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OBJECTIVE: This study aimed to examine the interaction patterns between the reward and inhibitory control systems in children
with overweight and obesity.

METHODS: Resting-state fMRI data were collected at baseline from 38 children with overweight and obesity (OW/OB) and 68
children with normal weight (NW). We first examined the differences in seed-based functional connectivity (FC) between the two
groups, focusing on eight predefined regions of interest in the reward and inhibitory control systems. Based on the FC results, we
further applied the spectral dynamic causal modeling technique to assess the between-group differences in effective connectivity
(EQ). Finally, we employed a machine learning approach to determine whether these baseline core connections could predict
eating behaviors at the one-year follow-up.

RESULTS: Compared with the NW group, the FC between the left superior frontal gyrus (SFG) and left caudate was stronger while
the FC between left SFG and right ventromedial prefrontal cortex (vmPFC) was weaker in the OW/OB group after controlling for
age, sex, and head motion. After Bayesian contrasts, the OW/OB group exhibited stronger negative EC from the left caudate to left
SFG, weaker negative EC from the left SFG to right vmPFC, and weaker positive EC from the right vmPFC to left SFG than NW group.
The results indicated that the baseline caudate—caudate and vmPFC—SFG connectivity could predict changes in children’s eating
behaviors one year later.

CONCLUSION: The current study provides novel evidence for the neural hierarchical basis of childhood obesity (especially the

caudate—SFG, SFG—-vmPFC and vmPFC—SFG connectivity), suggesting that interventions targeting reward processing and
inhibition control may have important implications for childhood obesity.

International Journal of Obesity; https://doi.org/10.1038/541366-025-01973-5

INTRODUCTION

Obesity is a chronic metabolic condition where energy intake
surpasses energy expenditure, resulting in an excessive accu-
mulation of body fat that poses significant health risks [1].
Recent research indicates that over 1 billion people worldwide
suffer from obesity in 2022, including 160 million children and
adolescents aged 5-19 years [2]. In China, the prevalence of
overweight and obesity among children and adolescents aged
6-17 is as high as 19%, and over 10% of children under 6 years
old are affected [3]. Childhood obesity is strongly associated
with a range of negative physical and psychological conse-
quences, including cardiovascular disease, sleep disorders,
diabetes, an increased risk of suicide, and impaired cognitive
function [4-7]. As such, it is crucial to identify the underlying
neural substrates of obesity during this critical developmental
period.

At a theoretical level, the human brain’s regulation of eating
involves multiple systems, including the endocrine system,
attention system, emotion and memory system, cognitive control
system, and reward system [8]. Notably, recent studies have
emphasized the critical role of the reward and inhibitory control
circuits in obesity [9-11]. These neural circuits interact to regulate
an individual's energy intake and expenditure. The reward system
primarily consists of dopaminergic neuronal projections that
involve the ventral tegmental area, substantia nigra, orbitofrontal
cortex, striatum, and ventromedial prefrontal cortex, particularly
the nucleus accumbens [8, 12-14]. Conversely, inhibitory control is
closely linked to the prefrontal cortex, including areas such as the
cingulate cortex, inferior frontal cortex, pre-supplementary motor
area, and dorsolateral prefrontal cortex [8, 15, 16]. The reward
overload theory suggests that those at risk of obesity have a
heightened reward circuitry response to high-calorie foods,
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leading to increased consumption of such foods [17]. In addition,
the inhibitory control deficit theory states that individuals with
poor inhibitory control and reduced activity in relevant brain
regions are more sensitive to food cues and more likely to overeat
appetizing foods [18].

Empirically, neuroimaging studies have shown that children
with overweight and obesity exhibited altered connectivity
between regions involved in reward processing and cognitive
control. Specifically, a higher body mass index (BMI) has been
correlated with weaker connectivity between the ventral striatum
and orbitofrontal cortex [13]. Evidence from resting-state func-
tional network connectivity studies also found that BMI was
inversely associated with functional connectivity (FC) in reward
and control networks [4, 19]. These findings suggested that
dysfunction in reward and inhibitory control systems plays a key
role in pediatric obesity. More importantly, identifying the
interactive relationships among multiple relevant systems (espe-
cially the reward and inhibitory control systems) will yield more
accurate predictions regarding which children are most prone to
developing dysfunctional eating habits and obesity [20]. Relevant
studies have revealed that children with obesity exhibited greater
resting-state FC than healthy weight controls between the left
middle frontal gyrus (MFG) and reward-related regions (i.e., the
left ventromedial prefrontal cortex [vmPFC] and the left lateral
orbitofrontal cortex) [21]. Higher BMI was found to be associated
with decreased intra-network and inter-network FC, including the
salience and cingulo-opercular networks [19]. Existing evidence
has demonstrated that the functional imbalance between the
reward and control circuits may play a significant role in childhood
obesity. However, the precise dual-system interaction patterns
(e.g., directional influences) remain insufficiently defined during
this developmental period, which hinders our understanding of
the neuromarkers associated with pediatric obesity.

Furthermore, prior research on childhood obesity has primarily
focused on undirected synchronizations through FC analyses,
which do not determine the direction of connectivity between
brain regions. Effective connectivity (EC) analyses could address
this limitation by clarifying the impact of interactions among key
regions. Among the diverse array of alternative metrics, spectral
dynamic causal modeling (spDCM) stands out as a well-
established Bayesian inference technique that utilizes resting-
state functional magnetic resonance imaging (rs-fMRI) time-series
data to model directional relationships between distinct brain
regions [22]. One adult study found that the information flow
between the lateral hypothalamus and medial hypothalamus at
rest was correlated with body weight and energy homeostasis
when using spDCM [23]. A recent study also applied the spDCM
method in patients with type 2 diabetes and reported that BMI
was positively associated with increased EC from the lateral
prefrontal cortex to the left anterior insula [24]. However,
examinations of obesity-related neurofunctional abnormalities
using spDCM have rarely involved children.

Longitudinally, baseline FCs between the right hippocampus
with right lingual gyrus, right paracingulate gyrus, and frontal pole
have been found to positively predict changes in emotional eating
[25]. A recent study reported that children with excess weight
displayed abnormal bidirectional inhibitory effects between the
right hippocampus and left postcentral gyrus, which could further
predict BMI and food approach behavior one year later [26]. These
results imply that altered dual-system connections may be key
predictors of eating behaviors and childhood obesity. However,
existing evidence examining whether and how reward-inhibition
dual-system connectivity predicts future eating behaviors remains
limited. The current study will explore obesity-related dual-system
interaction patterns and identify which connections can further
predict children’s future eating behaviors.

By and large, this study employed the spDCM technique to
investigate the EC profiles based on resting-state fMRI data,
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aiming to reveal abnormal connectivity patterns within the
reward-inhibition dual system in children with overweight and
obesity. Specifically, we investigated alterations in functional and
effective connections between the dual systems in children with
overweight and obesity. In addition, this study employed a
machine learning approach to determine whether the core
connections exhibiting significant between-group differences
within the reward-inhibition dual system could predict future
eating behaviors. The present study will enhance our under-
standing of the neural hierarchy mechanisms underlying child-
hood obesity and it reveals that interventions targeting reward
function and inhibition control may have important implications
for childhood obesity.

METHODS

Participants

A total of 130 healthy primary school students participated in this study. All
participants were recruited from two primary schools in Chongqing (south
of China). Participants were recruited via posters and flyers (the research
assistant briefed children and their parents on the purpose of the study).
Participants fulfilled the following inclusion criteria, which were assessed
via parental self-report: right-handed; no history of psychiatric or
neurological illnesses; no use of psychoactive medications (binary variables
indicating the presence or absence of particular disorders); and Chinese as
the primary language. Twenty-four participants were excluded from
analysis since the cephalic motion index greater than 0.5 mm, resulting
in a sample of 106 participants (females, 53; males, 53). The 106
participants were grouped using the screening criteria for overweight
and obesity among school-aged children and adolescents from Chinese
Center for Disease Control and Prevention (2018) (see Table S1), resulting
in 38 children with overweight and obesity (OW/OB) and 68 children with
normal weight (NW). All participants received a set of stationery as
compensation for participation in this study. Baseline measurements of
participants’ demographic information, eating behaviors, and resting-state
fMRI data were collected, followed by a 1-year follow-up assessment of
their BMI and eating behaviors. Measurements were performed from April
2018 to October 2019.

Ethics approval and consent to participate

This research was reviewed for compliance with the standards for the
ethical treatment of human participants and approved by the Ethical
Committee of the Southwest University (IRB No. H22003). All participants
and their parents signed an informed consent document prior to the study.

Measures

Demographics. Prior to the MRI scanning session, the children’s height
and weight were measured at the Brain Imaging Center. To ensure
accuracy, the measurements were taken with the children wearing light
clothing and bare feet. Trained research assistants carried out standardized
anthropometric measurement procedures using a portable stadiometer to
measure height and a digital scale to measure weight. Each measurement
was conducted twice to ensure reliability. The BMI was calculated using the
mean recorded values of height and weight, applying the formula kg/m?.

Children’s Eating Behaviour Questionnaire. The Children’s Eating Behaviour
Questionnaire is a 35-item measure that assesses children’s eating
behaviors (e.g., “My child has a good appetite”) [27]. The questionnaire
contains eight dimensions of food response, food enjoyment, satiety
response, slow food performance, emotional overeating, emotional under-
eating, desire to drink water, and picky and partial eating. All items are
scored on a 5-point scale ranging from 1 (never) to 5 (always). To obtain
the score for this scale, we reverse-scored the negatively worded items
(items 3, 4, 10, 16, 32) and then summed the ratings of all items, with
higher total scores indicating more pronounced eating behaviors. The
scale was administered at two time points: baseline (Time 1) and the one-
year follow-up (Time 2).

Neuroimaging data acquisition and preprocessing
For each child, an approximately 8-min (486 s) resting-state functional MRI
scan was performed in a 3T Trio scanner (Siemens Medical, Erlangen,
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Germany). Prior to the formal scan, all participants underwent a 5-min
simulated scan to adapt to the scanning environment. During the formal
resting-state scanning session, the children were given specific instructions
to ensure optimal data acquisition. They were instructed to remain still and
motionless, relax with their eyes closed, and avoid falling asleep.
Furthermore, they were instructed not to engage in any thoughts or
mental activities during the scan. To enhance the quality of the scanning
procedure, foam pads were utilized to minimize head motion, while
earplugs were provided to mitigate the impact of scanning noise. To
capture the resting-state functional MRI image, we employed a gradient
echo planar imaging sequence. The scanning parameters are as follows:
TE=30ms, TR = 2000ms, FA=90°, FOV=224x224 mmz, matrix
size =64 x 64, slice=33, thickness = 3.5mm, distance between
slice=1mm, voxel size=35mmx3.5mmx35mm. A total of 180
consecutive images is obtained at 180 time points.

Data preprocessing was carried out using the Data Processing Assistant
for Resting-State fMRI (DPARSF) toolbox in MATLAB (The Math Works, Inc.,
Natick, MA, USA) platform [28]. Preprocessing was conducted with the
following steps: (1) the first 10 time points were removed to minimize the
instability of initial MRI signals; (2) the remaining 170 volumes were slice-
time corrected and head-motion realigned; (3) each participant’s functional
MRI images were registered to their segmented high-resolution T1-
weighted anatomical images; (4) regressing nuisance variables included six
head motion parameters, white matter signal, and cerebral spinal fluid
signal; (5) functional MRI images were normalized to the standard Montreal
Neurological Institute (MNI) template with a resolution voxel size of
3 x 3 x3mm? and smoothing with a 6-mm full width at half maximum of
Gaussian kernel; and (6) linear detrending and band-pass filtering
(0.01-0.1 Hz) to discard physiological noise, drift from scanner instabilities
and head motion. Moreover, the frame-wise displacement (FD) was
calculated as a measure of head motion and was treated as a covariate in
subsequent data analyses.

Considering that our sample consisted of children, this study also
normalized the data using a pediatric template during preprocessing [29],

Table 1. Names and MNI coordinates of the regions of interest.

Region name Coordinates (in mm)

Reward system

Right ventromedial prefrontal cortex 3,49, —14
(vmPFC.R)

Left caudate (CAU.L) —13, 15,9
Right caudate (CAU.R) 13,15, 9

Left nucleus accumbens (NAc.L) -9,9 -8
Right nucleus accumbens (NAc.R) 99 -8
Inhibitory control system

Left inferior frontal gyrus (IFG.L) —44,10, 14
Left superior parietal gyrus (SPG.L) —29, —65, 52
Left superior frontal gyrus (SFG.L) -21, 57,30

Note: The last letter in region name abbreviations (if available) indicates
left or right hemisphere.
MNI Montreal Neurological Institute.
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and other preprocessing steps remain unchanged. The results are
presented in the Supplementary Material (Table S2).

Seed-based functional connectivity

We first examined the differences in seed-based FC between children with
OW/OB and healthy controls. The seed regions of the reward and
inhibitory control systems (e.g., the caudate, nucleus accumbens, and
superior frontal gyrus) were defined based on prior obesity literature
[11, 13, 21, 30-32]. Each spherical region of interest (ROI) was created with
radius 5 mm centered on the MNI coordinates (Table 1 and Fig. 1), as in
previous studies [26]. The mean BOLD signal time series from each ROl was
extracted and correlated with the time series of all other ROIs to create
Pearson’s correlation coefficient maps. Fisher's r-to-z transformation was
then applied in these maps to improve the normality of the correlation
coefficients.

Effective connectivity

Based on the FC results, we assessed the between-group differences in EC
using the spDCM to further reveal the abnormal directional interactions
between reward and inhibitory control nodes in children with OW/OB.

ROl selection and time series extraction. BOLD time series (the first
eigenvectors) was extracted from preprocessed (slice timing, realigned,
normalized, and smoothed) rs-fMRI data. For the significant clusters in the
FC analysis, time series were extracted from a sphere of 8 mm radius
centered on the peak coordinates, as in previous studies [26, 33, 34]. The
choice of different radii for FC and EC analyses is based on the theoretical
considerations of the need for precise localization for functional
connections and high signal-to-noise ratio for effective connections. We
corrected nuisance regressors including six head-motion parameters,
cerebrospinal fluid, and white matter. Low-frequency signal drifts were
filtered using a 128-shigh-pass filter.

First-level analysis: specification and inversion of DCM. The spectral DCM
analyses were conducted using DCM12 implemented in SPM12 (revision
7771, www fil.ion.ucl.ac.uk/spm). We build a DCM for each significant FC at
the subject level, generating a total of six models, which fits the complex
cross spectral density using a power-law model of endogenous neuronal
fluctuations. We then estimated each participant's DCM with Bayesian
model inversion, finding the posterior density over parameters [22].

Second-level analysis: parametric empirical bayes. Second-level analysis
with the Parametric Empirical Bayes (PEB) framework examined the
between-group differences in EC. The PEB framework specifies a
hierarchical statistical model of connectivity parameters. We built a PEB
model to partition the variability in connectivity parameters across subjects
into hypothesized group-level effects and uninteresting between-subject
variability. Three covariates were specified (overall group mean, between-
group difference and sex) in the design matrix. Then we used the standard
two-level variational Laplace procedure to estimate the parameters of the
PEB model. The reduced models are searched automatically using Bayesian
model reduction [35]. Bayesian model averaging was performed on the
second-level PEB model to investigate which direction of connectivity best
explains the differences between groups (OW/OB vs NW). According to the
PEB framework, the parameters best describing between-group effects
were reported in terms of posterior probability (PP) rather than p-value [36].

Fig. 1 Illustration of the ROIs within the reward and inhibitory control systems. Here we show the spatial locations of eight ROIs on
standard MNI coordinates. Images are displayed according to neurological convention; therefore, the right hemisphere corresponds to the
right side in axial displays. ROI region of interest, MNI Montreal Neurological Institute, vmPFC ventromedial prefrontal cortex, CAU caudate,
NAc nucleus accumbens, IFG inferior frontal gyrus, SPG superior parietal gyrus, SFG superior frontal gyrus, L left, R right.

International Journal of Obesity

SPRINGER NATURE


http://www.fil.ion.ucl.ac.uk/spm

H. Xin et al.

Table 2. Demographic characteristics of the samples.

Variables NW (n = 68) OW/OB (n=
Mean + SD Mean + SD

Sex, female/male 27/41 26/12

Age, years 10.33 £0.85 10.54 + 0.86

BMI, kg/m2 16.34+1.60 2264+244

Head motion, mm 0.17+0.10 0.15+0.09

SES 21.13+3.67 20.76 £ 3.51

38) Statistics
t-value df p-value
-1.23 104 0.22
—14.30 104 <0.001™"
0.83 104 0.41
0.51 104 0.615

OW/OB overweight/obesity, NW normal weight, SD standard deviation, BMI body mass index, SES socioeconomic status.

Significance is indicated by the asterisks (mp <0.001).

Table 3. Altered resting-state FCs between the two groups.

Significant NW (n =68) ow/0oB t-value p-value
connections (n=38)

Mean = SD Mean = SD
SFG.L - 0.10+0.22 0.07 £0.20 3.05 0.013"
CAU.L
SFG.L - 0.13+0.24 0.22 +£0.25 —2.98 0.013"
vmPFC.R

Note: Statistical significance was set at a cluster-size threshold of p < 0.05
false discovery rate corrected. Covariates included sex, age, and head
motion. FC functional connectivity, SFG superior frontal gyrus, CAU caudate,
vmPFC ventromedial prefrontal cortex, L left, R right, SD standard deviation,
OW/OB overweight/obesity, NW normal weight. Results are two-sided.
Significance is indicated by the asterisks ('p < 0.05).

In this study, ECs with PP greater than 0.95 were considered to best
describe the differences between groups (“strong evidence”).

Statistical analyses
An independent sample t-test was used to test the between-group
difference in demographic characteristics.

A generalized linear model was used to examine the differences in seed-
based FC values based on their z-maps across two groups, which was
implemented in the CONN toolbox (https://web.conn-toolbox.org). The
random field theory was used for multiple comparisons correction (a voxel
height threshold of p <0.001, and the false discovery rate (FDR)-corrected
cluster-size threshold of p <0.05), which could appropriately control the
family-wise error rate and improve the reliability of results [37]. To reduce
the effects of potential confounding factors, we controlled for age, sex, and
head motion.

Based on the FC results, we used spDCM approach to further examine
the directionality of FC, with statistical significance set at PP values > 0.95.
The EC analysis was performed in the SPM12 (revision 7771,
www fil.ion.ucl.ac.uk/spm).

Predictive analyses

To test the robustness of the brain-behavior relationship, this study
performed a machine-learning method named linear support vector
regression (SVR) and leave one out cross-validation procedure [38]. First,
eating behaviors at Time 2 were taken as the dependent variable, while
significant connections at Time 1 (i.e.,, SFG-caudate, SFG-vmPFC, cauda-
te—SFG, caudate—caudate, SFG — SFG, SFG—vmPFC, and vmPFC—SFG
connectivity) served as independent variables in the linear regression
algorithm. Furthermore, we added baseline eating behaviors as a covariate,
and here the effective sample size was 80, consisting of 30 children in the
OW/OB group and 50 children in the NW group. Finally, the changes in
eating behaviors (calculated as eating behaviors at Time 2 minus baseline
eating behaviors) were taken as the dependent variable, and baseline
eating behaviors were taken as a covariate. The riyedicted, observed) Was
estimated by leave one out cross-validation, and represent the prediction
accuracy of the independent variable [39]. The 1000 Pearson’s correlations
between observed and predicted scores composed null distributions of r
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values. The number of null r values was greater than or equal to the
Ipredicted, observed) Value and was then divided by 1000, providing an
estimated ppermy Value.

RESULTS

Demographics

Demographic characteristics and results of behavioral tasks are
presented in Table 2. No group differences were observed in age
(t=-1.23, p=0.22) and head motion (t=0.83, p =0.41). The
OW/OB group had significantly higher BMI than the NW group
(t=—14.30, p < 0.001). We included age, sex and head motion as
covariates in subsequent analysis to ensure that our results were
not confounded by participants’ age, sex, or head motion.

Altered functional connectivity in children with overweight
and obesity

Significant between-group differences in the FCs were observed
(Table 3). Relative to NW, the FC between left superior frontal
gyrus (SFG) and left caudate was stronger in the OW/OB group
(pFDR < 0.05). In addition, the FC between left SFG and right
vmPFC was weaker in the OW/OB group (pFDR < 0.05) (Fig. 2).

Altered effective connectivity in children with overweight and
obesity

After Bayesian contrasts, significant between-group differences in
the ECs were observed. Compared with NW, the OW/OB group
showed: (1) stronger negative EC from the left caudate to left SFG
(averaged connectivity values: OW/OB = —0.714, NW = —0.405,
PP = 0.987), which indicates that the caudate is inhibiting the SFG
to a greater degree in the OW/OB group during rest, relative to the
NW group. (2) weaker negative EC from the left SFG to the vmPFC
(averaged connectivity values: OW/OB =0.032, NW = —0.211,
PP =0.990), which indicates that the SFG is inhibiting the vmPFC
to a lesser degree in the OW/OB group during rest, relative to the
NW group. (3) weaker positive EC from the right vmPFC to left SFG
(averaged connectivity values: OW/OB = —0.040, NW =0.210,
PP = 1.000), which indicates that the vmPFC has a weak excitatory
effect on SFG in the OW/OB group during rest, relative to the NW
group (Fig. 3). All PP values of average connectivity are greater
than 0.95.

Prediction of future eating behavior

The regression model was applied to investigate whether these
sensitive connections at baseline could further predict future
eating behaviors. First, the intrinsic caudate—caudate connectivity
significantly predicted food response (rpredicted, observed) = 0.207,
p =10.003) and desire to drink water (rpredicted, observed) = 0.177,
p=0.021) one year later. The vmPFC—SFG connectivity signifi-
cantly predicted food enjoyment one year later (r(predicted, observed)
= 0.257, p=0.005, see Fig. 4(a-c)). After controlling for eating
behaviors at baseline, only the vmPFC—SFG connectivity
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Fig. 2 Comparison of seed-based FCs between the OW/OB (n = 38) and NW (n = 68) groups. a The OW/OB group exhibited stronger FC
between the left SFG and left caudate but lesser FC between left SFG and right vmPFC after adjusting for age, sex, and head motion (false
discovery rate-corrected p < 0.05). b Bar graph illustrates significant between-group differences in means and 95% confidence intervals of
seed-based FCs. FC functional connectivity, OW/OB overweight/obesity, NW normal weight, CAU caudate, SFG superior frontal gyrus, vmPFC
ventromedial prefrontal cortex, L left, R right.
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Fig.3 Comparison of ECs between the OW/OB (n = 38) and NW (n = 68) groups. a Red and blue lines represent the excitatory (positive) and
inhibitory (negative) effects, respectively. Solid/dotted line represents a stronger/weaker effect in the OW/OB group, compared with NW
group. b Schema summarizing group differences in EC within and between each region. The numbers represent the average difference in
effective connectivity. The yellow dotted line represents a decreased excitatory effect, and the cyan solid/dotted line represents an increased/
decreased inhibitory effect in the OW/OB group compared with NW group. All posterior probability values of each surviving connection are
greater than 0.95. ¢ Group differences in the EC matrix of the three brain regions after Bayesian model reduction. Connections were retained
after pruning any parameters that did not contribute to the free energy (i.e., posterior probabilities with v. without were > 95%). Colors show
the connection parameters (in Hz) obtained by Bayesian model averaging. EC effective connectivity, OW/OB overweight/obesity, NW normal

weight, CAU caudate, SFG superior frontal gyrus, vimmPFC ventromedial prefrontal cortex, L left; R right.

significantly predicted food enjoyment one year later
(Mpredicted, observed) = 0.130, p = 0.026, see Fig. 4(d)). Notably, the
results indicated a close relationship between changes in eating
behaviors and baseline connections. Specifically, the intrinsic
caudate—caudate connectivity significantly predicted changes in
desire to drink water (Fipredicted, observed) = 0.267, p=0.038) one
year later. Similarly, the vmPFC—SFG connectivity significantly
predicted changes in food enjoyment one year later (fpredicted,
observed) = 0.173, p=10.016, see Fig. 4(e-f)).

DISCUSSION

The present study employed the spDCM technique to investigate
the EC profiles based on resting-state fMRI data, aiming to
examine abnormal connectivity patterns in the reward-inhibition
dual-system in children with OW/OB. We found that the OW/OB
group showed stronger FC between the left SFG and left caudate
but weaker FC between the left SFG and right vmPFC. In addition,
the negative EC from the left caudate to left SFG was stronger,
while the negative EC from the left SFG to right vmPFC and the
positive EC from the right vmPFC to left SFG were significantly
weaker in the OW/OB group. Altered FCs between the reward and
inhibitory control systems may reflect a reduced ability to

International Journal of Obesity

maintain a balance between reward reactivity and inhibitory
control in the OW/OB group, and abnormal ECs further reveal the
directionality of dysfunctional communication between the dual
systems. This study is the first to reveal abnormal EC patterns
between the dual systems in children with OW/OB, which will
deepen our understanding of the neural mechanisms underlying
childhood obesity. These findings reveal that interventions
targeting reward function and inhibition control may have
important implications for childhood obesity.

Altered functional connectivity in childhood obesity

Enhanced functional connectivity in children with overweight and
obesity. We observed that the FC between the left SFG and left
caudate was stronger in the OW/OB group, relative to the NW
group. However, one study involving children aged 9 to 10 years
reported that higher BMI was associated with decreased intra-
network and inter-network FC, including the salience and cingulo-
opercular networks [19]. This difference may be due to differences
in the extent of functional networks and regions of interest.
Additionally, these findings varied depending on the sample sizes
of participants (i.e, n=4576 or n=106). The SFG has been
consistently associated with inhibitory control and top-down
cognitive regulation of eating [11, 40, 41]. The caudate nucleus is a
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In (@-c), n =106, and in (d-f), n = 80.

crucial region for reward processing, including reward anticipa-
tion, reactivity, and sensitivity [42-44]. Given that pediatric obesity
has been linked to altered resting-state connectivity between
cognitive control and reward processing networks [45], our
findings may suggest an impaired ability to maintain a balance
between reward reactivity and inhibitory control in children
with OW/OB.

Weakened functional connectivity in children with overweight and
obesity. The finding that the OW/OB group showed weaker FC
between the left SFG and vmPFC compared to the NW group
aligns with recent rs-fMRI studies. These have reported an inverse
association between BMI and functional synchronization within
the reward and control networks [4, 19]. The vmPFC and its related
networks are involved in the rewarding aspects of eating, which
could predispose individuals toward overconsuming unhealthy
high-calorie foods) and contribute to impulsive responses and
binge eating behaviors [46, 47]. In the present study, the reduced
FC between the left SFG and right vmPFC in the OW/OB group
suggests that children with excess weight may have decreased
communication between brain regions involved in food reward
and self-control.

After applying the pediatric template and controlling for sex,
age, and head motion, we did not obtain identical FC results
with two-sided tests. Significant findings were only observed
under uncorrected conditions with one-sided tests. The partial
consistency of FC results when using a pediatric MNI template
warrants careful interpretation. While the uncorrected similar
results may reflect the potential biological relevance, the
absence of statistical significance after false discovery rate
(FDR) correction may reflect neuroanatomical variations
between the American-sourced template and the current
Chinese pediatric data. Existing studies have demonstrated that
populations of different ethnic groups exhibit significant
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differences in brain structure and function [48, 49]. These
discrepancies could attenuate template-based normalization
accuracy, particularly for spatially sensitive connectivity metrics
(e.g., vmPFC-SFG pathways). Thus, while the conceptually similar
findings are retained, population-specific pediatric templates are
critical for future validation in Chinese populations. In addition,
the differences between the original results and those obtained
using the pediatric template highlight the importance of
adopting age-appropriate templates in future studies to mini-
mize spatial distortions during preprocessing and improve the
reliability of developmental neuroimaging findings.

Altered effective connectivity in childhood obesity

Enhanced effective connectivity in children with overweight and
obesity. We further identified a stronger negative EC from the
left caudate to SFG in children with OW/OB, which is in line with
our results of enhanced FC between the left SFG and caudate. The
negative effect means that brain activity in the left caudate might
decrease the rate of change in activity in the left SFG [33, 50].
Although no studies have explored the directional interaction
between reward and inhibitory control systems at rest in children,
some evidence suggests the crucial role of resting-state FC in
children’s eating behaviors and childhood obesity (e.g., the left
MFG-vmPFC connectivity) [4, 19, 21]. One possible explanation for
this finding is that increased interference from the left caudate to
SFG at rest, as indicated by the enhanced negative effect, may be
linked to dysfunctional communication between the reward and
inhibitory control systems in children with OW/OB.

Weakened effective connectivity in children with overweight and
obesity. The most prominent finding was the significantly
weaker negative effect from the SFG to vmPFC in the OW/OB
group. A recent study reported that BMI was positively
associated with increased EC from the lateral prefrontal cortex
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to the left anterior insula in patients with type 2 diabetes
mellitus, suggesting that the EC from inhibitory control to
reward regions is stronger in adults at higher weight [24]. The
discrepancy may largely stem from differences in the samples.
Specifically, children’s brains are still developing, while adults’
brains are fully developed, which could result in inherent
differences in spontaneous brain activity during rest [51].
Regarding our results, the negative effect from the inhibitory
control region to reward region might reflect the underlying
information exchange, in which inhibitory control information in
the SFG suppresses the conversion of reward sensitivity
information in the vmPFC, thereby exerting executive function.
Hence, the reduced SFG—vmPFC connectivity strength of
children with OW/OB might suggest a diminished capacity for
such information exchange.

Interestingly, the positive effect from the vmPFC to SFG was
also decreased in the OW/OB group. The positive effect means
that brain activity in the vmPFC might increase the rate of
change in activity in the SFG. Accordingly, the weaker positive
EC from the vmPFC to SFG reflects a weaker weak excitatory of
the inhibitory control region, suggesting that children with OW/
OB may have a diminished capacity to balance behavioral
control and reward reactivity. More importantly, both bidirec-
tional ECs between the SFG and vmPFC were significantly
attenuated, indicating a poor overall synergy between the
inhibitory control region (SFG) and the reward-related brain
region (ventromedial prefrontal cortex (vmPFC)) in children with
OWY/OB. Taken together, the EC results expand prior studies by
revealing the directionality of information flow between the
core nodes at rest, and again support complex interactions
between inhibitory control and reward systems in childhood
obesity.

Baseline connections predict future eating behaviors

Our analyses revealed distinct predictive patterns within reward
and valuation circuits regarding eating behaviors. In the initial
model, baseline intrinsic caudate—caudate connectivity predicted
future food response and desire to drink water, while the
vmPFC—SFG connectivity predicted food enjoyment. After con-
trolling for baseline eating behaviors, however, only the
vmPFC—SFG connectivity significantly predicted food enjoyment
one year later. Critically, the results revealed that intrinsic
caudate—caudate connectivity predicted the changes in desire
to drink water and the vmPFC—SFG connectivity predicted the
changes in food enjoyment, independent of baseline behaviors.
Previous studies found that baseline FC or EC in dual-system (e.g.,
FC of the hippocampus and frontoparietal network, EC of the right
hippocampus and left postcentral gyrus) could predict eating
behaviors one year later [25, 26]. Our findings provide additional
evidence for the association between dual-system connectivity
and children’s eating behaviors.

The caudate, a hub of the striatal reward system, shows altered
dopaminergic regulation in obesity [43]. Its intrinsic connectivity
may reflect neuroplastic changes in dopamine receptor availability,
where obesity-related downregulation enhances reward-seeking
behaviors across consummatory domains [43, 52]. Conversely, the
vmPFC—SFG pathway may integrate subjective food valuation
(vmPFC) and control (SFG). Weakened top-down regulation in
obesity permits progressive hedonic adaptation, where baseline
connectivity strength influences future trajectories of food enjoy-
ment [26, 51]. Mechanistically, these processes may involve synaptic
efficacy changes in glutamatergic projections or neuroinflammatory
pathways exacerbated by high-fat diets [45, 53]. Importantly, these
neural indexes predicted behavioral changes independent of
baseline status, suggesting that they may capture latent neuro-
plastic vulnerability preceding observable symptom shifts. Future
studies should investigate whether these predictive signatures are
generalizable across diverse weight trajectories.
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Limitations and future directions

This study has several potential limitations. Our sample included a
wide age range (from 8 to 13 years old), and the sample size was
relatively small (n = 106), which may affect the generalizability of
the findings. Large-scale cohort studies of children are needed to
further validate the stability of the results. Given that pubertal
status has been recognized as an important factor associated with
brain function and structure [54], it is essential for future research
to validate our findings by incorporating pubertal status (e.g.,
utilizing the Pubertal Development Scale) as covariates of no
interest [55]. In addition, the present study employed a cross-
sectional design, which cannot infer a causal relationship between
neural interactions and childhood obesity; therefore, prospective
longitudinal studies are necessary to further investigate this issue.
Lastly, the hypothesis-driven DCM technique relies on a priori
assumption on which brain regions to include in the model space,
thus limiting the number of regions that can be evaluated [50].
Future studies could utilize a causal search algorithm (eg.,
GIMME), which can incorporate more regions than DCM, thereby
supporting more complex model explanations of neurological
activity in children at higher weight.

CONCLUSION

This study represents the first attempt to combine the FC and EC
indices to identify the underlying neural interaction patterns in
children with OW/OB at rest, from the perspective of a reward-
inhibition dual-system interaction. Children with OW/OB exhibited
abnormal functional synchrony between the reward and inhibi-
tory control systems (i.e., stronger SFG-caudate connectivity and
weaker SFG-vmPFC connectivity). Furthermore, the altered direc-
tional connections among the caudate, SFG and vmPFC (i.e,
stronger caudate—SFG connectivity, weaker SFG—vmPFC and
weaker vmPFC—SFG connectivity) may act as crucial neuromar-
kers of childhood obesity. Importantly, these core obesity-related
connections could be generalized to predict future eating
behaviors. The current study provides novel evidence on the
neural hierarchical basis of childhood obesity, suggesting that
interventions targeting reward processing and inhibition control
may have important implications for childhood obesity.
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