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Abstract

Background: There is mixed literature on the association between cerebral cortex morphometry and body mass index (BMI), with
only some but not all studies documenting an inverse association between cortical thickness (CT) and BMI. As the association be-
tween CT and BMI is inconsistent in the literature, we propose that racial and socioeconomic status (SES) differences may exist in
this regard.
Objectives: We borrowed the adolescent brain cognitive development (ABCD) data to investigate racial and SES differences in CT
and childhood BMI associations.
Methods: This cross-sectional study included 10,185 children between ages 9 and 10. Mixed-effects regression was used to analyze
the data. The independent variable was CT measured using structural MRI. The dependent variable was BMI treated as a continuous
variable. Covariates included ethnicity, sex, age, family structure, parental education, and intracranial volume. Race (White, Black,
Asian, and Other/mixed) and household income levels (< 50 k, 50 - 100 k, and 100 + k) were the effect modifiers.
Results: High CT was predictive of lower BMI (b for main effect of CT on BMI = -3.134; P < 0.001). However, the inverse association
between CT and BMI was stronger in Black than White (b for interaction between race and CT = -2.39; P = 0.01255), and low-income
than high-income children (b for interaction between income 50 - 100 k = 1.86; P = 0.02906; for interaction between income 100 + k
b = 3.77; P < 0.001).
Conclusions: Our findings suggest that although high CT is associated with lower BMI in children, this association varies across
racial and SES groups. More research is needed on obesogenic environments’ role in altering the salience of cerebral cortex mor-
phometry as a risk factor for high BMI.
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1. Background

Obesity and high body mass index (BMI) are both un-
equally distributed across the US society (1). High BMI is
more common in Black and low socioeconomic status (SES)
than White and high SES children and adults (1). Black chil-
dren, particularly Black girls, have higher BMI than most
other racial groups (1). As high childhood BMI is a predic-
tor of poor health both in childhood and later in adult-
hood, elimination of racial inequality in childhood BMI is
regarded as a strategy to reduce health disparities later in
life, particularly in the areas of cancer, heart disease, hyper-
tension, stroke, and metabolic disease (2).

As SES and race are proxies of social and environmental
contexts, racial and SES groups may have differing vulner-
ability to the risk factors of obesity. It is important to ex-

plore racial and SES variations in the contributions of vari-
ous risk and protective factors on obesity development (3).
This is because the effects of race and SES are not limited to
their direct and main effects, and can have indirect effects
by changing the vulnerability to such risk and protective
factors (3).

The development of high BMI and obesity also has neu-
rological predictors that reflect who would binge eating
and food-seeking behaviors (4). A wide range of brain
structures and their characteristics (5, 6), such as cere-
bral cortex morphometry (7-11), may distinguish obesity-
prone from other individuals and may predict future obe-
sity. This is partly because brain structures such as the cere-
bral cortex regulate the impulse and urge for food-seeking
behaviors, which is a known cause of obesity (4). However,
less is known about racial and SES differences in the role of
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brain structures such as the cerebral cortex in predicting
children’s BMI (7-11).

Most but not all previous studies have connected low
cortical thickness (CT) to high BMI in children and adults
(7-11). The heterogeneity in the salience of CT on childhood
BMI across populations (7-11) maybe because of SES and
race. In other terms, the effect of CT on BMI may vary by
race and SES, which would, in part, explain why the litera-
ture is mixed on this issue.

2. Objectives

This study compared racial and SES groups for the as-
sociation between CT and childhood BMI. Our first hypoth-
esis was that high CT is associated with low BMI (7-11). Our
second hypothesis was that the CT-BMI link is stronger in
disadvantaged (Black and low-income) than other (White
and high-income) families. In other terms, we expected
that the socially disadvantaged groups to show higher vul-
nerability to CT as a risk factor for high BMI.

3. Methods

3.1. Design and Setting

A secondary analysis was performed with a cross-
sectional design. We used data from the adolescent brain
cognitive development (ABCD) study (12, 13).

3.2. Sample and Sampling

The ABCD only included children who were between
the ages of 9 and 10 years. The ABCD children were en-
rolled from multiple cities across the states. Children were
recruited into the ABCD study from 21 sites. The primary
strategy for sampling in the ABCD study was sampling
through school systems (14). Participants were enrolled re-
gardless of their race, ethnicity, BMI, or physical or psychi-
atry conditions.

3.3. Brain Imaging

Using resting-state structural MRI, CT was defined as
the mean thickness of the whole cerebral cortex. This is
treated as a continuous measure (mm). A full description
of structural MRI in the ABCD study is available here (13). In
the ABCD study, brain morphometry, including CT, is mea-
sured using harmonized 3-tesla MRI devices that are com-
patible across study sites: Siemens Prisma, General Electric
750, and Phillips. The imaging protocol includes 3D T1- and
3D T2 weighted images and diffusion weighted images for
brain structure measures. ABCD has calculated mean CT

and we used the variable in the Data Analysis and Explo-
ration Portal (DEAP) system.

3.4. Study Variables

The children’s BMI at baseline was calculated based
on participants’ measured height and weight. BMI
was treated as a continuous measure. Race, a self-
identified variable, was a categorical variable: Black, Asian,
Other/mixed race, and White. Ethnicity, a self-identified
variable, was 1 for Hispanics and 0 for non-Hispanics. Par-
ents reported their years of schooling. This variable was op-
erationalized as a nominal variable: less than high school,
high school, some college, college graduate, and graduate
studies. Family income was a three-level categorical vari-
able. Parents reported the total combined family income
in the past 12 months. Responses were 1 = less than $50,000;
2 = $50,000- $100,000; and 3) $100,000 or more.

3.5. Statistical Analysis

Data Analysis and Exploration Portal, which operates
based on the R statistical package, was applied for data
analysis. The DEAP is available at the NIH NDA. Mean (stan-
dard deviation; SD) and frequency (relative frequency; %)
of all variables were described overall and by race and fam-
ily income. We also used ANOVA and chi-square tests for
bivariate analysis to compare the study variables across
racial and income groups. For multivariable modeling, we
ran mixed-effects regression models. In our model, the
CT was the predictor, BMI was the outcome, and demo-
graphic factors, race, ethnicity, and family structure were
the covariates. Race and income levels were the modera-
tors. All models were performed in the pooled sample. Our
1st model was without the interactions; our 2nd model was
with interaction terms between race and CT. Our 3rd model
was with an interaction term between household income
and CT. Unstandardized coefficient (b), SE, and P value were
reported for our model. P equal or less 0.05 was significant.

3.6. Ethical Review

The ABCD study protocol received Institutional Review
Board (IRB) approval from several institutions, including
but not limited to the University of California, San Diego
(UCSD). All participating children provided assent. All par-
ticipating parents signed informed consent (15). Our study
was exempt from a full IRB review.

2 Int J Health Life Sci. 2021; 7(1):e109747.
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4. Results

4.1. Descriptives

A total number of 10185, 9 - 10 years old children were
analyzed. Participants were 2901, 2928, and 4356 low-, mid-
, and high- income children. Similarly, 6802, 1456, 218, and
1709 children were White, Black, Asian, and other/mixed
race. Table 1 summarizes the descriptive statistics for the
children overall and by race and family income.

4.2. Overall Effect of CT on BMI

In the pooled sample, high CT was predictive of lower
BMI (b = -3.134; P < 0.001). However, the inverse association
between CT and BMI was more robust in Black than White
children (b for interaction between race and CT = -2.39; P
= 0.01255). The inverse association between CT and BMI
was also less steep in high-income than low-income chil-
dren (b for interaction between income 50 - 100 k = 1.86; P
= 0.02906; for interaction between income 100 + k b = 3.77;
P < 0.001) (Table 2).

5. Discussion

We found that high CT is associated with lower BMI
among 9 - 10 years old American children. However, accord-
ing to our study, this association was stronger for Black and
low-income than White and high-income children.

The literature on the association between CT and BMI
in children, adolescents, and adults is inconsistent. Stud-
ies in adults have suggested higher CT may be inversely as-
sociated with over-eating (16). Other studies have linked
cortical activity to eating, diet, and obesity (17). Some other
studies have documented an inverse association between
CT and BMI in adults (18). There are, however, opposite re-
sults in the literature. Applying multilevel modeling of
data from the NIH pediatric MRI data repository, one study
examined the relationship between CT and body weight
in 378 children aged between 4 and 18. The authors per-
formed vertex-wise statistical analysis of the relationship
between CT and BMI, accounting for age and sex. CT was
measured from the prefrontal cortex (PFC) and insula. The
study revealed no significant association between cortical
thickness and BMI. The same results were found by statis-
tical parametric mapping and by region of interest anal-
ysis. Results remained negative when the analysis was re-
stricted to children aged 12 - 18. As they did not find the cor-
relation between BMI and cortical thickness in their large Ta
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Table 2. Additive and Multiplicative Effects of Cortical Thickness Overall and by Race and Socioeconomic Statusa

Estimate SE P

Model 1

Cortical thickness, mm -3.134b 0.36932 < 0.001

Model 2

Cortical thickness, mm -2.7437b 0.44617 < 0.001

Race (Black) 7.96352c 2.64067 0.003

Race (Asian) 1.53293 5.76237 0.790

Race (other/mixed) 0.11819 2.45337 0.961

Race (Black) × cortical thickness -2.3988d 0.96079 0.013

Race (Asian) × cortical thickness -0.6844 2.10746 0.745

Race (other/mixed) × cortical thickness 0.04036 0.88934 0.964

Model 3

Cortical thickness, mm -5.1894b 0.62017 < 0.001

Household income ≥ 50 k and < 100 k] -5.239d 2.352 0.026

Household income [≥ 100 k] -10.875b 2.21139 < 0.001

Household income [= 50 k and < 100 k] × cortical thickness 1.85604d 0.85022 0.029

Household income [≥ 100 k] × cortical thickness 3.76937b 0.79752 < 0.001

aAll models controlled for age, sex, family structure, ethnicity, and intracranial volume.
bP < 0.001.
cP < 0.01.
dP < 0.05.

pediatric sample, the authors concluded that the associa-
tion between BMI and cortical thinning develops after ado-
lescence (8). While they used CT of PFC and insula, we ap-
plied the mean CT of the whole brain. Although they did
not find a link between CT and BMI, we observed an inverse
association between the two.

The cerebral cortex may regulate eating through a top-
down control approach (5, 19). The cerebral cortex also reg-
ulates the dopaminergic inputs and subcortical brain re-
gions’ activities following exposure to food cues (5, 19). The
cerebral cortex operates in conjunction with the striatum,
thalamus, and limbic system, which collectively regulate
feeding and eating (19, 20). In subcortical areas such as
the striatum and nucleus accumbens, GABA (a hormone
released by the brain to regulate dopamine levels in its
reward pathways) predicts hyperphagia, overeating asso-
ciated weight gain (21). The cerebral cortex may down-
regulate the striatum and thalamus activities that initiate
seeking food (22). Increased CT may contribute to better
regulation of motivated responses to the activity of the re-
ward system of the brain (23).

The effect of neural circuits (e.g., cue-triggered moti-
vation) on obesity may depend on the degree by which
one’s environment promotes obesity (e.g., increased access

to ‘junk-food’ and scarcity of healthy diet choices) (23).
Chronic and repeated exposure to high-calorie diets (e.g.,
fast food) may weaken the role of brain mechanisms that
should down-regulate food cues (e.g., generated by stria-
tum) (24). That is, the cerebral cortex may interact with
environmental and predisposition factors. As a result, neu-
robehavioral risk factors may show a larger effect on BMI in
the environments that are regarded as highly obesogenic.
In the presence of buffers and protective factors, healthy
food options and diet may reduce the risk of obesity due to
risk factors (e.g., low CT). White and high-income families
may flatten the risk of obesity due to thin CT by enhancing
the food environment and habits. In contrast, Black and
low-income families live in environments that may facili-
tate children’s risk of obesity. In other terms, whether the
individual becomes susceptible to obesity is not merely a
function of the brain or environment but their intersec-
tions (25).

More research is needed on differences in vulnerabil-
ity to neurobehavioral risk factors of obesity across social
groups. The cerebral cortex and many other parts of the
brain, such as the striatum, are involved in food-seeking
behaviors and alcohol (24). The family’s food environment
and dietary habits may modulate the effect of or brain on

4 Int J Health Life Sci. 2021; 7(1):e109747.
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food cue-induced behaviors. Future research should in-
vestigate the interaction between environment and a wide
range of brain structures and functions such as the pre-
frontal cortex, the striatum, and thalamus in regulating
food-seeking behaviors (26-30).

5.1. Limitations

This study had a few limitations. First, it used a cross-
sectional design. As such, the results cannot suggest a
causal association. Instead, we should only interpret the
link between CT and BMI as a correlation. Second, this
study only described race and SES differences in the asso-
ciation between CT and BMI. Research should explore con-
textual and behavioral mechanisms that may explain the
observed differences in this study. Third, our study did
not control for some potentially important confounders,
such as physical health, psychopathologies, family’s eating
habits, and environmental risk factors of obesity. Finally,
despite the sample was national, the results are not gener-
alizable to the US population.

5.2. Conclusions

In this cross-sectional national study, low CT is asso-
ciated with high BMI among 9 - 10 years old children.
However, this association is unequal across racial and SES
groups of American children. The observed heterogene-
ity of CT and BMI association may be because low-SES and
Black people are more likely to live in obesogenic environ-
ments. More research is needed on how we can reduce the
increased vulnerability of Black and low-income children
to obesity risk factors.

Acknowledgments

Data used in the preparation of this article were
obtained from the Adolescent Brain Cognitive Develop-
ment (ABCD) Study (https://abcdstudy.org), held in the
NIMH Data Archive (NDA). This is a multisite, longitudi-
nal study designed to recruit more than 10,000 youth
age 9-10 and follow them over 10 years into early adult-
hood. The ABCD Study is supported by the National In-
stitutes of Health Grants [U01DA041022, U01DA041028,
U01DA041048, U01DA041089, U01DA041106, U01DA041117,
U01DA041120, U01DA041134, U01DA041148, U01DA041156,
U01DA041174, U24DA041123, U24DA041147]. A full list
of supporters is available at https://abcdstudy.org/nih-
collaborators. A listing of participating sites and a com-
plete listing of the study investigators can be found at
https://abcdstudy.org/principal-investigators.html. ABCD

consortium investigators designed and implemented the
study and/or provided data but did not necessarily partic-
ipate in analysis or writing of this report. This manuscript
reflects the views of the authors and may not reflect
the opinions or views of the NIH or ABCD consortium
investigators. The ABCD data repository grows and
changes over time. The ABCD data used in this report
came from [NIMH Data Archive Digital Object Identifier
(http://dx.doi.org/10.15154/1504041)].

Footnotes

Authors’ Contribution: SA did design, conceptualiza-
tion, analysis, literature review, first draft, and revision.

Conflict of Interests: None,

Funding/Support: This study is supported by the
National Institutes of Health (NIH) grants CA201415 02,
U54MD007598, DA035811-05, U54MD008149, D084526-03,
and U54CA229974.

Informed Consent: All children provided assent and all
their parents provided consent.

References

1. Jones A. Race, Socioeconomic Status, and Health during Childhood:
A Longitudinal Examination of Racial/Ethnic Differences in Parental
Socioeconomic Timing and Child Obesity Risk. Int J Environ Res Public
Health. 2018;15(4). doi: 10.3390/ijerph15040728. [PubMed: 29641509].
[PubMed Central: PMC5923770].

2. Igel LI, Saunders KH, Fins JJ. Why Weight? An Analytic Review of Obe-
sity Management, Diabetes Prevention, and Cardiovascular Risk Re-
duction. Curr Atheroscler Rep. 2018;20(8):39. doi: 10.1007/s11883-018-
0740-z. [PubMed: 29785665].

3. Assari S, Thomas A, Caldwell CH, Mincy RB. Blacks’ Diminished Health
Return of Family Structure and Socioeconomic Status; 15 Years of
Follow-up of a National Urban Sample of Youth. J Urban Health.
2018;95(1):21–35. doi: 10.1007/s11524-017-0217-3. [PubMed: 29230628].
[PubMed Central: PMC5862702].

4. Aitken TJ, Greenfield VY, Wassum KM. Nucleus accumbens
core dopamine signaling tracks the need-based motivational
value of food-paired cues. J Neurochem. 2016;136(5):1026–36. doi:
10.1111/jnc.13494. [PubMed: 26715366]. [PubMed Central: PMC4819964].

5. Durst M, Konczol K, Balazsa T, Eyre MD, Toth ZE. Reward-representing
D1-type neurons in the medial shell of the accumbens nucleus
regulate palatable food intake. Int J Obes (Lond). 2019;43(4):917–27.
doi: 10.1038/s41366-018-0133-y. [PubMed: 29907842]. [PubMed Central:
PMC6484714].

6. Azzout-Marniche D, Chalvon-Demersay T, Pimentel G, Chaumontet
C, Nadkarni NA, Piedcoq J, et al. Obesity-prone high-fat-fed rats
reduce caloric intake and adiposity and gain more fat-free mass
when allowed to self-select protein from carbohydrate:fat intake.
Am J Physiol Regul Integr Comp Physiol. 2016;310(11):R1169–76. doi:
10.1152/ajpregu.00391.2015. [PubMed: 27030668].

7. Lowe CJ, Reichelt AC, Hall PA. The Prefrontal Cortex and Obesity: A
Health Neuroscience Perspective. Trends Cogn Sci. 2019;23(4):349–61.
doi: 10.1016/j.tics.2019.01.005. [PubMed: 30824229].

Int J Health Life Sci. 2021; 7(1):e109747. 5

http://dx.doi.org/10.3390/ijerph15040728
http://www.ncbi.nlm.nih.gov/pubmed/29641509
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5923770
http://dx.doi.org/10.1007/s11883-018-0740-z
http://dx.doi.org/10.1007/s11883-018-0740-z
http://www.ncbi.nlm.nih.gov/pubmed/29785665
http://dx.doi.org/10.1007/s11524-017-0217-3
http://www.ncbi.nlm.nih.gov/pubmed/29230628
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5862702
http://dx.doi.org/10.1111/jnc.13494
http://www.ncbi.nlm.nih.gov/pubmed/26715366
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4819964
http://dx.doi.org/10.1038/s41366-018-0133-y
http://www.ncbi.nlm.nih.gov/pubmed/29907842
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6484714
http://dx.doi.org/10.1152/ajpregu.00391.2015
http://www.ncbi.nlm.nih.gov/pubmed/27030668
http://dx.doi.org/10.1016/j.tics.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30824229


Assari S

8. Sharkey RJ, Karama S, Dagher A. Overweight is not associated with
cortical thickness alterations in children. Front Neurosci. 2015;9:24.
doi: 10.3389/fnins.2015.00024. [PubMed: 25698918]. [PubMed Central:
PMC4316697].

9. Marques-Iturria I, Pueyo R, Garolera M, Segura B, Junque C, Garcia-
Garcia I, et al. Frontal cortical thinning and subcortical volume reduc-
tions in early adulthood obesity. Psychiatry Res. 2013;214(2):109–15. doi:
10.1016/j.pscychresns.2013.06.004. [PubMed: 24041490].

10. Vainik U, Baker TE, Dadar M, Zeighami Y, Michaud A, Zhang Y, et
al. Neurobehavioral correlates of obesity are largely heritable. Proc
Natl Acad Sci U S A. 2018;115(37):9312–7. doi: 10.1073/pnas.1718206115.
[PubMed: 30154161]. [PubMed Central: PMC6140494].

11. Ronan L, Alexander-Bloch A, Fletcher PC. Childhood Obesity, Cortical
Structure, and Executive Function in Healthy Children. Cereb Cortex.
2020;30(4):2519–28. doi: 10.1093/cercor/bhz257. [PubMed: 31646343].
[PubMed Central: PMC7175011].

12. Alcohol Research: Current Reviews Editorial S. NIH’s Adolescent
Brain Cognitive Development (ABCD) Study. Alcohol Res. 2018;39(1):97.
[PubMed: 30557152]. [PubMed Central: PMC6104964].

13. Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM,
et al. The Adolescent Brain Cognitive Development (ABCD) study:
Imaging acquisition across 21 sites. Dev Cogn Neurosci. 2018;32:43–54.
doi: 10.1016/j.dcn.2018.03.001. [PubMed: 29567376]. [PubMed Central:
PMC5999559].

14. Garavan H, Bartsch H, Conway K, Decastro A, Goldstein RZ, Heeringa S,
et al. Recruiting the ABCD sample: Design considerations and proce-
dures. Dev Cogn Neurosci. 2018;32:16–22. doi: 10.1016/j.dcn.2018.04.004.
[PubMed: 29703560]. [PubMed Central: PMC6314286].

15. Auchter AM, Hernandez Mejia M, Heyser CJ, Shilling PD, Jernigan
TL, Brown SA, et al. A description of the ABCD organizational struc-
ture and communication framework. Dev Cogn Neurosci. 2018;32:8–15.
doi: 10.1016/j.dcn.2018.04.003. [PubMed: 29706313]. [PubMed Central:
PMC6462277].

16. Maayan L, Hoogendoorn C, Sweat V, Convit A. Disinhibited eating in
obese adolescents is associated with orbitofrontal volume reductions
and executive dysfunction. Obesity (Silver Spring). 2011;19(7):1382–
7. doi: 10.1038/oby.2011.15. [PubMed: 21350433]. [PubMed Central:
PMC3124611].

17. Brooks SJ, Cedernaes J, Schioth HB. Increased prefrontal and
parahippocampal activation with reduced dorsolateral pre-
frontal and insular cortex activation to food images in obesity:
a meta-analysis of fMRI studies. PLoS One. 2013;8(4). e60393. doi:
10.1371/journal.pone.0060393. [PubMed: 23593210]. [PubMed Central:
PMC3622693].

18. Yokum S, Ng J, Stice E. Relation of regional gray and white matter
volumes to current BMI and future increases in BMI: a prospective
MRI study. Int J Obes (Lond). 2012;36(5):656–64. doi: 10.1038/ijo.2011.175.
[PubMed: 21894161]. [PubMed Central: PMC3982917].

19. Oterdoom DLM, van Dijk G, Verhagen MHP, Jiawan VCR, Drost G,
Emous M, et al. Therapeutic potential of deep brain stimulation of the
nucleus accumbens in morbid obesity. Neurosurg Focus. 2018;45(2).
E10. doi: 10.3171/2018.4.FOCUS18148. [PubMed: 30064329].

20. Salamone JD, Mahan K, Rogers S. Ventrolateral striatal dopamine de-
pletions impair feeding and food handling in rats. Pharmacol Biochem
Behav. 1993;44(3):605–10. doi: 10.1016/0091-3057(93)90174-r. [PubMed:

8451265].
21. Meena H, Nakhate KT, Kokare DM, Subhedar NK. GABAA receptors in

nucleus accumbens shell mediate the hyperphagia and weight gain
following haloperidol treatment in rats. Life Sci. 2009;84(5-6):156–63.
doi: 10.1016/j.lfs.2008.11.013. [PubMed: 19100273].

22. Kalyanasundar B, Perez CI, Luna A, Solorio J, Moreno MG, Elias D,
et al. D1 and D2 antagonists reverse the effects of appetite suppres-
sants on weight loss, food intake, locomotion, and rebalance spik-
ing inhibition in the rat NAc shell. J Neurophysiol. 2015;114(1):585–
607. doi: 10.1152/jn.00012.2015. [PubMed: 25972577]. [PubMed Central:
PMC4509405].

23. Oginsky MF, Goforth PB, Nobile CW, Lopez-Santiago LF, Ferrario CR.
Eating ’Junk-Food’ Produces Rapid and Long-Lasting Increases in NAc
CP-AMPA Receptors: Implications for Enhanced Cue-Induced Motiva-
tion and Food Addiction. Neuropsychopharmacology. 2016;41(13):2977–
86. doi: 10.1038/npp.2016.111. [PubMed: 27383008]. [PubMed Central:
PMC5101548].

24. Waeiss RA, Knight CP, Engleman EA, Hauser SR, Rodd ZA. Co-
administration of ethanol and nicotine heightens sensitivity to
ethanol reward within the nucleus accumbens (NAc) shell and
increasing NAc shell BDNF is sufficient to enhance ethanol re-
ward in naive Wistar rats. J Neurochem. 2020;152(5):556–69. doi:
10.1111/jnc.14914. [PubMed: 31721205].

25. Oginsky MF, Maust JD, Corthell JT, Ferrario CR. Enhanced cocaine-
induced locomotor sensitization and intrinsic excitability of NAc
medium spiny neurons in adult but not in adolescent rats susceptible
to diet-induced obesity. Psychopharmacology (Berl). 2016;233(5):773–
84. doi: 10.1007/s00213-015-4157-x. [PubMed: 26612617]. [PubMed Cen-
tral: PMC4752900].

26. Shalev U, Robarts P, Shaham Y, Morales M. Selective induction of c-Fos
immunoreactivity in the prelimbic cortex during reinstatement of
heroin seeking induced by acute food deprivation in rats. Behav Brain
Res. 2003;145(1-2):79–88. doi: 10.1016/s0166-4328(03)00103-7. [PubMed:
14529807].

27. Sadeghzadeh F, Babapour V, Haghparast A. Role of dopamine D1-like
receptor within the nucleus accumbens in acute food deprivation-
and drug priming-induced reinstatement of morphine seeking in
rats. Behav Brain Res. 2015;287:172–81. doi: 10.1016/j.bbr.2015.03.055.
[PubMed: 25835321].

28. Shalev U, Finnie PS, Quinn T, Tobin S, Wahi P. A role for corticotropin-
releasing factor, but not corticosterone, in acute food-deprivation-
induced reinstatement of heroin seeking in rats. Psychopharmacology
(Berl). 2006;187(3):376–84. doi: 10.1007/s00213-006-0427-y. [PubMed:
16850287].

29. D’Cunha TM, Daoud E, Rizzo D, Bishop AB, Russo M, Mourra G, et
al. Augmentation of Heroin Seeking Following Chronic Food Re-
striction in the Rat: Differential Role for Dopamine Transmission in
the Nucleus Accumbens Shell and Core. Neuropsychopharmacology.
2017;42(5):1136–45. doi: 10.1038/npp.2016.250. [PubMed: 27824052].
[PubMed Central: PMC5506800].

30. Tobin S, Sedki F, Abbas Z, Shalev U. Antagonism of the dopamine
D1-like receptor in mesocorticolimbic nuclei attenuates acute food
deprivation-induced reinstatement of heroin seeking in rats. Eur J
Neurosci. 2013;37(6):972–81. doi: 10.1111/ejn.12112. [PubMed: 23320810].

6 Int J Health Life Sci. 2021; 7(1):e109747.

http://dx.doi.org/10.3389/fnins.2015.00024
http://www.ncbi.nlm.nih.gov/pubmed/25698918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4316697
http://dx.doi.org/10.1016/j.pscychresns.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24041490
http://dx.doi.org/10.1073/pnas.1718206115
http://www.ncbi.nlm.nih.gov/pubmed/30154161
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6140494
http://dx.doi.org/10.1093/cercor/bhz257
http://www.ncbi.nlm.nih.gov/pubmed/31646343
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7175011
http://www.ncbi.nlm.nih.gov/pubmed/30557152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6104964
http://dx.doi.org/10.1016/j.dcn.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29567376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5999559
http://dx.doi.org/10.1016/j.dcn.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/29703560
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6314286
http://dx.doi.org/10.1016/j.dcn.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29706313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6462277
http://dx.doi.org/10.1038/oby.2011.15
http://www.ncbi.nlm.nih.gov/pubmed/21350433
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3124611
http://dx.doi.org/10.1371/journal.pone.0060393
http://www.ncbi.nlm.nih.gov/pubmed/23593210
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3622693
http://dx.doi.org/10.1038/ijo.2011.175
http://www.ncbi.nlm.nih.gov/pubmed/21894161
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3982917
http://dx.doi.org/10.3171/2018.4.FOCUS18148
http://www.ncbi.nlm.nih.gov/pubmed/30064329
http://dx.doi.org/10.1016/0091-3057(93)90174-r
http://www.ncbi.nlm.nih.gov/pubmed/8451265
http://dx.doi.org/10.1016/j.lfs.2008.11.013
http://www.ncbi.nlm.nih.gov/pubmed/19100273
http://dx.doi.org/10.1152/jn.00012.2015
http://www.ncbi.nlm.nih.gov/pubmed/25972577
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4509405
http://dx.doi.org/10.1038/npp.2016.111
http://www.ncbi.nlm.nih.gov/pubmed/27383008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5101548
http://dx.doi.org/10.1111/jnc.14914
http://www.ncbi.nlm.nih.gov/pubmed/31721205
http://dx.doi.org/10.1007/s00213-015-4157-x
http://www.ncbi.nlm.nih.gov/pubmed/26612617
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4752900
http://dx.doi.org/10.1016/s0166-4328(03)00103-7
http://www.ncbi.nlm.nih.gov/pubmed/14529807
http://dx.doi.org/10.1016/j.bbr.2015.03.055
http://www.ncbi.nlm.nih.gov/pubmed/25835321
http://dx.doi.org/10.1007/s00213-006-0427-y
http://www.ncbi.nlm.nih.gov/pubmed/16850287
http://dx.doi.org/10.1038/npp.2016.250
http://www.ncbi.nlm.nih.gov/pubmed/27824052
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5506800
http://dx.doi.org/10.1111/ejn.12112
http://www.ncbi.nlm.nih.gov/pubmed/23320810

	Abstract
	1. Background
	2. Objectives
	3. Methods
	3.1. Design and Setting
	3.2. Sample and Sampling
	3.3. Brain Imaging
	3.4. Study Variables
	3.5. Statistical Analysis
	3.6. Ethical Review

	4. Results
	4.1. Descriptives
	Table 1

	4.2. Overall Effect of CT on BMI
	Table 2


	5. Discussion
	5.1. Limitations
	5.2. Conclusions

	Acknowledgments
	Footnotes
	Authors' Contribution: 
	Conflict of Interests: 
	Funding/Support: 
	Informed Consent: 

	References

