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This study investigates the impact sleep has on food consumption through
the investigation of total consumption, hormones, and energy expenditure.

Conclusion

Sleep loss increases food intake and food expenditure, but ultimately leads to slight weight gain.
Sleep loss leads to greater carbohydrate consumption, but also increases carbohydrate oxidation/use.

Sleep loss increases night time snack kcaloric content, but does not increase other kcaloric content in other
meals.

Leptin, Ghrelin, and Peptide YY are unaffected by sleep deprivation/loss and are unlikely to explain (based on
this study) the divergent food consumption.

Women express more of all three (leptin, ghrelin, PYY) hormones investigated in this study (independent of
sleep) than men.
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Insufficient sheep Is assoclated with obesity, yet little is known
about how repeated nights of insufficient sleep influence energy  and has herapeutic implications for .Iim.w?ufnmul straleg
expenditure and balance, We studied 16 adults in a 18- to 15-gHong  prevent weight gain and asist with weight loss and weight main-
inpatient study and effects of 5 d of i Sent sleep,  [ETHINCE progrms, Therefore, a ‘llrml: im of the current stsdy
equivalent to a work week, on energy expenditure and energy z energy cost of inselBcient sleep and associated
intake compared with adequate sleep. We found that insufficient
sleep increased total daily energy expenditure by ~5%; however,
energy intake—especially at night after dlnlwm—uras in excess of

needed b led to
0.82 + 0.47 kg (+5D) weight gain despite changes in hungar and
satiety hormones ghrelin and leptin, and peptide YY, which sig-
naled sxcess energy stores. Insufficent sleep delayed circadian
melatonin phase and also led to an earlier circadian phase of wake
time. Sex differences showad women, not man, maintained waight
during adeguate sleep, whereas insufficient sheep reduced dietary
restraint and led to weight gain in women, Our findings suggest
that inereased food intake during insufficient deep is a physiolog-
ical adaptation to provide energy needed to sustain additional niake. wpe
wakefulness; yet when food is easily sccessible, intake surpasses  would I\ mowe thun necessary to meet increased energy demands
that needed. We also found that transitioning from an insufficent  of wakcfulncss during sleep loss, thus leading 1o positive enc
to adequate/recovery sleep schedule decreased energy intake, es-  halance and storage of and fats. W h
pedally of fats and (abohydrates. and led to —0.03 + 0.50 kg  that transitioning from skeep 10ss 1o an adequate -Iccp schedule
weight loss. These findings evidence that sleep plays  would reduce EE and food intake.
a key role in energy metabolism, Importantly, they demonstrate

dolngical and : . wehich i - Results

Sloap, Light Expasure, and Circadian Phase. Aver
i and circadion me

Medical Center, Dallas, TX, and approved February 6, 2013

importance of adequate sleep for hes

Study lasted 2 weeks and was conducted in a room that measured calories
expended (this is done by the creation of heat, as heat is directly related to
kcalories). Participants were allowed to eat as much as they wanted (ad libitum)
so intake was not restricted, but was measured. Finally, researchers also
measured the amount of leptin, ghrelin, and peptide YY in the body (explained
later).

bed and wake
imes are shown
wided

sleep may contribute to overwebght and obesity.

calorimetry | I esting | | restriction Participants were split into two groups: 1. Adequate Sleep: Were given the opportunity to sleep 9 hours for

5 days straight, and 2. Restricted Sleep: Were restricted to a 5 hour sleep opportunity for 5 days straight -
both groups had equal men and women. Then, the groups switched (the one group that was given 9
hours of sleep was switched to 5 hours and the 5 hour restricted group was switched to 9 hours.

Mnrc thien 1.4 ballion acules, 150 million school-aged children,

and 43 million preschool children are estimated o be

overweight or of worldwide { 1-3), substantially raising risk for

cardiovascular s (4) hyperipidemia (5), dinbetes (5, f),

osteoarthritis {6, sleep apnea (7), depression (8), and cancer [J}
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Fig. 1. Sleep and creadian timing. Average timing of sleep episodes (baxes),
melatonin orset (black upward triangles), and melatonin offset (lack down-
ward triangles). Errar bars are SEM. P values are calculated by mixed model
ANOVAS. Melatonin onset significantly delayed in the 5-h condtion (P < 001
wersus BL and 9 h), whereas melatonin offset was similar for conditions (P =
0.77). Durations batween melatonin onset and bedtime and between mela-
tonin orset and melatanin offset were similar for canddions (bath # > 0.39),
whareas duration betwaan melatonin offsat and wake time was significantly
fonger i the 5-h condition (P < 0.001 versus BL and 8 h.

(£SD) and 9 h, 461.5 = 42.6 min conditions, and slept less in
the 5-h condition, 280.0 £ 10.1 min as v poly-

Overeating led to positive energy balunce (Fig. 2£) and weight
gain (Fig. 2G) in both sleep conditions. Although cnergy balance
was not statistically different between conditions, participants on
average gained more weight in the 5-h versus 9-h condition (Fig.
2G). Participants m.nm- ined a state of greater positive energy
oned from the 9-h to the 5-h condition

s were in a state of lower positive
ned from the 5-h to Y-h con-
dition (Fig. 2F). Related, participants who started in the 9-h
condition gained wughl (not significant from zero baseline,
0.17) and subseq gained weight from
zero bascline, P < 0.01) after they transitioned to the 5-h con-
dition (Fig. 2H); whereas participants who started in the 5-h
condition initially gained weight (significant from zero baseline,
P < 0.01) and subsequently lost a small amount of weight
(Fig. 2H; not significant from zero bascline, P = (.88) after they
transitioned to the 9-h condition.

snlay and Hunger Hormones. Average 24-h leptin levels increased
from 5.5 +5.2 ng/mL at BL by ~22% 10 6.7 £ 5.1 ng/mL in the 5-h
condition (P < 0.05); leptin levels were rmediate in the %-h
condition at 5.9 + 4.7 ng/mL [9-h nonsignificant difference from
BL(P=0. lh) and 5 h (P = 0.095)]. Average 24-h ghrelin levels

somnography. As participants did not slecp for all of h sleep
opportunity, the differe 1 sleep time between 9-h and 5-h
conditions was ~3 h, cquivalent to ~39% reduction in sleep
duration,

Average light exposure during scheduled wakcfulness was
similar for the BL, 9-h, and 5-h conditions (230 = 122, 247 = 101,
and 229 + 102 Ix, respectively: P = 0.47 for condition; note 1 Ix
equals light from a candle 1 m awa X
I the 4 ho Illmal wil

ph.m: and phase n,lauunslups 0 scheduled \Ic:p md
were similar for BL and 9-h conditions, whereas circadian mel-
atonin onset phase significantly delayed by ~1.5 h and the du-
ration between wake time and circadian melatonin offset phase
was significantly longer in the 5-h condition (Fig. 1).

Total Daily and Hourly EE, Food Consumption, Macronutrient Dis-
appearance and Balance, Fneroy Balance, and Weight Gaim, 1
ticipants” total daily EE was ~9% the 5-h condition
compared with BL and ~5% hig h versus 9-h con-
(P < 0.01; Fig. 24). Fij 2B shows that regardless of
condition order, 24-h EE was higher during the 5-h versus 9-h
condition. Funhcm\on: hourly EE was higher during wakeful-
ness versus scl d sleep regardless of di
¢  caloric need was »
Pasticipants consumed more calories than needed to
ight when food was available ad libitum and 24-h
food intake was ~6% greater during the 5-h than 9-h condition
(P < 005; Fig. 2C). Table 1 shows participants consumed and
used more cdrh)hvdr.ncs in the 5-h condition, yet there were no
balance. Fig. 4 shows that
participants cormined's miallc skt apsme 423
linner snacks during sleep loss. which
iydrates, protein, and fiber (Table 1).
p loss, more calories were consumed at
night afler calories consumed for any individual
meal. Calories mmlmx’d as lunch, dinner, and predinner snacks
were similar between conditions (all 2 > 0.46), Food intake was
influenced by condition order such that participants maintained
clevated food intake after transitioning from the 9-h to 5-h
condition (Fig. 2D) and increased their consumption of carbo-
hydrates from 360.2 + 106.9 g in 9 h to 390.6 4 114.1 gin the 5-h
on (P < 0.05). In contrast, participants reduced their food
intake after transitioning from the 5-h to 9-h condition (Fig. 20).
11872329 ¢in S h 10 1069 =
and carbohydrates, 398.2 = 131.7 g in § h
103529+ 1182 g in 9 h (P < 0.001),

more cal ter
contained mose carbol
Furthermore.
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d from 794.6 = 233.8 pg/ml. at BL by ~30%
I<|Mﬂ 22354 pg/mL in S-h (£ < 0.001) and by ~21% to &
3 pgmL in 9-h (P < 0.01) conditions (no diff
nd 9 h, P = 0.81), Average 24-h PYY levels significantly
increased from 100.5 + 35.1 pg/mL at BL by ~32% to 1361 =
448 pw/mL in 5-h (P < 0,01) and by ~35% 133.2 + 48.8 pg/mL
in 9-h (P < 0,001) conditions (no difference between 5 h and 9 b,
P = 068). Hourly hormone duta are shown in Fig. S2.

Figure 1: This diagram merely shows the sleep patterns of baseline (7 days prior to the study start), the 5
hours of sleep condition, and the 9 hour sleep condition; the diagram also shows the onset of melatonin (a
sign of circadian rhythm) and the melatonin turning off, relative to the actual sleep. These are all
averages.

Take Away: Baseline and the 9 hour sleep conditions slept right in line with their circadian rhythm and
slept 4 hours longer than the 5 hour sleep condition, which also did not sleep in line with their melatonin
secretion/circadian rhythm.

®an Condrion
A lm‘ B Z5h Condmcn
| 1hcal « 4184 oule

Shfirst  Ohfirsd

Fig. 2. Effect of sleep loss on energy espenditure, intake, balance, and
wiolght gain. P values calculated by mixed model ANOVAS for condition
{Left, n = 16, two-tailed) and planned comparisons for condition by order
{Right, 1 = & each order, one-tailed dependent t tests). Error bars are SEM
“Signiticant difference between 5-h and 9- conditions P < 0.05)

Figure 2: This data shows the relationship between sleep amount (deprived; 5 hours, and normal; 9 hours)
and energy expenditure, food intake, the balance of both, and weight gain separated out by which group
was deprived first (5 hours first) or slept normally (9 hours first) on the right side (2B, 2D, 2F, and 2H) while
the left side (2A, 2C, 2E, 2G) of the figure shows the average (both put together, simply looking deprivation
vs full night sleep without considering when each was implemented).

Take Away: Looking at the left side first (averages of everything together), energy expenditure seems to be
increased with sleep deprivation, the same for food intake, and overall weight gain. However, when
considering when deprivation occurred (first week or second week of study), being deprived in the first week
led the normal sleep condition to expend less energy, but also reduce food intake, and not gain any weight.
This could imply a corrective effect from being allowed to sleep normally again.

Markwald et al
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Haurs from scheduled waketime

Fig. 3. Haurly energy expenditure in the calarimetry room. Energy expen-
diture expressed as kilecalories per minute on the Left axks and kilojoules per
s relath weake tiene, Gray i nt
o intensity stepping sessions. Erar bars are SEM. P vahies are calcuiasted by
dependent 1 1est with modified Bonferonni correction P < 0159, *Sig
cant difference between the 5-h condition and basefine and 9-h conditions;
A represents significant difterence between the baseline and 5-h ard 90
conditions. In addition to significant effects noted, there was a significant
ditference batween basaling and 90 conditions a1 hours awake 3.

sed from

¢ i ¢

1310, Physical exhavstion inereased to 549 £ 189 points during
the 5-h condition by 30% and 19% compared with 421 = 155
and 4600 = 191 poins during the BL and 9h condition, re-
spectively (hoth P < 0001 versus 5 h: no difference between BL
and @ h, P = 0L19). Order effects for scales are shown in Fig, 53,

Sax Differences. Todal sleep time, circadion phase shift, and cir-
cadian phase relationships did ot differ by sex (all P > 0L37)
Owverall, men expended more energy (25756 4 646 kealid men
versus LIM5,2 + 560 kealid women), consumed more calories
(38508 + 1189 versus 22774 + 924 kealid), were in greater
positive energy balance (1,.275.2 = 80.2 versus 232.2 + 74.2 keal'd),
and gained more weight (095 £ (.14 versus 0,13 £ (016 kg)

than women during sd libitum food availability regardless of
sleep opportunity (all sex differences P < DI015). Hunger sig-
antly decreased in men from baseline w 9-h and 5-h con-
ons {both P < 0.01), whereas hunger did not change in
women from baseline to either condition (both P = 0,69} (Fig,
53). Compared with bascline, men consumed ~68% and 629
mare in the S-hoand % conditions than needed o maintain
weight., whereas women consumed ~19% and ~10% more than
necessary 1o maintain weight in the S<hand %h conditions, ne-
spectively. Men gained weight in the 5-h (L11 £ 0.0% kg, P = 005
from zero baseline) and 9-h (0.78 = 0.25 kg, P < 005 from zero
haseline) {no condition differences in weight gain for men,
(1L30) conditions, whereas women gained weight in the 5-h con-
dition (052 + (L16 P < 005 from zero bascline) and lost
a small amount of weight in the % condition {—0.26 + 0.20 kg,
not significant from zero baseline = 0.23) {condition differ-
ences in weight gain for women P < 005; sex differences for
weight gain within conditions both P < 0,01},

Imciuhn

sleep is risk factor for
weight gain and obesity. We show that 5 d of insufficient sleep
increnses energy needs, but that sleep loss also increases food
intake such that intake is in excess of energy needed leading 1o
i m, Food intake, espesially of carbolydrates, was high
capite appropriate responses of satiety and hunger hormaones
that signaled food intake was in excess, During sleep loss,
ticipants atc smaller breakd but ate mose over the day, es-
|:||=cia||)r earhohydrates, prdeins, and fiber at night after dinner,
ngus in circadian phase and the circadian timing of awak-
have contributed 1o the altered eating patterns during
m-.uﬂlcn.nl leep. Specifically, participants may have eaten
smaller breakfasts becanse they awakened at an earlier cireadian
phase when the internal circadian clock was promoting sleeps
e, wake time oecurred dusing the biological night when m
tonin Icvclﬂ were still high. Furthu.rmun a delay in melatonin
ing of the biol y have led 1o
i) uuadmn drive for more fond intake at HI‘L'M Trunsitioning
from slecp loss to an adcqn.nlt..-’rmm-u\' sheep schedule led 1o
reduced food intake, ally fewer fats and carbobydrate:
and to weight loss. &

. selecting a diet that more
oric needs (201), We unigquely show,

Measure

Table 1. Total daily macronutrient intake, disappearance, and balance

Macranutriant intake
Carbohydrate, g
Fat, g
Protein, g

Macronutrient disappearance
Carbohydrate, g
Fat, g
Protein, g

Macronutrient balance
Carbohydrate, g
Fat, g
Protein, g

Macronutrient intake of calories consumed after dinner
Carbohydrate, g
Fat, g
Protein, g
Fiber, g

5-h condition fn = 16) 5-h cendition {n = 16} Falue
I56.5 (109.00 3sd4 (181} <0.001
1196 (@80} 123.4 (39.8) 0.3z
1233387 1223 (10668} 0.82
298.0 (103.7) 319.2 (26.7) <0.05

66.1 (24.6) 725 (30.9) 03z
&7.0 (30.2) B1.8 (25.14) 013
BB (52.4) 542 (57.6) 023
53.5 (5800 50.% (561} 0.63
36.2 (16.8) 403 (18.2) 0.28
T5.2 (436) 118.4 (60.0) 0.001
28.1 (20.6) 338 (1591 013
14.8 (3.6 1B} <0.001

3.2 (1.6 54019 <0.001

. number of partiipants. Values in parentheses are $0. Camgarkson of cardition effects for 3 and &h sleep opportunities.
P valuses are two-tailed caloulated by mised model ANOVAS for main effect of condition,

Markwald et 2l
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Table 1: This shows the macronutrient composition of food consumed with each condition (full night sleep, 9
hours vs deprived condition, 5 hours), macronutrient use, balance of the two (intake vs expenditure of each
macronutrient), and macronutrient consumption at night.

Take Away: Carbohydrate intake, but also expenditure, was higher with the sleep deprived group, but was
equalized as measured in balance (meaning, they consumed more, but they used what they consumed).
Interestingly, the sleep deprived group consumed more carbohydrates, protein, and fiber at night, as well.
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ﬂg 4. Energy intake of meals, Energy intake for 9-h and 5-+h sleep conditions

Error bars are SEM.
P valoes are calculated by mixed modcl ANOVAS for main effect of condition
{n = 16). *Significant difference between 5 h and 9 h (P < 0.0%).

thus leuding to weight gain. In addition, nighttime consumption of
postdinner carbohydrate, protein, and fiber calories was 42%
higher during sleep loss. Sleep loss has been shown by others to
increase consumption of carbohydrate-rich after dinner snacks, but
not overall daily intake 2n. Thus, nighttime cating after dinner
appears 1o consistently increase during sleep loss, although mac-
ronutrients consumed differs between studies, likely reflecting
differences in snack options or populations sxuu.lxcd (e.g., lean
in current stxly studied
21). We also found participants ate “smaller breakfasts
leep bass, Our findings add 10 the growing body of evidence
from epidemiological (26) and nonhuman models (27, 28) that
indicate that overeating at night may contribute to weight gain.
We show insufficient sleep leads to a delay in circadian timing
and thus a change in the circadian timing of meals, especially
breakfast. Sleep and circadian systems are highly integrated and
sleep loss as a consequence of circadian misalignment is well
documented (29, 30). Our finding showing that circadian mis-
may result from maintaining insufficient sleep is

howvever, that insufficient sleep appears to reduce dictary restraint
in women, increasing their risk for weight gain,

Energy Expenditure and Emergy Intake During Sleep Loss and
Adequate Sleep Schedules. We olserved that § d of insulficient
sleep, equivalent to a work week, increuses total daily EE by
a physiologically meaningful amount. The average increase of ~3%
(~111 kealid or ~464 kJ/d) in 24-h EE observed during sleep loss
compared with 9-h control is similar to the energy cost of a 70-kg
adul! pcrfnmnng water a::mbn:« for ~24 min. Increased total daily

i3 ly driven by the energy cost of

.'r

was nol detected in prior vvs:.m,h (21,22). Allhulqm factors such as
study design and population studicd may contribute to this dis-
crepancy, i with the mea-
summ:nl of EE likely explain the majority of the difference in
findings. Compared with the whole room calorimetry precision of
! ﬂ.ﬁ—l“? ) the doubly kabeled water technique used in prior research
(21,22) provides Jess sensitive and precise (~6-8% imates of EE
(23). Our finding that 5 d of seep loss ncreases unigue, but
consistent with prior research from our investigative team on the
energetic costs of total sleep deprivation (16). Pvmuuﬁy we ob
d one night of togal skey under
conditions increased 24-h EE by ~7% (~134 kealid or ~562 Und)
(16). Taken together, these findings indicate that total sleep dep-
rivation or insufficient skeep both increase daily EE., thus providing
further support that one function of seep in humans is W conserve
a small but physiologically meaningful amount of energy. Chroni-
cally, if increased energy demands during sleep loss were not met
with increased food intake, weight loss would ensuc. Thus, in-
sufficient sieep per se may not directly lead to weight gain and
findings from nonhuman models support the latter. i

unique and indicates that altered circadian timing may contrib-
ute to negative health outcomes associated with short sleep
vﬁudnlc\ How the circadian timing of meal intake influeaces
P gy cannot be in the current ad

veol. Detailed evaluation of areadian misalignment
ture studies of sleep Joss is warranted, especially because
iling skeep by advancing only bed or wake times could have
dlﬂ'crcnl cffects on circadian timing, food intake, and energy
metabolism.

and Hunger Hormones. indines from pror studies suggest

that changes in sa and hunger hormones during slecp loss,
when food intake is controlle itiate increases in hunger that
would augment food intake (18, 19). Owur findings indicate
however that mechanisms by which sleep loss contributes to
weight gain are likely to be more complex as overeating occurred
despite increases in leptin and PYY and decreases in ghrelin that
signaled food intake was in excess (31-33), Allhuuﬁ altered by
avereating, leptin, ghrelin, and PYY were still in the range ob-
served in healthy lean individuals, Differences in eating behavior
oceurred in the 5-h and 9-h conditions despite smilar patterns of
urullxnmg hormones, and this may be indicative of decreased
responsivity to gut fullness and satiety hormones during sleep
Ioss Our fmdmgs showing increased food intake despite changes

that promote sati hunger are i

vnlh findings from sludlcs of clock mutant mice (34) and sleep-
restricted ad libitum fed humans (21). The controlied CTRC
study limited the duration of deep loss and thus it is possible that
given a longer time course of overeating, participants would have
n:spondcd to changes in satiety and hunger bormones (35).
Changes in other hormones not examined may also promote
food intake durmg sleep lu&ﬂ (e - cholecystokinin, glucagon-like
e s ad libitum food

sleep-restricted md.m.\ lost weight even lhnng)n lh.’v ate more ("l)
and rats with sleep b because of ic

peptide-1). F i
availability occurred in lhc *l h u_mdllmn |=s une

but pcrhnm
not d based on the of food

area of the hypulhllumus lesions (25) gained less weight even
though they ate normal amounts of food. Although EE was not
dircctly measured in the latter rodent studics, the findings are
consistent with the physiological principal that encrgy needs are
higher during sleep loss Our findings also suggest that negative
energy balance and weight loss would ensue over time in studies of
sleep loss that provide energy halance diets designed to maintain
weight at haseline, This may help to explam why leptin levels are
lower and ghrelin levels are higher in prior sleep loss studies that
controlied food intake (18, 19). As discussed previously, sleep boss is
not a safe or effective means of losing weight (16) and our current
findings of dysrcgulated food intake and weight gain in humans
during sleep loss expounds this point.

Our findings mdscan. an important contributor to weight gain
during skeep loss in humans & gulated eating behavior. Total
daily food ntake, especially of carbohydrates, was greater during
sleep loss beyond that necessary to meet increased energy needs

698 | www.pras orglegiidol/10.107 3pnes. 1216951110
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provided (16), and comparisons of umcr fecdmg modcls during
adequate versus insufficient sleep are needed.

Physical Exhaustion Ratings. It is unknown whether higher physical
exhaustion observed during sleep loss in our study will translate
to Jower physical activity levels and mare pumm: encrgy b halance
in the sociak her

laboratory findings (37, 38). As slecp lo\s induces sngml'luml
safety in cognitive to al-
cohol intoxication, we do not believe that experimentally induced
sleep loss outside of a controlled kaboratory environment is safe,

Effects of Sleep History in an Ad Libitum Feeding Environment. Being
awake longer permils & greater opportunity to eat. However, we
found that overeating was not simply due 10 more time o eat, as
our counterbalanced-crossover tl:u(m showed that sleep history
I to

Markald et al

Figure 4: This data simply shows the breakdown of meals and kcalorie consumption per meal in the sleep
deprived (5 hours) group vs normal sleep group (9 hours).

Take Away: During breakfast, the normal/full night's sleep group consumed more kcalories, and there were no
differences across any meals until the night snacking, which increased for the deprived group.




overcat a similar amount and gained weight after transitioning
from the 9-h to 5-h condition. Conversely, fat and carbohydrate
intake was significantly reduced and a small amount of weight
loss ensued after transitioning from the 5-h to %-h condition,

How Does Sleep Loss Promate Welght GainT Increased food intake
during sleep loss appears to be a physiodogical adaptation o
rovide the body with the energy needed to sustain extended
wakefulness, However, when exposed to the modern obesogenic
environment of readily acoessible food, weight gain occurs be-
cause food intake is more than necessary to offset the energy cost
of sleep loss, This weight gain would be cmccrhetcd lf ph
exhaustion from skeep loss leads to reduced phy
the work-home environment. Ch.
hunger hormones do not explain the
Thus, a central mediated drive (o increase food intake meet
the cncrgy dclnands. of sleep loss may have contributed 1o
miple, levels increase dur-
ing sleep loss (39) nnd orexin/hypocretin neurons are an important
component of sleep-wakefulness and feeding neural systems (40,
A1) Tt is also pessible that sleep loss alters brain mechanisms in-
volved in nonhomeostatic food intake (c.g, mood, comfort, re-
duced cating restraint). As discussed carlier, sleep loss also
ars 1o consistently increase food mlalu_ at night. This, plus
T in clrcadian timing implicate time of day o circadian
mua olic pathways in sleep-loss-induced weight gai
Mmmmm evidence, including findings from tI\c cum:m study,
ests that public health interventions shoukd include skeep
ucation programs as part of strategies to prevent weight gain
Furthermore, our finding that obtaining an adequate -.In_lrldu-
ration reduced overcating and consurmption of fats and carboliy-
drates, combined with findings of reduced fat loss during a caloric
restriction regimen when obtaining insufficient sleep (42) indi-
rials are needed 10 determine whether sleep is
modifiable risk factor that can assist weight Joss and o
healil

Subjects, Sixteen healthy participants (eight women)) aged 22.4 + 4.8y (mean «

| skow schedules of £76 h + 065 h, BMI 225 &

by dual energy
DG Lunae) ware studiod. Study proce
dures were spproved by the Scientific Advisory and Review Committes of
the Calorade Clinical and Trarslatianal Sciences Inssitute, by the Colarado
Multiple Institutional Review Board {IRE], and by the University of Colarada,

prowicded a diet that mat their predicted Individual daily calorlc negds (DA
or resting metabolic rate with a 1.5 activity factor). The CTRC Nutrition Core
peopared meaks with daily macranutrient ratios of 30% fat, 55% carbohy-
drate, and 15% protein reflecting sverage US daily intake. Participants were
instructed te eat all food provided and nmrmg i aacapt waker and ax-
ereise was p(md 1o ensure they ente '\ed

Durunues atthe ::rmmm s nahu.ul bedmr,e. 2 dety 1umd by prestuy
i This procedure permitted panicpants to mitially seep a1 their
hehnual entrained crcadian phase. Sleen was restricted by delaying bedtime
Al advanding wake time sach by 2 b, A 5-h sheep apportunity was chosen
because: (1) on average it does not reduce deep slow wave sieep as does
mare severe sleep restriction, () itis 8 level of sleep restriction that soours
across a 5-d work week in mary cccupations (e.g. military and security
cperations, emergency responders, and sml:wke«sr and (Whits 2 level of
that & consistent with o examine the |

aleep loss an metabolism (18, 19, 21, 42) \Me(hme a O-h sleep cpportunity
far our control canditian to ensure indiiduals were provided with a suffi-
tient appartunity for slﬂn Weight n-ynt!ran(e dints eontinued for AL
days. O ik ding of the Sh and &h conditiars, the CTRC
1,500 keal sach for breskfast, I
ner, and ~200 keal each for snark one and snack twa at ~2.17 h, & h, 10
12 b and 1 b ] welyl designed 1o provide
participants ~130-150% mare caloeios than 8L Additional snack chakes
were freely svailable during scheduled wakefulness of the 5-h and 9h
condiians (Table 51} Particpants ate as much of scheduled meals and
snacks a3 desired during the 5-h and -h conditions. Participants perfarmed
20-min low-intansity stopaing sessions twica per day 1o mimic daily physical
activity outside the CTRC. The specially designed sbeep research suite per-
mitiad axposure of participants ta indear lighting and sunlight thraugh the
i i uled and dark i

[0 Ix achieved by 3 lockatln blackaut shack with tracks 1o prevent light
Ieakage). We chase this procedure to approsimate changes in light expe-
sure pattems that aoour Our insuﬂi(lent Slewp schedules in the home-
roam days,

mantained in dim wmmq dumg scheduted waketulness {<B I maximwm)
to permit assemment af melatonin levels.

Measures. & whole racm calorimeter quantified changes in EE and macro-

maitint disappearance (161 an the last BL day {oay 31 and last day of each

sheep condition (days 8 and 13; Fig. $1). EE ard respiratory quotient (RG]

were am fram oxygen (g} corsumption and carbon doxide (K03
24), G

CQ and Oy between entering and exiting & with 8 fuehcell-based dual
channel O, analyzer (FC-2 Cwzilla; Sable Systems Intemationall and two in:
frared 00 anakyzers {CA-10 OOy analyzers; Sable Systemrs Intemationall (45),
Accuracy and precision of the system is tested manthly using propane

Baulder IRE. Written infarmed
then u'!de'v\!’!t h!slth u:'!!.'"ﬂtl

lvad mcumarr.ogr.:m and palysomnagraghic sll:cp ds-
wrders screen. Based on these tests, participants were deemed free of
medical and diarders. 18-35 y old; BMI
18.5-24.9 kgim®; habitual sheep time >7 and <9.25 h; low-moderate caffeine
(<500 mgid); akcahal use {average fewer than twa standard drinks per day
per week and five or fewer drinks per day) no drug dependence; and
nansmakers. Law physically active particpants were studied to contral far
detraining during sedertary laborstory procedures on EE. Also see 51
Mothods, Exchusion criterla were: current ar chronlc modicalipsychiatric
conditians; pregnancy, $ift wirk or dvelling below Denver altitude (1,600
m) the year price; travel acrass mare than ane time zone 3 wk before CTRC
stuthy; manimal ffetime BM) =275 kgim®; recent self-reparted weight losy
and abnormal eating patterns identified by dietitian interview and three-
item eating questionnaine (43, Participarts sell-reparted being medication
free and urine toulcology for ilict drugs verfied drug-free status at
screening and CTRC study. All participants who met indusion criteria and
started CTRE pracedures campleted the protacol.

Study Pratacol. One week before study, participants disccatinued caffeine
use ared 1
was verified by
dharies, are wrist e

¥ and light-expasure recordings [Aciwa
Respiranics). These procedures ensured participants were not sleep mmncd
before the CTAC protocol. Thiee days belare the study, participants were
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tests and average O and CO; recoweries during this stisdy were
298.0%. Pratein based
[6). EE, carbobydrate, and fat dissppearance were calculated from O
consumption and RQ (47). Food intake was determined by the CTRC Nutri
tion Care wsing ProNutra software (48], We wed a 5-d sverage for food
Intake far each canditian to most accurately ropeesent global changes in
food intske that ocured during each condition. Morning body weight was
recorded with participants wearing identical clathing. Ghmun. leptin, FYY,
and melatonin were assessed fr blood ples di
oo days via an indweling vanous cathatar with hegarinizsd saling drip
and 12-oat extersion tubing thraugh the calarimetry roam porthale. This
itted blacd sampling without entaring th reom during schedulad
wakedfutness and sleep. Visual analog scales were used ta assess hunger and
pysical exhaustion ratings (0 = not hungry at all and 100 = as bungry as I've
ever felt; 0 = energetic and 100 = physically exhausted) starting 1.5 h after
schadided wake time and every 2 h thereafier during scheduled vwakefis-
ness. Sleep recordings were otained (Siesta; Compumedics) on day 1 (deen
sordars soreen) and the last 2 d of BL 5-h and 9-h segments of the pro-
tocal. Recardings consisted of monopolar EEGs referenced to contralateral
mastoids (C3xAZ, CAxAl, OI2AZ, and FIxA2), right and left electrocoulo-
grams, chin electromycgram, electrozardiogram, and resiraticn. Scheduled
wakefilness was verified by research statf via continuous monitoring and
‘with the addition of EEG an calorimetry days.

Data Analyses. EE wars caboudated hourly and for total daily EE. Macranutrient

cicdation was caloulated for each 28 day, Tatal daily facd intake and the
for meals, as wel

postdinner time, were calculated. Energy and macronutrient balance was

PHAS | Apeil 2, 2013 | wol 110 | nool4 | 5699

16 healthy, young participants (half were women) with ~8 hours of sleep a night prior to the study were
involved in the study. All participants had blood taken, heart measurements, metabolic panel (blood
sugar, for example), and sleep brain wave measures taken. Participants were instructed to stop caffeine
intake one week leading up to the study and maintain 9 hours of sleep - compliance was verified by
calling in, sleep diaries, and wrist activity monitors. 3 days prior to the study, participants had their
nutrition controlled and were put on a nutrition protocol that it their predicted calorie needs. Sleep
restriction was applied by delaying when participants could sleep (under supervision) and then were
awoken earlier for a total sleep time of 5 hours in the restricted group and 9 hours in the full sleep
condition. Ad libitum (eat as much as you want) was implemented post-sleep - detailed in the
figures/data.




calulatod a5 the differance betwoan the 5.d average food intake for aach
condition and total daily EE and macranutrient axidation measured in the
ronen calorimeter, Carbahydrate balanoe was caloulated Tactaring fiber in-
take. Hormones were analyzed as a 28-h mean and hourly. Total sleep time
wwins averaged for sleep recordings the last 2 d of each condition. Gircadian
phase was determined far the dim-light melatanin ansat {DLMO 25%) and
dimrlight melatanin offset (DLMOF 25%] and phase relationships with bed
and wake times and each other were caloulated (99, 500, Average autcames
were anakyzed with maed model ANOVAs with condition and condition
arder as fixed factors and subject a3 a random Facter, also with and without
s a3 fined factar using Statistica (version 10.0; Statsoft). Analyses of sex
differences were not planned and are considered exploratoey. Hourly out-
coms for EE and hormanes were analyzed with condition and Faws fram
scheduled wakn time as flmd ﬁmu and modified Banferroni comectian
factors for e sample £ tests were ued s

changas in weight fram a zara baseling. Analyses focused an condition
differences with two-tailed tests. Asmessment of order effects were of in-

1. de Cis b, Blésinas b, Borghi £ [0} Global prevabings aed trands o svwwaight
and obesity amang peeschool crikdven, Am J CNn Mot G2(51:1257-1264.
2. Finucane MM, o1 al.; Global Burden of Mutabolic Risk Facton of Chronit Diuass

tarest a5 they pormitiod axaminatian of prior skeep histary on ad ibitum
food intake and energy metabolam {ie. continuous adequate 9-h sleep
apacrtunitios followed by S-d sleep restriction and S.d sieep restrictian
fallowed by 5-d, 9-h sdequateirecovery sleep opportunities). Planned tom-
parlsens for condition by order ffects were perfoemod Lsing one-tallod
dependent ©tests 1o test directional hypatheses Tor primary austoome
measures: 24-h EE, fac intake, energy balance, and carbabydrate and fat
intake, all predicted to be higher during the 5-h condition.
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51 Methods

Subjects, In addition 1w the subject information presented in the
i et young ovalating women were selected on the basis of
a history of regular menstrual cveles. They had no history of prior
wvvecobogical pathology. Women ot currently using oral eon-
traceptives but who had used oral contracepdives in the past were
reguired 1o be free from oral contraceptive use for more thin 3 mo
before participation and 1o demonstrate regular cycle lengths.
Participants with mood dwr&h.nﬂ. |l|v|u1|mg Tate Juteal phise

room ealosimetry days. Like in prior studies of insufficient sleep,
we examined leptin and total not acerylated ghrelin becawse total
ghrelin levels have been reported to respond 1o sleep boss and
«changes in leptin and ghrelin may contribute 1o increased hunger
(2-6). Mensurement of scetylated ghrelin and of various syl
ghrelin N:I'ur!n:ﬂ :ﬂhuulsl he wmuh.r\.ll in future studies ws they
are more
the glm:lm rcn:pm( and effects on food intake, weight gain, and
energy homeostasis compared with total ghrelin levels (7. 8).

F «changes in other metabolic hormones not exam-
ined (e.g. thyroid hormone) (91 coukd have contributed to the

dysphoric disorder d at L Were
excluded from pllllupullm We did not schedule women for the
study di phase, but | phase bogs  current findings.

mdlmltdlhatwunnn started the study i the week of menses or on
first day of the follicular phase (& = 3) or during the luteal phase
{n = 2} For those women taking oral contraceptives, the stsdy
was started in the “pseudo” follicular phase {r = 1) and luteal
phuse (= 2} Although our study is among the few o include
equal numbers of men and women during a study of insufficient
sleep schedules, that we did not control for or determine the
influence of menstrual cycle plase or oral contraceptives on our
outeome measures is o limitation of our study, Chronotype was
ot an inel lusion criteria, Ch derfved from the
i [MEQ) (1) were as fol-
lows: four were moderate morning types, 11 were intermediate
types. and one was o moderate evening tvpe.

Measures. Light levels were megsured in i using Actiwatch-L
recorders worn daily. Tnaddition, dim illuminance in the angle of
gaze at eye bevel in the calorimetry room for melatonin mea-

Additional Results. Mo statistical differences in 24 levels of
urlnar} glumccmmldw [corllwll and catecholamines {d.opulnmc.

or total urine WeTe
observed (all I* = 0.10). No statistical differences for energy in-
take oecurred between any of the 5 d examined in the Sh con-
dition (all P> 0.10), Subjects showed higher energy intake on
days 2 and 3 than day 5 (P < 0.01), with no other differences
between days in the 3-h condition. Longer studies are needed 1o
determine whether an adaptive change in ad libitum food intake
occurs across longer durations of insufficient sleep, Although the
study was not powered to detect sex differences, sex differences
were observed for leptin levels with higher leptin in women re-
gardless of condition (Fig. 52, Righe; P < 0000001 ),
ciated with the higher fat mass in women (285 + 59%; n = §)
VETSUS men {I) 1 4 309 » = 8) as determined by dual encrgy
Neray v (DEXA) (P < 00001). Leptin levels for

surement procedures was verified with a research pl
(International Light). Blood samples were immediately centri-
fuged and then stored al =50 °C until assayed. Serum radio-

for ghrelin sensitivity 93 pg"lnL within asay
cueflficient of variation (CV) 4.5%; peptide YY (PYY) sensitivity
10 pg/mL. within assay CV 3.3% (Millipore); and leptin sensi-
tivity 0.5 ng/mll, within assay OV 5.9% (Beckman Coulier) were
performed by the Clinical Translational Rescarch Center
(CTRC) core laboratory and melatonin sensitivity 2 peiml,
within assay CV 12.7% (LDN: mel in direct

women were not slan:illrully different across conditions, whereis
leptin levels for men were higher in the %h and 5-h conditions
versus baseline (Fig. 82, Righe); the Later findings may be assoc-
ated with the fact that women showed relative feeding restraint
compared with men regardless of sleep condition. Sex differences
were ilso observed for ghrelin levels with higher ghrelin in women
regardless of condition (Fig. 52, Righs F' < 0.000001). Nonethe-
less, ghrelin levels were similar Iur the 5-h and %-h conditions and
were ly lowwer d with baseline for women and

assay) performesd by the Sleep and Chronobiology Laboratory. In

addition o the outcomes presented in the main text, we also

examined 24-h levels of urinary gheeocorticoids. (cortisol) and
e - H ! e and ITES

all corrected for 1 wtal vrine ines) on

I Home Ja Ostberg O (157E) A sefasmessment mmnnulm 0 detemive
"

men (Fig. 82, R.Wi‘;r] Nos sex differences were observed for PYY,

being lowest at baseline for men and women (Fig. 82 Righe).
There was a nonsignificant rend for a main effect of sex on
hunger (Fig. 83, Righr; P = 0L065) driven by higher hunger scores
an baseline in men versus women,

& Voontza AN, et al. (1998) seen deprivation eMects on the acovity of the

masniegnims vringre i buman cecadian hythes, i ar-110,
2. Wgayen I, Wrighe KP, I, 120101 Infhaence of af phase of

nd groweth azm: Potantial cinkal imglicatiom. £in

intinal bichsgical Tiss o0 e nergy Balance haman lptin, Mar 5 S 2918
3 Spegel K, et al. (2004) Leplin leve are degendent on sieep duation:

7. Happrar KM, 61 al 2012 Aofation tyes determines ghiakin's effects on anergy
redenis,

balance, o, and tyretsopie § Chin
Enceringl Metab B1T}SIRI-5T71,

4 Spiegel €, Tasah £ Perev P Van Cauter E 20041 Briet commurication: Sleep
curtaikmi i haalthy young men & svocisted with decramed beptin leveh, slesated
ahrein eveh. s incremed unger and sppetfe Ane inrerm M 14117336 850

5. Tahari , Lin L Austin D), Young
rechmed leptin, elevared ;..n.\ "ol incrmanec bty mam. inchee. ALt e 101182,

Markwald et al www.pras.orgiogitontentshorti 1216551110
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# Spieqel K, Tasali £, Loproun &, Scharberg K, Van Cauter E [2011) Twenty-four-hour
profilm of acylated anc total ghrelir: Nelatiormhip with ghecows levrh ared impact of
time of day and skeep, J £in Endocrinol Metad D612 485403,
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Fig. 51, Clinical Translational Ressarch Center (CTRC) protocoks. Timeline depicting the i arders of th CTRC pratocal. & ¥ sleep
cpportunity was provided befare CTRC discharge in condition order A, Total dally energy espenditure was measured in the calorimeter on days 3, 8, and 13
Nabeled O,

Figure S2: This data shows the amount of 3 different hunger related hormones at baseline (pre-study), as well
as the normal sleep/9 hour sleep opportunity, and the sleep deprived/5 hour sleep opportunity. Leptin is typically
decreased when satiety is low. Ghrelin is typically high when hunger is high. Peptide YY is elevated when food
intake is blunted (more of it reduces food intake).

Take Away: Although there are clear differences between men and women in the amounts of these hormones
released, there seems to be no effect of sleep on the synthesis and release of these hormones (9 hours vs 5
hours are equivalent). This indicates that that synthesis of these hormones is unlikely to be the reason for the
increase in food consumption - this does not take into account the sensitivity to the hormones (increased or
decreased receptors on target tissues, for example).
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Fig. 52, Satkty and hunger harmeones hewrly and by ses. Hormanes ely during ralath wiak i (Laft,

= 16 for each condition) and sverage 24-h levels for sex by condition (Right, n = B each sex. twa-tailed drn!r\d:llt # tests). Error bars ane SEM. Hourly data are
plotted with time Indicating the beginring of each bin sirce scheduled wake time. Filed roctangles (Left) denctes when skeen occurmed in the baseine segment
and 8-h cantrol and the open bex for when sleep ocourred in the 5 sleep condition. *F < 005 between conditions at end of lines, if line & shown (Right).
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Fig. 3. Hunger and exhaustion scales. Condition by order effects (Left, n = 8 each order, 110515) and sex by ¥ (Right, n =8
each sex, two-tafled dependerit ¢ tests) are shawn. Efror bars are sm  verage st of hunger and exhaustion for each condition ore reported in the main text.
Hunger decreased and physical from the 90 1o the 5-h condition (Left). Hunger significantly decraased from
baselineto & and - onditans in men but not women (Right) hvys-ul exhaustion significantly increased from baseline and the 9-h 1o S+h condition for men,
with (Right}. Data in millimeters for hunger and physical exhaustion were: 0 = not hungry at all and

100

5 hungry a5 fve ever fel; 0.= energetic and 100 = physically exhausted, *P < 0,05 between conditions at end oflnes, i line i shown.

Table $1.  Ad libitum snack choices

Snack choices Calories  Protein,g  Fatg  Carb,g  Fiber,g
Potato chips 530.04 707 3534 53 353
Grapes, red or green 63 063 035 1715 1
Cookies 479.86 283 19.97 7143 0
Cereal bar 378 27 an 7027 27
Pretzels 390.73 886 19 7956 297
Crackers, peanut butter 500 154 23.08 5769 0
Cashews, roastedsalted 576 16.15 4821 2852 38
Caffeine-free soda, regular 0 L] o 104 0
Caffeine-free soda, diet o o o o o
Milk, whole 61.44 329 334 466 0
Milk, skim 39 20 o018 485 o
Juice, apple 531 006 on 1239 01
Yogurt, regular peachistrawberry 100 294 0.88 19.41 0
Yogurt, light peachistrawberry 58.82 294 o 118 o
Ice cream, vanilla 241 35 162 24 o

Snacks were placed in the room after wake time and were then switched after dnner, Cakulations of energy
Intake from snacks were therefare dwided inta pre- and postdinner snack intake. The same selections were
avaitable for both sections of the day
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