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A B S T R A C T

Background: Sleep restriction (SR) has been shown to upregulate neuronal reward networks in response to food stimuli, but prior studies
were short-term and employed severe SR paradigms.
Objective: Our goal was to determine whether mild SR, achieved by delaying bedtimes by 1.5 h, influences neuronal networks responsive to
food stimuli compared with maintained adequate sleep (AS) >7 h/night.
Methods: A randomized controlled crossover study with 2 6-wk phases, AS (�7 h sleep/night) and SR (�1.5 h/night relative to screening),
was conducted. Adults with AS duration, measured using wrist actigraphy over a 2-wk screening period, and self-reported good sleep quality
were enrolled. Resting-state and food-stimulated functional neuroimaging (fMRI) was performed at the endpoint of each phase. Resting-
state fMRI data analyses included a priori region-of-interest seed-based functional connectivity, whole-brain voxel-wise analyses, and
network analyses. Food task-fMRI analyses compared brain activity patterns in response to food cues between conditions. Paired-sample t
tests tested differences between conditions.
Results: Twenty-six participants (16 males; age 29.6 � 5.3 y, body mass index 26.9 � 4.0 kg/m2) contributed complete data. Total sleep
time was 7 h 30 � 28 min/night during AS compared with 6 h 12 � 26 min/night during SR. We employed different statistical approaches to
replicate prior studies in the field and to apply more robust approaches that are currently advocated in the field. Using uncorrected P value
of <0.01, cluster �10-voxel thresholds, we replicated prior findings of increased activation in response to foods in reward networks after SR
compared with AS (right insula, right inferior frontal gyrus, and right supramarginal gyrus). These findings did not survive more rigorous
analytical approaches (Gaussian Random Field theory correction at 2-tailed voxel P < 0.001, cluster P < 0.05).
Conclusions: The results suggest that mild SR leads to increased reward responsivity to foods but with low confidence given the failure to
meet significance from rigorous statistical analyses. Further research is necessary to inform the mechanisms underlying the role of sleep on
food intake regulation.
This trial was registered at clinicaltrials.gov as NCT02960776.
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Introduction

Insufficient sleep, defined as sleeping<7 h/night, is pervasive
in today’s society [1] and has been associated with increased
odds of developing obesity [2]. Clinical intervention studies
show that sleep restriction (SR) leads to weight gain and that this
is due to increased energy intakes [3]. Indeed, several
meta-analyses have now reported increases in energy intakes of
~150 to 385 kcal/d [4–6] under conditions of SR relative to
adequate sleep (AS).

Different mechanisms have been proposed to explain the
increase in energy intakes resulting from SR, including alter-
ations in appetite-regulating hormones, longer time available to
consume foods due to longer wake periods, and increased
responsivity to the appeal of food. Based on the prior available
evidence, Chaput and St-Onge [7] suggested that enhanced
hedonic appeal of foods was most likely responsible for the
difference in energy intakes between conditions of SR and
habitual AS. Indeed, short periods of severe SR [8,9] or total
sleep deprivation [10,11] lead to alterations in neuronal
responses to food stimuli compared to a period of sufficient
sleep, indicating upregulation of reward processing networks in
the sleep-deprived state. These studies support the hedonic
mechanistic pathway toward increased energy intakes resulting
from insufficient sleep. However, participants were subjected to
no [10,11] or very little sleep (4 h time in bed) in these studies.
Only one study used a milder SR protocol of 6 h time in bed in
adults with usual AS to test the impact on neuronal responses to
food stimuli [12]. That study also found increased activation by
food stimuli of regions implicated in reward processing in the
context of SR compared with AS. However, contrary to prior
research [8], the study by Demos et al. [12] also showed greater
food cue responsivity in the inferior frontal gyrus and ventral
medial prefrontal cortex, inhibitory control decision-making
regions of the brain, in the short sleep condition.

Beyond food-driven brain responses, a handful of fMRI
studies without an explicit task (i.e., resting-state) also support
the notion that connectivity patterns emerging using resting-
state fMRI measures can be affected by circadian misalignment
[13], other circadian disturbances [14], and total sleep depri-
vation [15].

Although available studies are concordant and supportive of a
role of sleep duration in modulating reward networks involved
in processing information from food stimuli that would indicate
increased consumption, the SR paradigms are, for the most part,
not representative of habitual short sleep duration observed in
real life owing to their short duration and/or severe SR [8–12,
15]. It therefore remains unknown whether milder forms of SR,
representing higher ecologic validity, sustained for a prolonged
period of time, would elicit similar results. In addition, all studies
performed functional neuroimaging assessments in the morning
in the fasted state. Studies suggest that increased food intake due
to SR is mostly due to increased intake at night [16]. We
hypothesized that prior studies may have underevaluated the
impact of SR on neuronal networks due to a potential over-
powering impact of homeostatic drivers of food intake that are in
effect in the fasted state. To address this question, we performed
a randomized controlled crossover study of mild SR compared
with AS sustained for 6 wk and conducted our assessments in the
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evening, at a time corresponding to our participants’ usual
predinner time.

Methods

Participants
Young to middle-aged males and females (20–40 y) with BMI

25–29.9 kg/m2 or those with a BMI of 19–24.9 kg/m2 who had
one parent with obesity were eligible. Recruitment occurred
through flyers and online advertisements. The primary inclusion
criteria included having sleep duration �7 h/night, assessed
using wrist actigraphy (Actigraphy GT3Xþ, ActiLife LLC) over 2
wk, and good sleep quality, assessed by questionnaire (Pitts-
burgh Sleep Quality Index �5, Epworth Sleepiness Score <10,
and low risk of sleep apnea from the Berlin Questionnaire).
Exclusion criteria included smoking (unless exsmoker for �3 y),
drug or alcohol abuse, and excessive caffeine intake (>300 mg/
d), working night or rotating shifts, or having type 2 diabetes,
cardiovascular disease, or depression. Individuals who experi-
enced recent weight change or were actively participating in a
weight loss program were excluded. To be enrolled, participants
were required to agree not to operate a motor vehicle during the
SR condition and to remain in their current time zone during
each phase.
Study design
This randomized, crossover, outpatient study comprised of 2

phases of 6 wk each: AS (habitual sleep �7 h/night) and SR
(�1.5 h/night relative to habitual sleep). A total of 43 partici-
pants completed the first study phase and 36 completed the
second phase (see CONSORT diagram). From those participants,
fMRI data were obtained from 38 (21 males) in phase 1 and 26
(16 males) in phase 2.

During AS, participants were required to go to bed and wake
up at their usual times to achieve an average nightly sleep
duration of �7 h. During SR, participants were asked to delay
their bedtimes by 1.5 h relative to screening data to achieve an
average reduction in nightly sleep duration of 1.5 h. Sleep was
monitored daily throughout each sleep phase with wrist
actigraphy and verified with the research assistant at weekly
visits. Adjustments to the sleep schedule were made to ensure
that sleep duration goals for each study condition were met. Only
one participant was disqualified due to nonadherence. Upon
completion of phase 1, participants returned to their usual sleep
patterns for a washout period (�2 wk) prior to returning for
phase 2, with the alternate sleep condition. Sleep was verified for
�2 wk with wrist actigraphy to ensure return to prestudy sleep
duration prior to phase 2. Daytime naps were not permitted
during the study.

fMRI scanning occurred in the last week of each study phase.
Participants provided information on their habitual dinner time
and, based on this information, fMRI scanning was scheduled to
start ~1 h before habitual dinner.

The Institutional Review Boards of Columbia University
Irving Medical Center and New York University Grossman
School of Medicine granted ethical approval, and all participants
provided written informed consent. This trial is registered on
clinicaltrials.gov (NCT02960776).

http://clinicaltrials.gov
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Task design and experimental procedure
Each scanning session included 2 resting-state runs followed

by 4 task runs. During the resting-state runs (each lasting 5 min),
participants were instructed to keep their eyes open, look at the
fixation cross on screen, and relax.

Task runs involved passive viewing of visual stimuli [8,17].
Each task analyzed consisted of 8 blocks of 4 s, with 4 active
blocks alternating with 4 fixation blocks. Each active block
contained the same type of stimuli, either food or nonfood (NF)
items. Food blocks could further contain either healthy (HF) or
unhealthy food (UHF) stimuli exclusively. The list of HF, UHF,
and NF items from which stimuli were selected for presentation
based on each individual’s top item ratings prior to the fMRI task
is available in Supplementary Table S1. Identical procedures
(task runs and stimulus set presentation and instructions) were
used for each study phase (AS and SR) for each participant.

Self-reported sleepiness was measured using the Stanford
Sleepiness Scale before and after each scanning session for
n ¼ 25 (15 males) of the participants who provided neuro-
imaging data for both phases.

Imaging data acquisition
Neuroimaging data were acquired using a 3T Siemens Skyra

scanner (Siemens Medical Solutions; 32-channel head coil) at the
New York University Langone Health Center for Biomedical
Imaging. High-resolution anatomical T1-weighted images were
first obtained (3D-MPRAGE: repetition time [TR] ¼ 1900 ms,
echo time [TE] ¼ 2.52 ms, inversion time [TI] ¼ 900 ms, flip
angle ¼ 9�, field of view [FOV] ¼ 256 mm, isotropic 1 mm3

voxels). Functional echo planar images were then collected with
the same acquisition parameters for the resting-state and the task
data (TR ¼ 2500 ms, TE ¼ 30 ms, flip angle ¼ 80�, FOV ¼ 216
mm, voxel size ¼ 3 � 3 � 3 mm, 38 slices, anterior commissure-
posterior commissure aligned).

Imaging quality control
To control the quality of neuroimaging data, we considered

image quality, head motion index, normalization quality, and
brain coverage. Participants’ fMRI data were deemed ineligible if
their structural or functional images were of poor quality, mean
frame-wise displacement (FD) exceeded 0.2 mm [18], normali-
zation was low-quality, or brain coverage was inadequate. Thus,
data were analyzed and reported for a total of 26 participants (16
males) who passed all quality control measures.

Resting-state fMRI data analyses
Resting-state fMRI data were preprocessed and analyzed

using DPABI V6.1 (Data Processing & Analysis for [resting-state]
Brain Imaging; downloaded from http://rfmri.org/dpabi) [19].
The initial 10 functional images were discarded. We then
performed slice timing correction and realignment to functional
images. Linear trends, Friston 24 head motion parameters [20],
the white matter signal, and the cerebrospinal fluid signal were
regressed out as nuisance covariates, without global signal
regression [21]. Then, we performed segmentation-based
normalization using the Diffeomorphic Anatomical Registration
Through Exponentiated Lie algebra tool [22]. Finally, we
spatially smoothed the normalized functional images with a
Gaussian kernel with full width at half maximum of 4 mm. We
then applied bandpass temporal filtering (0.01–0.1 Hz) and
448
smoothing to the normalized functional images for data
preprocessing.

Next, regions of interest (ROIs) relevant to food valuation and
interoception were chosen based on previous studies [8,17];
these included amygdala (right [R] and left [L] hemispheres),
anterior mid-cingulate (R), brainstem (R), central opercular
cortex (R and L), hypothalamus (R and L), inferior frontal gyrus
(L), insula (L), medial prefrontal cortex (R), mid-cingulate (R),
pons (L), posterior cingulate (L), superior temporal gyrus (R),
and inferior ventral striatum (R and L). Multiple metrics were
analyzed, including seed-based functional connectivity (FC),
amplitude of low frequency fluctuations, fractional amplitude of
low frequency fluctuations, regional homogeneity, and
voxel-mirrored homotopic connectivity. Of note, regional ho-
mogeneity was calculated before smoothing [23]. Paired-sample
t tests were performed to compare the 2 sleep conditions for each
resting-state fMRI metric with Gaussian Random Field theory
(GRF) correction (2-tailed voxel P< 0.001, cluster P< 0.05). We
also considered whether SR might have differential effects by sex
and repeated the same analyses and correction parameters
separately for males (n ¼ 16) and females (n ¼ 10).

Then, we performed network analyses for the resting-state
fMRI data. The network neuroscientific approaches could effi-
ciently model the elements and interactions of brain areas as a
graph [24]. Functional brain networks were constructed and
analyzed by nodes and edges generated from resting-state fMRI
data using DPABINet V1.1, which evolved from DPABI/DPABI-
Surf/DPARSF (downloaded from http://rfmri.org/dpabi) [19].
We determined brain nodes using the 17 a priori ROIs listed
above. Brain edges were defined by FC between nodes. Mean FC
of the 2 resting-state fMRI scans per sleep condition and data
from each scan in each sleep condition were separately used to
construct 6 networks per participant. Thus, differences between
the 2 sleep conditions were assessed 3 times by paired-sample t
test at the group level using the corresponding networks for each
sleep condition. Three different correction strategies, including
false discovery rate (FDR) correction at a level of q < 0.05,
permutation test with FDR correction at q < 0.05, and permu-
tation test with the network-based statistic approach [25] at
edge P < 0.001 and component P < 0.05, were applied sepa-
rately to all inferences to control the family-wise error rate. In
addition, brain nodes were also defined using Dosenbach’s 160
ROIs [26], excluding the cerebellum as an exploratory
whole-brain analysis. Brain edges were the mean FC of the 2
resting-state fMRI scans corresponding to the same sleep condi-
tion. Statistical analyses and correction strategies for multiple
comparisons were the same as those used to assess the 17-node
networks. A schematic of the analyses is provided in Figure 1.
Task-based fMRI data analyses
Task-based fMRI data and structural MRI data were first

preprocessed using the DPABI V6.1 toolbox [19]. The initial 4
functional images acquired for scanner stabilization were
discarded. Next, slice acquisition time and head motion were
corrected in functional images. Diffeomorphic Anatomical
Registration through Exponentiated Lie algebra and normaliza-
tion were performed using the same preprocessing procedures as
for the resting-state fMRI data.

The contrast images of neuronal responses to UHF > HF
stimuli and food (food: UHF and HF) > NF stimuli in each sleep

http://rfmri.org/dpabi
http://rfmri.org/dpabi


FIGURE 1. Schematic diagram of the fMRI data analyses. The first row showcases the resting-state fMRI data analyses that included 3 categories
of approaches. (A) A set of 17 a priori regions of interest (ROIs) were used as selected seeds to calculate seed-based functional connectivity (FC).
Differences in FC for these seed regions after SR compared with AS were examined. (B) Exploratory whole-brain voxel-wise paired t test pro-
cedures were conducted for comparing a set of fMRI metrics after comparing sleep restriction (SR) with adequate sleep (AS) conditions, which
included amplitude of low frequency fluctuations (ALFF), fractional ALFF (fALFF), regional homogeneity (ReHo), and voxel-mirrored homotopic
connectivity (VMHC). (C) Differences in SR compared with AS were detected through network analyses. A priori ROIs were used to define AS- and
SR-brain networks of each participant, and Dosenbach’s 160 atlas without the cerebellum was exploratorily used. The second row showcases the
task-fMRI data analyses that included 2 categories. (D) Comparisons of brain activity patterns in response to food cues in SR and AS conditions.
Brain activities in response to food minus nonfood and unhealthy food minus healthy food contrasts were the most relevant ones for our
hypotheses. Brain contrast images for every other pairwise stimulus comparison were also generated and analyzed as supplementary data. Finally,
(E) correlation analyses were conducted to examine the linkage between brain activities and extent of SR and between brain activities and BMI.
Brain activities were extracted from 2 clusters that emerged in the threshold of uncorrected P < 0.01 paired t test for SR compared with AS of the
food–nonfood contrast.
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condition (AS and SR) were generated for each participant by
using SPM12 (Statistical Parametric Mapping; downloaded from
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Statisti-
cal analyses performed across all participants compared the SR
and AS sleep conditions using the DPABI toolbox with paired-
sample t tests across the whole brain. We also performed 1-sam-
ple t tests for contrasts of food > NF and UHF > HF in sleep
conditions of SR and AS. GRF correction with a 2-tailed P <

0.001 threshold at the voxel level and P < 0.05 at the cluster
level was used to correct for multiple comparisons. Moreover,
contrasts of every other pair of stimuli types, including food >
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fixation (FIX), UHF > FIX, HF > FIX, NF > FIX, UHF > NF, and
HF > NF cues were generated and analyzed in the same way (see
Supplementary Tables, and Supplementary Figure S1 and S2).

Partial Pearson correlations were employed to evaluate the
relationship between the extent of sleep reduction between SR
and AS and changes in brain responses to food stimuli, while
controlling for sex and age as covariates. The changes in brain
responses to food were quantified by the relative blood-oxygen-
level-dependent (BOLD) signal in SR compared with AS for food
> NF. The quantification of SR was represented by the difference
in total sleep time between AS and SR conditions. Similarly, we

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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used the same approach to examine the relationship between
BMI and changes in brain responses to food stimuli in specific
brain regions.

Results

A total of 26 participants contributed complete data for these
analyses (mean age 29.6 � 5.3 y and BMI 26.9 � 4.0 kg/m2; 11
had a BMI<25 kg/m2). Average daily time in bed was 8 h 16min
� 26 min during AS compared with 6 h 42 min � 25 min during
SR. Total sleep time was 7 h 30 min � 28 min/night for AS
compared with 6 h 12 min � 26 min/night for SR. Sleep effi-
ciency was 90.5% for AS and 91.8% for SR.

Self-reported sleepiness ratings were assessed for pre-
compared with postscanning session changes after SR compared
with AS conditions using a linear mixed model with factors
condition (SR compared with AS), time (pre- compared with
postscanning), and their interaction and subject as a random
effect. As expected, participants reported greater sleepiness in
the SR condition (mean � SD: 3.22 � 1.52) than in the AS con-
dition (2.36 � 1.24), and greater sleepiness after each scan
relative to before the scan (3.34 � 1.52 compared with 2.24 �
1.13). Importantly, the interaction between condition and time
was not significant (F1,72 ¼ 1.01; P ¼ 0.32), suggesting that
between-condition brain activity differences were unlikely to be
merely driven by a differential increase in sleepiness in the SR
compared with AS condition.

Resting-state fMRI results
After thresholding each statistical map of the 17 seed-based

FC significance tests for the 2 sleep states using a 2-tailed GRF
correction procedure of P< 0.001 at the voxel level and P< 0.05
at the cluster level, only FC between the right hypothalamus seed
and right cerebellar hemispheric lobules IV, V, and VI were
observed to decline with an effect size of Cohen’s d ¼ �0.62
(Figure 2, Supplementary Table S2). Given that the family-wise
error rate across the series of significance tests was over 10
times greater than our current threshold for a single test, we
consider this a likely false-positive result.

When we applied the same correction strategy parameters for
other whole-brain voxel-wise resting-state fMRI metrics to
compare SR and AS, no significant differences were observed. As
for network analyses, no significant edges from either the 17 �
17 a priori ROIs network matrix or the 142 � 142 Dosenbach
atlas network matrix survived when comparing the 2 sleep
conditions. Moreover, when we explored if SR > AS differed by
sex, no significant results emerged from within-sex analyses.

Task-based fMRI results
When brain responses to all food > NF contrasts were

compared after 6 wk of SR with AS, 2 clusters in the right insula,
right inferior frontal gyrus, and right supramarginal gyrus
exhibited greater activation with uncorrected P < 0.01, cluster
�10 voxels, and an effect size of Cohen’s d¼ 0.16 (Figure 3A and
Supplementary Table S3), from which intensities were extracted
for follow-up correlation analyses. However, these clusters did
not survive GRF correction. Further, when brain responses to all
the stimuli contrasts were compared after 6 wk of SR with AS, no
results survived statistical correction.
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To further explain the nonsignificant results and to see if a
common brain activity pattern to food cues across sleep condi-
tions exists, we quantified brain activity patterns for food > NF
and UHF > HF contrasts in each sleep condition through a series
of 1-sample t tests. Brain activity patterns for food > NF
exhibited differently in sleep conditions of SR and AS. After 6 wk
of SR, increased activation in the right superior temporal gyrus,
along with decreased activation in the right precuneus, right
cuneus, bilateral middle cingulate gyri, right middle occipital
gyrus, and left middle temporal gyrus, was observed (corrected
P < 0.001 at voxel level and P < 0.05 at cluster level; effect size
of Cohen’s d ¼ 0.04; Figure 3B and Supplementary Table S4).
After 6 wk of AS, increased activation in response to food > NF
was observed in the left middle occipital gyrus and right inferior
occipital gyrus, along with decreased activation in the right
precuneus, right cuneus, right middle cingulate gyrus, and right
middle occipital gyrus (effect size of Cohen’s d ¼ �0.11;
Figure 3C and Supplementary Table S5). As for UHF > HF
stimuli, although the uncorrected 1-sample t test procedures
seemed to reveal different brain activity patterns in the condition
of SR and of AS especially in the left frontal gyrus (respective
effect sizes of Cohen’s d ¼ �0.17 and ¼ �0.14; Supplementary
Figure S1, Supplementary Tables S6 and S7), these clusters did
not survive stringent statistical correction.

For the correlation analyses, we detected nominal brain
activation differences in response to food>NF stimuli after SR>

AS in 2 clusters: right insula and right supramarginal gyrus.
There were no correlations between the extent of sleep reduction
between SR and AS and changes in brain responses to food
stimuli in these 2 clusters. Similarly, we did not detect correla-
tions between participants’ BMI and their changes in brain re-
sponses to food between conditions (Supplementary Figure S3).
Discussion

To our knowledge, this study is the longest SR intervention to
date to test the impact of ecologically-valid SR in adults with
adequate habitual sleep on neuronal responses to food stimuli.
Using current rigorous procedures to correct for multiple com-
parisons, none of our contrasts of interest yielded significant
activations or deactivations in this sample of 26 participants, all
of whom were scanned twice, with both task-based and resting-
state fMRI, at the conclusion of two 6-wk long sleep conditions.
No differences were noted in sex-specific analyses.

In this study, resting-state FC analyses based on a priori ROIs
revealed increased FC between the right hypothalamus and
cerebellum under the SR condition compared with the AS con-
dition. However, we note that we did not correct for the number
of a priori ROIs (i.e., a priori hypotheses), and neither a priori
ROI-based nor whole-brain node-based network analyses yielded
significant results. Therefore, we conservatively conclude that a
mild reduction in sleep over 6 wk does not cause meaningful
changes in FC between the hypothalamus and cerebellum in the
resting state.

Using stringent analytical thresholds, we observed that foods
specifically elicited different brain activity patterns after SR and
AS. Although increased activation in the occipital gyrus and
decreased activation in the right middle cingulate gyrus were
observed after AS, we noted increased activation in the right



FIGURE 2. Comparison of seed-based functional connectivity in sleep restriction > adequate sleep. The region of interest is the right
hypothalamus. Gaussian Random Field theory correction with 2-tailed voxel-wise P < 0.001, cluster-wise P < 0.05.
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superior temporal gyrus and right insula and decreased activa-
tion in the bilateral middle cingulate gyri elicited by foods
relative to NF after SR. However, no differences between SR and
AS were detected in neuronal responses to foods after pairwise
between-group analyses with stringent correction.

Based on our prior studies, we expected increased activation
in the insula, nucleus accumbens, and superior frontal gyrus in
response to foods compared with NF after SR relative to AS [8].
However, those results were obtained using more liberal
thresholds that were standard practice at the time. To verify
whether our earlier results would be replicated in our current,
mild SR paradigm, we repeated the analyses using those
thresholds. When this was done, we observed similar activation
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in the right insula, supramarginal gyrus, and inferior frontal
gyrus in response to foods but not NF after SR relative to AS.
Furthermore, we replicated our findings of activation by UHF
relative to HF after SR in the inferior, middle, and superior
frontal gyrus and inferior parietal gyrus [17]. That these findings
failed to emerge in our present, more stringent, analyses suggests
that the prior results either included type I errors, as suggested
by Eklund et al. [27], or that the milder, albeit longer, duration
of SR was insufficient to produce reliable changes in brain BOLD
responses.

Of note is a body of recent research questioning published
MRI brain imaging studies by highlighting issues, such as high
false-positive rates, low reproducibility, and insufficient



FIGURE 3. Comparison of regional brain activation in response to food > nonfood of (A) sleep restriction (SR) > adequate sleep (AS), (B) SR, and
(C) AS. The statistical maps of SR and AS were thresholded using 2-tailed Gaussian Random Field theory (GRF) correction with voxel size P <

0.001 and cluster size P < 0.05. The comparison of the sleep conditions was thresholded using uncorrected P < 0.01 with a cluster size of �10
voxels. When stringent GRF correction parameters were applied, no clusters remained significant.
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statistical power [27,28]. Thus, we employed adequate confound
regression strategies and multiple comparison corrections in this
study, including decreasing head motion effects through a
24-parameter regression model, GRF correction strategies, and
network-based statistic and FDR-based correction for network
analyses, according to recommendations for best practices from
studies in the field of MRI methodology [28–35]. Thus, our
findings reflect up-to-date, state-of-the-art methodologic ap-
proaches for sound fMRI data analyses.

Strengths
To our knowledge, this study is the longest study to date to

evaluate the influence of SR on neuronal appetitive networks.
Moreover, contrary to prior research, we employed amild degree
of SR, which is reflective of average short sleepers in the general
population. Sleep was verified on a weekly basis using wrist
actigraphy in conjunction with sleep diaries, and compliance
was high.

We conducted exploratory whole-brain network analyses and
whole-brain voxel-wise analyses, analyzing various metrics of
resting-state fMRI. Whole-brain analyses are comprehensive and
not affected by researcher bias and can complement and confirm
the results of ROI-based analysis. In addition, because the func-
tional systems of the human brain have features of an intricate
network with multiple temporal and spatial levels, network and
graph theory analyses can serve as an effective new approach to
help us characterize and understand the integration, coopera-
tion, and information exchange among different regions of the
brain [24,36,37]. This study made exploratory attempts in this
regard, and we believe that these attempts can provide new ideas
and possibilities for future research in this field.

In all analyses, our index of head motion was low (mean
FD_Jekinson < 0.2 mm). Additionally, the Friston 24-parameter
452
model was used to regress out head motion confounds, and mean
FD was used as a covariate to address the residual effects of
motion in group analyses [18,20]. These procedures to control
head motion effect are important because previous studies have
indicated that even minor head movements can cause changes in
the FC maps of fMRI data [38–40].

Finally, our analyses utilized stringent statistical and multiple
comparison correction strategies in replicating and comparing to
previously published studies. As a result, we were able to repli-
cate prior findings using less stringent analytical practices, which
are no longer gold-standard. However, when we applied more
stringent approaches, findings became null. Given the milder SR
protocol employed here, we are faced with the following 2 po-
tential interpretations: 1) that prior analyses would also fail to
produce significant results using more stringent analytical
methods; or 2) that milder SR does not produce a robust impact
on neuronal responses to food stimuli and FC networks. Addi-
tional work in this field is needed to provide definitive answers.

Limitations
Sample size standards have changed, and the quantity of BOLD

data produced in this study, especially for resting-state fMRI, was
less than optimal for detecting brain–behavior relationships
[41–44]. An inadequate sample size has been proposed to dampen
the reproducibility of MRI results and brain-wide associations
[45]. Though a robust within-participant study can afford a
smaller sample size, the reproducibility of its condition effects at a
classical sample size (the median sample size of neuroimaging
studies is <30) across fMRI metrics and multiple comparison
correction strategies is low to moderate [29,46].

Moreover, in such a long-term study spanning several months,
data loss is almost inevitable, and we lost as many as a dozen
participants. Unfortunately, as a high-dimensional, block-missing
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dataset, we currently lack established methods for imputing
missing data in fMRI datasets [47–50]. Instead, we described the
characteristics of the lost participant group using other available
information (Supplementary Table S8). We assume that the
missing data can be treated as missing at random and excluded,
considering that their distribution does not show substantial dif-
ferences from the overall included participant data.

When considering the statistical power, it indicates that our
sample size may not have been sufficient to detect small effects,
especially in the cases that most treatment effects in this study
have effect sizes of Cohen’s d < 0.2. Therefore, the nonsignifi-
cant results may indeed be attributed to both the small effect size
and the study's statistical power. However, although power is
influenced by sample size, Cohen’s d allows us to gauge the
magnitude of the effect [51,52], which is a crucial consideration.
The small Cohen's d values suggest that even if our study were
highly powered by a larger sample size, the observed effects
would likely remain relatively modest [51].

Conclusions

Although we observed expected brain responses to “low-
level” contrasts, these effects did not survive current standards
for multiple comparison correction in an examination of the
effects of ~1.5 h of SR sustained over 6 wk in a sample of 26
healthy participants. These null results could indicate that a
milder form of SR does not lead to meaningful alterations in
food-based neuronal activation patterns. Alternatively, they may
indicate that prior reported findings may need to be reconsid-
ered, as at least some of them may reflect type I errors based on
then-prevailing statistical correction methods that are now
considered insufficiently rigorous.
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