interesting to test whether
neuronal responses to healthy and unhealthy foods would differ between men and women.

St-Onge et al. Page 7

Int J Obes (Lond). Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Due to the small sample size that would result from such an analysis, we did not examine
this question. Our results should therefore be taken as exploratory and warrant further study.

In conclusion, after a period of restricted sleep, regions involved in pleasure-seeking and
food-related behaviors were activated to a greater extent by unhealthy compared with
healthy foods, a pattern that was distinct from that observed after a period of habitual sleep.
Further, an inverse relationship was found between the BOLD signal in the insula and food
intake following restricted sleep. These results highlight a potential neuronal mechanism in
which, under restricted sleep, unhealthy foods may be more salient than healthy foods, and
are consistent with overeating behaviors and greater weight gain observed in short sleepers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Brain regions in normal-weight men and women (n=25) with higher activation when
exposed to unhealthy>healthy food following restricted (a) and habitual (b) sleep are
represented in color. Brain left is image left. Brain regions were considered significant with
an extent threshold of at least 10 voxels, uncorrected voxel level at P<0.05. These results
highlight different neural systems responding to unhealthy relative to healthy food under
periods of restricted and habitual sleep. GFi, inferior frontal gyrus; GFm, medial frontal
gyrus; GFs, superior frontal gyrus; GPoC, post central gyrus; GTm, middle temporal gyrus;
GTs, superior frontal gyrus; PLi, inferior parietal lobe; TLm, medial temporal lobe. A full
color version of this figure is available at the International Journal of Obesity online.

St-Onge et al. Page 11

Int J Obes (Lond). Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Right insular cortex, restricted>habitual sleep for unhealthy>healthy food. Relative change
in the BOLD signal plotted against the relative change in caloric intake for each subject. For
this correlation analysis, the region of interest (insula) was defined by an activation cluster
derived from the group analysis (x, y, z: 40–47, −20 to −8, 10–20). Pearson's r= −0.280; n =
25.
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