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Abstract
In the present pilot study, we questioned how eating to satiety affects cognitive influences on the desire for food and corresponding neuronal activity in the obese female brain. During EEG recording, lean (n = 10) and obese women (n = 10)
self-rated the ability to reappraise visually presented food. All women were measured twice, when hungry and after eating
to satiety. After eating to satiety, reappraisal of food was easier than when being hungry. Comparing the EEG data of the
sated to the hungry state, we found that only in obese women the frontal operculum was involved not only in the reappraisal
of food but also in admitting the desire for the same food. The right frontal operculum in the obese female brain, assumed to
primarily host gustatory processes, may be involved in opposing cognitive influences on the desire for food. These findings
may help to find potential brain targets for non-invasive brain stimulation or neurofeedback studies that aim at modulating
the desire for food.
Keywords Obesity · Neuroscience · Eating behaviors · Central feeding regulation · Central obesity
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In recent studies, we investigated hunger-related functional
brain processes related to the desire for food in lean and
obese men and women (Kumar et al. 2016). We visually
presented food items (i.e., high/low caloric) while acquiring
neuronal brain activity with electroencephalography (EEG).
Food items were presented under two opposing conditions;
one time, participants were instructed to admit their desire
for the presented food, e.g., by thinking of its delicious smell
or taste; the other time they were instructed to reappraise the
food, e.g., by thinking that it might be poisoned, spoiled or
leads to weight gain.
We found that allowing the desire for low and high calorie food in obese as well as lean participants was related
to enhanced activity in the left DLPFC, whereas the right
frontal operculum, assumed to host gustatory processes
(Rolls et al. 1988; Zatorre et al. 1992; Small et al. 1999),
was involved in the reappraisal of the same food (Kumar
et al. 2016). These findings suggest an interplay between
executive control (DLPFC) and gustatory regions (frontal
operculum) for opposing cognitive influences on the desire
for food. Only in lean participants did we find an interaction
between calorie content of the visually presented food and
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the self-rated ability to regulate/admit the desire for food in
the bilateral anterior insular cortices. This suggests that the
anterior insular cortex, assumed to primarily host gustatory
processes (Rolls et al. 1988; Zatorre et al. 1992; Small et al.
1999), also underpins higher cognitive processes involved in
food choices (Petit et al. 2016), such as evaluating the foods’
calorie content for reappraisal. Contrary to lean women and
men, obese individuals’ self-ratings for regulate/admit were
not related to any brain responses, neither in the insular
cortex nor by any other EEG sources throughout the brain.
These findings may point to an association between obesity
and an impaired self-reflection of the ability to reappraise
food in the insular cortex (Kumar et al. 2016).
In the present pilot study, we questioned how eating to
satiety affects cognitive influences on the desire for food
in obese and lean women. To this end, women were tested
twice: once before and once directly after eating to satiety.
We used EEG to assess neuronal brain responses related to
the regulation of the desire for food. Our motivation was to
identify brain targets for future obesity intervention studies
using techniques such as EEG-based neurofeedback or noninvasive brain stimulation.
We hypothesized that, when hungry, admitting the desire
for food is easier than the reappraisal of the same food. We
also hypothesized that this effect is more pronounced in
obese women. After the buffet, we expected this effect to
reverse, i.e., reappraisal is easier, whereas admitting the
desire for the same food is more difficult. In obese women,
we expected that, after the buffet, reappraisal is more difficult and admitting the desire for food is easier than in lean
women. Comparing the EEG findings of the sated to the
hungry state, we expected to find a decreased activity within
the left DLPFC in parallel to a decreased ability to admit the
desire for food after eating to satiety, whereas we expected
to find an increased activity within right frontal operculum
in relation to strengthened reappraisal abilities.

Methods
Participants
This study was approved by the local ethics committee of
the medical faculty of the University of Leipzig and carried out according to the Declaration of Helsinki. Because
of the known gender differences in brain morphology and
function (Horstmann et al. 2011; Mueller et al. 2011; Melasch et al. 2016), we only invited women to participate in
the present study. Exclusion criteria were any present or
past neurological or psychiatric diseases, as well as prescribed central acting drugs, except contraceptives. All
20 right-handed women who met those criteria gave written informed consent prior to their participation. None of

13

these women participated in our previous study (Kumar
et al. 2016). Before the experiments, we assessed each participant’s age. We also measured each participant’s weight
with a scale and height with a stadiometer to compute
the body mass index (BMI, kg/m2). Half of them were
lean (BMI > 20 and < 25 kg/m2, mean 23.10, SD 1.63)
and the other half obese (BMI > 30 kg/m2, mean 35.97,
SD 6.54). Age for lean (mean 25.56, SD 2.88) and obese
women (mean 26.75, SD 2.81) were matched (p = 0.759,
unpaired t test) (Table 1). Depression was assessed using
the BDI-II questionnaire. A score of 29 or higher, indicating severe depression, was considered as an exclusion
criterion. We also acquired the Eating Disorder Examination Questionnaire 2 to exclude eating disorders in the
group of lean women [1.11 (mean) ± 1.22 (SD)] and obese
women (1.75 ± 1.19) (Hilbert et al. 2012). To exclude food
addiction, we used the Yale Food Addiction Scale (lean
women 2.7 ± 0.94; obese women 2.2 ± 0.91) (Gearhardt
et al. 2009, 2012). All women were asked about any regular medication or contraceptives. Since all women were
taking contraceptives, we were not able to consider menstrual cycle-related influences on the desire for food. Participants were financially reimbursed for their participation. All women were told to go 5 h without eating prior
to the experiment to enhance their sensitivity for visually
presented food and to impede their reappraisal abilities.
All experiments were performed in the afternoon, between
1 and 2 p.m.

Visual analog scales (VAS)
Visual analog scales with scales ranging from 0 (i.e.,
lowest) on the left-hand side to 100 (i.e., highest) on the
right-hand side were filled out before and after the first
EEG session and before the second EEG session (i.e., after
eating to satiety), as well as thereafter. We assessed six
different VAS for each time point: degree of tiredness,
hunger, thirst, stress level, dryness of mouth and satiety.
Participants were asked to make a cross between 0 and
100. The distance between 0 and the cross in cm was used
for further analyses.
Table 1  Mean and standard deviation for age and BMI of lean and
obese women
N/subgroup

Age range, years
(mean) ± (standard
deviation)

BMI range, kg/m2
(mean) ± (standard
deviation)

10 lean females

22–30 (25.56) ± (2.88)

10 obese females

21–34 (26.75) ± (2.81)

20.06–24.91
(23.10) ± (1.63)
30.49–47.88
(35.97) ± (6.54)
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Buffet
The (cold) buffet was prepared during the first EEG experiment in a separate room. All food items were weighted (in
g) before and after the buffet with a standard kitchen scale
to compute the consumed gram per item. All items were
presented identically for each participant in a palatable manner (cheese and meat pieces on plates, buns in a basket, fruit
and vegetables cut, tomatoes in bite size). Every category
(high/low calorie × sweet/salty) was represented by five food
items. Additionally, we also offered snacks (pudding, peanuts and chocolate bars). We used the kcal/100 g indications
provided on the products’ packages to translate consumed
gram into kcal. For fruit/vegetables we took the brand-specific kcal/100 g indications as provided by the Food database
(fddb), accessible via http://fddb.info/db/en/index.html.

EEG recording
We used a 64-channel BrainAmp recorder (Brain Products,
Gilching, Germany) with a temporal resolution of 1000 Hz.
The electrodes were placed on each participant’s scalp
according to the 10–10 international system. Electrodes
included the reference, ground and the electrode below the
left eye as an electro-occulogram (EOG).

Experimental schedule
We used a shielded cabin to exclude any electro-magnetic
interference with EEG recordings as well as distracting
noises. Within the cabin, each participant was comfortably
seated in front of a computer screen. After we assessed VAS,
we first acquired 5 min of task-free EEG recordings before
the food task started to familiarize participants with the environment. The food task thereafter was 20 min long. After
the first EEG session, participants were offered a buffet in a
separated room next to the EEG research facilities, consisting of all food categories that were included in the task. Participants were instructed to eat according to their preference
and satiation. After the buffet, participants were again placed
in the EEG cabin while reassuring that the electrodes were in
the correct spot with low impedance. After the initial 5 min
of task-free EEG recordings, a second EEG session started.
EEG electrodes were not removed from participants’ scalp
between the two EEG sessions.

Task‑based EEG recordings
Each of the two EEG sessions included 40 blocks. Each
block consisted of three food pictures and was 28 s long.
During the first 2 s of each block, an instruction screen
showed up, showing either “ADMIT” or “REGULATE”,
followed by three food items within one block. Each food

picture was presented for 5 s. The three pictures were separated by the presentation of a crosshair for another 2 s. The
three pictures within a given block were from the same four
different food categories: high-calorie sweet, high-calorie
salty, low-calorie sweet or low-calorie salty. To this end,
60 food pictures were chosen from a pre-rated standardized
food picture database (Hollmann et al. 2012). We used the
same number of high- and low-calorie pictures. Sweet and
salty was equally distributed across high- and low-calorie
food. We included the latter conditions to meet each participant’s taste preferences. Within each of the two EEG
sessions, a given food picture was presented once in the
“ADMIT” and once in the “REGULATE” condition, cancelling out any influence of food preferences on the comparison
of both conditions. For each participant, we acquired 60 trials for the “ADMIT” and 60 trials for the “REGULATE”
condition within each EEG session. At the end of each block
(i.e., presentation of three food pictures from one category),
and after another crosshair appeared for 2 s, a screen with a
4-point Likert scale was presented for 3 s. Participants rated
how well they thought they either admitted or regulated the
desire for the presented food items. The scale ranged from
1 (very bad) to 4 (very good). After participants rated their
performance, the next block of three food items from another
category started. The order of the food pictures within each
block and the order of blocks were pseudo-randomized interindividually (i.e., between participants) and intra-individually (i.e., between both EEG sessions) (Fig. 1).

Pre‑processing of the EEG data
Pre- and post-EEG processing was done with MATLAB version 8.2 (The MathWorks, Ismaning, Germany). We downsampled EEG data to 250 Hz using the Berlin Brain Computer Interface (BBCI) toolbox (https://github.com/bbci/
bbci_public ). The data were band-pass filtered between 0.05
and 45 Hz (3rd order Butterworth filter). To exclude any
bias towards a particular reference electrode, we converted
the data to a common average reference (CAR) (Bertrand
et al. 1985; Pascual-Marqui and Lehamann 1993). To correct for vertical eye movements, we computed the difference
between the EOG and the FP1 electrodes above the left eye.
To correct for horizontal eye movements, we computed the
sum of the Fp1 and Fp2 electrodes above the two eyes. The
resulting data were applied to a regression analysis to cancel
out the corresponding variance from the EEG data using the
least mean-fitting procedure (Parra et al. 2005) of the BBCI.
The FieldTrip Software package (Donders Center for Cognitive Neuroimaging, University Nijmegen, Netherlands) was
used for further pre-processing. The corrected EEG data
was epoched into 5 s covering the presentation of each food
picture and baseline corrected. For baseline correction, we
applied the mean value of the given trial instead of the time
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Fig. 1  Experimental design. a Shown is the order of the two resting
state and the two experimental EEG sessions. Before and after each
EEG sessions, lean and obese women rated their tiredness, hunger,
satiety, thirst, and stress levels on a visual analog scale (VAS). The
buffet was offered between the two EEG sessions. b Example of one
block from the task-based EEG session. Three food pictures from one
out of four categories (high or low calorie × sweet or salty) were pre-

sented in a row. Prior to the presentation of the pictures, participants
were instructed to either regulate or admit the 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

prior to presentation to rule out any bias based on anticipation. In the EEG data, we specifically targeted the so-called
late positive potentials (LPP). The LPP is a sustained positive deflection in the event-related potential. Recent studies
have indicated that the magnitude of the LPP is sensitive to
emotion regulation strategies such as reappraisal (Foti and
Hajcak 2008). The temporal window for source analysis was
selected based on signed point-biserial correlations (Blankertz et al. 2011) and revealed a “middle to late” temporal
window from 1675 to 2055 ms (see “Discussion” for further
information). In particular, 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 further analyses. In our previous
EEG study (Kumar et al. 2016), signed point-biserial correlations revealed the same temporal window for comparing the admit and regulate conditions. Like in our previous
study (Kumar et al. 2016), we applied the self-ratings as an
interacting trial-by-trial covariate.

College London, UK, http://www.fil.ion.ucl.ac.uk/spm) running under MATLAB version 8.2 was used for source localization. The boundary element method (BEM) was considered for the forward model, consisting of the three cortical
layers along with co-registration to the default model of electrode positions using the standard magnet resonance imaging
(MRI) template as implemented in SPM. To overcome the
inverse problem, we applied the multivariate source prelocalization (MSP) algorithm (Mattout et al. 2005).

Source localization of the EEG data
The statistical parametric mapping (SPM) Software package
12 (Wellcome Trust Centre for Neuroimaging at University
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Second (group)‑level analysis of the EEG data
For second (group)-level analysis, we applied the full-factorial design (i.e., ANOVA), consisting of the between-subject
factor “obese/lean participants” and the within-subject factors “pre-buffet/post-buffet”, “REGULATE/ADMIT” as well
as high/low-calorie content. Self-ratings were inserted as
interacting covariate. Following our a priori hypotheses (see
“Introduction”), we applied small volume correction. To this
end, we used a sphere of 10 mm centered on the Montreal
Neurological Institute (MNI) co-ordinates (x, y, z, in mm) of
the right frontal operculum (50, 34, − 06; x, y, z, in mm) and
the left DLPFC (− 42, 38, 20; x, y, z). These MNI coordinates were taken from our previous EEG study (Kumar et al.
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2016). A voxel-wise family-wise error (FWE) corrected p
value of < 0.05 together with a minimum cluster size of ten
voxels indicated significance. In the post hoc analysis, paired
(within-subject) and unpaired (between-subject) t tests were
applied to decipher the structure of significance.

Analysis of self‑ratings
Self-ratings assessed prior to and after the buffet were
applied to the ANOVA, with the dependent factors “REGULATE/ADMIT” and “high/low-calorie food” as well as
the independent factor “obese/lean participants”. In case of
significance, post hoc paired (within-subject) and unpaired
(between-subjects) t tests were applied.

Correlations between calorie consumption, EEG
data, self‑ratings and VAS
For each woman, we totaled the consumed calories from
the buffet between both EEG sessions. Next, we applied
Pearson’s correlation analysis to assess a possible positive
or negative relationship between calorie consumption and
changes (i.e., post − pre) in EEG data, self-ratings and VAS.

Results
Visual analog scales (VAS)
Lean women were comparatively more tired than obese
women after the first EEG session (i.e., before the buffet) as
well as after the buffet (i.e., before the second EEG session)
(p = 0.045 and p = 0.0002, respectively). Obese women felt
less stressed throughout the experiment than lean women
(from first to fourth VAS: p = 0.002; p < 0.0001; p = 0.014;
p = 0.0002). Lean women surprisingly felt less sated before
the first EEG session (i.e., at the start of the experiment
and after 5 h without eating) (p = 0.015). Analyzing satiety, hunger and thirst after the buffet (i.e., before the second
EEG session) in the group of lean and obese women separately revealed an elevated level of satiety (lean: p < 0.0001;
obese: p < 0.0001), whereas hunger (lean: p < 0.0001; obese:
p < 0.0001) and thirst decreased (lean: p < 0.0001; obese:
p = 0.031). There was also a trend of less dryness of the
mouth, but the t test was inconclusive (lean: p = 0.062;
obese: p = 0.087).

Self‑ratings acquired during the first‑ and second
EEG session
Before the buffet, hungry obese (p < 0.001) and lean women
(p < 0.001) self-rated the ability to admit the desire for food
as easier than reappraising it, (Fig. 2) irrespective of the

calorie content (obese: high calorie p = 0.039, low calorie p = 0.0016; lean: high calorie p < 0.001, low calorie
p < 0.001).
In line with our a priori hypotheses (see “Introduction”),
we found that after the buffet, when sated, obese (p < 0.001)
and lean women (p < 0.001) rated their ability to reappraise
food as easier than admitting the desire for food, irrespective of calorie content (obese: high calorie p < 0.001, low
calorie p < 0.0015; lean: high calorie p < 0.001, low calorie
p < 0.001) (Fig. 2).
In contrast to our a priori hypotheses, we found no significant differences between obese and lean women, neither for
admitting the desire for food (hungry: p = 0.8, sated: p = 0.6)
nor for reappraising it, irrespective of whether participants
were hungry or sated (hungry: p = 0.8, sated: p = 0.2).

Task‑based EEG findings
Comparing the EEG data of both lean and obese women
acquired after the buffet (i.e., after eating to satiety) to the
EEG data assessed prior to the buffet (i.e., 5 h without eating) revealed a significant FWE-corrected main effect represented by an increased activity in the right frontal operculum (p = 0.005). Post hoc paired t test, computed for the
group of obese and lean women separately, revealed that this
post > pre effect was significant only in obese women (peak
voxel: MNI coordinates (x, y, z): 50, 36, 02 mm, T = 3.93,
p = 0.006). Post hoc t tests in the group of obese women
revealed significantly increased activity in the frontal operculum, not only during the “REGULATE” condition (see
“Introduction” for our a priori hypotheses), but in both the
“ADMIT” (p = 0.045) and the “REGULATE” condition
(p = 0.027) (Fig. 3). In lean women, we found no significant post > pre differences in activity levels. In addition, the
inverse contrast (i.e., pre > post) did not show the expected
significant activity in the left DLPFC in the group of lean or
in the group of obese women. Besides these two regions, we
found no other significant increases or decreases in activity
levels between the two EEG sessions and the two conditions
of interest throughout the entire cortex. Furthermore, we
could also not find any significant interaction between lean/
obese and high-caloric/low-caloric foods.

Calorie consumption from the buffet
between the two EEG sessions
We found no significant differences in the consumption
of calories between lean and obese women. We expected
that obese women might consume more calories than lean
women after going 5 h without eating. Contrarily, we even
found a vague trend that lean women consumed more calories than obese (p = 0.108). We also found no differences
in calorie consumption between lean and obese women
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Fig. 2  Self-ratings. Shown are lean and obese women’s self-ratings
on how well they either admitted (green bars) or regulated (yellow
bars) the desire for the visually presented foods on the Likert scale
ranging from 1 (very bad) to 4 (very good) before and after the buffet.
Before the buffet, when hungry, obese (p < 0.001) and lean women
(p < 0.001) self-rated the ability to admit the desire for food as better
than reappraising it, irrespective of the calorie content (obese: high
calorie p = 0.039, low calorie p = 0.0016; lean: high calorie p < 0.001,
low calorie p < 0.001). This was to be expected, due to the 5 h that

participants went without eating before the experiments. Whiskers
index the standard errors and significance is marked with asterisks.
In addition, in line with our a priori hypotheses, we found that after
the buffet, when sated, obese (p < 0.001) and lean women (p < 0.001)
rated their ability to reappraise food as better than admitting the
desire for food, again irrespective of calorie content (obese: high
calorie p < 0.001, low calorie p < 0.0015; lean: high calorie p < 0.001,
low calorie p < 0.001)

for the four different food categories (high-caloric sweet
foods: p = 0.066, high-caloric salty foods: p = 0.068, lowcaloric sweet foods: p = 0.196, low-caloric salty foods:
p = 0.461). For both lean and obese women, we found
that they consumed significantly more high-calorie food
than low-calorie food (sweet: lean: p < 0.0001, obese:
p < 0.0001; salty: lean: p < 0.0001, obese: p < 0.0001).
Both groups also showed a trend for preferring salty over
sweet food (lean: p = 0.197; obese: p = 0.139) (Fig. 4).
Pearson’s correlation analyses revealed a positive correlation between changes in hunger ratings (VAS) from before
to after the buffet and calorie consumption, however, only
in the group of obese women (r = 0.69, p = 0.0266). This
finding suggests that the more obese women ate, the more
their hunger-ratings declined. We surprisingly found no
such correlation in lean women (r = − 0.35, p = 0.1957).
We also found no correlation between calorie consumption
and the other VAS (i.e., degree of tiredness, hunger, thirst,
stress level, dryness of the mouth and satiety) (p > 0.058).
Furthermore, we found no correlation between calorie
consumption and neuronal activity in the frontal operculum in obese women (r = 0.17, p = 0.6431), or between calorie consumption and self-ratings for admitting the desire
for food (lean: r = 0.0056, p = 0.9876; obese: r = 0.3342,
p = 0.3453) or regulating the desire for food (lean:
r = 0.2239, p = 0.5340; obese: r = 0.0842, p = 0.8171).

Discussion
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In the present pilot study, we questioned how eating to
satiety affects reappraisal of food as well as corresponding
neuronal responses. To this end, lean (n = 10) and obese
women (n = 10) underwent an EEG-based task twice: once
while hungry and the other time while sated.
To minimize situational influences on food consumption during the buffet, we used questionnaires to exclude
potential participants with symptoms of depression, eating disorders and addition-like eating behavior. Obese and
lean women selected more high-calorie than low-calorie
food from the buffet. Both groups, moreover, showed a
tendency to prefer salty over sweet food. Surprisingly,
lean women showed a trend for consuming more calories,
as compared to obese women. This difference was well
reflected by the VAS ratings, as lean women rated themselves as being less sated before the first EEG experiment,
compared to obese women.
In line with our a priori hypotheses, many studies so
far showed that overweight or obese individuals consume
more calories (Batterham et al. 2003) and a greater proportion of unhealthy food (Medic et al. 2016) if a buffet
is offered under lab conditions. Others studies, however,
agree with our observation that obese and lean individuals
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Fig. 3  Task-based EEG results. a Comparing the pre-buffet EEG
session to the post-buffet EEG session, we found increased neuronal
activity in the right frontal operculum in obese women after eating
to satiety (red cluster, family-wise-error (FWE)-corrected, p = 0.006).
“z” indicates the MNI coordinates (mm) of the axial brain slices.
“R” indicates the right and “L” the left brain hemisphere. b Bar plot
shows the estimated marginal means for the “REGULATE” and the
“ADMIT” condition in the right frontal operculum for obese women

prior to the buffet and after the buffet. We found an increased activity
in the frontal operculum after the buffet for both, the “REGULATE”
(p = 0.027) and the “ADMIT” condition (p = 0.045). There was no difference between REGULATE and ADMIT, neither prior to the buffet
(p = 0.549), nor thereafter (p = 0.164). The bars represent mean values and whiskers index standard errors. Significance is marked with
asterisks

Fig. 4  Calorie consumption in the buffet between the two EEG sessions. Obese, as compared to lean, women did not show any significant differences in calorie consumption. Surprisingly, lean women
even showed a trend towards higher calorie consumption when compared to obese women (p = 0.108). We also found no differences
between obese and lean women for the different food categories
(high-calorie sweet food: p = 0.066, high-calorie salty food: p = 0.068,

low-calorie sweet food: p = 0.196, low-calorie salty food: p = 0.461).
Both lean and obese women showed a tendency for preferring salty
over sweet food (lean: p = 0.197; obese: p = 0.139). Both groups
also preferred high calorie over low-calorie food (sweet food: lean:
p < 0.0001, obese: p < 0.0001; salty food: lean: p < 0.0001, obese:
p < 0.0001). The bars represent the mean and whiskers index standard
errors. Significance is marked with asterisks
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consume comparable amounts of calories under lab conditions (Druce et al. 2005). Besides a potential incompliance in food restriction, different study-related socialenvironmental factors, such as the gender of the instructor
as well as the choice and appearance of food items, may
variably influence eating behavior, similar to obese women
when feeling observed (Robinson et al. 2016). The lack
of significant differences in consumed calories between
lean and obese women was also driven by the small sample size (n = 10, each group) which represents the major
limitation of the present pilot study. Comparable amounts
of consumed calories in both groups may explain why we
also found no significant differences for the self-ratings
and EEG findings.
Nevertheless, when hungry, lean as well as obese women
self-rated the ability to reappraise visually presented food
as more difficult than allowing the desire for the same food.
To test how much EEG results were influenced by these
self-ratings that we included in the GLM analyses as interacting covariate [see “Second (group)-level analysis of the
EEG data” for further information], we reran all EEG firstand second-level analyses excluding self-ratings. Findings
of these analyses resembled effects reported in this paper
(data not shown to avoid redundancy), suggesting that selfevaluation of the ability to modulate the desire for food had
rather minor influences on frontal operculum’s activity levels. These processes may alternatively be embedded in other
brain regions, possibly more deeply located in the brain
(e.g., striatum or posterior orbitofrontal cortex, (Hollmann
et al. 2012)) and were, therefore, not captured by EEG. In
turn, the frontal operculum in the obese person’s brain may
host more upstream processes not directly related to selfevaluation, possibly reflecting elevated cognitive effort for
the regulation of opposing cognitive operations—the reappraisal of food and the desire for food.
Although we identified activity in the right frontal operculum in relation to the reappraisal of food, like in our
previous EEG study (Kumar et al. 2016), we could not
identify the expected activity in left DLPFC related to
admitting the desire for the same food. This was surprising since we used the same task and the same statistical
analyses as in our previous study (Kumar et al. 2016). In
both EEG studies, we specifically targeted the so-called
late positive potentials (LPP). The reduced LPP following
reappraisal has been interpreted as reflecting a diminished
emotional response following emotion regulation (Hajcak
and Nieuwenhuis 2006; Moser et al. 2006). This interpretation is consistent with findings that relate the magnitude of the LPP to subjective ratings of emotion intensity
(Cuthbert et al. 2000). In this view, reappraisal-related
modulations in the LPP reflect changes in emotional
processing resulting from a shift in meaning (Lazarus
1991). Foti and Hajcak used three different temporal
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windows to investigate LPP in response to arousing pictures—an early window (400–1000 ms), a middle window (1000–2000 ms) and a late window (2000–3000 ms)
(Foti and Hajcak 2008). Their findings suggest that there
may be multiple neural systems relevant to reappraisal,
including an early pathway between the amygdala and the
visual cortex (Sabatinelli et al. 2007; Phan et al. 2005;
Ochsner et al. 2002), as well as a later pathway which
incorporates the influence of the lateral and ventromedial
prefrontal cortex (Urry et al. 2006; Ochsner et al. 2004).
The LPP, in general, appeared to become more frontally
distributed over time, with the enhancement effects of
emotion beginning in posterior–superior sites (early window) and then spreading to include superior sites (middle
and late windows) (Foti and Hajcak 2008). In the present
study, we were interested in (pre-)frontal regions related
to reappraisal and in line with this, signed point-biserial
correlations (Blankertz et al. 2011) identified a sensitive
middle to late window not only in the present but also in
our previous study (Kumar et al. 2016). Nevertheless, we
could not identify the left DLPFC as in our previous study
(Kumar et al. 2016). The most plausible explanation for
the lack of effects in the left DLPFC is the smaller sample
size and hence reduced statistical power as in our previous
EEG study. The small sample size represents the major
limitation of the present pilot study.
In the context of eating, the frontal operculum, together
with the neighboring anterior insular cortex, are assumed to
host the primary gustatory cortex—which is predominately
involved in encoding taste (Rolls et al. 1988; Zatorre et al.
1992; Small et al. 1999) as well as higher cognitive processing of gustatory sensations (Petit et al. 2016). While eating,
exteroceptive sensory signals arising from the food’s taste
and smell activate olfactory receptor cells that propagate
associated inputs to the frontal operculum together with the
anterior insular cortex, 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).
Regarding the insular cortex’s functional non-gustatory
implementation, recent studies suggest its involvement in
higher cognitive processes related to the sense of ownership
and agency (Farrer et al. 2003), or the subjective awareness and affective processing of bodily signals (Craig 2002,
2004). The anterior part of the insular cortex is specifically
assumed to play a major role in viscerosensory (Oppenheimer et al. 1992) and interoceptive processing (Craig 2009).
The frontal operculum, instead, has been suggested as a
key node in a network for exerting control over cognitive
processes. It seems to have a role in regulating the activity
in relevant or irrelevant brain representations for response
selection (Higo et al. 2011), possibly also in the context of
regulating the desire for food.
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Our present findings suggest that it is not only the anterior
insular cortex involved in such higher cognitive processes
but also the neighboring frontal operculum. However, its
cognitive embedment seems different, as compared to the
anterior insular cortex. While the latter region seems to
encode calorie-related processes (Kumar et al. 2016), the
former seems to relate to food reappraisal in the obese person’s brain after eating to satiety. However, both regions’
activity was elicited by visually presented foods, independent of signals from peripheral taste or olfactory receptor
cells. This suggests that the primary gustatory cortex in not
only mice (Oliveira-Maia et al. 2012) but also in humans
(Petit et al. 2016) contributes to the ability to imagine food
and taste. Food and taste evaluation, imagery and their influences on food choices are an essential function for survival.
Their implementation in the primary gustatory cortex may,
therefore, represent a well-preserved evolutionary effect
(Kumar et al. 2016).
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