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Brain regions involved in the reappraisal of tasty but unhealthy foods are of special
interest for the development of new therapeutic interventions for obesity, such as non-
invasive brain stimulation or neurofeedback. Here, we visually presented food items
(i.e., high/low caloric) to obese and lean individuals during electroencephalogram (EEG)
recordings, while they either admitted or regulated their food desire. During admitting
the desire for low and high calorie foods, obese as well as lean individuals showed
higher activity in the left dorsolateral prefrontal cortex (DLPFC), whereas the right frontal
operculum was involved in the reappraisal of the same foods, suggesting interplay
between executive control and gustatory regions. Only in lean participants, we found an
interaction between calorie content and the regulate/admit conditions in bilateral anterior
insular cortices, suggesting that the anterior insula, assumed to primarily host gustatory
processes, also underpins higher cognitive processes involved in food choices, such as
evaluating the foods’ calorie content for its reappraisal.
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INTRODUCTION

Obesity is a major health burden and dramatically climbing incidence rates, especially in rapidly
developing countries like China or India, lead to a demand on developing new therapeutic
strategies (Roman et al., 2014). Currently available weight-loss programs consist either of dieting
(Soeliman and Azadbakht, 2014), physical activity (Jakicic and Davis, 2011), or the combination of
both (Amorim Adegboye and Linne, 2013), with mostly modest and also timely restricted effects
on participants’ body weight. The majority of participants start regaining weight directly after
the program has ended. Based on these experiences, new therapeutic strategies started combining
dieting and physical activity with regular psychological interventions to strengthen motivation and
volition (Looney and Raynor, 2013; Ausburn et al., 2014). This combination seems specifically
effective for stabilizing the program-associated weight-loss beyond the program’s duration, but the
influences on body weight and metabolism are per se small. Establishing new programs that, at
the same time, produce profound weight loss and long-term body-weight stability seem generally
difficult because the neuronal mechanisms driving and sustaining overeating are still not well
understood.

Regular consumption of high-calorie foods affects the brain’s reward system in comparable
ways as addictive drugs (Volkow et al., 2013). If rats consume such foods over several weeks,
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they react with compulsive eating habits that resemble
drug craving behavior (Johnson and Kenny, 2010). One
mechanism driving this addiction-like behavior is an altered
dopaminergically mediated reward response to foods (Wang
et al., 2001; Stice et al., 2008). Regular consumption of high-
calorie foods regularly amplifies the dopaminergic response in
regions underpinning habitual eating behavior such as the dorsal
striatum, which over time is compensated by a reduction of the
striatal dopamine receptor availability (Stice et al., 2008; Johnson
and Kenny, 2010; Volkow et al., 2013). In rats, this reduced
receptor availability leads to weakened dopaminergic responses
to the same foods as before high-calorie diet, which, in turn,
supports further overeating (Johnson and Kenny, 2010).

Wanting food is different from liking food, but both together
are necessary for food-related reward responses (for a review see
Berridge, 2009). Wanting food without liking it is merely a sham
or partial reward, without the gustatory and olfactory pleasure.
‘‘Wanting’’ is still an important component of food reward,
especially when combined with ‘‘liking’’. Food reward cannot
happen without incentive salience, even if hedonic ‘‘liking’’ is
present. Hedonic ‘‘liking’’ by itself is simply a triggered affective
state. It is the process of incentive salience attribution that makes
a specific associated food the object of desire. ‘‘Liking’’ and
‘‘wanting’’ are needed together for full food reward. Fortunately,
both usually happen together in human life (Berridge, 2009).

Brain regions involved in the reappraisal of wanting and
liking food are of special interest since the modulation of their
functional implementation within brain circuitries commonly
orchestrating eating behavior may represent a future target
for brain-stimulation or neurofeedback training. Whether such
interventions underpin, accelerate, or even initiate changes in
body weight remains another area for future research.

On the search for neurofeedback targets, we recently used
functional magnetic resonance imaging (fMRI) in a group of
lean to overweight participants to identify brain regions involved
in the reappraisal of food (Hollmann et al., 2012). As in the
present study, participants were visually presented food items
under two different conditions: Either they admitted the desire
for the presented food by thinking, e.g., of its taste and flavor
(i.e., admit condition), or they regulated their desire by thinking,
e.g., that the food is unhealthy or its consumption is followed
by weight gain (i.e., regulate condition). Comparing the regulate
to the admit condition, we identified the dorsolateral prefrontal
cortex (DLPFC), pre-supplementary motor area (pre-SMA) and
inferior frontal gyrus (IFG); regions that are well known to
underpin top-down control of craving, inhibition of learned
associations and prepotent responses. Furthermore, we observed
increased activation in bilateral OFC, a key region of the brain’s
reward valuation system, as well as the anterior insula together
with the frontal operculum and temporoparietal junction (TPJ)
suggesting interoceptive awareness and self-reflection. These
results suggest that reappraisal of food recruits the brain’s
valuation system in combination with prefrontal cognitive
control areas associated with response inhibition (Hollmann
et al., 2012).

FMRI is one method to assess neural underpinnings in the
cortex. These neural responses can also be acquired in real-time

for neurofeedback training. Real-time fMRI for neurofeedback
training, however, bears several limitations, such as the
spatial (i.e., magnetic resonance imaging (MRI) environment),
application-based (i.e., no self-application) and temporal (i.e.,
limited MRI scanning time, latency of the hemodynamic
response) restrictions. Many fMRI-based neurofeedback
attempts therefore failed in translating the training effect
into every-day behavior. Electroencephalogram (EEG) instead
offers real-time feedback capability, longer training and self-
application, despite lower spatial brain resolution. In the present
study, we therefore used EEG in combination with a study
design adapted from our recent fMRI study (Hollmann et al.,
2012), to identify neuronal responses involved in regulating
the desire for food in obese as well as lean individuals. We
hypothesized, that comparing EEG responses of the regulate
and admit condition reveals neuronal activation in brain areas
involved in executive control and active reappraisal, such as
the DLPFC in the prefrontal cortex. Furthermore, we expected
differences in the DLPFC’s activity for lean as compared to obese
participants, as well as for visually presented high as compared
to low calorie foods.

MATERIALS AND METHODS

Participants
This study was approved by the local Ethics Committee of
the Medical Faculty Leipzig and carried out according to the
Declaration of Helsinki. All participants gave written informed
consent prior to their participation. Forty-six right-handed
participants took part in this study. Half of them were lean (Body
mass index (BMI) >20 and <25 kg/m2, mean = 23, SD = 1.4)
and the other half obese (BMI > 30 kg/m2, mean = 36.81,
SD = 6.21). Participants were financially reimbursed for their
participation. All participants were fasting for 5 h before the
experiment and were tested around noon (12 am to 2 pm). As
compared to shorter fasting periods, 5 h enhanced participants’
attention for the visually presented food items as well as their
effort in regulating their food desire (pilot data, not shown).
Exclusion criteria were any present or past neurological or
psychiatric diseases, as well as prescribed central acting drugs.
Depression was assessed using the BDI-II questionnaire. A score
of 29 or higher, indicating severe depression, was considered as
an exclusion criterion. Five participants had to be excluded due
to high BDI-II scores. One other subject had to be excluded
due to technical problems in data recording. The remaining 40
subjects consisted of 20 males and 20 females. Each gender group
consisted of 10 lean and 10 obese participants (see Table 1).
Groups were matched for age (unpaired t-test p > 0.5). In
addition, the BMI did not differ between males and females
(p > 0.1), neither for the group of lean (p > 0.3), nor for obese
participants (p > 0.2).

Visual Analog Scales (VAS)
By means of a quasi-continuous, digital VAS, we assessed
six psychological states before and after the experiment. The
processed levels for each VAS ranged from 0 on the left hand side
(i.e., not at all) to 100 on the right hand side (i.e., fully true) and
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TABLE 1 | Mean and standard deviation (SD) for age and body mass index
(BMI) for the four different study groups.

N/subgroup Age range (mean) BMI range (mean)
[years] [kg/m2]
± (SD) ± (SD)

10 lean males 24–33 (29.2) ± (3.3) 20.6–24.8 (23.1) ± (1.3)
10 lean females 25–34 (28.6) ± (3.3) 20–24.9 (22.5) ± (1.5)
10 obese males 23–37 (28.6) ± (4.2) 30.9–55 (38.3) ± (7.3)
10 obese females 23–33 (27.9) ± (2.9) 31.4–42.9 (35.3) ± (4.0)

the following questions were raised: ‘‘How tired are you?’’, ‘‘How
hungry are you?’’, ‘‘How dry is your mouth?’’, ‘‘How stressed do
you feel?’’, ‘‘How thirsty are you?’’, ‘‘How sated are you?’’ For pre-
post comparisons, we used the paired t-test.

EEG Recording
EEG data was recorded with a 64-channel Brain Amp recorder
(Brain Products, Gilching, Germany) with 1000 Hz temporal

resolution.We applied 63 electrodes apart from the reference and
the ground electrodes to participant’s scalp arranged according
to the international 10–10 system. One additional electrode was
attached below the left eye to measure vertical eye movements
(i.e., electro-occulogram or EOG).

Experimental Schedule
Participants were comfortably seated in front of a computer
screen in a shielded EEG cabinet. First, we acquired 5 min
of task-free resting-state EEG data to familiarize participants
with the environment. These resting-state measurements were
followed by the first session of task-based EEG recordings
(20 min). Afterwards, we acquired another 5 min resting-state
data. Participants were asked to relax during these 5 min. Finally,
we recorded a second session of task-based EEG (see Figure 1A).

Task-Based EEG Recordings
During EEG recordings, we presented food pictures on the
computer screen in front of the participant. Before the

FIGURE 1 | Experimental design. (A) Shown is the order of the two resting-state and the two experimental sessions. Before the first resting-state
electroencephalogram (EEG) measurements, participants rated their tiredness, hunger, satiety, thirstiness, and stress levels on a visual analog scale (VAS).
(B) Example of one block from the task-based EEG session. Three food pictures from one category (high or low calorie) were presented in a row. Prior to the
presentation of the pictures, participants were instructed to either regulate or admit their desire for the upcoming food pictures. After presentation of the three
pictures, participants rated their ability to either regulate or admit the desire for the three presented foods. This was repeated 20 times for each condition
(regulate/admit), resulting in a total of 40 blocks.
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experiment, participants were instructed to either admit their
desire for the presented food (ADMIT condition) or to
regulate their desire (REGULATE condition) according to the
instructions presented on the computer screen. The trials were
grouped into blocks of three trials. At the beginning of each
block, an instruction was shown. The instruction on the screen
was either ‘‘ADMIT’’ or ‘‘REGULATE’’. The instruction was
presented for 2 s followed by a crosshair for another 2 s.
Afterwards, we presented the three food pictures. Each picture
was presented for 5 s followed by a crosshair for 2 s (see
Figure 1B). The order of blocks was pseudo-randomized across
each session.

We used a 2-by-2 factorial design with the factors
REGULATE/ADMIT-by-high/low calorie foods. Each calorie
group consisted of an equal amount of sweet and savory foods.
The comparison of sweet to savory (and vice versa) was of
no interest and only implemented to better meet participants’
food preferences and to keep the task interesting. Sixty food
pictures were chosen from a pre-rated in-house repertoire of
standardized food pictures with 60 pictures for each condition
(Hollmann et al., 2012). In each of the 2 experimental sessions,
we acquired 20 blocks (three food pictures per block) for both,
the ADMIT and the REGULATE condition. To cancel out the
influence of the presented foods, each food picture was presented
twice, one time in the REGULATE, and the other time in the
ADMIT condition in each session. After presenting the three
food pictures, another screen with a 4-point Likert scale showed
up for 3 s and participants rated their subjective impression on
how well they regulated or admitted their desire for the three
food items. The scale of these self-ratings were ranged from 1
(very bad) to 4 (very good).

After the experiment, we asked participants about the specific
mental strategies they used to either regulate or admit their
desire for the presented food items. The different strategies are
summarized in Table 2.

Preprocessing of the EEG Data
Using the FieldTrip Software package (Donders Centre for
Cognitive Neuroimaging, University Nijmegen, Netherlands)
and the Berlin Brain Computer Interface (BBCI) toolbox (Berlin
Institute of Technology, Germany), EEG data was first down-
sampled to 250 Hz and band-pass filtered (3rd order Butterworth
filter) between 0.05 and 45 Hz (BBCI toolbox). Then the data was
re-referenced from the original reference of FCz to the common
average reference (CAR; Bertrand et al., 1985; Pascual-Marqui
and Lehamann, 1993). To correct for eye movement and facial
muscles contractions we regressed out the sum of recordings
from channels Fp1 and Fp2, indicating horizontal EOG, and the
subtraction of channels Fp1 and EOG indicating vertical EOG,
respectively, with a least mean-square fitting procedure (Parra
et al., 2005). Since these channels acted as EOG channels, they
were rejected from further analysis.

Thereafter, the EEG data was epoched into trials of 5 s length
(i.e., presentation time for one food item) and baseline corrected
using the mean value of the time course for the particular
trial. The self-ratings across all epochs (i.e., same value for each
picture within one block) were added as an interacting covariate.

TABLE 2 | Mental strategies the participants used in order to admit or
regulate their desire of the foods.

ADMIT Obese (N = 20, Lean (N = 20,
28 indications) 27 indications)

Imagination of consuming 14 7
Combination with other food 6 9
Positive environment/atmosphere 3 1
Positive properties of the food 2 5
Appetite 0 3
Other/none specific strategy 3 2

REGULATE Obese (N = 20, Lean (N = 20,
27 indications) 25 indications)

Negative properties (rotten, etc.,) 12 11
Suppression of thinking about 8 2
Persuade oneself of being sated 1 8
Consequences for ones body 2 1
Other 4 3

Note that some participants used more than one strategy during the course of the

experiment. That is why the N is higher than the actual number of participants.

The temporal window of interest was identified by a heuristic
search, based on a signed point-biserial correlations that has
been widely used in event-related potential (ERP) based brain-
computer interfaces (BCIs) to select the most discriminative
temporal windows between different experimental conditions
(Blankertz et al., 2011). In particular, the sums of the absolute
correlation coefficient values at the given time window were
calculated and then the temporal window corresponding to the
highest sum value was selected for the analyses. The time period
between 1675 and 2055 ms after stimulus onset was selected for
source localization.

Source Localization of the EEG Data
Source localization was done with the Statistical Parametric
Mapping (SPM) Software package 12 (Wellcome Trust Centre
for Neuroimaging at University College London, UK,1), running
under MATLAB version 8.2 (The MathWorks, Ismaning,
Germany). The forward model consists of the model of the
brain itself, which was formed by the boundary element
method (BEM) with the different layers of the brain tissue,
the skull and the scalp. The co-registration was done by
matching the electrode sensor locations on participant’s scalp
and the coordinate mapping from the scalp to the cortex. The
standardized MRI was used with this cortical mesh model as
implemented in SPM12. The inverse problem was solved by the
multivariate source pre-localization (MSP) algorithm (Mattout
et al., 2005).

On the group level we used the full factorial design as
implemented in SPM 12 with the independent factor ‘‘obese/lean
participants’’, and the dependent factors ‘‘high/low calorie foods’’
as well as ‘‘REGULATE/ADMIT’’. A family-wise error (FWE)
corrected p-value of < 0.05 together with a minimum cluster
size to 20 voxel indicated significance. We used post hoc
paired (within-subject) and unpaired (between-subject) t-tests to
decipher the structure of significance.

1http://www.fil.ion.ucl.ac.uk/spm
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Analyses of the Self-Ratings Assessed
During the EEG Experiment
Besides the implementation of the trial-by-trial self-
ratings as a covariate for the single participant EEG
analyses, we also applied them to an ANOVA with
the dependent factors ‘‘REGULATE/ADMIT’’, and
‘‘high/low calorie foods’’, as well as the independent
factor ‘‘obese/lean participants’’ (same model as for the
analyses of the EEG data). In case of significance, we
applied post hoc paired (within-subject) and unpaired
(between-subject) t-tests to investigate the structure of
significance.

RESULTS

Visual Analog Scales
Comparing the post VAS to the pre VAS, we found significantly
increased rating for tiredness (paired t-test p < 0.001), and
hunger (p < 0.001), whereas the satiety ratings significantly
decreased (p < 0.035).

Self-Ratings in the REGULATE/ADMIT
Conditions
We found higher self-rating scores for the ADMIT as
compared to the REGULATE condition for lean and obese
participants together, across high and low calorie foods
(ANOVA, p < 0.0001). Post hoc paired t-tests revealed that
lean participants rated their performance better for admitting,
relative to regulating their desire for food, irrespectively of
whether this was high (p < 0.001) or low caloric (p < 0.009).
Obese participants also rated their performance better for
admitting, relative to regulating their desire for low calorie foods
(p < 0.007). For high calorie foods, however, they unexpectedly
rated their performance equally well (p > 0.2; Figure 2).

Task-Based EEG Findings
Comparing the ADMIT to the REGULATE condition (i.e.,
interaction between self-ratings and EEG activity) for both,
lean and obese participants, we found a FWE-corrected
activation (p < 0.05) in the left DLPFC (peak voxel:
MNI coordinates (x, y, z): −42, 38, 20 mm, T = 5.55,

FIGURE 2 | Shown are lean and obese participants’ self-ratings on how well they either admitted or regulated the desire for high and low calorie
foods on the Likert scale from 1 (very bad) to 4 (very good) shown as y-axis. Lean participants rated their ability to admit the desire for foods as better than
their ability to reappraise the foods, irrespectively of whether this was high (p < 0.009) or low caloric (p < 0.032). Obese participants also rated their performance
better for admitting the desire for low calorie foods (p < 0.007). For high calorie foods, however, they unexpectedly rated their performance equally well (p > 0.2).
The whiskers index the standard errors and the significance is marked with asterisks.

Frontiers in Human Neuroscience | www.frontiersin.org 5 May 2016 | Volume 10 | Article 233

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Kumar et al. Brain Responses during Food Reappraisal

p < 0.0005; post hoc paired t-tests for lean p < 0.005
and for obese p < 0.012), whereas the inverse contrast
(REGULATE > ADMIT), revealed an FWE-corrected activation
in the right frontal operculum (peak voxel: MNI coordinates
(x, y, z) 50, 34, −6 mm, T = 5.28, p = 0.0123; see
Figure 3A). According to post hoc paired t-tests, the latter
effect was driven solely by lean participants (p < 0.001; obese
group p > 0.137; see Figure 3C). Comparing both study
groups, we furthermore found higher activations in the ADMIT
condition in obese as compared to lean participants (p < 0.04;
Figure 3B).

Only lean participants showed a significant interaction
between ‘‘calorie content’’ (high-caloric/low-caloric) and
‘‘condition’’ (ADMIT/REGULATE), not in the DLPFC or
the frontal operculum, but in the anterior insular cortex of
both hemispheres (left: −50, 20, 8, T = 6.45, p < 0.001;
right: 50, 22, 8, T = 6.32, p < 0.0003; Figure 4A). Post hoc
t-tests revealed a significantly higher activity of the insula
during the REGULATE as compared to the ADMIT condition
in the left (p < 0.01) and right insular cortex (p < 0.001),
but only for low calorie foods. For high calorie foods, we
found the opposite pattern: higher activations during the
ADMIT as compared to the REGULATE condition, although
the difference between ADMIT and REGULATE did not

reach significance (left insula p < 0.09, right insula p < 0.14;
Figures 4B,C).

DISCUSSION

In agreement with our a-priori hypotheses, we show that in
obese as well as in lean individuals, the left DLPFC underpins
the desire for foods, however, irrespectively of whether these
were high or low caloric. We further hypothesized an interaction
between participants’ self-rated ability to reappraise foods and
body weight in the DLPFC, which we could not confirm. Not
the DLPFC, but the frontal operculum on the contralateral right
hemisphere was involved in the self-rated ability to reappraise
foods, again irrespectively of calorie content. During admitting
the desire for low calorie foods (i.e., interaction between
self-ratings and EEG activity), not the frontal or prefrontal
cortex, but both hemispheres’ anterior insular cortices responded
with high activity for high calorie foods and low activity for
low calorie foods. During the reappraisal of the same foods,
the same areas showed the inverse pattern: low activity for
high calorie foods and high activity for low calorie foods.
Nonetheless, the difference between the admit and regulate
condition reached significance only for low, and not for high
calorie foods.

FIGURE 3 | Task-based EEG results. (A) ADMIT > REGULATE (i.e., interaction between self-ratings and EEG activity) across lean and obese participants resulted
in activation of the left dorsolateral prefrontal cortex (DLPFC; red cluster, family-wise error (FWE)-corrected, p < 0.05). REGULATE > ADMIT activated the right frontal
operculum (green cluster, FWE-corrected, p < 0.05). “z” Indicates the MNI coordinates of the axial brain slices. “R” indicates the right and “L” the left brain
hemisphere. (B) Bar plots show the estimated marginal means for REGULATE and ADMIT in the left DLPFC separately for lean and obese participants. (C) Bar plots
show the estimated marginal means for REGULATE and ADMIT in the right frontal operculum separately for lean and obese participants. For (B,C) the whiskers
index the standard errors and significance is marked with asterisks.
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FIGURE 4 | Task-based EEG results of the interaction between “calorie content” (high-caloric/low-caloric) and “condition” (admit/regulate, including
the self-ratings as covariates) in lean participants only. Note that in obese participants the same comparison revealed no significant effects. (A) In lean
participants we found activations in the anterior insular cortex in both hemispheres (red clusters, FWE corrected, p < 0.05). (B) Bar plots show the estimated
marginal means for high and low calorie foods for either the REGULATE or the ADMIT condition in the left anterior insula. (C) Bar plots show the estimated marginal
means in the right anterior insula, respectively. The whiskers indicate the standard errors and significance is marked with asterisks.

During EEG recordings, we visually presented food items
out of two different categories (i.e., high/low caloric). Each
picture was presented twice—one time, participants were
instructed to regulate the desire for the presented foods,
the other time, they had to allow the desire for the same
foods. After picture presentation, participants rated their ability
to either regulate or admit the desire for the presented
foods on a 4-point Linkert-scale ranging from 1 (very bad)
to 4 (very good). These self-ratings were implemented into
the EEG data analyses as covariates to assess the related
brain activity for either the admit or regulate condition.
Participants were free in choosing the best strategy in order
to either admit or regulate their food desire. After the
experiment, we asked them which strategy they used. For
regulating their desire, most participants reported of thinking
that the presented foods were rotten. To allow the desire
for the same foods they simply thought of its delicious
taste during consumption. Comparing these two conditions,
irrespectively of whether participants were obese or lean
or whether the food was high or low caloric, we found
a sub-region within the right frontal operculum involved
in the regulation of the food desire. Its activity during
admitting food desire was significantly higher in obese as
compared to lean individuals possible indicating a stronger

gustatory response to the visually presented foods. In the
DLPFC on the opposite hemisphere, we found a region
involved in the desire for the same foods. During admitting
food desire, its activity was enhanced by trend in lean
as compared to obese participants probably suggesting a
stronger executive control. Together, these findings address
opposing effects in food choices to sub-regions within left
prefrontal and right frontal cortex in both, lean and obese
individuals.

Previous fMRI studies on central nervous taste processing
showed, that taste stimuli applied either to the right or
left side of the tongue predominantly activate ipsilateral
brain regions as well as their connections, not only at the
thalamus level, but also in higher-level gustatory cortices
(Iannilli et al., 2012). We in the present study, however,
found clearly lateralized effects for admitting or regulating
food desire in the left DLPFC and right frontal operculum,
respectively. In previous fMRI studies using almost the same
experimental design as in the present study, we also found
that regulating the desire for food activated the frontal
operculum, however, not only in one but both brain hemispheres
(Hollmann et al., 2012). This suggests that different study groups
with different BMI ranges (lean to overweight in Hollmann
et al., 2012 vs. lean and obese in the present study) induce
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differentially lateralized brain effects related to the reappraisal of
foods.

Only in lean individuals, we found an interaction between
high and low calorie foods, in a region neighboring the
frontal operculum, namely the anterior insular cortex.
Regarding the insula’s cognitive implementation, recent
studies suggest that its activation relates to the sense of
ownership and agency (Farrer et al., 2003), or the subjective
awareness and affective processing of bodily signals (Craig,
2002, 2004). Especially the anterior insula is assumed to
play a major role in viscerosensory (Oppenheimer et al.,
1992) and interoceptive cognition (for a review see Craig,
2009), suggesting its involvement in higher-order perceptual
processing of the body that is either related to a sense of
ownership or to emotional experience. In the context of
eating, the anterior insula, together with the neighboring
frontal operculum, are described to host the primary
gustatory cortex, which is assumed to primarily code
taste (Rolls et al., 1988; Zatorre et al., 1992; Small et al.,
1999). During eating, exteroceptive food-related sensory
signals from taste and olfactory receptor cells activate
the anterior insula together with the frontal operculum,
where stimulus identity and intensity are merged into a stable
representation, independent of the homeostatic or motivational
state (Rolls et al., 1988; Zatorre et al., 1992; Small et al.,
1999).

Our findings extend these functions, since in lean
participants visually presented foods activated the anterior
insular cortex, independently of signals from peripheral taste
or olfactory receptor cells. This finding is well in line with
previous studies in mice, showing that the insular cortex
regulates food choices even in the absence of peripheral taste
inputs (Oliveira-Maia et al., 2012). One possible interpretation
of this finding is that the anterior insula in humans also
contributes to the ability to imagery food and taste (as indexed
by the self-ratings), with, however, different response profiles
for high as compared to low calorie foods. Whether these
calorie-related differences in neural responses primarily
originate from the insular cortex or mirror top-down
influences from other brain sources not captured by EEG
remains an open question for future research. Food and taste
evaluation and imagery, nonetheless, is an essential function
for survival. Its implementation in the primary gustatory
cortex may therefore represent an evolutionary well-preserved
effect.

Lean and obese individuals together rated their ability
to admit the desire for low-calorie foods as better than
the ability to reappraise the desire for the same foods.
These findings suggest that following the hedonic feelings
of wanting and liking foods is easier than their reappraisal
(Berridge, 2009). However, only in lean participants, self-
ratings were well reflected by the activity obtained from
the anterior insular cortices. For high-calorie foods, they
showed an inverse insula response profile as for low calorie
foods, which, however, did not reach significance. Obese
participants unexpectedly rated their ability to reappraise high
calorie foods as equally well as the ability to admit the desire

for the same foods. However, contrarily to lean participants,
self-ratings in obese individuals were not reflected by neuronal
responses neither by the insula’s activity levels, nor by any
other EEG sources throughout the brain. Although it is
problematic to interpret such non-significant effects, since they
still may become significant with increasing the sample size,
they probably point to an association between obesity and
an impaired self-reflection of the ability to reappraise foods
in the insular cortex. However, in disagreement with our a-
priori hypotheses, we found no differences between groups of
obese and lean individuals: a lack of effect, which is possibly
driven by the food pictures that we applied in the present
study.

These pictures were chosen from a larger assembly that
was validated in pilot experiments in only lean individuals
(others than those who participated in the present study;
data not published). The pictures chosen for the present
study were those with the highest ratings in terms of esthetic
and tastiness in the photographic presentation. Due to the
validation in only lean individuals, the present set of food
pictures may have been more sensitive to changes in lean
ones, possibly explaining the lack of interaction effects in
obese participants (admit/regulate-by-low/high calorie food)
as well as the lack of differences between lean and obese
participants.

In summary, we show distinct brain regions in obese
and lean individuals involved in the evaluation of the
food’s calorie content and its reappraisal. The interplay
between the left DLPFC and the right frontal operculum
may in future serve as a target for non-invasive brain
stimulation or neurofeedback studies that aim at modulating
eating behavior towards better reappraisal capacities for
foods. The involvement of the anterior insular in lean
subjects suggests that the insula, so far assumed to host
primary gustatory processes, also plays a role in processes
underpinning higher cognitive functions involved in food
choices.
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