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ABSTRACT 
 

Pediatric obesity is increasing in prevalence and severity in the United States, 

with one in five adolescents meeting criteria for overweight (body mass index; BMI for 

age and sex >85th percentile) and one in three meeting criteria for obesity (BMI for age 

and sex >95th percentile).  Eight percent of adolescents have severe obesity (BMI for age 

and sex > 120% above the 95th percentile).  Obesity is associated with a host of 

consequences for every organ system, including cardiovascular disease, endocrine 

disruption, and marked differences in neurocognition.  Cognitive deficits in domains such 

as reward processing may be both cause and consequence of obesogenic behaviors.  The 

underlying structural and functional brain differences, however, are not well understood 

in adolescents.  This understanding is important since adolescents are in a developmental 

period vulnerable to risk-taking and negative outcomes for health, cognition, and 

adaptive functioning.  The three studies in this dissertation sought to 1) characterize how 

severe obesity and bariatric surgery affect structural properties of the brain, 2) explore 

obesity’s effects on reward in the brain across a range of BMIs and at the level of severe 

obesity, and probe the brain-eating behavior relationship, and 3) relate alterations in 

neural connectivity and activation to behavioral measures of reward-related decision-

making.  
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CHAPTER I: GENERAL INTRODUCTION 

Obesity epidemiology 

Obesity is a rapidly growing public health problem in America with substantial 

prevalence and consequences in childhood and adolescence.  One in five American 

adolescents is obese, and one in three has overweight1. These adolescents will grow up to 

comprise the projected 85% of American adults who are obese by 20302.  Weight status 

is often conveyed through body mass index (BMI), which is calculated using an 

individual’s height and weight: weight (pounds)/height(inches)^2 x 7033. Despite being a 

useful, though rough, clinical measure, BMI is less meaningful for children, who are 

shorter and change in height and optimal adiposity over time.  It also may underestimate 

the importance of fat distribution in determining overall health4.   Therefore, the Centers 

for Disease Control (CDC) assesses pediatric weight status using growth charts that 

calculate an individual’s BMI percentile based on height, weight, age, and sex.  CDC 

guidelines define healthy weight as the 5th to 85th percentiles, overweight as 85th to 95th 

percentile, obesity as greater than 95th percentile, and severe or extreme obesity as 120% 

above the 95th percentile for age and sex5.  Troublingly, the prevalence of severe obesity 

is on the rise, and in adolescents, the BMI that constitutes 95th percentile has increased 

5.5 BMI points or more in recent years (2011-2014) compared to the past (1988-1994)1.   

Physical and psychosocial consequences of obesity   

The consequences of early-onset obesity are dire and pervasive6, from childhood 

perturbations in every organ system to economic and social effects in adolescence and 

adulthood, to eventual cardiovascular and renal morbidity and mortality7.  Common 

medical comorbidities include diabetes, heart disease, hypertension, endocrine disruption, 
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and neurocognitive deficits.  Although metabolic dysfunction is particularly harmful to 

health, a systematic review and meta-analysis combining data from 60,000 people found 

that obesity confers additional risk of adverse health outcomes regardless of metabolic 

abnormality8.  Another large-scale meta-analysis showed that although all obesity is 

related to negative health events, the likelihood and severity worsen as obesity worsens9.  

Physical repercussions, although serious, are only part of the problem; the psychosocial 

consequences are equally drastic. 

Obesity’s impact on the child and adolescent brain is vast from both a 

psychosocial standpoint.  A large meta-analysis of health-related quality of life showed 

that children and adolescents with obesity have notably lower self- and parent-reported 

quality of life than peers with healthy weight across multiple domains10: physical 

function, emotional well-being, social relations, and school functioning.  Across 

childhood and adolescence, more extreme obesity was associated with worse quality of 

life, and quality of life scores tended to be lower than those of youth with other chronic 

diseases such as diabetes and asthma11.  Severe obesity has also been associated with 

greater internalizing psychopathology (e.g.: depression and anxiety)12. However, even a 

sample of adolescent bariatric surgery candidates with sub-clinical depression reported 

substantial quality of life decreases13.  This highlights the critical need to understand the 

toll obesity takes on neurocognitive health and how it can be targeted for intervention. 

A natural downstream consequence of pediatric obesity’s deleterious effect on 

cognition is worse scholastic performance14.  A study of over 100 children aged 7-9 years 

demonstrated that BMI and fat mass were associated with worse achievement scores on 

arithmetic and reading, respectively, and both were associated with worse scores on 
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spelling15.  Another large study of middle schoolers found that those with overweight and 

obesity had lower grade point averages, more detentions, and more absences than those 

without16.  Although obesity can manifest in worse academic performance as early as 

kindergarten17, the effects may be life-long: a large cohort study found that adolescents 

with obesity were less likely to attain a college degree regardless of sex, race, parental 

education, or expectation of earning a degree18.   

Obesity-related challenges in a school setting also intersect with social 

functioning. A study of almost 100 children and adolescents found that those with obesity 

were more socially withdrawn in the classroom according to teacher, peer, and self-

report19. This is likely due to having fewer close friendships20 , but also in part to peer 

opinions.  Students with healthy weight found peers with obesity to be less likeable and 

accepted, partially due to perceived lower attractiveness and athleticism19.  Peers with 

healthy weight also perceived students with obesity as displaying more aggression and 

less leadership. Therefore, academic performance may also suffer due to decreased 

engagement and comfort in a classroom setting.  Given that adolescents are particularly 

sensitive to peer opinion, negative experiences in the classroom environment may be 

closely tied to stress and worse psychosocial outcomes21.  Indeed, although there is a lack 

of comprehensive longitudinal studies of obesity’s impact on academic achievement, one 

systematic review showed that negative academic outcomes emerged in adolescence and 

were partially mediated by weight-related bullying and lower executive function22.  This 

can cascade into lifelong struggles with self-esteem and less economic and social 

mobility.7 
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Neurocognitive model of obesity   

 

Figure 1.1.  The relationship between obesity and the brain is bi-directional. 
Atypicalities in cognitive domains and the neural structures that subserve them may be 
both a cause and consequence of obesity. 

 
One of the hallmarks of obesity is equifinality – there are multiple paths that can 

lead an individual to become obese23.  Some examples of factors that may predispose the 

brain to obesogenic behaviors include the prenatal environment24 and maternal health 

status25, stress incurred through early life adversity26,27, as well as familial genetics28 and 

cultural practices29.  Conversely, obesity itself is a state of low-grade system 

inflammation30, as adipose tissue produces inflammatory cytokines31.  These cytokines 

may reach the brain parenchyma, as inflammation is known to weaken the blood-brain 

barrier32.  Once there, inflammation can induce microglial activation and morphological 

changes, disrupt insulin signaling, and cause neuronal and synaptic dysfunction33.  Thus, 

there is a clear association between neurocognitive deficits and obesity, but whether they 

are cause or consequence has not been clearly established, and indeed may vary by 
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individual.  They are directly relevant to promoting and maintaining obesity34 – for 

example, worse executive function and reward processing may lead to inability to control 

impulsive eating, increased consumption of hyperpalatable nutritionally poor foods, or 

choosing not to engage in healthful behaviors like exercise.  Alternatively, the systemic 

physiological consequences of obesity, such as inflammation, may feed back onto the 

brain and alter the same cognitive domains.   

Regardless of etiology, the downstream impact of obesity-associated 

neurocognitive deficits is far-reaching.  Evidence suggests a strong association between 

obesity and differences in cognitive domains35, including executive function (the ability 

to constrain thoughts and actions in a purposeful manner), reward processing, and 

decision-making12,36,37. Crucially, adolescence is a developmental critical period for these 

cognitive domains, with reward processing maturing before executive control38.  Thus, 

adolescents may be prone to unhealthy or risk-taking behaviors, as they experience an 

outsized reaction to reward and lack the judgment to weigh cost and risk39. Regardless of 

the pathway, adolescents with obesity may be particularly vulnerable to poor decision-

making with lifelong consequences.  The potential for serious disadvantage is 

exacerbated by the fact that obesity is already a disease with racial40 and socioeconomic 

implications41 in the United States and other developed nations42.  Despite these 

challenges, the possibility for intervention is also great due to the high level of plasticity 

in the pediatric brain.  It is advantageous to study neural changes in a developing 

population in order to judge opportunities for intervention and the efficacy of medical 

treatment in improving cognitive and psychosocial health in addition to physiological 

outcomes. 
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Methods for interrogating brain differences in obesity 

Techniques to characterize brain differences in obesity are somewhat limited in 

humans, but structural and functional differences can be appreciated using multiple 

magnetic resonance imaging (MRI) modalities43.  Structural MRI allows for the 

examination of gray matter properties, including volume44 and thickness of the cortical 

ribbon45. Functional MRI uses the blood-oxygen-level-dependent (BOLD) signal to 

measure neural engagement and connectivity during a cognitive task, or examine intrinsic 

functional connections during a task-free resting state46.  The latter, termed resting state 

functional connectivity (rsFC), is measured by temporal correlation of spatially distinct 

regions. Resting state networks can recapitulate ensembles of regions that are co-

activated during a cognitive task47, reflecting the concept of Hebbian plasticity.  

Networks revealed with this method comprise the fundamental functional architecture of 

the brain, which is not dependent upon goal-directed neuronal activity or a behavioral 

outcome48. Further, functional connections can parallel structural connections, but 

structural connections are not required for functional coherence49.  Thus, information 

from each of these modalities can provide converging evidence, as well as a nuanced 

characterization, of how the brain may differ in obesity.  Broadly, prior literature has 

found that adults with obesity have lower gray matter volume and thinner cortex50, 

differences in functional connectivity51, and atypical neural engagement in response to 

food cues52.  In comparison, there are relatively few neuroimaging studies in children and 

adolescents with obesity, particularly severe obesity53, regardless of modality. Yet, 

attention to the role of development is critical given the potential for early exacerbation 

of obesity’s deleterious effects during physical and neurocognitive development and 
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increased lifetime duration of obesity, since teenagers with obesity are more likely to 

become adults with obesity54. 

Outline of dissertation studies 

 This dissertation tests the overarching hypothesis that obesity in adolescents is 

related to structural and functional brain differences which are plastic with changes in 

weight and underlie reward and eating behaviors.  Chapter II used structural MRI to 

examine whether severe obesity in adolescents was associated with differences in the 

thickness of the cortical ribbon.  Further, because differences could be construed as either 

cause or consequence of obesity, we conducted a preliminary investigation into the effect 

of bariatric surgery-associated weight loss on cortical thickness. This is the first study to 

test for structural changes in adolescent bariatric surgery patients. We hypothesized, 

based on adult work, that adolescents with obesity would have thinner cortex at baseline 

and that surgery would reverse these changes by causing thickening. 

 Chapter III used resting state fMRI to first characterize baseline functional 

connectivity between reward regions using resting state fMRI (rsfMRI) in adolescents 

with and without obesity.  We hypothesized that connectivity of core subcortical reward 

regions such as ventral tegmental area (VTA) and ventral striatum would differ in 

adolescents with obesity. The results formed initial hypotheses about altered reward 

network connectivity, which were subsequently tested in a large publicly available 

dataset of adolescents over a broader range of BMIs.  This dataset was interrogated for 

relationships between BMI as a continuous variable, rsFC, and eating behavior as 

measured by the Three Factor Eating Questionnaire (TFEQ). We anticipated that altered 

rsFC would partially mediate relationships between BMI and each TFEQ factor.  
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 Chapter IV used fMRI to delve further into neural activation and task-modulated 

connectivity of VTA during reward anticipation in adolescents with severe obesity 

compared to counterparts with healthy weight.  This study also related neural alterations 

to behavioral outcomes during reward-related decision-making.  We hypothesized that 

canonical reward regions such as VTA and ventral striatum would be differentially 

activated and connected with other brain regions during reward anticipation, and that 

these task-related brain differences would relate to behavioral outcomes during a reward 

related decision-making task. 

Together, these three studies provide evidence for the widespread neural impact of 

adolescent obesity on three levels of complexity: 1) structural gray matter of the cortical 

mantle, 2) intrinsic functional architecture of reward circuitry, and 3) neural activation 

and connectivity during reward anticipation.   
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CHAPTER II: EFFECTS OF SEVERE OBESITY AND SLEEVE GASTRECTOMY 
ON CORTICAL THICKNESS IN ADOLESCENTS 

 
Pediatric obesity is a worsening crisis in the United States, particularly in 

adolescents whose rates of severe obesity (120% above 95th percentile for age and sex) 

have increased in recent years5.  Aside from medical consequences for every organ 

system6, obesity impacts brain structural integrity43, which may in turn influence 

cognition and behavior. Adolescence is a developmental critical period for complex 

cognitive processing such as executive function, reward evaluation, and decision-making.  

Therefore, obesity may exacerbate risk for suboptimal outcomes38 due to its impact on 

neurocognitive development. 

While adult studies consistently associate obesity with thinner cortex55,56, past 

evidence for cortical differences in adolescents with obesity has been mixed. 

Measurement of gray matter volume broadly quantifies folded cortical and non-cortical 

gray matter, whereas cortical thickness (CT) specifically measures the depth of the 

unfolded cortical ribbon gray matter. Although two studies reported no differences in CT 

between adolescents with and without obesity57,58, another found that adolescents with 

obesity have thinner cortex in orbitofrontal cortex (OFC) and anterior cingulate cortex 

(ACC)59.  Interestingly, the latter study found an effect on CT in the absence of gray 

matter volume differences, suggesting that the specificity of CT provides an advantage 

for detecting obesity-associated cortical alteration.  An association with widespread 

thinner cortex and higher weight has also been observed in pre-adolescent children60,61.     

------------------------ 

This chapter has been adapted from a submitted article: Laya Rajan B.S., Cameron C. McKay M.S., Gabriel 
Santos Malavé B.S., Alaina L. Pearce Ph.D., J. Bradley C. Cherry, J.D., Eleanor Mackey Ph.D., Evan P. 
Nadler, M.D., and Chandan J Vaidya, Ph.D. Effects of severe obesity and sleeve gastrectomy on cortical 
thickness in adolescents  
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Interpretation of lower CT in adolescent obesity is ambiguous because typical 

brain development during adolescence involves widespread cortical thinning62.  Thus, 

establishing the causal relationship between CT and weight status, following weight gain 

or loss, is critical for appreciating the functional significance of obesity-related cortical 

structural differences. Increasingly, bariatric surgery is being recognized as an effective 

weight loss treatment for adolescents63 with favorable health outcomes64.  In our 

preliminary study, vertical sleeve gastrectomy (VSG) led to substantial weight loss in 

adolescents with severe obesity, along with improved cognitive performance and altered 

functional neural correlates of complex cognitive processes such as executive function, 

reward processing, and episodic memory53.  However, gray matter changes that may 

underlie these functional alterations have not been examined in adolescents, and only 

minimally studied in adults.  Post-surgery in adults, gray matter volume increased 

globally65 and focally in prefrontal, temporal, and occipital cortices66,67.  Similarly, one 

study found CT increases in prefrontal, temporal, and ventral anterior cingulate cortices 

and decreases in precuneus68.  A second study of only five middle-aged patients found 

widespread cortical thickening after surgery69, while a third found no change in mean 

CT70. No study has examined cortical thickness changes in adolescents following 

bariatric surgery. 

This pilot study evaluated the effect of VSG-associated weight loss on CT in 

adolescents with severe obesity.  We examined obesity-associated baseline differences as 

well as longitudinal changes in a subset of the adolescents 3 to 4 months after VSG.  

Importantly, changes after VSG were compared to each of two age-matched control 

groups imaged at the same time interval: weight-matched adolescents who had not yet 
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undergone surgery, and adolescents without obesity to control for the effect of 

development.  The baseline comparison sheds light on the neuroanatomical status of 

adolescents with severe obesity, while the longitudinal comparisons address the causal 

relationship between surgery-induced weight loss and cortical changes.  

Methods 

Participants 

Thirty-five adolescents ages 14-21 years, either with severe obesity (OB, n=18) or 

without obesity (nOB, n=17) participated in the study (see Table 2.1; functional magnetic 

imaging and behavioral findings in part of this sample were reported previously53).  Of 

the OB group, 7 were scheduled for vertical sleeve gastrectomy (VSG) at time of 

enrollment and 11 were awaiting scheduling (WL) due to insurance delays or personal 

choice, which did not relate to family socioeconomic status or age.  Participants were 

recruited from Children’s National Hospital (CNH) in Washington, DC or the 

surrounding metro area.  Informed consent and assent were obtained according to the 

guidelines of the Institutional Review Boards at Georgetown University and CNH. 

All participants for obesity met standard criteria for sleeve gastrectomy as determined by 

CNHS including: 1) BMI ≥ 40 or ≥ 35 with an obesity-related comorbidity; 2) Tanner 

stage IV to V pubertal development; 3) history of obesity for at least 3 years, with 

documented failed attempts at diet and medical management of obesity of at least 3-6 

months duration; 4) willingness to comply with clinical follow-up requirements; 5) 

confirmation by a psychologist or psychiatrist that the participant is sufficiently mature 

emotionally to comply with the clinical protocol; 6) completion of a comprehensive pre-

operative treatment plan.  



 12 

  Additionally, all participants had a full scale IQ > 75, no past or current 

diagnosis of Type 2 diabetes or neurological disorder and no prescriptions for 

psychotropic medication.  All participants had a BMI <50 due to size constraints of the 

MRI scanner bore.  OB and nOB differed significantly on BMI (t (24.2)=13.6, p<0.001), 

but not on age, sex, IQ, or maternal education, a proxy of socioeconomic status (ps> 0.08, 

see Table 2.1).  

The longitudinal sample comprised 6 OB participants who underwent VSG, 9 

who were wait-listed for surgery (WL), and 12 nOB participants.  These participants 

were scanned twice, 2.5 to 8 months apart with average interval matched across groups 

(VSG = 5.3 (3-8), WL = 4.4 (2-5) nOB=5.4 (3-7), F (2, 24) = 1.55, p =0.23). Participants 

who underwent surgery were scanned 1 to 4 weeks before VSG (Time 1) and 2 to 4 

(mean=3.8) months after VSG (Time 2).   BMI at Time 1 did not differ between VSG and 

WL (p=0.74).  Between Time 1 and Time 2, significant weight change was observed in 

VSG, who lost an average of 8.6 BMI units, (t (5) = 7.95, p<0.001) and WL, who gained 

an average of 1.5 BMI units (t (8) = -3.18, p=0.01); nOB did not change significantly 

(p=0.06; see Table 2.1).  Further, age, IQ, and maternal education did not differ between 

the VSG, WL, and nOB groups (ps>0.62).  
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Table 2.1. Study sample demographics. 

OB=adolescents with obesity, nOB=adolescents without obesity, VSG=adolescents who 
underwent sleeve gastrectomy, WL=adolescents waiting for surgery, BMI =body mass 
index, IQ = intelligence quotient 
All numbers are reported as mean(standard deviation). 
* Only Time 1 BMI was significantly different between groups (see main text).  
⌃One participant in the OB group was missing IQ data. 

 

MRI image acquisition and analyses 

A T1-weighted structural image (MPRAGE) was acquired with a 3T Siemens 

Trio scanner (Erlangen, Germany) with the following parameters: TR = 2300ms, 

TE=2.94 ms, TI = 5900 ms, 90 degree flip angle, 160 sagittal slices of 1 mm thickness, 

and FOV of 256 x 256 mm2, resulting in an effective resolution of 1.03mm isotropic 

voxel for duration 7.23 minutes. 

Images were analyzed using the Statistical Parametrical Mapping 12 (SPM12; 

Wellcome Imaging Center, London, UK) based Computational Anatomical Toolbox 

(CAT12; http://www.neuro.uni-jena.de/cat12/).  Images were first segmented into gray 

matter, white matter, and cerebrospinal fluid using CAT12 standard Tissue Probability 

Maps (TPM). Cortical surfaces were translated to a surface mesh and smoothed using a 

15mm-width Gaussian kernel.  CT was estimated vertex-wise as the distance between the 

Group Time 1 
age 

(years) 

Sex Time 1 
BMI* 

IQ Maternal 
education 

(years) 
Time 1 OB  

N=18 
17 (1.2) 12 F / 

6 M 
42 (5.8) 94 

(15)⌃ 
14 (4.4) 

nOB  
N=17 

16 (1.3) 10 F / 
7 M 

22 (2.7) 100 
(12) 

16 (2.6) 

Longitudinal VSG  
N=6 

17 (1.5) 3 F / 3 
M 

43 (4.3) 95 (23) 15 (3.4) 

WL 
N=9 

16 (1.1) 6 F / 3 
M 

42 (6.9) 94 (11) 13 (5.7) 

nOB  
N= 12 

17 (1.3) 6 F / 6 
M 

22 (2.6) 98 (10) 15 (2.6) 
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white matter surface and the pial layer of gray matter. Subcortical structures and 

cerebellum were not included in the surface.  For cross-sectional analyses, Time 1 OB 

and nOB scans were registered to a DARTEL template within CAT12.  For longitudinal 

analyses, Time 1 and Time 2 scans for each subject were co-registered to a within-subject 

template averaging the two scans to avoid bias toward either timepoint. Image quality 

control in the CAT pipeline included assessment of outlier volumes, noise, bias, and 

weighted image quality, and checks for surface topology defects.  All participants 

exceeded the CAT data quality report minimum cutoff score of 70%. 

 All analyses included mean-centered age at Time 162 and gender71 as covariates, 

as both are known to impact brain structure. For baseline differences between groups 

(OB, nOB), CT was compared at Time 1 using a one-way analysis of covariance 

(ANCOVA).  For surgery-related changes, Group X Time (Time 1, Time 2) interactions 

were examined using separate mixed-effects ANCOVA models for VSG versus WL and 

VSG versus nOB.  Analyses were performed across the entire cortical surface at a height 

threshold of p<0.005 and a cluster extent threshold of p<0.05 false discovery rate (FDR) 

corrected for multiple comparisons.  Significant clusters were followed up with post-hoc t 

tests corrected for multiple comparisons, assessing time related differences within each 

group (Time 1 vs. Time 2) and group differences at each time point. Locations of clusters 

were labeled within CAT12 using the Desikan-Killiany surface space atlas72. 

Results 

Global metrics 

At Time 1, total gray matter volume was lower, at marginal significance, in OB 

(M=696 mL, SD=61.7) than nOB (M=738 mL, SD=75.4), p=0.07). Total white matter 
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(OB: M=504 mL (SD=45.5), nOB: M= 492 mL (SD=56.0)) and intracranial volume (OB: 

M=1449 mL (SD=109), nOB: M= 1504 mL (SD=138)) did not differ between OB and 

nOB (ps>0.21).    Total white matter did not change in VSG after surgery (p=0.893) or in 

WL over time (p=0.616).  There was a very small mean increase in nOB (Time 1= 473 

mL, Time 2=478 mL, t (11) = 2.81, p=0.017). 

CT differences at baseline (Time 1): OB vs. nOB 

At baseline, OB had thinner cortex than nOB in superior regions flanking the 

central sulcus associated with motor functioning and extending posteriorly into medial 

parietal cortex in regions associated with visual attention and encoding of salience (see 

Figure 2.1, Table 2.2.  These regions included precentral gyrus and precuneus extending 

into superior parietal lobule (SPL) in the left hemisphere and postcentral medial regions 

in the right hemisphere, including precuneus extending medially to posterior cingulate 

cortex (PCC) and SPL extending to cuneus. Within these clusters, OB had 9-12% thinner 

cortex than nOB; no regions were thicker in OB than nOB.  

 

Figure 2.1. Adolescents with severe obesity have thinner cortex at baseline than 
those without obesity.  At Time 1, OB had thinner cortex than nOB in several regions: 
1) L precentral gyrus, 2) R precuneus extending to posterior cingulate cortex, 3) L 
precuneus extending to SPL, and 4) L SPL extending to cuneus.  For numbering of 
clusters see Table 2.2. 
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Table 2.2 Regions where cortical thickness was greater in adolescents with severe 
obesity than adolescents without obesity at Time 1. 
Cluster DK atlas labels BA  Size (vertices) H T X Y Z 

1 precentral gyrus 4 284 L 4.53 -12 -28 72 
2 precuneus 

extending to PCC 
31 590 R 4.05 5 -58 33 

3 precuneus 
extending to 
superior parietal 

7 268 L 3.56 -6 -49 52 

4 superior parietal 
extending to 
cuneus 

18 448 R 4.45 14 -92 19 

DK=Desikan-Killiany atlas, BA=Brodmann area of cluster peak, H=hemisphere  

 

Surgery-related CT changes compared to weight-matched control: VSG vs. WL 

Group (VSG, WL) x Time (1, 2) interactions were observed in reward and 

sensorimotor regions around the central sulcus anteriorly and visual attention and multi-

sensory integration regions posteriorly (see Figure 2.2; Table 2.3).   Reward regions 

included two clusters in bilateral medial orbitofrontal cortex (OFC) extending into right 

spanning bilateral precentral (M1) and post-central gyri (S1).  Visual attention and 

multisensory integration regions included two clusters: right supramarginal gyrus 

extending into superior temporal gyrus (STG), and right middle temporal gyrus (MTG) in 

the MT visual area (MT/V5).   A significant interaction was also seen in four clusters in 

bilateral ventral visual pathway: two in lingual gyri, and two in ventral lateral occipital 

cortex (LOC) extending to fusiform gyrus on the right and lingual gyrus on the left.  

Post-hoc tests revealed that the observed Group X Time interaction was driven by 

time related changes in the VSG group: largely cortical thinning (reduced CT at Time 2 

than Time 1) with some areas of thickening (greater CT at Time 2 than Time 1; see 

Figure 2.2, and Appendix A Figure A.1).  Post-VSG cortical thinning was observed in 
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bilateral reward (medial OFC) regions (ts=3.6 to 7.83, psTukey-corrected =<0.001 to 0.035).  

Primary sensorimotor cortex had a mixed pattern in VSG, although no clusters remained 

significant after correcting for multiple comparisons: bilateral gyral M1 and S1 clusters 

showed thinning, while the left sulcal M1/S1 cluster showed thickening.  Visual attention 

and sensory integration regions were thinner after surgery: right MTG survived 

correction (t=4.36, pTukey-corrected =0.014) while right supramarginal gyrus did not.  Ventral 

visual pathway regions had mixed findings: bilateral lingual gyri thinned after VSG but 

did not survive correction, and LOC thickened significantly on the right (t=3.87, pTukey-

corrected=0.025), and at trend level in the left (pTukey-corrected=0.062).  The WL group did not 

change over time in any cluster except in right LOC (t=4.24, pTukey-corrected=0.016), where 

they showed thinning in contrast to the thickening seen in VSG.   

For all clusters but one, the groups did not differ significantly from each other at 

either timepoint.  The exception was right medial OFC where the groups were not 

different at Time 1 but VSG became significantly thinner than WL at Time 2 (t=-3.15, 

pTukey-corrected=0.032).  
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Figure 2.2. Change in cortical thickness over time in adolescents with severe obesity 
who underwent surgery compared to weight-matched adolescents, controlling for 
mean-centered age and gender. Post-surgery, VSG showed thinning in bilateral OFC 
(1,2) and R MTG (7), but thickening in R LOC.  WL showed thinning in R LOC (10).  
The two groups only differed significantly at Time 2 in right OFC (1). Graphs are shown 
for clusters that survived post-hoc Tukey’s HSD correction; for remainder of graphs see 
Figure A.1.  For numbering of clusters, see Table 2.3. *p<0.05, **p<0.01, ***p<0.001.   
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Table 2.3 Regions where cortical thickness differed over time in adolescents with 
severe obesity who underwent surgery compared to weight-matched adolescents, 
controlling for mean-centered age and gender. 

Cluster DK atlas labels BA Size 
(vertices) 

H F X Y Z 

1 medial OFC 11 894 R 23.33 5 27 -26 
2 medial OFC 

extending to rostral 
ACC 

11 1685 L 89.67 -7 25 -24 

3 lateral gyral M1/S1 1 1908 R 34.11 65 -9 22 
4 lateral gyral M1/S1 4 971 L 25.02 -64 -9 16 
5 lateral sulcal M1/S1 4 896 L 16.9 -35 -20 38 
6 supramarginal 

extending to superior 
temporal gyrus 

40 1843 R 44.27 64 -38 29 

7 middle temporal 
gyrus 

37 944 R 19.83 59 -53 -3 

8 lingual gyrus, 
pericalcarine 

19 2893 R 36.64 13 -58 -4 

9 Lingual gyrus, 
isthmus of cingulate, 
precuneus 

18 3690 L 29.17 -7 -77 -4 

10 LOC extending to 
fusiform 

19 1186 R 39.29 32 -80 -11 

11 LOC extending to 
lingual gyrus and 
fusiform 

18 870 L 27.95 -14 -91 -9 

DK=Desikan-Killiany atlas, BA=Brodmann area of cluster peak, H=hemisphere 
 

Surgery-related CT changes compared to developmental-matched control: VSG vs. nOB 

A similar but more widespread pattern of regions as described above, showed 

Group (VSG, nOB) x Time (1, 2) interaction (see Figure 2.3; Table 2.4). Reward regions 

included two clusters in bilateral medial OFC extending to left rostral anterior cingulate 

cortex. Three additional bilateral prefrontal clusters implicated in higher order cognition 

were observed in rostral middle frontal and superior frontal gyri (SFG). Sensorimotor 

regions included six clusters: bilateral premotor and supplementary motor cortex 

medially, and gyral and sulcal M1/S1 laterally.  Visual attention and multisensory 
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integration regions included six clusters: right supramarginal extending to superior 

temporal gyrus (STG), left supramarginal gyrus, left supramarginal extending to inferior 

parietal gyrus, left STG, right middle extending to inferior temporal gyrus, and left 

precuneus.  Ventral visual pathway regions included five clusters: bilateral lingual gyri 

extending to R pericalcarine cortex, bilateral posterior LOC, and left ventral LOC 

extending to fusiform and lingual gyri.  

 Post-hoc tests revealed that the Group X Time interaction was primarily driven by 

time-related change in the VSG group (see Figure 2.3 and Appendix A Figure A.2).  VSG 

showed thinning (reduced CT at Time 2 than Time 1) in most clusters, while nOB did not 

change over time. Bilateral thinning occurred in reward and higher order cognitive 

regions: medial OFC, rostral middle frontal extending to SFG. Thinning also occurred in 

four sensorimotor regions: significantly in right (t=3.77, pTukey-corrected=0.016) and at trend 

level in left (pTukey-corrected=0.08) premotor and supplementary motor cortex, and 

significantly in bilateral gyral M1 extending to S1 (ts= 12.23 to 13.46, psTukey-corrected = 

<0.001).  In contrast, bilateral sulcal M1 extending to S1 showed thickening but did not 

reach significance.  All visual attention and sensory integration regions were significantly 

thinner after surgery (ts=4.2 to 6.6, pTukey-corrected=<0.001 to 0.008) except left precuneus, 

which was marginally significant (pTukey-corrected=0.08).  In the ventral visual pathway, 

significant thinning was observed in bilateral posterior LOC (ts=3.62 to 4.72, pTukey-

corrected=0.004 to 0.02) and right lingual gyrus (t=3.89, pTukey-corrected=0.013), and 

marginally, in left lingual gyrus (pTukey-corrected=0.075).  The exception to this pattern was 

significant thickening in ventral left LOC extending to fusiform and lingual gyri (t=-4.58, 
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p=0.005).  There was no change in nOB over time, except in R rostral MFG extending to 

SFG, where nOB displayed significant thickening (t=-4.712, pTukey-corrected =0.004).   

There were two clusters where the groups differed significantly only at Time 1.  

In right medial OFC, nOB was significantly thinner than VSG (t=-3.395, p=0.019).  

Conversely, in left sulcal M1 extending to S1, VSG was thinner than nOB (t=3.482, 

p=0.012). 2.  There were also two clusters where the groups significantly differed only at 

Time 2.  VSG was significantly thinner than nOB in L premotor cortex (t=4.436, 

p=0.003) and L LOC (t=4.01, p=0.005), and marginally so in R premotor cortex 

(p=0.083) and R gyral S1 extending to M1 (p=0.056). 
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Figure 2.3.  Change in cortical thickness over time in adolescents with severe obesity 
who underwent surgery compared to developmentally-matched adolescents, 
controlling for mean-centered age and gender.  Representative graphs are shown for 
clusters that showed thinning (e.g.: L OFC, 1) or thickening in VSG (e.g.: L LOC 
extending to fusiform and lingual gyri, 21) and survived post-hoc Tukey’s HSD 
correction.  Remaining graphs are shown in Figure A.2.  nOB showed significant 
thickening in R rostral MFG extending to SFG (3).  For number of clusters, see Table 2.4. 
*p<0.05, **p<0.01, ***p<0.001. 
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Table 2.4. Regions where cortical thickness differed over time adolescents with 
severe obesity who underwent surgery compared to adolescents without obesity, 
controlling for mean-centered age and gender. 
 

Cluster DK atlas labels BA Size 
(vertices) 

H F X Y Z 

1 medial OFC 11 840 R 33.06 4 29 -26 
2 medial OFC extending 

to rostral ACC 
11 1708 L 34.96 -8 22 -22 

3 rostral middle frontal 
extending to superior 
frontal gyrus 

10 970 R 22.9 24 54 23 

4 superior frontal gyrus 
extending to rostral 
middle frontal gyrus 

10 1105 L 19.29 -21 56 23 

5 superior frontal gyrus 6 622 R 17.67 14 18 60 
6 premotor/supplementa

ry motor cortex 
6 692 R 16.05 12 -9 69 

7 premotor/supplementa
ry motor cortex 

6 3066 L 27.67 -14 -19 73 

8 lateral gyral M1/S1 4 2859 R 44.38 63 -7 28 
9 lateral gyral M1/S1 4 2300 L 31.35 -65 -10 17 
10 lateral sulcal M1/S1 4 649 R 21.73 36 -19 38 
11 lateral sulcal M1/S1 4 931 L 18.1 -34 -20 40 
12 superior temporal 

gyrus 
22 760 L 17.23 -65 -42 11 

13 supramarginal 
extending to superior 
temporal gyrus 

40 1891 R 22.33 62 -36 33 

14 supramarginal gyrus 40 742 L 21.07 -54 -43 47 
15 supramarginal 

extending to inferior 
parietal 

39 723 L 13.25 -61 -51 27 

16 middle temporal 
extending to inferior 
temporal gyrus 

37 1385 R 27.78 60 -49 -5 

17 precuneus 31 952 L 21.23 -3 -60 20 
18 lingual extending to 

pericalcarine 
18 2753 R 35.52 10 -56 -1 

19 lingual gyrus 19 2101 L 29.38 -12 -52 -5 
20 LOC extending to 

fusiform and lingual 
gyri 

18 737 L 24.74 -15 -84 -13 

21 LOC 18 932 R 19.15 14 -102 7 
22 LOC 18 2281 L 26.05 -13 -102 7 

DK=Desikan-Killiany atlas, BA=Brodmann area of cluster peak, H=hemisphere 
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Discussion 

Our results provide the first preliminary evidence for selective cortical thickness 

changes 4 months post-sleeve gastrectomy in adolescents with severe obesity. At 

baseline, severe obesity was associated with 9-12% thinner cortex in select sensorimotor 

and superior parietal regions related to visual attention and encoding of salience. 

Following VSG, surgery participants lost significant weight and showed a mixed pattern 

of cortical thinning and thickening compared to two age-matched groups that controlled 

for weight and development.  Specifically, an average 10% reduction in cortical thickness 

was observed in a wide swath of regions, including orbitofrontal regions associated with 

reward valuation as well as sensorimotor and visual perceptual regions. In contrast, an 

average 9.7% increase in cortical thickness was observed in regions restricted to the 

ventral visual object processing pathway.  Together, these results indicate that while 

severe obesity in adolescence is associated with thinner cortex in select perceptual-motor 

regions, sleeve gastrectomy affected a wider and distinct set of regions, showing both 

cortical thinning and thickening.  While our results should be considered preliminary due 

to sample size limitations, they are the first to show that the cortical mantle differs in 

adolescents with severe obesity and is altered by sleeve gastrectomy, using two control 

groups and a longitudinal study design.  

Our study adds to a body of evidence59 suggesting that cortical thickness is a 

superior method for studying gray matter differences in obesity due to its specificity. At 

baseline, total gray matter volume differed only at trend level.   One possible explanation 

is that measurement of cortical thickness is less susceptible than volumetric measurement 

to individual differences in cortical folding.  Additionally, white matter volume was 
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neither significantly different at Time 1 nor changed significantly in the surgery group.   

Thus, differences in cortex due to obesity and due to weight loss were specific to the 

cortical ribbon.  Future studies should examine changes in myelination or white matter 

microstructure in adolescence, as adult bariatric surgery is known to rescue atypical white 

matter density43,65,67 . 

Our findings should be interpreted in the context of the following limitations.  

First, the sample size of those who underwent surgery is small, although comparable to 

one of the three prior studies in adults69. Therefore, findings should be considered 

preliminary evidence that warrants further study.  A larger VSG sample would also allow 

for probing associations between magnitude of cortical change, amount of weight loss, as 

well as any post-surgical improvement in neurocognitive functioning.  Second, although 

none of our study participants reported clinically significant insulin resistance, we were 

unable to account for effects of subclinical insulin resistance due to the limitations of the 

available data.  Future studies should include measures such as the homeostatic model 

assessment for insulin resistance (HOMA-IR)73, which would also allow for exploring the 

association between neural and hormonal changes after surgery. 

More investigation is needed to understand the mechanism of thinner cortex at 

baseline in adolescents with severe obesity.  Although the direction of the effect – thinner 

cortex with obesity - is consistent with past reports in adults, the physiological 

underpinnings of obesity-related cortical thinning in adolescents may differ.  Cortical 

thinning in adults is a normal consequence of aging, but is associated with cognitive 

decline in both cognitively typical74 and impaired75 older adults.  Thus, thinner cortex in 

adults with obesity suggests a pathological process of accelerated aging. Animal models 
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suggest adult age-related thinning may be caused by decreases in synaptic complexity 

and altered glial reactivity and morphology76.  In contrast, global cortical thinning during 

adolescence, at an approximate yearly rate of 1.5% is a feature of typical development62 

that is associated with cognitive maturation.  In light of this typical developmental 

trajectory, thinner cortex in OB is unlikely to represent the same physiological process as 

in aging. Rather, it may represent decreased dendritic branching, fewer dendritic spines, 

and apoptosis due to regulation of potassium77.  Future work across units of analysis is 

needed to characterize diverse cellular changes underlying apparent cortical thinning. 

 Given that severe obesity was associated with thinner cortex in our sample, it was 

somewhat surprising that VSG and the subsequent weight loss was largely associated 

with cortical thinning, unlike in adults68,69.  This thinning may be related to compensation 

for, rather than rescue of, obesity-associated alterations in cortical thickness.  The lack of 

overlap between regions that were thinner at Time 1 and those that changed in either 

direction after VSG supports this conclusion and points to a distinct mechanism from that 

in adults. Further, apparent thinning could reflect separate biological processes 

underlying thinner cortex at baseline versus post-surgical thinning.  Past work in 

adolescents78 found that increased visceral fat, rather than BMI, was associated with 

thicker cortex in regions where we observed thinning after VSG-induced weight loss.  

Thus, it is possible that VSG-associated thinning could be due to a presumed decrease in 

visceral fat.  This intriguing association with visceral fat could be tested in future work by 

including abdominal MRI scans. 

It is important to note that VSG was also associated with a comparable level of 

cortical thickening, albeit limited to visual object processing regions. The mechanism 
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underlying thickening here could be due to decreased systemic inflammation seen after 

surgery79, which may function similarly to the thickening seen in adult brains after 

surgery68,70. Notably, a visual object processing area that was associated with post-

surgical thickening in VSG, showed significant thinning over the 4 month time lag in the 

WL control group.  These opposing directions fit with the pattern of weight change, as 

VSG lost a significant amount of weight, while WL gained a small but significant amount 

of weight. One prior study found that increased BMI in adolescents was associated with 

thinner cortex in these same visual object processing regions80.  These relationships were 

mediated by serum concentration of fibrinogen, a coagulation protein that can indicate 

inflammation.  Thus, thickening after VSG in these particular regions may reflect a 

decrease in the low-grade systemic inflammation that accompanies obesity32.  

The present sample partially overlapped with our larger functional brain imaging 

study that observed cognitive improvements associated with VSG53.  Although the 

present sample is too small to test for association between changes in cortical thickness 

and cognitive performance, the observed improvement in working memory, motor speed, 

and some aspects of reward-related decision making after surgery 53, may relate to 

cortical changes observed in the present sample.  Most notably, post-surgical changes in 

neural activation were functionally similar to those that showed structural changes in this 

study. Activation of inferior parietal lobule during a working memory task decreased 

after VSG, as did activation of thalamus and left ventral caudate in response to reward.  

The change in parietal activation parallels surgery-associated thinning seen in our study 

in a similar region.  Since cortical thickness by definition cannot be computed for 

subcortical structures, we could not observe changes in thalamus and striatum.  However, 
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these structures are closely connected with regions of observed cortical alteration: ventral 

striatum projects to orbitofrontal cortex as part of the reward processing pathway, and 

thalamus is a central sensory relay station between primary sensorimotor function and 

association cortices.  Future studies with larger samples are needed to confirm these 

preliminary observations suggesting functional correspondence with regions that showed 

structural alteration after VSG in this study.  

A parallel can be drawn between pediatric obesity and life stress when 

considering the functional relevance of obesity-related thinner cortex in adolescents.  The 

emotional and physiological stress of navigating the world as an adolescent with obesity 

may be heightened by increased sensitivity to the opinions of peers rather than parents, 

and vulnerability to negative self-image. Our prior work in a larger and partially 

overlapping sample12 showed that adolescents with severe obesity experience greater 

internalizing psychopathology (e.g., anxiety and depression).  Depressive symptoms have 

been linked to accelerated cortical thinning in frontal regions such as OFC and precentral 

gyrus and parietal cortex over the course of typical development81. Increased functional 

load in adolescents with obesity could lead to decreased dendritic arborization and spine 

density in regions under stress82. Mechanism notwithstanding, the need for intervention 

during adolescence is profound. Psychosocial and medical comorbidities associated with 

pediatric obesity can be thought of as chronic exposure to adverse events in childhood 

and adolescence, which may become “embedded” within the brain83, in part through 

structural alterations. The current preliminary results underscore the need for further 

mechanistic understanding of how severe obesity and bariatric surgery impact the brain, 

and the urgency of intervention during adolescence.  It also highlights the importance of 
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studying adolescents separately from adults and taking into account the role of 

development.  As adolescent bariatric surgery gains popularity, further study could aid in 

optimizing treatment and management in this patient population.  
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CHAPTER III: REWARD REGION CONNECTIVITY: ROLE IN EATING AND 
RELATIONSHIPS WITH BODY MASS INDEX AND SEVERE OBESITY 

 
Adolescent obesity is increasing in national prevalence1, in part due to availability 

of energy-dense foods and ease of non-homeostatic eating84.  The maintenance of a 

positive energy balance85 (i.e.: more calories consumed than expended) is facilitated by 

eating in the absence of physiological hunger.  One motivation for doing so is that food 

can be a hedonic stimulus.  Reward in the brain is mediated by dopaminergic neurons, 

which originate in the ventral tegmental area (VTA) and project to ventral and dorsal 

striatum, and prefrontal cortex86.  Functional magnetic resonance imaging (fMRI) studies 

show that regions reliably activated by reward processing tasks in adolescents87, 

including caudate, nucleus accumbens/ventral striatum, insula, and medial prefrontal 

cortex are also activated in studies of food motivation88.  Non-homeostatic eating with 

obesity as an outcome has been compared to addiction processes89, as comparable neural 

reward responses90 suggest shared underlying reward dysregulation91,92.  The concept of 

food addiction is controversial for several reasons, including lack of a consistent clinical 

or neural phenotype93 and concern over potential medicalization of normal hedonic 

processes94. Nonetheless, it is clear that obesity meaningfully interacts with the reward 

system and eating behavior in a manner that requires further study and careful parsing.   

The existence of obesity-associated differences in neural reward processing of 

food stimuli52 is well documented but characterization of the differences has been 

inconsistent.  Results vary based on age of participants, grouping of participants with 

overweight, obesity and severe obesity, and the method of evoking a reward response 

(visual food cues, reward anticipation, or consumption of reward)93.  One way to 

circumvent this task-specific variability is by focusing on the intrinsic functional 
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architecture of the brain’s reward network, which can be characterized using resting state 

functional connectivity (rsFC). Yet, even without paradigm-induced variance, rsFC 

findings are mixed.  A study of women with obesity showed that nucleus accumbens had 

greater rsFC to anterior cingulate cortex and ventromedial prefrontal cortex 95.  Another 

small study found that degree centrality, or number of connections, was increased in 

combined ventral striatum and caudate but decreased in orbitofrontal cortex96.  Studies of 

rsFC in adolescents are few, and none have specifically isolated reward regions. One 

study took a global voxel-to-voxel connectivity approach and found that insula and 

middle temporal cortex had lower connectivity to the rest of the brain in adolescents with 

obesity97.   Another study examining canonical resting state networks found that 

adolescent obesity was associated with decreased region-to-region connectivity between 

reward-related seed regions (nucleus accumbens, caudate, and medial OFC) and other 

areas within the salience processing and executive function networks98.  The impact of 

obesity on connectivity specifically between canonical reward regions in adolescents 

requires more characterization. 

 Obesity’s effect on the neural reward system is especially critical to understand 

in adolescents, as they are undergoing rapid maturation of reward circuitry and 

motivational drives against a backdrop of still-immature cognitive control39.  This 

imbalanced cognitive development is thought to place adolescents at particular risk for 

suboptimal outcomes such as addiction99 and potentially obesogenic behaviors with 

lifelong consequences .  

Although atypicalities in the reward system are frequently posited as 

underpinning obesity, the links between the reward system and eating behavior are 
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complex. Food is unique in its role as both a physiological need and hedonic stimulus, 

and consumption can be influenced by emotional, social, and environmental contexts. 

One instrument for capturing these dimensions is the Three Factor Eating Questionnaire 

(TFEQ)100, which measures cognitive restraint, disinhibition, and hunger. TFEQ scores 

have been associated with both BMI101 and rsFC of frontoparietal and cerebellar 

networks102 as well as distributed frontal and temporal brain regions103.  

This two-part study sought to understand how rsFC of canonical reward regions, derived 

from a meta-analysis of the imaging literature, differed by weight status.  We tested this 

both over a range of BMIs and specifically in severe obesity, as we expected that the 

effects of severe obesity might differ from those of overweight and obesity.    We also 

interrogated the relationship between reward region rsFC and eating behavior.  Part 1 

compared connectivity in a unique sample of adolescents with uncomplicated severe 

obesity versus adolescents with healthy weight.  Part 2 leveraged a large public dataset 

with imaging and eating behavior data from adolescents at a range of BMIs from healthy 

weight to severe obesity, filling in the gap between the two groups in Part 1.  Here, we 

examined associations between connectivity, BMI, and TFEQ scores.  These planned Part 

2 analyses were preregistered with the Open Science Framework. Further, because Factor 

1 characterizes cognitive restraint in eating behavior, additional exploratory analyses 

examined connectivity of dorsal caudate, a highly dopaminergic region associated with 

cognitive control, and connectivity of food-related regions as related to BMI and eating 

behavior.   
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Methods, Part 1  
 
Participants 

The dataset consisted of thirty-one adolescents (14-18 years old): 15 with severe 

obesity (OB) and 16 without obesity (nOB) recruited from Children’s National Health 

System (CNHS) in Washington, DC and the area community, respectively. Informed 

consent and assent were obtained according to the guidelines of the Institutional Review 

Boards at both Georgetown University and CNHS. Inclusion criteria included a full-scale 

IQ > 75 (estimated from the vocabulary and matrix reasoning subtests of the Wechsler 

Abbreviated Intelligence Scale-II), and based on parent report: no past or current 

diagnosis of Type 2 diabetes, psychiatric or neurological disorder, no past or current 

prescription for psychotropic medication. All participants had a BMI < 50 due to size 

constraints of the scanner.  OB and nOB differed significantly on BMI (t=13.41, 

p<0.001), but not on age, sex, ethnicity, race, or maternal education, which is a proxy for 

socioeconomic status (ps> 0.256; see Table 3.1).  OB and nOB also did not differ on IQ 

(p=0.09) although one OB subject was missing IQ data 
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Table	3.1.		Part	1	study	sample	demographics	

Group Age 
(years) 

Sex BMI IQ Maternal 
education 

(years) 

Race Ethnicity 

Obese 
(N=15) 

16.6 
(1.34) 

10 F / 
5 M 

40.9 
(5.11) 

94.5 
(15.8) 

14.5 (3.87) White: 5 
(33.3%) 
Black or 
African 

American: 
8 (53.3%) 
Mixed: 1 
(6.7%) 

Other: 1 
(6.7%) 

Hispanic 
or 

Latino: 3 
(20.0%) 

Not 
Hispanic 

or 
Latino: 

11 
(73.3%) 
Missing 
data: 1 
(6.7%) 

Not 
Obese 
(N = 16) 

16.3 
(1.28) 

10 F / 
6 M 

21.4 
(2.68) 

103.0 
(11.9) 

15.9 (2.47) White: 10 
(62.5%) 
Black or 
African 

American: 
4 (25.0%) 
Mixed: 2 
(12.5%) 
Other: 0 

(0%) 

Hispanic 
or 

Latino: 2 
(12.5%) 

Not 
Hispanic 

or 
Latino: 

14 
(87.5%) 

BMI = Body Mass Index; IQ = Intelligence Quotient; Number represent means, with SD 
in parentheses, except for sex, race, and ethnicity. One participant in the obese group was 
missing IQ data. Only BMI differed between groups. 

	

Imaging parameters and processing 

The participants underwent fMRI at 3T (TR=2, TE=30ms,FOV 192x192mm, 90° 

flip angle, 3mm isotropic voxels) during 6 mins eyes-open rest.  The dataset was pre-

processed, denoised, and analyzed using the CONN toolbox104 v18a.  Pre-processing 

included standard steps such as slice timing correction, realignment, co-registration to 

MPRAGE, spatial normalization to MNI space, and smoothing with an 8mm Gaussian 

kernel.  All participants included met head motion criteria of <30% volumes with 
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>0.5mm composite motion.  These criteria were more lenient given the small sample size 

and special population. 

Analyses 

Connectivity was assessed between 9 regions of interest (ROI) derived from the 

association meta-analytic map for search term “reward” in the Neurosynth105 platform, at 

a threshold of p<0.01 and minimum cluster size of 20 (see Table 3.2).  The map was 

drawn from 922 studies.  The peak of each cluster in the resulting map served as the 

center of a 6mm radius sphere. The 9 “reward” ROIs were ventral tegmental area (VTA), 

hypothalamus, left and right ventral striatum, posterior cingulate cortex, dorsal anterior 

cingulate cortex, pregenual cingulum, anterior left orbitofrontal cortex (OFC), and right 

medial orbitofrontal cortex (mOFC).  ROI-ROI functional connectivity was examined 

with an F omnibus test at p<0.05, FDR-corrected at the analysis level. 

Table 3.2.  Neurosynth region of interest peak MNI coordinates for “reward” 

Region MNI Coordinates 
x y z 

Posterior cingulate 
cortex 

2 -28 32 

Hypothalamus 4 -10 -12 
Ventral tegmental 
area 

4 -18 -12 

Right ventral 
striatum 

12 10 -8 

Left anterior 
orbitofrontal cortex 

-18 36 -18 

Medial orbitofrontal 
cortex 

2 58 -8 

Left ventral striatum -12 10 -8 
Ventromedial 
prefrontal cortex 

0 44 0 

MNI=Montreal Neurological Institute. 
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Methods, Part 2 

Participants 

The dataset consisted of 112 children and adolescents, ages 12-18 years from the 

publicly available Nathan Klein Institute Rockland Sample (NKI-RS)106.  Data was 

accessed in accordance with the institutional data use agreement.  NKI-RS is a 

community sample, and all pediatric participants who met the imaging motion criteria 

and had complete behavioral data were included.  

The sample consisted of 77 participants with healthy weight, 16 with overweight, 14 with 

obesity, and 5 with severe obesity as characterized by the Centers for Disease Control5.  

These numbers are on par with the national prevalence of overweight, obesity, and severe 

obesity amongst children and teenagers1, so the sample is representative of the American 

population.  Demographic characteristics are characterized in Table 3.3.  As expected, 

BMI was significantly correlated with age (t=2.82, p=0.006), but not with sex, IQ, race, 

or ethnicity (ps>0.129).   BMI correlated negatively with maternal education at marginal 

statistical significance (r (97) =-0.186, p=0.06).  18 participants were missing IQ data, 

and 13 participants were missing maternal education data.  No participant reported 

diagnoses of Type 2 diabetes, psychiatric, or neurological disorders, or current 

prescription for psychotropic medication.  
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Table 3.3.  Part 2 study sample demographics 

 Mean (SD) Count (%) Range 
Age (years) 15.0 (2.2) -- 12 – 18 
Sex -- 50 F (44.6%) 

62 M (55.4%) 
-- 

BMI 22.7 (4.7) -- 15.7 – 
39.1 

IQ 105 (13.1) -- 75 – 135 
Maternal 
Education (years) 

15.8 (2.2) -- 12 – 23 

Race -- White:  73 (65.2%) 
Black: 23 (20.5%) 
Asian: 10 (8.9%) 

Native Hawaiian or Pacific Islander: 2 
(1.8%) 

American Indian or Native Alaskan: 1 
(0.9%) 

Other: 3 (2.7%) 

-- 

Ethnicity -- Hispanic or Latino: 16 (14.3%) 
Not Hispanic or Latino: 95 (84.8%) 

Missing: 1 (0.9%) 

-- 

	

Imaging parameters and processing 

Participants underwent fMRI at 3T (TR=1.4s, TE=39ms, 65° flip angle, 2mm 

isotropic voxels) during 10 mins of eyes-open rest.  The dataset was pre-processed using 

the fMRIprep pipeline107 and denoised and analyzed in CONN toolbox v2020b.  All 

included participants met head motion criteria of <10% volumes with >0.5mm composite 

motion. 

Analyses 

Eating behavior in the NKI dataset was characterized with the Three Factor 

Eating Questionnaire (TFEQ; see Table 3.4). Factor 1, cognitive restraint, taps 

components such as strategic dieting behavior and attitude to self-regulation of eating.  

Factor 2, disinhibition, examines habitual, emotional, and situational susceptibility to 
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overeating.  Factor 3, hunger, distinguishes between motivation driven by an internal 

locus versus external locus.  Each factor was tested by least squares regression for 

association with BMI controlled for age, and only factors that showed an association 

were carried forward for additional analyses.  

Anatomically-defined108 left and right 3mm radius dorsal caudate seeds with a 

3mm radius were added to the 9 reward ROIs.  Connections between the resulting 11 

ROIs were tested for associations with BMI and the TFEQ factors that showed a 

significant correlation with BMI.  Connections that showed a significant association with 

BMI or TFEQ, using an F omnibus test thresholded at p<0.05, FDR-corrected at the 

analysis level, were tested as mediators of the relationship between BMI and TFEQ.  A 

follow-up analysis tested ROIs derived from a map of 171 studies after searching “food” 

in Neurosynth (see Table 3.5) in a similar manner.   

Table 3.4. Three Factor Eating Questionnaire scores 

Factor Mean(SD) Range Cronbach’s α 
1 6.2(4.3) 0-19 0.82 
2 4.2(2.5) 1-13 0.69 
3 4.4(3.2) 0-14 0.71 

 

Table 3.5. Neurosynth region of interest peak MNI coordinates for “food” 

Region MNI Coordinates 
x y z 

Right temporal lobe 36 -2 -22 
Left orbitofrontal cortex 1 -22 34 -16 
Left orbitofrontal cortex 2 -26 66 -12 
Right orbitofrontal cortex 1 20 32 -16 
Right orbitofrontal cortex 2 4 58 -10 
Left insula -40 4 -10 
Right insula 1 38 -6 2 
Right insula 2 36 14 -14 
Ventral tegmental area 6 -14 -14 
Hypothalamus 6 2 -8 
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Left superior frontal gyrus -22 52 30 
	MNI=Montreal	Neurological	Institute	

TFEQ factors that showed a significant association with BMI were included as the 

direct effect in a model testing for mediation of the association by rsFC of neural reward 

regions.  Connections that showed a significant association with TFEQ or BMI above 

were included in the model as mediators.  Path analysis was run using the lavaan package 

(version 0.6-7) in R109.  The model (Figure 3.1) was estimated using maximum likelihood 

estimation with robust standard errors to correct for the non-normal distribution of BMI 

and TFEQ scores.  Model goodness of fit was assessed with root mean square error of 

approximation (RMSEA), comparative fit index (CFI), and the standardized root mean 

square residual (SRMR)110–112.  

Figure 3.1.  Hypothetical path model.  The direct effect of body mass index (BMI) 
controlled for age on Three Factor Eating Questionnaire 1 (TFEQ 1; cognitive restraint) 
is mediated by the indirect effects of BMI on dorsal caudate-ventral tegmental area (DC-
VTA) and dorsal caudate-medial orbitofrontal cortex (DC-mOFC) connectivity, and of 
DC-VTA/DC-mOFC connectivity, on TFEQ 1. 
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Results, Part 1 

In the OB group, VTA connectivity to left ventral striatum and to pregenual cingulum 

was higher than in nOB (see Figure 3.2).  No other connections were significantly 

different in OB versus nOB. 

 

 

Figure 3.2. Increased ventral tegmental area connectivity in adolescents with severe 
obesity compared to those without obesity.  Adolescents with severe obesity had 
increased connectivity between VTA and both left ventral striatum (L VS) and pregenual 
cingulum compared to adolescents without obesity. 
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Results, Part 2 

BMI controlled for age was positively associated with TFEQ Factor 1 (β= 0.30, 

SE=0.09, p=0.0006; adjusted R2=0.089), but not with Factors 2 and 3.  Thus, the 

relationship between BMI and Factor 1 (cognitive restraint) was tested as the direct effect 

in the subsequent path analysis.  When left and right dorsal caudate were added as ROIs, 

BMI was negatively associated with dorsal caudate-VTA connectivity, but positively 

associated with dorsal caudate-right medial OFC connectivity. Therefore, both 

connections were tested as mediators of the relationship between BMI and TFEQ Factor 

1.  Path analysis (Figure 3.3) revealed that although BMI was significantly associated 

with both dorsal caudate connectivity and with Factor 1, caudate connectivity did not 

mediate the relationship between BMI and Factor 1. Although the overall model was not 

significant, the model fit statistics (RMSEA=0, CF1=1, and SRMR=0) conformed to 

acceptable 110–112 ranges (RMSEA < 0.08, CFI > 0.90, and SRMR < 0.08. 

Because connectivity between dorsal caudate and reward regions did not explain the 

relationship between BMI and TFEQ Factor 1, connectivity between ROIs derived from 

“food” in Neurosynth was tested for association with BMI and Factor 1.  No association 

was found, and therefore these connections were not tested for mediation. 
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Figure 3.3.  True path model.  There was a significant association between BMI 
controlled for age and TFEQ 1, as well a significant association as between BMI 
controlled for age and both DC-VTA and DC-mOFC resting state connectivity.  
Connectivity did not mediate the relationship between BMI controlled for age and  
TFEQ 1. 
 

Discussion 

 This study found that rsFC between VTA and two other canonical reward regions 

(left ventral striatum and pregenual cingulum) was greater in adolescents with severe 

obesity compared to those with healthy weight.  However, connectivity between VTA 

and the same two regions did not vary with BMI in a larger community sample that 

included healthy weight, overweight, obese, and severely obese adolescents.  In the larger 

sample, connectivity between left dorsal caudate and VTA decreased as BMI increased, 

while left dorsal caudate to medial OFC connectivity increased as BMI increased. BMI 

was also significantly related to higher TFEQ Factor 1 cognitive restraint scores or 

greater restraint .  Further, dorsal caudate connectivity did not mediate the observed 

relationship between BMI and cognitive restraint in eating.  The results provide insight 

into obesity-associated differences in the intrinsic connectivity of dopaminergic regions 
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and suggest that the degree to which BMI is elevated makes a difference when assessing 

effects on the brain.  Although our findings do not explain the role of reward regions in 

eating behavior, they provide suggestions for future avenues of investigation. 

 In both samples, VTA connectivity was impacted by elevated weight status, 

although the specific connections and direction of the effect differed.  The differences 

may speak to VTA’s dual role in reward and consumption.  Apart from being an integral 

dopaminergic reward region, it is a binding site for hormones related to hunger (ghrelin), 

satiety (leptin), and energy metabolism (insulin)113.  The action of these hormones on 

VTA modulates neuronal dopaminergic tone and subsequent food intake, and can 

influence food reward114. Studies in animal models show that short term consumption of 

palatable foods can prime VTA towards future food intake through a sustained increased 

in synaptic density115.  Further, in animal models of diet-induced obesity, VTA becomes 

leptin-resistant116 suggesting that the reward system disengages from physiological cues 

of satiety when metabolic dysregulation is present.  VTA connectivity is also modulated 

by obesity and energy density of food cues during visual and auditory cue processing117.  

The majority of participants in the NKI sample were within a healthy BMI range, while 

the adolescents with severe obesity were bariatric surgery candidates.  Therefore, it’s 

possible that VTA connectivity to caudate is modulated by eating experiences, rather than 

specifically by obesity or weight.  Conversely, VTA connectivity to other regions within 

the circumscribed reward network may increase in a stepwise fashion after a certain 

weight threshold is met, and may be mediated by a physiological process associated with 

greater adiposity, such as subclinical insulin or leptin resistance.   
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In the NKI sample, BMI was positively related to cognitive restraint during 

eating, which has been shown robustly in prior literature118,119.  Although elevated BMI 

correlating with higher cognitive restraint may seem counterintuitive, the relationship 

likely represents a tendency towards more effortful control by those who are aware of 

their elevated weight status.  This view is supported by a study of dietary decision-

making task performance120, which posited that cognitive restraint captures the intent to 

diet.  Adults with a high BMI may have high intent in this regard, but do not successfully 

change behavior at the level needed for weight loss.  Other studies have shown that 

restrained eating frequently pairs with decreased dieting success121 and higher objective 

calorie intake122. The lack of association between dorsal caudate connectivity and 

cognitive restraint in our findings could also relate to the fact that dorsal caudate 

activation is thought to be more closely allied to employing cognitive control rather than 

tracking cognitive effort123. 

In our study, BMI was not associated with disinhibition or hunger scores.  

Increased BMI has been particularly related to disinhibition and hunger in studies of 

adults with obesity101,  but not in  adults across a range of BMIs124.  Other work has 

shown that disinhibition was the strongest predictor of self-reported weight gain in adults 

over the course of 20 years125.  The lack of association between BMI and disinhibition in 

this study could therefore speak to the relatively higher number of adolescents with 

healthy weight. This null relationship could be true for the brain as well, as a prior study 

found a relationship between disinhibition and orbitofrontal cortex volume only in 

adolescents with obesity126.  
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Although we did not find that dorsal caudate connectivity explained the 

relationship between BMI and eating-related cognitive restraint, it is a central structure in 

food motivation.  One model of food reward posits “liking”(hedonic value of eating) and 

“wanting” (motivation to eat) as separate aspects of food reward127.  A study of young 

adult women with BMIs in the normal range showed that “wanting”, but not “liking”, 

ratings decline after subjects reach satiety at mealtime128.  Caudate activation was greater 

when viewing food items with a high versus low “wanting” rating before a meal, and 

decreased when subjects were satiated. Higher TFEQ1 scores were related to higher pre-

meal “liking” and “wanting” and lower post-meal “liking”.  Taken together, this evidence 

suggests that in normal-weight subjects, cognitive restraint motivates food seeking in a 

fasted state and decreases the value of food reward in a fed state while dorsal caudate 

activity tracks motivation to eat.  One possible mechanism linking the two is dopamine 

responsivity, as a small PET dopamine ligand study in healthy adults showed that 

dopamine responsivity to food stimuli in the dorsal, but not ventral, striatum was 

associated with cognitive restraint scores129. The literature also supports the idea that 

dorsal caudate is sensitive to obesity in a food-related context.  Dorsal caudate 

connectivity to somatosensory cortex was increased in adults with overweight and 

obesity compared to those without, and correlated with food cravings and short term 

weight gain130.  Further, while greater dorsal caudate activation was elicited by thinking 

about inhibiting eating compared to imagining eating, this activation was dampened in 

adults with morbid obesity131. This raises the possibility that obesity’s effect on dorsal 

caudate function is mediated through dopamine availability, which is known to be altered 

by obesity132.  
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The primary limitations of this study were the number of participants with obesity 

in both datasets, as well as unavailability of eating behavior data in participants with 

obesity or severe obesity.  A future study would benefit from a larger population of 

adolescents with obesity, as relationships between BMI, brain, and eating behavior are 

likely not linear.  Future work should also thoroughly characterize the metabolic profile 

of participants with obesity for added specificity, given prior findings that adolescents 

with obesity and subclinical insulin resistance exhibit higher scores on all three TFEQ 

factors126. Metabolic status can also affect neural activation133 and connectivity134.  The 

relationship between BMI and eating behavior may additionally be influenced by other 

psychological and cognitive factors.  For example, subscales of the three factors differed 

in their relationship with BMI in young adults based on subjects’ reported satisfaction 

with their bodies as well as actual weight status135.  Another limitation of the current 

work is that although TFEQ scores have been explored in samples of Canadian118 and 

Taiwanese136 adolescents, the instrument has not been extensively characterized in this 

age group.  It is worth noting that the Crohnbach’s alpha, which tests subscale reliability, 

was on the low end of the acceptable range for Factors 2 and 3. Validation against 

performance measures of eating, as has been done with the Child Eating Behavior 

Questionnaire (CEBQ)137 for a younger age group, is a worthwhile future exercise to 

identify what ecologically valid behaviors are tapped by TFEQ scores, and whether 

different subscales should be used in the adolescent population. 

One major avenue for future study is the relationship of executive function to 

cognitive restraint and BMI.  Executive function is known to be impacted in pediatric 

obesity37 and facets of executive function such as inhibiting, shifting, and updating are all 
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recruited in healthful eating behavior138. Expanding our interrogation of caudate 

connectivity beyond reward regions may also be a promising line of inquiry, given its 

known extensive connectivity to fronto-parietal regions139.  For example, caudate 

connectivity to lateral prefrontal cortex in healthy-weight adolescents was associated with 

lower BMI and also predicted less weight gain at one year follow-up140.  Caudate-

precuneus connectivity was associated with greater “obesity-preventive eating tendency” 

(higher cognitive restraint controlling for BMI) in a large NKI subsample of adults across 

the spectrum from healthy to obese141.  

Overall, our findings provide evidence that elevated weight status in adolescents 

is related to both alterations in intrinsic connectivity of dopaminergic brain regions and 

cognitive restraint during eating.  Further study is required to carefully characterize the 

roles of development, different levels of overweight/obesity and metabolic function, as 

well as the brain regions involved in hunger and executive function in influencing these 

relationships. 
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CHAPTER IV: ATYPICAL NEURAL ACTIVATION AND CONNECTIVITY 
DURING ANTICPATORY REWARD PROCESSING ARE ASSOCIATED WITH 
REWARD-RELATED DECISION-MAKING IN ADOLESCENTS WITH SEVERE 

OBESITY 
 

Pediatric obesity is associated with deficits in reward functioning35,36, which may 

contribute to the development and maintenance of obesity142.  These deficits may be 

particularly detrimental during adolescence, which is a critical developmental period 

marked by heightened reward-seeking39,143.  This is concerning as one in five adolescents 

in the United States has obesity144.  Along with greater reward-seeking, altered food-

related reward functioning may make adolescents with obesity vulnerable to obesogenic 

behaviors (e.g., eating in the absence of hunger) while domain-general reward-related 

deficits may increase vulnerability for risky behaviors (e.g., substance use)145,146.   While 

it has been established that individuals with obesity show hyperactivation in reward 

regions and hypoactivation in inhibitory control regions in response to food reward little 

is known about domain-general (i.e., non-food) reward processing or its relationship to 

decision-making in pediatric obesity.  

Adolescents with obesity show reward-related decision-making deficits36 that are 

not always captured by performance measures147.  For example, they showed lower 

response consistency despite no performance differences in the Balloon Analog Risk 

Taking (BART) task148,149, indicating that their choices were less informed by their own 

estimation of risk/reward12.  This is consistent with findings that altered reward-related 

decision-making in children with obesity during the Hungry Donkey task may be due to 

their inability to consider consequences150.  Notably, in adolescents with severe obesity, 

BART response consistency improved after bariatric surgery induced weight loss.  In 

order to more fully characterize reward-related decision-making in pediatric obesity, it is 
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important to also understand how obesity impacts neural circuitry subserving domain-

general reward processing.  

 Although limited, the literature suggests altered neural processing of non-food 

rewards in adults and adolescents with obesity. During reward anticipation, adults with 

overweight showed greater pre-frontal, striatal, and VTA activation compared to adults 

with healthy weight151.  Adults with obesity, despite no activation differences during 

reward anticipation151, showed hyperconnectivity between frontal, parietal, and striatal 

regions152 relative to adults with healthy weight. In adolescents, greater body fat was 

associated with reduced somatosensory and supramarginal activation when reward 

outcomes were revealed; however, there was no association during reward anticipation153.  

Interestingly, after bariatric weight loss surgery, adolescents with severe obesity showed 

decreased ventral caudate and putamen activation during reward anticipation, which 

made their neural response more similar to adolescents with healthy weight53 Response 

consistency in the BART also improved.  Thus, it is important to understand how altered 

neural processing of rewards in pediatric obesity is related to reward-related behaviors 

and decision-making processes.  

The present study aimed to characterize potential mechanisms for differences in domain-

general reward-related decision-making in adolescents with severe obesity by examining 

how neural processing of reward is related to behavioral and computational decision-

making outcomes. To achieve this, we used functional magnetic resonance imaging 

(fMRI) to examine neural activation and connectivity during the monetary incentive 

delay (MID) task and the BART to examine reward-related decision-making. In doing so, 

this study provides three important and novel contributions to the field. First, this is one 
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of the few studies to examine how pediatric obesity impacts neural response to non-food 

reward. Second, to better understand the impact of altered neural engagement, we tested 

whether reward-related regions showing obesity-associated activation differences also 

showed altered task-modulated connectivity. Lastly, to determine how atypical neural 

reward processing affects decision-making, we examined associations between neural 

measures and reward-related decision-making outcomes. Together, these data could 

highlight increased vulnerability for risky decisions in adolescents with obesity and 

elucidate targets for intervention, as well as improve compliance with treatment154. 

Methods 

Participants 

Thirty-five adolescents with severe obesity (OB; body mass index (BMI) 120% 

above 95th percentile for age and sex; n=18, 6 males, 12 females) or without obesity 

(nOB; BMI < 95th percentile for age and sex, n=17, 7 males, 10 females) participated in 

this study. This sample overlaps partially or completely with previous studies53,155.  OB 

were recruited from Children’s National Health System (CNHS) in Washington, DC and 

nOB from the area community. Informed consent and assent were obtained according to 

the guidelines of the Institutional Review Boards at both Georgetown University and 

CNHS. Inclusion criteria included a full-scale IQ > 75 (estimated from the vocabulary 

and matrix reasoning subtests of the Wechsler Abbreviated Intelligence Scale-II156, and 

based on parent report: no past or current diagnosis of Type 2 diabetes, psychiatric or 

neurological disorder, no past or current prescription for psychotropic medication. All 

participants had a BMI < 50 due to size constraints of the scanner. While BMI was higher 
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in OB than nOB, groups did not differ in IQ, age, gender, ethnicity, race, years of 

maternal education, or annual family income (see Table 4.1).    

Table 4.1. Sample demographics 

                                  Obese Not Obese 
BMI Baseline  42.08 

(5.78)***  
 21.53 (2.65)*** 

Age, yr   16.57 (1.23)   16.34 (1.26) 
IQ   98.24 (13.17)   104.53 (12.76)  
Maternal Education, yrs   14.00 (4.43)   15.65 (2.57) 
Gender, N       

Male 6 7 
Female 12 10 

Handedness, N   
Right 15 15 

Left 3 2 
Ethnicity, N     

Hispanic/Latino  4 2 
Not Hispanic/Latino 13 15 

Not Reported 1 0 
Race, N       
Black/African American 9 6 

White 5 9 
Other/Mixed 4 2 
Not Reported  0 0 

SES, N       
 >$80,000 8 8 

$50,000-$80,000 4 4 
<$50,000 6 5 

  Not Reported 0 0 
BMI=body mass index, SES=socioeconomic status 
IQ estimated from the vocabulary and matrix reasoning 
subtests of the Wechsler Abbreviated Intelligence Scale-II; 
Group differences tested with t-tests or Fisher's Exact test; 
*p<0.05; **p<0.01; ***p<0.005 
	

Experimental design and statistical analysis   

After collection of height and weight, participants underwent fMRI during a 

reward anticipation task (Monetary Incentive Delay – MID)157 and performed a reward-

related decision-making task (Balloon Analog Risk Taking – BART)149 task on a laptop 



 52 

outside the scanner within a week of the scanning session.  All tasks were administered 

using E-Prime and were practiced prior to the experimental runs. For fMRI, task stimuli 

were viewed through a head coil-mounted mirror and presented using a magnet-

compatible projector. For both tasks, participants were informed that the points earned 

during the tasks would be exchanged for a monetary reward. Unbeknown to the 

participants, all received $5 for each task in order to ensure equity in compliance with our 

ethical guidelines.  

Anthropometrics. Participants wore light clothing that would be comfortable in 

the scanner (i.e., no buttons, snaps, zippers) and no shoes while weight and height were 

measured three times using a digital scale (Health-O-Meter Professional 394KLX) and 

stadiometer (SECA 216 Wall-mount Mechanical measuring rod). The average of these 

measurements was used to calculate BMI (m2/kg). Participants’ weight status was 

characterized based on Center for Disease Control (CDC) BMI percentiles for age and 

sex such that participants with BMI under the 95th percentile were considered to not have 

obesity158,159 while those with BMI 120% or more above the 95th percentile were 

considered to have severe obesity.  For descriptive purposes, Table 1 reports mean and 

standard deviation in BMI rather percentiles, since all OB had BMI >99th percentile. 

Reward-Related Decision-Making.  The Balloon Analog Risk Taking task148 

required participants to pump up a balloon as large as they could without popping, on 

each trial (n=30). Participants earned 10 points for each successful pump, but lost all 

points if the balloon popped. Participants could save their points and get the next balloon 

at any time. Each balloon had a different point of popping and the probability of a 

balloon popping changed with each pump such that the first pump represented a 1/128 
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chance of popping, the second a 1/127 chance, and so on until the 128th pump which 

would result in a 1/1 chance of popping.  

Reward Anticipation.  The Monetary Incentive Delay task is optimized to assess 

reward anticipation (MID) Each trial began with one of nine cue shapes (2000 ms), 

followed by the target, a solid white square presented for a variable duration (160-360 

ms) and feedback (1920 ms). Cue shapes signaled either no response (triangles, n = 18), 

potential for gain (circles = 36), or potential for loss (squares, n = 36), with the number of 

lines inside the cue shapes indicating the points at stake: no lines—0 pts, 1 line—0.5 pts, 

2 lines—1 pt, and 3 lines—5 pts (n = 9 each for gain and loss). After the target, feedback 

was presented indicating points gained/lost and the current total number of points. 

Participants were instructed to respond to the target as quickly as possible because if they 

responded while the target remained on the screen they would win points (gain/circle cue 

trials) or avoid losing points (loss/square cues). However, if they responded too slowly, 

they would miss gaining points (gain/circle cues) or lose points (loss/square cues). Target 

duration was adjusted trial-by-trial (increased or decreased by 20 ms as needed) to 

maintain 66% target accuracy. Starting target durations were determined from individual 

participants’ average reaction time during out-of-scanner practice. Fixations before and 

after the target were adjusted trial-by-trial to ensure each trial lasted 8 s, resulting in two 

runs of 6 min each.  

Image acquisition, preprocessing, and analysis 

Imaging was performed on a 3T Trio Siemens scanner (Erlangen, Germany). A 

high resolution T1-weighted structural scan (MPRAGE) was acquired lasting 7.23 mins 

with the parameters: TR/TE=2300/2.94ms, TI=900ms, 90-degree flip angle, 1 slab, 160 
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sagittal slices with a 1.0 mm thickness, FOV=256x256mm2, resulting in an effective 

resolution of 1.03mm isotropic voxels. Two functional runs of the MID task were 

acquired using a T2*-sensitive gradient echo pulse sequence with parameters: 

TR/TE=2000/30ms, 90-degree flip angle, 43 interleaved slices (width = 2.5mm, gap 

width = 0.5mm, effective width = 3mm) ascending in the transverse plane, 

FOV=192x192mm2. Slice acquisition was parallel to orbitofrontal cortex to minimize 

susceptibility artifacts. Head movement was minimized with padding between the head 

and coil.  

MID Activation.  Images were analyzed using SPM12 (Wellcome Department of 

Cognitive Neurology, London, UK). Preprocessing included discarding the first 4 TRs for 

signal stabilization, motion correction slice-time correction, co-registration to each 

participant’s MPRAGE, and smoothing with an 8mm FWHM Gaussian kernel. Reward 

anticipation was modeled using a canonical hemodynamic response function, convolved 

with cue onsets for neutral (0 point), low (0.5 point) and high (5 points) reward trials.  

Medium reward (1 point) trials were not modeled to maximize the comparison between 

reward conditions. Loss cues were also not modeled, as reward anticipation was the 

outcome of interest. For each participant, the general linear model included two contrasts: 

low reward (0.5 points > neutral) and high reward (5 points > neutral) and 7 regressors of 

no interest: 6 realignment parameters derived to estimate the effect of head motion on 

signal and 1 parameter which de-weighted volumes with greater than 1.5 mm motion 

scan-to-scan (STS). Participants with more than 10% of volumes with half a voxel (1.5 

mm) or greater motion STS were excluded from analyses (N=1 with severe obesity), 

resulting in a final sample of 34 participants. Deformation fields derived from each 
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participant’s MPRAGE were applied to individual contrast maps to normalize into MNI 

standard stereotaxic space.  

Generalized Psychophysiological Interaction (gPPI).  All participants included in 

activation analyses were also included in gPPI analyses, as all had <0.5mm of mean STS 

motion. Voxel-wise whole brain functional connectivity to a seed region was 

characterized via generalized psychophysiological interaction (gPPI) using the CONN 

Toolbox v18a104.  A component-based noise correction method160 was employed by 

including regressors of no interest for principal components related to white matter and 

cerebrospinal fluid (CSF). Two separate gPPI models were tested to discern connectivity 

patterns related to reward anticipation: 1) general reward anticipation: all reward trials (5 

and 0.5 pts) > neutral (0 pts); and 2) sensitivity to reward value: high (5 pts) > low (0.5 

pts) anticipated reward. For each subject, the general linear model included a regressor 

for the time series of the seed region, a regressor for the experimental task contrast, and 

an interaction term representing the PPI regressor of interest.   

Statistical analyses  

Behavioral Data. All behavioral analyses for the BART and MID were completed 

in R109. Group differences were assessed controlling for IQ and maternal education as an 

index of socioeconomic status.  For the BART, measures of interest included reaction 

time, number of pumps on trials where the balloon didn’t pop, number of balloons 

popped, and total points.  Although the latter three measures contain similar information, 

there is nuance in the behavior being captured.  Number of pumps on trials where the 

balloon didn’t pop reflects the participant’s estimation of optimal number of pumps, 

while number of balloons popped reflects how many times the estimation of optimal 
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behavior was incorrect or too risky.  Total points capture overall task performance. A low 

point total could be due to behavior that is either too cautious or too risky, while higher 

totals signal better optimization of behavior. Differences between OB and nOB were 

tested using one-way (OB, nOB) analyses of covariance (ANCOVAs) for continuous 

variables and using Poisson generalized linear models (GLM) for count-based variables. 

For the MID, reaction time and total points were examined using Group (OB, nOB) x 

Reward Value (Low, Medium, High) ANCOVAs. Effect sizes were calculated using 

Cohen’s d (t-tests) and partial eta-squared (ηp2; ANCOVAs). Multiple comparisons were 

controlled for at p < 0.05 using Tukey-corrected pairwise post-hoc tests.  

A well-established Bayesian decision-making model was used to assess biases in each 

participant’s responses on the BART task using maximum likelihood (MLL) methods.  

The two parameters of interest for this study indexed reward sensitivity (𝛾!) and 

response consistency (β).  Reward sensitivity reflects sensitivity to increases in gains with 

greater reward sensitivity resulting in a higher estimation of optimal number of pumps. In 

contrast, response consistency reflects the extent to which a participants’ behavior is 

consistent with own evaluation of the ‘optimal’ number of pumps. Greater response 

consistency reflects greater likelihood of adapting behavior to changing reward 

contingencies.  These non-parametric parameters were analyzed using gamma 

generalized linear models (GLM) with a log link function12. 

MID Activation. Group differences in neural response during reward anticipation 

were tested with a Group (nOB, OB) x Reward (Low>Neutral, High>Neutral) mixed-

effects repeated measures Analysis of Variance (ANOVA) controlling for age and mean 

motion STS using GLM Flex Fast2 (http://mrtools.mgh.harvard.edu/). Multiple 
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comparisons were controlled at p < 0.05 with whole-brain Monte-Carlo simulations using 

3dclustsim (2-sided, nearest neighbor 2; p=0.005; k=121)161. 

gPPI Connectivity. Task-modulated connectivity was used to explore the extent to 

which canonical reward-related regions showing altered neural engagement also show 

obesity-associated differences in connectivity. The ventral tegmental area (VTA) was the 

only canonical reward-related region that showed a Group (OB, nOB) difference in 

activation. The identified VTA cluster was used as a seed to characterize the effect of 

reward anticipation on functional connectivity to every other voxel in the brain. Group 

differences in connectivity for reward anticipation (reward > neutral) and sensitivity to 

reward value (high > low reward) were tested separately using two sample t-tests, 

controlling for age and mean STS motion as in activation analyses. Multiple comparisons 

were controlled for at cluster thresholding at p < 0.05 FDR corrected.   

Brain-Behavior Associations. To determine whether MID-evoked neural 

engagement or connectivity were differentially related by obesity status to each of the 

BART performance measures (reward sensitivity, response consistency, total number of 

points on trials where the balloon didn’t pop, number of balloons popped, and total 

points), we tested interactions between Group (OB, nOB) and extracted activation or 

connectivity values. For activation, the average beta parameters from the low > neutral 

and high > neutral contrasts were extracted from regions showing group differences. For 

task-evoked connectivity, Fischer transformed Z values were extracted from regions 

showing group differences in connectivity.  
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Results 

Behavioral Results 

Across both groups, behavioral outcomes were not associated with the covariates.  

Maternal education was not associated with any outcomes of interest for BART 

performance (number of pumps: F(1, 29)=2.63, p=0.116, ηp
2=0.08; balloons popped: F(1, 

29)=1.87, p=0.183, ηp
2=0.06; points earned: F(1, 29)=1.64, p=0.211, ηp

2=0.05; reward 

sensitivity: β(se)=-0.03(0.03), p=0.321; response consistency: β(se)=0.06(0.04), p=0.168) 

or MID (reaction time: F(1, 29)=1.60, p=0.216, ηp
2 =0.02; points: F(1, 29)=0.04, 

p=0.848, ηp
2 <0.01). Similarly, IQ was not associated with BART (number of pumps: 

F(1, 29)=1.68, p=0.206, ηp
2=.06); balloons popped: F(1, 29)=0.46, p=0.553, ηp

2=0.01); 

points earned: F(1, 29)=3.00, p=0.094, ηp
2=0.09; reward sensitivity: β(se)=0.02(0.01), 

p=0.823; response consistency: (β(se)=-0.02(0.01), p=0.066) or MID (reaction time: F(1, 

29)=0.14, p=0.708; points: F(1, 29)=2.59, p=0.119, ηp
2 =0.08) outcomes.  

Reward-Related Decision Making. One-way Group (OB, nOB) ANCOVAs 

controlling for maternal education and IQ did not show a Group difference for the 

number of balloons popped (F(1, 29)=0.52, p=0.397, ηp
2 =0.02), number of pumps on 

non-pop trials (F(1, 29)=0.01, p=0.915, ηp
2 <0.01), or total points earned (F(1, 52)=0.34, 

p=0.566, ηp
2=0.01) during the BART, indicating that obesity status did not impact 

observable behavior during reward-related decision making. Decision-making model fit 

was tested as in previous studies162,163 using Bayesian Information Criteria. Ninety-four 

percent of participants (nOB: 16, OB: 16) showed a better fit for the Bayesian learning 

model than a model assuming no learning (binomial test: t(33)=9.60, p<.0001) with no 

difference in fit between groups (t(29) = 0.950, p=.350). Only those with a better fit for 
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the Bayesian learning model were included in analyses of decision-making parameters. 

Additionally, one participant was excluded from analyses for response consistency due to 

an outlier value; inclusion of the outlier did not change the results. After controlling for 

maternal education and IQ, analysis of reward sensitivity (𝛾!) and response consistency 

(𝛽) revealed distinct results – while reward sensitivity did not differ between groups 

(β(se)=-.002 (0.18), p=0.992), response consistency differed significantly between groups 

(β(se)=-0.42 (0.20), p=0.041). Response consistency was almost 33% lower in OB than 

nOB (𝑒! = 0.656), which indicates that despite no differences in behavioral outcomes, 

OB showed decision making that was less consistent with their own reward/risk 

evaluations.  

Table 4.2  Behavioral performance during the Monetary Incentive Delay and 
Balloon Analog Risk Taking tasks 
 Obese Not Obese  
   Mean (SD)    Mean (SD)   da 
Monetary Incentive Delay Task    

Total Points 11.71 (12.15) 12.12 (10.85) 0.04 
Reaction Time, ms    

Neutral: 0 points 193.86 
(19.84) 

175.84 (25.63) 0.64 

                Low: 0.5 points 193.94 
(19.32)  

174.85 (29.80)  0.76 

Medium: 1 point 195.22 
(24.29)  

172.79 (31.36)  0.80 

                High: 5 points 191.64 
(19.67)  

170.57 (24.19)  0.96 

Balloon Analog Risk  
Taking Task 

   

Adjusted Number of 
Pumpsb 

33.43 (14.33) 31.72 (10.86) 0.13 

Balloons Popped 8.39 (4.33) 8.76 (2.71) 0.10 
Total Points 6,666.13 

(1,822.37) 
6,493.45 

(1,682.88) 
0.10 

a= Cohen’s d 
b= Average number of pumps for balloons that did not pop 
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Reward Anticipation. One-way Group (OB, nOB) ANCOVAs controlling for 

maternal education and IQ did not show a Group difference for total points earned on the 

MID (F(1, 29)=4.50, p=0.043, ηp
2 = 0.05; Table 4.2). In contrast, a Group (nOB, OB) x 

Reward (neutral, low, medium, high) ANCOVA showed a main effect of Group (F(1, 

29)=4.50, p=0.043, ηp
2 = 0.05) such that OB were slower than nOB (Table 4.2). The main 

effect of Reward Value was not significant (F(3, 93)=0.54, p=0.656), indicating that 

response speed did not differ across levels of reward. Further, the Group x Reward Value 

interaction was not significant (F(3, 93)=4.50, p=0.969), indicating that the difference in 

response speed between OB and nOB was similar across levels of reward. 
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Figure 4.1. Monetary Incentive Delay task-evoked activation during reward 
anticipation. A) Main effect of obesity status: Reward (5 or 0.5 points) > Neutral (0 
points), B) Interaction between obesity status and reward value. 
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fMRI results 

MID Activation. A main effect of reward value was observed, such that there was 

greater activation during anticipation of high than low reward in widespread regions 

distributed across the frontal, parietal, and occipital lobes and subcortically in striatal, 

thalamic, and cerebellar regions (Table 4.3). The largest cluster included bilateral 

superior, middle, and inferior frontal gyri, extending into bilateral pre/postcentral gyri, 

supplementary motor area, anterior, middle, and posterior cingulate cortex, insula, 

caudate, thalamus, inferior parietal lobule, and cerebellum. Additionally, there were 

clusters in right inferior lobule and left middle occipital gyrus extending into the angular 

gyrus and middle cingulate cortex. The main effect of Group indicated reduced activation 

in OB than nOB during anticipation of reward than neutral trials, cortically in right 

middle and inferior frontal gyri, left precuneus extending into inferior parietal gyrus, and 

in the midbrain in left ventral tegmental area (VTA) extending into the periaqueductal 

grey (PAG), (see Table 4.3; Figure 4.1A).  Most importantly, a Group x Reward Value 

interaction was observed in the left precentral gyrus such that activation during 

anticipation of high reward than neutral trials was reduced in OB compared to nOB 

(pTukey = 0.007), but did not differ between groups for low reward compared to neutral 

trials (pTukey = 0.810; Table 4.3; Figure 4.1B). Further, OB showed greater left precentral 

activation for low than high reward contrasts (pTukey = 0.008) while nOB showed a trend 

for greater activation for high than low reward contrast (pCorrected = 0.096; Figure 4.1B). 

The same pattern of results was seen when one outlier was removed from the analyses 

(nOB > OB high pCorrected = 0.016; OB low > high pCorrected = 0.025; nOB low > high 



 62 

pCorrected = 0.073). Thus, during anticipation of monetary reward, OB showed reduced 

precentral engagement during high reward relative to nOB and relative to low reward. 

Table 4.3. Group x Reward Value analysis of variance: peak activations from 
significant clusters for the Monetary Incentive Delay task, controlling for mean 
motion scan-to-scan and age 

Monetary Incentive Delay Task: Reward Value > No Gain 
Region (BA) H Volumea Fb x  y  z  

Main Effect of Group: Not Obese > Obese       
Middle and Inferior Frontal Gyrus (9) R 291 -3.6 51 27 25 

Ventral Tegmental Area extending into 
Periaqueductal Grey 

L 246 -4 -2 -22 -10 
  -3.8 -4 -34 -14 

Inferior and Superior Parietal Gyrus (7, 39) L 163 -3.5 -33 -63 47 
Main Effect of Load       

Middle Occipital Gyrus. Angular Gyrus, 
and Middle Cingulate Cortex (17, 39) 

L 312 4.7 -28 -52 28 
  3.5 -28 -62 58 

Inferior Parietal Lobule (7, 40) R 358 4.5 36 -44 36 
Superior, Middle, Inferior Frontal Gyri, 

Insula, Caudate, Thalamus, 
Precentral/Postcentral Gyri, Supplementary 

Motor Area, Anterior, Middle, and 
Posterior Cingulate Cortex, Precuneus, 
Inferior Parietal Lobule, Superior and 

Middle Occipital Gyri, and Cerebellum 

R/L 40,312 9.3 -10 8 -4 
  8.2 24 -92 -4 
  7.3 11 12 -7 
  7 20 -98 12 
  6.2 34 56 -12 
  6 28 21 -7 

Group X Reward Value Interaction       
Precentral Gyrus (6) L 132 22.

5 
-36 8 42 

a= volume measured in mm3; b= peak F value derived from the Group x Reward Value 
analysis of variance 
BA= Brodmann's Area; H= hemisphere 

 

gPPI Connectivity. For both Reward > Neutral trials and High > Low reward 

trials, functional connectivity of the VTA was greater in OB than nOB during reward 

anticipation. Specifically, during anticipation of any reward relative to neutral, OB 

showed higher connectivity between left VTA and right inferior frontal gyrus (IFG) and 

pars triangularis extending anteriorly to frontal pole (Table 4.4, Figure 4.2A). During 

anticipation of high than low reward, OB showed higher connectivity between left VTA 
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and left superior temporal gyrus (STG; Table 4.4, Figure 4.2B). No regions showed lower 

connectivity with left VTA in OB than nOB for either contrast.  

Table 4.4. Generalized psychophysiological interaction analysis: seed-to-voxel 
connectivity of significant clusters for the Monetary Incentive Delay task, 
controlling for mean motion scan-to-scan and age 

Monetary Incentive Delay Task: High > Low Reward Value 
Region (BA) Volumea Tb x  y  z  

Obese > Not Obese      
Left VTA - Left superior 

temporal gyrus 
119 5 -56 -50 1

2 
 

Monetary Incentive Delay Task: Reward > Neutral 
Region (BA) Volumea Tb x  y  z  

Obese > Not Obese      
Left VTA - Right inferior 
frontal gyrus, pars triangularis, 
frontal pole (45,47) 

223 2.8 58 2
6 

6 

a: volume measured in mm3; b: peak T value derived from the Group 
difference 
BA: Brodmann's Area; H: hemisphere 
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Figure 4.2. Monetary Incentive Delay task-evoked connectivity during reward 
anticipation. A) Reward-related connectivity: Reward (0.5 or 5 points) > Neutral (0 
points), B) Value-related connectivity: High (5 points) > Low (0.5 points) 
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Brain-behavior associations 

Activation. The number of balloons popped on the BART showed a significant 

Group x left VTA interaction (Table 4.5) such that in OB, a unit increase in VTA 

activation was associated with a 16% (eβ
 = 1.16, p = 0.007) increase in the number of 

balloons popped. In contrast, the association between number of pops and VTA 

activation did not differ from zero for nOB (p = 0.067; Figure 4.3A). There were no 

significant main effects of VTA activation, Group, or an interaction between them for 

other indices of BART performance (Table 4.5). 
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Table 4.5. Brain-behavior models 

 VTA Activation 
   Number of Pops Adjusted 

Number of 
Pumps 

Total Points Reward 
Sensitivity 

Response 
Consistency 

 β (SE) p β (SE) p β (SE) p β (SE) p β (SE) p 
VTA -0.12 

(0.16) 
.067 -2.43 

(2.26) 
.291 -49.22 

(329) 
.883 -0.06 

(0.10) 
.539 -0.15 

(0.08) 
.940 

Groupa -0.43 
(0.19) 

.022 -5.28 
(6.60) 

.430 264.17 
(1,018) 

.798 -0.45 
(0.31) 

.159 -0.29 
(0.25) 

.271 

VTA x 
Group  

0.27 
(0.09) 

.002 5.01 
(2.99) 

.092 65.68 
(444) 

.883 -0.02 
(0.13) 

.869 0.12 
(0.11) 

.277 

  
 High and Low > Neutral Connectivity: VTA-left STG 

   Number of Pops Adjusted 
Number of 

Pumps 

Total Points Reward 
Sensitivity 

Response 
Consistency 

 β (SE) p β (SE) p β (SE) p β (SE) p β (SE) p 
VTA 0.01 

(0.01) 
.231 0.45 

(0.22) 
.488 70.23 (33) .046 -0.01 

(0.10) 
.482 0.013 

(0.01) 
.161 

Groupa 0.01 
(0.15) 

.974 0.70 
(5.10) 

.891 13.89 
(781) 

.986 -0.20 
(0.27) 

.451 -0.04 
(0.22) 

.855 

VTA x 
Group  

-0.03 
(0.01) 

.011 -0.79 
(0.29) 

.010 -98.86 
(44) 

.033 0.01 
(0.01) 

.579 -0.02 
(0.01) 

.174 

  
 High > Low Connectivity: VTA-right IFG 

   Number of Pops Adjusted 
Number of 

Pumps 

Total Points Reward 
Sensitivity 

Response 
Consistency 

 β (SE) p β (SE) p β (SE) p β (SE) p β (SE) p 
VTA 0.004 

(0.01) 
.552 0.21 

(0.25) 
.420 32.88 (37) .385 -0.001 

(0.01) 
.898 -0.003 

(0.02) 
.771 

Groupa -0.13 
(0.15) 

.388 -0.06 
(5.30) 

.991 223.24 
(775) 

.775 0.04 
(0.22) 

.875 -0.29 
(0.25) 

.259 

VTA x 
Group  

-0.01 
(0.01) 

.473 -0.46 
(0.37) 

.226 -69.09 
(54) 

.211 0.01 
(0.02) 

.721 0.01 
(0.02) 

.610 

Note: For activation clusters the beta parameters were extracted, while for connectivity the Fisher Z 
transform was extracted. Bolded values highlight significant (p<0.05) VTA x Group interactions. 
a: Reference level is nOB 
 

gPPI Connectivity. All three performance measures of the BART showed 

significant Group (nOB, OB) x VTA-left STG functional connectivity interactions (Table 

4.5; Figure 4.3B). Every standard deviation increase in connectivity was associated with 

a 2% (eβ
 = 0.98, p=0.011) decrease in balloons popped for OB adolescents, but there was 

no association for nOB (p = 0.231). In contrast, while the association between adjusted 
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number of pumps and connectivity was only marginally significant for OB (p=0.076), in 

nOB as connectivity became less negative, the adjusted number of pumps increased (OB 

β = 0.45, p=0.049). Similarly, while there was no association between total points and 

connectivity for OB (p=0.321), there was a positive association for nOB (β = 70.23, 

p=0.046) such that as connectivity became less negative the number of points earned 

increased. Overall, increased VTA-left STG connectivity was associated with fewer 

balloons popped in OB and greater adjusted number of pumps and total points in nOB. 

There were no significant main effects of VTA-left STG connectivity, Group, or an 

interaction between them for parameters of reward sensitivity and response consistency 

(Table 4.5). None of the behavioral or decision-making parameters for the BART were 

related to left VTA-right IFG functional connectivity for reward anticipation (Table 4.5). 
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Figure 4.3. Associations between Balloon-Analog Risk-Taking decision-making 
outcomes and Monetary Incentive Delay task-evoked activation and connectivity 
during reward anticipation. A) Obesity Status x Activation for balloons popped, B) 
Obesity Status x Connectivity interaction for balloons popped (top), adjusted number of 
pumps (middle), and number of points (bottom) 
 

Discussion 

 This study characterized domain-general reward processing in adolescents with 

severe obesity and identified altered patterns of neural engagement and connectivity that 

were differentially associated with reward-related decision-making by obesity status. In 

doing so, this study was able to provide novel insight into the impact of pediatric obesity 

on neural processing of domain-general reward and the potential impact of altered neural 

circuitry on decision-making. This was one of the first fMRI studies to not use food 

stimuli during reward tasks.   We showed that severe obesity was associated with reduced 
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prefrontal, parietal and VTA activation during anticipation of reward. Adolescents with 

severe obesity also showed greater VTA connectivity during reward anticipation and 

increasing reward value. This study replicated the findings that obesity is associated with 

slower response times on the MID53 and less response consistency on the BART12,53.  

While obesity was not associated with BART performance differences, VTA activation 

and connectivity were differentially associated with number of balloons popped, number 

of pumps, or total number of points by obesity status. Together, these results suggest that 

altered neural circuitry for domain-general reward processing is related to reward-related 

decision-making behavior in adolescents with severe obesity.  

Adolescents with severe obesity showed altered neural engagement during 

domain-general processing, similar to patterns previously seen in response to food 

rewards. During anticipation of monetary reward, adolescents with severe obesity showed 

reduced activation relative to adolescents without obesity in precuneus and right middle 

frontal gyrus. This parallels reduced precuneus activation seen for food than non-food 

commercials164 and logos165 in children and adolescents. Similarly, recent meta-analyses 

show reduced prefrontal activation to food stimuli in adults and children with 

obesity52,166.  Precuneus is associated with several higher order functions that may impact 

reward processing, including salience detection90.  It also connects to prefrontal and 

premotor cortices167, suggesting obesity may be associated with altered prefrontal-

precuneus salience processing regardless of reward type (i.e., food or domain-general). 

Although overall reduced frontal engagement is consistent with existing literature, 

we also saw that prefrontal neural response to reward value differed by obesity status. 

Adolescents with severe obesity had reduced prefrontal cortex activation than adolescents 
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without obesity during high reward and showed decreased activation for high than low 

reward. These results suggest variability in fidelity of response to reward value, rather 

than an overall blunting of response to reward. This cluster contained premotor cortex, 

which is involved in integrating motivation with a planned motor response; in this case, 

responding to a cue to obtain an expected reward. Neurophysiological work in primates 

suggests that premotor cortex encodes reward-related information such as expected 

value168, with evidence that neuronal firing rate tracks increasing magnitude of expected 

reward169.  Behaviorally, adolescents with obesity showed slower response times during 

the MID, replicating a well-known finding that obesity is associated with slower motor 

responses170.  This slower response to reward may be rooted in atypical activation for 

reward value in premotor cortex. Together, this suggests that adolescents with severe 

obesity show altered domain-general reward processing in regions not canonically 

associated with reward processing.  

The only canonical reward region that differed by obesity status was VTA, which 

may speak to its role in both homeostatic and hedonic food intake. Adolescents with 

obesity, relative to those without, showed reduced VTA activation and greater VTA 

connectivity. During reward anticipation in the same task, VTA activation in adults 

showed a curvelinear relationship with body mass index such that adults with overweight, 

but not obesity, had greater VTA engagement than adults with healthy weight151.  

However, adults with obesity did show globally increased connectivity during reward 

anticipation in this task152.  While this study did not test global connectivity, adolescents 

with obesity had greater VTA connectivity with IFG for reward and with STG for 

increasing reward value. STG has been posited to play a role in integrating past actions 
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and successful outcomes into decision-making strategy171 while IFG is known to 

subserve inhibitory control172.  Obesity-associated increased VTA connectivity has also 

been observed in response to food stimuli, but in cerebellum and hippocampus117. Our 

study suggests the VTA may play an important role in altered reward processing in 

adolescents with severe obesity. 

Altered VTA engagement and neural circuitry was also relevant for reward-related 

decision-making behavior, but did not relate to Bayesian decision-making parameters. 

Adolescents with obesity showed lower response consistency in the BART, which 

reflects less adaptive decision-making because their choices were less consistent with 

their own evaluation of risk. Despite the limited sample size, this is a successful 

replication of our past findings in a separate, larger sample of children and adolescents 

with obesity12.  While BART response consistency and reward sensitivity were not 

related to neural measures during reward anticipation, behavioral performance was 

associated with VTA engagement and connectivity. In adolescents with severe obesity, 

greater VTA activity was associated with more popped balloons while increased VTA-

STG connectivity was associated with fewer balloons popped. Number of balloons 

popped has been associated with real-life risk taking behavior173. Therefore, greater VTA 

activity during reward anticipation may contribute to risk taking while greater VTA-STG 

connectivity may allow for more adaptive decision-making behavior in adolescents with 

obesity. In adolescents without obesity, less negative VTA-STG connectivity was 

associated with more overall points and greater number of pumps on trials where the 

balloon did not pop, which may indicate that negative connectivity between VTA and 

STG is associated with a more cautious approach to the BART. Together, these data 
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suggest that altered patterns of neural response during reward anticipation are associated 

with reward-related decision-making and risk taking behaviors in adolescents with 

obesity. 

These results should be interpreted in light of several contextual factors. First, 

although the sample was matched for IQ and socioeconomic status (indexed by maternal 

education), both are independently associated with pediatric obesity174,175. Second, the 

phenotype explored in this study is uncomplicated obesity; none of the adolescents with 

obesity had diabetes or metabolic syndrome. Although this limits the possibility that our 

findings are a result of clinically significant insulin resistance, the potential role of 

subclinical insulin resistance was not explored. Additionally, our fMRI protocol did not 

draw a direct comparison between food and monetary reward. The extent to which altered 

food-related and domain-general reward processing coincide could be an avenue for 

future study. Similarly, this study only examined reward anticipation. Future work 

examining whether receipt of non-food versus food reward is altered in pediatric obesity 

would also be of interest, as prior literature has shown that processing of reward 

anticipation may be more domain-general than receipt176.  These data are also subject to 

limitations common in studies with special populations. First, the sample size is small 

due to the special nature of the population being studied and size limitations of the 

scanner. Adolescents with a BMI greater than 50 had to be excluded from the study due 

to size constraints of the fMRI scanner, imposing an artificial ceiling on the range of 

BMIs in the study. Another limitation is that due to the cross-sectional nature of the 

study, conclusions about causes versus consequences of obesity cannot be drawn. In 

order to disentangle causes and consequences of pediatric obesity related to 
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neurocognitive functioning, future studies should incorporate physiological measures 

such as insulin or inflammatory cytokines in longitudinal or weight loss intervention 

designs. Lastly, since the purpose of our connectivity analyses was to probe whether 

reward-related regions showing obesity-related differences in activation also showed 

differences in task-modulated connectivity, these results likely do not capture all the 

ways obesity impacts reward-related connectivity. Future studies are needed to better 

characterize reward-related circuits in pediatric obesity. Although there are limitations, 

this study provides some of the first evidences for altered neural processing of domain-

general rewards in adolescents with obesity and highlights the potential that obesity may 

increase susceptibility for risk-taking behaviors in youth. 

This was the first study to show altered functional neural circuitry subserving 

domain-general reward processing in adolescents with obesity. Importantly, VTA neural 

engagement and circuitry was associated with risk-taking behavior and reward-related 

decision-making outside the scanner. Since the VTA is important for both hedonic and 

homeostatic eating113, these data suggest the VTA may play an important role in 

behaviors that increase risk for obesity (e.g., eating in the absence of hunger). 

Additionally, these finding highlights that altered reward processing in adolescents with 

obesity may increase their susceptibility for risky behaviors. Therefore, understanding 

altered reward processing associated with pediatric obesity is important for both food and 

non-food related behaviors because it has the broader potential to impact multiple facets 

of life. 
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CHAPTER V: GENERAL DISCUSSION 

 This dissertation aimed to characterize structural and functional neural facets of 

neurocognitive differences in adolescent obesity.  Chapter II explored the baseline 

differences in, and effect of bariatric surgery-induced weight loss on, cortical thickness in 

adolescents with severe obesity. At baseline, adolescents with obesity had thinner cortex 

than those without obesity.  Vertical sleeve gastrectomy (VSG) resulted in cortical 

changes in a non-overlapping but widespread set of functionally specific regions, 

supplying preliminary evidence for a neural compensatory mechanism following post-

surgical weight loss.  This study is the first in the literature to test for structural changes 

in adolescent bariatric surgery patients.  Chapter III characterized differences in resting 

state functional connectivity (rsFC) of reward regions using fMRI. My finding that 

adolescents with severe obesity had higher VTA-reward region connectivity was used to 

generate initial hypotheses about altered reward network connectivity, which I tested in a 

publicly available large dataset of adolescents over a broader range of ages and BMIs.  

This dataset was interrogated for relationships between BMI as a continuous variable, 

rsFC, and eating behavior as measured by the Three Factor Eating Questionnaire (TFEQ).  

BMI was not related to connectivity between VTA and reward regions as in adolescents 

with severe obesity.  BMI was, however, independently related to cognitive restraint 

during eating, and to dorsal caudate-reward region connectivity.  Findings from the 

dataset suggest that the relationship between weight status and the brain differs based on 

weight range, and that cognitive restraint during eating is not necessarily related to 

successful employment of cognitive control in maintaining a healthy weight.  Chapter IV 

used fMRI to delve further into neural activation and task-modulated connectivity of 
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VTA during reward anticipation in adolescents with severe obesity compared to 

counterparts with healthy weight.  This study extended investigation of neural alterations 

to behavioral outcomes such as reward-related decision-making.  Adolescents with severe 

obesity had lower neural activation and higher VTA connectivity during anticipation of 

reward than those without obesity, and these altered neural correlates were related to 

decision-making performance.  Adolescents with severe obesity also showed aberrant 

response consistency during decision-making.  Taken together, this study further 

implicates VTA as a key structure in atypical reward processing in severe adolescent 

obesity, and suggests that learning and updating of risk-reward contingencies is a relevant 

behavioral correlate.  Overall, the findings in this dissertation contribute several insights 

into the characterization of adolescent obesity and considerations for future work.   

 One important finding from this dissertation is that VTA, rather than ventral 

striatum, was central to adolescent obesity-associated reward alteration in neural 

connectivity and activation in Chapters III and IV.  Although the food addiction paradigm 

has strongly influenced past inquiry into mechanisms underlying obesity development 

and maintenance, my results point to a multifaceted role of dopamine in affecting 

learning, updating, and motivation in both food-related and domain-general contexts in 

adolescent obesity.  From a mechanistic standpoint, there is speculation that VTA 

signaling to ventral striatum is boosted by salience in a manner that is not dampened by 

prefrontal inhibition to either structure177. This imbalance may be further exacerbated by 

severe obesity, leading to stronger VTA-ventral striatum coupling in the face of already-

impaired executive control.   More profound obesity has also been associated with higher 

dopaminergic tone, which promotes dopamine D2 receptor stimulation and selective 
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attenuation of mPFC input178, underscoring the potential downstream effects of obesity’s 

modulation of VTA.   

 More broadly, my findings highlight the importance of accounting for the role of 

development in studying physiological processes that affect the brain. Chapters II and IV 

are the first studies of their kind in an adolescent population, and prove that findings from 

adult work do not necessarily generalize. This is especially true when discussing 

cognitive systems that are rapidly maturing during adolescence, such as executive 

function and reward, and therefore have great potential for plasticity.  Understanding the 

interaction of age with brain measures can also be helpful in parsing out causes versus 

consequences of obesity.  For example, a recent study found that BMI interacts with 

volume of nucleus accumbens in obesity, such that nucleus accumbens is larger in 

adolescents and smaller in older adults with obesity.179 Despite the fact that studies like 

this one are suggestive, longitudinal studies are the gold standard of assessing what 

neurocognitive differences are vulnerability factors for, versus downstream effects of, 

obesity.  The inability to establish causality is a limitation of a great many studies in the 

obesity literature, and can only be addressed by extensive baseline characterization of 

participant family history, environment, and neuroimaging, and long-term follow-up to 

see which participants develop and maintain overweight. 

 Another focus for future studies is the need for specificity in characterizing 

participants, due to the incredible complexity of the interaction between weight status, 

brain, and behavior demonstrated in Chapters III and IV.  First, underlying neural 

mechanisms are likely to differ based on level of obesity, as illustrated in Chapter III.  

For example, individuals with overweight are more likely to show hyper-responsivity 
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while individuals with obesity are more likely to have a blunted dopaminergic response 

resulting in reduced striatal activity180. This finding parallels results from a positron-

emission tomography study showing the highest striatal dopamine binding potential in 

adults with overweight and comparably lower binding levels in adults with healthy 

weight or obesity181.  Thus, future studies should not group overweight, obese, and 

severely obese participants, but rather treat them as distinct groups.  Second, the 

contribution of metabolic factors will differ based on weight status, as observed in studies 

of both brain and behavior. Further proof of nuance conferred by metabolic factors lies in 

outcomes observed with different types of bariatric surgery, which are known to 

differentially affect post-surgical metabolic profiles182. Better characterization of study 

participants can address seemingly contradictory neuroimaging findings that may be 

muddied by participant differences in physiology and metabolism. 

The results of Chapters III and IV also demonstrated the challenges in aligning 

behavioral measures, whether self-report or performance-based, with ecologically valid 

behaviors relevant to obesity. Chapter III highlighted the need for further validation of 

the TFEQ in adolescents across the weight spectrum, while Chapter IV found decreased 

response consistency despite no performance differences in reward-related decision-

making between adolescents with and without severe obesity. The lack of reliable 

behavioral differences between children with and without obesity on reward-related risk 

taking tasks has been previously reported183,184. Thus, using decision-making models was 

important to identify possible cognitive biases that were not apparent in performance 

measures of risk-taking.  A similar modeling approach may be required to parse eating 

behavior. 
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One important limitation of all three studies in this dissertation is that they were 

unable to address underlying mechanisms of obesity-related neural differences.   As 

previously mentioned, future studies should prioritize longitudinal designs to look at 

when and how adolescents become obese, and delineate the various pathways through 

which that occurs.  This will allow for differentiation between baseline neural differences 

that confer vulnerability to becoming obese and neurocognitive deficits acquired through 

obesity, and shed light on whether certain deficits develop based on longer duration of 

obesity. In the interim, better utilization of animal models with greater face validity can 

supplement longitudinal approaches.  The mini-pig is a model organism that develops 

obesity with attendant metabolic and cardiovascular dysregulation as a result of diet 

rather than genetic modification.  Thus, its particular value as a model is the ability to 

prospectively test the effect of diet manipulation.  For example, preliminary evidence 

shows that mini-pigs given a high-fat high-carb “Western” diet had decreased brain 

activity in several regions observed in human studies, including VTA, dorsolateral 

prefrontal cortex, and primary somatosensory cortex185.  Although recruitment of 

participants can be challenging, bariatric surgery-related studies can also help to fill the 

gap, especially if studies interrogate neural measures paired with physiological markers 

of inflammation and metabolic health.  Bariatric surgery is known to reduce 

hypothalamic gliosis186 and Chapter II showed widespread post-surgical changes in 

cortical thickness.  Surgery can also improve insulin sensitivity, decrease circulatory 

inflammatory markers, and increase production of GLP-179,182, a hormone whose 

exogenous administration is linked to weight loss and altered neural activation in 

response to food cues187.  While still correlational in nature, a study combining these 
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measures could deepen its explanatory potential and identify pathways to be interrogated 

in longitudinal work. 

The importance of understanding mechanisms extends to improving the efficacy 

of non-surgical treatment. Although cognitive function is affected by obesity it is also 

critical for adhering to treatment guidelines188,154 in behavioral interventions.  Lifestyle 

interventions are currently used for pediatric obesity, but often are not particularly 

successful long-term189.  Successful intervention, however, can improve quality of life 

even through a relatively small amount of weight loss.190,191. An interesting alternative 

invasive treatment is deep brain stimulation192.  The medial forebrain bundle (MFB) has 

been suggested as a target, as its path through the brain travels from the lateral 

hypothalamus to the VTA, with branches extending to the nucleus accumbens in ventral 

striatum and several areas of the prefrontal cortex193. 

In conclusion, the findings presented here deepen the field’s understanding of 

neurocognitive differences in adolescent obesity through the use of multimodal 

neuroimaging and datasets with adolescents across the spectrum of overweight, obesity, 

and severe obesity.  They also suggest targets for future investigation into the 

development and maintenance of adolescent obesity and its consequences over the 

lifespan, and serve to highlight several considerations for study design in future work.  

Ultimately, better understanding of the multifactorial trajectories to and through 

adolescent obesity will lead to improved prevention and timely intervention.   
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APPENDIX A: SUPPLEMENTAL FIGURES FROM CHAPTER II 

 

 

Figure A.1. Remainder of graphs depicting change over time in adolescents with 
severe obesity who underwent surgery compared to weight-matched adolescents, 
controlling for mean-centered age and gender. See Figure 2.2. For numbering of 
clusters, see Table 2.3. 
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Figure A.2. Remainder of graphs depicting change over time in adolescents with 
severe obesity who underwent surgery compared to developmentally-matched 
adolescents, controlling for mean-centered age and gender. See Figure 2.4. For 
numbering of clusters, see Table 2.4. *p<0.05, **p<0.01, ***p<0.001 post-hoc.	
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