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Study Objectives: Insufficient sleep leads to overconsumption, but the factors contributing to this effect are poorly understood. Therefore, we assessed the
influence of prolonged curtailment of sleep on free-living eating patterns linked with overconsumption and explored associations of these eating patterns with diet
quality under different sleep conditions.
Methods: Sixty-five adults (47 females) participated in outpatient randomized crossover studies with two 6-week conditions: adequate sleep (7–9 h/night) and
sleep restriction (21.5 h/night relative to screening). Food records were collected over 3 nonconsecutive days, from which we ascertained data on eating
frequency, midpoint, and window and intakes of energy and nutrients. Linear mixed models were used to assess the impact of sleep condition on change in eating
pattern (sleep3 week interaction) and the relation between eating patterns and dietary intakes (sleep3 eating pattern interaction).
Results: Sleep condition impacted the change in eating frequency across weeks, with eating frequency increasing in sleep restriction relative to adequate sleep
(β = 0.3 ± 0.1; P = .046). Across conditions, eating more frequently tended to relate to higher energy intakes (β = 60.5 ± 34.6; P = .082). Sleep also influenced the
relation of variability in eating midpoint with intakes of saturated fat (β = 6.0 ± 2.1; P = .005), polyunsaturated fat (β =23.9 ± 2.0; P = .051), and added sugar
(β = 17.3 ± 6.2; P = .006), with greater midpoint variability associated with more adverse changes in these diet quality components in sleep restriction vs adequate sleep.
Conclusions: Chronic short sleep increases eating frequency and adversely influences associations of variability in meal timing with components of diet quality.
These findings help to explain how short sleep leads to overconsumption and obesity.
Clinical Trial Registration: Registry: ClinicalTrials.gov; Name: Impact of Sleep Restriction in Women; URL: https://clinicaltrials.gov/ct2/show/NCT02835261;
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Short sleep leads to overeating and is associated with higher risk for obesity. Longer time awake provides greater
opportunity to eat under conditions of short sleep.
Study Impact: Interventions for preventing obesity and other cardiometabolic diseases should incorporate information on sleep duration to make dietary
counseling more effective. Reducing variability in meal frequency, meal timing, and/or eating window should be tested as potential countermeasures to the
adverse dietary effects of short sleep.

INTRODUCTION

Over one-third of US adults fail to achieve the recommended
7 hours of sleep per night.1 This is of concern given consistent
evidence of a role of suboptimal sleep in promoting adverse
health outcomes, including obesity2 and other cardiometabolic
diseases.3 While it is clear that a key driver of these associations
is a shift toward higher energy intakes4 and poorer diet qual-
ity5–7 in response to short sleep, the mechanisms underlying
these effects are poorly characterized. It has been postulated
that these orexigenic effects of sleep loss could be due, in part,

to prolonged eating window and increased opportunity to eat
with less time spent asleep.8

The frequency and timing of eating, and their variability across
days, were highlighted as emerging determinants of cardiometa-
bolic health.9 Although there are mixed results across different
populations, studies in US adults demonstrate a positive associa-
tion between eating frequency and measures of abdominal obe-
sity,10,11 and there is evidence of higher energy intakes among
those eating more frequently.12,13 There is also growing support
for adverse cardiometabolic effects of later mealtimes and longer
eating windows. A small experiment from our lab showed that
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delaying mealtimes relative to a fixed sleep period increased
24-hour energy intake by > 400 kcal compared to earlier meals.14

Similarly, some studies find that restricting the eating window
reduces caloric intakes among populations with metabolic dis-
eases.15,16 Variability in these eating patterns may also be a deter-
minant of obesity and cardiometabolic risk. We have shown that
greater interdaily variability in time of first meal and nightly fast-
ing duration, a proxy for eating window, tended to relate to higher
waist circumference and body mass index (BMI), respectively, in
a cross-sectional study of US women.17

Given the growing body of literature on the role of eating pat-
terns and their day-to-day regularity in determining weight-related
outcomes, it is plausible that these factors could explain shifts
toward positive energy balance under conditions of short sleep.
Indeed, there are studies to suggest that sleep curtailment could
alter the frequency, timing, or window of eating in ways that
adversely impact cardiometabolic health. Population-based data
show that adults with short sleep have longer eating windows than
their adequate sleeping counterparts.18,19 Moreover, we found that
severe sleep restriction (SR) over 4 nights leads to greater meal
frequency alongside higher energy and fat intakes,6 although we
did not directly relate changes in eating frequency to diet quantity
and quality. Given that much of the existing data linking sleep
duration with eating patterns are observational, and intervention
studies induce severe SR, longer-term intervention studies that
more closely mimic real-life situations are needed. Such studies
would allow us to test the underlying hypothesis that short sleep
influences food intake via increased opportunity to eat.

In the current study, we exposed individuals to two 6-week
sleep conditions in a random order and evaluated eating patterns
and dietary intakes during each condition. The aims of this inves-
tigation were to test the effects of prolonged, mild SR on eating
patterns (eating frequency, eating window length, and eating
midpoint) and to assess associations of these eating patterns, and
their regularity, with dietary outcomes predictive of cardiometa-
bolic risk. In addition, we sought to explore whether associations
of eating patterns with diet outcomes differed under various sleep
duration conditions (SR vs adequate sleep [AS]).

METHODS

Study participants
Adults from the New York City area who were 20–75 years old
and had BMI 25–35, or 20–24.9 kg/m2 with ≥ 1 parent with
obesity, were recruited to participate in clinical trials of pro-
longed mild sleep curtailment between 2016 and 2020. Eligible
participants were free of neurological, psychiatric, metabolic,
and cardiovascular diseases and had healthy habitual sleep,
including good sleep quality (scored≤ 5 on the Pittsburgh Sleep
Quality Index20), low daytime sleepiness (< 10 on the Epworth
Sleepiness Scale21), low risk for sleep apnea (Berlin Question-
naire22), and no other sleep disorders (Sleep Disorders Ques-
tionnaire23). Participants were excluded if they had delayed or
advanced sleep phase (Morningness-Eveningness Question-
naire24), took daytime naps, worked nontraditional day hours or
overnight, planned to travel across time zones over the course
of the study, or had a history of smoking or substance abuse,

excessive caffeine intake (> 300mg/d), or recent weight change
(± 2.5 kg in the previous 3 months). Females taking oral contra-
ceptives or hormone replacement therapy and those who were
pregnant or within 1 year postpartum were also excluded.

Participants meeting all predefined eligibility criteria under-
went a 2-week sleep screening with wrist actigraphy (GT33+,
Actigraph LLC, Pensacola, FL) and nightly sleep diaries to
determine habitual sleep. Those with AS, defined as achieving
an average of ≥ 7 hours total sleep time over 14 nights with < 4
nights with sleep duration < 6 h/night, were invited to partici-
pate in the study. Data for this analysis were collected between
August 2016 and March 2020, at which point research was
paused due to the COVID-19 pandemic. The analytic sample
comprised all participants who had completed the study prior to
March 2020. The participant flow chart is provided in Figure 1.
All research methods and procedures were performed in accor-
dance with the Declaration of Helsinki for human studies and
were approved by the institutional review board of Columbia Uni-
versity Irving Medical Center (New York, NY). Participants were
given the opportunity to ask questions about the projects prior to
providing informed consent. Along with informed consent, parti-
cipants were required to certify that they would not operate a
motor vehicle during the SR phase. The clinical trials are regis-
tered on clinicaltrials.gov (NCT02960776, NCT02835261).

Sleep protocol
This evaluation combines data from 2 randomized crossover
outpatient studies with identical sleep protocols. Namely, both
studies were comprised of 2 sleep conditions of 6 weeks each:
AS, consisting of scheduled sleep ≥ 7 h/night based on their
screening data; and SR, consisting of scheduled sleep with a
1.5-hour delay in bedtimes relative to screening, with consistent
wake time, to achieve a reduction of �90minutes in total sleep
time. Sleep was monitored by wrist actigraphy using the Acti-
graph GT33+ and scored using the Cole-Kripke algorithm
(ActiLife software version 6, ActiGraph, Pensacola, FL). Parti-
cipants completed night sleep diaries to assist with scoring of
nightly sleep episode. Sleep data were verified by research staff
weekly for adherence. Participants were randomized to either
SR or AS in phase 1 using a random digit generator; phase 2
was the alternate sleep condition. This was revealed by the
research assistant at the completion of the baseline visit. Due to
the nature of the intervention, blinding was not possible. Study
phases were separated by a 4- to 6-week washout period.

Assessment of eating patterns and dietary intakes
At baseline, week 3 (n = 28), and endpoint of each study phase, par-
ticipants completed 3-d food records on 2 nonconsecutive week-
days and 1 weekend day. At the baseline visit of each study phase,
participants were given written and verbal instructions for complet-
ing the food records, including methods for estimating food
amounts. Participants were also encouraged to provide images of
the foods that they consumedwith a standard-sized reference object
in the image when possible (eg, ruler, US dollar bill) to aid in por-
tion size estimation. They were also told to report the precise times
when food and beverages were consumed.
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Food records were entered into the Nutrition Data System
for Research (University of Minnesota, Minneapolis, MN) for
nutrient analysis. Prior to data entry, records were reviewed by
research staff with the participant to verify unclear descriptions,
errors, omissions, or potentially implausible entries. Data were
exported from Nutrition Data System for Research and aver-
aged over the 3-day collection period for each participant. Diet
outcomes of interest were intakes of energy, macronutrients,
including saturated fat (SFA), mono- (MUFA) and polyunsatu-
rated (PUFA) fats, and dietary glycemic index given their roles
in determining cardiometabolic outcomes.25–27

Information on eating patterns was also ascertained from
food records. Participants labeled each eating occasion as
breakfast, brunch, lunch, snack, dinner/supper, or beverage only.
An eating occasion was defined as any eating/drinking episode
providing at least 50kcal (210kJ) separated by > 15minutes9

that occurred between wake time and bedtime and eating
frequency was the sum of all eating occasions in a single day.

The eating window was defined as the time elapsed between the
first and last eating occasion of the day. The midpoint of the eat-
ing window was the clock time at the halfway point of the eating
window. The standard deviation (SD) of eating frequency, eating
window, and midpoint of eating over 3 days provided indices of
variability of eating behaviors for each participant.

Statistical analysis
Baseline characteristics of the analytic sample are summarized as
Mean ± SD for continuous variables and count (%) for categorical
variables. Independent sample t tests were used to evaluate mean
differences in descriptive characteristics between males and
females for continuous variables. Linear mixed models were used
to evaluate how the effect of eating pattern (eating frequency, win-
dow,midpoint, and their variability) on energy and nutrient intakes
changes differentially over time for sleep condition (SR vs AS). In
separate models, measures of food intake were used as outcome
variables, and variables for eating pattern were used as

Figure 1—CONSORT diagram for the analytic sample.
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independent variables. Further, sleeping condition (SR vs AS) and
Week of measurement were used as independent variables as well.
To evaluate how eating pattern and intake differentially change
over time with sleep conditions (SR vs AS), we have also included
interactions between sleep condition, week, and eating pattern in
the model. We used sex (female vs male), age, and energy (kcal) as
covariates in an initial model. Sex and age were dropped from the
model if not found to be significant, but kcal was always kept in the
final model. When energy (kcal) was the outcome variable, it was
not used as a covariate. Subject was used as a random effect. Given
limited power to detect interactions and our interest in assessing
relations of eating patterns with diet outcomes under different sleep
conditions, we also conducted linear model analyses evaluating
associations of eating patterns with dietary intakes stratified by
sleep condition. The R software version 3.6.1 was used for statisti-
cal analyses. Results are presented as b ± SE and were considered
significant atP < .05 and approaching significance atP < .10.

RESULTS

Participant characteristics
Descriptive characteristics of the analytic sample are provided
in Table 1. Of the 65 participants included in analyses, 47 were
female (72.3%) and 44 identified as a racial and/or ethnic minor-
ity (67.7%). Average sleep duration at screening was 7 hours

37 minutes with a bedtime of 23:17. Participants reduced their
total sleep time by 93.7± 4.1min/d (relative to screening) during
SR vs 15.1± 4.1min/d during AS (sleep3 week interaction P =
.001). No differences between the sexes were observed for any
measures except midpoint of sleep (P = .044) and eating (P =
.026), which were both later in males compared to females.

The effect of sleep condition on eating patterns
Participants increased their eating frequency (sleep condition3
week: b = 0.3 ± 0.1; P = .046) and tended to increase the length
of their eating window (b = 0.4 ± 0.2; P = .090) during SR rela-
tive to AS. The change in eating midpoint or variability of eat-
ing behaviors across weeks did not differ by sleep condition (all
P > .10). Raw means for eating pattern outcomes at baseline and
endpoint of each sleep condition are represented in Table S1 in
the supplemental material.

Associations between eating patterns and diet under
different sleep conditions

Exposure: eating frequency

At baseline, in AS, eating more frequently tended to relate to
higher intakes of energy (b = 60.5 ± 34.6; P = .082) and MUFA
(b = 1.0 ± 0.6; P = .071). For week 0, MUFA intake is signifi-
cantly less for SR than AS in participants with higher eating

Table 1—Characteristics of the analytic sample at baseline.*

Total (n = 65) Male (n = 18) Female (n = 47)

Demographic and Health

Age (y) 35.2 ± 13.0 32.4 ± 11.6 36.2 ± 13.5

BMI (kg/m2) 26.1 ± 3.6 26.8 ± 3.4 25.8 ± 3.6

Race/ethnicity

Non-Hispanic White 22 (34) 6 (33) 16 (34)

Non-White or Hispanic 43 (66) 12 (67) 31 (66)

Education

≥ College degree 54 (83) 13 (72) 41 (87)

< College degree 11 (17) 5 (28) 6 (13)

Sleep Behaviors

Sleep duration (min) 457 ± 23 459 ± 26 441 ± 21

Sleep efficiency (%) 91.4 ± 2.9 90.6 ± 2.9 91.7 ± 2.9

Midpoint of sleep (hh:mm) 03:50 ± 01:02 04:14 ± 00:51a 03:42 ± 01:02b

Bedtime (hh:mm) 23:17 ± 02:57 22:52 ± 05:25 23:26 ± 01:03

Eating Patterns

Eating frequency (#) 4.5 ± 1.4 3.9 ± 1.2 4.7 ± 1.4

Eating window (h) 10.8 ± 1.8 10.9 ± 1.8 10.8 ± 1.9

Eating midpoint (hh:mm) 14:33 ± 01:04 15:02 ± 0:43a 14:22 ± 01:08b

SD eating frequency (#) 0.8 ± 0.5 0.7 ± 0.4 0.8 ± 0.5

SD eating window (h) 1.8 ± 1.2 1.7 ± 0.8 1.9 ± 1.3

SD eating midpoint (hh:mm) 0:48 ± 0:26 0:41 ± 0:19 0:51 ± 0:29

Values are presented as mean ± SD or n (%). *Row values with different letters differ significantly (P < .05) based on results of an independent samples t-test.
BMI = body mass index, SD = standard deviation.
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frequency (sleep condition3 eating frequency: b =22.2 ± 0.8;
P = .004). However, we observed more MUFA intake increase
over time for SR than AS, with increased eating frequency
(sleep condition3 week3 eating frequency: b = 0.6 ± 0.2; P =
.003). Results of stratified analyses demonstrated that, during
SR, eating more frequently was associated with lower total
intake of fat (b =23.3 ± 1.2; P = .013) but higher intakes of car-
bohydrate (b = 9.2 ± 3.2; P = .006) and added sugars (b =
6.2 ± 1.9; P = .002) (Table 2). During AS, no association of eat-
ing frequency with nutrient intakes was detected.

Exposure: eating window

At baseline, in AS, no associations were observed between
length of eating window and dietary intakes (all P > .10). We
observed more MUFA intake increase over time for SR than

AS, with increased eating window (sleep condition 3 week 3
eating window: b = 0.4 ± 0.1; P = .001). Further, for week 0,
sugar intake in SR trended higher for participants with longer
eating window, as compared to AS (sleep condition 3 eating
window: b = 2.3 ± 1.3; P = .081). In preplanned analyses strati-
fied by sleep condition, no associations between duration of eat-
ing window and diet outcomes achieved statistical significance
in either AS or SR (Table 2).

Exposure: eating midpoint

Across both sleep conditions, no significant associations were
detected between timing of eating midpoint and dietary intakes,
and there was no effect of sleep condition on the relation
between eating midpoint and diet outcomes (Table 2). In analy-
ses stratified by condition, later eating midpoint was associated

Table 2—Associations of eating patterns with dietary intakes under different sleep conditions.

Exposure Outcomea β ± SE: AS and SRb β ± SE: AS Onlyb β ± SE: SR Onlyb

Eating frequency Energy (kcal) 60.5 ± 34.6# 41.6 ± 36.7 68.5 ± 40.2#

Total fat 0.7 ± 1.1 0.2 ± 1.1 23.3 ± 1.3**

SFA 20.5 ± 0.6 20.8 ± 0.7 21.2 ± 0.6

MUFA 1.0 ± 0.6# 0.9 ± 0.6 21.0 ± 0.6#

PUFA 20.0 ± 0.5 0.1 ± 0.6 21.0 ± 0.6#

Protein 1.1 ± 1.3 0.9 ± 1.5 0.5 ± 1.4

Carbohydrate 21.4 ± 2.8 0.4 ± 2.9 9.2 ± 3.2**

Fiber 0.3 ± 0.5 0.3 ± 0.6 1.0 ± 0.6

Added sugar 21.3 ± 1.7 20.7 ± 1.7 6.2 ± 1.9*

Dietary GI (units) 20.5 ± 0.4 20.2 ± 0.4 20.4 ± 0.5

Eating window Energy (kcal) 22.5 ± 20.5 4.6 ± 21.2 17.6 ± 22.3

Total fat 0.2 ± 0.6 0.4 ± 0.6 20.9 ± 0.7

SFA 20.1 ± 0.3 20.1 ± 0.4 20.4 ± 0.3

MUFA 0.2 ± 0.3 0.3 ± 0.3 20.4 ± 0.3

PUFA 0.2 ± 0.3 0.3 ± 0.3 0.1 ± 0.3

Protein 20.1 ± 0.7 20.5 ± 0.9 0.0 ± 0.7

Carbohydrate 1.0 ± 1.6 1.2 ± 1.6 2.9 ± 1.7#

Fiber 0.3 ± 0.3 0.4 ± 0.3 0.3 ± 0.3

Added sugar 20.8 ± 1.0 20.9 ± 1.0 1.6 ± 1.0

Dietary GI (units) 1.7 ± 0.2 0.0 ± 0.2 0.2 ± 0.2

Eating midpoint Energy (kcal) 4.3 ± 43.6 8.9 ± 45.3 1.8 ± 42.4

Total fat 1.6 ± 1.4 1.2 ± 1.4 0.0 ± 1.3

SFA 1.0 ± 7.2 0.9 ± 0.9 20.4 ± 0.6

MUFA 0.9 ± 7.1 0.7 ± 0.7 0.2 ± 0.6

PUFA 20.2 ± 0.7 20.3 ± 0.7 0.4 ± 0.6

Protein 22.4 ± 1.6 22.9 ± 1.9 20.5 ± 3.6

Carbohydrate 20.3 ± 3.4 0.9 ± 3.5 0.7 ± 3.3

Fiber 20.2 ± 0.7 20.0 ± 0.7 1.1 ± 0.6#

Added sugar 1.7 ± 2.1 0.5 ± 2.1 24.0 ± 1.9*

Dietary GI (units) 0.1 ± 0.5 20.4 ± 0.5 20.4 ± 0.5

aUnits are grams (g) unless indicated otherwise in the table. bResults of multivariable linear regressions adjusted for age, sex, week, and total energy intake
(except for the outcome of energy intake). #P < .10; *P < .05; **P < .01. AS = adequate sleep, GI = glycemic index, MUFA = monounsaturated fat, PUFA =
polyunsaturated fat, SFA = saturated fat, SR = sleep restriction.
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with lower sugar intakes (b = 24.0 ± 1.9; P = .041) during SR.
No associations between eating midpoint and dietary intakes
were detected during AS (all P > .10).

Associations between eating pattern variability and
diet under different sleep conditions

Exposure: variability in eating patterns

Across both sleep conditions, greater variability in eating fre-
quency (b = 27.0 ± 3.0; P = .021) and eating window duration
(b = 23.4 ± 1.5; P = .020) across days were associated with
lower protein intakes (Table 3). Higher variability in eating
midpoint was associated with higher PUFA intakes (b =
3.2 ± 1.5; P = .031). When considering an effect of sleep condi-
tion on the relation between eating pattern variability and diet

outcome across weeks, a 3-way interaction was detected for
sugar intakes. We observed higher sugar intake (indicating
increase in added sugar consumed) over time for SR than AS,
with increased eating frequency variability (sleep condition 3
week3 eating frequency variability: b = 3.7 ± 1.5; P = .014).

There was a sleep condition 3 eating midpoint variability
interaction on intakes of added sugars (b = 17.3 ± 6.2; P = .006)
(Figure 2A) and SFA (b = 6.0 ± 2.1; P = .005) (Figure 2B),
and a trend for PUFA (b = 23.9 ± 2.0; P = .051) (Figure 2C).
Namely, greater midpoint variability was associated with
increased sugar intakes in SR but not in AS, and SFA intake
tended to increase in SR and decrease in AS. Similarly, PUFA
intake increased in AS but not in SR (Table 2). No additional
associations between eating pattern variability and dietary
intakes were observed in analyses stratified by sleep condition.

Table 3—Associations of eating pattern variability with dietary intakes under different sleep conditions.

Exposure Outcomea β ± SE: AS and SRb β ± SE: AS onlyb β ± SE: SR onlyb

SD eating frequency Energy (kcal) 12.1 ± 85.5 51.9 ± 91.8 140.4 ± 104.9

Total fat 0.1 ± 2.7 0.9 ± 2.7 2.7 ± 3.3

SFA 21.5 ± 1.4 21.6 ± 1.7 20.3 ± 1.6

MUFA 1.8 ± 1.4 1.8 ± 1.4 2.4 ± 1.6

PUFA 0.1 ± 1.3 1.0 ± 1.4 0.9 ± 1.5

Protein 27.0 ± 3.0* 26.3 ± 3.7# 25.0 ± 3.6

Carbohydrate 2.0 ± 6.7 0.2 ± 7.0 23.9 ± 8.4

Fiber 1.1 ± 1.3 20.1 ± 1.4 21.8 ± 1.6

Added sugar 0.8 ± 4.1 4.3 ± 4.2 27.4 ± 5.0

Dietary GI (units) 20.4 ± 1.0 0.0 ± 1.0 21.1 ± 1.2

SD eating window Energy (kcal) 270.8 ± 40.9# 283.6 ± 43.7# 252.1 ± 41.1

Total fat 1.4 ± 1.3 1.5 ± 1.3 1.1 ± 1.3

SFA 20.0 ± 0.7 20.3 ± 0.9 0.7 ± 0.6

MUFA 0.9 ± 0.7 0.6 ± 0.7 0.7 ± 0.6

PUFA 0.6 ± 0.6 1.0 ± 0.7 20.3 ± 0.6

Protein 23.4 ± 1.5* 22.4 ± 1.8 22.7 ± 1.4#

Carbohydrate 21.0 ± 3.2 22.1 ± 3.4 22.9 ± 3.3

Fiber 20.0 ± 0.6 20.8 ± 0.7 20.7 ± 0.6

Added sugar 20.6 ± 2.0 21.0 ± 2.1 2.2 ± 2.0

Dietary GI (units) 0.0 ± 0.5 0.2 ± 0.5 20.2 ± 0.5

SD eating midpoint Energy (kcal) 243.0 ± 95.2 274.7 ± 100.4 259.5 ± 102.1

Total fat 1.9 ± 3.0 1.8 ± 3.0 1.6 ± 3.1

SFA 22.7 ± 1.6# 23.3 ± 1.9# 2.5 ± 1.5#

MUFA 1.9 ± 1.5 1.7 ± 1.6 20.5 ± 1.5

PUFA 3.2 ± 1.5* 3.9 ± 1.5* 20.3 ± 1.4

Protein 20.2 ± 3.4 1.3 ± 4.1 25.7 ± 3.3#

Carbohydrate 26.0 ± 7.4 27.8 ± 7.7 22.1 ± 8.0

Fiber 20.4 ± 1.4 21.5 ± 1.5 22.4 ± 1.5

Added sugar 25.8 ± 4.6 26.5 ± 4.7 10.9 ± 4.7*

Dietary GI (units) 20.7 ± 1.1 0.2 ± 1.1 0.3 ± 1.1

aUnits are grams (g) unless indicated otherwise in the table. bResults of multivariable linear regressions adjusted for age, sex, week, and total energy intake
(except for the outcome of energy intake). #P < .10; *P < .05; **P < .01. AS = adequate sleep, GI = glycemic index, MUFA = monounsaturated fat, PUFA =
polyunsaturated fat, SFA = saturated fat, SR = sleep restriction.
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DISCUSSION

This is the longest study to date that simulates real-life short
sleep conditions to assess the influence of insufficient sleep on
eating patterns linked with overconsumption and cardiometa-
bolic disease risk. As has been suggested,8 we find that pro-
longed mild curtailment of sleep increased eating frequency
and tended to prolong the eating window. These eating patterns
were generally associated with higher energy intakes, which
tended to be more pronounced during SR. Moreover, specifi-
cally in the context of SR, higher variability in eating midpoint
was associated with lower PUFA along with higher SFA and
sugar intakes, representing a dietary pattern associated with
poor cardiometabolic health profile.28

Our results support observational findings of associations
between short sleep duration and longer eating window18,19 and
provide causal validation for the postulation that prolonged
time awake increases eating opportunities leading to higher
energy intake and poorer diet quality.8 Furthermore, we con-
firm data from a model of acute, severe SR demonstrating
increased eating frequency under conditions of short sleep.6

Taken together, our data provide further support for a key role
of the nonhomeostatic drive to eat as a key driver of observed
effects of insufficient sleep on shifts to positive energy balance.

Prior research relating eating frequency with dietary profiles
has provided mixed findings. Some studies report favorable die-
tary patterns with higher eating frequency,29–31 rationalized by
increased likelihood of active lifestyle and greater energy expen-
diture in those with more frequent eating occasions.32 In contrast,
other studies report that greater meal frequency relates to higher
energy intakes,13 and, in particular, higher snacking frequency is
consistently associated with lower diet quality.30,33 Notably, none

of those studies have considered a potential influence of sleep
duration on these relations. This is important because we note
more pronounced increase in energy intakes along with reduc-
tions in healthful fats and increases in added sugars with higher
eating frequency specifically under conditions of SRwhile dietary
quality was not altered with greater eating frequency during AS.

Day-to-day variability in eating patterns had mild associa-
tions with diet quality in this study with sleep impacting these
relations. Greater variability in eating frequency and duration
of the eating window was associated with reduced protein
intakes with similar associations in both conditions. Greater
variability in timing of the eating window (eating midpoint) had
opposite associations in AS and SR with regards to added sugar,
SFA, and PUFA intakes. In AS, having a more variable timing
of eating was associated with higher PUFA intakes (desirable
dietary fat intakes) while intakes of added sugars were in-
creased in SR. Studies on day-to-day variability in eating be-
haviors are limited. To our knowledge, there is only one
observational study that examined eating pattern regularity and
nutrient intakes.34 That observational study showed that the
percentage of participants with inadequate intake of energy,
vitamins, and proteins was higher in those reporting irregular
meal patterns than those reporting regular meal patterns.34

Additional work is needed to firmly establish the associations
between variability in eating patterns and dietary quality and
how sleep duration influences these relations.

Our clinical trial is not without its limitations. First, our sam-
ple population consisted of adequate sleepers at baseline and
cannot be generalized to habitual short sleepers. However, this
is the most robust way of assessing causal effects of insufficient
sleep on behaviors. Furthermore, our sleep restriction protocol
led to sleep durations that reflect those of short sleepers in the

Figure 2—Sleep condition influenced the relationship between variability in eating midpoint and intake of added sugars
(β = 17.3 ± 6.2; P interaction < .01), SFA (P interaction < .01), and PUFA (P interaction = .05 [trend]).

This figure illustrates the relationship between the standard deviation of eating midpoint and intakes of added sugar (A), SFA (B), and PUFA (C) under conditions
of SR and AS. The regression lines between exposure and outcome under SR and AS are depicted using solid and dashed lines, respectively. AR = adequate
sleep, PUFA = polyunsaturated fat, SFA = saturated fat, SR = sleep restriction.
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general population. Our measures of dietary intake are limited
by the subjectivity of self-reported data. However, our study
utilized multiday food records collected in real time and was
conducted in a crossover design, thereby limiting the likelihood
of systematic bias and interindividual variability. However, we
cannot dismiss the possibility of greater misreporting during
SR, when participants experienced more fatigue. Although this
study included a large sample size for a clinical intervention,
there was limited power relative to observational studies, which
could contribute to type 2 errors, particularly with assessment
of interactions between sleep conditions and eating patterns.
Moreover, our findings may be sex-specific since most of our
sample are women (72%). Further extension in men is needed
to replicate the results observed in this work.

Some strengths of our intervention include mild SR imposed
over a sustained period, which is representative of the typical
short sleeping adult. An additional strength is the objective
assessment of sleep by actigraphy that was applied continuously
throughout the 6 weeks of each phase, allowing for careful
assessment of adherence and increasing the strength of findings.
Multiple dietary records were obtained from each participant
with each record providing 3 days of data, which enabled us to
examine variability in eating patterns. Nevertheless, future stud-
ies should obtain longer periods of consecutive recording of die-
tary intakes to obtain more robust information on variability.
Furthermore, we were able to test a causal impact of short sleep
on eating patterns and dietary quality, which provide further evi-
dence for a role of sleep duration on cardiometabolic health via
changes in eating patterns and diet quantity and quality.

Overall, our findings suggest that eating frequency is in-
creased in response to insufficient sleep, and the associations of
eating patterns and their regularity with diet outcomes are modi-
fied by sleep duration, with adverse associations particularly
under conditions of short sleep. These results may help to explain
the shift toward obesogenic eating behaviors observed when
sleep duration is curtailed.35,36 Replication of our findings from
other clinical intervention studies, and with systematic investiga-
tion of potential individual differences, is warranted. Neverthe-
less, with the insights provided by this investigation of sleep
curtailment, eating patterns, and diet quality, we suggest that
interventions to improve dietary patterns and counter overeating
should consider the role of sleep duration and target this modifi-
able behavior. Most notably, health providers counseling patients
for weight management should highlight the need to achieve ade-
quate sleep duration as a potential means to improve eating beha-
viors. Furthermore, clinical trials should be designed to evaluate
whether limiting eating frequency and/or increasing regularity of
eating patterns under conditions of short sleep can counter the
adverse effects of insufficient sleep on eating behaviors.

ABBREVIATIONS

AS, adequate sleep
BMI, body mass index
MUFA, monounsaturated fat
PUFA, polyunsaturated fat

SFA, saturated fat
SR, sleep restriction
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