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A B S T R A C T

A wealth of cross-sectional studies found a link between sleep deprivation and food-related outcomes like energy
intake and BMI. Recent experimental studies suggest that this link is causal. However, the mechanisms through
which sleep deprivation influences intake remain unclear. Here, we tested two prevailing hypotheses: that sleep
deprivation leads to 1) increased food reward sensitivity and 2) decreased food-related self-control.
In a within-subject study (n = 60 normal-weight females), we compared outcome measures under normal

sleep and partial sleep deprivation conditions. Our outcome measures were 1) proxies for food reward sensitivity
– liking of high and low energy foods, 2) binary food choices ranging in level of self-control conflict, and 3)
intake of high and low energy foods. Eye-movements during food choice were measured with an eye-tracker to
gain insights in implicit food choice processes.
Food reward sensitivity outcomes showed a lower liking of low energy foods after partial sleep deprivation.

More high energy foods were chosen after partial sleep deprivation independent of the level of self-control
conflict. Intake of high energy foods was higher in the partial sleep deprivation condition. Lastly, the number of
gaze switches between high and low energy foods, an implicit measure of conflict in choice, was lower in the
high-conflict trials after sleep deprivation than after a normal night sleep.
To conclude, the increased intake of high energy foods after sleep deprivation may be driven by a decreased

liking of low energy foods, rather than an increased liking of high energy foods. Further, sleep deprivation may
affect self-control conflict detection as indicated by a lower number of gaze switches between food options.

1. Introduction

Poor sleep, eating behavior and its consequences seem to be inter-
twined. According to the National Health Interview Survey involving
324,242 US adults aged ≥18 y, the average number of hours of sleep
reported per day was 7.18 in 2012, with 29.2% of the population re-
porting 6 or less hours of sleep per day (Ford, Cunningham, & Croft,
2015). This means that nearly one-third of the adults sleeps at least an
hour less than the minimum hours as recommended for adults by the
National Sleep Foundation (https://sleepfoundation.org/press-release/
national-sleep-foundation-recommends-new-sleep-times). Similarly in

European samples, average sleep duration seems to decline (Kronholm
et al., 2008). This sleep loss epidemic is alarming as short sleep dura-
tion has been linked to an increased risk of overweight and obesity
(Kecklund & Axelsson, 2016; Taheri, 2006; Taheri, Lin, Austin, Young,
& Mignot, 2004). In normal-weight healthy subjects, insufficient sleep
results in overconsumption of energy-dense foods (Taheri, 2006), se-
lection of unhealthy snacks (Hogenkamp et al., 2013) and increased
hunger, food cravings, food reward, and portion sizes (Yang, Schnepp,
& Tucker, 2019). This is corroborated in another study where a positive
correlation was found between BMI and food intake after sleep depri-
vation (Lombardo, Ballesio, Gasparrini, & Cerolini, 2019). Analogously,
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relationships have been reported between insomnia and eating dis-
orders probed by the Disordered Eating Questionnaire, although BMI
did not show a relationship with sleep in this particular study
(Lombardo et al., 2014). Conversely, extending sleep decreases sugar
intake (Al Khatib et al., 2018). Taken together, (poor) sleep and food
intake seem to be closely linked.
A candidate mechanism through which a lack of sleep may promote

food intake in humans includes altered brain reward processing of food
cues (Gujar, Yoo, Hu, & Walker, 2011; Higgs, Williamson, & Attwood,
2008; Hofmann, Friese, & Roefs, 2009; Lundahl & Nelson, 2015). Acute
sleep deprivation is associated with an increased activation of reward-
related brain areas in young adults when they view food images (Rihm
et al., 2019; St-Onge et al., 2012). An increased reward-related brain
response to food has been shown to relate to stronger preferences for
high energy foods (van der Laan, Barendse, Viergever, & Smeets, 2016),
and may therewith constitute a core mechanism through which habi-
tual short sleep may increase the risk of future weight gain.
A second mechanism that has been proposed to account for the

weight gain-promoting effect of sleep loss is that sleep loss leads to
unhealthier food choices through a reduction of (executive) inhibitory
control and consequently decreased food-related self-control. Already a
few hours of sleep loss result in lower executive functioning, as evi-
denced by impaired concentration, worse performance on tasks that
require a cognitive inhibition of pre-potent responses, and disturbances
in emotion regulation (Lim & Dinges, 2008; Nilsson et al., 2005;
Wassing et al., 2016). If executive functioning is impaired, desires for
energy-dense foods may not be cognitively inhibited, leading to an in-
creased likelihood of choosing high energy foods and thereby excess
food consumption. Many studies show that weaker inhibitory control
relates to a higher food intake (Rollins, Dearing, & Epstein, 2010),
especially consumption of energy rich snacks (Allan, Johnston, &
Campbell, 2011; Hall, 2012). Further, training inhibitory control may
even facilitate healthier food choices (Carbine & Larson, 2019). Sup-
porting the assumption that sleep loss may compromise cognitive
control over reward signals triggered by food cues, it has been de-
monstrated in young men and women that daytime sleepiness corre-
lated with reduced activation in a brain region (ventromedial prefrontal
cortex) involved in inhibition and emotional control during viewing
high- versus low-calorie food images (Killgore et al., 2013). The ob-
served reduction in prefrontal activation because of sleepiness was also
predictive of self-reported difficulty curtailing food intake, although
this association was only significant for women. Taken together, a
second possible mechanism that explains the relationship between poor
sleep and poor food choices lies in a reduction of (executive) inhibitory
control and consequently decreased food-related self-control.
In the current study we aimed to investigate effects of partial sleep

deprivation on these two potential underlying mechanisms driving
sleep-loss induced increases in food intake, namely increased food re-
ward sensitivity and decreased food-related self-control. We did this by
measuring proxies of food reward sensitivity (food liking), and of food-
related self-control, and food intake. The current study involving 60
young normal-weight women sought to investigate the following sub
research questions and hypotheses:
What is the effect of partial sleep deprivation on food reward sen-

sitivity? To our knowledge, no earlier study has assessed the effect of
partial sleep deprivation on liking of both high energy (HE) and low
energy (LE) food. Therefore, it is unknown if the sleep-loss induced
increase in energy intake is due to an increased liking of HE foods or a
decreased liking of LE foods. If the food-reward sensitivity hypothesis is
true, then we would expect liking for HE foods to increase.
What is the effect of partial sleep deprivation on food-related self-

control? Partial sleep deprivation could have different effects on food
choice depending on the level of self-control conflict that the choice set
elicits. We expect that people particularly have problems choosing LE
foods after partial sleep deprivation when faced with a food choice
where the self-control conflict is high, i.e. when a HE product is liked

more than a LE product. In these trials, one could argue that effort is
required to overcome the self-control dilemma and to choose the LE.
The capacity to exert self-control effort, may be similarly affected by
partial sleep deprivation as more general executive functions, as we
argued above. Thus, particularly in high-conflict choice sets, we expect
the number of LE choices to decrease compared to the same choice after
a normal night’s sleep. When liking is reversed or products are equally
liked there might not be such a problem making the LE choice after
partial sleep deprivation.
To gain more in-depth insight into self-control conflict detection, we

investigated visual attention in these different types of choices using
eye-tracking. It has been shown that increased attention to certain food
products can mediate the eventual choice (van der Laan, Papies, Hooge,
& Smeets, 2017) and can give insights in the level of conflict as reflected
in the number of eye movement switches between choice options (van
der Laan et al., 2014). We expect visual attention to follow the choice
made and to be highest as reflected in proportionally longer dwell times
on the product of choice. Furthermore, we expect the number of
switches between choice options to be highest in trials with a high
conflict.
Lastly, by measuring actual food intake in a bogus taste test part of

the current study we expect to find food intake to parallel the hy-
pothesized changed food choices and/or food liking after partial sleep
deprivation; we expect that HE products will be consumed more after
partial sleep deprivation.

2. Methods

2.1. Study design

This experimental study had a within-subjects design with two
conditions: normal sleep vs. partial sleep deprivation. The order of
sessions was counterbalanced across participants. The study was ap-
proved by the ethical committee of the Faculty of Social and Behavioral
Sciences at Utrecht University (FETC16-099, Benjamins).

2.2. Participants

The study population consisted of 60 females (age in years:
M = 21.6, SD = 2.6; BMI in kg/m2: M = 21.7, SD = 2.0). Participants
were recruited with poster and flyers on campus, through posts on
online university communities and through research participation
websites. Participants that expressed their interest in the study were
sent an information letter and an inclusion questionnaire, including
questions on age, gender, educational level, dietary restraint (DEBQ),
weight concerns, and inclusion and exclusion criteria.
Inclusion criteria were being female, having an age between 18 and

40 years, having a Body Mass Index (BMI) between 18.5 and 25 kg/m2.
Only females were included to increase the homogeneity of the popu-
lation and known differences between males and females in eating
behavior and weight-concerns (Neumark-Sztainer, Sherwood, French, &
Jeffery, 1999). Exclusion criteria were a by the participant self-reported
problematic sleeping pattern (which could be any self-reported com-
plaints in the insomnia, hypersomnia, circadian rhythm disorder or
parasomnia domains), drinking> 14 units of alcohol per week, using
drugs, smoking, having food allergies or being a vegetarian.

2.3. Procedure

In order to avoid that participants would be aware of the actual goal
of the study, they were told that the primary aim of the study was to
investigate the effects of partial sleep deprivation on sweet and salty
taste perception. To bolster the cover story, at the start of each study
session questions on preference for sweet and salty foods were asked
and the questions during the bogus taste test included items on sweet
and salty taste. This cover story was expected to not affect our outcomes
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of interest, i.e., liking, choice and intake of HE versus LE products, as
both types of product included both sweet and savory items.
In the week prior to the in-lab experimental sessions, participants

had to complete a sleep diary every morning. Participants were asked to
refrain from eating and drinking, except water, starting at 8:00 P.M. on
the evening prior to the experimental day. Participants wore a
GeneActive Original actigraph on their non-dominant wrist during the
night prior to the lab sessions. To standardize hunger levels on ex-
perimental days, participants received a breakfast to be consumed at
home exactly 1.5 h prior to the start of the lab session. They received an
amount of breakfast cracker (Sultana GoodMorning Golden Syrup)
equal to 20% of their basal metabolic rate (which was calculated with
the Schofield equation http://www.globalrph.com/schofield_equation_
bmr.htm).
After arrival at the lab, participants completed questions about the

level of hunger ranging from 1 = No hunger at all to 9 = Very hungry
(Msleep-deprived = 4.2, SDsleep-deprived = 2.3; Mnormal sleep = 3.8, SDnormal
sleep = 2.0; no significant difference between sessions, T(59) = 1.46,
p = 0.15), and tiredness (see section Subjective and objective manip-
ulation checks). Next, they were seated in front of a computer to perform
a task in which they rated liking of HE and LE products (Food liking
rating task, see below). After completion of the food ratings, subjects
had to choose either a HE or a LE product (Food choice task, see below),
presented as food pairs on a computer screen, while their eye-move-
ments were concomitantly measured by eye-tracking. After that, they
were seated at a table and they engaged in a bogus taste test. The
protocol ended with a computerized psychomotor vigilance task as a
measure of alertness (see below).
At the end of the second study session, participants filled out

questionnaires that were included for a second study that is beyond the
scope of this paper and were reimbursed with 50 euro or course credit.
The lab sessions had a total duration of approximately 60 min per
session. Starting time of lab sessions were planned between 8:00 and
11:00 in the morning such that time of day did not yield effects on
eating behavior. A wash-out period between the two lab sessions they
were planned 7 days apart if possible (average days between sessions
was 7.08 days, SD = 0.51, maximum 10, minimum 6). To account for
time-of-day effects on food-related outcomes, the start time of both lab
session differed 1 h at most.

2.4. Sleep interventions

In the normal sleep condition, in the night prior to the experimental
day, participants were instructed to sleep as usual. For example, if a
participant reported to normally go to bed at 10:00 P.M and get up at
6:00 A.M., she was instructed to do so in the night preceding the lab
session. In the sleep-deprived condition, participants were instructed to
go to bed six hours later as they did in the normal sleep condition.
Specifically, if a participant reported to normally go to bed at
10:00 P.M. and get up at 6:00 A.M., in the sleep loss condition she went
to bed at 4:00 A.M. and got up at 6:00 A.M. For the sake of being
representative of a normal sleep situation, both the sleep deprivation
and sleep interventions were performed in the home environment.
In order to check whether our partial sleep deprivation manipula-

tion successfully decreased sleep duration and resulted in decreased
alertness and increased tiredness, we collected data on activity levels,
alertness, sleep duration and self-reports of tiredness at the start of the
lab session. Activity was measured with the ‘GENEActiv Original’
(ActivInsights Ltd., Kimbolton, UK) activity tracker, which participants
wore on their non-dominant hand from 20:00 h in the evening prior to
the study session. The Geneactiv recorder was set to record at a fre-
quency of 30 Hz.

2.5. Alertness (Psychomotor Vigilance Task)

Alertness was measured by the Psychomotor Vigilance Task (Van

Dongen & Dinges, 2005), in which median reaction times are computed
and compared in the normal sleep and sleep-deprived condition. The
task consists of a 3-minute period in which a red outlining of a rectangle
is continuously shown on a computer screen. A maximum of 48 trials is
presented to the participants with an intertrial interval randomly
chosen from a uniform distribution of interval times between 2 and 5 s.
A trial consists of a yellow milliseconds counter that has to be stopped
by the participant as quickly as possible by pressing the space bar.

2.6. Sleep diary

The sleep diary used to assess sleep was the core version of the dNCS
(Dutch digital consensus sleep diary) which is derived and translated,
by a panel of Dutch sleep experts working with various forms of digital
technology, from the original consensus sleep diary (CSD) developed by
experts at the Pittsburgh conference (Carney et al., 2012).

2.7. Self-reports of being rested and tired

In the questionnaire at the start of the session we included a ques-
tion on “How tired are you feeling at this moment?” which could be
answered on a scale ranging from 1 = “not tired at all” to 9 = “very
tired”. Further, we included a question on “How well-rested do you feel
at this moment?” which could be answered on a scale ranging from
1 = “not rested at all” to 9 = “very rested”.

2.8. Food liking rating task

Similar as in earlier studies (e.g., Davis et al., 2007), food reward
sensitivity can be probed and therefore operationalized by liking ratings
of product images. In the food liking rating task, participants rated the
taste of a total of 80 products, of which 34 were high in energy content
(based on nutritional value:> 150 kcal/100 g) and 46 were low in
energy content (based on nutritional value: ≤150 kcal/100 g). The
images were taken from the Full4Health Image collection (Charbonnier,
van Meer, van der Laan, Viergever, & Smeets, 2015). This image set is
validated and standardized, which, due to the calories threshold we
used, resulted in a few more low energy than high energy products.
Participants were instructed to indicate for each food how much they
liked the taste of the presented food at this moment on a nine-point
scale ranging from 1= Very untasty to 9 = Very tasty. The mean liking
rating for HE and LE products was calculated.

2.9. Food choice task

To measure self-control, the subjects performed a food choice task.
Participants were instructed to choose the product that they would
prefer to eat at this moment. In each choice trial, two products were
presented on the screen, one of the left side and one on the right side.
Participants could indicate their choice with the left and right arrow
buttons of the keyboard. The choice pair was presented on the screen
until a button was pressed. Choice trials were interspersed with a
random inter trial interval uniformly distributed between 500 and
1000 ms. In each trial, the choice was always between a HE and a LE
product. The location of HE and LE products was counterbalanced
across trials of each trial type. The choice pairs were based on the taste
ratings participants gave for the 80 foods in the food liking rating task.
Three types of choices were presented in the task, varying in the type of
(self-control) conflict that it elicits: In the first type of trials, self-control
conflict trials, a choice pair with a HE product 1–3 points higher in
tastiness than the LE product was presented. This type of trials re-
presents a self-control conflict between eating enjoyment and long-term
goal of watching weight by a participant. In the second type of trials,
hedonic conflict trials, a HE and LE product equal in tastiness were
presented. Only the hedonic value, the tastiness, in this type of trial is
competing rather than having a competition between enjoyment of
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eating and health goals. Classic models on value-based decision-making
posit that decisions between equally liked options are more difficult
than decisions in which one of the options is inferior (Krajbich, Armel,
& Rangel, 2010; Slovic, 1975; Tversky, Sattath, & Slovic, 1988). So
lastly, in the third type of trials, no conflict trials, a pair consisting of a
HE product 1–3 points lower in tastiness than the LE product was
presented. This type of trials does not present participants with any
conflict as the healthy option is also the tasty option. The order of the
trials was randomized. The pairs for the three trial types were matched
with a Matlab script. Since choices were matched on individual liking
ratings, the number of choices was not the same for all participants
(Mnormal sleep = 61.1, SDnormal sleep = 12.8; Msleep-deprived = 62.3,
SDsleep-deprived = 14.8). The maximum number of choices per trial ca-
tegory was 30. Stimuli were used maximally one time in each trial
category. The percentage of chosen HE products was calculated for each
trial type. Eye movements were recorded with an eye tracker during the
task.

2.10. Bogus taste test

In line with the cover story, participants were instructed that they
would take part in a taste perception test in which they would have to
evaluate several attributes, like sweetness and saltiness, of foods. It was
told that they could take as much as they wanted as the remainder
would be thrown away. They were presented with four bowls, two with
HE products (Chips, chocolate) and two with LE products (cherry to-
matoes, white grapes). Intake in kcal was assessed by weighting the
bowls prior and after the test and multiplying it by the amount of kcal
per gram.

2.11. Eye-tracking setup

During the food choice task, eye movements were recorded at 52 Hz
using a portable, EyeTech TM3 eye-tracker (Design Interactive, Inc.,
Oviedo, FL). The recording was binocular and was preceded by a 9-
point calibration. Fixation detection was established by marking fixa-
tions with an adaptive velocity threshold method (Hooge & Camps,
2013), with 58 ms as lower cut-off for a single fixation duration. Further
technical specifications of the setup and the fixation detection algo-
rithm are identical to the procedure in Van der Laan et al. (2015) (Van
der Laan, Hooge, de Ridder, Viergever, & Smeets, 2015).

2.12. Eye-tracking measures

To analyze eye-movements, for each trial the screen was divided
into three areas of interest (AOI), namely, ‘HE product’, ‘LE product’,
and ‘not’. These AIO are defined as follows: ‘HE product’, the outline of
the HE product; ‘LE product’, the outline of the LE; and ‘not’, every-
where else on the screen. For each trial, we calculated total dwell time
on the HE and LE product, which is the sum of all fixations on a par-
ticular product AOI over the course of a trial (Reisenberg, 2013).
Moreover, we look at the number of gaze switches between HE and LE
products, which we consider an operationalization of a more un-
conscious experience of conflict; the more conflict is experienced the
more switches will be made between HE and LE products (e.g. (Van der

Laan, de Ridder, Charbonnier, Viergever, & Smeets, 2014).

2.13. Statistical analysis

The statistical program R was used to perform statistical analyses.
Eye-tracking data were pre-processed with custom scripts using Matlab
and further processed using IBM Statistics SPSS 22. All analyses such as
ANOVA’s, t-tests and a Wilcoxon signed rank test are tested against a
signifcance level of α = 0.05, two-tailed where applicable.

3. Results

3.1. Objective and subjective manipulation checks of sleep manipulation:
Activity measures

GENEActiv data of 50 participants (the remaining subjects did not
comply in wearing the device as instructed) was extracted to text files
using the manufacturer software. Average activity (resampled to 1 min
bouts) over the 12 h before 8:00 AM of each testing day in the lab was
calculated. The activity ratio between normal sleep and sleep-deprived
conditions was then calculated, where a ratio above one indicates more
activity in the sleep-deprived condition and a ratio of one indicates no
difference between conditions. A one-sample Wilcoxon signed rank test
indicates the average ratio of 1.304 to be above a null hypothesis value
of 1.000 with p = 0.049 indicating people were indeed more active in
the sleep-deprived condition.

3.2. Measures of alertness (Paramotor Vigilance Task)

Mean median reaction time in the psychomotor vigilance task, a
general measure of alertness, was significantly higher in the sleep de-
prived condition (Mnormal sleep = 310.70 ms, SDnormal sleep = 19.13 ms;
Msleep-deprived = 330.42 ms, SDsleep-deprived = 33.30 ms; t(59) = 3.891,
p = 0.0003). Also the number of attention lapses (errors of omission)
were significantly higher in the sleep deprived condition (Mnormal
sleep = 0.617 SDnormal sleep = 0.958; Msleep-deprived = 1.600 SDsleep-de-
prived = 3.258; t(59) = 2.276, p = 0.0256).

3.3. Self-reports of being rested and tired and self-report diary data

A paired t-test corroborated that participants felt significantly less
rested and more tired in the sleep-deprived compared to the normal
sleep condition (Table 1). Secondly, analysis of 56 participants’ CSD
data was used (4 participants failed to comply filling out the CSD) to
calculate average total sleep time (TST) for nights that did not precede
days in the lab (baseline TST), which was compared to TST of the nights
of normal sleep and partial sleep-deprivation preceding days in the lab.
Average TSTbaseline was 7.695 h, average TSTnormal sleep was 7.360 h and
TSTsleep-deprived was 2.378 h, which multiple comparisons, after one-
way ANOVA analysis, showed to be a significant difference between
TSTsleep-deprived and TSTbaseline and between TSTsleep-deprived and
TSTnormal sleep (both p < 0.000), but not between TSTbaseline and
TSTnormal sleep, p = 0.172. This further confirms the partial sleep de-
privation manipulation worked.
Taken the above objective activity and alertness measures and the

Table 1
Mean (and SD) of manipulation check measures.

Normal sleep Sleep-deprived Test for difference

Self-report of being resteda 6.6 (1.4) 2.9 (1.5) T(59) = 14.1, p < 0.001
Self-report of being tireda 3.6 (1.7) 6.6 (1.8) T(59) = −10.5, p < 0.001
PVT (RT in ms) 310.70 (19.13) 330.42 (33.30) T(59) = 3.891p < 0.001
PVT (number of omission errors) 0.617 (0.958) 1.600 (3.258) T(59) = 2.276, p = 0.0256

aAnswered on a 9-point scale ranging from 1 = “not rested/tired at all” to 9 = “very rested/tired”.
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subjective diary measures together we can safely assume our partial
sleep deprivation manipulation at the participant’s homes was suc-
cessful1.

3.4. Effects of partial sleep deprivation on food liking

A 2-way within-subjects ANOVA with Condition (normal sleep vs.
sleep-deprived) and Product type (HE vs. LE) as independent variables
and self-reported tastiness as a measure of liking as dependent variable
revealed a main effect of Product Type (F(1, 59) = 77.6, p < 0.002).
Liking was higher for LE products (M = 5.3, SD = 1.2) than for HE
products (M = 3.8, SD = 1.3). In contrast, no significant main effect of
sleep condition was found (F(1, 59) = 1.5, p = 0.22). The interaction
between Condition and Product Type was significant (F(1, 59) = 9.0,
p < 0.001). Subsequent within subject one-way ANOVA’s with
Condition (normal sleep vs. sleep-deprived) as independent variable
showed that liking for HE products did not significantly differ between
the normal sleep and sleep-deprived conditions (F(1, 59) = 0.6,
p = 0.45, Msleep-deprived = 3.9, SDsleep-deprived = 1.6, Mnormal sleep = 3.8,
SDnormal sleep = 1.2). In contrast, liking for LE products was significantly
lower in the sleep-deprived compared to the normal sleep condition
(F(1, 59) = 6.7, p = 0.01, Msleep-deprived = 5.1, SDsleep-deprived = 1.5,
Mnormal sleep = 5.5, SDnormal sleep = 1.2) as can be seen in Fig. 1.

3.5. Effects of partial sleep deprivation on food choice

A 2-way within-subjects ANOVA with Condition (normal sleep vs.
sleep-deprived) and Conflict Type (self-control conflict (HE tastier than
LE) vs. hedonic conflict (HE and LE equally tasty) vs. no conflict (LE
tastier than HE) as independent variables and percentage of chosen HE
products as dependent variable was performed2. This ANOVA showed a
significant main effect of Condition (F(1,56) = 4.5, p = 0.04) and
Conflict Type(F(2,112) = 478.3, p < 0.001). The percentage of choices
in which a HE product was chosen was higher in the sleep-deprived
(M= 43.5, SD = 17.7) than in the normal sleep condition (M= 38.6,
SD = 13.2). The percentage of HE choices was significantly higher in
the self-control conflict condition (M = 67.7, SD = 18.5) compared to
the hedonic conflict condition (M= 46.1, SD= 17.7. T(56)self-control vs.
hedonic conflict = 15.0, p < 0.001), where in turn the percentage of HE
choices was higher than in the no conflict condition (M = 19.1,
SD= 15.0, T(56)hedonic vs. no conflict = 18.5, p < 0.001) as can be seen
in Fig. 2. There was no significant interaction between Condition and
Conflict Type (F(2,112) = 1.8, p = 0.17).

3.6. Effects of partial sleep-deprivation on attention during food choice:
Total dwell time

There were significant effects when considering Conflict Type,

Product Type and Condition (3 × 2 × 2) and an interaction of those
factors when looking at total dwell time3. On average the total dwell
time on HE products was 45.83 ms shorter than that on LE products
(F(1,54) = 21.640, p < 0.001). On average the total dwell time differed
significantly (F(2,108) = 11.518, p < 0.001) in different conflicts as
well: in self-control conflicts average dwell time was 638.55 ms, in no-
conflicts 598.74 ms, and 676.99 ms in hedonic conflicts. The interaction
between Conflict type and Product type was also significant
(F(2,108) = 21.887, p < 0.001), which is mostly due to the fact that in
the no conflict and hedonic conflict conditions the dwell time on HE
products seems to be lower (see Fig. 3). No interactions with the sleep
condition, nor a main effect of sleep condition on total dwell time is
significant.

Fig. 1. Rating for HE and LE product types per sleep condition. The rating has a
range between 1(very untasty) and 9 (very tasty). Error bars indicate standard
deviations. Significant differences are indicated by lines with an asterisk.

Fig. 2. Percentage of HE product choices in different conflict type conditions.
Error bars indicate standard deviations. Significant differences are indicated by
lines with an asterisk.

1 Note that we also have measured chronotype of our participants using the
MCTQ, as we know chronotype might effect eating behavior as it does in
adolescents (Beebe, Zhou, Rausch, NOE, & Simon, 2015) and it might affect
sleeping schedule. Chronotype did not vary much towards extremes in our
population (median MSF 4.8, SD = 0.96). Moreover, the MSF of our tested
population stayed in the average range for almost our entire population, with a
minimum MSF of 3, which above the threshold for early chronotyope
(MSF<2) and two participants with an MSF (both 7.5) just above the late
chronotype threshold (MSF>7). In a separate not-reported sensitivity analysis
we ran the manipulation checks again on activity, PVT measures and TST again
without the two participants with late chronotypes: activity ratio, PVT RT and
omission error differences and differences in TST all stayed significant in the
same manner. We therefore report all further analyses with the inclusion of
these two late chronotypes in our sample as we do not think these late chron-
otypes affected our data.
2 Due to technical issues, for three participants data of the food choices in

either the sleep-deprived or normal sleep condition were not collected properly.

3 Five participants are not in the analysis of eye movements measures as they
could not be calibrated properly, and thus no eye-tracking data was recorded
for these participants.
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3.7. Effects of partial sleep deprivation on conflict perception during food
choice: Number of gaze switches between HE and LE foods

As an operationalization of a more unconscious experience of con-
flict we investigated the number of switches between HE and LE AOIs.
In this measure we find a main effect of Conflict type (F(2,108) = 13.421,
p < 0.001), where in conflict conditions a higher number of switches
between HE an LE AOIs is present. A significant interaction
(F(2,108) = 4.671, p = 0.010) between Conflict type and the normal and
sleep-deprived condition seems to indicate that this number of switches
seems to level out after partial sleep deprivation (see Fig. 4), suggesting
that the unconscious perception of conflict decreases after partial sleep
deprivation. Separate repeated measure ANOVAs for the normal sleep
and sleep-deprived condition on the number of gaze switches show that
indeed a main effect of conflict type (F(1,54) = 16.904, p < 0.001)
exists, with Bonferroni-corrected pairwise comparisons indicating the
no conflict condition to significantly differ from self-control conflict and
hedonic conflict. In the sleep-deprived condition this main effect is no
longer significant (F(1,54) = 2.584, p = 0.08).

3.8. Effects of partial sleep deprivation on food intake

A 2-way within-subjects ANOVA with Condition (normal sleep vs.
sleep-deprived) and Product Type (HE vs. LE) as independent variables
and intake expressed in kcal as dependent variable showed a significant
main effect of Condition (F(1,59) = 5.94, p = 0.018). Energy intake was
higher in the sleep-deprived (M = 82.6, SD = 59.9) than in the sleep
condition (M = 67.2, SD = 36.3). Also, a significant main effect of
Product Type (F(1,59) = 82.0, p < 0.001) was found. Energy intake in
kcal from HE products (M = 118.7, SD = 79.3) was higher than from
LE products (M = 31.1, SD = 15.3). Further, the interaction between
Condition and Product type was significant (F(1,59) = 6.89, p = 0.01).
We performed two separate one-way ANOVA’s with as independent
variable Condition: one with intake in kcal from HE products as de-
pendent variable and one with intake in kcal from LE products as de-
pendent variable. These ANOVA’s showed that energy intake from HE
products was higher in the sleep-deprived (Msleep-deprived = 134.5,
SDsleep-deprived = 112.9) compared to the normal sleep condition
(F(1,59) = 6.50, p = 0.01, Mnormal sleep = 102.9, SDnormal sleep = 66.4)
but that there was no significant effect of sleep condition on kcal of LE
products eaten (F(1,59) = 0.22, p = 0.64), see Fig. 5. Thus, our hy-
pothesis, that intake from HE compared to LE products is higher in the
sleep-deprived than in the normal sleep condition, was confirmed.

3.9. Additional analyses

To investigate whether changes in liking caused by partial sleep
deprivation are actually translated into changes in intake, we calculated
the correlation between the difference in mean liking rating for HE
products in the normal sleep versus the partial sleep deprivation con-
dition and the mean difference in intake (kcal) between the normal
sleep and the sleep-deprived condition. A significant relation between
these difference scores was found (r(58) = 0.30, t = 2.34, p = 0.02).
This analysis was repeated for the LE foods and again a significant
positive relation was found (r(58) = 0.20, t = 2.14, p = 0.04). This
suggests that changes in liking are indeed related to changes in intake.

4. Discussion

We investigated the effects of acute partial sleep deprivation on two
potential underlying mechanisms driving sleep-loss induced increases
in food intake, namely increased food reward sensitivity, oper-
ationalized as self-reported food liking, and decreased food-related self-
control, operationalized as food choices ranging in level of self-control

Fig. 3. Average dwell time (ms) on high (HE) and low (LE) energy products in
different conflict conditions. Error bars indicate standard errors. Significant
difference are indicated by lines with an asterisk.

Fig. 4. Number of fixation switches between HE-LE products per sleep and
conflict condition. Error bars indicated standard deviations. Significant differ-
ence are indicated by lines with an asterisk.

Fig. 5. Mean and standard deviation of consumption of HE and LE products (in
kcal) in the two sleep conditions.
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conflict.
In contrast to some earlier findings (e.g., McNeil et al., 2017),

partial sleep deprivation did not lead to higher liking of HE foods.
Rather, liking of LE foods was lower after partial sleep deprivation. The
popular hypothesis, that sleep deprivation increases food liking in
general and particularly that for HE foods, suggesting a higher sensi-
tivity to food reward, was thus not supported. Several studies have
shown that intake of HE foods or snacks is higher in a sleep deprived
condition (e.g., Bosy-Westphal et al., 2008; Brondel, Romer, Nougues,
Touyarou, & Davenne, 2010; Hogenkamp et al., 2013; Nedeltcheva
et al., 2009; St-Onge et al., 2012) and this is used to argue that liking of
HE foods is higher and that sleep deprivation increases reward sensi-
tivity. However, only few studies actually assessed the effect of sleep
deprivation on liking of HE foods specifically and to our knowledge the
current study is the first to explicitly assess the effect of partial sleep
deprivation on liking of LE foods. The study of McNeil et al. (2017)
showed that liking of high- relative to low-fat foods was higher after
partial sleep deprivation compared to normal sleep. However, as their
measurement of liking of high fat food was relative to low fat options, it
may be that their effects were driven by sleep loss-induced lower liking
for LE foods, similar to the current study. Moreover, their results, which
were only found when sleep deprivation was in a later part of the night,
are based on participants that did not ate any breakfast, which we know
from literature could have affected liking differently (Pender,
Stevenson, Francis, & Oaten, 2019; Stevenson, Francis, Attuquayefio, &
Ockert, 2017). Our participants did receive a breakfast that was mat-
ched to their basic metabolic rate to avoid that results were driven by a
(confounding) effect of stronger energy expenditure in the sleep de-
prived (compared to the normal sleep) state. A study of Dweck et al.
(2014) found no relation between sleep duration and liking, though in
their study sleep duration was not manipulated. In sum, the current
study raises the novel hypothesis that the effect of partial sleep depri-
vation on unhealthy food intake may not be caused by an increased
liking of HE foods but rather by decreased liking of LE foods. Some
indirect evidence in line with this hypothesis is that of a recent study
(Alkozei et al., 2018) showing that three weeks of 4 h sleep deprivation
resulted in lower implicit liking for LE foods, as measured by an implicit
association task (though only in men). Another possible explanation for
our results may lie in a study that showed cravings for certain food
types in terms of taste changes after sleep deprivation. Umami and sour
taste sensations intensified when being more sleepy (Lv, Finlayson, &
Dando, 2018). Perhaps the imagined taste of our LE products were in-
fluenced by these effects of sleep deprivation and therefore liked less.
As participants in our experiment did not actually tasted the products in
the food choice task, this should be subject of further study.
We found that partial sleep deprivation led to a higher likelihood of

choosing HE over LE foods, irrespective of whether the choice entails a
self-control conflict, a hedonic conflict or no conflict. We hypothesized,
based on research on effects of sleep loss on (inhibitory) control (Lim &
Dinges, 2008; Nilsson et al., 2005) that partial sleep deprivation would
steer food choices towards HE options particularly when faced with a
food choice where the self-control conflict is high, i.e. when a HE
product is liked more than a LE product, and thus control is needed to
choose an LE over a HE product. Our study does not support this hy-
pothesis. This effect was also absent for participants higher in dietary
restraint (results not presented). Thus, in our data there is no support
for the hypothesis that partial sleep deprivation results in lower food-
related self-control. Rather, our findings suggest that partial sleep de-
privation increases relative liking of HE over LE foods in general, or, in
line with our findings for food liking, decreases liking of LE foods.
Note however, there was a difference between the different types of

conflict in choice in the eye-tracking measures and that this was in-
fluenced by partial sleep deprivation: participants looked back and
forth more often between HE and LE foods in the conflict conditions,
but this leveled out after partial sleep deprivation. This could be a re-
flection of what in the literature has been described as a two-stage

model of self-control where a conflict first needs to be identified before
restraint can be exerted (Myrseth, Fishbach, & Trope, 2009; Van der
Laan et al., 2014); in the current study the number of gaze switches
could be a measure of experienced conflict which stays below a level of
awareness to yield conflict identification. In line with an earlier finding
that self-control failure can result from a lack of conflict perception
(Van der Laan et al., 2014), it could be because of this failed conflict
identification that we do not observe effects of partial sleep deprivation
on how type of conflict affects the food choices in the current study.
Whether these eye-tracking findings truly reflect subconscious conflict
needs further investigation.
We found that intake of HE foods was higher in the partially sleep

deprived than in the normal sleep condition. This is in line with several
earlier studies linking sleep duration to food intake (Beebe et al., 2013;
Dweck et al., 2014; Martinez et al., 2017; Nedeltcheva et al., 2009).
However, there are also studies which did not find an effect of sleep
deprivation on intake (McNeil et al., 2017; Tajiri, Yoshimura,
Hatamoto, Tanaka, & Shimoda, 2018) and these contrasting findings
may be explained by the type of food offered in the measure of intake.
For instance, the study by McNeil et al. (2017) employed intake of meal
items (an ad libitum lunch) instead of tempting HE snacks like the foods
in the bogus taste task of our study. Tajiri and colleagues (2018) also
found no effect of sleep deprivation on intake. In their study they
measured which foods (including meals, and all other daily food items)
participants bought (and ate) during a three-night sleep restriction
period. Contrarily, some other studies did find that low sleep duration
related to a higher intake of food. For example, a cross sectional study
of Martinez et al. (2017) found that individuals with a lower sleep
duration had a higher intake of high carbohydrate foods. An experi-
mental study found that, after a night of total sleep deprivation com-
pared to a normal night’s sleep, subjects chose larger snack portions,
whereas the selection of meal items did not differ between the sleep
interventions (Hogenkamp et al., 2013). Though we found that liking of
LE foods was lower in the partially sleep deprived condition, intake of
LE foods was not affected. To summarize, it may be that sleep loss
primarily affects intake of snack-like foods high in energy (or carbo-
hydrates).

4.1. Limitations and strengths

Studies on (partial) sleep deprivation typically have investigated the
effects of 4 h (e.g., sleeping 4 h less than normal) deprivation or of total
sleep deprivation. In partial sleep deprivation studies this amount of
sleep deprivation is used to spare either the early or late phase of sleep
to investigate contributions of different types of sleep that occur at
these two stages (e.g. more slow wave sleep during the early phase and
more REM sleep during the late phase). In the current study we used a
partial sleep deprivation in which people sleep for 2 h covering both
early and late phases of sleep while still maintaining some sleep. This is
not unlike many real-world scenarios, people can periodically suffer
from extreme short sleep duration, as employed in the present study (eg
physicians on call-duty; parents of toddlers). Whether our results can be
applied to mild short sleep duration (e.g. 6 h of sleep per night) war-
rants, however, further investigation in future studies.
Another consideration is that our sample consisted of young, highly

educated, and healthy females. An advantage of this population is that
they are more likely to diet (Wardle et al., 2004) and generally score
higher on dietary restraint and thus enabled us to study self-control
(conflict). A score on the restraint eating scale of the DEBQ of 2.8 or
higher indicates actively restraining eating behavior with weight goals
in mind. (van Strien, Frijters, Bergers, & Defares, 1986). The median for
that score in our population was 2.7. Furthermore, our participants
indicated having weight concerns on a 9 point scale, where higher score
indicate more concerns. The median for that scores was 6, which sug-
gests our population was weight-concerned. A disadvantage is that the
population is not representative for the general population. Though
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effects of sleep deprivation on eating behavior or preference have been
shown for both genders (e.g., in men: (Brondel et al., 2010; Hogenkamp
et al., 2013), in females: (Bosy-Westphal et al., 2008); and in mixed
populations: (Nedeltcheva et al., 2009; St-Onge et al., 2012)), it has
been shown that some enzymatic activity (DPP-4) may be differentially
altered by sleep loss in men and women (Rångtell et al., 2018). It is
unknown whether effects of sleep deprivation depend on educational
level or age. Future research should establish whether the present
findings also hold for males and more diverse populations in terms of
age and education level. A strength of the study is that we assessed
liking and choice for a broad range of HE and LE products instead of
only one or a handful, as earlier studies did. This reduces the risk that
findings are specific to any specific HE or LE food. Moreover, partici-
pants were faced with choices based on their personal liking of food
items ensuring proper levels of conflict for each participant.
To conclude, this study suggests that increased energy intake and

relative liking for HE foods after partial sleep deprivation may not be
caused by an increased attractiveness of the HE alternatives but rather
by decreased attractiveness of the LE alternatives. Further, conflict
detection, as indexed by the amount of gaze switches between HE and
LE foods during choice, was lower in the partially sleep deprived con-
dition, though this did not translate into the selection of LE foods. Thus,
it may be that sleep-loss induced increases in intake are not because of
increased reward sensitivity or decreased self-control ability but rather
a combination of lower conflict detection ability and lower attractive-
ness of low energy alternatives.
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