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ABSTRACT
Objective: This study investigated the neural mechanisms underlying appetite dysregulation in female subjects with abdominal 
obesity (AO) by identifying functional connectivity (FC) and network-level differences between moderate appetite (MA) and 
strong appetite (SA) subtypes.
Methods: A total of 60 women with AO (30 MA, 30 SA) and 30 healthy controls (HCs) underwent resting-state fMRI. Independent 
component analysis was used to identify and examine FC within and functional network connectivity (FNC) between key 
resting-state networks, including those involved in cognitive and visual processing. Network alterations and correlations with 
obesity-related indicators were evaluated.
Results: Compared to HCs, both groups showed reduced FC in the default mode network (DMN) and visual network (VN), with 
SA additionally exhibiting decreased FC in the frontoparietal network (FPN) and lower angular gyrus FC than MA (p < 0.05, 
FDR-corrected). MA displayed increased DMN-left FPN (FPN_L) FNC (p < 0.001), while SA showed negative correlations be-
tween FC and BMI/appetite visual analog scale (VAS) scores in FPN and with body weight/BMI/appetite VAS in VN (p < 0.05). 
In HCs, DMN-FPN_L FNC positively correlated with BMI, a pattern that was not observed in MA.
Conclusion: Distinct brain network patterns characterize appetite subtypes in AO. SA showed more pronounced FC reductions 
in networks previously linked to self-regulation and visual processing, which may contribute to appetite dysregulation based 
on correlations with obesity indicators. In contrast, MA exhibited increased DMN-FPN_L FNC, potentially reflecting adaptive 
internetwork interactions.
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1   |   Introduction

Abdominal obesity (AO), a chronic metabolic disorder char-
acterized by visceral adipose tissue overaccumulation, poses 
greater health risks than general obesity [1]. In China, epide-
miological data in China in 2020 indicate that the prevalence of 
AO among middle-aged women reached 34.08%, significantly 
higher than that in men [2]. Over the past two decades, female 
AO rates have surged from 19.84% to 43.15%, establishing it as a 
predominant metabolic threat to women's health [3]. Beyond its 
associations with cardiovascular diseases, type 2 diabetes, and 
cancers (such as breast and colon cancer) [4–6]. AO in women 
also notably increases the risks of polycystic ovary syndrome, 
reproductive dysfunction, and estrogen-dependent tumors [7]. 
Hormonal fluctuations and metabolic susceptibilities further 
exacerbate women's vulnerability to these complications, high-
lighting the urgent need for targeted interventions in this pop-
ulation [8].

Appetite regulation is central to energy homeostasis, involv-
ing dynamic coordination between central reward circuits and 
peripheral metabolic signals. Recent research identifies D1 
medium spiny neurons (D1-MSNs) in the nucleus accumbens 
(NAc) shell as key mediators of leptin's anorexigenic effects, 
suppressing appetite via glutamatergic projections to leptin 
receptor-expressing neurons in the lateral hypothalamus [9]. 
This circuit integrates homeostatic feeding with hedonic re-
ward systems. In AO, this regulation is disrupted—appetite 
becomes dissociated from physiological demand and increas-
ingly influenced by hedonic craving [10, 11]. Gender-specific 
factors, such as blunted satiety responses and preferential 
abdominal fat deposition linked to estrogenic modulation 
of NAc-hypothalamic connectivity, amplify these effects in 
women [12, 13].

Neuroimaging studies reveal a hierarchical framework for appe-
tite regulation, with the hypothalamus governing homeostatic 
aspects [14, 15], and the limbic system contributing to reward-
driven behaviors [16]. Higher-order modulation of food reward 
valuation involves interactions between the default mode net-
work (DMN), implicated in self-referential thinking and emo-
tional regulation, and the frontoparietal network (FPN), crucial 
for cognitive control and goal-directed behavior [17]. While 
task-based studies demonstrate dynamic cross-network inter-
actions during appetite-related processes [18], resting-state 
functional magnetic resonance imaging (rs-fMRI) uncovers 
intrinsic connectivity patterns that may underlie these mech-
anisms, providing insights into baseline network organization 
without external stimuli [18, 19].

Clinically, our prior work identified two distinct appetite 
subtypes in AO: moderate appetite (MA) and strong appe-
tite (SA) phenotypes [20]. Notably, these subtypes exhibit 
not only differential treatment responses, with SA showing 
better outcomes to interventions like acupoint catgut em-
bedding [20, 21], but also distinct behavioral profiles. MA is 
characterized by milder appetite drives (VAS scores 4–6), po-
tentially allowing for better self-regulation of intake, whereas 
SA features heightened appetite intensity (VAS scores 7–10), 
associated with increased hedonic hunger, compulsive eat-
ing, and poorer inhibitory control over food cues [10, 19]. This 
behavioral divergence prompts the question: Do MA and SA 
subtypes display unique patterns of functional network reor-
ganization, particularly in DMN/FPN connectivity linked to 
NAc-hypothalamic circuits, that explain variations in appetite 
behaviors and treatment responsiveness?

Traditional region-of-interest (ROI) analyses often overlook large-
scale network dynamics in appetite control. To address this, we 
employed independent component analysis (ICA) on rs-fMRI data. 
ICA is a data-driven approach that identifies resting-state networks 
(RSNs) and their functional connectivity (FC) without predefined 
regions [22, 23]. ICA enables unbiased whole-brain exploration of 
intranetwork FC and internetwork functional network connec-
tivity (FNC), ideal for revealing subtype-specific alterations [18]. 
Building on the behavioral and clinical differences between MA 
and SA [20, 21], this study aimed to elucidate the neural underpin-
nings of these phenotypic variations. Specifically, we investigated 
whether MA and SA individuals demonstrate distinct FC patterns 

Study Importance

•	 What is already known?
○	 Appetite dysregulation contributes significantly to 

the development of abdominal obesity (AO), and 
individuals with AO exhibit varying appetite levels, 
such as moderate (MA) and strong appetite (SA).

○	 Functional connectivity (FC) alterations in brain 
networks, including the default mode network 
(DMN), have been linked to obesity and eating be-
havior in resting-state studies, but little is known 
about how these neural changes differ across appe-
tite subtypes in AO.

•	 Why does this study add?
○	 This study identifies distinct patterns of brain net-

work disruptions in MA and SA subtypes of female 
AO using resting-state fMRI.

○	 SA is characterized by more widespread reduced 
FC in the DMN, frontoparietal network (FPN), 
and visual network, as well as lower angular gyrus 
connectivity, while MA exhibits selective FC re-
ductions and increased internetwork connectivity 
(DMN-FPN).

○	 These alterations show subtype-specific correla-
tions with obesity indicators, such as negative asso-
ciations in SA with BMI and appetite visual analog 
scale scores.

•	 How might these results change the direction of re-
search or the focus of clinical practice?
○	 By revealing neuro-functional differences between 

appetite subtypes, including their correlations 
with obesity measures, this study suggests that in-
dividualized treatments targeting specific brain 
networks—particularly those linked to cognitive 
control and visual processing—may improve appe-
tite regulation and obesity management.

○	 These findings lay the groundwork for brain-
based subtyping of AO and support the develop-
ment of personalized, neurobiologically informed 
interventions.

 1930739x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/oby.70040 by Shalam

ar M
edical &

 D
ental C

ollege, W
iley O

nline L
ibrary on [24/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3Obesity, 2025

within and between key RSNs. Furthermore, we explored the as-
sociation between these network alterations (distinct FC and FNC 
patterns in key RSNs) and obesity-related indices, such as body 
mass index (BMI) and waist circumference (WC). By elucidating 
the neural signatures, this study aimed to advance mechanistic in-
sights into hedonic appetite regulation and inform personalized, 
neurobiologically targeted interventions for female AO.

2   |   Methods

2.1   |   Study Design

This cross-sectional investigation utilized baseline data from an 
ongoing clinical neuroimaging trial. All participants provided 
written informed consent before undergoing study-related 
procedures. The rs-fMRI data were acquired from all partici-
pants, and ICA was implemented to identify both intranetwork 
FC and internetwork FNC across brain networks. The study 
protocol received ethical approval from the Medical Ethics 
Committee of the Sports Trauma Specialist Hospital of Yunnan 
Province (Approval No. 2021-01) and was prospectively reg-
istered with the Chinese Clinical Trial Registry (Registration 
No. ChiCTR2100048920). The trial registration was submitted 
on July 19, 2021, with the first participant formally enrolled on 
August 9, 2021.

2.2   |   Participants

From August 2021 to June 2024, a total of 60 female patients 
with AO (comprising 30 with MA and 30 with SA) and 30 fe-
male healthy controls (HCs) were recruited from the Second 
Affiliated Hospital of Yunnan University of Chinese Medicine, 
the Sports Trauma Specialist Hospital of Yunnan Province, and 
the Kunming communities in China. The diagnostic criteria 
were based on the guidelines established by the 2011 Chinese 
Expert Consensus on the Prevention and Treatment of Adult 
Obesity [24] and the characteristics of AO [25]. Inclusion cri-
teria for AO included: (1) BMI ≥ 28 kg/m2 and WC ≥ 80 cm; (2) 
female, right-handed, aged 18–40 years old; (3) appetite strati-
fication using visual analog scale (VAS) scores: MA group (4–6 
points) and SA group (7–10 points) based on established cutoffs 
[20]; (4) at least 6 years of education, with the ability to compre-
hend the study procedures. Exclusion criteria were: (1) extreme 
obesity (BMI ≥ 40 kg/m2); (2) secondary obesity due to endo-
crine diseases (e.g., hypothalamic diseases, gonadal disorders, 
Cushing's syndrome, pituitary disorders, thyroid disorders) or 
medications (e.g., antipsychotics, glucocorticoid) used; (3) cur-
rent pregnancy/lactation; (4) comorbidities such as diabetes, 
cardiovascular disease, psychiatric disorders, immune deficien-
cies, hepatic or renal impairments, and hematological disorders; 
(5) psychiatric symptoms, including depression or insomnia; (6) 
MRI contraindications (e.g., metal implants, vascular stents, 
pacemakers, dentures, claustrophobia); (7) structural brain ab-
normalities or cranial asymmetry; (8) history of bariatric sur-
gery. Concurrently, 30 age-matched female HCs were enrolled 
with normal BMI (18.5–23.9 kg/m2) and MA (VAS scores 4–6), 
while sharing identical exclusion criteria with AO patients ex-
cept for obesity-related parameters.

2.3   |   Sample Size Calculation

The objective of our study was to identify FC and network-
level differences between MA and SA subtypes in female AO. 
To ensure sufficient statistical power, the sample size was cal-
culated based on a prior obesity-related FC study [19], which 
demonstrated significant group differences in FNC between 
the salience network (SN) and the FPN, with t values of −3.937 
(SN-lFPN, p = 0.0002) and −2.953 (SN-rFPN, p = 0.0043) in a 
sample of 35 participants with obesity  and 35 normal-weight 
participants, corresponding to an average effect size of Cohen's 
d = 0.83. To adopt a conservative approach and account for po-
tential variability in our subtype-specific comparisons, we used 
Cohen's d = 0.8. The required sample size was estimated using 
PASS software (https://​www.​ncss.​com/​softw​are/​pass), assum-
ing a two-tailed test, α = 0.05, and power = 0.9. This calculation 
indicated approximately 21 participants per group. To ensure 
adequate power and allow for potential data exclusions, we in-
cluded 60 AO patients (30 MA, 30 SA) and 30 HCs, resulting in a 
total sample of 90 participants.

2.4   |   MRI Data Acquisition

Neuroimaging data were acquired using a 3.0T GE Discovery 
750w MRI system (GE Healthcare) equipped with a 32-channel 
head coil for improved signal to noise ratio. During scan-
ning, participants were positioned supine with foam pad-
ding around the head to minimize motion artifacts and 
wore noise-reduction earplugs to attenuate scanner noise. 
Standardized instructions were provided to all participants 
to ensure consistency: maintain wakefulness throughout 
the scan, keep eyes closed without exposure to visual stimu-
lation, breathe relaxedly, and avoid any structured cognitive 
activities. High-resolution 3D T1-weighted BRAVO images 
were acquired with the following parameters: repetition time 
(TR) = 7.7 ms, echo time (TE) = 3.6 ms, matrix = 228 × 228, 
field of view (FOV) = 250 × 250 mm, 230 axial slices, and ac-
quisition time = 6 min 53 s. The rs-fMRI data were acquired 
using a gradient recalled echo—echo planar imaging (GRE-
EPI) sequence with the following parameters: TR = 2000 ms, 
TE = 30 ms, matrix = 64 × 64, FOV = 220 × 220 mm, 30 slices, 
slice thickness = 4.0 mm, gap = 1.2 mm, flip angle = 90°, 240 
functional volumes, and acquisition time = 8 min 6 s. Scanning 
protocols included real-time motion monitoring, with imme-
diate termination upon participant-reported discomfort or ex-
cessive head movement (translation > 2 mm, rotation > 2°).

2.5   |   Data Processing

2.5.1   |   Preprocessing

The rs-fMRI data were preprocessed using the GRETNA 
toolbox (v2.0.0, http://​www.​nitrc.​org/​proje​cts/​gretna) in 
MATLAB R2018b (MathWorks Inc.). The preprocessing steps 
were as follows: (1) conversion of raw DICOM files to NIFTI for-
mat; (2) removal of the first 10 time points to ensure signal sta-
bilization; (3) slice-timing and head motion realignment, with 
exclusion of participants exhibiting > 2 mm translation or > 2° 
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rotation correction (exclusion threshold: head motion > 2 mm); 
(4) spatial normalization to Montreal Neurological Institute 
(MNI) space (voxel size = 3 × 3 × 3 mm3); (5) spatial smoothing 
with an 8 mm full-width at half-maximum (FWHM) Gaussian 
kernel; (6) band filtering (0.01–0.08 Hz) to reduce low-
frequency drift and high-frequency noise; and (7) nuisance 
signal regression to remove non-neural signals. Nuisance 
regressors included mean signals from white matter (WM) 
and cerebrospinal fluid (CSF), extracted using masks derived 
from MNI templates, and head motion parameters modeled 
with the Friston 24-parameter approach (six motion param-
eters, their first derivatives, and squared terms). Global sig-
nal regression (GSR) was not applied to preserve intrinsic FC 
patterns, as GSR may remove neural-related signals and intro-
duce artifacts [26]. Framewise displacement (FD) was calcu-
lated using the six-dimensional time-series method [27]. All 
participants had > 90% valid volumes. Following these steps, 
the preprocessed data from all participants were prepared for 
further analysis (Figure 1).

2.5.2   |   ICA

Group-level spatial ICA was performed using the Group ICA of 
fMRI Toolbox (GIFT, v4.0b, http://mialab.mrn.org/software/
gift) in MATLAB R2018b. To enable unified analysis across 
all three groups (MA, SA, HC), ICA was conducted on the 
combined dataset of 90 participants, with the number of inde-
pendent components (ICs) automatically estimated using the 
minimum description length (MDL) criterion, which balances 
model complexity and data fit, yielding 26 components for the 
overall group analysis. Dimensionality reduction was achieved 

through three stages of principal component analysis (PCA) to 
compress the data while retaining variance. ICA decomposition 
was conducted using the Infomax algorithm with extended sta-
bility testing: 100 iterations using the ICASSO framework (v1.0, 
http://​resea​rch.​ics.​aalto.​fi/​ica/​icasso) to assess component reli-
ability. A cluster quality index (Iq) threshold > 0.9 was applied 
to ensure stable components, and the maximum number of it-
erations was set to 512 for convergence. Individual participant 
spatial maps and temporal dynamics were reconstructed via 
the group ICA back-reconstruction algorithm (GICA3), preserv-
ing between-subject variability while maintaining group-level 
correspondence.

2.5.3   |   Identification of RSNs

The ICs associated with cerebrospinal fluid, motion, or 
vascular-induced pseudo hyperactivity were discarded based 
on the graphical user interface display window showing all 
components in the GIFT toolbox. The spatial correlation 
coefficient of each IC with the network template was calcu-
lated according to the maximum spatial similarity princi-
ple of Stanford's Functional Imaging in Neuropsychiatric 
Disorders (FIND) Laboratory template. ICs corresponding to 
the maximum correlation coefficient were then identified and 
combined with manual visual observation to identify and ex-
tract brain networks. All ICs were comparatively checked by 
two independent neuroradiologists to ensure the correctness 
and appropriateness of the RSNs selection. The eight RSNs 
included: auditory network (AUN), DMN, dorsal attention 
network (DAN), ventral attention network (VAN), left FPN 
(FPN_L), right FPN (FPN_R), sensorimotor network (SMN), 
and visual network (VN), as illustrated in Figure 2.

2.5.4   |   Functional Connectivity Analysis

FC analyses were implemented through a two-stage protocol 
in MATLAB SPM12. First, within-network connectivity was 
assessed using one-sample t tests to establish baseline network 
integrity across all participants, providing a reference for group 
comparisons. To identify regions of overall group differences, 
one-way ANOVA was initially applied to generate a mask of 
significant voxels (F test p < 0.05, FDR-corrected, to balance 
sensitivity and control for false positives in multigroup com-
parisons), followed by post hoc two-sample t tests within this 
mask for pairwise contrasts (MA vs. HC, SA vs. HC, SA vs. 
MA) with two-tailed testing, incorporating age as a nuisance 
covariate (FWE-corrected, voxel p < 0.001, cluster p < 0.05). For 
internetwork FNC, time series of RSNs were extracted, using 
the Mancovan module in the GIFT toolbox. These time series 
were Fisher z-transformed and correlated to construct individ-
ual FNC matrices. Group differences in FNC were assessed 
using one-way ANOVA to generate a mask of significant RSN 
pairs (F  test p < 0.05), followed by post hoc t tests, with FDR 
correction (p < 0.05, Benjamini–Hochberg method [28]) applied 
to control for multiple comparisons across RSN pairs. FDR was 
chosen for FNC to balance statistical sensitivity and control of 
false discoveries in ROI-to-ROI connectivity analyses.

FIGURE 1    |    Flowchart of participants' inclusion and exclusion pro-
cess. HC, healthy control; MA, moderate appetite; SA, strong appetite.
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2.6   |   Statistical Analysis

Demographic and clinical characterization was conducted in 
SPSS 27.0 statistical software (SPSS Inc.). Continuous vari-
ables with normal distribution were expressed as mean ± stan-
dard deviation (SD) and analyzed with parametric methods: 
independent samples t tests for two-group comparisons and 
one-way ANOVA with least significant difference (LSD) post 
hoc tests for three-group contrasts. Non-normally distrib-
uted variables were presented as median (interquartile range) 
and assessed with nonparametric tests: Mann–Whitney U 
or Kruskal–Wallis with Dunn's post hoc for three groups. 
Categorical data were described using frequency count (per-
centage) and analyzed with χ2 tests. Correlation analyses be-
tween clinical variables (e.g., BMI, WC, appetite VAS scores) 
and neuroimaging metrics (FC values or FNC matrices) were 
performed using Pearson correlation. Bonferroni correc-
tion was applied for multiple comparisons, with statistical 

significance set at p × n < 0.05, where n represents the number 
of tests.

3   |   Results

3.1   |   Demographics and Clinical Characteristics

The demographics and clinical characteristics of the participants 
are presented in Table 1. There were no significant differences 
in age among the MA, SA, and HC groups (p > 0.05). However, 
body weight (BW), WC, and BMI were significantly higher in 
the SA and MA groups compared to the HC group (p < 0.001). 
No significant differences were observed between the MA and 
SA groups in terms of BW and BMI (p > 0.05). However, the SA 
group exhibited a significantly longer disease duration, higher 
WC, and elevated appetite VAS scores than the MA group 
(p < 0.05).

FIGURE 2    |    Functional brain network components. AUN, auditory network; DAN, dorsal attention network; DMN, default mode network; 
FPN_L, left frontoparietal network; FPN_R, right frontoparietal network; SMN, sensorimotor network; VAN, ventral attention network; VN visual 
network.
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3.2   |   FC/FNC Within and Between RSNs

Pearson correlation coefficients were computed for the eight 
RSNs in the MA, SA, and HC groups to construct the FNC 
matrix.

3.3   |   Intranetwork FC Variations

Significant differences in intranetwork FC were observed 
among the groups based on one-way ANOVA followed by post 
hoc tests (p < 0.05, FDR-corrected) (Table  2 and Figure  3). 
Compared with the HC group, both the MA and SA groups 
demonstrated decreased FC within multiple RSNs, with SA 
showing more widespread and pronounced reductions. In 
the MA group, decreased FC was observed in the following 
regions compared to HCs (post hoc, p < 0.05): DMN: left pre-
cuneus (PCUN.L, p < 0.001), right posterior cingulate gyrus 
(PCG.R, p < 0.001); and VN: left superior occipital gyrus 
(SOG.L, p < 0.001), right calcarine fissure and surrounding 
cortex (CAL.R, p < 0.001), left calcarine fissure and surround-
ing cortex (CAL.L, p < 0.001). In the SA group, decreased FC 
was observed in the following regions compared to HCs (post 
hoc p < 0.05): DMN: right posterior cingulate gyrus (PCG.R, 
p = 0.008), right angular gyrus (ANG.R, p < 0.001); FPN_L: left 
angular gyrus (ANG.L, p < 0.001), left inferior parietal lobule 
(IPL.L, p = 0.002); and VN: left superior occipital gyrus (SOG.L, 
p = 0.024), CAL.L (p = 0.038). Compared to the MA group, the 
SA group exhibited decreased FC in the following regions (post 
hoc p < 0.05): DMN: right angular gyrus (ANG.R, p = 0.039); 
FPN_L: left angular gyrus (ANG.L, p = 0.011), left inferior pa-
rietal gyrus (IPL.L, p = 0.016); FPN_R: right superior frontal 
gyrus, dorsolateral (SFGdor.R, p = 0.004); and VN: right calcar-
ine fissure and surrounding cortex (CAL.R, p = 0.010).

3.4   |   FNC Variation Between RSNs

Group comparisons revealed significant FNC differences 
between the MA and HC groups (p < 0.05, FDR-corrected) 
(Figure 5a,b). The MA group exhibited significantly higher FNC 

between the DMN and FPN_L compared to the HC group (95% 
CI, 0.71 to 0.27, p < 0.001) (Figure 5c).

3.5   |   Correlation Analysis

Intranetwork correlation: In the MA group, FC in the VN was pos-
itively correlated with WC (r = 0.0.4737, p = 0.0082 × 4 < 0.05) 
(Figure  4). In the SA group, FPN_L FC was negatively cor-
related with BMI and DMN (r = −0.3840, p = 0.0362 < 0.05) 
and appetite VAS (r = −0.5604, p = 0.0013 × 4 < 0.05) (Figure 4). 
VN FC was negatively correlated with BW (r = −0.4728, 
p = 0.0083 × 4 < 0.05), BMI (r = −0.5136, p = 0.0037 × 4 < 0.05), 
and appetite VAS (r = −0.4478, p = 0.0131 < 0.05) (Figure  4). 
Internetwork correlation: In the HC group, FNC between 
the DMN and FPN_L was positively correlated with BMI 
(r = 0.4549, p = 0.0116 × 4 < 0.05), while no significant cor-
relation was observed in the MA group (r = −0.1829, p > 0.05) 
(Figure 5d).

4   |   Discussion

This study identified significant differences in intranetwork 
and internetwork functional connectivity (FC and FNC) across 
female AO patients with MA and SA levels. Both the SA and 
MA groups demonstrated widespread FC reductions compared 
to the HC group, particularly within the DMN, VN, and FPN. 
Notably, the SA group exhibited more pronounced FC disrup-
tions than the MA group, highlighting distinct neural mecha-
nisms underlying different appetite subtypes in AO.

4.1   |   DMN Alterations: Implications for Emotional 
and Cognitive Regulation in AO Subtypes

The DMN plays a crucial role in self-referential thinking and 
emotional regulation, involving introspection and decision-
making processes [29]. In this study, reduced DMN FC was 
observed in both the MA (PCUN.L, PCG.R) and SA (PCG.R, 
ANG.R) groups compared to HCs, with SA showing additional 
reductions in ANG.R relative to MA. Consistent with other 

TABLE 1    |    Demographic and baseline clinical characteristics of the study population.

Clinical 
variable MA (n = 30) SA (n = 30) HC (n = 30)

Baseline group differences-p

MA vs. HC SA vs. HC MA vs. SA

Age (years) 32.03 ± 6.35 29.37 ± 5.12 32.40 ± 6.92 0.818 0.060 0.978

Duration of 
disease (years)

6.50 (3.88, 9.62) 5.00 (3.30, 6.43) — — — 0.034

BW 74.08 ± 5.06 77.06 ± 7.25 55.60 ± 4.62 < 0.001 < 0.001 0.070

BMI 28.84 (28.4, 30.27) 29.55 (28.57, 31.79) 29.55 (20.17, 23.17) < 0.001 < 0.001 0.162

WC 95.75 (91.00, 98.75) 99.25 (94.75, 108.10) 77.50 (76.00, 78.00) < 0.001 < 0.001 0.009

Appetite VAS 
score

6.00 (5.00, 6.00) 8.00 (8.00, 9.00) 5.00 (4.00, 6.00) 0.096 < 0.001 < 0.001

Note: Data given as mean ± SD and median (quartiles). The p value was obtained by the independent t test.
Abbreviations: BW, body weight; HC, healthy control; MA, moderate appetite; SA, strong appetite; VAS, visual analog scale; WC, waist circumference.
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rs-fMRI studies, individuals with obesity exhibit decreased 
DMN FC, particularly in the posterior cingulate cortex, PCUN, 
and ANG, which has been shown to correlate with higher BMI 
and impaired self-regulatory processing in individuals with 
obesity [30, 31]. For instance, a meta-analysis of rs-fMRI in 
obesity found reduced DMN connectivity associated with emo-
tional regulation deficits and poorer inhibitory control, with-
out external stimuli [30]. The more severe DMN reductions in 
SA, including the ANG.R (involved in attention and memory 
integration), may indicate heightened vulnerability to self-
regulation challenges, as supported by rs studies showing DMN 
FC decreases correlating with increased appetite drives [19, 31]. 
This subtype difference is further supported by SA's longer 
disease duration and higher VAS scores, which may relate to 
these reductions, as rs-fMRI in obesity links angular gyrus FC 
decreases to elevated appetite behaviors [19]. In contrast, the 
relatively milder reductions in MA suggest a less disrupted in-
trospective network, consistent with patterns observed in rs-
fMRI of obesity cohorts after weight loss interventions, where 
DMN activity increases correlate with improved metabolic out-
comes [32].

4.2   |   VN Alterations: Implications for Visual 
Processing in AO Subtypes

In this study, significant FC reductions in the VN were observed 
in both the MA and SA groups, particularly in regions like the 
CAL and SOG. In MA, VN FC was positively correlated with 
WC, while in SA, it was negatively correlated with BW, BMI, 
and appetite VAS scores. These opposing correlations highlight 
subtype-specific associations between VN connectivity and obe-
sity measures. Rs-fMRI studies in obesity consistently report VN 
disruptions, with decreased FC in visual processing areas linked 
to altered reward sensitivity and higher BMI [33, 34]. The negative 
correlations in SA suggest that VN reductions may exacerbate ap-
petite drives, consistent with rs-fMRI findings of increased tem-
poral variability in visual regions correlating with BMI [34]. This 
is further supported by SA's higher VAS scores and longer disease 
duration, which may relate to these VN alterations. In contrast, 
the positive correlation in MA indicates a potentially different 
mechanism, where preserved or heightened VN activity could 
reflect compensatory visual processing, aligning with subtype-
specific rs patterns observed in overweight individuals [35].

FIGURE 3    |    Differences in FC within resting-state networks. Brain regions with significant FC differences within resting-state networks were 
observed in the DMN, FPN_L, FPN_R, and VN. The color bar indicates t-statistics, with warmer colors highlighting regions of stronger statistical 
significance (p < 0.05, FDR-corrected). ANG, angular gyrus; CAL, calcarine fissure and surrounding cortex; DMN, default mode network; FPN_L, 
left frontoparietal network; FPN_R, right frontoparietal network; IPL, inferior parietal gyrus; PCG, posterior cingulate gyrus; PCUN, precuneus; 
SFGdor.R, right superior frontal gyrus, dorsolateral; SOG, superior occipital gyrus; VN, visual network.
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4.3   |   FPN Reductions: Implications for Cognitive 
Control in the SA Subtype

The FPN, essential for cognitive control and goal-directed behav-
ior [36], showed significantly reduced FC in the SA group com-
pared to both the HC and MA groups, particularly in the ANG.L, 
IPL.L (FPN_L), and SFGdor.R (FPN_R). In SA, FPN_L FC was 
negatively correlated with BMI and appetite VAS, underscoring 
potential links to obesity severity and eating behaviors. A study of 
individuals with obesity reported disrupted FPN FC at rest, cor-
relating with poor decision-making [19]. The preserved FPN FC 
in MA, contrasted with SA's reductions and negative correlations, 
suggests that cognitive control mechanisms may remain relatively 
intact in MA, consistent with rs-fMRI evidence of FPN-BMI rela-
tionships in appetite-related disorders [37]. This subtype difference 
is further supported by SA's higher VAS scores, which may relate 
to these FPN reductions, as the rs-fMRI study noted that weaker 
FPN connectivity was significantly associated with higher disin-
hibited eating scores, reinforcing the link between FPN integrity 
and maladaptive eating behaviors [17]. These findings suggest that 
targeting FPN functionality through cognitive-behavioral inter-
ventions may be particularly beneficial for SA patients.

4.4   |   FNC Patterns: Implications for Network 
Interactions in AO Subtypes

Internetwork connectivity analysis revealed increased FNC be-
tween the DMN and FPN_L in the MA group compared to HCs, 
with positive DMN-FPN_L FNC correlations with BMI in HCs 
but absent in MA. This heightened interaction in MA, without 
similar patterns in SA, may reflect adaptive network coupling 
to support appetite regulation [38]. Rs studies in obesity show 
altered DMN-FPN interactions, with increased FNC potentially 
compensating for regulatory challenges, as seen in correlations 
with behavioral measures like BMI [34, 39]. For instance, rs-
fMRI in overweight individuals demonstrated enhanced DMN-
FPN FNC linked to better weight management outcomes [19]. In 
contrast, the lack of compensation in SA aligns with their more 
severe FC reductions and negative correlations, supporting rs-
fMRI findings of disrupted internetwork dynamics in advanced 
obesity [39]. This is further supported by SA's higher VAS scores 
and greater disease burden, which may relate to these FNC 
absences, as rs-fMRI evidence in obesity shows DMN-FPN de-
coupling correlating with elevated appetite and maladaptive be-
haviors [19].

FIGURE 4    |    Analysis of intranetwork functional connectivity correlations. BW, body weight; FPN_L, left frontoparietal network; MA, moderate 
appetite; SA, strong appetite; VAS, visual analog scale; VN, visual network; WC, waist circumference.
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FIGURE 5    |     Legend on next page.
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4.5   |   Clinical Implications and Translational 
Potential

The observed FC and FNC alterations, particularly their correla-
tions with obesity indicators, offer critical insights for clinical 
applications. In the SA group, pronounced reductions in FPN 
and VN, negatively correlated with BMI and appetite VAS, 
underscore the need for interventions targeting cognitive con-
trol and sensory processing networks. Real-time fMRI-guided 
approaches, such as neurofeedback training to upregulate pre-
frontal activity, have shown promise in improving eating be-
haviors in overweight individuals by modulating networks like 
FPN [40]. For the MA group, the increased DMN-FPN_L FNC 
and positive VN-WC correlations suggest benefits from strate-
gies supporting adaptive interactions, like mindfulness-based 
interventions that enhance introspection and decision-making 
[41, 42]. Cognitive-behavioral therapy [43] could be tailored to 
these functional connections, as rs-fMRI studies indicate it al-
ters DMN-FPN connectivity in obesity [17]. Similarly, mindful 
eating practices may recalibrate VN responses, with rs evidence 
linking them to reduced appetite drives and improved weight 
management [44]. Integrating these with rs-fMRI monitoring 
could personalize treatments, synergistically enhancing effec-
tiveness for subtype-specific appetite regulation.

This study has several limitations. First, the sample size was 
relatively small, limiting the generalizability of the findings. 
Second, the reliance on a single appetite assessment scale may 
not fully capture the complexity of appetite regulation. Third, 
the cross-sectional design precludes conclusions about the tem-
poral evolution of FC and FNC alterations in AO. As a rs study, 
interpretations are inferential and based on correlations; future 
task-based fMRI (e.g., food-cue paradigms [45]) is needed to val-
idate functional implications. Larger, longitudinal studies with 
diverse samples and multimodal assessments could further elu-
cidate these patterns.

5   |   Conclusion

In summary, this study highlights distinct neural mecha-
nisms underlying appetite subtypes in female AO patients. SA 
patients exhibited greater disruptions in networks linked to 
self-regulatory and visual processing, potentially contribut-
ing to appetite dysregulation based on negative correlations 
with obesity indicators like BMI and VAS scores. In contrast, 
MA patients showed increased DMN-FPN_L interactions, 
which may reflect adaptive mechanisms to mitigate appetite-
related challenges. These findings provide novel insights into 
understanding the central appetite-related patho-mechanisms 
of AO and suggest potential targets for personalized 

interventions to improve appetite control and weight manage-
ment in obesity.
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