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Abstract: Eating behavior is crucial in the development of obesity and Type 2 diabetes. To fur-
ther investigate its regulation, we studied the effects of glucose versus water ingestion on the
neural processing of visual high and low caloric food cues in 12 lean and 12 overweight sub-
jects by functional magnetic resonance imaging. We found body weight to substantially impact
the brain’s response to visual food cues after glucose versus water ingestion. Specifically, there
was a significant interaction between body weight, condition (water versus glucose), and caloric
content of food cues. Although overweight subjects showed a generalized reduced response to
food objects in the fusiform gyrus and precuneus, the lean group showed a differential pattern
to high versus low caloric foods depending on glucose versus water ingestion. Furthermore, we
observed plasma insulin and glucose associated effects. The hypothalamic response to high
caloric food cues negatively correlated with changes in blood glucose 30 min after glucose
ingestion, while especially brain regions in the prefrontal cortex showed a significant negative
relationship with increases in plasma insulin 120 min after glucose ingestion. We conclude that
the postprandial neural processing of food cues is highly influenced by body weight especially
in visual areas, potentially altering visual attention to food. Furthermore, our results underline

Additional Supporting Information may be found in the online
version of this article.

Martin Heni and Stephanie Kullmann contributed equally to this
work.

Contract grant sponsor: German Research Foundation; Contract
grant number: FR1561/5-1; Contract grant sponsor: Kompetenznetz
Adipositas, German Federal Ministry of Education and Research;
Contract grant numbers: 01GI1122F; Contract grant sponsor:
German Federal Ministry of Education and Research (BMBF) to the
German Center for Diabetes Research (DZD e.V.).

© 2013 Wiley Periodicals, Inc.

*Correspondence to: Stephanie Kullmann, MEG-Center, University
of Tiibingen, Otfried Miiller Strasse 47, 72076 Tiibingen, Germany.
E-mail: stephanie.kullmann@med.uni-tuebingen.de

Received for publication 4 June 2012; Revised 16 October 2012;
Accepted 22 October 2012

DOI: 10.1002/hbm.22223

Published online 10 January 2013 in Wiley Online Library
(wileyonlinelibrary.com).



# Glucose Ingestion Affects Neural Processing ¢

that insulin markedly influences prefrontal activity to high caloric food cues after a meal, indi-
cating that postprandial hormones may be potential players in modulating executive control.
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INTRODUCTION

Obesity and type 2 diabetes mellitus together with
related diseases are a leading cause of illness and death
and the prevalence is dramatically rising worldwide. Eat-
ing behavior plays an important role in the development
of both disorders [Fung et al., 2004]. The control of eating
behavior can be separated in homeostatic and nonhomeo-
static components; both are associated with specific brain
processes. Although the knowledge on the homeostatic
control is rather advanced, the understanding of the cogni-
tive processing and the interaction of both systems is
rather limited. This is especially true in respect to the ter-
mination of food intake, which is of great importance as
overconsumption of food is the major cause of obesity.

In the postprandial state, levels of several hormones are
altered. Many of them are candidates for the induction of sa-
tiety and thereby for the prevention of excessive food intake
[Camilleri, 2009; de Graaf et al., 2004; Schloeg], et al., 2011].
One of the best characterized postprandial hormones is insu-
lin. It is secreted by the pancreatic B-cells, and its plasma
level rise rapidly after eating. The hormone promotes uptake
of glucose from the blood into several organs, such as muscle,
liver, and adipose tissue. Obesity is associated with elevated
fasting insulin as well as postprandial insulin levels [Bag-
dade et al., 1967]. Besides its effects in peripheral tissues, in-
sulin has been shown to act in the brain, where it is involved,
e.g., in the control of food intake and cognitive functions
[Hallschmid and Schultes, 2009; Morton et al., 2006].

Visual stimulation with food pictures is well established
to analyze the neural processing of eating behavior. Food
pictures elicit neuronal activity in brain regions involved
in sensory processing, object recognition, hedonic process-
ing, appetite regulation, and homeostatic areas [Frank
et al., 2010; Fuhrer et al., 2008; Porubska et al., 2006; Schur
et al., 2009; Siep et al., 2009]. Furthermore several studies
have shown that body weight is an important factor that is
associated with the brain’s response to food pictures in
regions important for salience processing and executive
control. In the hungry state, obese subjects showed an
increased activation in the anterior cingulate cortex (ACC)
and medial prefrontal cortex (MPFC) whilst viewing food
pictures compared with normal-weight subjects [Martin
et al., 2009]. Furthermore, brain regions related to hedonic
aspects of food cues, especially the striatum, showed sig-
nificantly reduced dopamine D2 receptor availability
[Wang et al., 2001] and exhibited greater activation to high
caloric food stimuli in obese individuals [Rothemund
et al., 2007; Stoeckel et al., 2008].

The effect of the important postprandial hormone insu-
lin on the neural processing of food cues has been studied
by the exogenous administration of the hormone either
intravenously or by an intranasal approach [Guthoff et al.,
2010, 2011; Rotte et al., 2005]. It was shown that insulin
alters brain activity specifically in areas related to object
processing, memory, and executive control, such as fusi-
form gyrus, hippocampus, and frontal areas [Grichisch
et al., 2011; Guthoff et al.,, 2010; Kullmann et al., 2012a;
Rotte et al.,, 2005]. Of interest, differences between lean
and overweight subjects have been observed [Guthoff
et al.,, 2010, 2011], and its importance in human disease is
further underlined by the finding of central insulin resist-
ance in overweight persons [Ketterer et al., 2011; Stingl
et al., 2010; Tschritter et al., 2006].

To our knowledge, alterations in the neural processing
of food cues after glucose-induced changes in endogenous
hormonal levels have not been sufficiently investigated.
Following glucose ingestion, levels of glucose, endogenous
insulin, and many hormones beyond are rapidly changing
physiologically. Investigating the brain response after oral
glucose intake therefore allows us to detect the effects of
these factors under physiological conditions. A recent
study using oral glucose ingestion showed that insulin is
critical in regulating neural food-cue responses in healthy
lean adults [Kroemer et al., 2012].

The aim of this study was to investigate the influence of
glucose versus water ingestion on the neural processing of
food cues in healthy lean and overweight subjects 30 and
120 min post load.

EXPERIMENTAL PROCEDURES
Subjects

Twenty-four right-handed subjects participated in the
study: 12 lean (six women, body mass index (BMI) range
19.4-22.5 kg/m? and age range 22-29 years), 12 over-
weight and obese subjects (six women, BMI range 28.4-
344 kg/mz, and age range 21-28 years). Lean subjects
were required to have a BMI of 18.5-24.0 kg/m”. Over-
weight and obese subjects were required to have a BMI
greater than 25 kg/m” and are collectively revered to as
overweight. To minimize circadian influence, subjects
were scanned between 7 and 8 a.m. Before the study, sub-
jects confirmed their fasting state and rated their subjective
feeling of hunger on a visual analogue scale from 0 to 10
(0: not hungry at all; 10: very hungry). In addition, blood
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TABLE I. Subjects’ characteristics in lean vs. overweight

group
Overweight
Lean group group p
Gender (female/male) 6/6 6/6 —
Age (y) 2291 +£ 210 24.66 £+ 2.42 0.08
BMI (kg/m?) 21.16 + 1.13 3046 +£1.77  0.001
Fasting glucose (mmol/1) 494 + 034 496 + 041 0.9
Fasting insulin (pmol/1) 37 £ 15 77 £ 33 0.0014
OGTT-derived insulin 19.0 £7.1 11.5 £7.0 0.0067
sensitivity index (AU)

TFEQ

Restraint eating 4.75 + 4.55 933 £4.7 0.024
Disinhibition 391 +£1.24 6.08 + 3.57 0.06
Hunger 5.66 + 3.14 450 +231 0321
POMS-scale: Depression (%)  0.82 + 1.45 2.84 +531 0.236
POMS-scale: Fatigue (%) 21.53 £ 10.6 18.15+ 141 0.526
POMS-scale: Anger (%) 1.40 £ 1.8 376 £7.3 0.307
POMS-scale: Vigor (%) 32.79 £17.29 4233 +£159 0.183
Accuracy (%) One-back 87 + 0.07 88 +0.08 0.442

visual recognition task
Reaction time (sec) 0.84 + 0.16 0.73 + 0.09 0.08

One-back visual
recognition task

Data are given as means £ SD.

TFEQ = Three Factor Eating Questionnaire.

P = P-values, comparison of unadjusted log.-transformed data by
ANOVA.

glucose and plasma insulin levels before the experiment
were within the fasting range for all subjects. Before the
experiment, subjects filled out a short German version of
the Profile of Mood States (POMS; [McNair et al., 1981]),
which is a 35 item questionnaire evaluate depression, fa-
tigue, anger, and vigor.

Before the measurement day, all subjects underwent a
medical examination to assure that they did not suffer
from neither psychiatric, neurological, nor metabolic dis-
eases. Any volunteer treated for chronic disease or taking
any kind of medication other than oral contraceptives was
excluded. To address psychiatric diseases, the Patient
Health Questionnaire [Lowe et al., 2002] was used; to
assess eating behavior subjects took the German Three
Factor Eating Questionnaire (TFEQ) [Pudel and West-
enhofer, 1989]. All subjects were normal sighted or had
corrected-to-normal vision. Informed written consent was
obtained from all subjects and the protocol was approved
by the local ethics committee of the medical faculty of the
University of Tiibingen. The demographic characteristics
of the subjects are shown in Table I.

Oral Glucose Tolerance Test/Water Experiment

All subjects participated in two experiments, Oral Glu-
cose Tolerance Test (OGTT) or water, on 2 different days
in randomized order with a time-lag of 7-28 days. Experi-

ments were conducted after an overnight fast of 10 h and
started at 7.00 a.m. with an fMRI measurement under ba-
sal conditions before glucose or water administration
(fMRI Dbasal). After this basal measurement, subjects
ingested a solution containing 75 g glucose or an equal
volume of water (300 ml). After 30 min, the second fMRI
measurement was performed (fMRI 30) and after 120 min,
the third measurement was performed (fMRI 120). Venous
blood samples were obtained at 0, 30, 60, 90, 120, and 150
min, and plasma glucose and insulin concentrations were
determined (Fig. 1; Supporting Information Table 1).

Analytical Procedures

Blood glucose was determined using a bedside glucose
analyzer (glucose oxidase method; Yellow Springs Instru-
ments, Yellow Springs, OH). Plasma insulin was measured
by commericial chemiluminescence assays for ADVIA
Centaur (Siemens Medical Solutions, Fernwald, Germany).
Insulin sensitivity during OGTT was estimated according
to Matsuda and DeFronzo [1999].

Stimulus Material

A stimulus set of 48 color food and 48 non-food related
pictures matched for physical complexity, arousal, and va-
lence were used in this study. The food images consisted
of different kinds of dishes (salad, meat, soup, desserts,
fruits, vegetables, and complex meals) and the non-food
images comprised objects that had no association with eat-
ing (i.e., chair, umbrella, toy, money, car, and jewelry).

Experimental Protocol

A block design was used with food and non-food pic-
tures, presented either during a one-back visual recognition
task or a null-back control task separated by baseline blocks
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Figure 1.

Schematic time points for fMRI measurements, glucose (green open
symbols) and insulin (red filled symbols) levels (see also Supporting
Information Table | for values). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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(fixation cross). For the one-back task subjects had to press
a button at each picture depending whether the presented
picture was the same or was different as the one before
(yes = left button, no = right button). For the control task
(food and non food pictures combined), subjects had to
press only the left button as soon as they saw the picture.
The experiment consisted of six sessions. Two sessions
were performed at each experimental phase (fMRI basal,
fMRI 30, and fMRI 120). Within each session, subjects were
presented with 12 different stimuli blocks at random: four
blocks consisted of the control task and eight blocks of the
one-back task, being four blocks with food pictures, and
four blocks with non-food pictures. The food picture blocks
were further divided into blocks with high caloric and low
caloric food pictures. Before each block, subjects were
informed whether the upcoming task is a control or a one-
back task. Stimuli were presented for 1.5 s with an intersti-
mulus interval varied randomly between 2 and 3 s. Before
and after each block, a blank screen with a red fixation cross
in the middle was shown for 14 s. The Presentation® soft-
ware (Version 10.2, www.neurobs.com) was used for stimu-
lus presentation and response data collection via button
press. The stimulus presentation was synchronized with the
trigger input from the scanner. Subjects were instructed to
look at the middle of the picture or the fixation cross that
would appear between stimulus presentations. During both
days, the same stimulus set was used but to avoid confound-
ing effects, the sequence of the six sessions was inverted on
the second day. The sequence order was counterbalanced.

Imaging Procedures

Whole-brain fMRI data was obtained by using a 3.0 T
scanner (Siemens Tim Trio, Erlangen, Germany). Each of
the six sessions consisted of 226 scans (Repetition time
(TR) = 2 s, Echo time (TE) = 30 ms, matrix 64 x 64, flip
angle 90°, voxel size 3 x 3 x 3.75 mm?, slice thickness 3
mm, 0.75 mm gap, 30 slices) lasting ~ 8 min; the images
were acquired in ascending order. In addition, high-reso-
lution T1 weighted anatomical images (MPRage: 176 slices,
matrix: 256 x 224, 1 x 1 x 1 mm?) of the brain were
obtained. During the scan procedure, subjects were lying
in a supine position. Their heads were stabilized by foam
padding around the head within the head coil to minimize
head movements. Pictures were projected on a tilted mir-
ror mounted on the head coil.

Preprocessing and statistical analysis of the fMRI data
was done using SPM8 (Wellcome Trust Centre for Neuroi-
maging, London, UK). Images were realigned and resliced
to the first image after unwarping in phase encoding
direction (anterior-posterior) to account for susceptibility
by movement artifacts. A mean image was created and
coregistered to the T1 structural image. The anatomical
image was normalized in MNI space, and the resulting pa-
rameter file was used to normalize the functional images
(voxel size: 3 x 3 x 3 mmd). Finally, the normalized
images were smoothed with a three-dimensional isotropic

Gaussian kernel (FWHM: 6 mm). FMRI data were high-
pass (cut-off period 128 s) filtered and global AR(1) auto
correlation correction was performed.

Image Processing

For the first level analysis, a design matrix was created
individually for glucose and water day. For each subject,
the durations of high and low caloric food pictures (in
relation to the implicit baseline) were modulated sepa-
rately for the three different time points (fMRI basal, fMRI
30, and fMRI 120) using a fixed effect analyses. Food pic-
tures were selected for the analysis based on our recent
finding of a specific insulin modulation on brain activation
elicited by food pictures [Guthoff et al., 2010]. For each
condition, a separate regressor was modeled and con-
volved with a canonical hemodynamic response function
and its time derivative. The movement regressors, sepa-
rately for each session were included as covariates in the
model to account for possible movement-induced variance.
Individual contrast images were computed to estimate
activation changes to high caloric and low caloric food
cues after oral glucose and water ingestion compared with
the basal measurement, i.e., between fMRI 30 and fMRI
basal (fMRI 30 minus fMRI basal) and between fMRI 120
and fMRI basal (fMRI 120 minus fMRI basal).

These differential contrasts were used for random effects
second level analyses comprising a four-way repeated mea-
surement analysis of variance (ANOVA) using the full factorial
model in SPM8. The model included a between-subject factor
“body weight” (lean vs. overweight subjects) and 3 within-sub-
ject factors: “condition” (glucose vs. water administration), “ca-
loric content” (high vs. low caloric food) and “time” (30 vs. 120
min post load), and three covariates were included to model
out between-subject differences (change in glucose levels, insu-
lin levels and subjective feeling of hunger 30 and 120 min after
glucose and water administration). Activations exceeding an
uncorrected threshold of P < 0.001 with a minimal cluster size
of k =10 (which corresponds to the expected voxels per cluster
in SPM) were considered significant.

Furthermore, we analyzed the effect of high and low ca-
loric food cues in the fMRI basal session only, to investigate
the effect of food images before glucose or water administra-
tion in lean and overweight subjects (see Supporting Infor-
mation text and Supporting Information Table 2).

A multiple regression approach was used to evaluate
the association between the change in insulin levels, glu-
cose levels, and subjective feeling of hunger 30 and 120
min after glucose/water administration with the brain’s
post load response to high and low caloric food pictures
(P < 0.05, corrected for multiple comparisons).

Statistical Analyses

Unless otherwise stated, data are given as mean + SD.
Data that were not normally distributed were logarithmically
transformed before statistical analysis. For the analyses of
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TABLE 2. Regions of significant change in response to food cues 30 and 120 min after glucose versus water
administration in lean and overweight subject

MNI-coordinates®

Region Hemisphere Brodmann'’s area X Y Z z-value k
Increase in activity to food cues after glucose administration

Fusiform gyrus R 37 42 —45 -12 4.37 34
Hippocampus R 24 =27 -9 3.94 17
Precuneus L 7 -21 —63 30 3.88 40
Increase in activity to food cues after water administration

Superior occipital gyurs L -21 —87 42 4.33 50
Main effect of body weight: overweight > lean

Middle occipital gyurs R 19 36 —87 24 3.63 31
Putamen L -18 12 0 3.51 11
Main effect of caloric content: low > high caloric food cues

Middle temporal gyrus L 21 —63 —51 0 4.32 54
Middle orbital frontal gyrus R 47 39 54 —6 417 93
Middle temporal gyrus R 21 54 —42 -3 415 125
Superior medial frontal gyrus R 8 12 45 45 3.94 126
Middle frontal gyrus R 8 39 12 48 3.71 21
Main effect of time: 30 > 120 min after glucose and water administration

Middle temporal gyrus R 37 42 —63 -3 4.54 85
Fusiform gyrus L 19 -30 —66 -12 4.27 209
Inferior frontal gyrus R 47 39 18 —18 3.92 32
Middle temporal gyrus L 37 —48 —66 0 3.90 31
Cerebellum R 21 —63 —18 3.86 18
Postcentral gyrus L 4 —48 —-15 24 3.78 36
Inferior parietal gyrus L 2 —36 -33 39 3.68 18
Superior temporal gyrus L 42 —66 —24 9 3.59 18
Amygdala R 24 0 —18 3.55 16
Superior occipital gyrus R 19 33 -90 21 3.54 13
Superior temporal gyrus R 22 54 —24 3 3.51 14
Interaction body weight * condition

Lingual gyrus L 30 —18 —54 -3 3.74 21
Interaction body weight * condition * caloric content of food cues

Precuneus R 7 21 -57 27 4.71 36
Fusiform gyrus R 30 24 —66 -9 3.82 32

Results of four-way repeated measurement ANOVA with one between-subject factor body weight (lean vs. overweight) and three
within-subject factors (condition: glucose vs. water administration, caloric content of food cues: high vs. low caloric and time: 30 vs. 120
min post load) including three covariates (change in hunger, plasma glucose, and insulin). No main effect of condition was observed.

P 0.001, uncorrected, k > 10.
*Montreal Neurological Institute.

questionnaires and hunger ratings, the software package
SPSS (version 19; SPSS, Chicago, IL) was used.

The statistical analysis of metabolic parameters was per-
formed with JMP 7.0 (SAS Institute, Cary, NC). All data are
given as unadjusted mean £ SD. The parameters were log
transformed to approximate normal distribution before sta-
tistical analysis. T-tests were used to test for significant dif-
ferences between lean and overweight subjects. Results with
values of P < 0.05 were considered statistically significant.

RESULTS
Imaging Results

We investigated the effect of glucose versus water ingestion
on the brain’s response to high and low caloric food cues 30

and 120 min post load (fMRI 30 minus fMRI basal) (fMRI 120
minus fMRI basal) in lean and overweight subjects.

After glucose administration, we found a significant
increase in activity to food pictures 30 and 120 min post load
in the right fusiform gyrus, left precuneus, and right hippo-
campus (Table II). After water administration, we found a sig-
nificant increase in activity to food pictures 30 and 120 min
post load in the left superior occipital gyrus (Table II). How-
ever, we observed no main effect of condition (glucose vs.
water). Nevertheless, we found a main effect of caloric con-
tent (low caloric > high caloric food) in the bilateral middle
temporal, right middle orbital frontal, right superior medial
frontal, and right middle frontal gyrus and a main effect of
time (30 min > 120 min post load) distributed from the pre-
frontal cortex to the cerebellum (Table II). Interestingly, we
found a significant main effect of body weight (overweight >
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Figure 2.
Main effect of body weight on the post load brain response to food pictures. Overweight sub-
jects showed an increased response in the putamen (red) and occipital cortex (yellow) 30 and
120 min after water and glucose ingestion (color-coded F-value map; P < 0.001, uncorrected).

lean) in the left putamen and right middle occipital gyrus (Ta-
ble II, Fig. 2); significant interactions were found between
body weight (lean vs. overweight) and condition (glucose vs.
water) in the lingual gyrus, (Table II) and between body
weight, condition, and caloric content of food cues in the fusi-
form gyrus and precuneus (Table II, Fig. 3).

The multiple regression analysis revealed a significant
negative association between the increase in insulin and

Interaction: body weight * condition * caloric content of food cues

Water day Glucose day
1.0 B high caloric food

B low caloric food

Fusiform gyrus
parameter estimates (+SE)

0.4}
-0.6}

08 Lean

Figure 3.

Interaction between body weight (lean vs. overweight), condi-
tion (glucose vs. water administration) and caloric content was
revealed in the right precuneus and fusiform gyrus (color-coded
F-value map; P < 0.00l, uncorrected). Plots show post load
response to high and low caloric food cues in the fusiform gyrus
(red circle) after glucose and water ingestion in lean and over-
weight subjects expressed as parameter estimates (£SE). The
response 30 and 120 min after ingestion were combined.

the brain’s post load response to high caloric food in the
prefrontal and parietal cortex 120 min after glucose inges-
tion (for details, see Table III). We also found a significant
negative association between the increase in blood glucose
and the hypothalamic response to high caloric food cues
30 min post load. All these associations were limited to
high caloric pictures, and no significant correlation was
found for the brain’s post load response to low caloric
food cues (for details, see Supporting Information Table 3).
Also, no association was found between the change in sub-
jective feeling of hunger after glucose and water ingestion
and the brain’s post load response to food cues. As insulin
sensitivity and BMI are highly correlated, further statistical
analyses were applied to adjust the correlation between in-
sulin/glucose with the post load brain response to food
cues for BMI. For this purpose, we extracted the mean sig-
nal from the activated cluster with the highest ty,,x (see
peak coordinates in Table III). The post load response of
the hypothalamus to high caloric food cues 30 min after
glucose ingestion correlated negatively with the respective
increase in plasma glucose adjusted for BMI (r.g =
—0.613, P = 0.002). The post load response of the brain to
high caloric food cues 120 min after glucose ingestion cor-
related negatively with the respective increase in plasma
insulin adjusted for BMI in the inferior frontal gyrus/orbi-
tofrontal cortex (OFC) (BA47) (r.gy = —0.727, P < 0.001),
middle frontal gyrus/dorsolateral prefrontal cortex
(DLPFC) (BAS8) (raqj = —0.595, P = 0.001), inferior parietal
gyrus (BA40) (r.qj = —0.623, P = 0.001), and the cingulate
gyrus (BA32) (r.qj = —0.633, P = 0.001; Fig. 4).

BEHAVIORAL DATA
Questionnaires

There was no statistical significant difference in mood
states (i.e., depression, fatigue, anger, and vigor) assessed
by POMS between lean and overweight subjects on the
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TABLE 3. Regions showing a significant negative correlation with the increase in plasma glucose and insulin 30 and
120 min after glucose ingestion

MNI-coordinates®

Region Hemisphere Brodmann'’s area X Y V4 z-value k

Plasma glucose * brain response to high caloric food cues 30 min post load

Hypothalamus R/L +9 0 —6 2.96* 7
Plasma insulin * brain response to high caloric food cues 120 min post load

Inferior frontal gyrus R 47 48 42 -12 4.66 144
Middle frontal gyrus R 8 33 15 42 4.44 183
Cingulate gyrus R 32 12 24 42 4.38 128
Inferior parietal gyrus L 40 48 —60 42 4.10 164

Results of multiple regression analyses. The brain’s post load response (glucose day) (fMRI 30 — fMRI basal) (fMRI 120 — fMRI basal) to
food cues was correlated with the change in plasma glucose and insulin and subjective feeling of hunger (P 0.05, corrected for multiple
comparisons)

*(small volume corrected).

No significant correlation was observed for subjective feeling of hunger.

“Montreal Neurological Institute.
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Figure 4.
Negative relationship between increase in plasma insulin 120 min after glucose ingestion and the
post load response to high caloric food in the prefrontal and parietal cortex (color-coded T-value
map; P < 0.001, uncorrected for display). Plot shows significant correlation between the increase
in insulin and the response of the OFC (r,qj = —0.727, P < 0.001) (green circle, BA47) and
ACC (r,qj = —0.633, P = 0.001) (red circle, BA32) adjusted for BMI.
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day of the measurement (P > 0.05). The TFEQ revealed a
significant difference between lean and overweight sub-
jects for the restraint eating scale (P = 0.024) and a trend
for disinhibition (P = 0.06; Table I).

Hunger Rating

The ratings for the subjective feeling of hunger showed
significant within-subject and between-subject differences.
The ANOVA revealed a significant main effect of time
(F(2,33) = 33.861, P < 0.001), a significant interaction con-
dition*time (F(2,32) = 3.641, P = 0.045) and a significant
main effect for body weight (F(1,19) = 5.760, P = 0.027).
The post hoc analysis (paired t-tests) showed in lean sub-
jects a significant increase in hunger 30 min (#(11) = 2.954,
P = 0.013) and 120 minutes (#(11) = 6.671, P < 0.001) after
water intake but no increase in hunger after glucose
intake. In overweight subjects, a significant increase in
subjective hunger was observed 30 and 120 min after
drinking water (#(10) = 3.767), P = 0.004, (£(10) = 6.876,
P < 0.001) and 120 min after glucose intake (#(10) = 3.333,
P = 0.008) (Supporting Information Table 4).

Metabolic Parameters

Fasting plasma levels of glucose (Table I) and glucose
area under the curve (Supporting Information Table 1) did
not differ between lean and overweight subjects (P >
0.05). As expected, fasting plasma insulin levels (P =
0.001; Table I), OGTT-derived insulin sensitivity index (P
= 0.006; Table I) and insulin area under the curve (P =
0.03) significantly differed between lean and overweight
subjects with higher insulin levels and relative insulin re-
sistance in overweight (for detail, see Supporting Informa-
tion Table 1 and Supporting Information text).

Accuracy

For the one-back visual recognition task, there was no
significant difference in accuracy between lean and obese
subjects and conditions. The average accuracy was 88%
(SD = 0.08).

Reaction time

The repeated measurement ANOVA of the reaction time
showed a main effect of condition (F(3,66) = 164.653, P <
0.001). During the control task, both lean and obese subjects
were significantly faster (mean = 0.54 & 0.13 s) than during
the one-back visual recognition task (mean = 0.79 + 0.14 s).
No main effect of body weight (F(1,22) = 3.362, P = 0.08) or
interaction (F(3,66) = 1.464, P = 0.232) was observed.

DISCUSSION

With this fMRI study, we investigated the complex post-
prandial neural processing of food cues in lean versus

overweight adults. For this purpose, we used a standard
OGTT with water intake as a control condition. Therefore,
we were also able to simultaneously evaluate changes in
blood glucose and insulin in response to the OGTT on the
neural processing of food cues. To our knowledge, this is
the first study assessing food cue related brain activity at
multiple time points after glucose and water ingestion
(i.e., before, 30 and 120 min post load) in lean as well as
overweight subjects. We were able to show that body
weight has a substantial impact on the brain’s response to
visual food cues after glucose versus water ingestion. Spe-
cifically, we found that overweight subject showed
increased activity to food cues in response to glucose and
water ingestion in the putamen and occipital cortex. Fur-
thermore, our design revealed a significant interaction
between body weight, condition (glucose versus water),
and caloric content of visual food cues. Hereby, over-
weight subjects showed a generalized reduced post load
response to food objects, while the lean group showed a
differential response to high vs. low caloric foods depend-
ing on the condition (glucose vs. water), reacting more
strongly to low caloric foods after glucose ingestion in the
fusiform gyrus and precuneus. Interestingly, we found no
correlation with subjective feeling of hunger. However, we
did observe an insulin and glucose associated effect. In
response to high caloric food cues, the hypothalamus ac-
tivity significantly correlated with changes in blood glu-
cose 30 min post load; while especially brain regions in
the prefrontal cortex showed a significant relationship
with increases in plasma insulin 120 min post load.

These results coincide with previous studies showing
that a complex network including the hypothalamus, para-
limbic regions involved in reward processing and the pre-
frontal cortex are modulated following a meal [Del Parigi
et al., 2002; Tataranni et al., 1999] or after glucose ingestion
[Kroemer et al., 2012; Liu et al., 2000; Page et al., 2009;
Smeets et al., 2005b], with a attenuated response in obese
individuals in the hypothalamus [Matsuda et al., 1999]
and prefrontal cortex [Del Parigi et al., 2002; Le et al,
2006; Page et al., 2011].

Interestingly, this study suggests that insulin mediates
the response of the prefrontal cortex to food cues after glu-
cose ingestion, specifically to high caloric food pictures.
Concomitantly, a recent study proposed [Page et al., 2011]
that circulating glucose levels are associated with prefron-
tal activity for food cues, and this response was absent in
obese subjects. This study used a stepped hyperinsuline-
mic hypoglycemic clamp that lowered glucose to subphy-
siological levels in the presence of high insulin. By
contrast, we used a standardized oral glucose tolerance
increasing both glucose and insulin as it usually occurs af-
ter eating a meal to evaluate the brain response to glucose.
In our study, subjects with a stronger increase in insulin
showed reduced activity in the cingulate cortex, OFC,
DLPFEC, and parietal cortex 120 min after glucose ingestion
independent of BMI. As insulin sensitivity inversely corre-
lated with the increase in insulin after glucose ingestion,
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our results further substantiate the possible presence of
cerebral insulin resistance [Guthoff et al., 2011; Heni et al.,
2012; Kullmann et al., 2012b; Tschritter et al., 2006]. As the
prefrontal cortex plays a central role in executive function
including inhibitory control of feeding [Appelhans, 2009],
cerebral insulin resistance may promote reduced inhibitory
control toward food cues after food intake and could
thereby contribute to overeating behavior.

Besides the prefrontal cortex, we also found a significant
increase in occipital and parietal cortex activity after glu-
cose administration, which is consistent with a recent
report on neural response to food cues after glucose inges-
tion [Kroemer et al., 2012]. However, this study analyzed
the post load response immediately after ingestion of 75 g
of glucose in lean subjects only. In this study, we meas-
ured the brain response 30 and 120 min after ingestion in
lean and overweight subjects. At these time points, glucose
is absorbed into the blood and distinct endocrine
responses are present. Nonetheless, there seems to be a
strong modulation of the visual cortex by food cues even
immediately after glucose ingestion [Kroemer et al., 2012]
and up to 120 min after ingestion as shown in our study.
Interestingly, we also found the visual cortex to be modu-
lated by food cues after water ingestion. This could be due
to gastric extension caused by the water bolus or by antici-
pation of food intake.

Recent research has shown the importance of the visual
system in discriminating high from low caloric foods.
Especially fMRI studies have identified the fusiform gyrus
to elicit an enhanced response to high caloric foods [Frank
et al.,, 2010; Killgore and Yurgelun-Todd, 2007; Siep et al.,
2009]. On a behavioral level, an attentional bias toward
food pictures was observed to be enhanced by body
weight and hunger [Nijs et al., 2010]. In response to insu-
lin, we found in a recent magnetoencephalography study
that intranasal insulin modulates food-related occipital
brain activity in lean but not obese adults [Guthoff et al.,
2011]. Concurrently, we found a significant interaction
between body weight, condition, and caloric content of
food cues in the fusiform gyrus and precuneus. After
water ingestion, lean subjects responded with increased
activity to high caloric foods, while glucose ingestion
resulted in an enhanced activity to low caloric stimuli in
lean subjects. Overweight subjects, on the other hand,
showed no such differential pattern. As lean subjects expe-
rienced a reduction of subjective feeling of hunger after
glucose ingestion, low caloric foods probably had a higher
incentive value leading to heightened visual processing.
Alternatively, changes in eating behavior could also poten-
tially explain this interaction between body weight and ca-
loric content of food cues. Overweight subjects in our
study revealed higher scores for restraint eating, which is
frequently initiated as a reaction to weight gain as a cogni-
tive mediated effort to eat less than desired [Johnson et al.,
2011]. Therefore, it can be speculated that overweight and
obese subjects might reduce their visual attention to food
cues to restrain from eating.

Independent of the condition, overweight and obese
subjects showed enhanced activity in the putamen after
water and glucose ingestion. The putamen is part of the
dorsal striatum, which is highly involved in reward proc-
esses, potentially mediating the motivational effects of
food cues. Reduced dopamine D2 receptor availability in
the dorsal striatum has been observed in overweight sub-
jects [Stice et al., 2008]. Thus, functional differences
between lean and obese are plausible, which is also con-
sistent with previous neuroimaging studies showing that
obese and overweight individuals exemplify increased ac-
tivity to food cues in the dorsal striatum [e.g., Rothemund
et al., 2007; Stoeckel et al., 2008] and with psychological lit-
erature indicating exaggerated reactivity to food cues in
overweight persons [Braet and Crombez, 2003; Halford
et al, 2004]. Our study adds to the current knowledge
showing a hyperreactive reward system to food in obese
participants.

Additionally, we observed a significant relationship
between the hypothalamic response to high caloric food
cues and the increase in blood glucose. This is in agree-
ment with previous studies demonstrating an inhibition of
the fMRI signal in the hypothalamus after glucose inges-
tion, which is attenuated in obese adults [Matsuda et al.,
1999; Smeets et al., 2005b]. The observed negative correla-
tion between blood glucose and the hypothalamus is prob-
ably related to decreases in neuronal activity in the lateral
hypothalamic area, which is known to contain glucose-sen-
sitive neurons [Oomura et al.,, 1974]. Our results add to
the current notion that the hypothalamic response is
trigged by glucose, which is in accordance with Smeets
et al. [2005a] reporting that only glucose can trigger a
decrease in fMRI signal in the upper hypothalamus but
not plasma insulin. The reduction of hypothalamic activity
leads to an increase in satiety and to an attenuated
response to food, giving the hypothalamus a central role
in the regulation of appetite and energy homeostasis.

A limitation of this study is the rather small sample
size. We analyzed the effect of post load ingestion on neu-
ral processing of high and low caloric food cues in lean
and overweight participants. Due to the dichotomization
of the sample and the multiple conditions, a larger sample
would be beneficial to investigate these complex
interactions.

CONCLUSION

In this study, we detected an altered response to glucose
versus water intake in overweight subjects in regions im-
portant for visual attention, reward, and executive control.
Furthermore, we identified a significant relationship
between prefrontal activity and increase in insulin levels
120 min post glucose load, pointing toward a contribution
of endocrine factors to the postprandial termination of
food intake. The detected interactions between metabolic
factors and processing of food cues can help to gain new
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insights in the regulation of eating behavior and in the
pathogenesis of obesity.
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