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Increased Impulsivity in Response to Food Cues after
Sleep Loss in Healthy Young Men
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Christian Benedict

Objective: To investigate whether acute total sleep deprivation (TSD) leads to decreased cognitive con-
trol when food cues are presented during a task requiring active attention, by assessing the ability to
cognitively inhibit prepotent responses.

Methods: Fourteen males participated in the study on two separate occasions in a randomized, cross-
over within-subject design: one night of TSD versus normal sleep (8.5 hours). Following each nighttime
intervention, hunger ratings and morning fasting plasma glucose concentrations were assessed before
performing a go/no-go task.

Results: Following TSD, participants made significantly more commission errors when they were pre-
sented “no-go” food words in the go/no-go task, as compared with their performance following sleep
(+56%; P<0.05). In contrast, response time and omission errors to “go” non-food words did not differ
between the conditions. Self-reported hunger after TSD was increased without changes in fasting plasma
glucose. The increase in hunger did not correlate with the TSD-induced commission errors.
Conclusions: Our results suggest that TSD impairs cognitive control also in response to food stimuli in
healthy young men. Whether such loss of inhibition or impulsiveness is food cue-specific as seen in obe-
sity—thus providing a mechanism through which sleep disturbances may promote obesity develop-
ment—warrants further investigation.
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that are afflicted by obesity (11), although there is also evidence to the
contrary (12). Previous studies have found that both acute sleep
deprivation and obesity reduce the ability to inhibit prepotent
responses (13—15) —that is, obese as well as sleep-deprived humans
exhibit impulsive-like behavior—and that this decline is correlated

Introduction

A globally widespread decrease in habitual sleep length and the per-
centage of people reporting sleeping enough has paralleled an increase
in obesity prevalence during the last 3—4 decades. Today, more than

50% of inhabitants in countries such as the USA, the UK and Ger-
many report obtaining insufficient amounts of sleep during working
days (1). At the same time, more than 500 million people are currently
obese (2). Epidemiological evidence supports a link between sleep
duration and obesity (3), and insufficient sleep has been linked to cog-
nitive and metabolic mechanisms promoting weight gain (4-8).

At the cognitive level, acute loss of sleep has been found to decrease
activity in prefrontal brain regions (9,10), areas that are responsible
for cognitive inhibition and which also show reduced activity in those

with reduced activity in the right ventral prefrontal cortex in the set-
ting of sleep deprivation (13). Sleepiness has also been related to the
prefrontal regulation of eating behavior, with similar involvement of
the aforementioned prefrontal brain region (16). Furthermore, impul-
sivity has been found to be a defining trait of obese subjects (17-19).

Even though these separate lines of evidence exist for these two
inter-related phenomena, no study has so far examined whether
acute sleep deprivation reduces the ability to inhibit prepotent
responses upon presentation of food-related stimuli. Against this
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Figure 1 Experimental scheme. In a randomized crossover design, participants took part in two sessions, comprising normal sleep and nocturnal
wakefulness as the nighttime intervention (2230-0700 h; left panel). The sessions were separated by at least four weeks, and each session also
comprised a baseline night and day. In the morning following each intervention, hunger was rated with visual analog scales (VAS) at 0700 and 0800
h, and fasting plasma glucose (FPG) values were obtained at 0730 h (right panel). Following these assessments, participants performed the go/no-
go task. The task consisted of 10 blocks that alternated between non-food (Go-Stimuli, 12 probes per block) and food words (No-Go Stimuli, 4
probes per block). Of the 12 Go probes per block, a non-food word from each of the 12 categories was used. For the four No-Go probes per block,
these alternated between blocks between either healthy food words (odd blocks) or unhealthy food words (even blocks). The Go and No-Go stimuli
were presented for 500 ms, followed by a fixation cross for 1000 ms. Subjects were instructed to press a predefined button when Go stimuli were
presented, and to inhibit their prepotent response upon presentation of No-Go stimuli. The task was given in two matched versions (A/B), in a coun-
terbalanced order, and the number of commission and omission errors as well as the response times were recorded. Abbreviations: ms, millisec-

onds; wk, weeks.

background, the aim of this study was to determine if sleep depriva-
tion also alters the ability to withhold impulsive responses to food
stimuli in healthy young men. As especially effortful executive tasks
have been linked to changes in glucose availability (20), we also
analyzed fasting glucose values to examine whether this may
account for any observed effects following acute sleep deprivation.
Given that sleep deprivation has been shown to decrease the activity
of brain regions counteracting impulsive responses to food stimuli
(e.g. the right anterior cingulate cortex) (10) and impairs humans’
ability to suppress a prepotent response to non-food stimuli (13,14),
in the present study it was hypothesized that one night of total sleep
deprivation (TSD) would reduce the ability to exert cognitive inhibi-
tion in response to food-related stimuli.

Methods

Participants

Out of 15 male student participants taking part in both session of
the study, 14 were eligible for analysis (age 22.3 = 0.5 years; BMI
22.4 +0.5 kg/m?; 12 were right-handed; two left-handed). One sub-
ject had improperly recorded data from the go/no-go task. Thus, this
participant was not considered eligible for the present analysis. All
participants were non-smokers, of self-reported good health, and had
normal sleeping habits (7-9 hours of sleep/night; Pittsburgh Sleep
Quality Index score <5) (21). None of the participants had any
physical, neurological, or psychiatric diseases and all were free of
chronic medication. All participants gave written informed consent,
following which they were screened by a medical doctor (J.C.) who
also assessed health and sleep questionnaires and recorded anthropo-
morphic data. Participants also completed one-week-long pre-study
diaries detailing their sleep and eating habits as part of the screening
for participation in the study. Similar diaries were also completed
prior to each of the two study sessions. The presence of sleep distur-
bances was further excluded by EEG monitoring in a separate adap-
tation night that served to habituate subjects to the experimental set-
ting. The study was conducted in accordance with the Helsinki
Declaration and was approved by the Regional Ethical Review
Board in Uppsala (EPN 2012/477). Participants were financially
reimbursed for their participation in the study, which is registered
on ClinicalTrials.gov, number NCT018002535.

Study design and procedure

The experiment described herein was a component of a larger
study investigating sleep deprivation in relation to metabolism in
peripheral organs. Importantly, these metabolic measures were col-
lected after the go/no-go task was completed. All participants
described herein partook in two conditions (Sleep vs. TSD) of a
within-subject, randomized crossover study, in which each condi-
tion was separated by at least 4 weeks. For each condition, partici-
pants came to the lab two evenings before the experimental morn-
ing, and stayed in the lab until the experiments were conducted.
During this baseline period, participants were provided with a din-
ner, and slept the first night between 2230 and 0700 h. This was
followed by breakfast, lunch and dinner, with each meal providing
1/3 of each participant’s calculated daily energy requirement (based
on the Harris—Benedict equation, factored 1.2 for light physical
activity). Two 15-min supervised walks were scheduled during the
day and participants were otherwise free to engage in activities in
their rooms under sedentary conditions. Participants were blinded
to the experimental condition (i.e. Sleep vs. TSD) until being
informed of the respective condition 90 minutes in advance of
intervention onset. As illustrated (Figure 1), the nighttime interven-
tion spanned 2230 to 0700 h (Sleep or TSD). Lights were off
2230-0700 h in the sleep condition, during which Embla A10
recorders (Flaga hf, Reykjavik, Iceland) were used to monitor sleep
[with electroencephalography (EEG), electrooculography (EOG),
and electromyography (EMG)]. Standard criteria were used by a
scorer blinded to the hypothesis of the study to assess sleep stages
(J-E.B.) (22). In the TSD condition, participants were supervised to
ensure wakefulness and sedentary activity levels, and no food items
were provided. In the morning following each sleep intervention,
hunger was rated, at 0700 and 0800 h. In addition, the participants’
fasting plasma glucose was analyzed at 0730 h. Following these
assessments, the go/no-go task was performed at 0815 h.

Go/no-go task

To assess the ability to inhibit prepotent responses, a go/no-go
association task with food and non-food words was used (23). This
task has previously been linked to inhibition and activation of cort-
ical brain regions associated with cognitive control (24,25) and has
been linked to maladaptive eating behaviors, although there is also
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evidence to the contrary (26). Non-food and food-related words
represented go and no-go trials, respectively, and each word was
presented for 500 ms. Food word occurrence constituted a quarter
of the total words in the task and these words represented food
items whose consumption—as indicated by Likert scales—was
either considered as healthy (e.g. apple) or unhealthy (e.g. choco-
late) with respect to body weight, by young men and women in a
survey preceding the present study (data not shown). Importantly,
these subjects were of similar age (between 20 and 30 yrs) and
body weight (20 < BMI < 25 kg/m?) as the participants of the main
study. Non-food words were selected from 12 different categories,
such as clothing, office items, and music instruments. Each of the
10 blocks in the task contained 16 words, with 1 non-food word
from each of the 12 categories and 4 food words, which between
blocks alternated between either healthy foods (odd blocks) or
unhealthy foods (even blocks). The words for healthy and unheal-
thy food items are described in Supporting Information (Table S1).
Each trial (appearance of a word) was followed by a fixation cross
that appeared for 1000 ms. Subjects were instructed to use their
dominant hand to press a predefined keyboard button when words
not related to food appeared on the screen, but to withhold their
responses upon presentation of food-related words. They were fur-
ther instructed that the task was about both accuracy and speed,
and that they should only press after having perceived the whole
word. Response times were measured from the start of the word
presentation, and were analyzed for correct trials and errors of
commission and omission made (both expressed as percentage of
total possible errors) (26). Participants were monitored throughout
the task to ensure full attention in both conditions. Two versions
of the task were used in a randomized counterbalanced crossover
manner, with half of the participants starting with version A and
half starting with version B in their first experimental session, and
vice versa in the second experimental session. Each version (A/B)
was matched for individual word content and presentation order of
food and non-food items. The task utilized the Presentation soft-
ware package (Version 9, Neurobehavioral Systems, Davis, CA)
for laptop-based visual task presentation.

Biochemical analyses
Plasma glucose analysis was carried out on a chemistry analyzer
(Architect C16000, Abbott Laboratories).

Data analysis

Normal-distribution criteria of collected data were assessed with
Kolmogorov-Smirnov’s test of normality. As all variables were
found to be normally distributed, repeated measures analysis of
variance (ANOVA; Within-Subject factor: Sleep; plus Time for the
hunger variable; plus food category for the go/no-go parameters
commission errors and response time to no-go food stimuli) was
used to analyze the data. The investigated parameters related to the
performance on the go/no-go task (commission errors, omission
errors, response time) reflect different cognitive processes (commis-
sion errors representing conflict-monitoring processes; omission
errors and response time instead reflecting active attention). Thus,
no correction for multiple comparisons was done. Previous TSD
studies have shown increased hunger ratings (4,7,27) as well as
impaired decision making in response to food stimuli and
decreased alertness under conditions of TSD (6,28,29). Further,
previous experiments has shown that participants kept awake for

one to two nights perform worse on a go/no-go task using non-
food paradigms (13,14). Thus, planned contrasts were used for
comparisons of hunger and performance on the go/no-go task
between the sleep and TSD conditions. In contrast, when analyzing
fasting plasma levels of glucose, no planned contrasts were used,
as previous studies have not reported differences for this variable
between sleep and TSD (4,9,30). Pearsons’s correlation analysis of
individual ratios between conditions (i.e. TSD divided by Sleep)
was calculated to detect associations between TSD-induced changes
in hunger and the number of commission errors. All data analysis
was done using the SPSS software (Version 21, SPSS Inc., Chi-
cago, IL) and P-values below 0.05 were considered significant.
Data are presented as means = SEM.

Results

Go/no-go task and hunger ratings following sleep

interventions

For the go/no-go task, the number of commission errors—defined
when the participant failed to inhibit their prepotent response to
food stimuli—was significantly higher following TSD than follow-
ing normal sleep (25.4*5.6 vs. 16.3 £4.1% of total food words;
P =0.03 for the Sleep main effect, Figure 2). There was no interac-
tion between the sleep intervention and the interaction term food
category (healthy- vs. unhealthy food stimuli, P =0.16). The num-
ber of omission errors—defined when the participant failed to
respond to non-food stimuli—was not significantly different between
the two conditions (1.73 £0.52 vs. 1.07 £ 0.52% of total non-food
words; P =0.17 for the Sleep main effect). The average response
time (i.e. time from stimulus presentation to pressing the button)
was not significantly different between the two conditions, even
when comparing go (610 £39 vs. 623 =38 ms; P =0.32 for the
Sleep main effect) and no-go responses (642 + 61 vs. 605 = 51 ms;
P =0.22 for the Sleep main effect; P =0.91 for the Sleep X food
category interaction effect).

Hunger ratings were significantly different between the two condi-
tions, with subjects displaying higher hunger at both 0700 and 0800
h following TSD vs. Sleep (63 =6 vs. 27 =5 mm at 0700 h; 59 =7
vs. 436 mm at 0800 h, P <0.001 for the Sleep main effect,
P <0.004 for the Sleep X Time interaction). There were however no
significant correlations between the ratio of hunger ratings at 0800
h—the rating closest to the go/no-go task—and the ratio of commis-
sion errors (r =-0.10, P = 0.72).

Glucose values

There were no significant differences between the conditions TSD
and sleep in glucose values (5.2*0.1 vs. 54=0.1 mmol/l;
P =0.14 for the Sleep main effect) at 0730 h on the morning of the
go/no-go task.

Sleep data

Sleep during the intervention night of the sleep condition was typi-
cal for laboratory sleep. Participants’ sleep data were as follows:
total sleep time: 484 =3 min; time awake after sleep onset: 19 + 3
min; latency to sleep-onset was 25 *= 3 min; sleep efficiency was
96.1 = 0.5%. Time in sleep stage 1: 11 =3 min; sleep stage 2:
229 = 6 min; slow-wave sleep (SWS): 104 £8 min; rapid eye
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Figure 2 Results from the go/no-go task. Hunger (rated at 0700 and 0800 h) (A)
and the rate of commission errors (B1; left panel) was significantly higher following
the wake condition (total sleep deprivation) than after sleep. In contrast, the rate of
omission errors (B1; right panel) and the response time to food and non-food
words (B2) were not significantly different between the conditions. Abbreviations:
*P < 0.05; **P < 0.01; msec, milliseconds; ns, not significant; RT, response time.

movement (REM) sleep: 121 *6 min. Baseline period sleep
recordings had similar characteristics and did not differ between
the two conditions (data not shown).

Discussion

Sleep-deprived healthy young men were more likely to make com-
mission errors in a go/no-go task. As this task requires participants
to pay active attention to avoid prepotent answers when food-related
words are presented, our findings therefore suggest that acute sleep
loss in normal-weight men reduces the ability to exert cognitive
inhibition toward food stimuli. Importantly, no differences were
seen in the rate of omission errors or response times for food (no-
go) and non-food related (go) stimuli, which reinforces the notion
that the observed differences were not due to differences in partici-
pants’ motivational state or active attention to the task. Impaired
performance on this task has previously been found in obese versus
normal-weight subjects (15). Based on previous studies showing that
sleep deprivation and restriction predispose individuals to gain
weight (4,5,16,31,32), as well as make poor choices specifically in
relation to food exposure (6,7,33), our findings provide an additional
potential cognitive mechanism for such associations. Importantly, a
version with non-food related words as no-go stimuli was not uti-
lized in the present study. However, others have shown that sleep
loss also lowers inhibitory capacity to non-food stimuli in humans
(13,14). Thus, it must be borne in mind that our study findings
might be elicited by a generally, and not food-specific, lower inhibi-
tory capacity following sleep loss.

Impulsivity as a trait—measured by self-reported assessments and a
behavioral task—has been linked to increased food intake even in
subjects of normal weight (17). Sleep deprivation has not only been
linked to increased feelings of hunger (5,7,27), but also to increased
portion sizes and food purchasing (6,7). The latter could serve as a
proxy for increased impulsive-like or riskier behavior following
sleep loss, especially in light of other findings of altered and
increased risk behavior following TSD (28). Together with increased
sensitivity toward reward-generating food stimuli as a consequence
of sleep loss (8-10), even a general increase in impulsive-like behav-
ior could be of relevance for increasing the risk of making poor
food choices following sleep loss, via reduced “top-down” or inhibi-
tory control (6,20). Accordingly, a meta-analysis on obese vs. lean
subjects and other findings examining the go/no-go task, would
argue for an increased cognitive demand to achieve successful inhi-
bition in both obesity and perhaps following sleep loss (12,24). With
this line of reasoning, in the setting of sleep deprivation, whether
acute or chronic, individuals may exhibit more impulsive-like behav-
ior, seeking out more high-caloric rewarding foods to consume
directly (7), or purchase more calories for later consumption (6).
Coupled with decreased energy expenditure by sleep deprivation in
and of itself (4), such behaviors may ultimately result in a shift in
energy balance that leads to an increased risk of becoming obese.

Several studies have shown that obese subjects show impaired inhi-
bition, as compared with healthy-weight subjects (17-19). In a pro-
spective study of obese women performing a task examining execu-
tive functions, decreased activity in frontal regions was linked to an
increased rate of weight gain over a 1.3-2.9-year period (34). Inter-
estingly, studies have also shown that obese subjects exhibit
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selective attentional bias toward food-related stimuli (35-37). Yokum
et al. found that BMI correlated positively with response time to
food vs. non-food related images in adolescent girls ranging from
lean to obese (36). Sleep deprivation may therefore induce an
obesity-like behavioral phenotype. In this scenario, attentional bias
to food stimuli in sleep-deprived participants would make them
respond more (albeit inaccurately) to no-go food stimuli, which in
combination with lower executive functioning would impair their
cognitive inhibitory capacity, leading to an increase in commission
errors. Adding further grist to the mill, studies utilizing functional
magnetic resonance imaging (fMRI) have found that sleep loss alters
the activity of frontal lobe brain regions that play an important role
for response inhibition in humans (9,10,13). To which extent such
changes may contribute to the observed reduced inhibitory capacity
in response to food cues warrants further investigation.

The increased rate of commission errors in sleep-deprived subjects
upon exposure to food-related words could also potentially be related
to the availability of systemic glucose for the brain. Especially effort-
ful executive tasks have been linked to changes in glucose availability
(20). No differences in blood glucose levels were however found in
fasting blood samples from the participants. It should however be
noted that a reduced glucose sensitivity can also impair performance
on executive tasks (20). As previous studies have shown that sleep
deprivation—even just a single night—reduces systemic insulin sensi-
tivity, this explanation can therefore not be ruled out (31).

Strengths and limitations

A strength of our findings was that while we observed an increased
rate of commission errors, there were no significant differences in the
rate of omission errors or the response time to the go and no-go blocks
of our go/no-go task, suggesting that differences in the performance
on the task were not due to differences in the motivational state
between the two tested conditions. Nevertheless, our study has several
limitations. Participants were sleep-deprived for an entire night, which
is more similar to the experience of shift workers, which nevertheless
constitute up to 20% of today’s workforce (38,39). We did further-
more not contrast the go/no-go paradigm with one without food-
related stimuli as no-go trials; and studies have indicated that both
obese and normal-weight people may show differences when these
opposing paradigms are used (40). However, other studies have shown
that sleep deprivation can even impair response inhibition to simple
letters or symbols (13,14). The effects of sleep deprivation on cogni-
tive inhibitory control was not specific toward the food category, as
observed, for example, in obese vs. healthy subjects (15). Possible
explanations for this could be the sample size or a possible mismatch
for the chosen food words, which were divided into the categories
“healthy” and “unhealthy” food items, rather than e.g. low- and high-
calorie food items, respectively. Individual food preferences, which
were not tested, could also have played a role. Furthermore, as we did
not test the participants’ food choice and food intake following the go/
no-go task, we cannot make inferences as to what extent their
enhanced impulsive-like response to food stimuli would predispose
them to poor food choices.

Conclusions

Our study extends previous findings of reduced inhibitory capacity
in sleep-deprived subjects (13,14) to also include reduced inhibitory

Increased Food Cue Impulsivity after Sleep Loss Cedernaes et al.

control in response to food-related stimuli. The present findings
thereby add further evidence to the involvement of higher cognitive
functions in the previously found associations between sleep loss
and increased food intake. In the setting of chronically insufficient
sleep, such impaired cognitive inhibition or attentional bias to food
stimuli may thereby in the long run predispose even healthy young
individuals to gain weight. While this study provides evidence that
sleep-deprived men show impulsive-like behavior when viewing
food-related stimuli, an important next step is to verify in an fMRI-
setting, whether this effect is driven by an increased bottom-up
response, decreased or impaired cognitive control, or both. Finally,
whether these findings extend to other conditions, such as postpran-
dially, under partial sleep deprivation or chronically poor sleep hab-
its, or in females or older participants, is currently unknown and
would be worth investigating. O
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