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Abstract
Postprandial glucagon-like peptide-1 (GLP-1) secretion can act as a meal termination signal in
animals and humans. We tested the hypothesis that the postprandial changes in plasma GLP-1
concentrations are associated with changes in the human brain activity in response to satiety by
performing a post-hoc analysis of a cross-sectional study of neuroanatomical correlates of hunger
and satiation using 15O-water positron-emission tomography (PET). Forty-two subjects (22M/20F,
age 31±8 years) spanning a wide range of adiposity (body fat: 7–44%) were included in this analysis.
Outcome measures included changes in PET-measured regional cerebral blood flow (rCBF) and
plasma concentrations of GLP-1, glucose, insulin, and free-fatty acids (FFA), elicited by the
administration of a satiating amount of a liquid formula meal. The peak postprandial increases in
plasma GLP-1 concentrations were correlated with increases in rCBF in the left dorsolateral
prefrontal cortex (including the left middle and inferior frontal gyri), previously implicated in PET
studies of human satiation, and the hypothalamus, previously implicated in the regulation of food
intake in animal and human studies, both before and after adjustment for sex, age, body fat, and
changes in plasma glucose, insulin, and serum FFA concentrations. The postprandial GLP-1 response
is associated with activation of areas of the human brain previously implicated in satiation and food
intake regulation.

Introduction
Glucagon-like peptide-1 (GLP-1) is a hormone derived from tissue-specific post-translational
processing of the proglucagon gene in the intestinal L cells and exerts effects on glucose-
dependent insulin secretion, insulin biosynthesis, islet beta-cell neo-genesis, gastrointestinal
motility, neuronal plasticity, energy homeostasis, and food intake (Drucker, 2001). GLP-1
concentrations in the plasma rise rapidly after food ingestion, indicating that both the presence
of nutrients in the gut lumen and neural mechanisms have a role in this early response (Deacon,
2005).

Postprandial GLP-1 secretion can act as a meal termination signal in animals and humans
(Kreymann et al., 1987). GLP-1 receptor (GLP-1R) null mice have delayed satiation indicating
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impaired early postprandial satiety, even though these animals do not become obese (Scrocchi
et al., 2000). Short-term GLP-1 administration is associated with increased feelings of fullness
paralleled by decreased appetite in humans (Flint et al., 1998). This effect is due to both a direct
central action of GLP-1 and a delay in gastric emptying.

A direct action of intestinal GLP-1 on the central nervous system (CNS) is possible since this
peptide can enter the CNS via the subfornical organ and area postrema, which lack a typical
blood–brain barrier (Orskov et al., 1996). GLP-1R gene is expressed in the brain as a protein
with binding properties similar to those of the peripheral GLP-1R (Alvarez et al., 2005). While
in rats GLP-1R is mostly concentrated in the hypothalamus, thalamus, and basal nuclei (Wei
and Mojsov, 1995), GLP-1R expression in the human brain is widespread and has been reported
in several areas including the frontal, parietal, temporal, and occipital cortices, the basal
ganglia, and the hypothalamus (Alvarez et al., 2005).

Neuroimaging studies have shown that the human brain has a central role in the control of
eating behaviour. Neural regulators of hunger and satiety are numerous and their interaction
complex. Several functional neuroimaging studies have implicated the dorsolateral prefrontal
(Gautier et al., 2000,2001;Le et al., 2006;Tataranni et al., 1999) and orbitofrontal cortices
(Gottfried et al., 2003;Hinton et al., 2004;Morris and Dolan, 2001;O’Doherty et al., 2000;Small
et al., 2001), the amygdala (Gottfried et al., 2003;LaBar et al., 2001;Morris and Dolan,
2001), the parahippocampal gyrus (LaBar et al., 2001), the insula (Small et al., 2001;Tataranni
et al., 1999;Uher et al., 2006), the anterior cingulate (Gottfried et al., 2003), the fusiform gyrus
(LaBar et al., 2001), the striatum (Hinton et al., 2004;Tataranni et al., 1999), and the
hypothalamus (Hinton et al., 2004;Tataranni et al., 1999) as parts of circuits integrating external
(sensory cues) and internal (homeostatic, hedonic, and cognitive stimuli) determinants of eating
behaviour in humans.

A recent study using positron emission tomography (PET) and 2-[18F]-deoxy-D-glucose
(FDG) in young adult men and women showed that i.v. administration of GLP-1 affects glucose
metabolism in the hypothalamus and brainstem, indicating that peripheral GLP-1 can access
the CNS and modulate neuronal activity in humans (Alvarez et al., 2005). However, whether
postprandial changes in plasma GLP-1 concentrations are associated with changes in brain
activity in response to satiety has not yet been investigated.

To test this hypothesis, we performed a post-hoc correlation analysis of changes in H2
15O-PET

measurements of regional cerebral blood flow (rCBF, a marker of neuronal activity) vs.
changes in the plasma concentrations of GLP-1 and certain other metabolites in response to
the oral administration of a satiating amount of a liquid formula meal after a 36-h fast in 42
male and female glucose tolerant subjects spanning a wide range of body fat who had been
recruited for a study of neuroanatomical correlates of hunger and satiety (Gautier et al.,
2000,2001;Tataranni et al., 1999). We sought to determine whether the postprandial GLP-1
response would correlate with changes in neuronal activity in brain areas previously implicated
in the regulation of eating behaviour in humans.

Methods
Subjects

Fasting and postprandial plasma GLP-1 concentrations were measured in 42 Caucasian
subjects (Table 1), 22 men and 20 women, who had been recruited from the Phoenix, AZ
metropolitan area by newspaper advertisements. All 42 subjects had previously been included
in studies of neuroanatomical correlates of hunger and satiation in lean and obese people
(Gautier et al., 2000,2001;Le et al., 2006;Tataranni et al., 1999). All of the subjects were right-
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handed, non-smokers, and not taking any medications. All were in good health, as assessed by
physical examination and laboratory tests. The female volunteers were studied while in the
follicular phase of the menstrual cycle. Subjects were admitted for 1 week to the Obesity and
Diabetes Clinical Research Section of the National Institutes of Health in Phoenix, AZ.
Subjects were restricted to the metabolic ward and were limited to sedentary activity for the
duration of the study. The protocol was approved by the Institutional Review Boards of the
National Institute of Diabetes and Digestive and Kidney Diseases and the Banner Good
Samaritan Medical Center. Informed, written consent was obtained from all subjects prior to
participation.

Experimental protocol
Experimental procedures have been previously described (Gautier et al., 2000,2001;Tataranni
et al., 1999). In brief, subjects were placed on a weight maintaining diet (50% carbohydrate,
30% fat, 20% protein) upon admission. Body composition was assessed by dual energy X-ray
absorptiometry (DPX-l, Lunar, Madison, WI). Resting energy expenditure (REE) was
measured after an overnight fast for 45 min by using a ventilated hood system (DeltaTrac,
SensorMedics, Yorba Linda, CA). Prior to the brain imaging session, subjects fasted for 36 h.
Water and non-caloric, non-caffeinated beverages were provided ad libitum during the fast.

Analytical measurements
Total plasma GLP-1 concentrations were determined by commercially available
radioimmunoassay (Linco Research, Inc., St. Charles, MO), as previously reported (Gautier et
al., 2000). Its cross-reactivity with GLP-2 and glucagon was <0.01 and 0.2%, respectively, its
limit of detection was 3 pmol/l, and the intra- and inter-assay CVs were 5.7% and 8.9%,
respectively. Plasma glucose and insulin concentrations were determined by the glucose
oxidase method (Beckman Instruments, Fullerton, CA) and by an automated
radioimmunoassay (Concept 4; ICN, Costa Mesa, CA), respectively. Serum free fatty acid
(FFA) concentrations were determined by an enzymatic colorimetric method (Wako
Chemicals, Richmond, VA).

Imaging procedures
PET and magnetic resonance imaging (MRI) procedures were conducted at the Banner Good
Samaritan Medical Center (Phoenix, AZ). Volumetric T1-weighted MRIs of the brain were
performed using a 1.5-T Signa system (General Electric, Milwaukee, WI) to rule out gross
anatomical abnormalities. PET images of regional cerebral blood flow (counts/voxel/min) were
obtained using an ECAT-951/31 scanner (Siemens, Knoxville, TN). A 10 min transmission
scan was obtained using a retractable external ring source of 68Ga/68Ge to correct for
attenuation of γ-radiation by the brain and skull. During each 1-min PET scan, subjects rested
motionless in the supine position and were asked to keep their eyes closed and pointing forward.
For each scan, a 50-mCi intravenous bolus of 15O-water was injected. Two scans were obtained
at baseline and two after oral administration of a satiating amount of a liquid formula meal
(Ensure Plus, 1.5 kcal/ml, Ross-Abbott Laboratories, Columbus, OH) providing 50% of the
subject’s measured REE and administered continuously over 25 min through a plastic tube
placed into the subject’s mouth using a peristaltic pump, with intervals of 10 min between
scans. The flavour (strawberry, vanilla, and chocolate) of the formula meal was chosen by the
subject. To control for swallowing, subjects were asked to retain and swallow 2 ml of water at
room temperature administered from a syringe through a plastic tube into the mouth 30 s before
each scan. Immediately after each scan, a blood sample was drawn for hormonal and metabolic
measurements. Subjective ratings of hunger and fullness were recorded after each PET scan
by using 100-mm visual analogue scales (Raben et al., 1995). The subjects anticipated being
fed until sated, as they had been fully familiarized with the experimental protocol in order to
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minimize the risk of learning-related artefacts (prior to the imaging session, the procedure was
performed twice on the research ward).

Image processing and statistical analysis
Automated algorithms in statistical parametric mapping 99 (SPM99, The Wellcome Institute
of Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm) were used to align each
subject’s sequential PET images, spatially normalize them to the stereotactic space as defined
by the template provided by the Montreal Neurological Institute (MNI), and smooth the images
with a 15-mm full-width-at-half-maximum Gaussian filter (Friston, 1995). To test our
hypothesis, we used a two-level, random-effects analysis (Friston et al., 1999) with a
significance threshold of P ≤ 0.001, uncorrected for multiple comparisons. In brief, differences
in rCBF in response to the administration of a liquid formula meal were measured in each
subject using the “single subject: condition and covariates” option and accounting for the whole
brain blood flow by proportional scaling, which scales each image to a reference count (i.e.,
the global brain activity) set at a physiologically realistic value of 50 ml/100 g/min (Friston et
al., 2005). Then, a correlation between changes in rCBF and plasma GLP-1 concentrations was
tested as a second-level analysis using both a voxel-based single regression design and a voxel-
based multiple regression design, the latter with sex, age, percent body fat, and changes in
plasma glucose, plasma insulin, and serum FFA concentrations included into the design matrix
as further covariates. We performed a two-level, random-effects analysis since this more
stringent statistical approach allows for making a stronger and more generalizable inference
about quantitative differences of a regionally specific nature compared to a single-level, fixed-
effects analysis, as previously reported (Friston et al., 1999). An effect was considered
statistically significant if the test reached the two-sided significance level of P ≤ 0.001
(uncorrected for multiple comparisons). The significant results, however, were reported as
either positive or negative correlations between changes in rCBF and in GLP-1 plasma
concentrations after the meal. Adjustment of the regression analysis between changes in rCBF
and GLP-1 plasma concentrations after the meal for the above confounders was performed to
account for the previously reported effects of obesity and related metabolic parameters on both
neuronal activity (Gautier et al., 2000,2001;Le et al., 2006) and GLP-1 secretion (Flint et al.,
2001;Verdich et al., 2001). The resulting maps were then superimposed onto the MRI template
provided by the MNI and built into SPM to allow visual inspection of the composite images.
Average rCBF data from the local maxima were extracted for the post-hoc analysis of the
general, anthropometric, and metabolic determinants of the brain responses using Spearman
correlation analysis and multivariate regression modelling. The procedures of the SAS Institute
(Cary, NC) were used for these statistical analyses.

Results
Significant associations between postprandial changes in plasma GLP-1 concentrations and in
rCBF were found in the left dorsolateral prefrontal cortex, including the left middle and inferior
frontal gyri (x =−36, y=−1, z=47 and x=−45, y=41, z=−2, respectively) and the hypothalamus
(x=−4, y=−3, z=−18). In particular, the changes in plasma GLP-1 concentrations after the meal
were positively associated with changes in rCBF in the left middle and inferior frontal gyri and
the hypothalamus (Table 2; P <0.001 uncorrected for multiple comparisons for all
associations); whereas, no significant negative correlations were found between post-meal
changes in plasma GLP-1 concentrations and changes in rCBF.

After adjustment for sex, age, percent body fat, and changes in plasma glucose, insulin, and
serum FFA concentrations, the post-meal change in plasma GLP-1 concentrations was still
positively associated with the rCBF change both in the left middle and inferior frontal gyri
(Fig. 1, P≤0.001, uncorrected for multiple comparisons) and in the hypothalamus (Fig. 1, P=
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0.007, uncorrected for multiple comparisons). As in the simple regression analysis (i.e., without
correction for any covariates), no significant negative correlations were found between post-
meal changes in plasma GLP-1 concentrations and rCBF in the multivariate analysis.

Using general linear modelling with changes in the ROI-CBF as the dependent variable, the
change in plasma GLP-1 concentrations was a significant determinant of the increase in rCBF
in both areas of the left dorsolateral prefrontal cortex, i.e., the left middle and inferior frontal
gyri (Table 3), brain regions which had been previously implicated in satiety and food intake
regulation (Gautier et al., 2000,2001;Le et al., 2006;Tataranni et al., 1999). In particular, using
a stepwise multiple regression approach, the changes in plasma GLP-1 concentrations after the
meal explained 24%, 26%, and 29% of the variance in the rCBF changes in the left middle
frontal gyrus, left inferior frontal gyrus, and hypothalamus, respectively (data not shown).

When the regression analysis was performed by using only the first, instead of the average, of
the two satiety scans (see Methods section for details on the imaging procedure), i.e., the one
taken immediately prior to the blood drawing for the post-meal GLP-1 plasma concentration,
the postprandial change in plasma GLP-1 concentrations after adjustment for sex, age, percent
body fat, and changes in plasma glucose, insulin, and serum FFA concentrations was still
positively associated with the change in rCBF after the meal in the left dorsolateral prefrontal
cortex (Talairach and Tournoux atlas coordinates (Talairach and Tournoux, 1988): x=−47,
y=20, z=24; P <0.001, uncorrected for multiple comparisons).

Discussion
This study provides evidence that the postprandial GLP-1 response is associated with changes
in neuronal activity of the dorsolateral prefrontal cortex and hypothalamus in response to satiety
in humans, independent of sex, age, adiposity, and meal-related changes in other metabolites
that may affect brain activity, including glucose, insulin, and FFA. The GLP-1 receptor is
abundantly expressed in several regions of the human brain, including those reported in this
study (Alvarez et al., 2005;Wei and Mojsov, 1995). In addition, direct access of blood-borne
GLP-1 to the brain has been proposed to occur via certain CNS areas lacking a typical blood–
brain barrier, such as the subfornical organ and area postrema (Orskov et al., 1996).

The hypothesis that peripheral GLP-1 can in fact access the CNS and modulate neuronal
activity in humans has recently been confirmed in young adult men and women who were
given GLP-1 intravenously (Alvarez et al., 2005). However, in this study, peripheral
administration of GLP-1(7–36)amide decreased glucose metabolism in the hypothalamus and
brainstem, with no significant effects on cortical areas (Alvarez et al., 2005). Several reasons
can be given to explain the differences between the above study and ours. First, Alvarez et al.
(2005) used pharmacological doses of exogenous GLP-1 to unravel direct effects of this
hormone on the brain; in comparison, we examined the postprandial response of endogenous
GLP-1. Second, they used FDG as a PET radiotracer, whose 30-min uptake period and 110-
min half-life require a long period of task performance or state maintenance and make it less
appropriate for cerebral activation studies (Kessler, 2003). In contrast, we used 15O-water,
whose 70-s acquisition period and 2-min half-life allow for a better temporal resolution, thus
making it suitable for cerebral activation studies (Kessler, 2003). Third, they evaluated the
effects of exogenous GLP-1 on cerebral glucose metabolism regardless of food intake or even
food-related stimuli, whereas we examined whether changes in plasma concentrations of
endogenous GLP-1 after a liquid meal were related to changes in brain activity in response to
satiety.

The findings of an association between postprandial changes in plasma concentrations of
GLP-1 and prefrontal neuronal activity are of particular interest in light of the proposed role

Pannacciulli et al. Page 5

Neuroimage. Author manuscript; available in PMC 2007 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of GLP-1 as a meal termination signal and the functional neuroanatomy of hunger/ satiety in
humans. Moreover, these results are strengthened by the observation that the positive
association between postprandial changes in plasma GLP-1 concentrations and rCBF in the
left dorsolateral prefrontal cortex was still significant when only the first satiety scan (i.e., the
one taken immediately prior to the blood drawing for measuring the post-meal plasma GLP-1
concentrations and more likely to reflect possible “direct” effects of GLP-1, provided its short
half-life), instead of the average of the two satiety scans, was employed to create the maps of
changes in rCBF.

The study of the human brain response to the ingestion of liquid and solid meals and to the
sight of food images before and after eating to satiety has revealed the existence of a putative
satiety domain represented by prefrontal areas (Delparigi et al., 2005;Small et al.,
2001;Tataranni and Delparigi, 2003). The administration of a liquid meal to hungry individuals
was associated with increased neuronal activity in both the dorso- and the ventrolateral
prefrontal cortices in PET studies of neuroanatomical correlates of hunger and satiety (Del
Parigi et al., 2002;Gautier et al., 2000,2001). By using a different paradigm based upon the
visual presentation of images of preferred food items before and after eating to satiety, the
participation of such brain areas in a network implicated in feeding behaviour has been further
confirmed in a study showing an increased activation of the lateral prefrontal and temporal
cortices during the state of satiety (Hinton et al., 2004). Similarly, the involvement of these
neocortical areas in brain networks processing feeding behaviour has also been confirmed by
another study demonstrating that eating a preferred food (i.e., chocolate) beyond satiety causes
a shift in brain structures selectively recruited to respond to this stimulus from limbic/
paralimbic areas, which are mainly activated when the motivation to eat is high, to other
regions, including prefrontal areas, that are engaged when the motivational state is low due to
satiety (Small et al., 2001).

The findings of an independent association between postprandial changes in GLP-1 plasma
concentrations and hypothalamic neuronal activity is consistent with the pivotal role of the
hypothalamus in food intake regulation and the demonstrated direct action of GLP-1 on this
brain area. The hypothalamus is in fact a major site for the integration of central and peripheral
signals that regulate energy homeostasis (Sahu, 2004). Within the hypothalamus, neurons
residing in several nuclei communicate with one another and additional regions of the brain
and are subjected to the influence of several peripheral factors, including GLP-1. Indeed,
GLP-1R is abundantly expressed in both the animal and human hypothalamus (Alvarez et al.,
2005;Wei and Mojsov, 1995). More importantly, a direct action on the hypothalamus of
peripherally-administered GLP-1, linking it to decreased food intake and energy homeostasis,
has been reported (Dakin et al., 2004). It has to be acknowledged, however, that the positive
association between postprandial changes in plasma GLP-1 concentrations and hypothalamic
rCBF did not reach statistical significance when only the first, instead of the average, of the
two satiety scans was employed to create the maps of changes in rCBF.

It is not possible to ascertain the physiological underpinnings of the statistical association
between the postprandial GLP-1 response and neuronal activation. In other words, whether the
changes in prefrontal and hypothalamic rCBF are a direct or an indirect effect of changes in
the concentrations of blood-borne GLP-1 remains to be established. The prefrontal cortex is
central to the integration of sensory, limbic, and autonomic information and receives afferents
from a number of brain areas that can respond to peripheral GLP-1, including, but not limited
to, the hypothalamus, ventral tegmental area, and the midbrain (Groenewegen and Uylings,
2000). Therefore, it may well be that the post-meal GLP-1 response exerts its effects on neurons
located in other areas of the CNS (that are easily accessible to peripheral GLP-1 due to the lack
of a typical blood–brain barrier) which, in turn, lead to prefrontal activation. Furthermore, other
concomitant events to the postprandial GLP-1 secretion and brain activation, including gastric
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distension induced by the satiating meal or other biological responses to food ingestion, may
contribute to the relationship between postprandial changes in GLP-1 plasma concentrations
and prefrontal rCBF.

This study was a post-hoc analysis of a cross-sectional investigation of neuroanatomical
correlates of hunger and satiation and, therefore, its design was less than optimal to test the
effect of GLP-1 on neuronal activity. In fact, the increase in plasma GLP-1 concentrations after
the administration of the meal, although significant (P=0.006), was blunted compared to other
studies. The experimental design of this investigation explains this observation. Individuals in
this study had a satiating amount of a liquid formula meal administered through a plastic tube
inserted into the mouth using a peristaltic pump that was set to continuously deliver the entire
amount of the liquid meal over a fixed, constant 25-min period of time. This continuous delivery
accounts for the mild increase in GLP-1 plasma concentrations seen in our study compared to
others in which either solid or liquid foods were usually consumed over 5 to a maximum of 15
min (Ahren et al., 2003;Adam and Westerterp-Plantenga, 2005a,b). In a report in which the
nutrient administration was somewhat analogous to our study, a constant intra-duodenal
glucose infusion produced a mild increase in plasma GLP-1 concentrations compared to
nutrient administration by a rapid bolus followed by continuous infusion (Chaikomin et al.,
2005). If anything, we believe that this blunted GLP-1 response may have underestimated the
effect of GLP-1 on neuronal activity. In addition, even though most studies have shown
stronger increases in plasma GLP-1 concentrations after a meal, other studies have reported
postprandial responses of this gut peptide as small as (or even smaller than) ours, despite using
a more physiological meal administration (Little et al., 2006;Morinigo et al., 2006), pointing
to a large variability of GLP-1 response across studies and populations.

PET results should be interpreted in light of the limitations of this imaging technique. Spatial
resolution, contrast resolution of individual subtraction images, and accuracy of the image
deformation algorithm make it difficult to specify in detail the structures that are responsible
for the observed changes in regional brain activity, as previously reported (Gautier et al.,
2000;Reiman et al., 1997;Tataranni et al., 1999). The above mentioned limitations may prevent
detection of significant state-dependent changes in regional brain activity in small regions,
such as specific hypothalamic nuclei. We did find a positive association between the
postprandial changes in plasma GLP-1 concentrations and rCBF in the vicinity of the
hypothalamus. In this respect, resolution/standardization issues with small structures, such as
the hypothalamus, would be more likely to lead to false negative than false positive results.
Limitations in the study design also must be acknowledged. The baseline condition was
characterized by a rather accentuated state of hunger after a 36-h fast. This was done to produce
behavioural states of sufficient intensity to maximize the chances of detecting brain regions
selectively affected during these conditions. Subjects were studied in a resting condition, rather
than during systematically manipulated mental activity. Although the possibility that the
subjects engaged in more spontaneous visual imagery in one condition vs. the other cannot be
excluded, it is our experience that the subject’s behavioural state is not significantly different
during sequential 1-min scans.

On the other hand, it is worth noting that the present findings were obtained by using a more
stringent statistical approach than the fixed-effects design, i.e., a random-effects analysis. With
the former approach, the P value ascribed to a particular effect does not reflect the likelihood
for this effect to be present but simply the probability of obtaining the observed data in the
effect’s absence (Friston et al., 2002b). In contrast, the random-effects approach allows for
making inferences on the average characteristics of a population above and beyond the
variation in activation from subject to subject because it accounts for both within-subject (i.e.,
between scan) and between-subject sources of variability (Friston et al., 1999,2002a,b).
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In conclusion, despite the limitations inherent in the experimental design, this study provides
some important information. It demonstrates, in fact, that the postprandial GLP-1 response is
associated with activation in the hypothalamus and prefrontal areas of the brain independent
of sex, age, adiposity, and postprandial changes in other metabolites, pointing to a possible
effect, direct or indirect, of postprandial GLP-1 on some of the areas of the human brain
previously implicated in satiety, meal termination, and food intake regulation. These
observations may shed further light upon the mechanisms involved in the satiety-inducing
effect of GLP-1.
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Fig 1.
Left panels: Coronal views of the left middle frontal gyrus (A; x=−34, y=−3, z=47), left inferior
frontal gyrus (B; x=−45, y=39, z=−4), and hypothalamus (C; x=−4, y=−5, z=−16), where the
postprandial change in regional cerebral blood flow (rCBF) is positively correlated with the
postprandial change in plasma glucagon-like peptide-1 (GLP-1), after adjustment for sex, age,
body fat, and changes in plasma glucose, insulin, and serum free fatty acid (FFA)
concentrations in the study subjects. Right panels: Scatter-plots of rCBF in the left middle
frontal gyrus (A), left inferior frontal gyrus (B), and hypothalamus (C), as function of the
postprandial GLP-1 response.
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Table 1
Characteristics of the study subjects

Sex (M/F) 22/20 –
Age (years) 31±8 18–49
Weight (kg) 90±26 50–140
Body mass index (kg/m2) 31±9 18.5–50
Body fat (%) 28±10 7–44
Fasting hunger score (mm) 74±24 16–100
Post-meal hunger score (mm) 24±24 0–97
Fasting fullness score (mm) 16±16 0–81
Post-meal fullness score (mm) 78±21 10–100
Fasting glucagon-like peptide-1 (pmol/l) 23.3±6.4 11–36
Post-meal glucagon-like peptide-1 (pmol/l) 25.4±6.8 8–38
Fasting plasma glucose (mg/dl) 79±9 56–92
Post-meal plasma glucose (mg/dl) 95±9 76–118
Fasting plasma insulin (3U/ml) 21±7 7–36
Post-meal plasma insulin (3U/ml) 70±54 15–278
Fasting serum free-fatty acids (mmol/l) 0.9±0.3 0.5–1.7
Post-meal serum free-fatty acids (mmol/l) 0.7±0.2 0.4–1.4

Data are given as mean±S.D. and min–max, except for sex (n).
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Table 3
Determinants of the regional cerebral blood flow (rCBF) response in the left middle (MFG) and inferior (IFG)
frontal gyri and hypothalamus

Covariate MFG IFG Hypothalamus

β P β P β P

Sex (M) 0.93 n.s. −0.48 n.s. −0.12 n.s.
Age (years) 0.11 n.s. 0.02 n.s. 0.01 n.s.
Body fat (%) 0.18 n.s. −0.02 n.s. −0.04 n.s.
Change in plasma glucose
(mmol/l)

0.08 n.s. 0.04 n.s. −0.06 n.s.

Change in plasma insulin
(pmol/l)

−0.01 n.s. −0.01 n.s. −0.01 n.s.

Change in serum free fatty
acids (mmol/l)

−4.11 n.s. −0.97 n.s. −0.81 n.s.

Change in plasma glucagon-
like peptide-1 (pmol/l)

0.13 0.01 0.09 0.01 0.13 0.01
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