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Abstract Eating behaviors are closely related to body weight,
and eating traits are depicted in three dimensions: dietary re-
straint, disinhibition, and hunger. The current study aims to
explore whether these aspects of eating behaviors are related
to intrinsic brain activation, and to further investigate the re-
lationship between the brain activation relating to these eating
traits and body weight, as well as the link between function
connectivity (FC) of the correlative brain regions and body
weight. Our results demonstrated positive associations be-
tween dietary restraint and baseline activation of the frontal
and the temporal regions (i.e., food reward encoding) and the
limbic regions (i.e., homeostatic control, including the hypo-
thalamus). Disinhibition was positively associated with the
activation of the frontal motivational system (i.e., OFC) and
the premotor cortex. Hunger was positively related to
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extensive activations in the prefrontal, temporal, and limbic,
as well as in the cerebellum. Within the brain regions relating
to dietary restraint, weight status was negatively correlated
with FC of the left middle temporal gyrus and left inferior
temporal gyrus, and was positively associated with the FC of
regions in the anterior temporal gyrus and fusiform visual
cortex. Weight status was positively associated with the FC
within regions in the prefrontal motor cortex and the right
ACC serving inhibition, and was negatively related with the
FC of regions in the frontal cortical-basal ganglia-thalamic
circuits responding to hunger control. Our data depicted an
association between intrinsic brain activation and dietary re-
straint, disinhibition, and hunger, and presented the links of
their activations and FCs with weight status.

Keywords Obesity - Functional magnetic resonance
imaging - Resting state - Functional connectivity - Three factor
eating questionnaire

Background

Eating behavior, in particular abnormal eating, is one of the
major contributions to being overweight and obese. A number
of psychological scales, such as the Three Factor Eating
Questionnaire (TFEQ) (Stunkard and Messick 1985). were
developed to measure eating behaviors from multiple perspec-
tives. The TFEQ assesses eating behaviors under three sub-
scales: (1) dietary restraint (cognitive restraint on eating), (2)
disinhibition (of control) and (3) (susceptibility to) hunger
(Stunkard and Messick 1985). Previous studies have validated
the reliability of the TFEQ (Boschi et al. 2001; Bond et al.
2001). and have also demonstrated that TFEQ scores are cor-
related with a variety of physical measures (neurotransmitter,
weight, body composition, and energy expenditure) (Langlois
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et al. 2011) and psychological traits (mood and binge eating)
(Elthag 2005). The TFEQ is employed in clinical diagnosis
(Khazaal et al. 2010) and investigations on weight loss effect
(Wing and Phelan 2005; Lemoine et al. 2007). as well as in the
treatment of bulimia nervosa and anorexia nervosa (Walsh
et al. 1997). Compared to the Dutch Eating Behavior
Questionnaire, the Revised Restraint Scale and the Current
Dieting Questionnaire, the TFEQ restraint scale is a more
valid measure of the intent to diet and actual caloric restriction
(Williamson et al. 2007). Collectively, the TFEQ has become
an effective instrument widely used in research on obesity and
eating disorders.

Recently, functional magnetic resonance imaging (fMRI)
technology has been used to investigate the association be-
tween neural activations and dietary restraint, disinhibition,
and hunger, respectively (Santel et al. 2006; Kullmann et al.
2013; Martin et al. 2010; DelParigi et al. 2005; Lee et al. 2013;
Maayan et al. 2011; Jurriaan M Born et al. 2011; DelParigi
et al. 2007). Dietary restraint is linked with executive, moti-
vation, and reward circuits responding to food intake. Dietary
restraint is positively associated with neural activity in the
dorsal prefrontal cortex, and is negatively correlated with neu-
ral changes in the orbitofrontal cortex (OFC) (DelParigi et al.
2007). It is also negatively associated with activation in the
temporal visual processing network when exposed to food
stimuli (Kullmann et al. 2013). Relative to healthy control
groups, dietary restraint is negatively correlated with activa-
tion of the left inferior parietal lobe (IPL) and right lingual
gyrus in anorexia nervosa patients (Santel et al. 2006). sug-
gesting a decreased somatosensory-gustatory responsiveness
to food. In addition, dietary restraint is inversely related to the
neural activities in the left thalamus, cingulate cortex, amyg-
dala, and most of the striatum for hedonic processing after
meals (Jurriaan M Born et al. 2011). It is positively correlated
with food reward value in the left nucleus accumbens before
eating breakfast; while, during the meal, dietary restraint can
lead to a decreased rewarding value of food in the nucleus
accumbens, indicating that dietary restraint is also associated
with the activation of the brain basal reward system (Jurriaan
M Born et al. 2011). Disinhibition is demonstrated to be tight-
ly associated with the activation of regions related to food
sensory and reward; it is positively associated with activity
in the left IPL and right lingual gyrus (Santel et al. 2006).
and negatively correlated with pre-meal activities of the ante-
rior cingulate cortex (ACC) (Martin et al. 2010). One study
has reported that higher disinhibition scores are accompanied
with increased blood flow in the insula in obese subjects rel-
ative to lean individuals after consuming a liquid meal
(DelParigi et al. 2005). Lee and colleagues have revealed that
low-dietary disinhibition participants show lowered ventral
medial prefrontal cortex (VMPFC) activations for food eval-
uation after being fed (Lee et al. 2013). In addition, Maayan,
et al. find that disinhibition scores present a strong association

with OFC gray matter volume in the lean group individuals
(Maayan et al. 2011). As for hunger, previous studies have
indicated that feeling hungry was associated with augmented
activations in regions for sensory, memory, motivation, and
reward processing of food, such as the insula,
parahippocampal gyrus, hippocampus, anterior cingulate cor-
tex, left striate and extrastriate cortex, and right anterior lateral
orbitofrontal cortex (Haase et al. 2009; Siep et al. 2009;
Tataranni et al. 1999). To our knowledge, only one study has
examined the relationship between the hunger subscale of the
TFEQ and brain activation, in which hunger is positively cor-
related with pre-meal activities of the medial prefrontal cortex
(MPFC) (Martin et al. 2010). The aforementioned studies
shed light on the neural mechanisms underlying eating behav-
iors traits. However, those findings were obtained during ex-
posure to food cues (Santel et al. 2006; Kullmann et al. 2013;
Martin et al. 2010). or in fasting or satiety (Lee et al. 2013;
Kullmann et al. 2013; DelParigi et al. 2005). or were com-
pared across different weight groups (Santel et al. 2006;
Kullmann et al. 2013; Martin et al. 2010; DelParigi et al.
2005; Maayan et al. 2011). Resting fMRI studies have indi-
cated that basal brain activation could predict behavior perfor-
mance (Gu et al. 2010; Zou et al. 2013; Garcia-Garcia et al.
2013). Thus far, the use of resting fMRI now offers the op-
portunity to avoid the influence of external tasks and describe
the intrinsic patterns of brain activition associated with a par-
ticular eating behavior, namely dietary restraint, disinhibition,
and hunger. A systematic investigation of intrinsic brain acti-
vations related to eating behavior traits is able to provide more
evidence to understand food intake and design a better weight
control strategy. Thus, the first objective of the current study is
to explore the brain activations related to dietary restraint,
disinhibition, and hunger during the resting state.

The relationship between eating behaviors examined by
looking at the TFEQ and weight status have also been reported
by a variety of behavioral studies (Provencher et al. 2003;
Lindroos et al. 1997; de Castro and Lilenfeld 2005; Nicholas
P Hays et al. 2002; Westenhoefer et al. 1999; Castellanos et al.
2009; Riou et al. 2011; Foster et al. 1998). Until now, a com-
plex behavioral relationship between dietary restraint and
weight status has been demonstrated. Some investigations
find that the overweight/obese group has a lower score for
dietary restraint than the lean group (Castellanos et al. 2009;
Kullmann et al. 2013) and that the dietary restraint score is
inversely related to BMI (Riou et al. 2011; Boschi et al. 2001;
Foster et al. 1998). The relationship between increased dietary
restraint scores and decreased BMI has also been reported in
obesity treatment studies (Laurenius et al. 2012; Foster et al.
1998). Some other studies have demonstrated that there is no
significant difference in dietary restraint among various body
mass index (BMI) groups (Provencher et al. 2003; Lindroos
et al. 1997) and that dietary restraint is not significantly cor-
related with BMI (Nicholas P Hays et al. 2002). However, two
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studies have found that obese adolescents score higher in di-
etary restraint than lean individuals (Maayan et al. 2011). and
dietary restraint is positively correlated with BMI (Fayet et al.
2012). A recent study further indicates an inverted U-shaped
relationship between dietary restraint and BMI, and implies
this relationship is also moderated by disinhibited eating
(Dietrich et al. 2014).

Findings about the relationship between disinhibition and
weight status as well as between hunger and weight status are
relatively consistent. A variety of studies have reported higher
ratings of self-reported disinhibition and hunger scores in
obese subjects than in lean individuals (Maayan et al. 2011;
Kullmann et al. 2013; Castellanos et al. 2009; Lindroos et al.
1997; Harden et al. 2009). Weight loss is associated with sig-
nificant decreases in disinhibition and hunger (Foster et al.
1998; Lemoine et al. 2007). Disinhibition can strongly predict
weight gain and current BMI (Nicholas P Hays et al. 2002).
and the mean hunger score has been shown to forecast weight
change per year (Nicholas P. Hays et al. 2006). Parental dis-
inhibition scores are positively correlated with the offspring’s
BMI (Gallant et al. 2013).

In addition, a few neuroimaging publications have reported
that eating behavior traits measured with the TFEQ and
weight status are associated with common brain activations.
Activations of the IPL are negatively correlated with dietary
restraint and positively associated with BMI (Santel et al.
2006). The percentage of body fat and disinhibition scores
are positively correlated with regional cerebral blood flow in
the middle-dorsal insular region (DelParigi et al. 2005). In
addition, there is no association between disinhibition and
OFC volume for obese individuals, whereas there is a strong
association for the lean group (Maayan et al. 2011). These
studies extend the link between eating behavior and weight
status from the perspective of neuroimaging and are ultimately
helpful in understanding the neural mechanisms of obesity.
Currently, the relationships between weight status and the in-
trinsic brain subsystems associated to eating behavior traits
have not been fully investigated. The second objective of the
current study is therefore to investigate the connection be-
tween weight status and regional activations of the intrinsic
brain subsystem relating to each eating behavior traits, and the
link of weight status and the interregional functional connec-
tivity of the intrinsic brain subsystem.

In the current study, we first calculated the amplitude of
low frequency fluctuations (ALFF) for each individual, and
built group-level regression models to explore brain activa-
tions related to dietary restraint, disinhibition, and hunger.
The influences of age, gender, and handedness were regressed
out. The ALFF values of all voxels in an activated region were
averaged to get the mean ALFF value of the region. Then,
Pearson correlations on the mean ALFF value of each region
and BMI were conducted. Ultimately, the functional connec-
tivity of the paired brain regions relating to each TFEQ score
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was examined. A Pearson correlation analysis was performed
to investigate the association between functional connectivity
and BML.

Methods
Participants and data acquisition

A total of 99 healthy adults with the TFEQ test were included
in the present analysis (female: 37, male: 62; range: 20-57,
age, mean £ SE: 35.1 + 1.14 years). The data were
downloaded from the International Neuroimaging Data-
sharing Initiative (INDI) online database NKI/Rockland
Sample (http://fcon 1000.projects.nitrc.org/indi/pro/
nki.html)provided by the Nathan Kline Institute (Nooner
et al. 2012). The data consisted of 2 lean subjects
(BMI < 18), 43 normal weight subjects (18 < BMI < 25), 26
overweight subjects (25 < BMI < 30) and 28 obese subjects
(BMI > 30). Participants were asked to fast prior to the MRI
scan, which began at 9:00 am local time and lasted one hour.
Then, TFEQ measurement started at 10:45 am.

Structural MRI scans were acquired with a Siemens
MAGNETOM Tim Trio 3.0 T Scanner (TR 2500 ms; TE
3.5 ms; TI 1200 ms; FOV:256 x 256; slice thickness 1 mm;
Flip angle 8°; matrix size 256 x 256; 200 Transverse slices).
Functional MRI images were scanned with a gradient
echo echo-planar sequence (TR = 2500 ms; TE = 35 ms; flip
angle =80°; FOV: 256 x 256; in-plane resolution =3 x 3 mm?>,
slice thickness 3 mm). Demographic information and scan
details are available at http://fcon_1000.projects.nitrc.org/
indi/pro/nki.html. Written informed consent was obtained
from all participants and the NKI institutional review board
approved all procedures for collection and sharing of data
(Nooner et al. 2012).

Functional image preprocessing

Before processing, the first five functional scans were
discarded. Data were analyzed by using a DPARSF toolbox
(Chao-Gan and Yu-Feng 2010). Preprocessing included slice
timing, realignment, detrending, and a temporal band-pass
filter (0.01-0.08 Hz). A multiple regression was performed
to remove nuisance signals from the BOLD data. Nuisance
variables included the mean whole brain signal of whole brain
voxels, mean ventricular signal, mean white matter signal
from white matter regions of interest, and six head realign-
ment parameters and their derivatives. Images were normal-
ized to the MNI template with a 2 x 2 x 2 mm?® voxel size and
smoothed with a Gaussian kernel of 4-mm?® full width at half
maximum. Then, the amplitude of low frequency fluctuations
(ALFF) was calculated for each subject (http://restfmri.net/
forum/index.php). ALFF was defined as the total power
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within the frequency range between 0.01 and 0.08 Hz, which
represented the strength or intensity of low frequency
oscillations (Yu-Feng et al. 2007). After activated brain map-
pings were obtained, the Pearson correlations of the mean
ALFF value of each region and BMI were calculated.
Functional connectivity was calculated between each pair of
activated brain mappings. The mean time series was calculat-
ed for each activated brain area, and Pearson correlation coef-
ficients were calculated for each pair of activated brain re-
gions. Then, group level Pearson correlations were conducted
on BMI and functional connectivity of each pair of activated
brain areas. It should be noted that we did not explore all brain
circuits related to BMI with our functional connectivity anal-
ysis in pre-determined region pairs. As the current study
aimed to examine the link of body weight status with the
functional connectivity of brain areas associated with dietary
restraint, disinhibition, and hunger, our analyses are appropri-
ate to fulfil the aim, but excluded some brain circuits previ-
ously shown to be correlated with BMI.

Statistical analysis

One-way ANOVAs were performed on the scores of dietary
restraint, disinhibition, and hunger. Subjects were divided into
three groups (two lean subjects were excluded): normal
weight (18 < BMI < 25), overweight (25 < BMI < 30), and
obese (BMI > 30). Three group-level multiple linear regres-
sions of ALFF mappings and scores of each TFEQ factor were
conducted respectively. In the model, the score of each TFEQ
factor had a variable of interest, and age, gender, and handed-
ness were entered as covariates. The resulting statistical maps
with a significance level of P < 0.001 and continuous cluster
size >30 voxels (Goldstone et al. 2009; Frank et al. 2012) were
identified as activations.

Results
Demographics

In the current study, the mean score of dietary restraint was:
6.86 (SE = 0.44) (Table 1). Dietary restraint scores of the three
groups were (mean + SE): 6.58 + 0.68 (normal weight),
7.46 + 0.64 (overweight) and 6.71 + 0.96 (obese). Mean dis-
inhibition score was 4.11 (SE = 0.33). Disinhibition scores of
the three groups were (mean + SE): 4.02 + 0.51 (normal
weight), 4.04 + 0.61 (overweight) and 4.32 + 0.61 (obese).
Mean hunger score was 4.52 (SE = 0.32). Hunger scores of the
three groups were (mean + SE): 3.49 + 0.42 (normal weight),
4.96 + 0.67 (overweight) and 5.68 + 0.34 (obese). The one-
way ANOVA detected a significant group effect in the hunger
scores (F(2, 96) = 4.394, p = 0.015) due to a significantly
lower hunger score for the normal weight group than that of

the obese group (p = 0.005). No significant group effect was
found for the scores of dietary restraint (ps. > 0.420) and
disinhibition respectively (ps. > 0.707). Mean BMI was
27.18 (SE = 0.58). BMIs of the three groups were:
22.21 £ 0.27 (normal weight), 27.75 + 0.28 (overweight)
and 34.28 +0.75 (obese) (Table 1). Association analysis found
no significant correlation between dietary restraint score and
BMI (»=0.01, p = 0.95), as well as the disinhibition score and
BMI (r = —0.01, p = 0.89). Meanwhile, the hunger score and
BMI were significantly correlated (» = 0.22, p = 0.03).

Intrinsic brain activation related to dietary restraint,
disinhibition, and hunger

The results of the regression analysis are shown in Table 2.
The dietary restraint score was positively correlated with
ALFF in the right middle temporal gyrus and middle occipital
gyrus (rMTGD), left anterior cingulate (rACC), left middle
temporal gyrus (IMTG), left rectal gyrus, left medial frontal
gyrus (IMedFG), right fusiform gyrus (rFFG), right lentiform
nucleus and hypothalamus (rHPT), left inferior temporal gy-
rus (ITG), right middle temporal gyrus (tMTGa), right inferior
temporal gyrus, and left Cerebellar Tonsil (ICERT)(Fig. 1).

The disinhibition score was positively correlated with
ALFF in several brain regions within the frontal cortex, cin-
gulate, and cerebellum, including the left middle frontal gyrus,
precentral gyrus, and cingulate gyrus (IMidFG), left
postcentral gyrus and precentral gyrus (IPoCG), right anterior
cingulate gyrus (rACC), left cingulate gyrus (ICG), right me-
dial frontal gyrus (rMedFG), right declive and culmen
(rCULM). (Fig. 2).

The hunger score was positively correlated with ALFF ofa
number of brain regions in the frontal, limbic, temporal corti-
ces, and cerebellum, including the left fusiform gyrus, sub-
gyral and middle temporal gyrus (IFFG), left medial frontal
gyrus and cingulate gyrus (ICG), right thalamus (rTHAL), left
caudate (ICAUD), right culmen, declive and right dentate
(rCULM), left middle frontal gyrus (IMidFG), right superior
frontal gyrus (rfSFG), left inferior frontal gyrus (IIFG), left
postcentral gyrus (IPoCG), left dentate and declive (IDEC)
Fig. 3.

Relationship between weight status and intrinsic brain
activations relating to dietary restraint, disinhibition
and hunger

Among the brain regions related to dietary restraint, BMI was
positively associated with the ALFF of the IITG (r = 0.28,
p = 0.005), the tIMTGDb (r = 0.28, p = 0.006) and the IACC
(r = 0.20, p = 0.042) respectively. Among the brain regions
associated with disinhibition, the BMI was positively associ-
ated with the ALFF of the IPoCG (r = 0.21, p = 0.036).
Among the brain regions being linked to hunger, the BMI
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Table 1 Demographic and Mean Three Factor Eating Questionnaire scores
Group Normal weight Overweight Obesity Total

Mean + SE Range Mean + SE Range Mean + SE Range Mean + SD
Age 30.63 + 1.52 20-54 38.77+£2.21 20-57 39.46 +2.08 21-55 3536 + 1.15
Gender(F/M) 18/25 - 917 - 9/19 - 36/63
Handedness(R/L) 36/5° - 22/3° - 24/4 - 82/12
BMI 22.21 £0.27 18.90-24.82 27.75 £ 0.28 25.09-29.98 34.28 +£0.75 30.07-43.40 27.18 +0.58
Dietary restraint 6.58 = 0.68 0-18 7.46 + 0.64 2-14 6.71 £ 0.96 0-20 6.86 = 0.44
Disinhibition 4.02 +£0.51 0-13 4.04 +0.61 0-10 432 +0.61 0-11 4.11 £0.33
Hunger 3.49 +0.44 0-13 4.96 + 0.67 1-12 5.68 = 0.63 2-14 452 +0.33

*Two subjects were ambidextrous

® One subject was unknown

was positively associated with the ALFF of the IPoCG
(r = 0.25, p = 0.014) and the IDEC (r = 0.21, p = 0.036).
The BMI was marginally associated and the ALFF of the
rTHAL (r = 0.19, p = 0.055).

Relationship between weight status and intrinsic
functional connectivity

Within the brain subsystem related to dietary restraint, BMI
was negatively correlated with the FC of IMTG and 1CERT, as
well as the FC of lITG and IMTG. On the other hand, BMI
was positively correlated with the FC of the paired brain re-
gions: rFFG and 1ITG, as well as rFFG and IMTG (Table 3).

Within the brain subsystem involved in disinhibition, BMI
was negatively correlated with FC of 1CG and rCULM.
BMI was positively correlated with FC of the IMidFG
and rACC (Table 3).

Within the brain networks related to hunger, our data
showed negative correlations between BMI and the FC of
paired brain regions: IMedFG and IDEC, IMidFG and IDEC,
IPoCG and IDEC, 1IPoCG and rCULM, IMedFG and rCULM,
IMidFG and rTHAL, and rSFG and rTHAL (Table 3).

Discussion

The current study investigated the intrinsic brain subsystem
related to dietary restraint, disinhibition (of control), and (sus-
ceptibility to) hunger. Our results demonstrated positive asso-
ciations between dietary restraint and baseline activation of
the frontal and temporal regions (i.e., food reward encoding)
and the limbic regions (i.e., homeostatic control, including the
hypothalamus). Disinhibition was positively associated with
brain activation in the frontal motivational system (i.e., OFC)
and premotor cortex. Hunger was positively related to the
prefrontal, temporal, and limbic and cerebellum regions.
Within the brain regions related to dietary restraint, weight
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status was negatively correlated with FC of the regions in
the anterior temporal gyrus and was positively associated with
the FC of regions in the anterior temporal gyrus and fusiform
visual cortex. Meanwhile, Weight status was positively asso-
ciated with the FC within regions in the prefrontal motor cor-
tex and the right ACC serving inhibition, and was negatively
related to the FC of regions in the frontal cortical-basal gan-
glia-thalamic circuits responding to hunger control. Our data
depicted an association between eating behavior traits and
intrinsic brain activation, and presented the links between their
activations and FCs with weight status.

Eating behavior results

Collectively, the mean TFEQ scores in the current sample
were close to those in previous studies (DelParigi et al.
2005; Cornier et al. 2007; J. M. Born et al. 2010;
Provencher et al. 2003). 19 participants had a high dietary
restraint trait (dietary restraint score > = 11), 19 participants
presented a high disinhibition trait (disinhibition score > = 8),
and 22 participants showed a high hunger trait (disinhibition
score > = 7). In addition, the mean dietary restraint score was
lower than that in anorexia patients, and the mean disinhibi-
tion score was a bit higher than that in anorexia patients
(Santel et al. 2006). With regard to TFEQ scores in each
group, the overweight group exhibited numerically larger di-
etary restraint scores than the normal weight and obese
groups. Dietary restraint was defined as a tendency to con-
sciously restrict energy intake and types of foods eaten with
concerns about body shape and weight gain (Stunkard and
Messick 1985). Our data were consistent with the findings
that the obese subjects might attempt to curb the intake of
high-calorie foods because they were aware of the weight gain
effect (Nicholas P Hays et al. 2002; Drapeau et al. 2003;
Lindroos et al. 1997). It also indicated that the overweight
group could be more sensitive to body shape and weight gain
(Stunkard and Messick 1985). Obese individuals presented
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Table 2 Brain regions with baseline activity significantly correlated with eating behaviors (P < 0.001, cluster size >20 voxels)

Region BA Voxel z MNI

X Y z

Brain regions positively related with dietary restraint

Middle Temporal Gyrus BA 39 58 4.5 58 —62 12
Middle Occipital Gyrus BA 37 3.39 56 =72 8
Middle Temporal Gyrus BA 19 331 56 —62 20
Anterior Cingulate BA 25 45 4.38 -2 6 -12
Middle Temporal Gyrus BA 21 30 4.13 =50 0 -32
Medial Frontal Gyrus BA 11 73 4.12 -6 20 —28
Medial Frontal Gyrus BA 25 4.02 -2 12 —28
Fusiform Gyrus BA 37 43 4.09 58 —58 —-18
Fusiform Gyrus BA 37 4.05 50 —62 —20
Lentiform Nucleus Medial Globus Pallidus 33 4.07 18 0 —-16
Hypothalamus * 3.5 10 —4 —-18
Inferior Temporal Gyrus BA 20 34 4.04 =54 —24 —28
Middle Temporal Gyrus BA 20 53 3.79 62 —42 —-18
Inferior Temporal Gyrus BA 20 3.29 58 -32 —-18
Cerebellar Tonsil * 54 3.56 —34 —62 -38
Brain regions positively related with disinhibition
Middle Frontal Gyrus BA 6 111 491 -26 -2 46
Precentral Gyrus BA 6 3.28 -32 -4 58
Cingulate Gyrus BA 24 3.26 -16 4 46
Postcentral Gyrus BA3 129 4.73 -10 -28 78
Precentral Gyrus BA 4 4.66 -14 —20 78
Postcentral Gyrus BA3 4.06 —20 —26 78
Anterior Cingulate BA 32 68 4.63 2 38 —4
Anterior Cingulate BA 32 332 4 50 —-12
Cingulate Gyrus BA 24 39 4.44 -8 0 48
Medial Frontal Gyrus BA 47 37 3.89 14 22 -28
Medial Frontal Gyrus BA 47 3.77 14 34 —26
Declive * 35 37 16 =72 -16
Culmen * 3.58 14 —64 =22
Brain regions positively related with hunger

Fusiform Gyrus BA 20 78 4.71 —42 -2 -26
Sub-Gyral BA 20 4.24 —46 -8 -20
Middle Temporal Gyrus BA 21 3.69 =54 0 -26
Medial Frontal Gyrus BA 32 32 4.63 -12 16 44
Cingulate Gyrus BA 32 3.78 -20 10 32
Thalamus * 42 4.56 14 -12 16
Thalamus Pulvinar 3.83 18 —24 12
Caudate Caudate Body 62 4.32 0 10 14
Caudate Caudate Body 4.25 —4 8 6
Culmen * 133 43 14 —64 —22
Declive * 421 28 —60 -18
Dentate * 3.68 20 —58 -28
Middle Frontal Gyrus BA 6 62 4.08 -22 -6 44
Middle Frontal Gyrus BA 6 324 -32 —4 50
Superior Frontal Gyrus BA 6 55 4.05 20 8 68
Superior Frontal Gyrus BA 6 3.58 28 8 66
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Table 2 (continued)

Region BA Voxel Z MNI
X Y Z
Inferior Frontal Gyrus BA 9/44 45 3.69 —48 6 30
Inferior Frontal Gyrus BA 44 3.67 —44 10 22
Inferior Frontal Gyrus BA 44 3.56 -52 12 26
Postcentral Gyrus BA3 34 3.61 —20 —24 76
Dentate * 45 3.58 -18 —60 -26
Declive * 322 -8 —64 -16

BA Brodmann area

higher hunger scores than the normal groups. It was in line
with the previous studies that obese individuals had more
behavioral susceptibility in the perception of body symptoms
for food intake compared with the normal weight subjects. As
for disinhibition score, there was little variation among the
three groups, as we discussed in the section on limitations.

Neuroimaging results

In the current study, dietary restraint was associated with base-
line activations of the frontal and temporal regions (i.e., food
reward encoding) and the limbic regions (i.e., homeostatic con-
trol, including the hypothalamus). We discovered that dietary
restraint was related to activation in the ACC. The ACC is
associated with reward-related attentional control, decision-
making, and motivation monitoring (Bush et al. 2002; Tang
etal. 2012; Ashley N. Gearhardt et al. 2013). The ACC is also
believed to be involved in cognitive control and reward expec-
tation during food intake (Hon et al. 2006; Hinkle et al. 2013).

Fig. 1 Brain regions with
baseline activity significantly
correlated with dietary restraint
(P < 0.001, cluster size >30
voxels). Abbreviation: rMTGa
and rMTGb, right middle
temporal gyrus; IACC, left
anterior cingulate cortex; IMTG,
left middle temporal gyrus;
IMedFQG, left medial frontal
gyrus; rFFG, right fusiform gyrus;
rHPT, right hypothalamus; lITG,
left inferior temporal gyrus;
ICERT, left cerebellar tonsil
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Obese individuals have been found to have less activation in the
ACC than normal-weight participants (Tang et al. 2012; Hare
et al. 2009). Positive correlations between dietary restraint and
baseline activation in the ACC indicate that enough food re-
ward encoding is important for dietary restraint, consistent with
reward-deficiency theory (Jurriaan M Born et al. 2011;
Fineberg et al. 2009). Dietary restraint was associated with
activation in the right hypothalamus and left OFC, both impor-
tant parts for appetite regulation (Blundell et al. 2012; De Silva
et al. 2012; Piech et al. 2009; Scharmiiller et al. 2012). The
hypothalamus has been found to act as a central gateway mod-
ulating homeostatic drives to eat (De Silva et al. 2012). Its
lateral parts are believed to respond to hunger, thirst, and emo-
tions, and the medial parts are indicated to eliminate the feeling
of hunger (De Silva et al. 2012; Scharmiiller et al. 2012). Both
of them serve as a counterbalance for one another. In the current
study, the voxel coordinate with maximum significance was
close to the medial hypothalamus, indicating that strong dietary
restraint was also related to basic limbic regions involved with
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Fig. 2 Brain regions with
baseline activity significantly
correlated with disinhibition

(P < 0.001, cluster size >30
voxels). Abbreviation: IMidFG,
left middle frontal gyrus; IPoCG,
left postcentral gyrus; IPoCG,
left postcentral gyrus; ICG, left
cingulate gyrus; IMedFG, left
medial frontal gyrus; rCULM,
right culmen

homeostatic balance. However, due to limited spatial resolution
of the data, we could not differentiate hypothalamic sub-
regions; these results should be checked with higher spatial
resolution fMRI data. In the current study, activations of the
left orbitofrontal gyrus lie in its medial part. This area has been
found to respond to low-calorie foods but not to high-calorie
foods, and to be involved in food evaluation with the aim of
energy balance (W. D. Killgore and Yurgelun-Todd 2006). The
positive coupling of dietary restraint with the ALFF of the
orbitofrontal gyrus may indicate that people with stronger die-
tary restraint are more concerned about the homeostatic aspect
of food. These above results may indicate that dietary restraint

Fig. 3 Brain regions with
baseline activity significantly
correlated with Hunger

(P < 0.001, cluster size >30
voxels). Abbreviation: IFFG,

left fusiform gyrus; IMedFG,

left medial frontal gyrus; rTHAL,
right thalamus; ICAUD, left
caudate; rCULM, right culmen;
IMidFG, left middle frontal gyrus;
rSFG, right superior frontal gyrus;
1IFG, left inferior frontal gyrus;
IPoCG, left postcentral gyrus;
IDENT, left dentate

is significantly related to frontal, limbic, and paralimbic cortices
for homeostatic balance and food reward.

Among the regions with intrinsic brain related to dietary
restraint, BMI was positively associated with the intrinsic ac-
tivation in IACC, 1ITG, and rMTG. In addition, we found that
BMI was negatively correlated with functional connectivity of
the IMTG and lITG. The middle temporal gyrus and inferior
temporal gyrus are mostly related to the objects’ semantic
representation and working memory retrieval. Temporal cor-
tices have been observed to respond greater in obesity groups
than in normal weight groups for food stimuli (Rothemund
et al. 2007; W. D. S. Killgore et al. 2003; Ashley N.
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Gearhardt et al. 2013; De Silva et al. 2012; Cornier et al.
2007). and for food commercials versus non-food commer-
cials (Ashley N. Gearhardt et al. 2013). A tight connectivity
between rMTG and IITG indicates a powerful semantic re-
trieval brain network for food, thus contributing to the preven-
tion of weight gain.

Disinhibition is defined as a tendency to overeat in the
presence of palatable foods or other stimuli such as boredom
or sadness (Stunkard and Messick 1985). The current study
found that disinhibition was positively associated with intrin-
sic activation of rMedFG. The rtMedFG lies in the lateral part
of the orbitofrontal cortex, and was associated with visual,
taste, olfactory, and somatosensory information and then en-
codes this with the reward of food (Edmund T. Rolls 2004;
Siep et al. 2009; Volkow and Fowler 2000; De Silva et al.
2012). The lateral OFC is involved in food motivation, reward
sensitivity, and impulsivity (Beaver et al. 2006). The positive
correlation of the activities of the lateral OFC and disinhibi-
tion to eating is consistent with the idea that hyper-activation
of the motivation system contributed to food anticipation and
intake (De Silva et al. 2012).

We discovered that BMI was negatively associated with
functional connectivity between the cingulate cortex and the
right declive and culmen. The cingulate gyrus (BAs 24 and
32) is anatomically connected with the autonomic nervous
system, including the hypothalamus, caudate, putamen, and
cerebellum (Matthews et al. 2004). and functionally contrib-
utes to the representation of food intake requirements (Weston
2012). The culmen is also anatomically connected with the
hypothalamus and is demonstrated to be related to food antic-
ipation (Allen et al. 2005). Participants also exhibit greater
neural responses in the right culmen to food commercials
compared to television shows (Ashley N. Gearhardt et al.
2013). The right culmen shows reduced activation in response
to high-calorie relative to low-calorie food cues after a Roux-
en-Y gastric bypass operation (Ochner et al. 2012). On the
other hand, individuals who display less activation in the
culmen for a difficult delay-discounting task gain more weight
than those who display greater activation (Kishinevsky et al.
2012). A strong functional connectivity between the cingulate
gyrus and culmen may indicate more sensitivity to homeosta-
sis balance, which is beneficial to controlling weight.

Hunger refers to the susceptibility to perceive body symp-
toms that signal the need for food (Stunkard and Messick
1985). In the current study, the hunger score was associated
with regions in the frontal cortical-basal ganglia-thalamic cir-
cuits. These results are consistent with Tataranni’s findings
that hunger is associated with increased regional cerebral
blood flow in the ACC, thalamus, caudate, dentate, and cere-
bellum (Tataranni et al. 1999). The ACC is involved in
homeostasis-related behaviors, such as thirst and hunger
(Fuhrer et al. 2008). It has a greater response during hunger
than satiety states (Hinton et al. 2004; Weston 2012). The

thalamus has been demonstrated to be a hub of sensory infor-
mation during food intake (Edmund T Rolls 2005). Visual
information and taste of food, somatosensory, gustatory, and
visceroceptive information pass through the thalamus to the
orbitofrontal cortex (Berthoud and Morrison 2008).
Augmented thalamus activity has been suggested to lead to
an increase in food-seeking behavior, which may in turn cause
over-consumption (Kelley et al. 2005). The caudate is more
related to promoting habitual learning and the direct consum-
matory response to rewards (Kenny 2011). All of these re-
gions are widely believed to play an important role in the
processing of nutrition-related stimuli, and also tend to be
affected by weight status and food energy (Kelley et al.
2005). The left IFG is a key region for selecting information
among competing sources and generating action meanings,
which is involved in motor planning (Swick et al. 2008;
Molnar-Szakacs et al. 2005). The left IFG, together with the
premotor cortices, form the motor planning and controlling
system of eating. In summary, these results show that the
sensation of hunger is not only related to the cortices for ho-
meostasis maintenance, but is also associated with frontal and
temporal regions for food encoding. BMI was negatively re-
lated to the functional connectivity of several frontal cortices
and limbic regions and the cerebellum. It has been demonstrat-
ed that dopamine signals from the nuclear accumbens pass
through the dorsal pallidum and ventral pallidum, and then
reach the dorsal and ventral thalamus, and finally motivate
sensorimotor and premotor cortex to execute food intake
(Berthoud and Morrison 2008). Thus, the right thalamus and
prefrontal motor cortex make up a key circuit for motor plan-
ning. A strong functional synchronization of them may have
the benefit of improving motor planning of food intake. On
the other hand, the culmen and declive have been implicated
as involving in motor function, and there is also a body of
research considering them as playing a key role in food intake
and energy homeostasis (Ashley N Gearhardt et al. 2014,
Kishinevsky et al. 2012). Increased BMI was linearly associ-
ated with higher bilateral activation in the declive (Tomasi
et al. 2009). Compared to healthy controls, there is less acti-
vation of the left culmen and the left declive in the group with
metabolic syndrome, indicating an autonomic function of the
left culmen and declive (Green et al. 2015). The strong func-
tional connectivity between the frontal and premotor regions,
the premotor regions and the thalamus, and the premotor re-
gions and the left culmen and declive may indicate a powerful
ability of motor planning during food intake, which in turn has
a benefit for maintaining weight. These findings are in line
with the reward-deficiency theory.

Limitations

The current study has a number of limitations that need to be
acknowledged. First, the dietary restraint, disinhibition, and
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hunger scores were measured with a self-report questionnaire,
the responses to which may vary from person to person. In
addition, the resting-state fMRI is also low in signal-contrast
ratio. Although there are a number of studies that have dem-
onstrated that phenotypic differences are associated with var-
iability in the intrinsic functional architecture of the brain
(Vaidya and Gordon 2013). it should be noted that there is
considerable variability that may limit the statistical power
of the regression model. Thus, it is difficult to fully explore
the intrinsic functional subsystem associated with dietary re-
straint, disinhibition, and hunger scores in small number of
subjects. We therefore selected a comparably loose threshold
on cluster size to acquire the final brain activation mappings
according to previous studies (Goldstone et al. 2009; Frank
et al. 2012). Further studies should employ a larger number of
participants to effectively explore the brain activations that are
associated with eating behavior and weight status. Second,
there is limited variation among the three groups in disinhibi-
tion scores, which may limit the statistical power of the regres-
sion model. Brain activation associated with disinhibition
should be examined in a more extensive range of subjects.

Conclusion

In the current study, we found that dietary restraint, disinhibi-
tion, and hunger were related with distributed intrinsic sub-
systems in frontal, temporal and limbic cortices for homeosta-
sis balance and reward encoding of food. The functional con-
nectivity analysis on these intrinsic brain subsystems further
indicates that BMI was also related to the regional functional
synchronization. Compared to the single use of regional fre-
quency analysis and whole brain functional connectivity anal-
ysis (seed-based connectivity and independent component
analysis), our findings demonstrate the association between
eating behaviors and weight status in multi-dimensional neu-
ral activations.
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