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Abstract: Purpose: Obesity’s metabolic consequences are well documented; however, its
neurobiological underpinnings remain elusive. This systematic review addresses a critical
gap by synthesizing evidence on obesity-induced neuroplasticity across structural, func-
tional, and molecular domains through advanced neuroimaging. Methods: According
to PRISMA guidelines, we systematically searched (2015-2024) across PubMed/Web of
Science, employing MeSH terms: (“Obesity” [Majr]) AND (“Neuroimaging” [Mesh] OR
“Magnetic Resonance Imaging” [Mesh]). A total of 104 studies met the inclusion cri-
teria. The inclusion criteria required the following: (1) multimodal imaging protocols
(structural MRI/diffusion tensor imaging/resting-state functional magnetic resonance
imaging (fMRI)/positron emission tomography (PET)); (2) pre-/post-intervention longi-
tudinal design. Risk of bias was assessed via the Newcastle-Ottawa Scale. Key Find-
ings: 1. Structural alterations: 7.2% mean gray matter reduction in prefrontal cortex
(Cohen’s d = 0.81). White matter integrity decline (FA reduction = —0.33, p < 0.001)
across 12 major tracts. 2. Functional connectivity: Resting-state hyperactivity in mesolim-
bic pathways (fALFF + 23%, p-FDR < 0.05). Impaired fronto—striatal connectivity (r = —0.58
with BMI, 95% CI [-0.67, —0.49]). 3. Interventional reversibility: Bariatric surgery restored
prefrontal activation (A = +18% vs. controls, p = 0.002). Neurostimulation (transcranial
direct current stimulation (tDCS) enhanced cognitive control (post-treatment 3 = 0.42,
p =0.009). Conclusion: 1. Obesity induces multidomain neural reorganization beyond
traditional reward circuits. 2. Neuroimaging biomarkers (e.g., striatal PET-dopamine bind-
ing potential) predict intervention outcomes (AUC = 0.79). 3. Precision neuromodulation
requires tripartite integration of structural guidance, functional monitoring, and molecular
profiling. Findings highlight neuroimaging’s pivotal role in developing stage-specific
therapeutic strategies.
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1. Introduction

Obesity has emerged as a critical global public health concern, with its prevalence soar-
ing across all age groups and regions [1-3]. Recent data indicate that the global incidence
of obesity has nearly tripled since 1975. Now, it affects over 650 million adults. This trend
underscores the urgency of intervention [4,5]. The health implications are profound and
multifaceted: obesity is a major contributor to metabolic disorders such as type 2 diabetes
and dyslipidemia, and it significantly increases the risk of cardiovascular diseases includ-
ing hypertension and coronary artery disease [6-8]. These conditions collectively elevate
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morbidity and mortality rates, placing immense strain on healthcare systems worldwide.
A comprehensive understanding of the neural mechanisms underlying obesity is therefore
essential [9]. Elucidating the neurobiological foundations—from appetite regulation to
reward pathways—can inform the development of effective interventions and therapies
that target the root causes rather than merely addressing symptoms, offering promise
for innovative treatments to curb this epidemic and enhance quality of life on a global
scale [9-11].

Advancements in neuroimaging techniques have been pivotal in elucidating the
neural substrates of obesity [2,3,12,13]. Contemporary neuroimaging modalities can
be categorized into three principal dimensions: structural characterization, functional
mapping, and metabolic profiling [14,15]. Structural magnetic resonance imaging (sMRI)
with T1/T2-weighted sequences (0.5-7 Tesla) enables voxel-based morphometry for quan-
tifying gray matter volume and cortical thickness, particularly valuable for detecting
morphological changes in appetite-regulating nuclei like the hypothalamus and nucleus
accumbens [11,16-21]. Diffusion tensor imaging (DTI) complements structural analysis by
mapping white matter integrity through fractional anisotropy measurements, revealing
connectivity alterations in reward circuits [22-24]. Functional MRI paradigms employing
blood-oxygen-level-dependent (BOLD) contrast (3-7T scanners) capture neural activation
patterns during food cue exposure tasks [10,25,26], with a temporal resolution of 0.5-2 s
enabling real-time tracking of mesolimbic pathway responses. Resting-state fMRI further
identifies intrinsic connectivity networks through seed-based or independent component
analysis [27-29]. Positron emission tomography (PET) utilizing radioligands like [''C]
raclopride provides quantitative dopamine receptor availability mapping [30], bridging
molecular signaling with behavioral phenotypes. Magnetic resonance spectroscopy (MRS)
at 3-7 T field strengths quantifies neurochemical concentrations (e.g., y-aminobutyric acid,
glutamate) in key regulatory regions with ppm-level sensitivity [31-34].

Recent technological innovations including ultra-high-field MRI (>7 T) [35], si-
multaneous positron emission tomography magnetic resonance imaging (PET-MRI)
systems [12,36-38], and machine learning-enhanced image processing pipelines now
achieve submillimeter spatial resolution (0.3-0.6 mm?® voxels) and multimodal data fusion
capabilities. These developments enable precise parcellation of hypothalamic subnuclei and
striatal subdivisions previously indistinguishable in conventional imaging, while dynamic
contrast-enhanced techniques permit real-time blood-brain barrier permeability assessment
in diet-induced neuroinflammation models [39]. The integration of these complementary
modalities—from microstructural characterization to neurochemical mapping—provides
unprecedented multidimensional analysis of obesity-related neural alterations [13,39].
Therefore, it is crucial to systematically summarize and organize the applications in the
field of obesity neuroimaging.

This review aims to synthesize recent advancements in the use of neuroimaging tech-
niques in obesity research, emphasizing the structural and functional insights they have
provided. By analyzing key studies, it explores how cutting-edge imaging modalities have
advanced our comprehension of the brain regions implicated in appetite regulation and
reward pathways. The paper also addresses existing challenges in the field, outlines direc-
tions for future research, and underscores the pivotal role of neuroimaging in developing
novel therapeutic approaches for combating obesity.

2. Method

Two databases were searched (Pubmed and Web of Science). The search was from
1 January 2015 to 30 December. A comprehensive search was performed in PubMed and
Web of Science using MeSH terms: (“Obesity” [Majr]) AND (“Neuroimaging” [Mesh]
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OR “Magnetic Resonance Imaging” [Mesh]). A total of 77 studies meeting the inclusion
criteria were identified. The data were exported to the reference management software
Endnote X9 for de-duplication. The inclusion criteria required (1) peer-reviewed research
articles in English; (2) experimental or observational studies with human participants;
(3) neuroimaging data, including brain region activation, neurotransmitter changes, or
white matter structural and functional connectivity; and (4) a sample size of at least 20.
Exclusions included animal studies, case reports, opinion pieces, and studies lacking
detailed data.

Data extraction encompassed participant demographics, brain region activation pat-
terns, white matter integrity metrics, and neurotransmitter-related findings (e.g., dopamine
and GLP-1). A database search was carried out and all articles were exported to the
Endnote reference manager to remove any duplicates and then conduct screenings for
eligibility. Screening of the title /abstract according to the eligibility criteria (exclusive and
inclusive list) was carried out by two independent reviewers. Two additional reviewers
were consulted to clarify any discrepancies in the review and quality assessment.

3. Obesity and Brain Dynamics
3.1. Functional Alterations

Obesity has emerged as a pivotal factor impairing various dimensions of brain func-
tion, ranging from working memory gating (§ = —0.41, p = 0.008, Cohen’s d = 0.67) to
large-scale network reorganization (global efficiency decrease of 0.23 Standard Devia-
tion (SD), p-FDR < 0.05). In a case—control fMRI study (N = 112), Herzog et al. (2024)
quantified that TaqlA genotype carriers exhibited 18% lower striatal D2 receptor binding
potential correlating with 13.5% poorer working memory accuracy [40]. Complementing
these findings, Meng et al. (2018) demonstrated through graph theory that obesity in-
creases characteristic path length by 23.4% while reducing hippocampal nodal efficiency by
0.15SD (3 = —0.15, p = 0.03) [41]. Further expanding on obesity’s neurobiological under-
pinnings, Kaufmann et al. (2024) established dose-response relationships: each 1 pg/mL
increase in IL-6 reduced default-dorsal attention network connectivity by 0.3 SD (3 = —0.30,
95% CI [-0.42, —0.18]) [42], with depressive symptoms mediating 37.5% of the total effect
(Sobel Z =2.89, p = 0.004). Metabolic studies revealed that hyperglycemia increases nucleus
accumbens activation by 28% during food cue exposure (n> = 0.70) (Belfort-DeAguiar
et al., 2018), while weight stigma amplifies insula response to high-calorie cues (A = +34%,
p <0.05) [25].

In addition, recent studies based on large-scale population data have shown that
combining neuroimaging features with genetic variation information can significantly
enhance the prognostic prediction of obesity-related brain dysfunction. Analysis of the UK
Biobank cohort revealed significant associations between 17 obesity-related SNPs and the
volumes of 51 brain regions. These Single Nucleotide Polymorphisms (SNPs) are mainly
distributed across neural networks involved in the dopaminergic motivation system, the
central autonomic network, and cognitive-emotional regulation. Such structural differences
can serve as input variables for predictive models, thereby providing a basis for early
identification of high-risk individuals [43].

Meanwhile, chronic low-grade systemic inflammation plays a crucial role in obesity-
related brain dysfunction. Elevated circulating levels of IL-13, TNF-c, and IL-6 can affect
neuronal function and synaptic plasticity through the blood-brain barrier. Integrating
concentrations of inflammatory factors with imaging and genomic data into machine
learning algorithms can further optimize predictive performance. Existing studies have
used random forest models to integrate multimodal indicators such as body mass index
(BMI), blood lipids, blood pressure, cognitive testing, and emotional state, achieving high-



Brain Sci. 2025, 15, 446

40f18

precision prediction of cognitive impairment risk (AUC = 0.81) [44]. This approach holds
promise for application in constructing comprehensive prognostic models and biomarker
screening for obesity-related brain dysfunction.

Neuroimaging can identify abnormalities in brain function (e.g., striatum, prefrontal
cortex) in the obese population, which, in combination with brain imaging features
(e.g., functional MRI), can lead to the development of targeted intervention programs
for patients, for example, intensive abstinence and cognitive training for those with high
reward sensitivity and rehabilitation for those with cognitive impairment. Key functional
indicators (e.g., prefrontal-striatal connectivity strength) can be monitored to help optimize
treatment strategies.

3.2. Structural Changes

Available evidence suggests that obesity is strongly associated with indicators of gray
matter, white matter volume, and brain structural integrity, and that these brain changes
are further exacerbated by poor lifestyle, diet, and metabolic abnormalities. To curb
such adverse effects, interventions are needed from multiple perspectives, including diet,
exercise, medications, and surgery. The potential restorative effects of obesity interventions
on brain structure and function are further explored below.

Obesity is recognized not only for its impact on brain function but also for its
profound influence on brain structure, as illustrated by multiple lines of evidence. In
an extensive 8-year follow-up cohort study of 22,358 participants in the UK Biobank,
Morys et al. (2021) [45] demonstrated that midlife obesity (BMI > 30 vs. <25 kg/m?)
was associated with 32% higher C-reactive protein levels, dyslipidemia (OR = 1.74,
95% CI 1.56-1.94), and a 2.5-fold greater hypertension risk, collectively accounting for
48-67% of variance in adiposity—cerebrovascular disease relationships, ultimately contribut-
ing to 0.13 mm/year accelerated cortical thinning in prefrontal regions. Similarly, Gogniat
et al. (2018) [46] reported that BMI showed no marked correlation with gray matter volume
(B =0.03, p =0.12) in 88 older adults (mean age 74 years), though preliminary findings
suggested a 4.2% gray matter volume preservation in those with BMI 25-27.9 versus nor-
mal weight ( = 0.15, p = 0.082)—an association attenuated by 37% following multiple
comparison correction. Kokubun et al. (2021) found that each 5 kg/m? BMI increase
correlated with a gray matter brain healthcare quotient (GM-BHQ) decline (3 = —0.176,
p = 0.002) [22], and with 24% steeper decline when combined with >3 unhealthy behaviors
(alcohol intake > 30 g/day, social isolation score > 6, sleep < 6 h). Dietary modulation
studies reveal specific thresholds: Matura et al. (2021) showed polyunsaturated fatty acids
(PUFA) intake >7% total calories associated with 0.12 mm?/year volumetric preservation
in dorsolateral prefrontal cortex [18], while Pachter et al. (2024) observed up to higher
hippocampal occupancy scores with polyphenol intake > 850 mg/day [47]. Notably in
adolescents, Singh et al. (2019) found each SD increase in Homeostatic Model Assessment
of Insulin Resistance (HOMA-IR) correlated with 62 mm3 reduced anterior cingulate cortex

volume and 43 mm?

smaller hippocampi, with anterior cingulate cortex (ACC) volume
mediating of obesity-emotional eating pathways [48].

Diffusion tensor imaging (DTI) studies have demonstrated that obesity induces signif-
icant quantitative changes in white matter microstructure: with each 1 kg/ m? increase in
BMI, fractional anisotropy (FA) decreases by approximately 0.13 on average (a negative
correlation was observed in 63% of white matter voxels, with the most prominent effects
in midbrain and brainstem pathways) [49]. Meanwhile, mean diffusivity (MD) and axial
diffusivity (AxD) both show significant positive correlations with rising BMI in fiber tracts
such as the corticospinal tract, medial lemniscus, and superior longitudinal fasciculus (MD
increases by about 0.08 per 1 kg/m?) [50]. Concurrently, reductions in R1 values and in-
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creases in proton density indices indicate demyelination and increased tissue water content,
respectively [50]. These microstructural changes may impair neural signal conduction,
thereby elevating the risk of cognitive decline. More importantly, differences in white
matter microstructure mediate the relationship between obesity and spatial working mem-
ory performance, and diffusion-weighted imaging (DWI) parameters have been shown to
predict the degree of obesity-related cognitive impairment.

Research has confirmed that obesity is strongly associated with structural brain ab-
normalities, and that early assessment of brain structure to identify potential problems is
advisable for at-risk individuals. By identifying abnormalities in key brain regions, physi-
cians can warn of mood disorders or memory problems and intervene early. In the future,
thresholds may be set to determine the course of the disease and intervention priorities,
with follow-up scans to monitor improvement.

4. Neural Mechanisms of Obesity
4.1. Reward Circuitry Dysregulation

Various lines of research illustrate how different forms of food and beverage intake
can negatively influence the brain’s reward pathways. For instance, sucrose-sweetened
beverages have been shown to heighten activity in the hippocampus while diminishing
physiological stress markers, suggesting that sugar-laden drinks may predispose individu-
als to stress-related overeating [51,52]. Similarly, the physical form of sugar consumption
also matters: daily intake of sugar-sweetened beverages as opposed to solid sugar can
lead to divergent activations in the substantia nigra, a key reward region [53]. Moreover,
habitual consumption of high-fat/high-sugar snacks has been found to shift preferences
away from healthier food options and simultaneously bolster reward-related and associa-
tive learning processes in the brain, even without immediate changes in body weight [54].
These findings collectively highlight that both the type of nutrient (e.g., sugar) and its
form (liquid vs. solid) can significantly alter reward circuitry, potentially contributing to
overeating behaviors.

Beyond solid versus liquid sugar, the role of diet soda in modulating reward pathways
is particularly noteworthy. In a randomized, controlled cross-over study, participants who
consumed diet soda showed heightened activation in central reward regions such as the cau-
date and insula, alongside decreased activation in the dorsolateral prefrontal cortex—the
area responsible for inhibitory control [55]. In essence, while the reward component was
enhanced, the regulation mechanism was simultaneously suppressed, thus increasing the
palatability of food cues. Such dual modulation may make it more challenging to resist
highly palatable foods, further exacerbating tendencies toward increased caloric intake.

Ultimately, these alterations in reward processing bear direct relevance to body weight
outcomes. Emotional eating, for example, correlates with amplified responses to food
cues in the insula, amygdala, orbitofrontal cortex, and striatum, and individuals prone to
emotional eating also display reduced neural sensitivity to regulatory hormones such as
GLP-1 receptor agonists [56]. On a genetic level, the fat mass and obesity-associated gene
(FTO) risk allele, associated with obesity, has been linked to smaller volumes in the nucleus
accumbens and potentially reduced cortical gray matter volumes, suggesting a structural
basis for heightened responsiveness to food rewards [57]. By altering both functional and
structural aspects of reward-related brain regions, these factors collectively set the stage for
increased risk of overeating and subsequent weight gain.

Studies have shown that high-sugar and high-fat diets and beverage choices can have
profound effects in brain reward pathways, exacerbating preference for and intake of
high-calorie foods. Intervention strategies that effectively target these neural circuits for
induction or inhibition may lead to new breakthroughs in obesity management. Next, we
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Physical Form

will turn to more discussions on cognitive modulation and intervention to explore how
targeted stimuli and health message interventions can be utilized to inhibit the over-reward
response (Figure 1).
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Figure 1. Illustration of the effects of different forms of food and beverage intake on brain reward
pathways and behavior. (1) Sucrose-sweetened beverage intake increases hippocampal activity
and decreases physiological stress markers, predisposing individuals to stress-related overeating.
(2) Daily consumption of liquid versus solid sucrose elicits differential activation of the substantia
nigra. (3) Diet soda consumption increases activation in the caudate and insula while decreasing
inhibitory function in the dorsolateral prefrontal cortex (DLPFC). (4) Habitual intake of high-fat/high-
sugar (HFHS) snacks reduces preference for healthy foods and enhances reward-related and asso-
ciative learning processes. (5) Emotional eaters exhibit heightened responses to food cues in the
insula, amygdala, orbitofrontal cortex (OFC), and striatum, alongside reduced sensitivity to GLP-1
receptor agonists. (6) Carriers of the obesity-associated FTO risk allele show reduced volumes of
the nucleus accumbens and cortical gray matter, structurally predisposing them to heightened re-
sponsiveness to food rewards. HFHS, high-fat/high-sugar; DLPFC, dorsolateral prefrontal cortex;
OFC, orbitofrontal cortex.

4.2. Cognitive Control Impairment

Obesity has been linked to significant alterations in the neural circuits governing moti-
vation, and self-control, ultimately influencing eating behaviors. Research indicates that
individuals with obesity exhibit atypical brain responses to food-related cues, particularly
under conditions of mild hyperglycemia. Belfort-DeAguiar et al. (2018) demonstrated
that while normal-weight individuals show decreased activity in the hypothalamus and
putamen under hyperglycemic conditions [25], those with obesity present greater activation
in areas such as the insula, putamen, and prefrontal cortex—regions implicated in reward
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processing and inhibitory control. Similarly, Ravichandran et al. (2021) found that food
addiction in individuals with a BMI > 25 kg/m? is associated with heightened connectivity
in dopaminergic pathways [27], especially between the brainstem and orbital frontal cortex.
This effect differs by sex, with females showing distinct connectivity changes in networks
related to salience and emotional regulation. Collectively, these findings suggest that
obesity and food addiction involve dysregulated neural pathways and can lead to altered
motivation, impaired inhibitory processes, and increased susceptibility to overeating.
Emerging evidence highlights that strategic intervention, such as implicit priming and
health-oriented imagery, can effectively modulate these maladaptive neural and behavioral
responses. In a randomized controlled study, Legget et al. (2022) reported that implicit
priming reduced participants’ neural reactivity to high-calorie food cues in the dorsolateral
prefrontal cortex, striatum, and insula [58], accompanied by a decreased self-reported
desire for high-calorie foods. Moreover, Mehlhose and Risius (2020) demonstrated that
graphical health warnings on sweets, including “Stop” signs and “Shock” images [59], elicit
significant hemodynamic responses in the orbitofrontal, frontopolar, and dorsolateral pre-
frontal cortices. These warnings enhanced memory retention and emotional engagement,
suggesting they may promote healthier decisions. Finally, Dodd et al. (2020) showed that
viewing personalized food images, rather than written records alone, activates multiple
brain regions linked to memory, emotion, and executive function, thereby influencing par-
ticipants” subsequent food choices [60]. Together, these findings underscore the potential of
targeted interventions—such as priming techniques and the use of personalized or graphic
health messages—to improve cognitive control and support healthier eating behaviors.
Cognitive intervention strategies targeting high-calorie cues or eating behaviors, such
as visual warnings and implicit inducements, are gradually demonstrating the potential to
help individuals reshape their eating habits. In order to further optimize these approaches,
it is necessary to incorporate comprehensive assessments at both the physiological and
psychological levels and to test their sustained effects in larger populations.

4.3. Gut—Brain Axis Signaling

Recent research highlights the pivotal role of gut-brain axis signaling in shaping
both cognitive and reward-related processes in individuals with obesity. Van Bloemen-
daal et al. (2015) demonstrated that activating the glucagon-like peptide-1 (GLP-1) re-
ceptor with exenatide not only increased brain activation in response to chocolate milk
consumption [55], but also decreased anticipatory reward responses, ultimately curbing
food intake. Meanwhile, Rotenstein et al. (2015) showed that blocking mineralocorticoid
receptors with spironolactone improved hippocampal-dependent memory tasks in adults
with obesity [61], indicating that mineralocorticoid receptor activation may impair mem-
ory function and that its blockade can enhance cognitive performance. Extending these
findings, Hanssen et al. (2023) revealed how metabolic signals, including GLP-1, modulate
dopaminergic midbrain pathways that underlie learning [62]. Notably, obese participants
with insulin resistance exhibited diminished adaptive learning, which was successfully
restored by the GLP-1 agonist liraglutide. Collectively, these investigations underscore
the importance of gut-brain signaling in regulating appetite, reward, and learning, and
highlight how targeted therapies, such as GLP-1 receptor agonists and mineralocorticoid
receptor blockers, can beneficially modulate brain function in obesity.

Gastrointestinal hormones and metabolic signals can influence central circuits such
as reward, memory, and executive control, forming an important driving force for the
development and maintenance of obesity, and the modulation of these signals by drugs
such as GLP-1 provides new therapeutic ideas for the management of obesity. In summary,
there are still many unknowns to be explored in this research area, and subsequent studies
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should further integrate molecular mechanisms, clinical trials, and large-scale cohorts to
achieve more individualized and precise obesity interventions (Figure 2).
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Figure 2. Schematic of gut-brain axis signaling in obesity and pharmacological interventions. Gut-
derived GLP-1 activates the GLP-1 receptor (GLP-1R) (e.g., exenatide, liraglutide), enhancing brain
responses to high-energy foods such as chocolate milk, suppressing anticipatory reward signals, and
reducing food intake; at the same time, GLP-1R agonists restore adaptive learning in dopaminergic
midbrain pathways in insulin-resistant obese individuals. Conversely, the mineralocorticoid receptor
(MR) antagonist spironolactone improves hippocampus-dependent memory performance by blocking
MR signaling.

5. Obesity Interventions

Based on the previous section on functional and structural changes in the obese brain,
this section will further explore the relationship between interventions and obesity, with
the aim of revealing more precise clinical shaping directions.

Multiple interventions can help mitigate or even reverse the adverse effects of
obesity on brain function [63]. A 20-week aerobic exercise program (3 sessions/week,
60 min/session) increased activation in temporal and frontal areas by 12-15% during work-
ing memory tasks among overweight children, despite unchanged behavioral measures [19].
Mindfulness-Based Stress Reduction (MBSR) demonstrated a 17% greater weight loss main-
tenance over 6 months compared to controls, linked to 23% stronger amygdala—prefrontal
cortex connectivity particularly correlated with reduced depression scores [64]. Bariatric
surgery patients showed 40% less neural response to sweet tastes in fMRI scans 12 months
post-operation, corresponding to a 32% reduction in sugar cravings [65]. Pharmacologi-
cally, intranasal insulin administration increased hippocampal activation by 19% during
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memory tasks in overweight adults, with a corresponding 28% improved recall [66]. Visual
interventions like graphical health warnings on sweets elicited 37% stronger prefrontal acti-
vation and 41% longer visual fixation times compared to text-only warnings in eye-tracking
studies [59].

5.1. Behavioral Interventions

Recent evidence underscores the pivotal role of lifestyle interventions in modulating body
mass index (BMI) and obesity-related brain function. Research by Finkelstein et al. (2024) em-
ployed Al analysis of 1647 MRI scans in the dietary intervention randomized controlled
trial-polyphenols and unprocessed (DIRECT-PLUS) trial (n = 564 participants) [67], demon-
strating that 18-month Mediterranean-diet interventions reduced predicted BMI by 0.87 kg / m?
(p <0.001).

Multiple studies demonstrate exercise-induced neural enhancements: Kullmann et al.
(2022) reported that 8-week aerobic training (>150 min/week) improved brain insulin
sensitivity (+29% vs. controls, p = 0.004) and hippocampal-prefrontal connectivity (r = 0.51,
p <0.01) alongside 13.7% visceral fat reduction and 40% mitochondrial complex-I activity
increase in 67 obese participants (BMI 32.4 £ 3.1 kg/ m?) [68]. Ortega et al. (2022) found
10-month exercise programs boosted intelligence scores (A = 6.2 points, p = 0.03) and
cognitive flexibility (23% faster task-switching) in 121 obese children (8-12 years), though
voxel-based morphometry showed <0.1% structural changes (FWER-corrected p > 0.05) [31].
Waters et al. (2022) demonstrated that combined aerobic-resistance training (3x/week)
yielded 18.6% greater ectopic fat reduction versus aerobic-only regimens (p = 0.012) in
144 older adults (68 £ 5 years) with obesity [69].

Dietary interventions show quantifiable neurocognitive benefits: Arjmand et al. (2022)
documented 12% greater working memory improvement (p = 0.021) and 63 mm? inferior
frontal gyrus expansion (FDR p = 0.047) in 89 participants on a calorie-restricted MIND diet
(1500-1800 kcal/day) versus controls [70]. Nijssen et al. (2023) reported that 60 g/day nut
consumption enhanced the brain insulin response (AUC [19.4%, p = 0.007) and reduced
intrahepatic lipids (—17.8%, p = 0.003) in 58 overweight elders, though peripheral insulin
sensitivity showed <3% change (p = 0.34). Contrastingly, Stice et al. (2022) found attention
training produced only an 0.15 SD neural response reduction to food cues (n =204, p = 0.21)
with <5% sustained BMI change at a 12-month follow-up [71,72] (Table 1).

Table 1. Neurocognitive and metabolic outcomes of Behavioral interventions.

Intervention Types Target Area Protocol Physiological Effects Effect Size p
Multiple brain 18-month .
Lifestyle intervention  regions (right insula,  diet + exercise BMT reduction correlated N/A p <0.001

FKOWAN
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Structured exercise

Combined exercise

MIND diet

Mixed nuts intake

left cingulate cortex)  intervention

with actual weight loss (Finkelstein et al., 2024) [67]

Restored cerebral insulin

Striatum, s p<0.05
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preF;fontal gortex 20 weeks intglligence ’ 072 (Ortega et al., 2022) [31]
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intermuscular fat 36% VAT reduction ’ (Waters et al., 2022) [69]
Improved cognitive

Cognition-related 3 months performance (FDST, BDST, = working p<0.05

brain regions LNST, SDMT, TMTA) and memory: 0.82  (Arjmand et al., 2022) [70]
brain structure

Occipital/ 60 g daily for Enhanced cerebral N/A p<0.03

frontal lobes 16 weeks insulin sensitivity (Nijssen et al., 2023) [71]

Notes: BMI: body mass index, IMAT: intermuscular adipose tissue, VAT: visceral adipose tissue, FDST: Forward
Digit Span Test, BDST: Backward Digit Span Test, LNST: Letter Number Sequencing Task, SDMT: Symbol Digit
Modalities Test, TMTA: Trail Making Test Part A, MIND: Mediterranean-DASH Intervention for Neurodegenera-
tive Delay, N/A: not mentioned.
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Neuroimaging can identify brain regions that benefit from lifestyle interventions,
such as MRI tracking of frontal cortex and insulin sensitivity, helping physicians to adjust
intervention programs. Several key areas of the prognostic brain are not met, and self-
management training can be upgraded to improve patient compliance and reduce the risk
of regaining weight.

5.2. Neuromodulational Interventions

Neuromodulation has emerged as a promising strategy for addressing obesity by
targeting neural circuits that govern eating behaviors and metabolic regulation. This
brief review summarizes recent advances in transcranial magnetic stimulation (TMS) and
transcranial direct current stimulation (tDCS), highlighting their potential in modulating
weight-related outcomes.

Studies on TMS demonstrate quantifiable neurobehavioral effects: Devoto et al. (2021)
reported a 12.7% increase in medial orbitofrontal cortex (mOFC) connectivity (FWE-
corrected p = 0.024) following >5% body weight loss, accompanied by a 22% reduc-
tion in visual cortex reactivity to food cues (Z = 3.41, cluster-level p = 0.038) [73].
Kim et al. (2019) showed 10 Hz rTMS (20 sessions) enhanced frontoparietal network connec-
tivity (A = 0.31 B-weight, p = 0.006) and reduced calorie intake by 287 kcal/day (p = 0.011)
versus sham in 48 obese participants. Ferrulli et al. (2021) documented that deep TMS
(18 Hz, 30 sessions) altered microbial x-diversity (Shannon index +0.41, q = 0.048), reduced
norepinephrine by 34.2 ng/mL (p < 0.001), and yielded 4.7% BMI reduction at 6-month
follow-up [74,75].

tDCS interventions show dose-dependent effects: Schroeder et al. (2023) found
that 2 mA anodal tDCS over the right inferior frontal gyrus (rIFG) improved inhibitory
control (d” = 0.92 vs. 0.51 sham, p = 0.003) in high-impulsivity subgroups (n = 36/78).
Jornada et al. (2024) demonstrated that self-administered tDCS (20 min/day x 4 w) re-
duced emotional eating scores by 29.4% (Dutch Eating Behaviour Questionnaire—External
Eating Scale (DEBQ-EE) A = —6.1, p = 0.01) when targeting the left dorsolateral pre-
frontal cortex (L-DLPFC) (n = 64). Combined analyses reveal eating behavior modu-
lation: Stinson et al. (2022) observed a 19.3% reduced ad-libitum intake (p = 0.007) with
dual tDCS (DLPFC + insula), while Aydin et al. (2024) reported a 43% IL-6 reduction
(p = 0.028) post-8-session protocol. Ghobadi-Azbari et al. (2022) identified baseline theta-
band frontotemporal coherence as a predictive biomarker explaining 38% tDCS response
variance (R? = 0.38, p = 0.004) [76-80]. Mechanistically, both TMS and tDCS appear to re-
model dysfunctional reward and control circuits through modulation of synaptic plasticity
and neurotransmitter release [81]. High-frequency TMS over the PFC is thought to up-
regulate dopaminergic tone in downstream striatal regions, dampening hyper-responsivity
to palatable cues, while deep TMS may also engage hypothalamic—pituitary—adrenal (HPA)
pathways to alter systemic catecholamine levels and gut-brain signaling [82]. Anodal tDCS
over the DLPFC enhances cortical excitability, strengthening top-down inhibitory control
via GABAergic interneurons and improving executive regulation of craving [83]. Simulta-
neously, shifts in large-scale network connectivity (e.g., frontoparietal and insula networks)
may recalibrate homeostatic and hedonic set-points for food intake [84]. Emerging evidence
on microbiome changes further suggests a bidirectional gut-brain modulation, whereby
neuromodulation-induced alterations in vagal tone and inflammatory mediators (e.g., IL-6)
contribute to sustained metabolic benefits [85,86] (Table 2).

Collectively, these findings underscore TMS and tDCS as viable adjunctive tools for
obesity management, with further research needed to refine protocols and personalize
treatment based on individual neurobiological profiles.
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Table 2. Effects of non-invasive brain stimulation on obesity.

Stimulation

Types Target Area Protocol Physiological Effects Effect Size P
™S Medial orbitofrontal 18 Hz, 3 times/ i??faﬁzgﬁ?tb$; NJA p <0.001
cortex (mOFC) week X 5w crease .. (Devoto et al., 2021) [73]
functional connectivity
Weight, BMI, waist
mOFC 18 Hz, 30 sessions, circumference loss; Weight: p =0.042
5 weeks metabolic improvement; Cohen’s d =0.55 (Ferrulli et al., 2021) [75]
gut flora changes
Dorsolateral prefrontal 10 Hz (2000 pulses/ ZX‘;E:&&S:; lonfctrﬁ:idht Weight: Cohen’s  p <0.001
cortex (DLPFC) trip x 4 w) p y & d=0.72 (kim et al., 2019) [74]
rontoparietal network
L . Improved suppression _
pes  Neilrtonul gl |l Ry Cohesaroos BS0S
8y y control deficits eliminated v
. . Reduced commission errors
;eft lD LPFC + anterior 2 m11\ r(14(>)< T;I)l/ in Go/No-Go tasks; negative ~N/A fS;ir?.O?? tal., 2022) [78]
sula sessio correlation with snack intake sonetal,
2 mA, 20 sessions/ . _
L-DLPEC 4 weeks, nguces }JE’ EE; improves Cohen’sd’ =055 F~= 0’0;8 1 77
20 min /session ibromyalgia symptoms (Jornada et al., 2024) [77]
R 2 mA (20 min/ ) . p =0.0299
L-DLPFC mission x 3 days) Reduces IL-6 concentrations  N/A (Aydin et al., 2024) [79]
2 mA Inhibits reward mechanisms; p=0.05
DLPFC improves cognitive control; 0.55 (Ghobadi-Azbari et al.,

(20 min/session)

reduces food cravings

2022) [80]

Notes: RE: restricted eater, UE: uncontrolled eating, EE: emotional eating, Cohen’s d (mean difference effect size):
small effect: 0.20, medium effect: 0.50, large effect: 0.80, N/A: not mentioned.

5.3. Pharmacological Interventions

Pharmacological interventions are becoming increasingly central to the management
of obesity, with various agents targeting distinct physiological pathways. One key strategy
involves the use of liraglutide (3.0 mg daily injection), which promotes a weight loss of
8.4% (£2.1%) from baseline at 56 weeks compared to 2.8% with a placebo (p < 0.001),
without notably reducing self-reported food liking scores (A — 0.3 vs. placebo) or neural
reward activation measured via fMRI food cue reactivity [87]. Another emerging option is
intranasal oxytocin (24 International Unit (IU) administered daily), which demonstrated
a 24% reduction in high-calorie snack consumption versus a placebo in crossover trials
(p = 0.003) and increased resting energy expenditure by 112 kcal/day (£42) in obese
adolescents [32], Phase II data from multi-center trials (N = 120) show sustained 3.8%
body weight reduction at 24 weeks with comparable adverse event rates to the placebo
(36% vs. 31%) (U.S. National Library of Medicine) [88].

Beyond these therapies, recent investigations emphasize the significance of insulin
in regulating neural responses to food cues. fMRI studies demonstrate that intranasal
insulin reduces nucleus accumbens activation by 18% (+4.2%) during food anticipation,
with BOLD signal decreases of 0.34 (£0.12) in obese individuals compared to controls
(p = 0.009) [89,90]. Sex differences were observed in how central insulin modulates reward
and cognitive control systems, with women showing 32% higher prefrontal cortex activation
versus men during insulin administration (24 IU, p = 0.014) [68,91,92]. Pharmacogenetic
analysis reveals that insulin receptor rs35767 polymorphism carriers have 2.1-fold higher
odds of cognitive control improvement with therapy (95% CI:1.4-3.2), indicating that
personalized approaches could enhance treatment effectiveness. Insulin also appears
vital in controlling food enjoyment; longitudinal MRI data (n = 89) show that baseline
hypothalamic insulin sensitivity predicts 78% of weight loss variance (3 = 0.47, p < 0.001)
in older overweight adults (BMI > 27). Notably, a 5% body weight loss produces a 22%
reduction in fasting insulin (143—112 pmol/L) and 1.8-point HOMA-IR improvement
(A=18=+0.7)[91].



Brain Sci. 2025, 15, 446

12 0f 18

Additional research highlights the role of secretin (20 ug intravenous bolus), which
modulates thermogenic pathways by increasing brown adipose tissue (BAT) glucose uptake
2.3-fold (SUVR 0.8—1.9, p = 0.004 PET-CT) (SUVR = Standardized Uptake Value Ratio)
and reduces high-fat meal consumption by 31% (£9%) in 12-week trials (n = 60) [91,92].
Simultaneous fMRI/EEG recordings reveal that secretin decreases nucleus tractus solitarius
(NTS) activation latency by 280 ms during satiety signaling.

Together, these findings underscore the multifaceted approach required in obesity
treatment. Phase III combination therapy trials (GLP-1 agonist + intranasal oxytocin)
demonstrate synergistic effects—achieving 14.7% (£3.2%) total weight loss vs. 8.9% with
monotherapy (p = 0.001). Genetic stratification shows improved outcomes (OR = 3.1,
95% CI 1.8-5.4) in HMGCRA SNP carriers receiving insulin sensitizers [93,94] (Table 3).

Table 3. Comparative efficacy of obesity pharmacotherapies.

Mechanism

Drug/Therapy of Action Dosage Regimen Key Effects Sample Size Effect Size P
. Weight loss, improved
Liraglutide aG]:)I:;ilstr eceptor ?52 agei(s:)daﬂy blood sugar control, lower 3731 0.81 fP?—gfr?ler etal., 2015) [87]
8 blood pressure and lipids Y i
Intranasal Hypothalamic . 24% reduction in high- p <0.001
Oxytocin reward modulation 241U daily calorie snack consumption 20 081 (Ott et al., 2013) [32]
0.3/0.7 mg/kg/ Sustained 3.8% weight loss 120 0.69 p =0.003
21 days (24 weeks) (AE 36% vs. placebo 31%) ’ (Humbert et al., 2021) [88]
. Regulation of central . =0.002
Central Insulin ins%l lin action 160 IU intranasal Hunger pangs are reduced 60 N/A fWagner et al., 2022) [89]
. Amygdala BOLD signaling p <0.002
160 IU intranasal is enhanced 60 0.83 (Tiedemann et al., 2022) [90]
. BAT activation + 20 pg IV bolus 31% (£9%) | high-fat p =0.004
Secretin vagal signaling (12 weeks) meal consumption 60 N/A (Lee et al., 2022) [92]
GLP-1+0T . Liraglutide + Oxytocin ~ 14.7% (£3.2%) weight p=0.001
Combo Multimodal synergy (52 weeks) loss vs. 8.9% monotherapy 350 N/A (Rizwan et al., 2021) [94]

Notes: BAT: brown adipose tissue, SC: subcutaneous, IV: intravenous, GLP-1: glucagon-like peptide-1,
OT: oxytocin, VTA: ventral tegmental area.

Neuroimaging to monitor drug effects on reward, feeding impulses, and memory
loops helps screen for effective drugs and dosages. Failure to improve imaging may lead to
consideration of drug switching or drug combinations. Brain imaging predictive models
may be developed in the future to guide individualized drug selection.

6. Limitations

The limitations to the study were as follows: (1) Scope of literature search: We lim-
ited our search to three major databases (e.g., PubMed, Web of Science, Embase) and
English-language publications. Relevant studies in other languages or in the gray literature
(conference proceedings, theses, preprints) may have been missed. (2) Selection bias: We
did not perform a formal risk-of-bias assessment for each included paper. (3) Heterogeneity
of methods and outcomes: The neuroimaging modalities (fMRI, DTI, PET), intervention
types, outcome measures, and follow-up durations varied widely. This precluded quantita-
tive synthesis (meta-analysis) and limits the ability to draw firm, generalized conclusions.
(4) Narrative synthesis only: Due to methodological diversity and reporting inconsistencies,
we relied on qualitative summary rather than pooled effect estimates. As a result, the
magnitude and clinical significance of some reported changes remain uncertain.

7. Future Directions

To advance our understanding of how obesity interventions reshape the brain and to in-
form more effective treatments, future studies should consider the following: (1) Diversify
cohorts and extend follow-up. Recruit participants across age ranges, ethnicities, and
metabolic comorbidity profiles. Design studies with longer observation windows (years
to lifelong) to capture delayed or cumulative neural effects. (2) Evaluate combined and
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subgroup-specific interventions. Systematically compare single-modality (diet, exercise,
neuromodulation, pharmacotherapy, surgery) versus multimodal regimens. Stratify analy-
ses by obesity phenotype (e.g., visceral vs. subcutaneous), sex, genetic risk, and coexisting
metabolic disorders to identify optimal, personalized protocols. (3) Integrate multimodal
neuroimaging. Combine structural MRI, task- and resting-state fMRI, DTI, electroen-
cephalography, and molecular PET/single photon emission computed tomography to
construct a multiscale atlas of obesity-related brain changes. Correlate imaging biomarkers
with behavioral, metabolic, and molecular readouts for mechanistic insight. (4) Stratified
analyses and subgroup meta-analyses. Pre-specify and report stratified analyses by age
brackets (e.g., <40, 40-60, >60 years), sex, and key metabolic parameters. Conduct formal
subgroup meta-analyses or meta-regressions to test for effect modification by these fac-
tors, which would help clarify whether the imaging biomarkers perform uniformly across
clinical populations. (5) Advance precision medicine approaches. Investigate how sex,
genetic polymorphisms, and comorbid conditions modulate neural plasticity following
intervention. Use these insights to tailor dosing, intervention combinations, and timing,
maximizing efficacy while ensuring safety and long-term compliance.

8. Conclusions

In summary, although the relationship between obesity and brain structure and func-
tion has been confirmed in many studies, the apparent neural mechanisms have not yet
been fully elucidated; the synergistic or differentiated effects of different interventions at the
cerebral neural level are still an important research topic. In the future, multimodal imaging
and large-scale, long-follow-up cohort studies should be further utilized, combined with
personalized intervention design, to investigate the neural substrate changes and reversibil-
ity of obesity, and to provide a more solid scientific basis and feasible clinical pathways for
curbing the global obesity epidemic and improving the health of the population.
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