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ABSTRACT

Background: Evidence indicates that men and African Americans
may be more susceptible to weight gain resulting from sleep loss
than women and whites, respectively. Increased daily caloric intake
is a major behavioral mechanism that underlies the relation between
sleep loss and weight gain.

Objective: We sought to assess sex and race differences in caloric
intake, macronutrient intake, and meal timing during sleep
restriction.

Design: Forty-four healthy adults aged 21-50 y (mean *= SD: 32.7
+ 8.7 y; n =21 women, n = 16 whites) completed an in-laboratory
protocol that included 2 consecutive baseline nights [10 or 12 h time
in bed (TIB)/night; 2200-0800 or 2200-1000] followed by 5 con-
secutive sleep-restriction nights (4 h TIB/night; 0400-0800). Calo-
ric intake and meal-timing data were collected during the 2 d after
baseline sleep and the first 3 d after sleep restriction.

Results: During sleep restriction, subjects increased daily caloric
intake (P < 0.001) and fat intake (P = 0.024), including obtaining
more calories from condiments, desserts, and salty snacks (Ps <
0.05) and consumed 532.6 * 295.6 cal during late-night hours
(2200-0359). Relative to women, men consumed more daily calo-
ries during baseline and sleep restriction, exhibited a greater in-
crease in caloric intake during sleep restriction (d = 0.62), and
consumed a higher percentage of daily calories during late-night
hours (d = 0.78, Ps < 0.05). African Americans and whites did
not significantly differ in daily caloric intake, increased caloric in-
take during sleep restriction, or meal timing. However, African
Americans consumed more carbohydrates, less protein, and more
caffeine-free soda and juice than whites did during the study (Ps <
0.05).

Conclusions: Men may be more susceptible to weight gain during
sleep loss than women due to a larger increase in daily caloric
intake, particularly during late-night hours. These findings are
relevant to the promotion of public health awareness by highlighting
nutritional risk factors and modifiable behaviors for weight gain related
to sleep-wake timing. This trial was registered at clinicaltrials.gov
as NCT02128737 and NCT02130791. Am J Clin Nutr 2014;100:
559-66.

INTRODUCTION

A growing body of epidemiologic and laboratory evidence
suggests that short sleep duration may be a risk factor for weight
gain and obesity. Cross-sectional and prospective cohort studies
have shown that short sleep duration is associated with higher
BMI (1, 2) and increased risk of obesity (3, 4) and is a predictor of
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intake during sleep restriction

greater weight gain (5-7). Two recent laboratory studies showed
that sleep restriction (SR) (4-5 h time in bed [TIB]/night for 5
consecutive nights) led to weight gain in healthy adults (8, 9).

Increased daily caloric intake is a major behavioral mechanism
that underlies the relation between short sleep duration and
weight gain. SR leads to an increase in daily caloric intake (8-13)
and greater caloric consumption from snacking (14). It remains
unclear whether this increased caloric intake is due to the
overconsumption of a specific macronutrient; 2 studies showed
that SR increased carbohydrate consumption (8, 14), whereas
another study reported increased fat consumption (12). Delayed
meal timing has also been identified as a significant contributor
to weight gain (15-18). SR promotes the consumption of addi-
tional calories during evening and late-night hours (8, 9).

Several epidemiologic studies have shown a stronger associ-
ation between shorter sleep duration and higher BMI in men than
women (19-21). This pattern has also been observed in ado-
lescents (22, 23) and children (24, 25). Using self-report sur-
veys, 2 recent population studies showed that sleep duration was
inversely associated with BMI in men only, whereas poor sleep
quality was positively associated with BMI in women only (20,
21). In a prospective cohort study, short sleep duration was as-
sociated with weight gain and the development of obesity at 1 y
follow-up in men but not women (26). We showed that men
gained more weight than women during a controlled sleep-
restriction experiment (9).

Race differences also exist in the relation between sleep du-
ration and weight. African Americans are more likely to be
shorter sleepers than are whites (3, 27). Two epidemiologic
studies showed that the association between short sleep duration
and increased odds for obesity was stronger in African Americans
than whites (28, 29). We showed that African Americans gained
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more weight than whites did during a controlled sleep-restriction
experiment (9).

Collectively, these lines of evidence suggest that sleep loss
potentiates weight gain by promoting an increase in daily caloric
intake and that there are sex and race differences in the propensity
for such weight gain. However, it is unknown whether sex or race
differences exist in the increased caloric intake response to SR.
To address this deficiency, we experimentally tested the hy-
pothesis that men and African Americans would exhibit a greater
increase in caloric intake during SR than would women and
whites, respectively. We also explored sex and race differences in
macronutrient intake and meal timing.

SUBJECTS AND METHODS

Subjects

Healthy individuals, aged 21-50 y, were recruited in response
to study advertisements. The subjects reported habitual nightly
sleep durations between 6.5 and 8.5 h, habitual bedtimes be-
tween 2200 and 0000, and habitual morning awakenings be-
tween 0600 and 0900; these reports were confirmed objectively
by using actigraphy. Subjects had no evidence of habitual nap-
ping, no sleep disturbances (ie, no complaints of insomnia,
daytime sleepiness, or other sleep-wake disturbances), and nei-
ther extreme morningness nor extreme eveningness as assessed
by questionnaire (30). Subjects were free of acute and chronic
medical and psychological conditions as established by in-
terviews, clinical histories, questionnaires, physical examina-
tions, and blood (including a fasting blood glucose test) and
urine tests. Subjects were nonsmokers and did not participate in
shift work, transmeridian travel, or irregular sleep-wake routines
in the 60 d before the study. Enrolled subjects were monitored at
home by using actigraphy, sleep-wake diaries, and time-stamped
call-ins to assess bedtime and wake time during the week before
the in-laboratory phase and the week after the laboratory phase.
Subjects were not permitted to use caffeine, alcohol, tobacco,
and medications (except oral contraceptives) in the week before
the laboratory experiment as verified by urine screenings. Sleep
disorders were excluded by a night of laboratory polysomnography
and oximetry measurements.

Research protocols were approved by the Institutional Review
Board of the University of Pennsylvania. All subjects provided
written informed consent before enrollment and were compen-
sated for their participation.

Experimental design

Subjects participated in 1 of 2 protocols in the Sleep and
Chronobiology Laboratory at the Hospital of the University of
Pennsylvania and were studied for 14 or 18 consecutive days
continuously with daily clinical checks of vital signs and
symptoms by nurses (with an independent physician on call).
Both protocols consisted of 2 initial baseline nights of 10 or 12 h
TIB/night (2200-0800 or 2200-1000) followed by 5 nights of
sleep restricted to 4 h TIB/night (0400-0800). The daily
schedule for sleep and wake, neurobehavioral and physiologic
testing, and times available for eating and drinking were nearly
identical for both protocols. Data collected during the first 5 d of
both protocols were used for analyses in this study. Five con-
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secutive nights of sleep restricted to 4 h/night produces cumu-
lative neurobehavioral deficits in most healthy adults (31) and is
within the range of sleep loss that occurs as a result of lifestyle
factors (32).

During the in-laboratory phase of the study, subjects were not
permitted to leave the laboratory. Subjects were ambulatory and
permitted to watch television, read, play video or board games,
and perform other sedentary activities between test bouts (which
were completed while sitting at a computer) but were not allowed
to exercise. Subjects wore a wrist actigraph throughout the in-
laboratory protocol. On certain protocol days, subjects wore
ambulatory electroencephalography and electrocardiography
recording equipment for 24-h intervals. Light levels in the lab-
oratory were held constant at <50 lux during scheduled wake-
fulness and <1 lux during scheduled sleep periods. The ambient
temperature was maintained between 22°C and 24°C. Subjects
were behaviorally monitored by trained staff continuously
throughout the protocol to ensure adherence.

Measures

Subjects selected their meals and snacks by choosing from
various menu options, selecting additional food and drink
available in the kitchen within the laboratory suite (which in-
cluded a refrigerator, microwave, and toaster oven), and making
requests to the study staff. To ensure subjects were provided
sufficient time to eat each day, three 30- to 45-min eating op-
portunities were specified in the protocol during days with a 2200
bedtime (0900, 1235, and 1830) and one additional 30-min
opportunity to eat was specified in the protocol during days with
a 0400 bedtime (0030). In addition to these specified meal times,
subjects were allowed to consume food and drink at any time
during the protocol other than when they were completing
neurobehavioral tests or sleeping. During a typical day, in ad-
dition to the meal times specified in the protocol, subjects could
consume food and drink from 0945 to 1000, 1105 to 1200, 1310
to 1400, 1430 to 1600, 1630 to 1645, 1730 to 1800, 1920 to 2000,
2030 to 2200, 2230 to 0000, 0115 to 0200, and 0230 to 0350.
Subjects could eat what they preordered through menus or could
select from other foods available in the laboratory kitchen and
could eat as much (or as little) as they wanted. Subjects retrieved
their own food and drink from the laboratory kitchen when they
wanted to eat or drink and could eat at a table in the common area
or privately in their bedrooms.

All food was weighed and recorded before being provided to
subjects. To enhance the measurement accuracy of each food
item’s weight, items were served in individual containers. Each
day, a detailed description of items, amounts consumed, and
intake times were recorded by trained monitors. In addition, any
food or drink that was left over after each meal was weighed and
recorded. Intake data were entered into The Food Processor SQL
program (version 10.11; ESHA Research), which is a validated
(33) professional nutrition-analysis software and database pro-
gram that provides components of food and drink intake in-
cluding calories and macronutrients.

Caloric intake from wake time (0800 or 1000) to 2200 during
the 2 d after baseline sleep was averaged and defined as baseline
caloric intake. Caloric intake from wake time (0800) to 0359
during the first 3 d after SR was averaged and defined as SR
caloric intake. Caloric intake was also measured during the fourth
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and fifth days after SR; however, these data were not included in
the current analyses because some of the subjects (n = 18) fasted
during the fourth day of SR as part of a separate experiment.

Statistical analyses

Repeated-measures ANOVAs were used to compare caloric
intake, macronutrient intake, and meal timing between baseline
and SR in all subjects. Mixed-model ANOVAs, with age as
a covariate, the baseline compared with SR as the repeated-
measures variable (sleep condition), and race and sex as between-
subjects factors, were used to compare sex and race differences in
the change in daily caloric intake (including calories consumed
from specific food and drink categories), macronutrient intake,
and meal timing. Between-subjects ANOVAs, with age as
a covariate, were used to examine differences in caloric intake
during baseline and SR, increased caloric intake (caloric intake
during SR minus caloric intake during baseline), food and drink
categories, and late-night eating (calories consumed between
2200 and 0359) between sex and race groups. Statistical analyses
were conducted with IBM SPSS Statistics for Windows (version
20.0; IBM). Effect sizes were calculated by using Cohen’s d (34).
The false discovery rate (35) was used when differences related
to food and drink categories were examined to account for
multiple comparisons.

RESULTS

Subject characteristics

Forty-four of 47 enrolled subjects completed the study. The 3
noncompleters were either withdrawn because of protocol non-
compliance (n = 1) or withdrew because of health or personal
issues unrelated to the protocol (n = 2). Men (n = 23) were
taller (mean = SD height: 1.78 = 0.08 m) and weighed more
(82.4 * 14.62 kg) than women did (n = 21; 1.63 = 0.07 m;
65.30 = 9.86 kg; Ps < 0.001). Men and women did not differ in
age (P = 0.28), BMI (P = 0.29), chronotype (P = 0.24), or
percentages of African Americans and whites (P = 0.82; Table
1). African Americans (n = 28) and whites (n = 16) did not differ
in height (P = 0.10), weight (P = 0.34), age (P =0.14), BMI (P =
0.96), chronotype (P = 0.52), or percentages of men and women
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(P = 0.82; Table 1). Sleep duration and timing during the week
before the in-laboratory study were assessed by using wrist ac-
tigraphy; there were no sex or race differences in prestudy sleep
durations, onsets, offsets, or midpoints (Ps > 0.10; Table 1).

Caloric intake

Caloric intake was significantly greater during SR than base-
line (F|; 43 = 54.94, P < 0.001). When we calculated caloric
intake as a percentage of caloric need (estimated by using
the Harris-Benedict equation for resting metabolic rate X 1.4),
subjects consumed 109.28 *= 29.54% of caloric need during
baseline and 133.04 = 36.65% of caloric need during SR. In
both conditions, subjects consumed significantly more calories
than the amount needed to fulfill 100% of this estimation of
caloric need (baseline: 7,3 = 2.08, P =0.043; SR: 7,3 =598, P <
0.001); however, intake during SR was significantly greater than
during baseline (43 = 7.57, P < 0.001).

A mixed-model ANOVA revealed a significant sex X sleep
condition interaction (F|; 39; = 6.99, P = 0.012) and a main ef-
fect of sex (Fyi39; = 8.15, P = 0.004). Men consumed more
calories during baseline (F[;39) = 4.60, P = 0.038) and SR
(Fp139) = 10.15, P = 0.003) and exhibited a greater increase
in caloric intake during SR (SR minus baseline; F; 39; = 6.99,
P =0.012, d = 0.92; Figure 1A) than did women. When we
controlled for differences in baseline caloric intake, men also
exhibited a greater percentage increase in caloric intake than did
women (SR divided by baseline: men, 28.5%; women, 16.9%;
Fl1.42)=4.27, P =0.045, d = 0.62; Figure 1A). By contrast, the
race X sleep condition interaction was not significant (P = 0.83),
and there was no main effect of race (P = 0.53) (Figure 1B).

Macronutrient intake

The percentage of calories derived from protein was signifi-
cantly lower (F|; 43, = 14.73, P < 0.001), and the percentage of
calories derived from fat was significantly higher (F|; 43; = 5.50,
P =0.024) during SR than baseline (Table 2). The percentage of
calories derived from carbohydrates did not differ between
baseline and SR (P = 0.97). There were no significant sex X
sleep condition interactions for the percentage of calories de-
rived from protein, carbohydrates, or fat (Ps > 0.63), and there

TABLE 1
Subject characteristics’
African Sleep Sleep
n Age BMI Men American  Chronotype® duration’ midpoint’

y kg/m? % % h Time = min
All subjects 44 327 =87 252+ 35 522 63.6 40.76 = 5.89 8.04 = 0.34 03:39 * 46.8
Men 23 34179 257 *33 — 652 (15)° 42.05 =571 8.02 =055 0324 = 41.4
Women 21 312*9.6 246 37 — 61.9 (13) 3948 + 592 8.06 + 0.35 03:54 * 48.6
African 28 313 *80 252 *32 536 (15 — 4131 =563 797 = 048 03:37 £ 49.2

Americans

Whites 16 353 £96 252=*=41 5008 — 39.88 = 6.38 8.16 = 041 03:40 * 43.8

" There were no significant differences between sex or race groups (7 tests or Mann-Whitney U test), Ps > 0.10.

2 : . .
Morningness-eveningness composite scale.

7 Sleep duration and sleep midpoint were measured by using wrist actigraphy supplemented by a sleep diary for 1 wk

before study entry.
#Mean * SD (all such values).
“nin parentheses (all such values).
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FIGURE 1. Mean (=SEM) daily caloric intake during baseline and sleep
restriction. Subjects consumed more calories during sleep restriction than
baseline (P < 0.001; repeated-measures ANOVA). A: Daily caloric intake
showed a significant sex X sleep condition interaction (P = 0.012) and
a significant main effect of sex (P = 0.004). Men (n = 23) consumed more
calories during baseline (P = 0.038) and sleep restriction (P = 0.003) and
exhibited a greater increase in caloric intake during sleep loss (sleep re-
striction — baseline; P = 0.012, d = 0.92) than did women (n = 21). When
differences in baseline caloric intake were controlled for, men also exhibited
a greater percentage increase in caloric intake than did women (sleep re-
striction -+ baseline; 28.5% compared with 16.9%; P = 0.045, d = 0.62). B:
The race X sleep condition interaction for daily caloric intake was not
significant (P = 0.83), and there was no main effect of race (P = 0.53).

were no significant main effects of sex for macronutrient intake
(Ps > 0.75). There was a significant race X sleep condition
interaction for the percentage of calories derived from protein

TABLE 2
Macronutrient intake during baseline and sleep restriction’
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(F11391 = 5.58, P = 0.023) but not for the percentage of calories
derived from carbohydrates (P = 0.42) or fat (P = 0.09). There
were significant main effects of race for the percentage of cal-
ories derived from protein and carbohydrates but not from fat
(P = 0.41), whereby African Americans consumed a lower
percentage of calories from protein (F; 39) = 19.47, P < 0.001,
d =1.50) and a higher percentage of calories from carbohydrates
(Fl139) = 6.06, P = 0.018, d = 0.87) than did whites.

To determine the source of observed macronutrient intake
changes, we assessed calories consumed from the following food
and drink categories during baseline and SR: 7) meat, eggs, and
fish; 2) fruit, vegetables, and salad; 3) bread, cereal, plain rice,
and pasta; 4) condiments (ketchup, mustard, mayonnaise, peanut
butter, syrup, and jelly); 5) desserts; 6) salty snacks (chips,
pretzels, crackers, and popcorn); 7) caffeine-free soda and juice;
and 8) milk (36). During SR, subjects consumed more calories
from bread, cereal, plain rice ,and pasta (F[; 437 =15.21, P = 0.028),
condiments (F; 43; = 7.41, P = 0.009), desserts (F|; 43, = 13.36,
P =0.001), salty snacks (F|; 43; = 8.29, P = 0.006), and caffeine-
free soda and juice (F|;43; = 14.93, P < 0.001) than during
baseline (all comparisons remained significant after the false
discovery rate correction). Calories consumed from meat,
eggs, and fish (P = 0.086), fruit, vegetables, and salad (P = 0.66),
and milk (P = 0.061) did not differ between baseline and SR
(Table 3).

Consistent with the null findings related to sex differences in
macronutrient intake, sex X sleep condition interactions were not
significant for each food and drink category (Ps > 0.05); how-
ever, there was a main effect of sex for the bread, cereal, plain
rice, and pasta category whereby men consumed more calories
from foods in this category than did women (F|;39) = 12.27,
P < 0.05). There was a significant race X sleep condition in-
teraction for fruit, vegetables, and salad (F|; 39; = 9.48, P = 0.004)
and a trend for meats, eggs, and fish (F[; 39) = 4.38, P = 0.043; not
significant after the false discovery rate correction). African
Americans consumed fewer calories from fruit, vegetables, and
salad during baseline (F; 397 = 11.08, P = 0.002, d = 0.88) but did
not differ from whites during SR (P = 0.29). There was also
a main effect of race for calories consumed from caffeine-free
soda and juice, whereby African Americans consumed more
calories from caffeine-free soda and juice than whites did (F|; 39
=14.02, P < 0.01, d = 1.25).

Baseline days 1-2

Sleep-restriction days 1-3

Protein Carbohydrates Fat Protein Carbohydrates Fat
All subjects (n = 44) 149 27 580=*56 289*52 13322 580*45 306 * 4.6
Men (n = 23) 151 24 581 *56 286=*54 133 +23  580*48  305=*50
Women (n = 21) 146 =30 578*59 292+*52 133+22 58041 306 * 42
African Americans (n = 28) 13.5 = 2.0° 59.6 + 48° 283 *48 128 +20° 59.0 +45" 301 * 48
Whites (n = 16) 172+22 553 %61 299*59 143*+23 56139 313*43

" All values are means = SD percentages. Each macronutrient is presented as calories derived from protein, carbo-
hydrates, or fat divided by daily caloric intake. There were no significant sex X sleep condition interactions or main effects
of sex for the percentage of calories derived from each macronutrient (Ps > 0.63). There was a significant race X sleep
condition interaction for the percentage of calories derived from protein (P = 0.023) but not for the percentage of calories
derived from carbohydrates or fat (Ps > 0.41). Significantly different from baseline, Ps < 0.05 (repeated-measures
ANOVA); Psignificant main effects of race for the percentage of calories derived from protein (P < 0.001) and carbohy-

drates (P = 0.018) (mixed-model ANOVA).
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TABLE 3

Caloric intake by food and drink category in all subjects (n = 44)’

Food and drink category

Baseline days 1-2

Sleep-restriction days 1-3

Meat, eggs, and fish
Fruit, vegetables, and salad

Bread, cereal, plain rice, and pasta

Condiments
Desserts

Chips, pretzels, crackers, and popcorn

Caffeine-free soda and juice
Milk

kcal
381.55 = 128.92
177.65 = 149.61
572.27 = 192.71
231.69 * 139.55
343.38 + 286.83
78.88 + 123.72
272.64 = 160.91
84.16 = 98.45

kcal
419.77 = 149.36
170.66 = 138.02
659.51 *+ 259.88"
276.44 = 181.81%
544.34 + 284.23"
150.91 *= 202.57%
346.18 = 219.36"
119.78 *+ 152.89

 All values are means + SDs. “Significantly higher than baseline, P < 0.05 (repeated-measures ANOVA).
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Meal timing

Daily caloric intake was calculated for the following 3 time
intervals: 0800-1459, 1500-2159, and 2200-0359; the first 2
time intervals were created by dividing common waking hours
from baseline and SR protocol days into 2 equal 7-h intervals,
and the third time interval equaled the 6 h of wakefulness that
occurred only during SR (9). Caloric intake during each time
interval was also calculated as a percentage of daily caloric
intake.

During SR, subjects consumed fewer calories (Fj; 433 = 7.72,
P =0.008) and a lower percentage of daily caloric intake (F[; 43 =
84.64, P < 0.001) from 0800 to 1459 than during baseline. Also
during SR, subjects consumed more calories from 1500 to 2159
(F143) = 12.12, P = 0.001) than during baseline; however, the
percentage of daily caloric intake consumed during this time
period did not differ between conditions (P = 0.32). During late-
night hours of additional wakefulness during SR (2200-0359),
subjects consumed 532.6 = 295.6 calories, which accounted for
16.37 £ 6.60% of daily caloric intake.

There were no significant sex X sleep condition interactions
for calories consumed between 0800 and 1459 or 1500 and 2159
(Ps > 0.29). There was a main effect of sex for calories con-
sumed between 1500 and 2159 with men having consumed more
calories than women did (F|; 30; = 8.40, P = 0.006); a similar
pattern was observed for calories consumed between 0800 and

1459, although this main effect was not significant (P = 0.078).
Men consumed significantly more calories between 2200 and
0359 than women did (men: 674.11 £ 298.06 kcal, women:
377.71 = 204.82 kcal; Fy39; = 13.64, P = 0.001, d = 1.16).
When sex differences in daily caloric intake were controlled for,
men did not differ from women in the percentage of daily ca-
loric intake consumed between 0800 and 1459 or between 1500
and 2159 during baseline (Ps > 0.21; Figure 2A). However,
during SR, men consumed a lower percentage of daily calories
between 0800 and 145%h (F 307 = 4.26, P = 0.046, d = 0.52),
a similar percentage of daily calories between 1500 and 2159
(P =0.68), and a higher percentage of daily calories between 2200
and 0359 (F[; 30, =7.89, P = 0.008, d = 0.78; Figure 2B) than did
women.

There were no significant race X sleep condition interactions
or main effects of race for calories consumed between 0800 and
1459 and 1500 and 2159 (Ps > 0.23). In addition, African
Americans did not differ from whites in the amount of calories
consumed from 2200 to 0359 (P = 0.40).

DISCUSSION

In the first study to systematically examine sex and race
differences in caloric intake during experimental sleep loss, we
showed that men exhibited a greater increase in daily caloric

[] Men [ Women
A 70% - B 70%
60% - 60% 1 P=0.046
J'_]
50% 50%
= 40% 40%
9
=4
2 30% 30% B
—
20% 20%
10% 10%
0% T 0% r T
0800-1459 1500-2159 0800-1459 1500-2159 2200-0359

Baseline Days 1-2

Sleep-Restriction Days 1-3

FIGURE 2. Sex differences in meal timing during baseline and sleep restriction. A: Men did not differ from women in the mean (*=SEM) percentage of
daily caloric intake consumed between 0800 and 1459 or between 1500 and 2159 during baseline (Ps > 0.21). B: During sleep restriction, men consumed
a lower percentage of daily calories between 0800 and 1459 (P = 0.046, d = 0.52), a similar percentage of daily calories between 1500 and 2159 (P = 0.68),
and a higher percentage of daily calories from 2200 to 0359 (P = 0.008, d = 0.78) than did women.
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intake during SR as a result of consuming more calories during
late-night hours than women did. African Americans and whites
exhibited similar increases in caloric intake and late-night eating
during SR. There were significant differences between African
Americans and whites in macronutrient intake; African Americans
consumed more calories from carbohydrates (including more
calories from caffeine-free soda and juice) and fewer calories
from protein than did whites. These findings promote public
health awareness by highlighting nutritional risk factors and
modifiable behaviors for weight gain in men and African
Americans related to sleep-wake timing.

Our data showing large sex differences in caloric intake are
consistent with population evidence suggesting that men are
more susceptible to weight gain resulting from sleep loss (19-21)
and with our experimental findings that men gained more weight
than women did during an SR protocol (9). As a result of their
larger mass, men eat more than women do (37); indeed, we
showed that men consumed more calories during baseline and
SR than did women. Although caloric intake increased during
SR in both sexes, men exhibited a larger increase in caloric
intake even after baseline intake differences were controlled for.

Sex hormones may underlie sex differences in eating behav-
iors. In women, food-intake changes across the menstrual cycle,
in part because of changes in estrogen concentrations (37). The
effect of sleep loss on the menstrual cycle and estrogen con-
centrations in humans is unknown; however, in rats, paradoxical
(ie, rapid eye movement) sleep deprivation led to a disruption of
the estrous cycle and lower estrogen concentrations (38). We did
not systematically assess the menstrual cycle phase during the
protocol, and women were allowed to use oral contraceptives.
Given the sex differences we observed, and that estradiol ad-
ministration has an anorexigenic effect in rodents (37), future
studies should assess how SR affects the menstrual cycle and
estrogen concentrations and examine if this relates to changes in
food intake. Sleep also influences testosterone concentrations;
plasma concentrations peak during sleep (a sleep-dependent
effect), and experimental sleep deprivation decreases testosterone
concentrations in men (39-41). Decreased testosterone con-
centrations have been associated with increased adiposity, but to
our knowledge, no studies have examined the effect of andro-
gens on food intake in humans (37).

The effect of SR on peripheral controls of eating may also
underlie the observed sex differences. There are sex and men-
strual cycle differences in gastric emptying rates and in the effect
of gastric mechanoreception on food intake (37). Although there
has been evidence that gastric emptying is delayed during sleep
(42), the effect of sleep loss on gastric emptying is unknown.
Insulin, ghrelin, and leptin signaling may also play arole. There is
mounting evidence that sleep loss is associated with decreased
insulin sensitivity (43, 44), and intranasal insulin administration
decreases food intake in men but not women (45). SR increases
the orexigenic hormone ghrelin in men but not women (46). In
rats, ghrelin administration increased food intake to a greater
degree in males than in females (37). Finally, SR may increase the
anorexigenic hormone leptin to a greater degree in women than
men (47). In rats, females are more sensitive to the satiating
effects of leptin administration than are males (48). Future studies
with large sample sizes are needed to confirm these sex differ-
ences in peripheral controls of eating and assess how sleep loss
affects these signals differently in men and women.
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Sex differences in eating behaviors and attitudes about food
are also important to consider. Women scored higher in dietary
restraint and in concern over weight control than men did (49),
and in one study that induced overfeeding, women reduced
subsequent caloric intake to a greater extent than men did,
suggesting that women are more sensitive to signals of a positive
energy balance (50). Chaput et al (51) posited that the association
between short sleep duration and weight gain depends on the
degree of disinhibited eating in adults. Future research is needed
to further elucidate the effect of various eating behaviors (eg,
restraint and disinhibition) on increased caloric intake and weight
gain because of SR and to assess whether sex differences in eating
attitudes and behaviors relate to these differences.

We showed previously that sleep-restricted African Americans
gained more weight than sleep-restricted whites gained; however,
in the current study, we did not find differences between African
Americans and whites in terms of increased caloric intake or late-
night eating during SR. Energy expenditure was not assessed in
this study and may explain weight gain differences in the absence
of caloric intake differences between African Americans and
whites. Although activity levels were relatively low in the current
study, African Americans may have been less active than were
whites. Physical activity is decreased during the day after SR, and
studies have shown that African American adults are less active
than white adults are under non-sleep-deprived and non-
laboratory conditions (52-54). Future studies should examine if
there are race differences in the effect of sleep loss on physical
activity levels. Sleep loss can also lead to changes in resting
metabolic rate. The extended wakefulness associated with sleep
loss leads to an increase in energy expenditure because resting
metabolic rate is higher than sleeping metabolic rate (8, 55, 56),
and some studies have shown that resting metabolic rate is lower
during the day after sleep loss (57, 58). Compared with whites,
African Americans may exhibit a smaller increase in energy
expenditure during extended wakefulness and/or a greater re-
duction in resting metabolic rate after sleep loss. Because
African Americans have a lower sleeping metabolic rate (59)
and resting metabolic rate (60) than whites do under non—sleep-
deprived conditions, future studies should examine if there
are race differences in the effect of sleep loss on metabolic rate.
Finally, African Americans may exhibit a higher respiratory
quotient (lower fat oxidation rate) than whites do during SR.
African Americans have a higher respiratory quotient than
whites do during non-sleep-deprived conditions (59), and
a higher respiratory quotient is associated with greater weight
gain (61).

Notably, our subjects consumed a higher percentage of calories
from fat and a lower percentage of calories from protein during
SR than baseline in concordance with studies that showed an
association between sleep loss and increased fat intake (12, 62)
and with data from our previous study showing that subjects
consumed a greater percentage of calories from fat during late-
night caloric intake (9) (although in that study, we showed that
macronutrient intake did not vary across protocol days). In the
current study, subjects consumed more calories from specific
food categories including bread, cereal, plain rice, and pasta;
condiments; desserts; and salty snacks (chips, pretzels, and
popcorn) during SR. This finding is consistent with a study
reporting that adolescents consumed more foods with a high
glycemic index, particularly desserts and sweets, when sleep
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restricted (36) and a study that reported an increased craving for
salty and sweet foods in sleep-restricted men (63).

We also observed significant race differences in macronutrient
intake with African Americans having consumed a lower per-
centage of calories from protein and a higher percentage of
calories from carbohydrates than did whites. Additional exam-
ination revealed that African Americans consumed more calories
from caffeine-free soda and juice than did whites. This finding is
consistent with epidemiologic studies that showed greater intake
of sugar-sweetened beverages in African American children and
adults (64, 65). Although it is unlikely that these differences were
exclusively related to SR, increased intake of carbohydrates,
specifically caffeine-free soda and juice, may have contributed to
the greater weight gain observed in African Americans in our
previous study (9), as calories from sugar-sweetened beverages
contribute to weight gain (66).

In conclusion, epidemiologic and laboratory studies have
indicated that men and African Americans may be more vul-
nerable to the weight-gain effect of sleep loss than women and
whites, respectively. To our knowledge, this is the first study to
find that men exhibited a greater increase in caloric intake and
consumed more calories during late-night hours than did women
during SR. Although there were no race differences in daily
caloric intake, African Americans consumed more calories from
caffeine-free soda and juice than did whites, which may relate to
weight gain. More research is needed, particularly focused on
components of energy expenditure, to understand other sources
of susceptibility to weight gain during sleep loss in African
Americans. The current findings extend previous research by
identifying increased caloric intake and late-night eating as
behavioral mechanisms underlying sex differences in weight gain
because of sleep loss. Moreover, our results promote public
health awareness in men and African Americans by underscoring
key risk factors and modifiable behaviors for weight gain related
to sleep loss.
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