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ABSTRACT
Background: Ghrelin, which is a stomach-derived hormone, in-
creases with fasting and energy restriction and may influence eating
behaviors through brain hedonic reward-cognitive systems. Therefore,
changes in plasma ghrelin might mediate counter-regulatory responses
to a negative energy balance through changes in food hedonics.
Objective: We investigated whether ghrelin administration (exoge-
nous hyperghrelinemia) mimics effects of fasting (endogenous hyper-
ghrelinemia) on the hedonic response and activation of brain-reward
systems to food.
Design: In a crossover design, 22 healthy, nonobese adults (17 men)
underwent a functional magnetic resonance imaging (fMRI) food-picture
evaluation task after a 16-h overnight fast (Fasted-Saline) or after eating
breakfast 95 min before scanning (730 kcal, 14% protein, 31% fat, and
55% carbohydrate) and receiving a saline (Fed-Saline) or acyl ghrelin
(Fed-Ghrelin) subcutaneous injection before scanning. One male subject
was excluded from the fMRI analysis because of excess head motion,
which left 21 subjects with brain-activation data.
Results: Compared with the Fed-Saline visit, both ghrelin admin-
istration to fed subjects (Fed-Ghrelin) and fasting (Fasted-Saline)
significantly increased the appeal of high-energy foods and associ-
ated orbitofrontal cortex activation. Both fasting and ghrelin admin-
istration also increased hippocampus activation to high-energy- and
low-energy-food pictures. These similar effects of endogenous and
exogenous hyperghrelinemia were not explicable by consistent
changes in glucose, insulin, peptide YY, and glucagon-like peptide-1.
Neither ghrelin administration nor fasting had any significant effect on
nucleus accumbens, caudate, anterior insula, or amygdala activation
during the food-evaluation task or on auditory, motor, or visual cortex
activation during a control task.
Conclusions: Ghrelin administration and fasting have similar acute
stimulatory effects on hedonic responses and the activation of cortico-
limbic reward-cognitive systems during food evaluations. Similar ef-
fects of recurrent or chronic hyperghrelinemia on an anticipatory food
reward may contribute to the negative impact of skipping breakfast on
dietary habits and body weight and the long-term failure of energy
restriction for weight loss. Am J Clin Nutr 2014;99:1319–30.

INTRODUCTION

Eating behaviors involve the integration of peripheral signals of
energy balance to alter hunger and food reward. Hedonic and
motivational responses involve a network of corticolimbic brain
regions including the orbitofrontal cortex (OFC)4, amygdala, nu-

cleus accumbens (NAcc), caudate, and insula (1, 2). Homeostatic
and hedonic systems interact directly because fasting or energy
restriction enhances hedonic responses, memory recall of food, and
the activation of brain-reward systems to food (3–7). Skipping
breakfast is associated with increased dietary fat intake, binge
eating, activation of brain-reward systems to food, and longitudinal
weight gain (8, 9). Gastroenteropancreatic hormones mediate ho-
meostatic responses to acute food intake or fasting including an-
orexigenic insulin, peptide YY (PYY), glucagon-like peptide-1
(GLP-1) and cholecystokinin, and orexigenic ghrelin (10, 11).
Appetitive hormones act through the hypothalamus and brainstem

1 From the Metabolic and Molecular Imaging Group (APG, CGP, SS,

ADM, NC, SSD, and JDB) and Robert Steiner MRI Unit (GD), Medical

Research Council Clinical Sciences Centre, the Computational, Cognitive

and Clinical Neuroimaging Laboratory, Division of Brain Sciences (CB), the

Section of Investigative Medicine, Division of Diabetes, Endocrinology and

Metabolism (MAG, DRA, GSF, and SRB), and the Division of Brain Sci-

ences (ADW), Imperial College London, Hammersmith Hospital, London,

United Kingdom, and the Department of Endocrinology, University of Vir-

ginia, Charlottesville, VA (BDG and MOT).
2 Supported by grants from the UK Medical Research Council (MRC), the

Imperial College Healthcare Charity, and the National Institute for Health

Research Imperial Biomedical Research Centre Funding Scheme; a European

Union Marie-Curie Fellowship (NuSISCO; to CGP); a Wellcome Trust Re-

search Training Fellowship (to SS); an MRC Clinical Training Fellowship

(to ADM); and an Imperial College Healthcare Charity Fellowship (to NC).
3 Address correspondence to AP Goldstone, Metabolic and Molecular Im-

aging Group, Medical Research Council Clinical Sciences Centre, Imperial

College London, Hammersmith Hospital, Du Cane Road, London W12 0NN,

United Kingdom. E-mail: tony.goldstone@imperial.ac.uk.
4 Abbreviations used: AMV, auditory-motor-visual; Fasted-Initial, first

scanning visit with 16-h overnight fast and given subcutaneous saline in-

jection; Fasted-Saline, 16-h overnight fast and given subcutaneous saline

injection; FDR, false discovery rate; Fed-Ghrelin, given breakfast and sub-

cutaneous ghrelin injection; Fed-Saline, given breakfast and subcutaneous

saline injection; FMRIB, Functional MRI of the Brain; FOOD, high-energy

or low-energy food; fROI, functional region of interest; FSL, FMRIB’s

Software Library; GH, growth hormone; GHSR1a, growth hormone secreta-

gogue receptor 1a; GLP-1, glucagon-like peptide-1; GOAT, ghrelin O-acyl-

transferase; HE, high-energy-dense food; Initial-Saline, first fMRI visit,

fasted and given subcutaneous saline injection; LBM, lean body mass; LE,

low-energy-dense food; NAcc, nucleus accumbens; OFC, orbitofrontal cor-

tex; PYY, peptide YY; ROI, region of interest; VAS, visual analog scale;

VTA, ventral tegmental area.

ReceivedSeptember 10, 2013. Accepted for publication March 5, 2014.

First published online April 23, 2014; doi: 10.3945/ajcn.113.075291.

Am J Clin Nutr 2014;99:1319–30. Printed in USA. � 2014 American Society for Nutrition 1319



(10) but may also influence brain reward-cognitive systems to alter
hunger and satiety and food hedonic responses (5, 12–18).

Ghrelin is a 28–amino acid stomach-derived hormone, of which
the posttranslational acylation by the ghrelin O-acyltransferase
(GOAT) enzyme instills biological activity (11). Plasma ghrelin
concentrations rise with acute fasting and a chronic negative energy
balance, fall after food intake, and are reduced in obesity (11, 19).
Acyl ghrelin acts as a growth-hormone (GH) secretagogue through
the growth-hormone secretagogue receptor 1a (GHSR1a) in the
hypothalamus and pituitary gland. Ghrelin also stimulates hunger
and food intake (20, 21) through hypothalamic feeding neuropep-
tides (10, 11). In rodents, central ghrelin GHSR1a signaling also
has roles in reward-based eating, responses to nonfood rewards (eg,
drugs of abuse and alcohol), food anticipatory behavior, foraging,
hoarding and olfactory responses, stress-induced overeating, moti-
vation, learning, memory, anxiety, and mood via the stimulation of
the mesolimbic dopaminergic circuitry, hypothalamus, hippocampus,
dorsal raphe serotonergic neurons, and other pathways (17, 18, 22–
24). Thus, ghrelin may mediate many of the effects of food restriction
on reward responses to food. A limited number of interventional or
purely correlative neuroimaging studies have investigated such a role
for ghrelin in humans by using fMRI (13, 25, 26). Ghrelin altered the
activation in a number of brain regions involved in reward, cognition,
visual, and taste processing either at rest or in response to visual food
cues assessed by changes in the BOLD signal.

However, these fMRI studies have not reported any direct
measures of food hedonics or directly compared effects of ghrelin
administration and fasting or examined the influence of re-
warding properties (eg, energy density) of the food in the re-
sponse to food cues (13, 26). Therefore, we compared situations
where plasma acyl ghrelin concentrations were raised endoge-
nously (by fasting) or exogenously (by acyl ghrelin administration
to fed subjects) with a situation in which plasma concentrations
were endogenously low (after the consumption of a meal) in the
same subjects. We hypothesized that both conditions associated
with hyperghrelinemia would increase hedonic-reward system

responses to anticipatory food cues. As a secondary outcome, we
examined whether these effects were influenced by the energy
density of food cues.

SUBJECTS AND METHODS

See Supplemental Methods under “Supplemental data” in the
online issue for additional details.

Participants

Subjects were recruited by using a public advertisement.
The study was approved by the local research ethics committee
(07/Q0406/19) and was performed in accordance with the
principles of the Declaration of Helsinki. All participants pro-
vided written informed consent. The initial recruitment date for
the study was 2 April 2008.

Exclusion criteria were as follows: 1) history of an eating disorder; 2)
being vegetarian, vegan, or gluten or lactose intolerant; 3) consumption
of a non-Western diet (assessed by a dietary record); 4) significant
dietary restraint (Dutch Eating Behavior Questionnaire-Restraint
score .3.0); 5) missing breakfast .3 d/wk; 6) recent change in
weight (.5% change in the past 3 mo); 7) BMI (in kg/m2) ,18.0
or .30.0; 8) smoking or alcohol excess; 9) any history of significant
neurologic, psychiatric, endocrine, metabolic, or cardiovascular
disease including addiction, diabetes, stroke, or epilepsy; 10)
severe depression indicated by a Beck Depression Inventory II
score .28 (27); 11) claustrophobia; 12) pregnancy or breastfeeding;
13) any metallic objects excluding MRI scanning (eg, pacemaker,
magnetic implant); and 14) inability to use a right-handed button box.

Study protocol

Healthy, weight-stable, nonobese adults (BMI: 18.0–29.9; age:
18–50 y) of either sex were studied. Subjects attended 4 separate study
visits$5 d apart [median (IQR): 16 d (7–35 d)] after an overnight fast
(Figure 1, Table 1; see Supplemental Table 1 under “Supplemental

FIGURE 1. Study-visit protocol. Timings of blood sampling and VAS ratings and detail of scanning, including food picture and AMV fMRI runs and
anatomical T1. AMV, auditory-motor-visual; T1, T1 MRI brain scan; VAS, visual analog scale.
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data” in the online issue). At each visit, subjects performed an fMRI
picture-evaluation task in which they rated the appeal of different
food and control pictures. There was an initial practice visit, when
subjects were not given breakfast, and received a saline injection
(Fasted-Initial) and, then in a randomized, crossover design, another
fasted visit when they received a saline injection (Fasted-Saline)
and 2 fed visits when, after eating breakfast, subjects received
a saline (Fed-Saline) or ghrelin (Fed-Ghrelin) injection. No Fasted-
Ghrelin visit was performed because endogenous ghrelin concen-
trations are high when fasted. Women were always scanned in days
1–14 of their menstrual cycle to attenuate variations in reward re-
sponses including food over the menstrual cycle (28).

On the day before each study visit, subjects were instructed to
avoid exercise and alcohol intake, eat a similar supper at 2000, and
attend the Sir John McMichael Centre Clinical Investigation Unit at
Hammersmith Hospital, London, United Kingdom, in the morning
having eaten nothing since supper the evening before. At each visit,
subjects had measurements of height, weight, percentage of body fat
by bioelectrical impedance analysis (Bodystat 1500), completed the
Positive and Negative Affect Schedule to measure mood over the
past week because brain responses to food pictures have been
reported to vary depending on affect (29), and had an insertion of
a cannula into an antecubital vein$30 min before the start of serial
blood sampling. Pregnancy was excluded at each visit by using
a urinary human chorionic gonadotropin test.

The administration of ghrelin or salinewas double blinded at each
fed visit and single-blinded at each fasted visit. The order of random
assignment used a sequential list of visits. Subjects did not know
whether they would be given breakfast until the appropriate time
point (t = 0 min). The median time since the last meal until the fMRI
scanning was 16.3 h at the Fasted-Initial visit and 15.7 h at the
Fasted-Saline visit compared with 1.6 h at both Fed-Saline and Fed-
Ghrelin visits (see Supplemental Table 1 under “Supplemental
data” in the online issue). The full scanning and study protocol was
otherwise identical at each of the 4 visits.

At fed visits, subjects consumed a 730-kcal fixed breakfast
(14% protein, 31% fat, and 55% carbohydrate) at w1000–1100,
t = 0 min, which consisted of 220 mL orange juice, 40 g bran
flakes, 170 mL semiskimmed milk, and 2 slices of whole-meal
bread, each slice with 10 g margarine, one slice with 10 g
strawberry jam, and the other slice with an 8-g slice of cheese.
Subjects finished all given foods.

Visual analog scales

Visual analog scale (VAS) ratings (0–10 cm) were recorded over
the study day to measure hunger, pleasantness to eat, volume of
food wanting to eat, fullness, sickness, anxiety, and stress (Figure
1). Subjects were also asked to rate their hunger at 3 time points
while in the MRI scanner, twice before and once after viewing food
pictures (+80, +95, and +125 min) by using a 5-finger keypad and
rating from 1 to 5, whereby 1 denoted not at all and 5 denoted a lot.

Ghrelin injection

At +55 min, subcutaneous saline or human acyl ghrelin (Bachem
UK) was injected into the abdomen at a dose of 3.6 nmol/kg (21).

Metabolic and hormone assays

Serial venous blood samples were taken at 215, 0, +40, +70,
and +150 min for the assay of plasma glucose, PYY, GLP-1, and
acyl ghrelin and serum insulin, GH, and triglycerides to ascer-
tain whether differences in food reward between fasted and fed
visits were explained by changes in these appetitive hormones
and metabolites (14–16, 30).

Blood samples for gut-hormone analysis were collected into
chilled lithium heparin polypropylene tubes that contained 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride (A8456; Sigma-
Aldrich) and aprotinin (Nordic Phama UK) protease inhibitor to
give final concentration of 1 mg/mL and 200 kIU/mL whole blood,
respectively. Blood samples were centrifuged at 48C, 4000 rpm, for
10 min. Aliquots of separated plasma were immediately mixed with
HCl (final concentration of 0.05 mol/L) for the subsequent assay
of acyl ghrelin and separate unacidified aliquots for the assay of
other gut hormones (GLP-1 and PYY). All plasma samples were
stored at 2808C until assay. Other metabolic and hormonal assays
were done on plain serum or fluoride-oxalate plasma samples sent
immediately to the routine clinical laboratory.

Plasma glucose, serum insulin, GH, and triglycerides were
measured in the Department of Clinical Biochemistry, Imperial
College Healthcare National Health Service Trust by using either
an Abbott Architect ci8200 analyzer (Abbott Diagnostics) or an
Axsym analyzer (Abbott Diagnostics). Intraassay CVs of all
measurements were from1.0 to 5.0%. PlasmaGLP-1 (GLP-11–36 amide,
GLP-17–36 amide, and GLP-19–36 amide) and PYY (total PYY1–36

and PYY3–36) were assayed by using established in-house ra-
dioimmunoassays in a single run (31, 32). Plasma acyl ghrelin
was measured by using a 2-site sandwich ELISA in a single run
(33). Intraassay CVs for gut hormones were ,10%.

MRI scanning protocol

After the injection, each subject had a 60-min MRI session,
which started at +75 min (3T Achieva whole-body system;
Philips) as previously described (34). After an initial practice
run, subjects had a resting-state fMRI scan that lasted 10 min
starting at +85 min (data will be reported in a future article
because of space limitations) and was followed by the picture
fMRI paradigm at +95 min (Figure 1), an auditory-motor-visual
(AMV) fMRI task at +125 min, and the collection of structural
MR brain scans including high-resolution T1-weighted scans
(Figure 1).

TABLE 1

Subject characteristics1

Average (n ¼ 22) Range

Age (y) 25.9 6 1.72 19–44

Sex (M:F) 17:5

Ethnicity (white:nonwhite) 15:7

Height (m) 1.78 6 0.02 1.61–1.93

Weight (kg) 76.0 6 2.9 51.6–100.9

BMI (kg/m2) 23.9 6 0.6 19.1–29.9

Body fat (%) 16.1 6 1.4 7.8–30.7

BDI-II (of 63) 0 (0–3)3 0–8

1Age and anthropometric data are taken from the Fasted-Initial visit.

BDI-II, Beck Depression Inventory II; Fasted-Initial, first scanning visit with

16-h overnight fast and given subcutaneous saline injection.
2Mean 6 SEM (all such values).
3Median; IQR in parentheses. Not normally distributed.
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Food-picture evaluation fMRI paradigm

During the fMRI food-picture paradigm, 4 types of color
photographs were presented in a block design split across 2
9-min, 192-vol runs as follows: 1) 60 high-energy-dense foods
(HEs) (eg, pizza, cakes, and chocolate), 2) 60 low-energy-dense
foods (LEs) (eg, salads, vegetables, and fish), 3) 60 non–food-
related household objects (eg, furniture and clothing), and 4)
180 Gaussian blurred images of the other pictures (as a low-level
baseline) as previously described (34). Food images were se-
lected to represent familiar foods that are typical in the modern
Western diet. Pictures were obtained from freely available web
sites and the International Affective Picture System (National
Institute of Mental Health Center for the Study of Emotion and
Attention, University of Florida). Food and object pictures were
of similar luminosity and resolution.

Each run contained different pictures in 5 blocks each of high-
and low-energy foods and objects interleaved with 16 blocks of
blurred pictures (6 pictures/18 s) by using one of 4 pseudorandom
block orders (randomized for each subject across study visits)
with a randomized picture order within each block. Every image
was displayed for 2500 ms and followed by a 500-ms in-
terstimulus interval of a fixation cross. Each high-energy food
block consisted of equal numbers of foods that contained choc-
olate, nonchocolate sweet, and savory nonsweet foods (2 of each).

Images were viewed via a mirror mounted above an 8-channel
radiofrequency head coil that displayed images from a projector
by using the Integrated Functional Imaging System image-
presentation system (In Vivo) and ePrime 2 software (Psy-
chology Software Tools Inc). While each image was on display
to subjects in the scanner, they were asked to immediately and
simultaneously rate how appealing each picture was to them by
using a 5-button handheld keypad (1 = not at all, 2 = not really,
3 = neutral, 4 = a little, and 5 = a lot) (6, 34). Thus, the appeal
rating was made and recorded simultaneously with the stimulus
presentation used for the measurement of the BOLD signal.

The total energy load, energy density, and macronutrient
composition of food pictures used in the fMRI task were assessed
with Dietplan6 software (Foresfield Software Ltd) (mean6 SEM
for high-energy foods: 834 6 100 kcal, 321 6 13 kcal/100g,
426 2% fat, 48 6 1% carbohydrate, and 106 1% protein; low-
energy foods: 157 6 18 kcal, 64 6 5 kcal/100g, 35 6 3% fat,
35 6 3% carbohydrate, and 29 6 3% protein; and high- com-
pared with low-energy foods: P , 0.001 for energy content,
density, percentage of protein, and percentage of carbohydrate,
and P = 0.03 for percentage of fat.

AMV control fMRI paradigm

A-6 min, 114-vol AMV control task was performed to look for
nonspecific changes in the BOLD signal between visits. Over
nine 33-s blocks, subjects performed 2 of each of the following
tasks simultaneously: 1) listening to a story, 2) tapping their
right index finger once every 1 s, or 3) watching a 4-Hz color
(yellow/blue) flashing checkerboard with each task performed in
6 blocks and instructions about whether to start or stop the motor
task displayed for 3 s before each block (34).

Ad libitum test lunch

After MRI scanning at +150 min, each subject received an
excess amount of a savory lunch and were instructed to “eat as

much as they wanted until they felt comfortably full,” as pre-
viously described (16). The lunch meal was macaroni and
cheese (per 100 g: 205 kcal, 6.5 g protein, 18.9 g carbohydrate,
and 11.5 g fat), or if this meal was not liked at least moderately
on a VAS at their screening visit, an alternative of chicken tikka
masala (per 100 g: 150 kcal, 6.6 g protein, 13 g carbohydrate,
and 8 g fat). Men were presented with 2000 g, and women were
presented with 1500 g, of lunch together with ad libitum water.
The total energy eaten and energy per kilogram of lean body
mass (LBM) were calculated from the formula

ð1003 caloriesÞO½body weight

3 ð1002 percentage of body fatÞ� ð1Þ

Image preprocessing

fMRI data processing was carried out with FEAT software
(FMRI Expert Analysis Tool, version 5.98), which is part of the
Functional Magnetic Resonance Imaging of the Brain (FMRIB)
Software Library (FSL), version 4.1, as previously described (see
Supplemental Methods under “Supplemental data” in the online
issue for references) (34). Subjects were removed from the fMRI
analysis if there was excess head movement (average relative
motion across both food runs .0.5 mm/vol). The following pre-
processing was applied: motion correction by using MCFLIRT
software, field-map-based EPI unwarping by using PRELUDE
+FUGUE software, nonbrain removal by using BET software,
spatial smoothing by using a Gaussian kernel of full-width half-
maximum 6.0 mm, and grand-mean intensity normalization of
the entire 4-dimension dataset by using a single multiplicative
factor and high-pass temporal filtering (Gaussian-weighted
least-squares straight line fitting with s = 100.0 s).

A time-series statistical analysis was carried out by using
FILM software with local autocorrelation correction including
picture onsets (high- and low-energy food and objects) integrated
with the g hemodynamic response function with temporal de-
rivative and motion variables as covariates. Registration to high-
resolution T1 structural images was carried out by using FLIRT
software. Registration from high-resolution structural to stan-
dard spaces was then further refined by using FNIRT nonlinear
registration software. For food pictures, a higher level analysis
was carried out by using a fixed-effect model to combine the 2
runs by forcing the random-effects variance to zero in FLAME
(FMRIB’s Local Analysis of Mixed Effects) software to de-
termine the BOLD signal for the following contrasts: high-energy
or low-energy food (FOOD) greater than object pictures, HE
greater than object pictures, LE greater than object pictures, and
high- greater than low-energy food (HE greater than LE) pictures
(34).

A similar time-series statistical analysis was performed for the
single-run AMV paradigm including onsets of each task (auditory,
motor, andvisual) to contrast theBOLDsignal during theperformance
of each task with that when other tasks were being performed (34). All
higher-level analyses were carried out with FLAME stage 1 software.

Whole-brain analysis

A whole-brain analysis to determine the spatial extent of
differences in the BOLD signal between study visits for FOOD,
HE, and LE contrasts was examined by 1-factor repeated-
measures ANOVAwithin FSL with FEAT version 5.98 software
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with both statistical voxel-wise threshold family-wise error P,
0.05 and false discovery rate (FDR) P , 0.05 corrections for
multiple comparisons.

fMRI regions of interest

The following functional regions of interest (fROIs) were de-
termined from the average group activation at the Fasted-Initial visit
for the FOOD contrast: OFC, hippocampus, NAcc, caudate, anterior
insula, and amygdala (Table 1; see Supplemental Figure 1 under
“Supplemental data” in the online issue). These 6 regions of in-
terest (ROIs) were chosen on the basis of preclinical studies (17,
35–37) and published human fMRI studies that used food pictures
after ghrelin, PYY, or GLP-1 administration (13, 16) or an identical
fMRI paradigm after bariatric surgery for obesity (34). Additional
ROIs were not examined to avoid type 1 errors because no Bon-
ferroni correction was made for multiple comparisons. For the
control AMV task, ROIs were the superior temporal gyrus posterior
division for secondary auditory cortex, the precentral gyrus for the
primary motor cortex, and the lingual gyrus for the primary visual
cortex (see Supplemental Figure 2 under “Supplemental data” in
the online issue) as previously described (34).

The hypothalamus was not chosen as an a priori ROI because
neither exogenous ghrelin nor fasting altered hypothalamic
BOLD responses to food pictures in previous human fMRI
studies (13, 38), and fasting was not associated with hypotha-
lamic activation during the evaluation of food pictures by using
an identical evaluative fMRI paradigm to our study (34). The
interpretation of midbrain ventral tegmental area (VTA) signal in
fMRI task paradigms is also complicated by physiologic noise
and registration issues (39).

fROIs were determined from the Fasted-Initial visit by a higher
level whole-brain analysis with a mixed-effects analysis to
identify voxels that were significantly more activated at the group
level, for the FOOD contrast in the food evaluation paradigm, and
for the control AMV task with FEAT version 5.98 software.
Correction for multiple comparisons was made by using a voxel-
wise FDR at P , 0.05.

The fROIs were obtained by masking these group activation
maps with an a priori anatomical ROI with fslmaths software
within FSL. As previously described (34), these fROIs were
defined by the relevant bilateral ROIs from the cortical and
subcortical structural Harvard FSL atlas threshold at 10%
probability. The OFC fROI included regions in the OFC and
frontal pole with y greater than 22 and z less than26 because the
analysis of functional activation in this region showed distinct
bilateral clusters that overlapped anatomical Harvard atlas re-
gions (see Supplemental Figure 1 under “Supplemental data” in
the online issue.). The insula was further subdivided into the
anterior insula (y greater than +4).

Comparison of BOLD signals between visits

The average (median) magnitude of the bilateral BOLD signal
within each a priori fROI was extracted for each individual
subject separately for the Fasted-Saline, Fed-Saline, and Fed-
Ghrelin visits for FOOD, HE, LE, and HE greater than LE
contrasts by using Featquery software in FSL to measure dif-
ferences in the BOLD signal between visits for different picture
categories or control tasks (34). An analysis of the fROI BOLD

signal was performed in all subjects and, in a subanalysis, was
performed just in men (the number of women was too small to
examine between-sex differences or effects in women alone).

Correlations of individual changes in the magnitude of the
BOLD signal between visits were also made with individual
changes in the picture appeal rating between visits. A similar
analysis was performed to compare auditory, motor, and visual
task BOLD signals in relevant fROIs between visits. The average
BOLD signal for each of these contrasts within each ROI was
compared between visits outside FSL.

Statistics

Results are presented as means 6 SEMs or medians (IQRs) if
data were not normally distributed. Comparisons between 3
visits were made by using a 1-factor repeated-measures ANOVA
with the post hoc Student-Newman-Keuls test (or Dunnett’s test
if a single control group was used). If not normally distributed,
data were log10 transformed or analyzed by using Friedman’s
ANOVA on ranks with the post hoc Student-Newman-Keuls test.
Comparison within visits or between 2 visits were made by
using the paired Student’s t test or Wilcoxon’s signed rank test if
not normally distributed.

When the ANOVA for the effect of the visit for picture-appeal
ratings andBOLD signal was nonsignificant, a comparisonwas also
performed by using a 1-factor repeated-measures ANCOVA in-
cluding BMI alone or BMI, age, and sex as covariates. Adjustment
for BMI alone or for BMI, age, and sex did not render non-
significant differences between visits to be significant (P . 0.05).

A linear regression analysis (to determine Pearson’s r) was
performed to examine relations between the ROI BOLD signal
(dependent variable) and food-appeal scores or plasma ghrelin
concentrations (independent variable). This analysis was done
for each individual visit and differences between visits, and only
for those ROIs that showed an overall difference between visits
(to avoid issues around multiple comparisons). For correlations
of plasma ghrelin concentrations with the BOLD signal, the
AUC from +40 to +150 min was used to cover the time of MRI
scanning and improve the accuracy with repeated measure-
ments. Adjustment for BMI, age, and sex by using multiple
linear regression with BMI, age, and sex as additional in-
dependent variables did not render nonsignificant correlations to
be significant (P = 0.11–0.89). Significance was set at P , 0.05.
We used SigmaStat 2.03 (Systat Software) and SPSS v21.0
(IBM) programs for analyses.

RESULTS

Participants

Twenty-two healthy, nonobese adults completed the study.
Subject characteristics are given in Table 1. None of the subjects
had mild, moderate, or severe depression (all Beck Depression
Inventory II scores ,14) (27). The median time since the last
meal until the fMRI scanning was 16.3 h at the Fasted-Initial
visit and 15.7 h at the Fasted-Saline visit compared with 1.6 h at
both Fed-Saline and Fed-Ghrelin visits (see Supplemental Table
1 under “Supplemental data” in the online issue). One subject
(20-y-old man with BMI of 21.2) was removed from the fMRI

GHRELIN MIMICS FASTING TO ENHANCE FOOD REWARD 1323



BOLD signal analysis because of excess head motion. An ad-
ditional 3 subjects did not complete all study visits.

Food-appeal ratings

During the fMRI task, all food pictures (high or low energy)
were rated on average as significantly more appealing at the
Fasted-Saline visit than Fed-Saline visit with a similar trend for
the Fed-Ghrelin visit (P = 0.057) (Figure 2A; see Supplemental
Table 2 under “Supplemental data” in the online issue). When
we looked at the different food categories, high-energy foods
were rated significantly more appealing at both Fasted-Saline
and Fed-Ghrelin visits than the Fed-Saline visit (Figure 2, A and
B; see Supplemental Table 2 under “Supplemental data” in the
online issue). The appeal of low-energy foods was not signifi-
cantly different between visits (P = 0.14). By contrast, appeal
ratings of objects were similar between visits (see Supplemental
Table 2 under “Supplemental data” in the online issue). The
reaction time for subjects to rate any food or high-energy food
pictures was significantly less at Fasted-Saline and Fed-Ghrelin
visits than the Fed-Saline visit (see Supplemental Table 2 under
“Supplemental data” in the online issue). The reaction time for
low-energy food pictures was not significantly different between
visits (P = 0.13–0.14).

BOLD signal in food-evaluation task

Group activation maps from the Fasted-Initial visit showed
a number of brain regions including corticolimbic reward systems

with activation to food pictures, including the amygdala, caudate,
NAcc, hippocampus, inferior and middle frontal gyrus, insula,
OFC, posterior cingulate cortex, putamen, thalamus, and oc-
cipital cortex (see Supplemental Figure 1 under “Supplemental
data” in the online issue). These activation maps were used to
generate fROIs for the OFC, hippocampus, NAcc, caudate, an-
terior insula, and amygdala (Table 2).

Whole-brain fMRI analysis

In the whole-brain analysis within the FSL, there were no
voxels that displaying significant differences in the BOLD signal
for any food, high-energy or low-energy foods, or between
Fasted-Saline, Fed-Saline and Fed-Ghrelin visits by using voxel-
wise correction at a family-wise error P, 0.05 or FDR P, 0.05
in all subjects.

Comparison of ROI BOLD signals between study visits

OFC activation to any of the foods and only high-energy foods
was significantly higher at both Fasted-Saline and Fed-Ghrelin visits
than the Fed-Saline visit (Figure 3A; see Supplemental Table 3
under “Supplemental data” in the online issue). A similar trend was
seen for OFC activation to low-energy foods to be higher at the
Fasted-Saline visit than the Fed-Saline visit (P = 0.09).

The hippocampus BOLD signal to any food was significantly
higher at both Fasted-Saline and Fed-Ghrelin visits than the Fed-
Saline visit (Figure 3B; see Supplemental Table 3 under “Sup-
plemental data” in the online issue). Similar significant patterns
were seen for high-energy and low-energy foods when examined
separately, although the difference in the hippocampus BOLD
signal to high-energy foods between Fed-Ghrelin and Fed-Saline
visits was not statistically significant.

TABLE 2

Coordinates of functional ROIs for the food-evaluation functional MRI

task1

L/R ROI Voxels Z2 x y z

R Orbitofrontal cortex 89 3.38 22 32 222

L Orbitofrontal cortex 86 3.70 226 34 218

R Hippocampus 184 3.72 30 230 28

L Hippocampus 152 4.04 222 230 26

R Nucleus accumbens 45 3.36 10 16 24

L Nucleus accumbens 175 4.37 28 10 28

R Caudate 32 3.36 10 16 24

L Caudate 134 4.11 212 12 26

R Anterior insula 463 5.24 36 8 216

L Anterior insula 204 4.93 238 6 212

R Amygdala 64 3.65 22 22 216

L Amygdala 20 3.05 220 2 220

1Activation within functional ROIs at the second level group mixed-

effects analysis for FOOD minus object picture contrast at the Fasted-Initial

visit (n = 21). Results represent the L or R hemisphere, number of voxels

within a cluster (2 mm3; minimum cluster size: 10), Z statistic using a statis-

tical threshold voxel-wise FDR P , 0.05, and coordinates of peak statistical

voxel (x, y, z in Montreal Neurological Institute 152 space) in each ROI.

Fasted-Initial, first scanning visit with 16-h overnight fast and given subcu-

taneous saline injection; FDR, false discovery rate; FOOD, high- or low-

energy foods; L, left hemisphere; R, right hemisphere; ROI, region of interest.
2All FDRs, P , 0.05.

FIGURE 2. Mean (6SEM) food-appeal ratings at study visits. Appeal
rating of food pictures (1 = not at all; 5 = a lot) at Fasted-Saline, Fed-Saline,
and Fed-Ghrelin visits for FOOD, HE, and LE (A) and different categories of
high-energy foods (chocolate, other sweet, and nonsweet) (B). n = 22. #P =
0.057, *P , 0.05, **P , 0.01, ***P , 0.005 compared with Fed-Saline
using a 1-factor repeated-measures ANOVAwith post hoc Student Newman-
Keuls test. Fasted-Saline, 16-h overnight fast and given subcutaneous saline
injection; Fed-Ghrelin, given breakfast and subcutaneous ghrelin injection;
Fed-Saline, given breakfast and subcutaneous saline injection; FOOD, high-
or low-energy foods; HE, high-energy foods; LE, low-energy foods.
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There was no significant difference between visits in the
BOLD signal in the NAcc, caudate, anterior insula, or amygdala
to all foods and high- or low-energy foods (Figure 3, C–F; see
Supplemental Table 3 under “Supplemental data” in the online
issue), although the BOLD signal in the NAcc to low-energy
foods showed a trend to be greater at the Fed-Ghrelin visit than
Fed-Saline visit (P = 0.08)

There was no significant correlation between the OFC or
hippocampus BOLD signal to any food and high- or low-energy
foods (compared with objects) and the respective food appeal
(compared with objects) at individual Fasted-Saline, Fed-Saline,
or Fed-Ghrelin visits (P = 0.11–0.93) other than a negative cor-
relation between the OFC BOLD signal to low-energy foods and
appeal of low-energy foods at the Fasted-Saline visit (r =20.49,
P = 0.03). There was also no significant correlation between the
increase in the OFC or hippocampus BOLD signal and increase
in food appeal (compared with objects) from Fed-Saline to

Fasted-Saline visits (P = 0.19–0.78) or from Fed-Ghrelin to
Fed-Saline visits (P = 0.19–0.98).

BOLD signals in the secondary auditory cortex, primary motor
cortex, and primary visual cortex were similar between visits
during the control AMV fMRI task (Figure 3G; see Supplemental
Figure 2 under “Supplemental data” in the online issue).

ROI BOLD signal in men only

When we restricted the fMRI analysis to men only (n = 16), the
comparison of the ROI BOLD signal between study visits gave
broadly similar results to that seen when women were included
(see Supplemental Table 4 under “Supplemental data” in the
online issue). Despite the smaller number of subjects, the BOLD
signal to low-energy foods in the OFC and NAcc and high-
energy foods in the hippocampus was now significantly greater
at the Fed-Ghrelin visit than Fed-Saline visit (see Supplemental

FIGURE 3. Mean (6SEM) group activation of brain-reward systems to food pictures and auditory, motor, and visual cortex during a control task at study
visits. Magnitude of group activation (percentage of BOLD signal change) for FOOD, HE, or LE minus object picture contrast at Fasted-Saline, Fed-Saline,
and Fed-Ghrelin visits in the bilateral OFC (A), hippocampus (B), nucleus accumbens (C), caudate (D), anterior insula (E), and amygdala (F). Magnitude of
group activation to a control auditory task (listening to a story) in the bilateral postSTG, motor task (button press) in the left preCG, and visual task (flashing
checkerboard) in the lingual gyrus (G). n = 21 (both sexes). #P = 0.08–0.09, *P , 0.05, **P, 0.005 compared with Fed-Saline by using a 1-factor repeated-
measures ANOVA with the post hoc Student Newman-Keuls test. Fasted-Saline, 16-h overnight fast and given subcutaneous saline injection; Fed-Ghrelin,
given breakfast and subcutaneous ghrelin injection; Fed-Saline, given breakfast and subcutaneous saline injection; FOOD, high- or low-energy foods; HE,
high-energy foods; LE, low-energy foods; OFC, orbitofrontal cortex; postSTG, posterior division of the superior temporal gyrus; preCG, precentral gyrus.
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Table 4 under “Supplemental data” in the online issue). How-
ever, the BOLD signal to low-energy foods in the OFC and
NAcc was not significantly different between Fasted-Saline and
Fed-Saline visits.

Direct comparison of high- with low-energy foods

High-energy foods were of significantly greater appeal than
low-energy foods at both Fasted-Saline (P = 0.006) and Fed-
Ghrelin (P = 0.025) visits (see Supplemental Table 2 under
“Supplemental data” in the online issue). At the Fasted-Saline
visit, each category of high-energy food was rated as significantly
more appealing than low-energy foods (chocolate, sweet, and
nonsweet: P , 0.05 compared with low energy). At the Fed-
Ghrelin visit, only chocolate and sweet high-energy foods were
rated significantly more appealing than low-energy foods (P ,
0.05). By contrast, high-energy foods were not significantly dif-
ferent in appeal to low-energy foods at the Fed-Saline visit (P =
0.22). Consistent with this result, there was a trend for the appeal
rating of high- minus low-energy foods to be higher at the Fasted-
Saline visit than Fed-Saline visit (P = 0.056) and Fed-Ghrelin visit
than Fed-Saline visit (P = 0.096) visits (see Supplemental Table 2
under “Supplemental data” in the online issue).

However, there was no significant differences in the reaction
time (P = 0.32; see Supplemental Table 2 under “Supplemental
data” in the online issue) or BOLD signal in any ROI (P =
0.55–0.95; see Supplemental Tables 3 and 4 under “Supple-
mental data” in the online issue) for high minus low-energy foods
between Fasted-Saline, Fed-Saline and Fed-Ghrelin visits.

VASs and food intake

VAS ratings outside theMRI scanner (10-cm scale) for hunger,
pleasantness to eat, and volume able to eat were significantly
lower and, for fullness, significantly greater at Fed-Saline and
Fed-Ghrelin visits than the Fasted-Saline visit both before and
after the injection (Figure 4; see Supplemental Figure 3 under
“Supplemental data” in the online issue). However, there was no
significant difference in the appetite VAS outside the scanner
between Fed-Saline and Fed-Ghrelin visits after the injection.

Mean hunger ratings (maximum 5) inside the scanner were
significantly lower at Fed-Saline (3.46 6 0.20; P , 0.001) and
Fed-Ghrelin (3.74 6 0.15; P , 0.001) visits than the Fasted-
Saline visit (4.73 6 0.09), but the difference between the 2 fed
visits was not significant (P = 0.21). Energy intake at lunch after
scanning was significantly greater at the Fasted-Saline visit

FIGURE 4. Hunger and fullness VASs at study visits. Mean (6SEM) VAS ratings plotted against time for hunger (A) and fullness (C) at Fasted-Saline,
Fed-Saline, and Fed-Ghrelin visits. Arrows indicate the time of breakfast (0 min) and subcutaneous injection (+55 min), and the solid bar denotes the time of
the MRI scan (from +75 to +135 min). n = 22. Median (IQR) AUC VAS ratings for hunger (B) and fullness (D) at Fasted-Saline, Fed-Saline, and Fed-Ghrelin
visits. The preinjection AUC was for the time period from 215 to +55 min (maximum value: 700 cm/min). The postinjection AUC was for the time period
from +55 to +150 min and covered the period of the MRI scan (maximum value: 950 cm/min). *P , 0.05 compared with Fasted-Saline for post hoc Student
Newman-Keuls test in a 1-factor repeated-measures ANOVA on ranks (both P, 0.001 for the overall ANOVA). n = 22. Bkfast, breakfast; Fasted-Saline, 16-h
overnight fast and given subcutaneous saline injection; Fed-Ghrelin, given breakfast and subcutaneous ghrelin injection; Fed-Saline, given breakfast and
subcutaneous saline injection; Inject, injection; VAS, visual analog scale.

1326 GOLDSTONE ET AL



[median (IQR): 1314 kcal (1143–1848 kcal); 23.1 kcal/kg LBM
(19.8–27.5 kcal/kg LBM)] than at both Fed-Saline [1184 kcal
(975–1502 kcal); 19.2 kcal/kg LBM (16.5–23.3 kcal/kg LBM),
P , 0.01] and Fed-Ghrelin [1067 kcal (974–1703 kcal;
18.6 kcal/kg LBM (15.5–23.7 kcal/kg LBM); P , 0.01] visits
(overall ANOVA on ranks, both P = 0.001), but there was no
significant difference in food intake between Fed-Ghrelin and
Fed-Saline visits (both P . 0.05).

Confounding variables

There was no significant difference in potential confounding
variables between study visits such as the duration of sleep,
mood, body composition, time since last visit, time since supper,
energy consumed at supper, time to eat breakfast, or head motion
during fMRI scanning (see Supplemental Table 1 under “Sup-
plemental data” in the online issue). VAS ratings outside the
MRI scanner for side effects such as sickness, anxiety, and stress
were also similar at all 3 study visits (see Supplemental Table 5
under “Supplemental data” in the online issue).

Blood hormones and metabolites

Serum GH concentrations after the injection at +55 min were
significantly higher at both Fed-Ghrelin and Fasted-Saline visits
than the Fed-Saline visit (Figure 5A; see Supplemental Table 6
under “Supplemental data” in the online issue). As expected,
plasma acyl ghrelin concentrations were significantly higher
over the fMRI scan at the Fasted-Saline visit than Fed-Saline
visit because of a postprandial decline after breakfast (Figure
5B; see Supplemental Table 6 under “Supplemental data” in the
online issue) and were higher at the Fed-Ghrelin visit than both
Fasted-Saline and Fed-Saline visits.

At individual Fasted-Saline, Fed-Saline, and Fed-Ghrelin
visits, there was no significant correlation between plasma
ghrelin concentrations (AUC from +40 to +150 min) and the

BOLD signal to any food or just high-energy or low-energy foods
in the OFC (P = 0.44–0.97) or hippocampus (P = 0.11–0.85)
other than a trend for the hippocampal BOLD signal to low-
energy foods to be positively correlated with ghrelin concentra-
tions at the Fed-Ghrelin visit (r = +0.42, P = 0.058). Similarly,
there was no significant correlation between increases in the
OFC or hippocampal BOLD signal for any food category and
increases in plasma ghrelin concentrations from Fed-Saline to
Fasted-Saline visits (P = 0.23–0.56) or from Fed-Ghrelin to
Fed-Saline visits (P = 0.12–0.99).

Plasma glucose concentrations rose initially after breakfast
at both Fed-Saline and Fed-Ghrelin visits to become higher
than at the Fasted-Saline visit (see Supplemental Figure 4A and
Table 6 under “Supplemental data” in the online issue). How-
ever, over the fMRI scanning period, glucose concentrations did
not differ significantly between Fed-Saline and Fasted-Saline
visits but were significantly higher at the Fed-Ghrelin visit than
both Fed-Saline and Fasted-Saline visits (see Supplemental
Figure 4A and Table 6 under “Supplemental data” in the online
issue).

Serum insulin and triglycerides were significantly higher over
both Fed-Saline and Fed-Ghrelin visits than the Fasted-Saline
visit because of postprandial increases after breakfast (see Sup-
plemental Figure 4D and Table 6 under “Supplemental data” in
the online issue). However, serum insulin and triglycerides did
not differ significantly between Fed-Ghrelin and Fed-Saline
visits.

Plasma GLP-1 and PYY concentrations were not signifi-
cantly different between Fasted-Saline and Fed-Saline visits
(see Supplemental Figure 4, E and F, and Table 6 under
“Supplemental data” in the online issue). However over the
fMRI scanning period, both plasma GLP-1 and PYY were
significantly and unexpectedly higher at the Fed-Ghrelin visit
than both Fed-Saline and Fasted-Saline visits (see Supple-
mental Figure 4, E and F, and Table 6 under “Supplemental
data” in the online issue).

FIGURE 5. Blood growth hormone and acyl ghrelin concentrations at study visits. Mean (6SEM) concentrations over time of serum GH (A) and plasma
acyl ghrelin (B) at Fasted-Saline, Fed-Saline, and Fed-Ghrelin visits. Arrows indicate the time of breakfast (0 min) and subcutaneous injection (+55 min), and
the solid bar denotes the time of the MRI scan (from +75 to +135 min). n = 22. AUC for t1 (from 215 to +40 min) or t2 (from +40 to +150 min). yyP , 0.01,
Fasted-Saline compared with Fed-Saline; ++P , 0.01, +++P , 0.005, Fed-Ghrelin compared with Fed-Saline; *P , 0.05, ***P , 0.001, Fed-Ghrelin
compared with Fasted-Saline (see Supplemental Table 6 under “Supplemental data” in the online issue). Comparisons were made by using a 1-factor repeated-
measures Friedman’s ANOVA on ranks with post hoc Student-Newman-Keuls test. Bkfast, breakfast; Fasted-Saline, 16-h overnight fast and given sub-
cutaneous saline injection; Fed-Ghrelin, given breakfast and subcutaneous ghrelin injection; Fed-Saline, given breakfast and subcutaneous saline injection;
GH, growth hormone; Inject, injection.
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DISCUSSION

In this fMRI study of nonobese adults, ghrelin administration
after breakfast mimicked the effects of fasting to increase the
appeal of and speed of rating for high-energy foods, markers of
both explicit and implicit wanting (40), and the associated OFC
BOLD signal. Therewere no significant effects of the visit on these
measures for low-energy foods, but there were no significant
differences between high-energy and low-energy foods. In men,
ghrelin administration but not fasting significantly increased OFC
and NAcc BOLD signals to low-energy foods. Both ghrelin and
fasting increased the hippocampal activation to food, irrespective
of the energy density. Thus, ghrelin and fasting have been shown,
for the first time to our knowledge, to display similar stimulatory
effects on hedonic food ratings and the activation of corticolimbic
reward-cognitive systems during food evaluation in the same
subjects. These effects of fasting and ghrelin can be envisaged as an
appropriate counter-regulatory response to a negative energy
balance, as with the GH secretagogue action of ghrelin to maintain
plasma glucose concentrations during food restriction (41).

Effects of exogenous and endogenous hyperghrelinemia to
increase the OFC BOLD signal during the evaluation of high-
energy food pictures supported a stimulatory effect of ghrelin on
food hedonics, which was consistent with results of preclinical
studies (22, 42, 43). The OFC plays a role in the encoding of value
and the salience of rewards, including food (6, 34, 44, 45). These
findings are in partial agreement with those of previous fMRI
studies. Acute intravenous ghrelin administration to fed, nonobese
subjects increased the BOLD signal to the viewing of food pictures
in several brain regions including the OFC and hippocampus but
also insula, amygdala, and caudate (13). A purely associative fMRI
study showed that fasting plasma ghrelin concentrations in normal-
weight subjects were positively correlated with the BOLD signal to
passive viewing of highly palatable foods in regions related to
visual processing, reward, and taste including in the caudate,
pallidum, rolandic operculum, amygdala, and anterior cingulate
gyrus (as well as the hypothalamus and midbrain) but showed no
correlation with the OFC or hippocampus BOLD signal (26). In
a recent pharmacological MRI study, ghrelin administration in
nonobese subjects in the postprandial state decreased the resting
(nontask-related) BOLD signal in a number of brain regions in-
cluding the brainstem, hypothalamus, and hippocampus but not the
OFC (25). Rodent studies have shown that the amygdala is
a neurobiological target of ghrelin (35).

However, wewere unable to show increases in the BOLD signal
of the amygdala, caudate, or anterior insula to food pictures by
ghrelin. This result may have been related to differences in study
designs, fMRI paradigms (passive compared with. active evalu-
ation) (46), statistical methods (whole brain compared with an ROI
approach) and thresholds, and, perhaps, a masking effect from the
suppression of activation with habituation to previously viewed
images. NAcc, caudate, and anterior insula BOLD signals to
identical food pictures tended to decrease between Fasted-Initial
and Fasted-Saline visits (see Supplemental Table 4 under “Sup-
plemental data” in the online issue), consistent with a role for
a hippocampus-NAcc network in the encoding of a stimulus
novelty (47). Indeed ghrelin enhances novelty-seeking behavior
(48). Despite ghrelin’s stimulatory effect on VTA-NAcc dopa-
minergic neurons via GHSR1a in the VTA, dorsolateral tegmental
area, and hypothalamic-midbrain orexin neurons in preclinical

studies (17, 18, 49–51), no influence of ghrelin on the NAcc
BOLD signal to food or at rest has been reported in any previous
ghrelin fMRI studies to our knowledge (13, 25, 26). We detected
a significant increase in the NAcc BOLD signal to low-energy
foods with ghrelin administration in a subanalysis of men, which
suggested possible sex differences (52, 53), although our study
was not powered to examine this possibility directly.

The increase in the hippocampus BOLD signal to food pictures
by endogenous and exogenous hyperghrelinemia was consistent
with results of preclinical (36, 37) and human fMRI (13, 26)
studies. Reward motivation is also thought to promote memory
formation via hippocampal dopamine release before learning
(54), and ghrelin administration increases food-picture recog-
nition at recall (13), as does fasting, where enhanced food
memory has also been linked to OFC activation (3).

Consistent with a previous study of fasting (6), there was a trend
for both fasting and ghrelin to increase the appeal of high-energy
foods relative to low-energy foods. However, when directly sub-
tracted, we were unable to find any significant influence of the
energy content on the effect of ghrelin or fasting on appeal rating,
reaction time, and the OFC or hippocampal BOLD signal. These
results differed from previous studies that have reported interactions
of food-picture energy density and fasting on the activation in several
brain regions, including the OFC (6, 52, 53). These differences may
be explicable because of different fMRI analytic approaches, the use
of a fixed breakfast meal at fed visits (compared with subjects eating
from a choice of foods to satiation), the preponderance of men (52,
53), and the inclusion of only nonobese subjects who may have
different responses than those of obese subjects (55).

Effects of ghrelin and fasting did not appear related to absolute or
relative hypoglycemia because plasma glucose concentrations over
scanning were not lower at the Fasted-Saline or Fed-Ghrelin visits
than the Fed-Saline visit (30). Similarly, their effects were not related
to consistent changes in plasma insulin, PYY, and GLP-1. Although
insulin concentrations were reduced by fasting which could have
increased hedonic responses (14, 15), insulin concentrations were
not altered by ghrelin administration. Breakfast consumption did not
increase plasma PYYandGLP-1 concentrations, as also reported for
PYY3–36 or active GLP-1 (GLP-17–36 amide and GLP-17–37) when
using an identical meal (16). Furthermore, the stimulatory effect of
ghrelin on anticipatory food reward occurred despite unexpected
increases in anorexigenic GLP-1 and PYY concentrations, proba-
bly because of a prokinetic effect of ghrelin on gastric emptying
after breakfast (56), which would be predicted to have reduced
BOLD signals in our ROIs (16).

The relatively small number of subjects may have contributed to
a type 2 error in the lack of effects on appeal rating, reaction time, and
the OFC BOLD signal to low-energy foods and precluded any ex-
amination of sex differences. This limitationmight also explainwhy no
effect of exogenous ghrelin to increase hunger VAS ratings or ad
libitum food intake was seen (20, 21). Alternatively, effects of ghrelin
to increase plasma glucose and anorexigenic plasma GLP-1 and PYY
concentrations may have counteracted a stimulatory effect of ghrelin
on hunger or food intake. The lack of a buffet choice may also have
hindered the ability to see an effect of exogenous ghrelin on food intake
(20). Nevertheless, differential effects of fasting and ghrelin on hunger
and food intake but identical effects on food hedonics and brain ac-
tivation would also have been consistent with ghrelin’s action on food
reward being dissociable from effects of hunger and consumptive
aspects of eating behavior, as shown in preclinical studies (43).
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The use of a fixed breakfast in subjects with different BMImay
also have contributed to nonsignificance by increasing variance at
fed visits. The inclusion of both lean and overweight subjects was
an additional limitation because they may differ in food hedonics
and responses to hyperghrelinemia. The inclusion of BMI as
a between-subject factor did not render nonsignificant differences
in food appeal or the BOLD signal between visits to be signif-
icant. Although women were scanned in the first one-half of the
menstrual cycle, there could have been differences in food he-
donic and reward responses even within this time period, and sex
hormones were not measured. The exclusion of females from the
analysis gave broadly similar results when ROI BOLD signals
between study visits were compared.

Plasma concentrations of acyl ghrelin achieved after the ad-
ministration of exogenous ghrelin were also much greater than
those achieved with endogenous hyperghrelinemia from overnight
fasting in our study. Rodent studies have shown an increased brain
uptake of and sensitivity to ghrelin when fasted, which might
attenuate the biological differences of these dissimilar degrees of
hyperghrelinemia (57, 58). However, it was not yet possible to
distinguish pharmacological from physiological effects of ghrelin
on food-reward systems, which would have required the study of
GHSR1a antagonists or GOAT inhibitors in humans. The inclusion
of a Fasted-Ghrelin visit would also have enabled the direct ex-
amination of different degrees of hyperghrelinemia and any in-
teraction of food intake with hyperghrelinemia.

In conclusion, this study has shown that, compared with when
the same individuals have low endogenous plasma ghrelin con-
centrations (after the consumption of a meal), both endogenous
hyperghrelinemia (produced by acute fasting) and exogenous
hyperghrelinemia (produced by acute acyl ghrelin administration)
increase food hedonic ratings and increase OFC and hippocampus
BOLD signals during food evaluation. Dietary manipulations such
as recurrent breakfast skipping or food restriction will produce
recurrent or chronic hyperghrelinemia (19). There may be limi-
tations of transferring the findings of this acute, experimental study
to changes in real-world eating behaviors and weight changes in
obese individuals. However, our results support the suggestion that
the enhancement of food hedonic-reward responses during such
dietary manipulations may contribute to a negative impact on
dietary habits and long-term weight loss as part of a homeostatic
feedback loop mediated through hyperghrelinemia. This effect
suggests that the ghrelin-GOAT-GHSR1a system may be a drug
target for reducing food hedonics during dieting.
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