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Abdominal obesity (AO) exhibits unique endocrine and metabolic characteristics in women, yet its 
neural mechanisms remain unclear. The aim of this study was to investigate the neural mechanisms of 
AO in females by examining functional connectivity (FC) alterations across brain networks. Resting-
state functional MRI (rs-fMRI) data were collected from 38 female AO patients and 24 healthy controls 
(HCs). Independent component analysis (ICA) was utilized to evaluate FC and functional network 
connectivity (FNC) within and between brain networks. FC analysis revealed significant alterations 
within the default mode network (DMN), ventral attention network (VAN), and visual network (VN) 
(p < 0.05, FDR corrected). In the DMN, increased FC was observed in the left posterior cingulate 
gyrus and left angular gyrus, while decreased FC was found in the left precuneus and right posterior 
cingulate gyrus. The VAN and VN showed reduced FC in regions associated with attention control and 
visual processing, including the left inferior parietal gyrus, left inferior frontal gyrus, triangular part, 
and left calcarine fissure and surrounding cortex. Internetwork analysis identified significantly higher 
FNC between the DMN and left frontoparietal network in female AO patients (p < 0.001). This study 
revealed significant abnormalities in brain functional connectivity in female AO patients, particularly in 
networks related to self-referential processing, attention, and decision-making. These findings provide 
a neural basis for cognitive and emotional dysregulation in AO and highlight the potential for targeted 
interventions to improve self-regulation and inform prevention and treatment strategies.
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Abdominal obesity (AO), characterized by excessive visceral fat accumulation, poses significant health risks 
and unique challenges, particularly for women1–3. Unlike generalized obesity, AO in females is closely linked to 
sex-specific endocrine and metabolic factors, including hormonal fluctuations and heightened susceptibility to 
systemic inflammation4,5. These factors not only exacerbate cardiovascular and metabolic risks but also make 
brain regions involved in emotional regulation, cognitive control, and decision-making particularly vulnerable 
to dysfunction6,7. Given its profound and long-term impact on both physical and mental health, female AO 
represents a critical but understudied area of research requiring urgent attention.

Although neuroimaging research has revealed that obesity is associated with alterations in brain networks, 
such as the prefrontal cortex, insula, amygdala, and striatum—regions responsible for cognitive control, reward 
processing, and appetite regulation—these studies largely focus on generalized obesity, with limited attention 
to AO8–11. Recent findings suggest that women with obesity exhibit unique neural adaptations in brain regions 
such as the dorsal striatum and dorsolateral prefrontal cortex which are crucial for habitual and goal-directed 
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behaviors, which differ significantly from those in men12,13. These adaptations, particularly within the prefrontal 
and limbic systems, are linked to changes in reward processing, emotional regulation, and cognitive control, 
potentially contributing to maladaptive eating behaviors and emotional dysregulation14,15. Despite these 
findings, the specific impact of AO on brain function in women, especially in networks related to emotional 
regulation and cognitive control, remains poorly understood. Given the pronounced sex differences in fat 
distribution, hormonal influences, and metabolic responses16, understanding the neural mechanisms of female 
AO is essential to fill this critical research gap.

Independent component analysis (ICA) is a powerful, data-driven neuroimaging method that can decomposes 
complex neural signals into independent functional networks, providing insights into spatially independent 
components, enabling the identification of functionally distinct brain networks without requiring prior 
assumptions about specific regions of interest17. Compared to seed-based analysis, which relies on predefined 
seed regions and may overlook broader network dynamics, or graph-theoretical approaches that emphasize 
topological features18, ICA is particularly advantageous for capturing large-scale FC patterns across the whole 
brain. Previous ICA studies have revealed altered functional connectivity (FC) in obesity, such as weakened 
connectivity between the basal ganglia (BG) and dorsolateral prefrontal cortex (DLPFC), underscoring the BG 
network’s role in reward processing and inhibitory control19. Furthermore, dynamic FC analyses have shown 
prolonged alterations in connectivity states involving the salience network (SN) and the default mode network 
(DMN) connectivity, which are closely associated with body mass index (BMI) and may reflect sustained 
dysregulation in attention and self-referential processing20. In this study, ICA was employed to analyze resting-
state fMRI (rs-fMRI) data from female patients with AO. This approach enabled a comprehensive assessment of 
both within- and between-network FC alterations, offering deeper insights into the specific neural adaptations 
associated with female AO and advancing the understanding of its underlying brain mechanisms.

This study aims to examine alterations in both intranetwork and internetwork FC in female AO patients 
compared to healthy controls (HCs). We hypothesize that AO in women involves disruptions in brain networks 
critical for emotional and cognitive regulation, particularly the DMN. Additionally, we explore correlations 
between FC changes and obesity-related indicators, such as waist circumference (WC) and BMI. By identifying 
the neural basis of cognitive and emotional dysregulation in female AO patients, this study provides valuable 
insights into the pathophysiology of AO and highlights potential targets for prevention and therapeutic 
interventions tailored to women.

Materials and methods
Study design
This study utilized baseline data from a clinical neuroimaging trial (Supplementary material). Written informed 
consent was obtained from all participants before study-related assessments, and the study was approved by 
the Medical Ethics Committee of the Sports Trauma Specialist Hospital of Yunnan Province (Approval No. 
2021–01). The study protocol was registered with the Chinese Clinical Trial Registry (ChiCTR2100048920) on 
July 19, 2021, and the first participant enrolled on August 1, 2021. All methods were performed in accordance 
with relevant guidelines and regulations by our approved protocol.

Participants
A total of 40 female AO patients and 25 HCs were recruited from the Second Affiliated Hospital of Yunnan 
University of Chinese Medicine, the Sports Trauma Specialist Hospital of Yunnan Province, and local 
communities in Kunming, China. The rs-fMRI data were collected from them and ICA was utilized to evaluate 
FC and functional network connectivity (FNC) within and between brain networks. The inclusion criteria for 
female AO patients: (1) Diagnostic following American Association of Clinical Endocrinologists (AACE) Board 
of Directors and American College of Endocrinology (ACE) guidelines21: ① BMI ≥ 28 kg/m2; ② WC ≥ 80 cm; (2) 
Right-handed, aged 18–40 years; (3) At least 6 years of formal education. Exclusion criteria: (1) BMI ≥ 40 kg/
m2; (2) Secondary obesity due to endocrine diseases (e.g., hypothalamic, gonadal, pituitary diseases, thyroid 
diseases, etc.) or medications (e.g., antipsychotics, glucocorticoids); (3) Pregnancy or breastfeeding; (4) Chronic 
diseases, such as diabetes or cardiovascular disorders; (5) Psychiatric symptoms, including depression, insomnia; 
(6) Contraindications for MRI, such as metal implants or claustrophobia; (7) Significant brain lesions or cranial 
asymmetry; (8) History of obesity surgery. Age– and sex-matched HCs with a BMI of 18.5–23.9 kg/m2 were 
selected. Their exclusion criteria mirrored those of the AO group.

Sample size calculation
The primary objective of our study was to detect differences in FC between resting-state networks (RSNs). 
The sample size was calculated with reference to a prior obesity-related FC study22, which reported significant 
group differences in FNC between the SN and the frontoparietal network (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 obese and 35 normal-weight participants, 
corresponding to an average effect size of Cohen’s d = 0.83. Conservatively adopting Cohen’s d = 0.8, PASS software 
(https://www.ncss.com/software/pass) was used to estimate the required sample size, assuming a two-tailed test, 
α = 0.05, and power = 0.9. This calculation yielded approximately 21 participants per group (total = 42). To ensure 
adequate power and allow for potential data exclusions, we included 40 AO patients and 25 HC participants in 
the current study.

MRI data acquisition
MRI data were performed on a GE MRI Discovery 750w 3.0  T scanner. The scans were performed outside 
of the menstrual period. Participants lay supine with earplugs, eyes closed, and were instructed to stay 
awake and minimize head motion. The parameters for the high-resolution 3D T1- weighted BRAVO images 
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were as follows: repetition time (TR) = 7.7  ms, echo time (TE) = 3.6  ms, matrix = 228 × 228, field of view 
(FOV) = 250  mm × 250  mm, 230 axial slices, and acquisition time = 6  min and 53  s. The rs-fMRI data were 
collected using a gradient-echo echo-planar imaging (GRE-EPI) sequence: 240 functional images. 30 slices, 
slice thickness = 4.0 mm, gap = 1.2 mm, TR = 2000 ms, TE = 30 ms, matrix = 64 × 64, FOV = 220 × 220 mm, flip 
angle = 90°. Scans were conducted by a trained technician. Participants reporting discomfort could stop the 
procedure at any time.

Data processing
Preprocessing
The r-sfMRI data were preprocessed was performed using the GRETNA toolbox (v2.0.0, ​h​t​t​p​:​/​/​w​w​w​.​n​i​t​r​c​.​o​r​g​
/​p​r​o​j​e​c​t​s​/​g​r​e​t​n​a​​​​​) in MATLAB R2018b (MathWorks Inc.). The preprocessing steps included (1) Conversion of 
DICOM to NIFTI format; (2) Removal of the first 10 time points to ensure signal stabilization; (3) Slice-timing and 
head-motion realignment, with exclusion of participants exhibiting > 2 mm translation or > 2° rotationcorrection 
(exclusion threshold: head motion > 2 mm; (4) Spatial normalization to Montreal Neurological Institute (MNI) 
space (voxel size = 3 × 3 × 3 mm); (5) Spatial smoothing with an 8 mm full-width at half-maximum (FWHM) 
Gaussian kernel; (6) Band filtering (0.01 Hz–0.08 Hz) to reduce low-frequency drift and high-frequency noise; 
and (7) Ruisance 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 parameters, their 
first derivatives, and squared terms). Global signal regression (GSR) was not applied to preserve intrinsic FC 
patterns, as GSR may remove neural-related signals and introduce artifacts23. Framewise displacement (FD) 
was calculated using the six-dimensional timeseries method24,25, with mean FD values of 0.21 ± 0.08 mm for AO 
patients and 0.19 ± 0.07 mm for HCs. All participants had > 90% valid volumes. Two female AO patients and one 
HC were excluded due to poor image spatial alignment, resulting in a final sample of 38 female AO patients and 
24 HCs for analysis (Fig. 1).

Independent component analysis (ICA)
Group-level spatial ICA was performed using the GIFT toolbox (http://ictb.sourceforge.net/) in MATLAB R2018b 
(MathWorks Inc.). Based on the minimum description length (MDL) criterion, the number of independent 
components (ICs) was automatically estimated to be 22. The data were reduced by principal component analysis 
(PCA), and ICA was conducted using the infomax algorithm, repeated 100 times in ICASSO ​(​​​h​t​t​p​:​/​/​r​e​s​e​a​r​c​h​.​i​c​
s​.​t​k​k​.​f​i​/​i​c​a​/​i​c​a​s​s​o​/​​​​​) for stable ICs. Participant-specific spatial IC maps and time series were reconstructed using 
the GICA inverse method.

Identification of resting-state networks (RSNs)
Non-neuronal ICs (e.g., cerebrospinal fluid, motion artifacts, vascular-induced hyperactivity) were excluded. 
RSNs were identified by correlating IC spatial maps with Stanford’s Functional Imaging in Neuropsychiatric 
Disorders (FIND) Laboratory template, with the highest spatial correlation coefficients used for selection. 
Manual inspection verified the eight RSNs: auditory network (AUN), DMN, dorsal and ventral attention 
networks (DAN and VAN), left and right frontoparietal networks (FPN_L and FPN_R), sensorimotor network 
(SMN), and visual network (VN) (Fig. 2). Two researchers independently reviewed the selection.

Functional connectivity analysis
Intranetwork FC and internetwork FNC analyses were performed to assess connectivity alterations in AO. 
For intranetwork FC: Group-level templates for network comparisons were created using SPM12 (MATLAB). 
One-sample t-tests were performed to generate group templates, and two-sample t-tests with two-tailed testing 
(FWE-corrected, voxel p < 0.001, cluster p < 0.05) compared FC between groups, with age as a covariate. For 
internetwork FNC: Time series of RSNs were extracted, using the Mancovan module in the Group ICA of fMRI 
Toolbox (GIFT, v4.0b, http://mialab.mrn.org/software/gift). These time series were Fisher z-transformed and 
correlated to construct individual FNC matrices. Group differences in FNC were assessed using two-sample t 
tests, with false discovery rate (FDR) correction (p < 0.05, Benjamini–Hochberg method26) 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. All analyses were based on the final sample of 38 AO 
patients and 24 HCs.

Statistical analysis
Statistical analyses were performed using SPSS 27.0 (SPSS Inc., Chicago, IL, USA) Continuous variables were 
expressed as mean ± standard deviation, and categorical variables as numbers and percentages. An independent 
t-test was used for normally distributed variables, and the Mann–Whitney U test was applied for non-normally 
distributed variables. Imaging data were compared using two-sample t-tests (p < 0.05, FDR-corrected). 
Controlling for age as a covariate, correlation analysis assessed between the clinical variables (e.g., body weight 
(BW), WC, BMI, appetite visual analogue scale (VAS) scores) and the differential FC/FNC within and between 
RSNs. Bonferroni correction was applied to control for multiple comparisons (p × n < 0.05).
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Results
Demographics and clinical characteristics
The demographic and clinical characteristics of the study population are presented in Table 1. There were no 
significant differences in age between the AO and HC groups (p > 0.05). However, the AO group exhibited 
significantly higher BW, WC, BMI, and appetite VAS scores compared to the HC group (p < 0.01).

FC/FNC within and between RSNs
Pairwise correlation patterns
Pearson correlation coefficients were calculated for eight RSNs: AUN, DMN, DAN, VAN, FPN_L, FPN_R, 
SMN, and VN, to construct the FNC matrix for both groups. These coefficients were used to construct the FNC 
matrices for both groups.

Intranetwork FC variations
Significant FC differences within RSNs were observed between the AO and HC groups (p < 0.05, FDR corrected) 
(Table 2 and Fig.  3). In the DMN, female AO patients showed increased FC in the left posterior cingulate 
gyrus (PCG.L) and left angular gyrus (ANG.L). Conversely, they exhibited significantly decreased FC in the 
left precuneus (PCUN.L) and right posterior cingulate gyrus (PCG.R). For the VAN, female AO patients 
demonstrated reduced FC in the left inferior parietal gyrus (IPL.L), right temporal pole: middle temporal gyrus 
(TPOmid.R), and left inferior frontal gyrus, triangular part (IFGtriang.L). In the VN, significant decreases in FC 
were identified in the left calcarine fissure and surrounding cortex (CAL.L).

Fig. 1.  Flow chart of participant inclusion and exclusion process.
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FNC variation between RSNs
Group comparisons revealed significant differences in FNC between the AO and HC groups (p < 0.05, FDR-
corrected) (Fig. 4a,b). The AO group exhibited significantly higher FNC values between the DMN and FPN_L 
compared to the HC group (95% CI, − 0.30 to − 0.11, p < 0.001) (Fig. 4c).

Clinical variable

AO (n = 38) HC (n = 24)

Statistics p valuesMean (SD)/M (P25, P75) Mean (SD)/M (P25, P75)

Age (years) 30.00 (26.00, 37.25) 34.00 (28.75, 36.00) − 1.028 0.304

Duration of disease (years) 6.65 ± 4.55 N/A N/A N/A

BW 74.28 ± 4.64 56.16 ± 4.88 − 14.671 < .001

BMI 28.75 (28.40, 30.24) 21.69 (20.54, 23.39) − 6.604 < .001

WC 95.75 (91.00, 99.275) 78.00 (76.63, 79.00) − 6.591 < .001

Appetite VAS scores 6.00 (5.00, 6.00) 5.00 (4.00, 6.00) − 2.891 0.004

Table 1.  Demographic and baseline clinical characteristics of the study population. The data are shown as the 
mean values ± standard deviations and Median (quartiles). The p value was obtained by the independent t‐test. 
AO abdominal obesity; HC healthy control; NA not applicable; BW body wight; WC waist circumference; VAS 
visual analogue scale; SD standard deviation.

 

Fig. 2.  Functional brain network components. AUN auditory network; DMN anterior default network; DAN 
dorsal attention network; VAN ventral attention network; FPN_L left frontoparietal network; FPN_R right 
frontoparietal network; SMN sensorimotor network; VN visual network. The color bar represents T-values, 
indicating statistical significance (range: 0–15.3, thresholded at p < 0.05). Coordinates (x, y, z) are in MNI space.
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Correlation analysis
Intranetwork FC Correlation: Within the AO group, FC in the VN was positively correlated with WC (r = 0.551, 
p = 0.001 × 4 < 0.05) (Fig. 3). Internetwork FNC correlation: In the HC group, FNC between DMN and FPN_L 
showed a significant positive correlation with BMI (r = 0.6066, p = 0.0017 × 4 < 0.05), while no significant 
correlation was observed between BMI and FNC in the AO group (r = 0.0472, p > 0.05) (Fig.  4d). Further 
analysis revealed no significant correlations between DMN-FPN_L FNC and BW (r =  − 0.179, p = 0.282) or WC 
(r =  − 0.313, p = 0.056) in the AO group after Bonferroni correction (p × 4 > 0.05).

Discussion
The This study revealed significant alterations in both intranetwork and internetwork FC in female patients with 
AO, providing novel insights into the neural mechanisms underlying AO. These findings, particularly within 
networks associated with self-referential processing, attentional control, and decision-making, highlight the 
critical impact of AO on cognitive and emotional regulation.

FC abnormalities within the DMN: compensation and imbalance
The DMN, crucial for self-referential thought, introspection, and social cognition27 exhibited both increased and 
decreased FC in female AO patients. Increased FC was observed in the PCG.L and ANG.L, regions integral to 
sensory integration, self-evaluation, and emotion regulation28. This enhancement likely reflects a compensatory 
response to heightened emotional and cognitive demands, such as body image concerns and food-related 
cues29–31. In contrast, decreased FC was identified in the PCUN.L and PCG.R, which are the key hubs for 
decision-making and integration of internal and external stimuli32,33. Reduced connectivity in these regions may 
impair self-awareness and decision-making, contributing to maladaptive behaviors such as emotional eating and 
poor dietary choices34–36. These findings suggest possible deficits in attention or decision-making, as supported 
by previous studies linking DMN alterations to cognitive impairments in obesity35,37. However, due to the 
absence of cognitive testing such as Clinical Assessment for Attention (CAT)38, Paced Auditory Serial Additions 
Task (PASAT)39 Clinical Assessment for Attention or Trail making test (TMT)40 in our study, this interpretation 
remains speculative and should be addressed in future research.

Our analysis revealed contrasting FC changes within the DMN in female patients with AO compared to HCs, 
specifically increased FC in PCG.L and decreased FC in the PCG.R. These hemispheric differences highlight 
a functional imbalance within the DMN, contributing to cognitive and emotional dysregulation in AO41,42. 
Neurobiological evidence indicates that the PCG exhibits functional lateralization: the left PCG is primarily 
associated with emotional regulation and self-referential processing, while the right PCG supports attention 
allocation, spatial navigation, and integration of internal and external stimuli43,44. In female AO patients, the 
enhanced FC in PCG.L likely represents a compensatory response to the heightened demands for self-evaluation 
and emotion regulation in female AO patients45. In contrast, the decreased FC in PCG.R suggests impairments 
in attentional control and decision-making, consistent with diminished interhemispheric coordination in 
lateralized brain regions43,46. While the left hemisphere may partially compensate for right-hemisphere deficits, 
such mechanisms may not fully restore network efficiency, leading to persistent cognitive and emotional 
dysregulation. Future studies should explore specific connectivity patterns to further elucidate these lateralized 
effects.

FC abnormalities within the VAN and VN: attention and visual deficits
The VAN, which plays a critical role in attentional control and cognitive flexibility47, exhibited decreased FC 
in the IPL.L, TPOmid.R, and IFGtriang.L in female AO patients. These disruptions may underlie common 

RSNs Group comparison HEM Peak_region Cluster size

MNI

Statistical valueX Y Z

DMN

AO > HC

Left

PCG.L 24 − 6 − 42 27 4.92

ANG.L 14 − 36 − 63 33 3.23

AO < HC
PCUN.L 20

− 18 − 60 33 4.96

− 18 − 57 24 4.46

Right PCG.R 21 6 − 39 27 4.47

VAN AO < HC

Left IPL.L 19
− 60 − 54 39 5.05

− 63 − 54 39 3.53

Right TPOmid.R 12 54 − 21 − 9 4.07

Left
IFGtriang.L 12 − 48 27 0 3.66

VN AO < HC CAL.L 14 − 18 − 81 6 4.86

Table 2.  Brain regions with significant FC differences within RSNs. AO abdominal obesity; HC healthy 
control; DMN default mode network; VAN ventral attention network; VN visual network; PCG.L left posterior 
cingulate gyrus; ANG.L left angular gyrus; PCUN.L left precuneus; PCG.R right posterior cingulate gyrus; 
IPL.L left inferior parietal gyrus; TPOmid.R right temporal pole: middle temporal gyrus; IFGtriang.L left 
inferior frontal gyrus, triangular part; CAL.L left calcarine fissure and surrounding cortex; HEM hemisphere: 
MNI Montreal-Neurological-Institute.
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cognitive control deficits in obesity48,49,contribute to impulsive decision-making and difficulties in resisting food-
related stimuli50. Similarly, the VN, exhibited decreased FC in the CAL.L, a region central to visual perception 
and stimulus integration51,52. These deficits may reflect difficulties in visual processing and attentional focus, 
exacerbating maladaptive eating behaviors driven by visual food cues53. Interestingly, within the AO group, VN 
FC was positively correlated with WC (Fig. 3), suggesting a compensatory increase in VN activity in individuals 
with greater abdominal fat. However, this apparent contradiction with Table 2 (showing reduced FC in AO vs. 
HC) can be explained by compensatory mechanisms: AO patients with larger WC may exhibit increased FC 
in specific VN regions to cope with heightened visual stimulus demands, possibly influenced by metabolic or 
hormonal factors. This enhanced VN activity may reflect increased sensitivity to food cues and their reward 
value, aligning with previous findings of heightened visual cortex activation and attentional bias to food in 
obese individuals. Despite this compensatory pattern, overall VN dysfunction remains a key feature of AO’s 
neurocognitive profile54,55. For example, obese individuals show enhanced attentional bias to food cues, with 

Fig. 3.  Differences in FC within resting-state networks and correlation analysis. The DMN, VAN, and VN 
exhibit significant FC differences. The color bar represents t-statistics, with warmer colors indicating greater 
statistical significance (p < 0.001, FDR-corrected). Within the AO group, VN FC shows a positive correlation 
with WC (r = 0.551, p = 0.001 × 4 < 0.05), reflecting within-group compensatory changes rather than group-level 
comparisons with HC. DMN anterior default network; VAN ventral attention network; VN visual network; FC 
functional connectivity; PCG posterior cingulate gyrus; ANG angular gyrus; PCUN precuneus; IPL inferior 
parietal gyrus; TPOmid temporal pole: middle temporal gyrus; IFGtriang inferior frontal gyrus, triangular part; 
CAL calcarine fissure and surrounding cortex; WC, waist circumference.
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increased visual cortex activation and altered connectivity to salience and reward networks53,54. Additionally, 
morbid obesity is associated with disrupted visual plasticity, indicating broader VN dysfunction55. These 
alterations may amplify the salience of food cues, contributing to maladaptive eating behaviors. Metabolic and 
hormonal factors, such as insulin or leptin dysregulation, likely influence VN FC indirectly through reward and 
salience processing, though direct pathways remain speculative and require further investigation. Despite this 
compensation, overall VN function remains lower than in HC.
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Altered DMN-FPN_L connectivity: compensatory but inefficient adaptation
This study identified significantly increased FNC between the DMN and the FPN_L in female AO patients 
compared to HCs. The DMN supports self-referential processing, while the FPN_L facilitates goal-directed 
tasks and executive control. Enhanced DMN-FPN_L connectivity may represent a compensatory mechanism 
to address self-regulatory challenges in AO, such as difficulties in appetite control and decision-making45. 
Alternatively, this hyperconnectivity could indicate inefficient neural communication between these networks, 
potentially contributing to dysfunction56,57. Notably, in HCs, a positive correlation between DMN-FPN_L 
connectivity and BMI was observed, suggesting that mild increases in BMI may require greater neural 
coordination to maintain cognitive control. DMN-FPN_L FNC did not show significant correlations with BMI, 
BW, or WC the AO group. The absence of this correlation in AO patients highlights neural circuit disruptions 
potentially caused by prolonged metabolic dysregulation22.

To systematically interpret these abnormalities, we adopted the triple network model, which emphasizes the 
SN as a dynamic regulator of DMN-FPN interactions58. In AO, altered DMN-FPN_L connectivity may reflect 
SN-mediated disruptions in switching between internally directed and externally oriented processes, leading to 
cognitiveemotional dysregulation. Although our study did not directly assess SN connectivity, recent evidence 
suggests SN dysfunction in obesity-related conditions, including altered dynamic connectivity in comorbid 
depression and obesity59,60. For instance, enhanced DMN-FPN connectivity in overweight/obese individuals 
with depression highlights network imbalances relevant to AO60. These observations align with the triple network 
model, widely used to explain cognitive-affective deficits in neuropsychiatric disorders61. However, the lack of 
direct SN analysis limits our conclusions, and future studies should employ seed-based or ICA approaches to 
examine SN’s role in AO.

Sex-specific considerations: the role of endocrine factors
The findings of this study align with evidence that women with obesity exhibit greater alterations in brain regions 
related to emotional regulation, potentially making them more vulnerable to emotionally driven and compulsive 
eating behaviors. These differences may be influenced by hormonal changes, such as estrogen fluctuations, which 
are known to modulate the brain’s reward and emotional regulation circuits, including the DMN and VAN. 
For instance, brain estrogen synthesis in the amygdala has been negatively correlated with BMI and positively 
associated with self-control62, while estradiol and progesterone have been shown to influence reward processing 
and impulse control63. In contrast, men with obesity tend to exhibit more prominent changes in brain regions 
related to visceral sensations, such as hunger and satiety, indicating a greater reliance on metabolic regulation13,64. 
However, as sex hormone levels were not assessed in our study, we could not directly examine their relationship 
with FC alterations—a key limitation. Future research should incorporate endocrine measurements to clarify the 
role of sex hormones in shaping brain network connectivity in women with AO.

Clinical implications and therapeutic potential
Our findings underscore the translational potential of neuroimaging biomarkers derived from altered 
connectivity in the DMN, VAN, and DMN-FPN_L may serve as predictive features of cognitive and emotional 
dysregulation and can inform the development of individualized treatment strategies. Machine learning 
techniques may further enhance the predictive power of these biomarkers by integrating complex connectivity 
patterns with clinical profiles, as demonstrated in recent studies applying machine learning to predict obesity 
risk and improve diagnostic precision across metabolic and neurocognitive disorders65,66.

Therapeutic interventions such as cognitive-behavioral therapy (CBT), which targets self-regulation and 
attentional control, and neuromodulation approaches tailored to specific neurobiological vulnerabilities, may 
help improve network efficiency67,68. Given the observed sex-specific patterns—particularly in networks involved 
in emotion regulation—females with AO may benefit from more personalized approaches. Notably, interventions 
targeting hormonal regulation, including modulation of estrogen or insulin sensitivity, may enhance central 
nervous system function and metabolic balance in women69–71. Menopausal hormone therapy, when initiated 
in midlife, has shown time- and formulation-dependent effects on cognitive domains such as verbal memory72. 
Such hormonal interventions could further potentiate the effects of network-targeted therapies like CBT or 
TMS73. This integrated strategy—combining brain network modulation with hormonal regulation—reflects a 
precision medicine approach tailored to sex-specific neurobiological vulnerabilities in AO70,74. However, the 
unique neuroendocrine shifts across different reproductive stages in women demand further exploration to fully 
optimize female-specific interventions.

Several limitations should be considered. First, the exclusive focus on female AO patients limits the 
generalizability of the findings. Future research should include male participants to explore potential sex-specific 

Fig. 4.  Functional network connectivity differences between AO and HC groups. (a) Ring diagram illustrating 
increased connectivity between the DMN and FPN_L in the AO group compared to the HC group. The color 
bar represents log-transformed p-values (log10), with positive values indicating stronger connectivity in 
the AO group. (b) Matrix plot showing significant FNC differences between RSNs. Yellow squares represent 
significant FNC differences (p < 0.05, FDR-corrected), with warmer colors indicating increased connectivity in 
the AO group. (c) FNC between the DMN and FPN_L is significantly higher in the AO group (95% CI, − 0.30 
to − 0.11, p < 0.001). (d) In the HC group, FNC between the DMN and FPN_L is positively correlated with BMI 
(r = 0.6066, p = 0.0017 × 4 < 0.05), but no such correlation is observed in the AO group (r = 0.0472, p > 0.05). 
DMN default mode network; FPN_L left frontoparietal network; FNC Functional network connectivity; AO 
abdominal obesity; HC healthy control; BMI body mass index.
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differences. Second, the cross-sectional design prevents causal inferences regarding the relationship between AO 
and brain connectivity. Longitudinal studies are necessary to assess the progression and long-term impact of AO 
on brain function13. Third, the lack of cognitive testing (e.g., CAT, PASAT, or TMT) limits our ability to directly 
link FC changes to specific cognitive or emotional outcomes. Future research should integrate comprehensive 
neuropsychological assessments and hormonal measurements to better elucidate the impact of AO on brain 
networks.

Conclusion
In conclusion, this study highlights significant alterations in both intranetwork and internetwork FC in female 
AO patients, particularly within the DMN, VAN, and VN. These changes suggest disruptions in cognitive 
and emotional regulation, with increased DMN-FPN_L connectivity reflecting compensatory but inefficient 
adaptations. These findings underscore the importance of targeting brain network dysfunctions through 
cognitive-behavioral therapies and early neuroimaging-based interventions, providing a foundation for 
developing tailored prevention and treatment strategies for AO in women.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author upon reasonable request.
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