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Abstract

Objective: Basal ganglia regions are part of the brain’s reward-processing networks and are 

implicated in the neurobiology of obesity and eating disorders. This study examines basal ganglia 

microstructural properties in adults with and without obesity.

Methods: Diffusion basis spectrum imaging (DBSI) images were analyzed to obtain putative 

imaging markers of neuroinflammation. Relationships between basal ganglia DBSI metrics and 

reward sensitivity and eating behaviors were also explored.

Results: A total of 46 participants (25 people with obesity; aged 20–40 years; 37 women) were 

included. Relative to the people in the normal-weight group, people with obesity had smaller 

caudate and larger nucleus accumbens (NAcc) volumes (p < 0.05) and lower DBSI fiber fraction 

(reflecting apparent axonal/dendrite density) in NAcc and putamen, higher DBSI nonrestricted 

fraction (reflecting tissue edema) in NAcc and caudate, and higher DBSI restricted fraction 

(reflecting tissue cellularity) in putamen (p ≤ 0.01, all). Increased emotional and reward eating 

behaviors were related to lower NAcc axonal/dendrite density and greater tissue edema (p ≤ 

0.002). The relationships between emotional eating and adiposity measures were mediated by 

NAcc microstructure.

Conclusions: These findings provide evidence that microstructural alterations in basal ganglia 

relate to obesity and insights linking NAcc microstructure and eating behavior in adults.
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INTRODUCTION

Obesity results from an imbalance between energy consumption and expenditure regulated 

in part by the brain. Homeostatic and nonhomeostatic brain pathways interact and contribute 

to feeding and energy balance (1). Nonhomeostatic pathways, including cortico-limbic 

structures such as the prefrontal cortex and nucleus accumbens (NAcc), process external 

sensory cues as well as reward, cognitive, and emotional factors to promote or inhibit food 

intake (2). Basal ganglia regions (i.e., caudate, putamen, globus pallidus, and NAcc) are 

involved in regulating food intake and physical activity (3,4), and basal ganglia circuitry 

is implicated in obesity and eating disorders (5). Magnetic resonance (MR) neuroimaging 

studies of basal ganglia macrostructure in people with obesity have generally found smaller 

volumes relative to normal-weight people (6), although this has been somewhat inconsistent 

(6,7). The NAcc, located within the ventral striatum, has warranted particular attention 

because it plays a central role in reward processing, appetitive behavior, and reinforcement 

learning (8) and because it is implicated in obesity and food addiction (5,9,10,11). However, 

the mechanisms underlying the association between the basal ganglia (including the NAcc), 

obesity, and eating behaviors in humans remain unclear. A greater understanding of these 

relationships could provide potential targets for therapeutic interventions, including deep 

brain stimulation and noninvasive neuromodulation (12,13).

One potential mechanism has arisen from animal studies that have identified obesity-related 

neuroinflammation in several brain regions (14). However, in humans, assessment of this 

phenomenon in vivo via imaging remains technically challenging. Diffusion MR is a recent 

technique that models specific tissue properties based on water diffusion and allows for 

the study of basal ganglia and other gray matter tissue microstructure and cytoarchitecture 

in relation to adiposity (15,16). Greater BMI has been associated with lower mean water 

diffusivity in the right globus pallidus and right putamen (15), and NAcc cell density, as 

measured by diffusion MR-based imaging, has been associated with children’s weight and 

has predicted future weight gain after 1 year of follow-up (16). These measures have been 

interpreted as indirect indicators of neuroinflammation. Despite these promising findings, 

the relationships between obesity, basal ganglia microstructure, and eating-related behavior 

have not been addressed.

Diffusion basis spectrum imaging (DBSI) is a newer diffusion MR-based model used to 

evaluate both axonal/dendrite integrity and neuroinflammation-related tissue changes (17). 

DBSI derives both a spectrum of isotropic diffusion reflecting biological processes related 

to neuroinflammation, such as cellularity (restricted intracellular diffusion) and edema 

(nonrestricted extracellular diffusion), and anisotropic diffusion reflecting axonal integrity 

and myelination. DBSI metrics have been rigorously validated through Monte Carlo 

simulations, tissue phantoms, and histopathological evaluation (17–20). Using DBSI, we 

recently performed a voxelwise, white matter tract-focused approach and showed that adults 

with obesity have greater neuroinflammation and lower axonal integrity in several white 

matter tracts compared with normal-weight adults, and we replicated our findings in an 

independent cohort (21). We also showed that DBSI metrics indicative of neuroinflammation 

in the hippocampus and amygdala correlate with poor cognitive performance in one cohort.
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In this study, we evaluated basal ganglia microstructure in people with obesity and people 

with normal weight using DBSI. We examined obesity-associated differences in DBSI 

metrics in the basal ganglia regions related to apparent axonal/dendrite density (DBSI fiber 

fraction [DBSI-FF]), increased extracellular space/tissue edema (DBSI nonrestricted fraction 

[DBSI-NRF]), and neuroinflammation-related cellularity (DBSI restricted fraction [DBSI-

RF]). We investigated the relationships between self-reported eating and reward behaviors, 

adiposity, and basal ganglia microstructure. We also conducted mediation analyses to 

examine possible mechanisms underlying significant correlations, with a particular emphasis 

on the NAcc. We hypothesized that obesity would relate to lower axonal/dendrite integrity 

and greater neuroinflammation in basal ganglia regions compared with normal-weight 

controls. We also hypothesized that basal ganglia microstructure and volume would relate to 

eating and reward sensitivity across people with normal weight and people with obesity.

METHODS

Participants

All study procedures were approved by the Washington University School of Medicine 

Human Research Protection Office and were carried out in accordance with the principles 

expressed in the Declaration of Helsinki. All participants gave written informed consent 

prior to participation. Obesity was defined as BMI ≥ 30 kg/m2. Normal weight was defined 

as BMI ≤ 25 kg/m2. Height and weight measurements were obtained by a nurse. Body 

fat percentage was assessed using dual-energy x-ray absorptiometry using the GE Lunar 

iDXA (GE Healthcare, Chalfont St Giles, UK) (22). Data from individuals included in this 

study have been reported in previous publications (21,23,24,25,26). Potential participants 

were screened by oral glucose tolerance test (OGTT), comprehensive medical evaluation, 

psychiatric interview (Structured Clinical Interview for Diagnostic and Statistical Manual of 
Mental Disorders [Fourth Edition]) (27), and the Binge Eating Scale (28). Participants were 

excluded for a self-reported history of diabetes or OGTT fasting or 2-hour plasma glucose 

levels indicative of diabetes according to American Diabetes Association guidelines (29), 

history of major neurological or psychiatric diagnosis, eating disorders (including binge 

eating disorder), head trauma, any current or recent dopaminergic drug use (e.g., stimulants, 

agonists, bupropion, neuroleptics, metoclopramide), tobacco use during the past month, 

current heavy alcohol use (male individuals > 2 drinks per day, female individuals > 1 drink 

per day), and illicit drug use.

Eating and reward sensitivity self-report questionnaires

During the day of the OGTT, participants completed questionnaires for a self-reported 

assessment of eating and reward sensitivity behaviors, including: 1) eating behavior related 

to emotion, including avoidance of negative affect; 2) eating behavior related to reward, 

including craving for palatable foods and inability to limit intake of palatable foods; 3) non-

food reward behavior, including approach, sensitivity, motivation, and expectancy toward 

non-food reward stimuli; 4) sensitivity to punishment, including behavioral inhibition and 

expectancy toward aversive non-food stimuli.
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For each of these four domains, a summed z score for which higher values reflect a greater 

endorsement of the behavior, as aforementioned, was calculated for each participant. The 

questionnaires and domain z score calculations have been described in detail elsewhere (23).

Participants also completed delayed and probabilistic monetary reward discounting (DRD, 

PRD) tasks as described in a previous publication (25). An individual’s degree of reward 

discounting was determined by area under the curve (AUC) calculation. AUC values range 

between 0.0 and 1.0 such that lower DRD-AUC indicates a greater preference for immediate 

smaller monetary rewards over delayed larger monetary rewards, and lower PRD-AUC 

indicates a greater preference for guaranteed smaller monetary rewards over less certain 

larger monetary rewards.

MR acquisition and image processing

Brain MR imaging (MRI) scans were acquired on a Siemens Trio 3-T scanner with a 20-

channel head coil (Siemens, Erlangen, Germany). High-resolution T1-weighted anatomical 

images were obtained using a three-dimensional magnetization-prepared rapid gradient-echo 

(MPRAGE) sequence (sagittal orientation, repetition time [TR] = 2,400 milliseconds, echo 

time [TE] = 3.16 milliseconds, inversion time = 1,000 millseconds, voxel resolution = 1 

× 1 × 1 mm3, frames = 176, flip angle = 8°, field-of-view = 256 × 256 mm). Two echo 

planar diffusion tensor imaging (DTI) sequences of similar phase-encoding direction were 

acquired with 27 volumes each (transverse orientation, 2 × 2 × 2 mm3 voxels, TR = 12,300 

milliseconds, TE = 108 milliseconds, flip angle = 90°, 25 directions, b values ranging from 0 

to 1,400 s/mm2, and two nondiffusion weighted images).

All preprocessing steps for anatomical and DTI images were completed with FMRIB 

Software Library (FSL; Analysis Group, FMRIB, Oxford, UK) (30). Structural images 

were processed with fsl_anat (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fsl_anat; Analysis Group, 

FMRIB), which performs bias-field correction, registration to Montreal Neurological 

Institute (MNI) standard space, and subcortical structure segmentation. DTI preprocessing 

steps included removal of nonbrain tissue and motion- and eddy-current distortions 

correction.

DBSI brain maps were calculated using in-house software scripted in MATLAB 

(MathWorks, Natick, Massachusetts) (17,31). DBSI models both isotropic and anisotropic 

diffusion fractions and produces several brain maps that are proxy measures of tissue 

microstructure, i.e., anisotropic DBSI-FF (indicates apparent axonal/dendrite density), 

isotropic DBSI-NRF (f(D), D = 0.3 – 3.0 μm2/ms; indicates extracellular water/tissue 

edema), and isotropic DBSI-RF (f(D), D ≤ 0.3 μm2/ms; indicates inflammation-related 

cellularity). Examples of average DBSI maps of the healthy brain in the normal-weight 

group are shown in Figure 1. All DBSI maps were registered to structural T1-weighted 

images. The initial registration step was performed using FSL epi_reg function (Analysis 

Group, FMRIB) and a nondiffusion weighted (b0) image because it provides the best 

intensity contrast between different tissue types. The resulting transformation matrix was 

then applied to other DBSI maps using the FSL applyxfm function (Analysis Group, 

FMRIB). For all individuals, average DBSI metrics in basal ganglia regions were extracted 
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using regions of interest (ROIs) from FSL subcortical structure segmentation and included in 

further statistical analyses as described in the following section.

Statistical analysis

We used Student t tests, Mann-Whitney U tests, or χ2 tests to assess differences in 

demographic variables. Effect sizes were calculated using Cohen’s d. Basal ganglia volumes 

were normalized for total intracranial volumes (ICV). Right and left basal ganglia volumes 

and ROI DBSI metrics were averaged. Average behavioral domain summed z scores, basal 

ganglia volumes, and ROI DBSI metrics were compared between people with obesity and 

people with normal weight using a multiple linear regression model with age, sex, race, 

and level of education as covariates. We used partial Pearson r correlations, controlling 

for age, sex, race, and level of education, to relate basal ganglia volumes and ROI DBSI 

metrics to behavioral domain z scores. Basal ganglia DBSI metrics and behavioral domain 

z score correlations were Bonferroni-corrected for multiple comparisons (α = 0.05/[6 

behavioral domains × 4 brain regions] = 0.002). For significant correlations between ROI 

DBSI metrics and behavioral domain z scores, we conducted an exploratory mediation 

analysis to evaluate whether one or more mediators “M” (basal ganglia DBSI metric) 

mediate the relationship between an independent variable “X” (behavioral domain z score) 

and the dependent variable “Y” (adiposity measure). We used body fat percentage and 

BMI as adiposity measures in separate mediation analyses. Average causal mediation 

effects (indirect effect), average direct effects, proportions mediated, and total effect were 

computed. Mediation analyses were performed using nonparametric bootstrapping for 

confidence interval estimation with 1,000 Monte Carlo iterations with statistical significance 

at a threshold of corrected p ≤ 0.05. Statistical analyses used R (version 3.6.3; R Foundation 

for Statistical Computing, Vienna, Austria) and its “mediation” statistical package.

RESULTS

Participant characteristics

Participant demographics, obesity-related measures, and behavioral scores are described 

in Table 1. A total of 25 people with obesity and 21 people with normal weight were 

included in the study (age range = 20–40 years). People with obesity were older, had a 

greater proportion of non-White individuals, and had fewer years of education than people 

with normal weight. The two groups did not differ significantly in sex distribution. For 

analyses involving DRD and PRD, data were missing for four participants (three people with 

obesity and one person with normal weight). Compared with those in the normal-weight 

group, people with obesity demonstrated significantly greater self-reported emotional eating, 

reward-related eating, and behavioral inhibition (sensitivity to punishment) and less self-

reported non-food reward behavior. The two groups did not differ significantly in DRD-AUC 

or PRD-AUC. These comparisons and results are similar but slightly different from previous 

publications (23,25) because of variability in included participants (Table 1).

Basal ganglia volumetric and microstructural comparisons

People with obesity had significantly smaller ICV-corrected caudate volumes (p = 0.0057; 

Cohen’s d = 0.79) and larger NAcc volumes (p = 0.048; Cohen’s d = 0.14) than people 
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with normal weight. People with obesity also had smaller ICV-corrected putamen and 

globus pallidum volumes than people with normal weight, but these differences were not 

statistically significant (p = 0.22 and p = 0.058, respectively).

People with obesity had lower DBSI-FF in the NAcc (p < 0.0001; Cohen’s d = 1.33) and 

putamen (p = 0.0005; Cohen’s d = 1.16), higher DBSI-NRF in the NAcc (p < 0.0001; 

Cohen’s d = 0.97) and caudate (p = 0.01; Cohen’s d = 0.71), and higher DBSI-RF in the 

putamen (p = 0.004; Cohen’s d = 1.12; Figure 2). No other DBSI metrics in the basal 

ganglia structures were significantly different between the two groups (p ≥ 0.05). Means and 

standard deviations (SD) for volumes (mm3) and DBSI metrics are listed in Table 2.

Relationships between eating/reward sensitivity summed z scores and basal ganglia 
microstructure

Greater emotional and reward-related eating summed z scores correlated with lower 

NAcc DBSI-FF and greater NAcc DBSI-NRF (Figure 3, left and middle panels). These 

correlations survived multiple comparison correction (p = 0.002, corrected). Emotional and 

reward-related eating summed z scores did not relate to NAcc volumes (p = 0.21 and p = 0.2, 

respectively). Greater DRD-AUC (meaning lower delayed monetary reward discounting; 

preference for delayed larger over immediate smaller rewards) related to greater caudate 

DBSI-FF but did not survive multiple comparison correction (Figure 3, right panel). DRD-

AUC did not relate to caudate volume (p = 0.66). Putamen and globus pallidum volumes and 

DBSI metrics did not relate to self-reported behavior, DRD-AUC, or PRD-AUC (p > 0.05).

Mediation analyses found that DBSI-FF in the NAcc partially mediated the association 

between self-reported emotion-related eating and body fat percentage (Figure 4) and BMI 

(data not shown). Although greater emotion-related eating related to higher body fat 

percentage (β = 1.2; p = 0.01) and higher BMI (β = 1.6; p < 0.01), these relationships 

were weakened and they became nonsignificant after controlling for DBSI-FF in the NAcc 

as the mediator (β = 0.74, p = 0.12 for body fat percentage; β = 0.72, p = 0.13 for BMI). 

The proportions of the total effect mediated by NAcc DBSI-FF were estimated at 44% for 

body fat percentage (p = 0.028) and 56% for BMI (p < 0.01). The mediation analyses for 

the relationship between reward-related eating and body fat percentage or BMI, with NAcc 

DBSI metrics as mediators, were not significant (data not shown).

DISCUSSION

The results of our study show that obesity in adults is associated with alterations in basal 

ganglia volumes and tissue microstructure. Similar to some prior studies, people with 

obesity had lower caudate and higher NAcc volumes than people with normal weight. 

In addition, we report the novel finding that people with obesity have lower axonal/

dendrite density in NAcc and putamen, greater tissue edema in caudate and NAcc, and 

greater neuroinflammation-related cellularity in the putamen relative to people with normal 

weight. Furthermore, NAcc microstructure mediated the relationship between self-reported 

emotion-related eating and adiposity measures (body fat percentage and BMI) across people 

with normal weight and people with obesity. To our knowledge, this is the first in vivo 
neuroimaging study to link NAcc microstructure to eating behavior in people with obesity 
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and people with normal weight. Interestingly, we did not observe these relationships with 

NAcc volume, suggesting that DBSI-measured microstructural properties could provide 

additional information over macrostructural measures.

Basal ganglia volume and microstructural changes related to obesity

In our analyses, people with obesity showed variably smaller volumes in caudate, putamen, 

and globus pallidus and larger volumes in the NAcc, similar to prior studies (6,32,33). 

Results from a meta-analysis have suggested that higher NAcc volume at a young age could 

be a vulnerability factor for obesity, whereas decreased NAcc volume with increased BMI 

in older adults is due to the prolonged influence of neuroinflammation on the brain (7). It is 

unknown whether these structural differences are a vulnerability factor for the development 

of obesity or a consequence of obesity-related neuroinflammation or other neurological 

alterations.

Microstructural evaluations of the basal ganglia could provide valuable insights into 

underlying changes in tissue that could be missed in volumetric studies. For example, using 

traditional DTI analyses, one study found increased mean diffusivity in the right putamen 

and right globus pallidus related to high BMI (15). However, multicompartment diffusion 

MRI models such as DBSI are capable of providing more accurate data about specific tissue 

microstructural changes than traditional DTI (21,34). Using restriction spectrum imaging 

(RSI), Rapuano et al. showed that NAcc cellular density (i.e., restricted isotropic component 

fraction) is higher in children with obesity, and NAcc microstructure is a significant 

predictor of weight gain after 1 year (16). The authors suggested that this finding could 

be related to increased glial cells (e.g., astrocytes, microglia), which is suggestive of local 

neuroinflammation. Using DBSI, we revealed similar NAcc microstructural changes in 

adults with obesity (i.e., lower apparent axonal/dendrite density and higher tissue edema/

extracellular water diffusion). This pattern of changes in DBSI metrics is highly suggestive 

of neuroinflammation (17,19). Importantly, RSI applies a different theoretical model for 

diffusion imaging from DBSI (35). Unlike DBSI, RSI does not derive isotropic diffusion 

spectrum based on isotropic apparent diffusion coefficient. Instead, it assesses cellular 

density and structural signatures based on the ratio of axial and transverse diffusivities 

(35). Therefore, the exact interpretation or comparison of these surrogate diffusion-imaging 

markers would require additional studies employing both methods for a head-to-head 

comparison. Taken together, converging evidence from both DBSI and RSI studies support 

the notion that NAcc microstructural properties differ in children and adults with and 

without obesity.

Although it is plausible to hypothesize that NAcc microstructural changes are related to 

neuroinflammation, our DBSI findings should be interpreted with caution. Histological 

studies have indicated the great morphological complexity of the NAcc with several types 

of neurons exhibiting various soma size, morphology, dendrite/axonal patterns, and spine 

density (36). Moreover, the cellular density in the two NAcc subdivisions (core and shell) 

are normally variable, and each contains different predominant neuronal types (36). For 

example, a disproportionate increase or decrease in the volume of one NAcc subdivision 

might lead to marked overall differences in cellular density/microstructure in the absence 
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of a significant neuroinflammatory process. Therefore, future studies should combine MR-

based and complementary neuroimaging methods such as positron emission tomography 

(PET) with a tracer that detects neuroinflammation to better understand the underlying 

cellular mechanism of altered NAcc microstructure.

Relationship between NAcc microstructure and eating behavior

Unhealthy eating habits, such as emotional and reward-related eating, contribute to 

overeating and increase the risk for obesity (37,38). In our study, people with obesity 

demonstrated significantly greater self-reported eating related to both emotion and reward 

compared with people in the normal-weight group. In a previous study, we showed that 

greater self-reported emotional eating relates to greater striatal D2 dopamine receptor 

binding across people with normal weight and people with obesity using PET imaging (23). 

Identifying additional structural and functional brain correlates of emotional and reward-

related eating derived from MRI could provide helpful insights for the prevention and 

treatment of obesity and appetitive disorders. A substantial body of evidence demonstrates 

that the NAcc is implicated in the promotion of unhealthy eating habits, food addiction, 

and reward-motivated behaviors (5,39). For example, Abdo et al. studied 466 participants 

with and without binge eating disorder and showed a positive correlation between left NAcc 

volume and binge-eating score (40). Our findings establish a strong relationship between 

NAcc microstructure and eating behavior. Notably, our correlation and mediation findings 

were specific to the NAcc and were not detected in other basal ganglia regions involved 

in reward processing, although our small sample size may have limited our power to 

detect smaller effects. Therefore, the current findings should be confirmed by replication 

in future, larger studies. The specific mechanism linking NAcc microstructure to emotional 

and reward-related eating is still unknown. Neuroinflammation is one potential mechanism. 

With animal models of obesity, a high-fat diet triggers pro-inflammatory signs in the NAcc, 

such as reactive gliosis and increased expression of pro-inflammatory cytokines (41). The 

NAcc inflammation process, in turn, contributes to eating behavior changes characterized 

by compulsive sucrose seeking (41). Interestingly, it is also possible that neuroinflammation 

in the NAcc could disrupt dopaminergic neurotransmission, leading to deficits in reward 

processing in a manner that increases appetite and food intake (42).

Limitations and directions for future research

Our study’s main limitation is the modest sample size, and that the majority of the 

included participants were women, which restricted our ability to investigate sex-related 

effects. The link between obesity and gray matter volumes in reward-associated regions 

has been reported to be stronger in women (43,44). Second, behavior that is self-reported 

via questionnaires is subjective and prone to recall error and/or demand characteristics. 

In future studies, behavior should also be evaluated using activities for which blinded 

and automated scoring is possible. Third, we used the traditional interpretations of DBSI 

metrics to infer NAcc tissue microstructural properties (i.e., DBSI-FF, as a proxy measure 

of axonal/dendrite density and DBSI-NRF as a proxy measure of neuroinflammation-related 

edema). However, DBSI has not been histopathologically validated for basal ganglia gray 

matter microstructure and pathology. Therefore, we could not draw definitive conclusions 

about the underlying mechanism responsible for the basal ganglia tissue changes related to 
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obesity. Future studies should include longitudinal follow-ups and collect complementary 

neuroinflammation measures such as PET radiotracer and plasma or cerebrospinal fluid 

inflammatory marker levels.

CONCLUSION

In conclusion, our study provides evidence that obesity is associated with significant 

microstructural alterations in basal ganglia regions, particularly the NAcc. We showed that 

these alterations are suggestive of neuroinflammation and that they could be linked to eating 

and reward-related behavior, contributing to overeating and obesity. Future longitudinal 

studies should include larger sample sizes and explore the temporal relationships between 

eating behavior, brain microstructure, and obesity. Such studies could then reveal whether 

these structural differences are a risk factor for the development of obesity and/or a 

consequence of obesity-related neuroinflammation.
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Study Importance

What is already known?

• Basal ganglia regions (i.e., caudate, putamen, globus pallidus, and nucleus 

accumbens [NAcc]) are involved in regulating food intake and have been 

implicated in obesity and eating disorders.

• Magnetic resonance neuroimaging studies of basal ganglia macrostructure in 

people with obesity generally find smaller volumes relative to normal-weight 

people, although these findings are somewhat inconsistent.

What does this study add?

• Obesity is associated with significant microstructural alterations in basal 

ganglia regions, particularly the NAcc.

• The observed basal ganglia microstructural alterations, assessed with 

diffusion basis spectrum imaging, are suggestive of neuroinflammation.

• NAcc microstructure relates to emotional and reward-related eating, and 

NAcc axonal density mediates the relationship between emotional eating and 

adiposity measures.
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FIGURE 1. 
Average DBSI from the normal-weight group (n = 21). DBSI fiber fraction (top row) is an 

indicator of anisotropic water diffusion or apparent axonal/dendrite density, and it shows 

the highest intensity in white matter tracts. DBSI nonrestricted fraction (middle row) is an 

indicator of isotropic extracellular water diffusion or tissue edema. DBSI restricted fraction 

(bottom row) is an indicator of intracellular isotropic restricted diffusion or increased tissue 

cellularity. DBSI, diffusion basis spectrum imaging
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FIGURE 2. 
Comparison of basal ganglia volumes and microstructure between people with obesity 

and people with normal weight. Volumes are corrected for total intracranial volumes. For 

scaling, average volume and DBSI metrics in regions of interest were converted to z scores. 

Error bars, mean ± SE. *p ≤ 0.05 and *** p ≤ 0.01 relative to normal-weight group. 

DBSI, diffusion basis spectrum imaging; FF, fiber fraction; NRF, nonrestricted fraction; RF, 

restricted fraction
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FIGURE 3. 
Significant correlations between eating and reward-related behavior and average DBSI 

metrics in basal ganglia structures, controlling for age, sex, race, and level of education. 

Greater eating related to emotion and eating related to reward behaviors related to lower 

DBSI-FF and greater DBSI-NRF in NAcc. Higher DRD-AUC (lower delayed monetary 

reward discounting) related to greater caudate DBSI-FF. AUC, area under the curve; DBSI, 

diffusion basis spectrum imaging; DRD, delayed reward discounting; FF, fiber fraction; 

NAcc, nucleus accumbens; NRF, nonrestricted fraction
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FIGURE 4. 
Mediation analysis represented as a path model diagram. The model shows the relationship 

between self-reported emotional eating and body fat percentage as mediated by NAcc 

DBSI-FF across people with normal weight and people with obesity. The total β effect 

(Path C) represents the effect of the independent variable without mediators (statistically 

significant). Direct β effect (Path C’) represents the effect of the independent variable 

with NAcc DBSI-FF included in the model as a mediator (statistically nonsignificant). 

The indirect effects (Path A-B) represent the effect of the independent variable through 

the mediator (statistically significant). *p ≤ 0.05 and ***p ≤ 0.01. ACME, average causal 

mediation effects; ADE, average direct effects; DBSI, diffusion basis spectrum imaging; FF, 

fiber fraction; NAcc, nucleus accumbens
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