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Purpose: Eating time and sleep habits are important modifiable behaviors that affect 
metabolic health, but the relationship between food intake and sleep remains incompletely 
understood. Observational data suggest that late food intake is associated with impaired sleep 
quality. We examined the effect of routine dinner (RD, 5 hours before bedtime) vs late dinner 
(LD, 1 hour before bedtime) on sleep architecture in healthy volunteers.
Participants and Methods: This was a post hoc analysis of a randomized crossover 
study of RD vs LD with a fixed sleep opportunity in a laboratory setting. On each of the 
two visits, 20 healthy adult volunteers (10 women) received an isocaloric meal followed 
by overnight polysomnography. Sleep architecture over the course of the night was 
assessed using visual sleep staging and EEG spectral power analysis and was compared 
between RD and LD. We modeled the proportions of spectral power in alpha, beta, delta, 
and theta bands as functions of dinner timing, time of night, and their interaction with 
mixed-effect spline regression.
Results: Conventional sleep stages were similar between the 2 visits. LD caused a 2.5% 
initial increase in delta power and a reciprocal 2.7% decrease in combined alpha and beta 
power (p<0.0001). These effects diminished as sleep continued with a reversal of these 
patterns in the latter part of the night.
Conclusion: Contrary to the existing literature, shifting dinner timing from 5 hours before 
sleep to 1 hour before sleep in healthy volunteers did not result in significant adverse changes 
in overnight sleep architecture. In fact, LD was associated with deeper sleep in the beginning 
of the night and lighter sleep in the latter part of the night in healthy volunteers. This novel 
manifestation of postprandial hypersomnia may have therapeutic potential in patients with 
sleep disorders.
Keywords: late eating, dinner timing, sleep architecture, EEG spectral power

Introduction
Eating and sleeping habits are closely related and both serve as important modifi-
able behaviors that can affect health outcomes. While there is increasing evidence 
for the influence of sleep on dietary intake, the impact of eating patterns on sleep 
quality has been less studied. Daytime food intake has been shown to alter the 
propensity for postprandial sleep and sleep architecture. Increased sleep drive was 
seen in first few hours following a daytime meal, as assessed by multiple sleep 
latency tests and electroencephalogram (EEG) measures.1 Zammit et al showed that 
a midday meal, compared to fasting, increased the duration and depth of 
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postprandial sleep once asleep, but did not alter the like-
lihood of falling asleep.2 Notably, these studies did not 
evaluate nocturnal sleep.

In contrast to the aforementioned studies demonstrating 
enhanced postprandial sleep following daytime food 
intake, observational studies have shown that food intake 
close to the sleeping period was associated with impaired 
sleep quality at night. A Brazilian study in which healthy 
participants completed a 3-day food diary and underwent 
polysomnography found that self-reported food intake 
within 30 to 60 minutes before bedtime was associated 
with delayed sleep onset and decreased sleep efficiency.3 

Similarly, a survey of Japanese adults about their eating 
and sleep habits demonstrated an association between food 
intake later in the day and poor sleep-wake regularity.4 

A 12-week study of time-restricted feeding in participants 
with obesity, on the other hand, found no significant 
changes in sleep quality, as measured by the Pittsburgh 
Sleep Quality Index, when food intake was limited to the 
hours before 18:00.5 A study that examined the effect of 
a 5-hour delay in meals for 6 days on circadian rhythm 
markers in healthy young men found that late meals 
delayed peripheral clock rhythms in adipose tissue but 
did not alter central clock such as cortisol or melatonin 
rhythms or affect any sleep parameters measured by 
actigraphy.6 Thus, significant controversy remains regard-
ing the impact of food intake timing on overnight sleep, 
with no studies examining the effect of evening meal 
timing on objective measures of sleep architecture.

We recently conducted a randomized crossover study 
in healthy volunteers to examine the effects of shifting 
dinner from 5 hours before sleep at 18:00 (routine dinner, 
RD) to 1 hour before sleep at 22:00 (late dinner, LD). We 
instructed participants to sleep from 23:00 until 07:00, and 
performed polysomnography under both LD and RD 
conditions.7 We found no significant differences between 
RD and LD sleep architecture when polysomnographic 
data was averaged across the entire night. However, con-
ventional sleep staging with visual scoring may lack sen-
sitivity to detect subtle alterations in sleep EEG in these 
young, healthy individuals. In addition, assessment of 
whole-night sleep quality offers limited insight into the 
potentially time-dependent impact of dinner timing on 
sleep architecture. Specifically, as the night progresses 
and LD meal is fully metabolized, the effect of LD on 
sleep architecture may diminish. Spectral power analysis 
provides unique insights into sleep architecture and its 
evolution throughout the night. For instance, spectral 

power analysis has been performed to dissect the discre-
pancy between subjective and objective sleep data in pri-
mary insomnia.8 Patients with insomnia exhibit higher 
beta and sigma activity during non-REM sleep than nor-
mal sleepers, reflecting a state of hyperarousal and the 
subjective perception of non-restorative sleep.9 Similarly, 
sleep EEG spectral power analysis has shown that post- 
traumatic stress disorder is associated with a shift in power 
spectral distribution to higher frequencies during non- 
REM sleep.10 In addition, experimental suppression of 
delta spectral power in young healthy adults reduced glu-
cose tolerance and increased diabetes risk.11

In the present study, we examined sleep architecture 
over time using conventional sleep staging12 and using 
Fourier analysis to isolate dominant frequency bands asso-
ciated with “deep” sleep, “light” sleep, and wakefulness. 
We hypothesized that LD would induce lighter sleep and 
wakefulness compared to RD.

Methods
Participants and Study Protocol
This study is a post-hoc analysis of a previously published 
randomized crossover study in an inpatient laboratory set-
ting, which examined the effects of late dinner on 
metabolism.7 The primary outcomes of the published 
study were glucose homeostasis and fatty acid oxidation. 
Briefly, each participant underwent 2 inpatient study visits 
at the Johns Hopkins Clinical Research Unit. During each 
visit, participants were acclimated to the laboratory setting 
for 1 night, followed by a study night during which they 
were provided with RD (given at 18:00) or LD (given at 
22:00). During the second inpatient study visit, the oppo-
site dinner timing (RD or LD) was implemented. The 
order of dinner timing was determined by randomization, 
stratified by sex. Studies were separated by a 3–4 week 
wash-out period. This period was designed to allow the 2 
laboratory visits to be scheduled during the same phase of 
the menstrual cycle in female participants and to ensure 
complete washout of the stable isotope tracers that were 
administered to participants. We recruited 20 healthy non- 
obese adult volunteers (10 women and 10 men), age 18 to 
30 years, and with a self-reported routine bedtime between 
22:00 and 1:00. The participants did not have any sleep or 
circadian rhythm disorders, diabetes mellitus, or chronic 
use of medications that could affect sleep or circadian 
rhythm. This study was approved by the Johns Hopkins 
Institutional Review Board and was conducted in 
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accordance with the Declaration of Helsinki. All partici-
pants provided written informed consent prior to study 
commencement.

During the week prior to each study visit, we instructed 
participants to maintain a regular sleep-wake pattern as 
follows: 1) arising from bed at 07:00, 2) retiring to bed at 
23:00 and 3) eating 3 meals a day with dinner at 19:00 or 
earlier. Additionally, participants wore GT9X Link acti-
graphy devices (ActiGraph, Pensacola, FL, USA) on their 
non-dominant wrist for 1 week prior to each inpatient visit. 
The actigraphy data was analyzed using ActiLife 6 soft-
ware. Cole–Kripke scoring algorithm was applied to iden-
tify sleep/wake periods13 and to generate estimates for 
total sleep time, sleep efficiency, and wake after sleep 
onset (WASO). These parameters were then averaged 
across the 1-week period before both visits and Wilcoxon 
signed-rank tests were used to compare the parameters 
before RD vs LD.

During the study visit, meals were provided at 08:00, 
and 13:00, followed by dinner at 18:00 and a snack at 
22:00 for RD. The timing of dinner and the snack were 
reversed for LD. The total daily calories provided by these 
meals were calculated using the Mifflin–St Jeor predictive 
equation multiplied by a physical activity factor of 1.4 to 
meet the energy needs for each participant.14,15 

Specifically, breakfast accounted for 25% of the total 
daily intake of kcal, lunch accounted for 30%, dinner 
accounted by 35%, and the snack accounted for 10%. 
The macronutrient composition of each meal was kept 
constant, with approximately 50% carbohydrate, 35% fat, 
and 15% protein. At night, the participants were allowed 
to sleep from 23:00 (lights off) to 07:00 the following 
morning (lights on).

Polysomnography
Attended polysomnography (PSG) was performed from 
23:00 until 07:00 with continuous recordings of EEG, elec-
trooculography, oximetry, respiratory effort, and transcuta-
neous CO2 (tcCO2, Radiometer TCM-4). Recording 
electrodes were placed according to the International 10–20 
system16 and were referenced to the contralateral mastoid 
site. Specifically, the PSG montage consisted of frontal (F3- 
M2 and F4-M1), central (C3-M2 and C4-M1), and occipital 
(O1-M2 and O2-M1) EEG channels. Two EOG electrodes 
were placed 1 cm above and below the outer canthus of each 
eye and referenced to a single mastoid site (LOC-M2 and 
ROC-M2). The EEGs were sampled at a rate of 200 Hz. 

Sleep stages were scored visually using American Academy 
of Sleep Medicine guidelines as previously published.17

EEG Spectral Analysis
We applied methods similar to Zhang et al18 to calculate 
the proportions of spectral power in the delta (0.8 to 4.0 
Hz), theta (4.1 to 8.0 Hz), alpha (8.1 to 13.0 Hz), and beta 
(13.1 to 20.0 Hz) frequency bands. The C4-A1 EEG 
recordings were sampled at 200 Hz and windowed into 
5-second, non-overlapping segments with a Hamming 
window. A fast Fourier transform was applied to each 
5-second segment, resulting in a frequency resolution of 
0.2 Hz. Smoothing of the spectral distribution was accom-
plished by dividing the sum of the power in band by the 
total power over each 30-second epoch of recording time.

Statistical Analysis
In the first phase of our analysis, our primary outcome was 
the proportion of time spent in each sleep stage over the 
course of the night. Since sleep can progress between 
NREM and REM stages at an approximate cycle length 
of 2 hours, we analyzed the median proportions of each 
sleep stage in 2-hour segments, resulting in 4 measures 
(120 minutes each) for each participant on each study 
night. Since each participant served as their own controls 
and thus measurements were paired, we applied Wilcoxon 
signed-rank tests to compare RD vs LD.

Next, to examine the effect of LD on EEG spectral power 
distribution, we modeled the proportion of spectral power in 
each band (alpha, beta, delta and theta) as a function of 
dinner timing and time from the start of the PSG recording 
(“lights out”) with mixed-effect spline regression models 
with knots placed at 60-min intervals. To examine whether 
the effect of LD on EEG spectral power was modified by 
time of night, we included an interaction term between 
dinner timing and time since lights out. To examine whether 
the effect of LD on spectral power distribution is modified 
by sex, we included additional models that adjusted for sex 
as an independent variable and the interaction term between 
dinner timing and sex. We modeled inter-subject differences 
in baseline EEG power distribution with random intercepts. 
This approach accounted for similarities between adjacent 
time periods in a recording by modeling the outcomes con-
tinuously over time. Since the interval of knots was deter-
mined arbitrarily, we performed sensitivity analyses with 
knots at intervals varying between 1 and 120 minutes. We 
performed additional sensitivity analyses by incorporating 
random slopes into our regression models.
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Lastly, we explored whether dinner timing influenced 
arousal frequency throughout the night. Scored arousal 
periods (number of arousals per hour of sleep) were sum-
marized for each quarter of the night (each 120 minutes) 
and Wilcoxon signed-rank tests were used to compare RD 
vs LD conditions. To assess whether sleep onset latency 
was associated with arousal frequency during the course of 
the night, we used mixed-effect regression analysis with 
arousal frequency as the outcome and sleep onset latency, 
time of night, and their interaction term as covariates. 
Sleep onset latency during each night was dichotomized 
as high or low (> or ≤ the median of 11.5 minutes). To 
further investigate whether dinner timing modified this 
relationship, we included an interaction term for sleep 
onset latency, time of night, and dinner timing.

Results
We enrolled 20 healthy volunteers (10 males and 10 
females). The mean age was 26 years (SD 2.7) and the 
average BMI was 23.2 kg/m2 (SD 3.1). Details regarding 
the clinical traits of our study cohort and the nutritional 
contents of ingested meals were previously reported.7 

Sleep parameters in the free-living environment as 
assessed by wrist actigraphy for 1 week prior to each 
inpatient visit demonstrated no differences in the partici-
pants’ total sleep time, sleep efficiency, and WASO 
between the 2 visits (p>0.05). Specifically, the average 

total sleep time was 365.1 ± 20.8 minutes before RD and 
367.8 ± 14.6 minutes before LD; the average sleep effi-
ciency was 86.3% ± 3.5% before RD and 87.1% ± 3.4% 
before LD; the average WASO was 54.9 ± 11.5 minutes 
before RD and 51.0 ± 12.2 minutes before LD.

Conventional Sleep Staging Analysis
As previously reported, total sleep time, sleep efficiency, 
sleep latency, as well as whole-night sleep stage distribu-
tions were not significantly different between the 2 dinner 
time conditions.7 The temporal distribution of sleep stages 
across the night is shown in Figure 1. Participants were 
asleep during most of the night on both visits. As 
expected, stage 3 sleep peaked at 60 minutes after the 
start of the sleep study. At approximately 2-hour intervals, 
these peaks recurred at progressively decreasing height 
throughout the night. The initial stage 3 sleep peak was 
greater during the first period after LD compared to after 
RD. REM sleep occurred initially between 60 and 90 
minutes and accounted for an increasing proportion of 
the recording time over the night. The percentages of 
time spent in each sleep stage per quarter of the night for 
RD and LD visits are presented in Table 1 and 
Supplemental Figure 1. The majority of these comparisons 
did not reach statistical significance. In the second quarter 
of the night, the percentage of stage 2 sleep was signifi-
cantly higher after LD (49.0% vs 36.5% for LD vs RD; 

Figure 1 Distributions of sleep stages throughout the night. Stacked area plot of the proportions of sleep stages among all participants as a function of time of the night 
(from time at lights out at 23:00 until next morning at 7:00) calculated at 10-minute intervals.
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p=0.0056). In the third quarter of the night, the percentage 
of REM sleep was significantly higher after LD (28.1% vs 
21.9% for LD vs RD; p=0.035).

EEG Spectral Power Analysis
Temporal analysis of polysomnogram EEG demonstrated 
distinct patterns of spectral power between RD and LD 
visits (Figure 2). In the beginning of the night, LD 
increased the percentage of delta power and reduced per-
centages of alpha and beta power relative to RD, and these 
differences attenuated in the latter part of the night. We 
used mixed-effect spline regression models, with knots 
placed at 60-minute intervals, to assess this temporal rela-
tionship, with the outcomes being the proportions of each 
spectral band and covariates being dinner timing (ie, LD or 

RD), time of night (ie, time from lights out), and their 
interaction (Table 2). We observed a significant temporal 
effect of dinner timing on EEG spectral power bands 
throughout the night. Specifically, LD increased delta 
power by 2.54%, and this increase diminished by 0.5% 
for every hour thereafter, until this eventually reversed at 
~302 minutes into the night when delta power became 
higher for RD than LD. Conversely, LD decreased alpha 
power by 1.42% at the beginning of the night, which 
diminished by 0.24% for every hour thereafter. This rela-
tionship was also reversed at ~245 minutes into the night, 
after which alpha power became higher for LD than RD. 
Similarly, LD decreased beta power by 1.32% at the 
beginning of the night. This effect was also modified by 
time of night as shown by the significant interaction terms 
for dinner timing and time of night. Graphical representa-
tion of the spline regression models for each spectral band 
is shown in Figure 3. Sensitivity analysis of knots at 
intervals varying between 10 and 120 minutes in these 
mixed-effect spline regression models did not change our 
findings (data not shown). Additional sensitivity analyses 
by incorporating random slopes into our regression models 
also did not alter our findings (data not shown). Taken 
together, our findings suggest that LD initially caused 
a modest increase in sleep depth and this effect diminished 
over the ensuing hours of sleep.

Results of our mixed-effect regression analysis after 
adjustment for sex and the interaction between sex and 
dinner timing are shown in Table 2. The proportions of 
alpha, delta, and theta spectral powers were overall lower 
in male participants regardless of dinner timing. The addi-
tion of sex did not significantly alter the relationship 
between late dinner and spectral band power distributions 
(ie, the β coefficients for the effects of late dinner, time 
from lights out, and the interaction term between late 
dinner and time from lights out on proportions of each 
spectral band remained relatively unchanged). We found 
that men had statistically significant reductions in beta and 
increases in theta EEG power (p for interaction < 0.01), 
which suggests that men may have greater changes in 
sleep microarchitecture after eating a late meal. 
Nevertheless, these differences represented a small frac-
tion of the effect of late dinner.

Arousal Frequency Analysis
Arousal frequencies in each quarter of the night for both 
dinner timing conditions are shown in Figure 4. Overall, 
the arousal frequencies decreased over the course of the 

Table 1 Percentages of Time Spent in Each Sleep Stage in Each 
Quarter of the Night

Stage Routine Dinner Late Dinner P value

1st quarter of the night (0–120 minutes)

Wake (%) 17.4 [9.3–36.8] 13.9 [7.9–29.6] 0.60
NREM 1 (%) 6.6 [2.9–10.0] 5.4 [4.1–7.6] 0.24

NREM 2 (%) 32.4 [25–40.6] 31.1 [25.6–40.5] 0.67

NREM 3 (%) 28.8 [17.8–37.4] 34.9 [25.5–45.5] 0.18
REM (%) 4.6 [0–10.4] 3.3 [0.3–9.6] 0.63

2nd quarter of the night (120–240 minutes)

Wake (%) 12.9 [4.0–17.0] 4.8 [2.0–8.3] 0.24
NREM 1 (%) 5.8 [3.4–7.6] 4.2 [2.1–6.4] 0.18

NREM 2 (%) 36.5 [28.9–44.7] 49.0 [41.4–52.0] 0.0056

NREM 3 (%) 28.5 [19.9–40.4] 26.0 [14.8–36.3] 0.39
REM (%) 15.2 [12.1–19.0] 15.6 [12.1–19.4] 0.75

3rd quarter of the night (240–360 minutes)

Wake (%) 3.3 [1.6–6.4] 4.6 [2.0–6.8] 0.84

NREM 1 (%) 4.4 [2.4–6.7] 5.2 [3.2–7.3] 0.36
NREM 2 (%) 52.9 [36.3–60] 45.4 [40.8–54.4] 0.55

NREM 3 (%) 14.6 [5.8–26.9] 10.6 [1.6–15.5] 0.41

REM (%) 21.9 [14.1–30.2] 28.1 [19.5–34.3] 0.035

4th quarter of the night (360–480 minutes)

Wake (%) 7.1 [4.9–10.5] 5.2 [3.3–16.0] 0.81

NREM 1 (%) 8.1 [4.9–10.0] 7.6 [6.9–10.1] 0.70

NREM 2 (%) 46.0 [38.0–55.9] 42.0 [37.8–53.2] 0.31
NREM 3 (%) 1.05 [0.3–8.5] 4.6 [0–10.8] 0.51

REM (%) 28.1 [22.1–34.0] 25.4 [19.6–31.2] 0.41

Notes: Values are shown as median [interquartile range]. % for wake, NREM 1, 2, 3 
and REM calculated as % of total recording time. Wilcoxon signed-rank test was 
performed for the comparison of each variable between two visits. 
Abbreviations: REM, rapid eye movement sleep; NREM, non-rapid eye movement 
sleep.
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night for both dinner time conditions. We did not find 
a significant difference in arousal frequencies between 
LD and RD during any quarter of the night. Mixed-effect 
regression analysis demonstrated that overall, high sleep 
onset latency was associated with increased arousal fre-
quency in the beginning of the night and this effect dimin-
ished as the night progressed. Notably, dinner timing did 
not modify this pattern (p > 0.05; data not shown).

Discussion
In young healthy volunteers, we found that shifting dinner 
from 5 hours before sleep (RD) to 1 hour before sleep 
(LD) did not adversely affect objective measures of over-
night sleep architecture. In fact, conventional sleep stages 
were similar between these 2 conditions. Furthermore, 
EEG spectral analysis revealed that LD caused an increase 
in delta power with a reciprocal decrease in combined 
alpha and beta power in the beginning of the night. 

These effects diminished over the course of the night, 
with an eventual reversal of these patterns in the latter 
part of the night. Thus, we demonstrated that shifting 
dinner closer to the sleep period induced a deeper sleep 
in the beginning of the night. To our knowledge, this is the 
first study to monitor and model the effects of controlled 
food intake on sleep architecture continuously throughout 
overnight sleep.

To date, most investigations into the acute effects of 
diet on sleep have focused on the effects of macronu-
trients on subsequent sleep quality but not on the timing 
of the meal on objective measures of overnight sleep.19 

For example, Jalilolghadr et al examined the effect of 
a high vs low glycemic index beverage in children, given 
one hour before bedtime. They reported that the arousal 
index was modestly increased after the high index bev-
erage in the first half of the night.20 Other studies found 
that high carbohydrate/low fat diets were associated with 

Figure 2 Distributions of EEG spectral power bands throughout the night. Median percentages (solid red and blue lines) and interquartile ranges (shaded red and blue areas) 
for each spectral power band over the course of the night (from time at lights out at 23:00 until next morning at 7:00) are shown. In the beginning of the night, late dinner 
increased delta power and reduced alpha and beta power. These differences were attenuated in the latter part of the night.
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Table 2 Mixed-Effect Spline Regression Models of EEG Spectral Power Distributions

Outcome – Proportion of Alpha Band (%)

Model adjusted for sex

Fixed effects β 
coefficient

95% CI P value Fixed effects β 
coefficient

95% CI P value

Late dinner −1.42 −1.74, −1.10 <0.0001 Late dinner −1.39 −1.71, −1.07 <0.0001

Time from lights out (min) −0.24 −0.25, −0.23 <0.0001 Time from lights out (min) −0.24 −0.25, −0.23 <0.0001

Late dinner × time from 

lights out

0.0058 0.0047, 

0.007

<0.0001 Late dinner × time from 

lights out

0.0058 0.0046, 0.007 <0.0001

Male sex −1.20 −1.52, −0.87 <0.001

Late dinner × male sex 0.0051 −0.0065, 
0.0017

0.39

Outcome – Proportion of Beta Band (%)

Model adjusted for sex

Fixed effects β 
coefficient

95% CI P value Fixed effects β 
coefficient

95% CI P value

Late dinner −1.32 −1.54, −1.11 <0.0001 Late dinner −1.33 −1.54, −1.11 <0.0001

Time from lights out (min) −0.088 −0.095, 
−0.082

<0.0001 Time from lights out (min) −0.088 −0.094, 
−0.081

<0.0001

Late dinner × time from 
lights out

0.0023 0.0016, 
0.0031

<0.0001 Late dinner × time from 
lights out

0.0024 0.0016, 
0.0031

<0.0001

Male sex −0.099 −0.31, 0.11 0.36

Late dinner × male sex −0.0012 −0.002, 
−0.0047

0.001

Outcome – Proportion of Delta Band (%)

Model adjusted for sex

Fixed effects β 
coefficient

95% CI P value Fixed effects β 
coefficient

95% CI P value

Late dinner 2.54 2.07, 3.01 <0.0001 Late dinner 2.56 2.09, 3.03 <0.0001

Time from lights out (min) 0.28 0.27, 0.30 <0.0001 Time from lights out (min) 0.28 0.26, 0.29 <0.0001

Late dinner × time from 

lights out

−0.0084 −0.01, 

−0.0067

<0.0001 Late dinner × time from 

lights out

−0.0085 −0.01, 

−0.0068

<0.0001

Male sex −0.58 −1.06, −0.11 0.015

Late dinner × male sex 0.0015 −0.0015, 

0.0032

0.074

Outcome – Proportion of Theta Band (%)

Model adjusted for sex

Fixed effects β 
coefficient

95% CI P value Fixed effects β 
coefficient

95% CI P value

(Continued)
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shorter sleep latency,21 decreased slow wave sleep 
(SWS), and augmented REM sleep,22,23 while low car-
bohydrate/high fat diets increased SWS and decreased 
REM sleep.22,24 In contrast, no significant differences in 
subjective or objective sleep parameters were found in 7 

men given a high-energy meal (37% fat), a normal- 
energy (13% fat) meal, or no meal two hours before 
bedtime.25 Orr et al studied 10 men in a laboratory, 
providing a test meal at 15:00 followed by four 20-min 
sleep latency tests at hourly intervals. The test meal was 

Figure 3 Spline regression models of the distributions of EEG spectral power bands as a function of dinner timing and time of night. Fitted mixed-effect spline regression 
model of mean percentages of spectral in each power band vs time from lights out after routine (solid line) and late (dashed line) dinners. Knots (circle and triangles after 
routine and late dinners, respectively), were placed at every 60 minutes. In the beginning of the night, late dinner was associated with increased delta power (Panel A) and 
reduced theta (Panel B), (Panel C) alpha, and (Panel D) beta power. In the latter part of the night, these differences were reversed for alpha and delta powers and were 
attenuated for beta and theta powers.

Table 2 (Continued). 

Late dinner −0.68 −0.94, −0.41 <0.0001 Late dinner −0.65 −0.92, −0.39 <0.0001

Time from lights out (min) −0.07 −0.08, −0.06 <0.0001 Time from lights out (min) −0.07 −0.08, −0.06 <0.001

Late dinner × time from 
lights out

0.0011 0.00015, 
0.0021

0.023 Late dinner × time from 
lights out

0.0012 0.0014, 
0.0021

0.014

Male sex −1.25 −1.51, −0.98 <0.001

Late dinner × male sex −0.0014 −0.0024, 

−0.0047

0.0032
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comprised of high-fat, high-carbohydrate, mixed compo-
sition, or an equivalent volume of water in random order. 
While solid food reduced sleep latencies relative to water 
for up to 3 hours post-ingestion, the different meal con-
stituents did not influence postprandial sleepiness.26

Impacts of altered eating time on sleep have been studied 
in the context of Ramadan,27 which involves fasting from 
dawn to sunset and eating 2–3 meals after sunset. Several 
studies report a decrease in REM sleep during Ramadan 
fasting.28–30 One possibility for this finding may be that the 
predawn meal interrupts sleep at a time when REM sleep 
usually predominates. By contrast, we found that LD increased 
REM sleep during the third quarter of the night. It is unclear 
whether common pathways are involved in altering REM 
sleep in our study, given significant differences in voluntary 
diet and sleep behaviors associated with Ramadan.

The initial deeper sleep following LD that we observed 
might be a manifestation of postprandial somnolence, col-
loquially referred to as “food coma”. Several theories have 
been postulated to explain postprandial somnolence, 
though supporting evidence is inconsistent and/or 
inadequate.31 From an evolutionary standpoint, the ability 
to augment arousal while seeking food during periods of 
nutritional depletion is essential for survival. 
Hypothalamic peptides called orexins (or hypocretins) 
produced in the lateral hypothalamus may serve as 
a critical link between energy and sleep homeostasis. 
Orexinergic neurons are involved in the maintenance of 
arousal and are activated by fasting-related metabolic cues 
including increased ghrelin and decreased extracellular 
glucose concentration.32,33 Yamanaka et al also demon-
strated that during periods of food deprivation, orexin 
neuron-ablated mice did not exhibit the fasting-induced 
arousal behaviors seen in wild-type mice.32 In our study, 
the reversal of spectral power that we observed over time 
may have been caused by a transition to the fasting state or 
by expenditure of the homeostatic sleep drive in the first 
part of the night.

In a complementary manner, satiety cues, arising from 
both central and peripheral sources, may promote sleep. 
Orexin neurons are inhibited by increased extracellular 
glucose concentration and leptin, a satiety hormone 
secreted by adipose tissues.32,33 Furthermore, Varin et al 
showed that infusion of glucose into the ventrolateral 
preoptic nucleus of mice increased excitability of glu-
cose-sensing neurons while promoting SWS.34 Kim 
et al suggested that the arcuate nucleus integrates satiety 
signals from the gut and vagus nerve and subsequently 
inhibits the lateral hypothalamic arousal centers.31 This 
pathway may be relevant to the aforementioned study by 
Orr et al describing shorter sleep latency after solid food 
compared to water intake.26 Similarly, nocturnal intraper-
itoneal administration of peptide tyrosine tyrosine (PYY), 
an anorexigenic gut hormone, reduced wakefulness and 
enhanced non-REM sleep in rats.35 Lastly, orexin neu-
rons are also inhibited by increases in body 
temperature,36 which can occur in the context of diet- 
induced thermogenesis after food intake and can serve as 
a signal for food availability.

Diet can also impact circadian rhythm, which in turn 
may influence sleep. Animal studies have shown that 
nutrients, such as high fat or high sugar intake, can induce 
changes in clock gene expression in both central and 
peripheral tissues.37 In contrast, a 5-hour delay in meals 

Figure 4 Arousal frequencies throughout the night. Arousal frequencies (number 
of arousal periods per hour of sleep) were tallied for each quarter of the night (each 
120 minutes) for both routine dinner (solid line) and late dinner (dashed line) 
conditions. Overall, the arousal frequencies decreased over the course of the 
night. There were no significant differences in arousal frequencies between the 2 
dinner conditions in any quarter of the night (p > 0.05 using Wilcoxon signed-rank 
tests).
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for 6 days in 10 healthy young men shifted human periph-
eral clock rhythm in adipose tissue but did not change 
central clock outputs.6 Given that the circadian regulation 
of sleep is a function of the central pacemaker, the impact 
of diet on circadian rhythm is unlikely to be relevant to our 
findings. Furthermore, we do not suspect a significant shift 
in the central or peripheral clocks of the participants in our 
study, as we only altered meal times for one day and used 
a fixed (23:00) lights-out time for both eating conditions.

The impact of LD on sleep we found were modest. In 
fact, we did not detect overt changes in sleep architecture 
in these healthy volunteers, who all had high sleep effi-
ciency and short WASO intervals from the actigraphy data, 
and thus may be resistant to effects of diet manipulation. 
The effects of food timing on susceptible persons remain 
unknown, however. Since patients with chronic primary 
insomnia exhibit less delta power and more beta and alpha 
spectral powers at sleep onset,38–40 the effects of food 
intake on sleep initiation may have therapeutic potential. 
In fact, 8 weeks of cognitive behavioral therapy for insom-
nia has been shown to increase slow wave activity (in the 
range of delta frequency band) and reduce beta activity 
with corresponding improvements in subjective sleep 
quality,41 similar to our findings with LD in the beginning 
of the night. Thus, pre-sleep meals may have a beneficial 
effect for patients with sleep initiation insomnia. Patients 
with eating disorders such as anorexia nervosa commonly 
exhibit insomnia and impaired sleep architecture which 
may be related to inadequate food intake.42,43 More clin-
ical investigations are needed to evaluate the effects of 
food timing on insomnia or hypersomnia syndrome.

Our study had several limitations that warrant discus-
sion. First, the small sample size may limit generalizability 
of our findings. Additionally, while our sex-adjusted ana-
lyses demonstrated that male sex was associated with 
reduced spectral power of alpha, delta, and theta bands, 
which is consistent with findings of other studies,44 the 
effect of sex on the within-subject changes in spectral 
power between RD and LD was only significant for beta 
and theta bands. It is possible that our small sample size 
may have limited power in detecting a difference by sex 
on the changes in sleep architecture induced by LD com-
pared to RD, but this is unlikely given the overall small β 
coefficients for the interaction term between sex and each 
spectral band power. Second, this was a single night, 
laboratory-based study, which may not reflect sleep in 
a home setting, or the effects of habitual eating and sleep-
ing behaviors. Furthermore, one day of controlled food 

intake may not have been long enough to fully character-
ize changes in sleep homeostasis. Third, we did not deter-
mine whether EEG changes translated to subjective 
changes in sleep quality. Nevertheless, Gabryelska et al 
have previously demonstrated a limited association 
between subjective sleep quality and EEG power spectral 
variables in healthy individuals.45 In another study in 
patients with chronic tinnitus, a correlation between 
lower delta frequency band and higher subjective sleep 
complaints was observed.46 Fourth, we did not measure 
gut hormones or hunger levels that might have played 
a role in the sleep architecture changes. However, we 
believe it unlikely that hunger and satiety hormones con-
tributed to the lighter sleep we found in the latter half of 
the night. Fifth, we acknowledge that our relatively pro-
longed wash-out period of 3–4 weeks could introduce 
variables such as changes in the participants’ dietary and/ 
or sleep habits. Notably, our study protocol required the 
participants to adhere to a regular sleep-wake cycle and 
eating pattern for the week prior to each admission. 
Reassuringly, analysis of the 1-week actigraphy data 
obtained prior to each admission demonstrated no differ-
ences in habitual sleep timing or duration between the 2 
visits.7 However, we did not collect information related to 
the participants’ habitual dinner time, which could influ-
ence changes in sleep architecture with LD. Lastly, our 
study did not evaluate whether shifting the timing of 
particular macronutrient components would have differen-
tial effects on sleep architecture.

Conclusion
In conclusion, contrary to the existing literature, shifting 
dinner timing from 5 hours before sleep to 1 hour before 
sleep in healthy volunteers did not result in adverse 
changes in overnight sleep architecture. In-depth spectral 
analysis revealed that eating right before sleep increased 
delta power and decreased alpha and beta power in the 
beginning of the night. This pattern gradually attenuated 
over time and was later reversed in the latter part of the 
night. This novel manifestation of postprandial hypersom-
nia may have clinical significance in patients with sleep 
disorders. Future studies are necessary to determine 
whether altering timing of food and specific macronutri-
ents could treat sleep disorders, including insomnia and 
circadian rhythm disorders.
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