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Abstract
Energy deficit is common during prolonged periods of strenuous physical activity and limited sleep, but the extent towhich appetite suppression
contributes is unclear. The aim of this randomised crossover study was to determine the effects of energy balance on appetite and physiological
mediators of appetite during a 72-h period of high physical activity energy expenditure (about 9·6MJ/d (2300 kcal/d)) and limited sleep designed
to simulate military operations (SUSOPS). Ten men consumed an energy-balanced diet while sedentary for 1 d (REST) followed by energy-bal-
anced (BAL) and energy-deficient (DEF) controlled diets during SUSOPS. Appetite ratings, gastric emptying time (GET) and appetite-mediating
hormone concentrations were measured. Energy balance was positive during BAL (18 (SD 20) %) and negative during DEF (–43 (SD 9) %).
Relative to REST, hunger, desire to eat and prospective consumption ratings were all higher during DEF (26 (SD 40) %, 56 (SD 71) %,
28 (SD 34) %, respectively) and lower during BAL (–55 (SD 25) %, −52 (SD 27) %, −54 (SD 21) %, respectively; Pcondition< 0·05). Fullness ratings
did not differ from REST during DEF, but were 65 (SD 61) % higher during BAL (Pcondition < 0·05). Regression analyses predicted hunger and
prospective consumption would be reduced and fullness increased if energy balance was maintained during SUSOPS, and energy deficits
of ≥25 % would be required to elicit increases in appetite. Between-condition differences in GET and appetite-mediating hormones identified
slowed gastric emptying, increased anorexigenic hormone concentrations and decreased fasting acylated ghrelin concentrations as potential
mechanisms of appetite suppression. Findings suggest that physiological responses that suppress appetite may deter energy balance from being
achieved during prolonged periods of strenuous activity and limited sleep.
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Energy deficit is common during prolonged periods of strenuous
physical activity and limited sleep such as those experienced
during military operations, disaster relief and ultra-endurance
sporting events(1–5). For example, military training exercises,
known as sustained operations, and wildland firefighting are
often characterised by multiple days of prolonged low-to-
moderate intensity exercise and limited sleep (<4 h/night)
resulting in total daily energy expenditures (TDEE) ranging from

16·7 to 29·3 MJ/d (4000 to 7000 kcal/d)(4,6–9). In military studies,
measured energy intakes rarely exceed 14·6 MJ/d (3500 kcal/d),
25–40 % of foods provided are often uneaten and energy deficits
of about 40–60 % TDEE resulting in body mass losses of about
2–4 % are common(10–18). Insufficient time, stress, environmental
factors, food preferences and unwillingness or inability to carry
enough food have all been cited as contributing factors(19).
Appetite suppression and the large volume of food required
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to maintain energy balance may also play a role, but have
received somewhat less attention(20,21). Similarly, energy intakes
during ultra-endurance sporting events appear to plateau at
about 2·5 times BMR irrespective of TDEE resulting in energy
deficits proportional to TDEE(1,2). Thus, there appears to be an
upper limit on energy intake during sustained periods of high
physical activity which may impact the magnitude of energy
deficit. Interest in identifying factors that influence this limit is
driven by the fact that energy deficits, especially if prolonged,
are catabolic and may compromise occupational and athletic
performance(1,3,5,19,22).

Although the factors influencing energy intake during events
requiring prolonged strenuous physical activity are multi-
factorial, physiological responses that suppress appetite likely
contribute. For example, short-term (<14 d) increases in exercise
generally do not elicit compensatory increases in energy intake
sufficient to match the increase in physical activity energy
expenditure (PAEE)(23,24). That uncoupling of energy intake
and expenditure has been shown to coincide with changes in
‘episodic’ (i.e. meal-to-meal(25)) mediators of appetite to include
altered gastric emptying rate(26), increased circulating concentra-
tions of the anorexigenic (i.e. appetite-suppressing) hormones
peptide-YY (PYY), glucagon-like peptide (GLP)-1 and pancre-
atic polypeptide (PP), and decreased concentrations of the
orexigenic (i.e. appetite-stimulating) hormone ghrelin(27).
However, studies reporting appetite suppression in response
to increases in exercise have generally investigated exercise lev-
els that elicit PAEE considerably less than those typical of military
operations, wildland firefighting and ultra-endurance sporting
events. Physically active individuals also appear to be more
likely than those who are less active to adjust energy intake to
match high energy expenditures(28). Further, both body weight
loss and sleep restriction stimulate appetite(29,30). In some stud-
ies, increases in appetite with sleep restriction and weight loss
have been observed in association with increases in ghrelin
and decreases in PYY and GLP-1(31,32). Many of the same studies
also report reductions in insulin and leptin, both of which are
considered ‘adiposity’ hormones or ‘tonic’ signals(25), that are
secreted in proportion to body fat stores and act to defend body
weight homoeostasis(33). The collective effects of prolonged
strenuous physical activity, weight loss and limited sleep on
appetite and physiological mediators of appetite are therefore
unclear. An improved understanding of those effects could help
inform feeding strategies for mitigating energy deficits during
events in which high energy expenditures are sustained over
multiple days.

This study determined the effects of differences in energy
balance on appetite, appetite-mediating hormones and gastric
emptying during 72-h periods of prolonged low-to-moderate
intensity physical activity and limited sleep. These measures
were included as secondary outcomes in a randomised, cross-
over trial designed to determine the effects of energy balance
on inflammation and Fe absorption during sustained military
operations(34). The study design included providing controlled
energy-deficient and energy-balanced diets during otherwise
identical 72-h testing periods. We hypothesised that appetite
would be increased during energy deficit, but decline during
energy balance, and those responses would correspond with

changes in gastric emptying and appetite-mediating hormone
concentrations that would collectively suggest a physiologically
mediated appetite suppression under conditions of prolonged
strenuous physical activity and limited sleep.

Methods

Study population

Generally healthy, recreationally active (2–4 d/week aerobic
and/or resistance exercise), active duty male soldier volunteers,
aged 18–39 years, with self-reported weight stability (±2·2 kg)
for ≥2 months were recruited to participate in April and
September 2019. Females were not recruited due to known
sex differences in Fe metabolism and inflammation in response
to exercise (primary study outcomes(34)). Additional exclusion
criteria included unwillingness to eat the study diets, presence
of any injuries or other conditions limiting exercise capability,
cardiometabolic disease, gastrointestinal disease and anaemia.
All participants were asked to abstain from alcohol, nicotine, caf-
feine and dietary supplement use throughout study participation
and reported adhering to these instructions.

The study was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all procedures were
reviewed and approved by the US Army Medical Research
andDevelopment Command Institutional ReviewBoard (appro-
val number: M-10731). Investigators adhered to the policies
regarding the protection of human research participants as
prescribed in Army Regulation 70-25, and the research was con-
ducted in adherence with the provisions of 32 CFR Part 219.
All participants provided written informed consent prior to
participation. The trial was registered on www.clinicaltrials.
gov as NCT03524690.

Study design

Full details of the study design are reported elsewhere(34). Details
relevant to the outcomes in this report are described below.

The trial used a randomised, crossover design consisting of a
baseline period, and two 72-h periods of prolonged low-to-
moderate intensity physical activity and limited sleep designed
to simulate sustained military operations (SUSOPS). Each
SUSOPS period was followed by a 7-d recovery period. Daily
schedules were identical during both SUSOPS periods, sleep
was restricted to 4 h/night (01.00–05.00 hours) and physical
activity was prescribed to increase TDEE to a target of
20·9–25·1 MJ/d (5000–6000 kcal/d) in accord with recent obser-
vations during military field training exercises(10,11). Daily physi-
cal activity during SUSOPS was divided into separate sessions
that included walking with a weighted vest and backpack (mean
weight: 33·5 (SD 0·2) kg) in the morning (64 (SD 6) min;
8·3 (SD 0·6) metabolic equivalents) and evening (122 (SD 7) min;
8·4 (SD 0·5) metabolic equivalents), a battery of military-relevant
tasks in the latemorning, and unweightedwalking/jogging in the
afternoon (94 (SD 46) min; 5·4 (SD 1·5) metabolic equivalents).
The exact duration of activity was individualised to match the
20·9–25·1 MJ/d TDEE target. Energy expenditure predictions
were calculated from measured RMR, the American College of
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Sports Medicine’s metabolic equations for steady-state exer-
cise(35), and the compendium of metabolic equivalents for physi-
cal activities(36). During SUSOPS, TDEE was measured using the
doubly labelled water method as previously described(34).

The SUSOPS periods differed in the amount of food partici-
pants were provided. During one period, participants were pro-
vided enough food to maintain energy balance, defined as
±10 % of predicted TDEE during SUSOPS (BAL). During the
other period, participants were kept in negative energy balance
by providing only the amount of food estimated to meet
45 % of predicted TDEE during SUSOPS (DEF). Diets were
designed, measured and provided by study dietitians, and
the macronutrient distributions were matched between condi-
tions (Table 1). Meal times were also matched between
conditions, but participants could request snacks at any time.
Participants could eat no more or less than the amount of food
provided, and water was allowed ad libitum. Diets were com-
posed mainly of the US Armed Services Meals, Ready-to-Eat
ration, and also included other commercially available ready-
to-eat products. Energy andmacronutrient content was analysed
using the Combat Rations Database, and Food Processor SQL
(ESHA Research, version 10.14).

The order of DEF and BAL was randomised by the
study coordinator using computer-generated randomisation.
Participants resided in the laboratory throughout SUSOPS.
During recovery periods, participants were free-living and ate
ad libitum. Three days prior to the first SUSOPS period, volun-
teers spent 1 d (06.00–18.00 hours) in the laboratory for baseline
appetite testing (REST) (see section Appetite and food prefer-
ences). Participants remained sedentary throughout the day
and consumed a provided and measured diet containing an
amount of energy predicted to maintain energy balance. This
energy intake was calculated as the product of measured RMR
and an activity factor of 1·3 to account for energy expended
during activities of daily living. The macronutrient distributions
of the diets provided during REST and both SUSOPS periods
were matched (Table 1).

Appetite and food preferences

During SUSOPS, self-reported appetite was measured daily
before and after meals, and before and after the morning exer-
cise session. During REST, measurements were collected before
and after meals, and at the same times the morning exercise ses-
sion was scheduled to begin and end during SUSOPS. Appetite
measures relied on 10 cm pen and paper visual analogue scales
which asked volunteers to rate their level of hunger, fullness,
desire to eat and the amount of food that they thought they could
eat (prospective consumption) at that moment(37). All visual ana-
logue scale responses were measured by one researcher.
Random checks on those measurements were performed by a
separate study team member, and all data were scrutinised for
data entry errors prior to analysis.

Food preferences were measured by administering the Leeds
Food Preference Questionnaire before and after lunch during
REST and the final day of each SUSOPS period. The Leeds
Food Preference Questionnaire is a computerised platform that
uses pictures of individual food items selected from a validated

database to measure three constructs encompassing different
components of food preferences and hedonics: explicit liking
(i.e. perceived hedonic impact of the food), explicit wanting
(i.e. conscious desire to consume a food) and implicit
wanting (i.e. subconsciousmotivation for a food)(38). For this test,
pictures of sixteen different foods were selected which varied in
the dimensions of fat (high and low) and taste (sweet and
savoury) (four pictures/category). Explicit liking was measured
by a visual analogue scale that captured responses to the ques-
tion ‘how pleasant would you find the taste of this food right
now.’ Explicit wanting was measured by a visual analogue scale
that captured responses to the question ‘howmuch do you want
to eat this food right now.’ Implicit wanting was measured by
showing participants two pictures and asking them to select
the food they most wanted to eat at that moment. Both frequen-
cies of selections within each food category and response time
(i.e. relative preference) were recorded. The preference for dif-
ferent food types was computed for each construct by sub-
tracting the mean scores (visual analogue scale scores or
frequency of selection and reaction time) from a comparator
group (low fat and savoury) relative to the matched reference
group (high fat and sweet, respectively).

Gastric emptying time

Gastric emptying time (GET)wasmeasured using the SmartPill™
wireless motility testing system (Covidien LLC). The system is
FDA approved, recommended by American and European
Neurogastroenterology and Motility Societies for evaluating sus-
pected gastroparesis(39), and has shown strong correlations with
gastric emptying scintigraphy(40) and manometry(41). The system
includes a SmartPill™ capsule that is ingested and transits the
digestive tract transmitting pH (range 0·5–9·0, accuracy ± 0·5
units), temperature and pressure readings every 20–40 s to a data
receiver worn by each participant.

Table 1. Energy expenditure, energy balance and dietary intake over the
72-h sustained operations (SUSOPS) period
(Mean values and standard deviations)

REST

SUSOPS

DEF BAL

Mean SD Mean SD Mean SD

Energy balance (MJ/d)† – – –8·6 3·9 2·9* 3·6
Energy balance (%)† – – –43 9 18* 20
TDEE (MJ/d)† – – 19·1 4·1 20·0 3·9
PAEE (MJ/d)† – – 9·2 3·4 10·0 3·1
Dietary intake‡
Energy (MJ/d) 10·6 1·4 10·5 0·7 22·7§ 1·6
Carbohydrate (g/d) 387 49 382 26 833§ 51
Protein (g/d) 68 8 71 3 139§ 12
Fat (g/d) 87 11 84 7 183§ 15
Carbohydrate (%) 59 1 59 1 60 1
Protein (%) 11 0·5 11 0·8 10 0·2
Fat (%) 31 1 30 1 30 1

REST, pre-SUSOPS sedentary condition; DEF, energy deficit condition; BAL, energy
balance condition; TDEE, total daily energy expenditure measured by doubly labelled
water; PAEE, physical activity energy expenditure.
* Different from DEF, P< 0·001.
† Energy expenditure measured during SUSOPS only. Between-condition compari-
sons analysed by paired-samples t test (n 9, one volunteer served as study control).

‡ Analysed by general linear model with correlated errors (n 10).
§ Different from REST and DEF, P< 0·001.
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For the test, a single SmartPill™was ingested immediately fol-
lowing breakfast during REST and on the second morning of
each SUSOPS period. After capsule ingestion, participants fol-
lowed the same activity and meal schedule as on other
SUSOPS days with no restrictions on snacking or water intake.
As such, all participants participated in the morning exercise ses-
sion within about 2 h and consumed another meal within about
5 h of ingesting the capsule. This procedure differed from
standard clinical protocols used to assess gastroparesis wherein
participants ingest the SmartPill™ with a standardised meal and
then fast for 6 h(42). However, we chose to deviate from standard
protocol to assess physiological responses that may occur within
the free living environments the study was designed to emulate.

After each capsule was passed, data from the receiver were
downloaded and analysed using MotiliGI™ software version
3.1 (Given Imaging). Gastric emptying time was defined as
the time from pill ingestion until an abrupt increase in pH of
≥3 units from a baseline gastric pH of <4 was observed(42), cor-
responding with transit from the acidic environment of the stom-
ach to the more alkaline environment of the duodenum. As the
SmartPill™ is not digestible, the pill is thought to exit the stomach
after complete expulsion of the digestible components con-
sumed during the initial test meal(41). Therefore, the method is
interpreted as an indirect measurement of gastric emptying,
and GET can be prolonged if additional eating events occur
before complete gastric emptying of the initial test meal.
Normative values for GETmeasured by the SmartPill™ in healthy
men according to standard protocol are 180–210min with the
5th and 95th percentiles spanning 90–324min(43,44).

Blood biochemistries

Circulating concentrations of insulin, leptin, acylated ghrelin,
PYY3–36, active GLP-1 and PP were measured in fasted blood
samples collected during the first and final morning of each
SUSOPS period (days 1 and 3), and on the second and fourth
mornings of the 7-d recovery periods. Non-fasting blood
samples of the same hormones, except leptin, were collected
immediately after the morning exercise session (08.30–09.30
hours) on the first and final morning of each SUSOPS period
(2·5–3 h after starting breakfast). All samples were collected by
venepuncture, processed on site, and frozen as serum or plasma
at −80°C until analysis.

For plasma acylated ghrelin measurements, blood was col-
lected into chilled Monovettes containing EDTA-K3 and 4-(2-
aminoethyl)benzenesulfonylfluoride hydrochloride (20 μl/ml
whole blood). For plasma PYY measurements, blood was col-
lected into chilled Monovettes containing EDTA-K3 and protease
inhibitor cocktail (40 μl/ml whole blood; complete, EDTA-free)
and DPPIV-inhibitor (10 μl/ml whole blood). For plasma GLP-1
measurements, blood was collected into chilled Monovettes con-
taining EDTA-K3 and protease and DPPIV-inhibitor (10 μl/ml
whole blood). Plasma aliquots for acylated ghrelin measurements
were acidified with 50 μl 1 M HCl/ml plasma prior to freezing.
Serum leptinwas determined byRIA (EMDMillipore), serum insu-
lin by automated immunoassay (Siemens Immulite 2000), serum
PP by ELISA (EMD Millipore), plasma acylated ghrelin by RIA
(EMD Millipore), plasma PYY3–36 by RIA (EMD Millipore) and

plasma active GLP-1 (GLP-17–36 amide and GLP-17–37) by ELISA
(EMD Millipore). Intra-assay CV were 4·0% for insulin, 5·0% for
leptin, 7·4% for ghrelin, 8·7% for PYY, 4·5% for GLP-1 and
4·3% for PP.

Anthropometrics and RMR

Height was measured in duplicate prior to the first SUSOPS
period using a stadiometer. Nude, fasted body weights were
measured each morning following first void during both
SUSOPS and the recovery periods using a calibrated digital scale.

RMRwas measured the week prior to the first SUSOPS period
using indirect calorimetry (True Max 2400, ParvoMedics).
Volunteers were instructed to fast for ≥8 h prior to testing and
rested in a supine position for ≥30 min prior to starting the mea-
surement. Twenty minutes of data were collected, and the final
10 min were averaged to determine RMR.

Statistical analysis

Sample size calculations used data from a laboratory study in
which the same appetite-mediating hormones measured herein
and appetite were assessed during severe short-term energy
deficit(20,45). Nine participants were estimated to be sufficient
for detecting 1·4-fold between-condition differences in fasting
hunger ratings and 1·7–3-fold between-condition differences
in circulating concentrations of all appetite-mediating hormones
except PP (for which n 14 would be needed) at α= 0·05 and
power= 0·80. Sample size calculations for GET were based on
studies reporting large effect sizes of physical activity(26) and
fasting(46) on gastric emptying. It was estimated that eight partic-
ipants would provide sufficient power to detect a large effect size
(Cohen’s d= 1·0) for between-condition differences in GET at
α= 0·05 and power= 0·80. Thirteen participants were enrolled
to ensure adequate power for primary study outcomes while
accounting for expected attrition.

Energy expenditure and energy balance data were compared
between conditions using paired t tests. All other variables were
analysed using general linear models with correlated errors and
a compound symmetry covariance structure. All models
included condition (DEF, BAL and REST when applicable), con-
dition order (DEF then BAL or BAL then DEF) and their interac-
tion as fixed factors. For outcomesmeasuredmore than once per
condition (i.e. body weight, appetite ratings, food preferences,
hormone concentrations), models included study day and, when
relevant, time of day, as fixed factors in addition to the corre-
sponding three-way (condition × day × time) and/or two-way
(condition × day, condition × time) interactions. Models
excluded the REST condition if study day was a factor in the
model, and models for hormones that were measured post-
exercise combined the time and day factors into a single factor
(time point). Additionally, to examine appetite ratings on all 3 d
of DEF and BAL relative to REST, separate models were used to
test differences on each day of SUSOPS (i.e. REST was compared
with DEF and BAL days 1, 2 and 3 in separate models). When
statistically significant main effects or interactions were
observed, post hoc testing was conducted using paired t tests
and Fisher’s least significant difference to identify differences
between conditions or over time.
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In exploratory analyses, general linear models with corre-
lated errors were used to examine associations between energy
balance (independent variable) and percentage differences in
appetite ratings from REST during DEF and BAL (dependent
variable). These models provided a regression equation
(y = ax þ b) for each appetite rating where x = energy balance
(% or MJ/d), y = percentage difference in appetite ratings from
REST, and b = the y-intercept and corresponding 95 % CI. Each
equation was then solved for y = 0 to find the x-intercept, and
CI for the x-intercept were calculated using the Taylor expan-
sion series. This analysis provided y-intercepts that represented
the predicted difference in each appetite rating relative to REST
at energy balance (i.e. energy deficit= 0), and x-intercepts that
represented the predicted magnitude of energy deficit required
to elicit increases in hunger, desire to eat and prospective
consumption and decreases in fullness (see dashed lines in
Fig. 2, for example).

All datawere examined quantitatively and graphically prior to
analysis, residual plots were evaluated to assess adherence to
model assumptions (i.e. normal distribution and homogeneity
of variance) and logarithmic or square root transformations were
used when necessary to meet model assumptions. Cohen’s f2

was calculated as a measure of effect size for general linear mod-
els used in primary analyses, and Cohen’s d was calculated as a
measure of effect size for between-condition differences at sin-
gle time points. Carryover effects were not detected for any out-
come. Statistical analyses were completed using SPSS version
24.0 (IBM). Tests were two-sided and considered statistically sig-
nificant at P≤ 0·05. Results are presented as mean values and
standard deviations or mean differences and 95 % CI in the text
unless otherwise noted.

Results

Of the thirteen male volunteers enrolled, two volunteers with-
drew for personal reasons and one withdrew due to injury.
The ten volunteers (22 (SD 5) years, BMI: 27·0 (SD 3·5) kg/m2)
who completed the study were included in this analysis. PAEE
and TDEE measured during SUSOPS did not differ between
DEF and BAL, but were less than planned due to some partici-
pants not being able to complete the prescribed exercise on all
SUSOPS days (Table 1). As a result, mean energy balance was
positive during BAL (Δbody weight= 0·6 kg (95 % CI 0·2,
1·2)). However, as planned, energy intake during DEF was
46 % of that measured during BAL, resulting in energy deficit
and body weight loss (–1·2 kg (95 % CI −1·7, −0·7)).

Appetite and food preferences

Between-condition differences in appetite ratings were evident
within the first few hours of testing (online Supplementary
Fig. S1), and mean ratings differed between BAL and DEF on
each day of SUSOPS (Fig. 1(a),(c),(e) and (g)) and online
Supplementary Table S1; Cohen’s f2= 0·89–1·19). Aside from
hunger (Pcondition × day= 0·02), mean daily appetite ratings did
not differ over time within BAL or DEF (Pcondition × day> 0·05)
though effect sizes for between-group differences were largest
on the final day of SUSOPS (online Supplementary Table S1).

When averaged across the three SUSOPS days, mean hunger,
desire to eat and prospective consumption ratings were all
higher during DEF relative to REST (mean percentage difference
(95 % CI); hunger: 26 % (95 % CI –3, 54); desire to eat: 56 % (95 %
CI 6, 107); prospective consumption: 28 % (95 % CI 4, 53)) and
lower during BAL relative to REST (hunger: –55 % (95 % CI –73,
–38); desire to eat: –52 % (95 % CI –71, –32); prospective con-
sumption: –54 % (95 % CI –68, –39)) (Fig. 1(c)–(h)). In contrast,
mean fullness ratings did not differ from REST during DEF (12 %
(95 % CI –36, 61)), but were 65 % (95 % CI 21, 109) higher than
REST during BAL (Fig. 1(a) and (b)).

When comparing changes in appetite ratings during BAL and
DEF relative to REST, the mean decreases in hunger (–12 %
(SD 31) % v. −55 % (SD 25) %, P= 0·003) and prospective con-
sumption (–17 % (SD 22) % v. −54 % (SD 21) %, P= 0·001), but
not desire to eat (–25 % (SD 30) % v. −52 % (SD 27) %,
P= 0·09), and the mean increase in fullness (10 % (SD 48) % v.
65 % (SD 61) %, P= 0·05) were less when DEF was compared
with REST relative when REST was compared with BAL, thereby
indicating a larger effect of BAL on appetite ratings. When linear
associations between percentage energy balance during
SUSOPS and percentage differences in appetite ratings from
RESTwere examined (Fig. 2 and Table 2), y-intercepts were neg-
ative for hunger and prospective consumption, but not desire
to eat, and demonstrated a tendency towards being positive
for fullness, which was statistically significant after removing
one outlier (Table 2). Thus, the regression analyses predicted
a mean suppression of hunger and prospective consumption,
and an increase in fullness had energy balance been maintained
during SUSOPS. Conversely, the energy balance during
SUSOPS at which no change in appetite would be predicted
(i.e. x-intercept) was negative for fullness, hunger and prospec-
tive consumption, representing a threshold of energy deficit
beyond which appetite would be expected to start increasing
during SUSOPS (Table 2). For example, hunger was not pre-
dicted to increase from REST until an energy deficit of 24 % or
5·4 MJ/d (1295 kcal/d) was exceeded (Table 2 and Fig. 2(b)).

Food preferences were neutral (i.e. CI for high v. low fat and
sweet v. savoury crossed zero) and generally did not differ across
study conditions (Fig. 3 and online Supplementary Table S2;
Cohen’s f2 = 0·02–0·06 for sweet v. savoury and 0·09–0·10
for high v. low fat). Exceptions were a greater perceived liking
of high-fat relative to low-fat foods (Pcondition = 0·04;
PDEFvBAL = 0·01; Cohen’s d= 0·42), and a tendency towards a
greater conscious desire for high-fat relative to low-fat foods
(Pcondition= 0·07; PDEFvBAL = 0·02; Cohen’s d= 0·49) during
DEF compared with BAL.

Gastric emptying time

GET did not differ from REST (median (interquartile range):
182 min (182)) during DEF (222 min (250); Cohen’s d= 0·16),
but was increased during BAL (612min (713)) relative to both
REST (P= 0·01; Cohen’s d= 0·96) and DEF (P= 0·05; Cohen’s d
= 1·00) (Pcondition = 0·03, Cohen’s f2 = 0·20; Fig. 4(a)). GET
exceeded 5 h, whichwas the approximate time elapsed between
pill ingestion and the lunch meal, and a generally accepted
upper limit for normal GET(43), for five participants during one
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Fig. 1. Changes in mean appetite ratings during rest and during a 72-h simulated sustained military operation under conditions of energy balance (BAL) and energy
deficit (DEF) (n 10). (a), (c), (e), (g) Boxes showmedian and interquartile range. Whiskers extend to 1·5 times the interquartile range or to minimum/maximum value if no
values within that range. Differences between BAL andDEF analysed using general linear model with correlated errors, and condition, day, time and their interactions as
fixed factors (model 1). Within a condition, boxes not sharing a letter are significantly different (P< 0·05) (Pcondition x day< 0·05). Additionally, differences between BAL,
DEF and REST analysed using separate general linear models with correlated errors for each study day, and with condition, time and their interaction included as fixed
factors (model 2). Between-condition differences are denoted using symbols. (b), (d), (f), (h) Individual changes inmean appetite ratings. Bars represent themean ratings
over all 3 d of DEF and BAL, and over the full day of REST. Lines connect data collected from the same individual. Analysed using general linear model with correlated
errors. (a)–(h) *,† Main effect of condition (P< 0·05); * different from REST (P< 0·05), † different from BAL (P< 0·05). pro. consum., Prospective consumption; REST,
baseline sedentary condition. REST; BAL; DEF.
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or more conditions (REST, n 1; DEF, n 2; BAL, n 5). In all of those
cases, GET exceeded 10 h. Although excluding those partici-
pants from the analysis attenuated between-condition
differences, GET during BAL (266 (SD 30) min) remained signifi-
cantly higher than during REST (152 (SD 54) min, P= 0·01;
Cohen’s d= 2·56) and demonstrated a tendency to be higher rel-
ative to DEF (207 (SD 40) min, P= 0·06; Cohen’s d= 1·16)
(Pcondition = 0·02, Cohen’s f2 = 0·64; Fig. 4(b)).

Appetite-mediating hormones

Condition-by-time point interactions were observed for all
appetite-mediating hormones (Fig. 5 and online Supplementary
Table S3). Fasting leptin concentrations decreased during both
BAL and DEF, but to a greater extent during DEF, resulting in
lower concentrations on the final day of SUSOPS during DEF rel-
ative to BAL (P= 0·002; Cohen’s d= 0·63). Fasting acylated ghre-
lin concentrations also decreased during DEF and were lower on
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Fig. 2. Exploratory analysis of associations between mean changes in appetite ratings from REST (baseline sedentary condition) during a 72-h simulated sustained
military operation relative to mean energy balance during the 72-h period (n 9). Solid lines connect data from the same individual. Dotted lines represent the best fit line
calculated using general linear models with correlated errors (see Table 2). Diff., difference.

Table 2. Associations between energy balance during sustained operations (SUSOPS) and changes in appetite ratings*

B 95% CI P Y-intercept 95% CI P X-intercept† 95% CI

Energy balance (%)
ΔFullness (%)‡ 0·8 0·4, 1·2 0·001 48·6 –5·2, 102·4 0·07 –61% –117, 0
ΔHunger (%) –1·1 –1·8, −0·4 0·004 –26·8 –49·0, −4·8 0·02 –24% –41, −7
ΔDesire to eat (%) –1·6 –2·4, −0·8 0·001 –15·3 –55·1, 24·6 0·41 –10% –30, 11
ΔProspective consumption (%) –1·1 –1·7, −0·5 0·003 –25·5 –45·2, −5·8 0·02 –23% –39, −8

Energy balance (MJ/d)
ΔFullness (%)§ 0·016 0·007, 0·026 0·004 49·2 –4·6, 103·0 0·07 –12·9 MJ/d –25·2, 0·04
ΔHunger (%) –0·021 –0·036, −0·006 0·01 –27·2 –48·4, −6·0 0·02 –5·4 MJ/d –9·0, −1·7
ΔDesire to eat (%) –0·033 –0·052, −0·015 0·003 –17·3 –53·7, 19·0 0·31 –2·2 MJ/d –5·9, 1·6
ΔProspective consumption (%) –0·020 –0·035, −0·006 0·01 –25·6 –44·4, −6·8 0·01 –5·4 MJ/d –8·6, −1·9

* n 9. Associations determined using general linear model with correlated errors. Independent variable was energy balance (% or MJ/d).ΔDependent variables are percentage differ-
ence of mean ratings throughout energy deficit (DEF) and energy balance (BAL) conditions relative to mean ratings during sedentary condition (REST).

† CI for x-intercepts calculated using SD derived from Taylor expansion series.
‡When one outlier removed: β= 0·8 (0·4, 1·2), P= 0·003; y-intercept= 25·1 (13·4, 36·8), P= 0·001; x-intercept=−31% (–48,−17).
§ When one outlier removed: β = 0·014 (0·004, 0·024), P= 0·01; y-intercept= 25·1 (11·9, 38·3), P= 0·002; x-intercept=−7.5 MJ/d (–11.6, −3.2).
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the final day of SUSOPS during DEF relative to BAL (P= 0·03;
Cohen’s d= 0·38). In contrast, fasting insulin, PYY, GLP-1 and
PP concentrations did not demonstrate any between-condition
differences.

Mean concentrations of all hormones measured in the non-
fasting state after exercise differed between DEF and BAL on both
the first and final days of SUSOPS (Fig. 5 and online
Supplementary Table S3). Acylated ghrelin concentrations were
higher during DEF relative to BAL on both days (Cohen’s d= 1·49
(day 1), 1·25 (day 3); P≤ 0·001). In contrast, PYY (Cohen’s d
= 0·90 (day 1), 1·10 (day 3); P≤ 0·02), GLP-1 (Cohen’s d= 1·76
(day 1), 0·76 (day 3); P≤ 0·01), PP (Cohen’s d= 0·80 (day 1),
0·50 (day 3); P≤ 0·01) and insulin (Cohen’s d= 1·03 (day 1),
1·90 (day 3); P≤ 0·001) concentrations were all lower during
DEF relative to BAL on both the first and final days of SUSOPS.

Discussion

Study results demonstrated that changes in appetite ratings
during 72-h of prolonged low-to-moderate intensity physical
activity and limited sleep simulating sustained military opera-
tions were not proportional to changes in energy balance.
Associations between energy balance and appetite ratings

predicted a mean appetite suppression at energy balance and
provided preliminary evidence of a minimum energy deficit
that may be expected independent of logistical and other
factors that limit food intake during events characterised by
prolonged periods of high physical activity and limited
sleep. Between-condition differences in GET and circulating
concentrations of appetite-mediating hormones identified
slowed gastric emptying, increased concentrations of
anorexigenic hormones and decreased acylated ghrelin con-
centrations as potential mechanisms for appetite suppres-
sion. Collectively, findings implicate a physiologically
mediated attenuation of compensatory responses in appetite
to increased PAEE as one factor contributing to the develop-
ment of energy deficit during sustained military operations
and possibly other events characterised by prolonged strenu-
ous activity and limited sleep such as wildland firefighting
and ultra-endurance sport.

The precise quantification of energy intake and expenditure
along a spectrum of energy deficit to surplus within the same
individuals is a strength of this study. The mean decrease in hun-
ger and prospective consumption, and increase in fullness
predicted to occur between the range of energy balance to about
25 % energy deficit (0 to about 5·4 MJ/d (1300 kcal/d) in this
study; see negative y- and x-intercepts in Table 2) are consistent
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Fig. 3. Food preferences measured during rest and during a 72-h simulated sustained military operation (SUSOPS) under conditions of energy balance (BAL) and
energy deficit (DEF) (n 7). Preference for (a) high v. low fat and (b) sweet v. savoury foods measured by the Leeds Food Preference Questionnaire. Positive values
indicate preference for high fat or sweet, negative values indicate preference for low fat or savoury. Boxes show median and interquartile range. Whiskers extend to 1·5
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with an exercise-induced appetite suppression which appears to
supersede any stimulatory effects of sleep restriction and energy
deficit on appetite. That result is consistent with laboratory ad
libitum feeding studies which have reported that progressive
increases in PAEE of up to 3·3–5·0 MJ/d (800–1200 kcal/d) over
7–14 d results in energy deficits of about 30 % (about 5·0 MJ/d
(1200 kcal/d)) without significant increases in mean daily appe-
tite ratings(47,48). The findings also align with and extend those of
studies which have concluded that energy intake does not
increase to fully compensate for acute (<1 d) or short-term
(2–14 d) increases in PAEE of lesser(23,24) or greater(2,5) magni-
tude than those experienced in this study.

Study findings extend those of previous studies conducted in
military field training exercises. For example, increases in hunger
(18 to about 40 %) that were proportionally less than the magni-
tude of energy deficit experiencedwere reported in two separate
field training studies where TDEE was high (20·9–25·1 MJ/d
(5000–6000 kcal/d)) and energy deficits were similar in magni-
tude to those imposed herein (40–55 % energy deficit over 4
d)(10,12). Those studies and others have also reported that provid-
ing additional food or beverages to augment typical ration
provisions (e.g. 3 rations/d) generally results in reduced

consumption of the typical provisions(10,12,17,49,50). Energy defi-
cits are therefore attenuated, but not prevented when supple-
mental energy is provided. Collectively, these observations
suggest that achieving energy balance while eating ad libitum
during strenuous military operations is unlikely regardless of
food availability because appetite does not increase sufficiently
tomatch the high PAEE. Rather, when food availability is not lim-
ited, an energy deficit of 25 %may approximate a minimum defi-
cit that can be expected independent of other factors limiting
appetite and/or energy intake in those environments. Notably,
recent findings suggest that an energy deficit of that magnitude
(about 5·4 MJ/d (1300 kcal/d)) could be sustained for up to 2
week before reductions in lower-body physical performance
would be expected(3); however, decrements in mood and cog-
nition may occur earlier(51,52).

The observed appetite suppression appeared to be physio-
logically mediated. In support, GET, whichwas increased during
BAL, has been inversely associated with appetite at rest, and dur-
ing and after exercise(26,53), likely due to effects on gastric disten-
tion and intestinal exposure to nutrients(54). GET did not differ
between REST and DEF, suggesting that the high physical activ-
ity may have attenuated any effects of energy deficit on slowing
GET(53) and that the slowed GET during BAL was due, in part, to
differences in diet volume. That conclusion would be consistent
with results of one meta-analysis which reported that moderate-
intensity exercise has no effect or slightly accelerates gastric
emptying, while greater food volume is associated with
slower gastric emptying during exercise(26). In addition, the
SmartPill™ used tomeasureGET generally passes from the stom-
ach only after digestible solids are emptied(41). That feature likely
explains the above-average GET and prevalence of prolonged
gastric retention of the SmartPill™ observed during BAL.
Specifically, the increased diet volume andmore frequent snack-
ing during BAL relative to DEF and REST likely prevented the
breakfast meal from completely emptying the stomach of some
participants before the subsequent snack or lunchmeal was con-
sumed. Though the testing protocol used to measure GET did
differ from clinical protocols using the SmartPill™, the approach
is more relevant to the military environments the study was
designed to emulate wherein individuals may eat meals or
snacks prior to complete gastric emptying of the previous meal.
Further, mean/median GET measured during DEF and REST,
and during BAL after excluding outliers, was within the normal
range for healthy males(43,44). Taken together, these data suggest
that the combination of higher volume meals and more frequent
or higher volume snacks likely contributed to appetite suppres-
sion at energy balance, in part, by prolonging GET.

Differences in appetite-mediating hormone concentrations
may also have contributed to appetite suppression at energy
balance. Relative to both fasting concentrations and those mea-
sured during DEF, non-fasting post-exercise insulin, PYY, GLP-1
and PP concentrations were elevated during BAL, whereas
non-fasting post-exercise acylated ghrelin concentrations were
reduced. Those differenceswere likely attributable to greater food
intake during the breakfast meal (consumed 2·5–3 h prior to the
post-exercise blood draw) during BAL, as exercise was matched
between conditions. Effects of PP, PYY and GLP-1 include pro-
moting satiety and slowing gastric emptying, whereas ghrelin
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stimulates hunger and accelerates emptying(55–57). Thus, a pro-
longed postprandial elevation in circulating anorexigenic hor-
mone concentrations and suppression of acylated ghrelin
concentrations would collectively be expected to slow gastric
emptying, increase satiety and suppress hunger.

Between-group differences in fasting appetite-mediating hor-
mone responses to SUSOPS were notably different from
between-group differences in non-fasting measurements. Only
fasting acylated ghrelin and leptin differed, both decreasing
to a greater extent during DEF than BAL. While it seems
counterintuitive that the orexigenic hormone ghrelin would
decrease during energy restriction, similar responses have been
observed during severe, short-term energy deficit in other
studies(20,45,58,59), and animal studies suggest that energy depri-
vation increases neuronal ghrelin sensitivity(60,61). The larger
decrease in leptin during DEF may have also contributed to
changes in ghrelin sensitivity and appetite. Circulating leptin
concentrations are known to decrease immediately and sub-
stantially during energy deficit(62). This response alters central
nervous system sensitivity to episodic signals mediating appetite
during and between meals(33) and drives the common tendency
to regain lost body mass(63), as was observed in this study. Thus,
the relative appetite suppression observed at energy balance
and rapid weight regain following energy deficit, when consid-
ered within the context of the between-condition differences in
appetite-mediating hormones and GET, are consistent with the
concept that biological responses to perturbations in energy
balance effectively match energy intake and expenditure, but
over timescales longer than meal-to-meal or day-to-day(64,65).
These findings suggest that responses of episodic and tonic
signals mediating appetite and body weight homoeostasis are
likely to deter voluntary increases in energy intake to match
energy expenditure during short-term periods of high PAEE,
but will stimulate weight regain once energy expenditure returns
to usual levels, and highlight the importance of allowing
adequate rest and recovery to restore body mass losses.

Mitigating rather than preventing energy deficit may therefore
be a more realistic goal during periods of prolonged strenuous
activity and limited sleep. One means of achieving that goal
could include exploiting hedonic factors that influence the pref-
erence and desire for particular foods. Hedonic factors are rec-
ognised as important determinants of energy intake which can
override episodic and tonic mediators of energy balance
homoeostasis and promote overconsumption(66), and food
acceptability is a known factor influencing energy intake in mili-
tary environments(67) and ultra-endurance sport(5). For those rea-
sons, it is notable that desire to eat changed in proportion to
energy balance and volunteers demonstrated a greater prefer-
ence, albeit small, for higher fat foods during SUSOPS when
in energy deficit. Fat is less satiating per unit energy than carbo-
hydrate or protein(68) and is energy dense. Higher energy density
meals and diets consistently result in higher energy intakes, usu-
ally without affecting perceived appetite(69), and despite post-
prandial appetite-mediating hormone responses that track
energy intake(70). Higher-fat diets (50–60 % v. 30–35 %of energy)
and meals have also been shown to mitigate exercise-induced
energy deficits(71–74) and contribute to increased energy intake
in military field training environments(75). Increasing fat content

and energy density of foods (e.g. military rations) consumed dur-
ing sustained periods of prolonged low-to-moderate intensity
physical activity may therefore warrant consideration in future
research as possible strategies for attenuating energy deficit.
However, those studies will need to consider whether increasing
dietary fat content affects the ability to consume recommended
intakes of carbohydrate and protein, and any impacts on physi-
cal and cognitive performance(5,10,76).

The results of this study should be interpreted within the con-
text of several limitations. First, although the study was
adequately powered to detect between-condition differences
for all of the secondary study outcomes reported herein except
PP, the sample size was small and multiple outcomes were
assessed, which increases risk of type 1 error. As such, findings
warrant cautious interpretation and require replication in larger
cohorts. Additionally, the study was not designed to control for
all factors that may influence appetite, GET or appetite-mediating
hormone concentrations. However, any effects of those fac-
tors should have been mitigated by the standardised time
periods between eating and blood measurements, and by meas-
uring appetite at multiple time points throughout each day. A
second limitation was the mean positive energy balance during
BAL. The correlations between energy deficit and appetite rat-
ings which were used to address that limitation do strongly sug-
gest that appetite would have been suppressed had energy
balance been maintained during BAL. However, it is possible
that the relationship between energy balance and appetite is
not linear as the analysis assumed. Third, appetite ratings and
food preferences do not necessarily predict eating behaviour(37).
Allowing ad libitum food intake would have increased the
external validity of the study, but would also have precluded
assessing physiological responses across the spectrum of nega-
tive to positive energy balance. Fourth, intra-individual variabil-
ity inGETmeasured by the SmartPill™maybe high, as suggested
in one study wherein the coefficient of variability for measure-
ments made 2–4 week apart ranged from 20 to 40 %(44).
However, those values were skewed by a small sample size
and 10 % of participants whose GET measured >10 h during
one measurement. When those outliers were removed, intra-
individual differences in repeated measurements of GET aver-
aged <1 h. Notably, that value is similar to or less than the mean
between-condition differences observed after excluding five
participants with GET> 10 h from the analysis in the present
study (Fig. 4(b)). Finally, study results should not be generalised
to women as others have reported sex differences in appetite
and related physiological responses to increased exercise(77).

Reasons for undereating during events requiring prolonged
strenuous physical activity and limited sleep such as sustained
military operations and ultra-endurance sporting competitions
are multi-factorial and often include logistical constraints and
limited access to food(19). Study findings suggest that energy bal-
ance is unlikely to be achieved by ad libitum eating in these
environments, even if food availability is not constrained, due
in part to a physiologically mediated suppression of appetite.
The resulting energy deficit, if sustained, would be expected
to degrade physical performance, cognition and immunity,
and prolong recovery(3,21,22,51). Study findings therefore provide
a physiological basis for testing feeding strategies known to
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promote overconsumption during events requiring multiple
days of prolonged low-to-moderate intensity physical activity
such as sustained military operations. Such strategies may
include timing meals or snacks to allow for gastric emptying,
and providing rapidly digestible, higher-fat, energy-dense foods
and beverages.
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