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ABSTRACT
BACKGROUND: This study aimed to investigate the dynamic interactions among three neural systems that are
implicated in substance and behavioral addictions in response to food cues in young adults. These include an
impulsive system involving the striatum, a reflective system involving the prefrontal cortex, and a homeostasis
sensing system involving the insular cortex.
METHODS: College students (N = 45) with various levels of body mass index were recruited. Functional magnetic
resonance imaging data were acquired while participants performed food-related Go/NoGo tasks, with low-calorie
and high-calorie food cues. Participants were scanned under both food satiety and deprivation conditions.
Dynamic causal modeling was applied to the data to examine the causal architecture of coupled or distributed
dynamics among the aforementioned systems.
RESULTS: Participants showed difficulty inhibiting responses to high-calorie foods as suggested by higher false
alarm rate and decision bias for low-calorie food Go task. This difficulty was enhanced during the food deprivation
condition. Deprivation increased neural activity of both the insula and the striatum bilaterally in response to high-
calorie foods during Go trials and anterior cingulate cortex and dorsolateral prefrontal cortex activity during NoGo
trials. Dynamic causal modeling analysis revealed that food deprivation modulated the communications between
the insula, striatum, and dorsolateral prefrontal cortex, and the modulations were positively associated with body
mass index.
CONCLUSIONS: The results support tripartite views of decision making. Deprivation states, such as hunger, trigger
insular activity, which modulates the balance between impulsive and reflective systems when facing tempting food
cues.
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Food is very important for human survival. Nevertheless,
overconsumption of food can lead to overweight and obesity,
which have become a key global public health concern (1–3)
because they are associated with increased risk for cardio-
vascular and metabolic diseases as well as several types of
cancer in adults (4). Research on excess weight gain has been
dominated by a focus on underlying metabolic mechanisms
(5). The question of why people decide to eat unhealthy foods
that drive excess weight gain in the first place, that is, viewing
excess weight gain as partially associated with food choice
decisions, is relatively newer and has been relatively under-
studied. Taking this perspective, several studies have sug-
gested that the difficulty to resist unhealthy foods is subserved
by alterations in neural systems implicated in impaired decision
making and behavioral addictions (6–11). The studies suggest
that an individual who persistently chooses to eat high-calorie
foods, despite the risk of potential long-term negative conse-
quences of excess weight, may be similar to someone who is
addicted to other substances or behaviors in terms of
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underlying brain mechanisms; they are simply drawn to im-
mediate food rewards, while ignoring long-term adverse con-
sequences (6).

Adapting this behavioral addiction view, we contend that
the loss of willpower to resist the temptation of high-calorie
food and the development of eating habits that lead to
excess weight may be explained in part in terms of abnormal
activity in any one or a combination of three key neural sys-
tems that underlie addiction development and maintenance
(12). These include 1) an impulsive system involving the
striatum that drives reward seeking, 2) a reflective system
involving the prefrontal cortex (PFC) that exerts self-control,
and 3) an interoceptive awareness/homeostasis sensing
system involving the insular cortex (i.e., the insula) that
responds to deprivation states (e.g., hunger) and conse-
quently alters the dynamics of the impulsive and reflective
systems. It does so by intensifying impulsive system activity
and reducing reflective system activity. Specifically, in-
dividuals with addictive disorders often have a hyperactive
c. All rights reserved.
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impulsive system that promotes automatic, habitual reward-
seeking behaviors (3,13–16) and show higher levels of
impulsivity (17–20). They also can have a hypoactive reflective
system, which hinders their impulse control capacities and
the ability to resist stimuli that are rewarding in the short term
but lead to negative consequences in the long term (3,12–14).
They show loss of cognitive control over addiction cues, and
this may be modulated by reduced striatal dopamine D2

receptor (21,22). The insular cortex system is very sensitive to
the sense of body (17,23–26). In addictive disorders, it
translates homeostatic and interoceptive signals triggered by
states of deprivation, or by exposure to reward cues (e.g.,
high-calorie food cues), into craving and what may become
subjectively experienced as an urge to generate the reward
via the behavior that produces it (e.g., eat the food) (27).
Consistent with this perspective, a rising number of studies
suggest that these same brain regions that have been impli-
cated in substance and behavioral addiction research have
altered responses to food cues in overweight and obese in-
dividuals (6–11).

The present study aimed to investigate the neural dy-
namics among these three neural systems in response to
food cues in young adults. To do so, participants were
scanned twice: 1) under a food satiation condition and 2)
under a food deprivation condition. We used a food-related
Go/NoGo task with low-calorie and high-calorie food cues
and then applied a dynamic causal modeling (DCM) analysis
to the data (28) to examine the causal architecture of coupled
or distributed dynamics of central brain regions of the
impulsive, reflective, and interoceptive brain systems.
Consistent with theoretical dynamics portrayed in neural
models of addictive behaviors (12) and the view that excess
weight may be associated in part with deficits in systems that
govern decision making (3), we tested the hypotheses that 1)
food deprivation states engage the insula, which, in turn, 2)
Nutrition Data System for Research; SCID, Structured Clinical Interview for D
Scale of Intelligence.
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exacerbates the activity of the impulsive system and 3)
weakens activity of the control function of the reflective
system. Consistent with the view of excess weight as stem-
ming in part from decision-making deficits (3), we also ex-
pected that these effects would be positively associated with
body mass index (BMI).

METHODS AND MATERIALS

Participants

We recruited 45 volunteers (28 women; mean age 20 6 1.1
years; age range, 18–22 years) from the University of Southern
California. Participants with neurologic or psychiatric disorders
were excluded (see Supplement for details). All participants
gave informed consent to the study procedures, which were
approved by the University of Southern California Institutional
Review Board.

Procedures

Participants were asked to come to the laboratory for three
sessions (Figure 1A). During the first visit, participants were
asked to complete and sign the consent form and complete
the screening interview and behavioral tasks. Participants were
then scheduled to return for two functional magnetic reso-
nance imaging (fMRI) scans on two different dates: one in a
food satiated (full) condition and another in a food deprived
(hunger) condition. Right before each fMRI session, their height
and weight were measured, and a 24-hour dietary recall was
conducted with the Nutrition Data System for Research
(NDSR). During each session, participants completed two
versions of the food-specific Go/NoGo task (8 minutes each)
and one structural scan for registration purposes; these lasted
about 35 minutes.

Under the satiation condition, participants were asked to eat
normally and to have their usual meal right before they arrived
Figure 1. Design of the study. (A) Schematic of
the procedure. Participants were asked to visit
the laboratory for three sessions: one behavioral
session, and two functional magnetic resonance
imaging (fMRI) sessions (one under satiated/full
condition, the other under deprived/hunger con-
dition). The order of the two fMRI sessions was
counterbalanced across participants. Participants
who were scanned under the satiated/full condi-
tion were asked to eat normally and to have their
usual meal before they arrived for the fMRI ses-
sion. For the food deprived/hunger condition,
participants were asked refrain from eating from 8
PM the day before the scan. (B) Illustration of the
event-related food-specific Go/NoGo tasks: low-
calorie food Go/high-calorie food NoGo (LGo)
task and high-calorie food Go/low-calorie food
NoGo (HGo) task. Participants were asked to
press a button as soon as possible to the Go
trials (vegetable pictures in LGo task and snack
pictures in HGo task) and withhold the response
to the NoGo trials (snack pictures in LGo task
and vegetable pictures in HGo task). The order of
tasks was counterbalanced across subjects. BMI,
body mass index; ITI, intertrial interval; NDSR,

SM-IV; SOPT, self-ordered pointing task; WASI, Wechsler Abbreviated
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for the fMRI session. They were asked to eat a variety of
snacks (such as crackers and chocolate) provided to them until
they felt full at the laboratory. For the food deprivation condi-
tion, participants were asked to refrain from eating starting at 8
PM on the day before the scan. All scans were scheduled in
the morning between 10 AM and 11 AM to avoid variation of
scanning time and potential development of hunger. For
manipulation-check purposes, participants were asked to rate
their hunger levels on a scale of 1 (not hungry at all) to 10 (very
hungry) right before the scan. The satiation and deprivation
sessions were counterbalanced across participants, and they
were separated by more than 30 days (on average 41.2 6 7.3
days; range, 33–52 days) to avoid practice effects. The time
between the scans did not correlate with either session or BMI
(both p . .05).

Measures

Neuropsychological Assessment. Participants were
asked to complete two behavioral tasks (Table 1). The
Wechsler Abbreviated Scale of Intelligence (29) was used as an
estimate for IQ, and the self-ordered pointing task (30) was
used as an index of working memory and executive function.

Dietary Intake. A single, in-person 24-hour dietary recall
was conducted by trained research staff using a multipass
method facilitated by the NDSR (31,32). Details of the NDSR
procedure can be found in the Supplement. The software
calculated low-calorie and high-calorie food consumption
(servings per day), which served as the dietary intake index in
the present study.

Food-Specific Go/NoGo Tasks

Using a different cohort of participants from He et al. (14),
participants performed two event-related food-specific Go/
NoGo tasks adapted from He et al. (14) in each scan: 1) a
low-calorie food Go/high-calorie food NoGo task and 2) high-
calorie food Go/low-calorie food NoGo task. The only differ-
ence from He et al. (14) is that in the current study, participants
were scanned twice, several weeks apart. A detailed descrip-
tion of these tasks is presented in the Supplement. Figure 1B
shows a sample of food pictures.

The hit rate, false alarm rate, sensitivity index, and decision
bias were calculated for each task following prior research with
the same paradigm (14,33). The mean reaction time for Go
trials and NoGo trials (false alarm trials only) for each task was
also calculated. The reaction time for Go trials served as an
index for automatic responding to the stimuli, with longer re-
action times indicating less habitual responses; decision bias
Table 1. Descriptive Statistics in the Two Sessions

Satiation Session

BMI 22.9 6 3.5 (19.1–33.7)

Hunger Rating 2.5 6 2.0 (1-5)

NDSR Low-Calorie Foods 2.7 6 1.7 (0.3–7.5)

NDSR High-Calorie Foods 1.9 6 1.5 (0.0–5.7)

Values are presented as mean 6 SD (range).
BMI, body mass index; NDSR, Nutrition Data System for Research.
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served as an index of response inhibition, with higher values
indicating better inhibitory control.

fMRI Data Analysis

Participants finished two runs of Go/NoGo tasks in each
scanning session. Details of fMRI data acquisition and pre-
processing are presented in the Supplement. Univariate fMRI
data were modeled using a general linear model by convolving
the onsets of each condition with the canonical hemodynamic
response function. There were eight conditions in the first level
model, representing each cell in the 2 condition (satiated vs.
deprived) 3 2 task (Go vs. NoGo) 3 2 stimuli (low-calorie vs.
high-calorie food cues) within-subject factor design. Statistical
significance was defined as cluster-forming threshold at p ,

.001 and familywise error–corrected cluster threshold at p ,

.05. Behavior and brain data correlation was calculated using
robust correlation, and Bonferroni corrections were applied to
adjust for familywise error.

Stochastic DCM

DCM with DCM12 (revision 6906) was used for connectivity
analysis. DCM is described in detail elsewhere (28). In brief, it
develops a biophysical model of the underlying neuronal
connectivity and how the neuronal connectivity generates the
observed blood oxygen level–dependent signal. The DCM
analysis included three regressors: 1) habitual response man-
ifested in onsets of all Go trials, 2) reflective response man-
ifested in onsets of all NoGo trials, and 3) deprivation response
onsets of all trials under deprivation condition.

Regions of interest were regions that met all the following
criteria: 1) showed significant activation in the univariate
second-level analysis; 2) showed activation in previous fMRI
studies using Go/NoGo tasks (34,35); and 3) had a theoretical
reason to be activated as per the tripartite model of addictive
behaviors (12,27,36). Eight nodes (Supplemental Figure S1)
met these criteria and were consequently used in the DCM
analyses: 1) left insula, 2) right insula, 3) ventromedial PFC
(VMPFC), 4) anterior cingulate cortex (ACC), 5) left striatum, 6)
right striatum, 7) left dorsolateral PFC (DLPFC), and 8) right
DLPFC.

Volumes of interest (VOIs) were obtained by significant
activation clusters, which were determined by second-level
random effects univariate analysis. Cluster maxima locations
were used as VOI centers around which 6-mm spheres were
extracted as the VOI regions. The standard SPM procedure
was followed by using the principal eigenvariate of each VOI as
a summary of the functional activity time series in that VOI (37),
and each principal eigenvariate time series was adjusted for
Hunger Session t (df) p

22.8 6 3.0 (18.5–31.3) 0.46 (44) .65

6.6 6 1.9 (6-10) 22.86 (44) , .01

2.8 6 1.5 (0.3–5.4) 20.30 (44) .77

1.8 6 1.5 (0.0–6.0) 0.82 (44) .42
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the F-contrast of effects of interest (38). The same VOIs were
used across subjects.

DCM structure inference was conducted using DCM
network discovery (39). Before the DCM network discovery
analysis was conducted, a single full model was specified for
each subject. Group-level post hoc optimization was con-
ducted by selecting all inverted full models (one per subject).
The optimal sparse model was found at the group level by
using Bayesian parameter averaging. The correlation of
behavioral and DCM data was calculated using the robust
correlation.
RESULTS

Behavioral Results

The average IQ of our sample was normal (mean = 118.4, SD =
9.8, range = 103–136), and the executive function performance
was normal according to the self-ordered pointing
task (mean = 65.1, SD = 3.8, range = 56–70). Descriptive sta-
tistics regarding BMI, hunger rating, and food intake are pre-
sented in Table 1. Only hunger ratings significantly differed
between the two sessions; in support of intervention validity,
hungerdeprived . hungersatiated.

Food Go/NoGo task behavior measures were analyzed with
2 condition (satiated vs. deprived) 3 2 task (high-calorie food
Go/low-calorie food NoGo task vs. low-calorie food Go/high-
calorie food NoGo task) within-subject analysis of variance
(Supplemental Table S1). After Bonferroni correction, only two
main effects of task were significant: on 1) false alarm: F1,42 =
11.46, p = .002, partial h2 = .42, and on 2) decision bias: F1,42 =
9.89, p = .003, partial h2 = .45, suggesting that in the high-
calorie food Go/low-calorie food NoGo task, participants had
smaller false alarm rate and higher inhibition control (decision
bias) than in the low-calorie food Go/high-calorie food NoGo
task. We also found a significant main effect of task on reaction
time in Go trials (F1,42 = 4.89, p = .03, partial h2 = .23) and a
significant effect of condition on reaction time in NoGo trials
Table 2. Summary of Univariate fMRI Results

L/R Brain Region Voxels x

Main Effect of Condition (Hungry . Satiated)

R Insula 132 33

L Insula 124 239

Main Effect of Task (NoGo . Go)

R DLPFC 503 30

L/R ACC 254 6

L DLPFC 100 245

Interaction Between Task and Stimuli

L Putamen/striatum 107 230

R Putamen/striatum 103 33

Three-Way Interaction (Task 3 Stimuli 3 Condition)

L/R VMPFC 159 29

The voxel size in fMRI analysis is 2 mm 3 2 mm 3 2 mm = 8 mm3. The x,
voxel.

ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex;
Neurological Institute; R, right; VMPFC, ventromedial prefrontal cortex.
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(F1,42 = 5.24, p = .03, partial h2 = .32). However, these effects
were not sustained after multiple comparison correction.

fMRI Univariate Analysis

fMRI second-level random effects one-sample t test ana-
lyses revealed several statistically significant clusters for
main effects and interactions (Table 2 and Figure 2). They
suggested that 1) the left and right insula were significantly
activated in deprivation versus satiation conditions; 2) the
ACC, left DLPFC, and right DLPFC showed more activation
in NoGo trials compared with Go trials; 3) the left and right
striatum showed significant activation in interaction between
task and stimuli versus baseline; and 4) the VMPFC showed
significant activation in the three-way interaction versus
baseline.

The percent signal change of the significant clusters
showing interaction effects were extracted and plotted for
different groups (Figure 3). Further analysis showed that left
(Figure 3A) and right (Figure 3B) striatum were more highly
activated in Go trials of high-calorie food than in low-calorie
food trials (all t . 3.23, p , .001), but this difference was
not present in the NoGo trials (p . .05). The VMPFC
(Figure 3C) showed higher activity in low-calorie food Go trials
than in high-calorie food trials. It also showed higher activity in
high-calorie food NoGo trials than in low-calorie food trials.
This difference was present during the satiation condition
(both t . 3.58, p , .001) but not in the deprivation condition
(p . .05).

The extracted percent signal changes were also correlated
with BMI and NDSR scores. To reduce the number of multiple
comparisons, the left and right striatum, the ACC and right
DLPFC, and the left and right insula were linearly paired. The
two sessions of NDSR and BMI scores were also combined.
Results suggest that striatal activity when a person sees high-
calorie foods in the Go trials, under either satiation or depri-
vation condition, correlated positively with NDSR high-calorie
foods (satiation: r45 = .528, p , .001; deprivation: r45 = .623,
p , .001) and BMI (satiation: r45 = .453, p , .002; deprivation:
MNI

F py z

20 27 22.11 , .001

14 27 19.45 , .001

20 20 20.46 , .001

20 23 18.79 , .001

35 23 18.22 , .001

213 27 19.02 , .001

2 21 18.58 , .001

47 216 19.11 , .001

y, and z coordinates and the F and p values were reported on the peak

fMRI, functional magnetic resonance imaging; L, left; MNI, Montreal
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Figure 2. Univariate two-way functional magnetic resonance imaging analysis of variance results. (A) Left and right insula showed significant activation in
main effect of condition. (B) Left and right striatum showed significant activation in interaction between task and stimuli. The main effect of task showed
activation in the anterior cingulate cortex (C), left dorsolateral prefrontal cortex (D), and right dorsolateral prefrontal cortex (E). (F) The ventromedial prefrontal
cortex showed significant activation in the three-way interaction. R, right hemisphere.
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r45 = .578, p , .001). The ACC/DLPFC activity for high-calorie
foods in the NoGo trials under either satiation or deprivation
condition negatively correlated with NDSR high-calorie foods
(satiety: r45 = 2.531, p , .001; deprivation: r45 = 2.572, p ,

.001) and BMI (satiety: r45 = 2.488, p , .001; deprivation:
r45 = 2.612, p , .001). The insular activity difference between
deprivation and satiation conditions was positively correlated
with NDSR high-calorie foods (satiety: r45 = .723, p , .001;
deprivation: r45 = .651, p , .001) and BMI (satiety: r45 = .568,
p , .002; deprivation: r45 = .645, p , .001). These results
suggest that people who consume more high-calorie foods or
have higher BMI demonstrate stronger activation of the stria-
tum in response to high-calorie foods, have more difficulty
activating the ACC and DLPFC to inhibit automatic responses
to high-calorie food, and show higher insular activity when
food-deprived.
Figure 3. Brain activation pattern illustrated in bar graphs for (A) left striatum,
change for each region was extracted using MarsBaR region of interest toolbox f
calorie foods and low-calorie foods in that condition. Error bars represent SE.

1084 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
DCM Results

Starting from a full model, post hoc optimization revealed a
sparse model structure at the group level. The sparse structure
regarding driving inputs is presented in Table 3, which shows
the posterior mean strength and posterior probability for each
driving input and each location. Consistent with our hypothesis,
Table 3 shows that the left and right striatum were driving input
locations for Go trials, the left and right DLPFC and ACC were
driving input locations for NoGo trials, and left and right insular
activity was driven by deprivation.

The group-level sparse structure regarding modulation ef-
fects is shown in Table 4 and Figure 4, which show the pos-
terior mean strength and posterior probability for each
modulatory input and each connection. Given the large num-
ber of connections (n = 56), only connections that had poste-
rior probability of modulation effect greater than .999 are
(B) right striatum, and (C) ventromedial prefrontal cortex. The percent signal
or SPM. Asterisk denotes the significant activation difference between high-
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Table 3. Sparse Structure Matrix—Driving Input Effects

Location

Go Trials NoGo Trials Deprivation

Strength (Hz)
Posterior
Probability Strength (Hz)

Posterior
Probability Strength (Hz)

Posterior
Probability

L Striatum 0.0352 .9999 0 0 0 0

R Striatum 0.0323 .9999 0 0 0 0

ACC 0 0 0.0528 .9999 0 0

L DLPFC 0 0 0.0144 .9999 0 0

R DLPFC 0 0 0.0156 .9999 0 0

L Insula 0 0 0 0 0.0022 .9999

R Insula 0 0 0 0 0.0034 .9999

VMPFC 0 0 0 0 0 0

Posterior mean strength (Hz) and posterior probability (77) of each driving input and each driving input location are demonstrated.
ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; L, left; R, right; VMPFC, ventromedial prefrontal cortex.
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shown in Table 4. Results demonstrated that five connections
were modulated by deprivation, including left insula to left
DLPFC, right insula to right DLPFC, left insula to left striatum,
right insula to right striatum, and right insula to ACC.

The group-level sparse structure regarding the endoge-
nous connections is presented in Table 5, which shows the
posterior mean strength and posterior probability of each
endogenous connection. Table 5 shows that 19 connections
became nonsignificant after post hoc optimization. These
include left insula to right DLPFC, left insula to right striatum,
left DLPFC to right striatum, left DLPFC to right insula, left
DLPFC to ACC, ACC to left DLPFC, ACC to right DLPFC,
right insula to left DLPFC, right insula to left striatum, right
DLPFC to left DLPFC, right DLPFC to left striatum, right
DLPFC to ACC, right DLPFC to left insula, left striatum to
ACC, left striatum to right DLPFC, left striatum to right insula,
right striatum to ACC, right striatum to left DLPFC, and right
striatum to left insula.

The extracted posterior strength of all modulation effects
was correlated with BMI and NDSR total scores (combined
across the two sessions). The results in Table 4 suggest that all
modulation effects were correlated with both BMI and NDSR
high-calorie foods except for the modulation of right insula
to ACC path, which was not significant after Bonferroni
correction.
Table 4. Sparse Matrix Structure—Modulation Effect

Location

Deprivation

Strength (Hz)
Posterior
Probability

L Insula / L DLPFC 20.5647 .9999

R Insula / R DLPFC 20.5273 .9999

L Insula / L Striatum 0.7132 .9999

R Insula / R Striatum 0.6950 .9999

R Insula / ACC 20.3165 .9999

Among the 56 connections, only those that were identified (posterior prob
Posterior mean strength (Hz) and posterior probability of each identified (po

ACC, anterior cingulate cortex; BMI, body mass index; DLPFC, dorsolate
R, right.

aNo longer significant after Bonferroni multiple comparison correction.
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DISCUSSION

The present study aimed to investigate the network dynamics
of three neural systems involved in making food-related
choices. Using fMRI and DCM analyses, the results reveal
that participants have difficulty inhibiting high-calorie foods
when performing a food-specific Go/NoGo task. This behav-
ioral inhibition difficulty is linked to imbalanced activations
among three neural systems, with the insula responding to the
deprivation state bilaterally, the striatum responding to high-
calorie foods bilaterally, and the ACC and DLPFC responding
to NoGo trials (i.e., behavioral inhibition attempts). This inhi-
bition difficulty was stronger for participants with higher BMI
and for participants who consumed higher calorie foods. DCM
analysis showed that food deprivation modulated the con-
nections between the insula, striatum, and DLPFC. These
modulations were larger for participants with higher BMI and
for participants who consumed higher calorie foods. Alto-
gether, these results provide new insights into the dynamic
nature among three neural systems involved in making food-
related choices; they also reinforce and extend models that
portray the neural mechanism of choices pertaining to other
rewarding substances and behaviors (6–8,10,11,12,38,40).

Understanding the underlying neural mechanisms that give
rise to food choices that are tempting and rewarding in the short
term but can lead to health consequences in the long term can
Correlated With BMI
Correlated With NDSR
High-Calorie Foods

r = 2.468, p = .001 r = 2.711, p , .001

r = 2.678, p , .001 r = 2.672, p , .001

r = .682, p , .001 r = .543, p , .001

r = .526, p , .001 r = .669, p , .001

r = 2.317, p = .034a r = 2.308, p = .040a

ability . .999) to be modulated by one of the three conditions are listed.
sterior probability . .999) modulation effect are demonstrated.
ral prefrontal cortex; L, left; NDSR, Nutrition Data System for Research;
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Figure 4. Schematic diagram representing effective connectivity modu-
lated by food deprivation. For clarity, not all nodes are shown. The numbers
represent the posterior mean strength (Hz) of the modulation. The positive
modulations are shown in orange, and negative modulations are shown in
blue. The diagram was visualized with the BrainNet Viewer (76). It was
illustrated in a custom view with azimuth = 20 and elevation = 60 to show all
brain regions and connections. ACC, anterior cingulate cortex; DLPFC,
dorsolateral prefrontal cortex; L, right; R, right.
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help inform the development of new therapeutic strategies that
potentially improve not only food-related choices but also
perhaps other short-term rewarding choices that lead to
addictive behaviors. More specifically, the amygdala-striatal
(dopamine dependent) neural system (i.e., impulsive system)
is critical for the incentive motivational effects of a variety of
nonnatural rewards (e.g., psychoactive drugs) and natural re-
wards (e.g., food) (41). The present study showed that regard-
less of one’s state (satiation or hunger) higher impulsive/
habitual system activity is generated in response to high-calorie
foods. This is consistent with the idea that the mesolimbic
dopamine-striatal system mediates habitual responses to pri-
mary reward food cues (42–44). In further support of this notion,
functional neuroimaging studies showed that compared with
nonfood pictures, food pictures activate the amygdala (45) and
the ventral striatum (46) in healthy individuals. It should be noted
that the striatum activated in the present study was mostly
located in the dorsolateral part in the mid-putamen (right) and
posterior (left) putamen. Although studies have shown different
roles of ventral and dorsal striatum in response to reward,
mounting evidence has suggested that activation of dorsal
striatum is common for food-related (13,14,47,48) and other
substance-related (49,50) studies. We extend such findings and
1086 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
show that habitual response in the striatum to high-calorie
foods is positively correlated with BMI and NDSR high-calorie
food intake. These results are in line with studies showing that
food may induce greater incentive values in overweight and
obese individuals compared with normal-weight control sub-
jects (51) and in individuals who generally eat more high-calorie
foods (13,14) despite other factors that might influence the
neural responses to food in overweight and obese individuals
(e.g., emotional factors, other psychiatric comorbidities).

Whereas the impulsive system and its related mesolimbic
dopamine may explain the drive and seeking of food-related
rewards, humans possess decision-making and self-control
neural systems that enable them to resist these reward
temptations, especially when they lead to long-term negative
consequences (12). This decision-making and self-control
system has been called the reflective system, and it depends
primarily on the functions of the PFC, which is necessary for
controlling these more basic motivational drives toward reward
and which allows for more flexible pursuit of long-term goals
(12). The present study found that the reflective system (and
specifically the ACC and DLPFC) was engaged when attempts
to control food-related responses were made. We also found
that the VMPFC was activated when engaging in inhibitory
control, when participants were satiated. This supports extant
views regarding the central role of the VMPFC in decision
making (52–54) and specifically inhibitory control (55,56).
Adequate food-related decision making reflects an integration
of both cognitive and affective assessments and the ability to
more optimally weigh short-term gains against long-term los-
ses and choose between conflicting alternatives (e.g.,
consume food now or later). Accordingly, our findings reinforce
the role of the VMPFC, ACC, and DLPFC in decision making
(12) and extend prior models to the food choice domain.

We also found that the activity of the reflective system was
inversely correlated with BMI and NDSR high-calorie food
consumption. This finding is in line with previous studies
suggesting weaker inhibitory control in overweight and obese
individuals (57,58) and individuals who consume more high-
calorie foods (3,13,14). It should be noted that we could not
conclude that DLPFC plays the same role in obese individuals
as normal-weight participants, as in the present study we
tested only normal-weight participants. In fMRI studies, it has
also been shown that overweight and obese people have less
activation in the left DLPFC in response to a meal than their
lean counterparts (59). Considering the roles of the impulsive
and reflective systems we observed here, our findings lend
further support to the idea that excess weight can be explained
in part through the lens of decision-making deficits.

The current results also show that the insular cortex is
significantly more active in deprivation relative to satiation
conditions. Indeed, it has been argued that the insular cortex
plays a key role in translating interoceptive signals into what
one subjectively experiences as a feeling of desire, anticipa-
tion, or urge (12,27). Evidence shows that the insular cortex is
also implicated in food craving (47). This is consistent across
substances; strokes that damage the insular cortex tend to
eliminate the urge to smoke in individuals previously addicted
to cigarette smoking (60,61). One proposed mechanism for
how this may take place is that activation of interoceptive
representations through the insula can, on one hand, sensitize
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Table 5. Sparse Matrix Structure—Endogenous Connection

Connection Strength (Hz)
Posterior
Probability Connection Strength (Hz)

Posterior
Probability

L Striatum / R Striatum 0.0176 .9999 ACC / L Striatum 0.0238 .9999

L Striatum / L DLPFC 0.0159 .9999 ACC / R Striatum 0.0349 .9999

L Striatum / R DLPFC 0.0358 0 ACC / L DLPFC 0.0309 0

L Striatum / ACC 0.0354 0 ACC / R DLPFC 0.0163 0

L Striatum / L Insula 0.0277 .9999 ACC / L Insula 0.0214 .9999

L Striatum / R Insula 0.0320 0 ACC / R Insula 0.0143 .9999

L Striatum / VMPFC 0.0341 .9999 ACC / VMPFC 0.0115 .9999

R Striatum / L Striatum 0.0425 .9999 L Insula / L Striatum 0.0075 .9999

R Striatum / L DLPFC 0.0173 0 L Insula / R Striatum 0.0136 0

R Striatum / R DLPFC 0.0098 .9999 L Insula / L DLPFC 0.0301 .9999

R Striatum / ACC 0.0342 0 L Insula / R DLPFC 0.0346 0

R Striatum / L Insula 0.0144 0 L Insula / ACC 0.0277 .9999

R Striatum / R Insula 0.0371 .9999 L Insula / R Insula 0.0156 .9999

R Striatum / VMPFC 0.0126 .9999 L Insula / VMPFC 0.0231 .9999

L DLPFC / L Striatum 0.0172 .9999 R Insula / L Striatum 0.0104 0

L DLPFC / R Striatum 0.0400 0 R Insula / R Striatum 0.0135 .9999

L DLPFC / R DLPFC 0.0080 .9999 R Insula / L DLPFC 0.0256 0

L DLPFC / ACC 0.0132 0 R Insula / R DLPFC 0.0118 .9999

L DLPFC / L Insula 0.0336 .9999 R Insula / ACC 0.0360 .9999

L DLPFC / R Insula 0.0193 0 R Insula / L Insula 0.0334 .9999

L DLPFC / VMPFC 0.0108 .9999 R Insula / VMPFC 0.0427 .9999

R DLPFC / L Striatum 0.0119 0 VMPFC / L Striatum 0.0162 .9999

R DLPFC / R Striatum 0.0147 .9999 VMPFC / R Striatum 0.0260 .9999

R DLPFC / L DLPFC 0.0173 0 VMPFC / L DLPFC 0.0122 .9999

R DLPFC / ACC 0.0141 0 VMPFC / R DLPFC 0.0082 .9999

R DLPFC / L Insula 0.0169 0 VMPFC / ACC 0.0045 .9999

R DLPFC / R Insula 0.0258 .9999 VMPFC / L Insula 0.0153 .9999

R DLPFC / VMPFC 0.0190 .9999 VMPFC / R Insula 0.0336 .9999

Posterior mean strength (Hz) and posterior probability of each endogenous connection are outlined.
ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; L, left; R, right; VMPFC, ventromedial prefrontal cortex.
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the impulsive system and, on the other hand, tax the PFC so
that it cannot subvert attention, reasoning, planning, and
decision-making processes as related to food consumption.
Put differently, these interoceptive representations have the
capacity to hijack the cognitive resources necessary for
exerting inhibitory control to resist calorie-rich food items (12).

Consistent with this idea, the present study demonstrated
that the insula triggers changes that alter the dynamic neural
balance between the impulsive and reflective systems. This
insula-induced modulation of the neural dynamics was larger
in participants with higher BMI and in participants who eat
more high-calorie foods. These results extend several neuro-
imaging studies showing that food versus nonfood pictures
activate the insular cortex in healthy individuals (62,63). The
increased activity induced by food presentation in the insular
cortex significantly correlated with self-reports of hunger and
desire for food in normal-weight subjects (47,64). One recent
fMRI study (65) reported that compared with lean adolescent
girls, obese girls showed greater activation in the gustatory
cortex (anterior insula and mid-insula and frontal operculum)
and in somatosensory regions (parietal operculum and
Rolandic operculum) in response to the anticipated intake of a
chocolate milkshake (vs. a tasteless solution) and to actual
Biological Psychiatry: Cognitive Neuroscience and Neuroima
consumption of a milkshake (vs. a tasteless solution). Another
recent study examined resting-state functional connectivity
difference of the dorsal mid-insula both before and after a
meal; the findings suggested obesity-related alterations in
dorsal mid-insula functional connectivity patterns (66). Overall,
our results provide further evidence regarding the centrality of
the insular system in decision making and extend this
perspective to show how the insula dynamically modulates
neural processes that govern food-related behaviors.

Several limitations of this study are noteworthy. First, the
sample included presumably healthy individuals with normal
weights. Although our study suggested that the individual dif-
ferences of DCM networks were correlated with BMI and in line
with a previous report suggesting insular functional connectivity
difference between obese and normal-weight participants (66),
we could not extend our inferences to clinically obese people or
people with higher BMI. Second, the generalization of conclu-
sion to female subjects may be influenced by the phase of
menstrual cycle because there are studies suggesting reward
processing by women (67,68), including food cues processing
(69,70), is influenced by the phase of menstrual cycle and oral
contraceptive use (71). Third, we did not find a significant
interaction between condition and task. Thismight be an artifact
ging December 2019; 4:1080–1089 www.sobp.org/BPCNNI 1087
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of the sample (healthy young individuals) and/or the task con-
dition (unfamiliar fMRI environment). Nevertheless, such
nonsignificant differences might also suggest that groups were
matched on task difficulty, making fMRI difference more
prominent. Fourth, the main conclusion were drawn from the
DCM results. Nevertheless, it is debated if fMRI signals could be
used for casual inference because of the time lag that limits the
accuracy of causal modeling with fMRI data (72,73). Lastly, we
could not fully enforce deprivation and satiation. We did not
measure or actually control how much participants consumed
before the scans. While hunger was indeed higher in the
deprivation condition, future studies may replicate ours in a
controlled environment where food intake (or lack of in depri-
vation condition) could be fully controlled by the researchers.

Ultimately, our results portray a tripartite model of key neural
systems that govern food-related choices. This is consistent
with the recent literature that supports the idea of an overlap
between the neural systems underlying drug-seeking behaviors
and eating high-calorie food (6,11,74). The findings advance
our understanding of excess weight, possibly extended to
obesity, especially of food choices in adolescents who have
underdeveloped PFC (75) and in environments such as school
or university campuses where unhealthy food options are
prominent.
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