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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 Blackand 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-
ousrisk 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 Ti-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-
entsreported 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 past12 months. Responses were1=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. Pequal 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.
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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 + kb =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 Blackand
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
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Table 1. Descriptive Statistics®

1709)

Other/Mixed (N

=218)

Asian (N

=1456)

Black (N

=6802)

White (N

=4356)

High (N

=2928)

Mid (N

=2901)

Low (N

=10185)

All(N

Level

0.153

118.90 (7.24) 119.50 (7.86) 118.64 (7.51)

< 0.001 119.04 (7.49)

118.58 (7.41) 118.80 (7.49) 119.33 (7.48)

118.96 (7.47)

Age, mo

< 0.001

20.42(4.82) 17.64 (3.16) 19.10 (4.03)

< 0.001 18.20 (3.54)

19.95 (4.48) 18.64 (3.88) 17.79 (3.20)

18.65 (3.90)

Body mass index (BMI)

< 0.001

274 (0.11) 273(0.12) 2.75(0.11)

279 (0.11)

< 0.001

2.75(0.11) 2.78(0.11) 279 (0.11)

2.77(0.11)

Cortical thickness, mm

< 0.001

1459564.82 (144501.56) 1465838.36 (137315.90) 1485059.70 (149481.12)

1537327.75 (145656.91)

< 0.001

147379234 (149509.26) 1518882.80 (146078.24) 1541962.60 (144895.49)

1515910.60 (149246.29)

Intracranial volum, mm?

0.249

719 (49.4) 112 (51.4) 826 (483)

0.652 3203 (47.)

1404 (48.4) 1396 (47.7) 2060 (47.3)

4860 (47.7)

Female

737(50.6) 106 (48.6) 883(51.7)

3599 (52.9)

1497 (51.6) 1532(523) 2296 (52.7)

5325(52.3)

Male

Parental education

< 0.001

109 (6.4

5(23)

7.9)

15

21)

140

< 0.001

2(0.0)

21(0.7)

11.9)

346

3.6)

369

< HS diploma

185 (10.8;

2(0.9)

22.4)

326

4.8)

324

31(0.7)

148 (5.1)

572(335

17(7.8)

39.9)

581

21.1)

1434

365(8.4)

907(31.0)

45.9)

396 (232

59 (27.1)

15.0)

219

29.8)

2024

994 (33.9) 1326 (30.4)

13.0)

447(26.2,

135 (61.9)

14.8)

215

423)

2880

2632(60.4)

858(29.3)

82)

837

HS diploma/GED

1332

25.6)

378

26.5)

36.1)

2604

Some college

2698

Bachelor

3677

Post graduate degree

Family marital status

< 0.001

1018 (69.9) 33(15.1) 638(37.3)

1394 (20.5)

< 0.001

1926 (66.4) 787(26.9) 370(8.5)

3083(303)

No

438(30.1) 185(84.9) 1071(62.7)

5408(79.5)

975(33.6) 2141(73.1) 3986 (91.5)

7102 (69.7)

Yes

Hispanic

< 0.001

1382(94.9) 198(90.8) 1030 (60.3)

< 0.001 5650 (83.1)

1962 (67.6) 2353(80.4) 3945 (90.6)

8260 (81.1)

No

679(39.7)

20(9.2)

74(5.1)

1152 (16.9)

411(9.4)

575 (19.6)

939 (32.4)

1925 (18.9)

Yes

Values are expressed as No. (%) or mean (SD).
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Table 2. Additive and Multiplicative Effects of Cortical Thickness Overall and by Race and Socioeconomic Status®

Estimate SE P
Model1
Cortical thickness, mm 334" 0.36932 < 0.001
Model 2
Cortical thickness, mm 27437 0.44617 < 0.001
Race (Black) 7.96352¢ 2.64067 0.003
Race (Asian) 153293 5.76237 0.790
Race (other/mixed) 0.11819 2.45337 0.961
Race (Black) X cortical thickness 239884 0.96079 0.013
Race (Asian) X cortical thickness -0.6844 2.10746 0.745
Race (other/mixed) X cortical thickness 0.04036 0.88934 0.964
Model 3
Cortical thickness, mm -5.1894° 0.62017 < 0.001
Household income > 50 kand < 100 k] 52399 2352 0.026
Household income [> 100 k] 10.875° 221139 < 0.001
Household income [=50 kand < 100 k] X cortical thickness 1.85604% 0.85022 0.029
Household income [> 100 k] X cortical thickness 3.76937° 0.79752 < 0.001

4All models controlled for age, sex, family structure, ethnicity, and intracranial volume.

bp< 0.001.
‘P< 0.0
9p<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’senvironment 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 aresult, 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
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Assari S

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.
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