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Abstract

Objective—This study investigated, in a large pediatric population, whether magnetic resonance 

imaging (MRI) evidence of mediobasal hypothalamic (MBH) gliosis is associated with baseline or 

change over 1 year in body adiposity.

Methods—Cross-sectional and prospective cohort analyses were conducted within the 

Adolescent Brain Cognitive Development (ABCD) Study. Study 1 included 169 children with 

usable baseline T2-weighted MRI images and anthropometrics from baseline and 1-year follow-up 

study visits. Signal ratios compared T2 signal intensity in MBH and 2 reference regions (amygdala 

[AMY] and putamen) as a measure of MBH gliosis. Study 2 included a distinct group of 238 

children with overweight or obesity to confirm initial findings in an independent sample.

Results—In Study 1, MBH/AMY signal ratio was positively associated with BMI z-score 

(β=4.27 P<0.001). A significant interaction for the association of MBH/AMY signal ratio with 

change in BMI z-score suggested relationships differed by baseline weight status. Study 2 found 

that higher MBH/AMY signal ratios associated with an increase in BMI z-score for children with 

overweight (β=0.58 P=0.01), but not those with obesity (β=0.02 P=0.91).

Conclusions—Greater evidence of hypothalamic gliosis by MRI is associated with baseline 

BMI z-score and predicts adiposity gain in young children at risk of obesity.
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Introduction

Understanding factors that drive weight gain in young children and promote development 

of childhood obesity are critical goals for improving child and adult health. Genetic (1), 

environmental, and behavioral factors are well recognized contributors (2). In addition, 

strong evidence from preclinical models has implicated a critical role for the central nervous 
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system (CNS) in obesity pathogenesis (3, 4), but the majority of these mechanistic findings 

await translational studies to evaluate their relevance to weight gain and pediatric obesity.

Rodent models of diet-induced obesity demonstrate that inflammation and reactive gliosis – 

activation and proliferation of glial cell populations (5) – occur in the key brain region for 

regulation of energy homeostasis, the arcuate nucleus of the hypothalamus (6). In humans, 

T2-weighted magnetic resonance imaging (MRI) can be used to non-invasively and reliably 

detect evidence of gliosis in the mediobasal hypothalamus (MBH), which encompasses 

the arcuate nucleus (7). As seen in adults (6–8), studies of children and adolescents 

(9, 10) have demonstrated that stronger evidence of MBH gliosis by MRI is associated 

with higher adiposity as assessed by BMI z-scores, total body fat mass, and visceral fat 

mass (9). However, previous pediatric studies were cross-sectional, enrolled small samples, 

and compared only children with obesity to those of normal weight (NW), excluding the 

overweight category (9). Consequently, prior work has not addressed whether hypothalamic 

gliosis precedes weight gain in humans (as it does in rodents (6)) and, therefore, it provides 

limited insight into the potential for hypothalamic gliosis to play a mechanistic role in 

obesity development in humans.

In a sample of children from a large, population-based, pediatric observational cohort 

study, the current study tested whether radiologic evidence of hypothalamic gliosis was 

associated with greater body adiposity and/or gain in adiposity over 1 year and whether 

these relationships varied based on a child’s baseline weight status.

Methods

Study 1 and Study 2 include data from two independent subsamples of participants from 

the Adolescent Brain Cognitive DevelopmentSM Study (11) and are available at DOI 

10.15154/1520153.

Participants

Study 1—The initial sample included the first available 558 female and male participants 

who underwent T2-weighted image acquisition on a 3-T GE (GE Healthcare, Chicago, 

Illinois) MR scanner. Exclusion criteria were siblings, MRI artifacts (e.g. movement, blood 

vessel) in our regions of interest (ROIs), and missing or problematic anthropometric data 

(baseline or 1-yr follow-up). The final sample consisted of N=169 participants (Supporting 

Information Figure S1A).

Study 2—An independent cohort focused on participants with overweight (OV) and obesity 

(OB) was selected to further address the main findings from Study 1. From an initial 

sample of 1,763 participants, which did not include children from Study 1, with an available 

baseline T2-weighted image acquired on a GE MRI scanner, children with BMI ≥ 85th 

percentile (for age and sex) were selected. Exclusion criteria were the same as those 

that were applied for Study 1, resulting in a final sample comprised of 238 OV or OB 

participants (Supporting Information Figure S1B).
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Data Collection for Studies 1 and 2

Demographics and Anthropometrics—Participants were from 6 study sites. Parents 

reported child race and ethnicity and family income (12). Pubertal status was based on 

child report through the Pubertal Development Scale (13). Weight, height, and waist 

circumference were measured at baseline and 1-yr follow-up visits (12). We used BMI 

z-score to ensure that age-and sex-specific changes could be interpreted relative to other 

children of the same age and sex (14). Baseline BMI-percentile was used to classify 

weight groups (normal weight (NW) BMI<85th percentile, OV between the 85th and 94.9th 

percentiles, with OB: ≥ 95th percentile) (14). BMI z-scores (14), waist/height ratio (15), 

and changes in BMI z-score and waist/height ratio (1-yr follow-up minus baseline) were 

calculated.

MRI acquisition and analysis—Scans were acquired following the ABCD Study 

imaging protocol and the sequence used in the current study was the 3D T2-weighted fast 

spin echo (16). For analysis, coronal slices through the hypothalamus were evaluated on 

OsiriX Imaging Software version 11 (Pixmeo SARL, Bernex, CH). Reviewers were blinded 

to weight classification. The slice immediately posterior to the optic chiasm was selected 

as previously described (6, 7, 9, 17). Within the same slice, ROIs in the left and right 

MBH were identified, as well as control regions in the left and right amygdala (AMY) and 

putamen (PUT; Figure 1A). Mean ROI T2 signal intensity was obtained for each side and a 

bilateral mean calculated for each ROI. In order to allow comparison across participants and 

sites, MBH signal intensity was normalized via a ratio (6) comparing MBH with amygdalar 

signal intensity, providing our primary measure (MBH/AMY signal ratio). Two control 

ratios were calculated: a negative control ratio, comparing putamen with amygdala signal 

intensities (PUT/AMY signal ratio), which does not test the MBH region; and a positive 

control ratio, MBH with putamen signal intensities (MBH/PUT signal ratio) were compared, 

which tests the MBH region using an alternate reference region. Study 1 had a single rater 

for all scans (LES). Two raters (LES and SK) performed scan analyses for Study 2 with 

a 142/96 proportion. For Study 2, all scans were pre-assigned to a primary reviewer for 

data capture, then were cross assigned to verify interrater reliability in 30 randomly selected 

scans. Intraclass correlation (ICC) for T2 signal ratios demonstrated excellent agreement 

among raters (MBH/AMY ICC: 77.0%; PUT/AMY ICC: 89.5%; MBH/PUT ICC: 81.9%, 

all P<0.001).

Behavioral variables—For Study 2, available data from the ABCD Study on sleep, 

screen time, physical activity, and diet quality (12) were assessed as potential confounders 

(or mediators) of relationships between T2 signal ratios and changes in BMI z-score. At 

the baseline visit, data included parent-report of child’s sleep function (12, 18) and daily 

screen time and child report of the number of days in the past week that they were physically 

active for at least 60 min (12). At the 1-yr follow-up visit, a parent-reported modified food 

frequency questionnaire was collected; greater total points suggest better diet quality (12).

Statistics

Means and (SDs) are reported unless otherwise noted. For descriptive purposes, comparisons 

were by chi-square test (categorical) or linear regression (continuous, normally distributed). 
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Multiple linear regression tested the association between outcome variables (adiposity 

measures at baseline or changes in adiposity over 1-yr) and predictors (T2 signal ratios). In 

order to test for effect modification by baseline weight status, models included an interaction 

term (T2 signal ratio*group). The significance of the interaction was tested by Wald test 

and simple slopes were evaluated for each weight group. Models were repeated using the 

negative and positive control ratios as predictors. All models were adjusted a priori for sex, 

age, and study site. Additional covariates were added for secondary analyses. Statistical 

analyses were conducted in Stata version 16 (StataCorp. 2019. Stata Statistical Software: 

Release 16. College Station, TX: StataCorp LLC) and graphing completed with GraphPad 

Prism version 8.0 for Windows (GraphPad Software, La Jolla, CA, USA).

Results

Study 1

General characteristics—Participant characteristics (N=169) are in Table 1. A total of 

56% of children were classified as NW, 20% as OV, and 24% as OB, but this distribution 

varied by study site (Χ2(10)=21.03, P=0.02). Follow-up visits occurred, on average, 11 (1) 

months after baseline visits. On average, children’s total and central adiposity remained 

stable over that time (Table 1). Change in BMI z-score over 1 year was 0.07 (0.39) for NW, 

−0.07 (0.38) for children with OV, and −0.04 (0.22) for children with OB. For our primary 

measure, a trend was present for the relationship of age to MBH/AMY signal ratio. No 

sex, study site or puberty status differences were found (Supporting Information Table S1). 

Variable results were found when assessing the relationships with and potential confounding 

by age, sex, study site, and puberty with control ratios (Supporting Information Table S1).

Hypothalamic gliosis and baseline adiposity—Bilateral MBH/AMY signal ratio was 

positively associated with baseline BMI z-score (Figure 1B) and waist/height ratio (β=0.24, 

P=0.001), but the negative control ratio (PUT/AMY) was unrelated to BMI z-score (Figure 

1C) or waist/height ratio (β=0.04, P=0.77). For the positive control ratio (MBH/PUT), 

significant associations were again present for both BMI z-score (β=3.48, P<0.001) and 

waist/height ratio (β=0.20, P=0.003). Both left (β=3.37, P<0.001) and right MBH/AMY 

signal ratios (β=2.23, P=0.001) were significantly associated with BMI z-score.

Hypothalamic gliosis and change in body adiposity over 1-yr—Among a 

representative sample of children from the ABCD Study, MBH/AMY T2 signal ratio was 

not associated with change in BMI z-score from baseline to 1-yr follow-up (β=−0.13, 

P=0.73), nor were the negative and positive control ratios (PUT/AMY: β=0.66, P=0.34; 

MBH/PUT: β=−0.27, P=0.41). We then tested for effect modification by baseline weight 

status and found a significant interaction of MBH/AMY signal ratio by weight group (Figure 

2A). In a subgroup analysis, higher baseline MBH/AMY signal ratio was associated with 

1-year increase in BMI z score among children with OV (Figure 2B). This association was 

not found for children with OB (Figure 2C) or those of NW (Figure 2D). No interaction 

was found for the negative control ratio [PUT/AMY: F(5,158):2.09, P=0.07], but it was 

present for the positive control ratio [MBH/PUT: F(5,158):2.31, P=0.047]. Given unplanned 

subgroup analyses and sensitivity analyses in the OV group that revealed two statistically 
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influential data points, we therefore conducted a fully powered cohort study selecting for 

children with OV and OB in an independent sample (Study 2).

Study 2.

General characteristics—Study 2 enrolled children with OV (N=114) and OB (N=124). 

The groups did not differ in age (β=0.003, P=0.97) or change in BMI z-score (β=0.01, 

P=0.64) and had similar distributions among study sites, sex, race, ethnicity, and 

socioeconomic status (Table 2).

Hypothalamic gliosis and change in body adiposity in children with OV or 
OB—Similar to Study 1, the relationship of MBH/AMY signal ratio with change in BMI z­

score tended to differ by weight group (Figure 3A). Higher baseline MBH/AMY signal ratio 

was associated with 1-yr increases in BMI z-score for children with OV (Figure 3B) but not 

for children with OB (Figure 3C). The PUT/AMY signal ratio was uncorrelated (interaction 

F(3,231):0.41, P=0.75; OV: β=‒0.16, P=0.67; OB: β=‒0.42, P=0.33). The positive control 

ratio (MBH/PUT) substantiated that greater evidence of MBH gliosis was associated with 

increases in BMI z-score solely for children with OV (interaction F(3,231):3.45, P=0.02; 

OV: β=0.67, P=0.002; OB: β=0.13, P=0.48). In order to consider the impact of known 

behavioral factors that can contribute to weight gain in children, among the subsample of 

children with OV with complete data for behavioral measures (N=101), a secondary analysis 

that included additional covariates for sleep, diet quality, screen time, and physical activity 

was performed and showed a persistent trend relating MBH/AMY signal ratio to change in 

BMI z-score (β=0.61, P=0.052).

Combined analysis—For the purpose of a group comparison, we combined children 

from Study 1 and Study 2 to assess if mean T2 signal ratios would differ by weight group. 

In unadjusted analyses, NW children had lower MBH/AMY signal ratio when compared to 

both children with OV (β=0.11, P<0.001) and with OB (β=0.11, P<0.001). Weight groups 

did not differ for the negative control ratio (Supporting Information Table S2).

Discussion

Since the discovery of MRI evidence of hypothalamic gliosis in humans (6), questions have 

persisted about whether gliosis precedes weight gain in humans and could thereby contribute 

to obesity pathogenesis. Our current findings build on previous studies conducted in humans 

by showing, in the largest pediatric population assessed to date, a positive cross-sectional 

association between T2 signal in the MBH and BMI z-score in children, independent of sex, 

age, and study site. Control ratios confirmed that the findings were absent in a control region 

in the putamen and were irrespective of the reference region selected as the comparator. 

Furthermore, we found significantly elevated MBH T2 signal ratios when comparing NW 

with OV and OB groups. Although there was no overall association between signal ratios 

and one-year changes in adiposity in the prospective analysis of Study 1, a significant 

interaction demonstrated that the relationship of MBH T2 signal ratios with change in 

BMI z-score varied based on a child’s baseline weight status. Findings, confirmed in the 

independent Study 2 sample targeting children in OV and OB groups, show that children 

Sewaybricker et al. Page 5

Obesity (Silver Spring). Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



whose BMI z-score placed them in the overweight category were the only group for whom 

a higher baseline MBH T2 signal ratio was prospectively related to greater gains in BMI 

z-score over one year. In sum, in a large, population-based sample of children, we provide 

further evidence that hypothalamic gliosis is present in young children with overweight 

and obesity, as well as the first longitudinal evidence that a greater degree of MBH gliosis 

predicts a subsequent increase in body adiposity among susceptible individuals.

Prior cross-sectional neuroimaging studies have detected evidence of gliosis in the MBH 

in association with obesity, first in adults (6, 7, 17) and then in small samples of children 

(9, 10). Other MRI-derived metrics, such as proton diffusivity and tissue water content, 

provide further evidence that hypothalamic microstructure varies in adults with obesity (19, 

20). In addition to total adiposity, a link has also been demonstrated between MBH gliosis 

and visceral adiposity in both children (9) and adult men (8), a relationship replicated in 

the current sample using the waist/height ratio as a marker. In several of these studies, 

lateralized effects were described for the association between T2 signal in the MBH and 

body adiposity in adults (6, 7, 17) and children (10). We investigated data from left and 

right MBH/AMY ratios separately and found consistent and robust associations on both 

sides. Our bilateral associations differ from earlier reports where unilateral associations were 

observed, perhaps due to our larger sample size and/or the younger age of our participants. 

In addition to in vivo approaches using imaging, one postmortem histopathological study of 

humans with obesity found increased microglial number and dystrophy in the MBH but not 

cortex (21). Importantly, the histopathological findings of postmortem samples from human 

adults have validated the use of T2-weighted MRI to assess MBH tissue characteristics and 

detect evidence of gliosis, by demonstrating that increased T2 signal (brightness) in the 

MBH is associated with the presence of astrocytosis (7). Thus, convergent evidence across 

age groups and methodologies establishes obesity-associated alterations in hypothalamic 

tissue composition that are consistent with gliosis.

These data highlight the potential translational significance of rodent studies demonstrating 

that hypothalamic inflammation and gliosis not only precede weight gain (6) but are 

both necessary and sufficient for excessive weight gain and diet-induced obesity (22, 23). 

Activation and reactive conformational changes of astrocytes and microglia in the arcuate 

nucleus of the MBH start early in the face of a dietary stimulus (6). Moreover, when 

animal models of diet-induced obesity are chronically exposed to high-fat diet, loss of 

proopiomelanocortin (POMC) neurons in the arcuate nucleus has been noted (6), which 

may incur negative functional consequences or impair energy homeostasis (6). Furthermore, 

studies in rodents have elucidated how synaptic plasticity in hypothalamic neuronal circuits 

is fundamental for body weight and food intake regulation (24). Advances in the study 

of glial cells have demonstrated that non-neuronal cells, such as astrocytes and microglia, 

are active participants in synaptic plasticity (25) and go beyond the initial conception 

of glia as solely neuron structural support cells. The role of hypothalamic neuron-glia 

interactions for the regulation of neuroendocrine processes such as energy balance are under 

investigation (26, 27). The current findings provide translational insight into the relevance of 

such preclinical data to human obesity pathogenesis.
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Our findings show that children in the overweight group with higher T2 signal within 

the MBH demonstrate greater increases in adiposity over the subsequent 1-year follow-up 

period. These are the first data suggesting that hypothalamic gliosis may contribute to 

excessive weight gain. Prior studies demonstrate that children of normal weight and with 

obesity tend to maintain their weight status from a young age until adulthood (28). On 

the contrary, children with overweight, who outnumber children with obesity in several 

countries (29), are at an increased risk for the development of obesity, and its co-morbidities, 

later in adolescence and adult life. In addition, this group of children can also regress to 

a healthy weight category (30–32). Importantly, the extent to which the presence of MBH 

gliosis is causally related to adiposity gain or loss in children with overweight cannot be 

determined from this observational cohort study. However, in face of the accumulating 

preclinical evidence that remodeling may alter hypothalamic regulation of energy balance, 

persistent or permanent hypothalamic gliosis must be investigated as a possible contributing 

factor toward elevated long-term risk for childhood and adult obesity (31, 32) among 

susceptible individuals.

On the contrary, MRI evidence of MBH gliosis was not predictive of adiposity gain 

in the OB group. We may theorize that once obesity is in place, even for this young 

pediatric population, the cellular inflammatory reaction of gliosis in the MBH becomes less 

influential. Alternatively, there may be a “ceiling effect” to BMI z-score gain, the time 

frame of only 11 months may have been too limited to detect further increases in adiposity 

amongst the children with obesity, or BMI z-score may have been too insensitive a measure 

to detect changes in total adiposity in this cohort. As the ABCD Study continues to release 

data, we can further examine the predictive role of hypothalamic gliosis on longitudinal 

changes in adiposity among children with obesity, including central adiposity.

Through a multiple regression analysis, we found that behavioral factors known to be related 

to childhood obesity, such as diet and sleep quality, physical activity, and screen time (2, 33), 

exerted minimal influence on the association between hypothalamic gliosis and adiposity 

gain. When measures of these variables were added into the model, the magnitude of 

the association (beta values) was essentially unchanged, although the p-value was reduced 

to borderline significance. This may have been due to reduced power given the smaller 

sample size of children with complete data and the increased number of covariates in the 

model. Given the preliminary nature of this analysis, further investigation is warranted. 

Although demonstrated in rodents, it is unknown if dietary excess is a causal mechanism 

of hypothalamic gliosis in humans. Moreover, other behavioral, genetic, and perinatal 

environmental factors, such as consumption of ultra-processed foods, variants in the fat 

mass and obesity-associated (FTO) gene, and gestational diabetes, play important roles in 

both obesity and central regulation of energy homeostasis (34–36) and could participate as 

potential determinants of MBH gliosis in children and adults. Studies of diet with rodent 

models have demonstrated that the reversal of a high-fat to chow diet promotes reduction of 

astrocytosis and microgliosis in the arcuate nucleus (37). In adult women with obesity and 

type 2 diabetes, weight loss by bariatric surgery partially reduced MRI evidence of MBH 

gliosis (38), providing further evidence that substantial changes in diet and/or body weight 

can alter MBH gliosis. Future studies with comprehensive dietary assessments and lifestyle 

interventions would help to elucidate the specific role of diet in human hypothalamic gliosis.
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Our current study is limited to findings in children aged between 9 and 12 years and 

data collected by the ABCD Study. Additionally, the MRI approach applied in the current 

study and previous adult studies (6, 17) is a “snapshot” of the tissue characteristics at that 

moment and we did not examine changes over time. Importantly, T2 signal hyperintensity 

cannot provide definitive evidence of tissue or cellular level hypothalamic structure as 

it can also identify other brain tissue changes, such as edema, sclerosis, and infection 

(39, 40). However, these pathologies are unlikely because the ABCD Study enrolled 

healthy participants (41), and MR images underwent evaluation by a neuroradiologist (42). 

Furthermore, waist/height ratio and BMI z-score are indirect measures of central and total 

adiposity, respectively, and the behavioral factors included in this study were based on 

parent- or self-report measures of diet, sleep, physical activity, and screen time. Future 

studies could benefit from more accurate measurements of body composition and in-depth 

behavioral assessments.

In conclusion, by applying MRI in a large, population-based study of children, we found 

evidence that hypothalamic gliosis precedes adiposity gain in children at risk of obesity 

by virtue of their overweight weight status. These longitudinal data further imply that 

hypothalamic gliosis may contribute to this group’s vulnerability to develop childhood 

obesity and its consequent elevated risk for cardiometabolic disorders later in life. Future 

studies are needed to better understand whether interventions or preventive strategies could 

alleviate hypothalamic gliosis in childhood, reduce weight gain, and improve health over the 

lifespan.
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Study Importance

What is already known?

• Structural abnormalities (gliosis) in the hypothalamus may participate in 

obesity pathophysiology.

What does this study add?

• We show MRI evidence that hypothalamic gliosis is associated with body 

adiposity in children.

• Evidence of hypothalamic gliosis was shown to predict gain in adiposity 

specifically for children at risk of obesity.

How might these results change the direction of research?

• Our findings contribute to understanding the role of the hypothalamus in the 

increased vulnerability of children with overweight transitioning to obesity.

• Modifiable factors should be sought that reduce hypothalamic gliosis and 

potentially forestall adiposity gain in young children.
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Figure 1. MRI evidence of hypothalamic gliosis in association with body adiposity in children
(A) Representative coronal slice of T2-weighted magnetic resonance imaging to assess T2 

signal intensity from regions of interest in the MBH, amygdala, and putamen. Association 

of (B) MBH/amygdala and (C) putamen/amygdala T2 signal ratios with BMI z scores in 

children (n = 169). P values were calculated by linear regression and adjusted for age, sex, 

and study site. Pearson correlation coefficient was calculated for descriptive purposes. MBH, 

mediobasal hypothalamus
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Figure 2. Evidence of hypothalamic gliosis and change in BMI z-score over 1 year
(A) Association of MBH/amygdala signal ratio and change in BMI z score differs by weight 

group (n = 167). Stratified analyses by weight group for children with (B) overweight, 

(C) obesity, and (D) normal weight for association of MBH/amygdala T2 signal ratio with 

BMI z score. P values determined by linear regression with an interaction term (panel A) 

followed by assessing simple effects at each weight group (panels B-D) and adjusted for age, 

sex, and study site. Pearson correlation coefficient was calculated for descriptive purposes. 

MBH, mediobasal hypothalamus; pint, p value for the Wald test that examined the T2 signal 

ratio-by-weight group interaction
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Figure 3. Evidence of hypothalamic gliosis and change in BMI z-score in Study 2’s independent 
sample of children with overweight and with obesity
(A) Effect of weight group on the association of MBH/Amygdala signal ratio with change 

in BMI z-score. Stratified analyses by weight group for children with overweight (B) or 

obesity (C) for association of MBH/Amygdala T2 signal ratio with BMI z-score. MBH, 

mediobasal hypothalamus. N, number of participants. Pint, P-value for the Wald test used 

to determine significant T2 signal ratio-by-weight group interaction. P-values determined 

by linear regression with an interaction term (A) followed by assessing simple effects at 

each weight group (B and C), adjusted for age, sex, and study site. Pearson’s correlation 

coefficient calculated for descriptive purposes.
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Table 1.

General characteristics of Study 1 sample (total n=169)

Age at baseline, y 9.9 0.6

Age at 1-yr follow-up 
a
 , y 10.8 0.6

Sex, female participants 85 50%

Race 
b

White 105 63%

Black 20 12%

Asian 5 3%

Native American 2 1%

Mixed (≥ 2 races) 25 15%

Other races 10 6%

Ethnicity 
b Hispanic 43 26%

Socioeconomic status 
c

up to $49,999 55 36%

$50,000 through $99,999 40 26%

$100,000 or more 57 38%

Pubertal development scale 
d

pre-puberty 44 29%

early puberty 49 32%

mid puberty 54 36%

late & post-puberty 4 3%

BMI z-score 0.77 1.02

Waist/Height ratio 0.49 0.07

BMI p95 at baseline, % 17.2 22.8

Body weight classification 
e

Normal weight 95 56%

Overweight 34 20%

With obesity 40 24%

Change in BMI z-score 0.02 0.36

Change in Waist/Height ratio 0.0 0.0

BMI p95 at 1-yr follow-up 
f
 , % 16.4 15.1

T2 signal ratio

MBH/Amygdala 1.01 0.08

Putamen/Amygdala 0.95 0.04

MBH/Putamen 1.06 0.09

Data are reported as mean and SD, or n and %. Abbreviations: BMI p95, percentage of the 95th percentile; MBH, mediobasal hypothalamus.

a
On average 11 ± 1 months after baseline visit.

b
n=167;

c
n=152;

d
n=151;

Change in BMI z-score and Change in waist/height ratio calculated by 1-yr follow-up minus baseline.

e
Defined by BMI-for age and sex-percentile by CDC (14);

Obesity (Silver Spring). Author manuscript; available in PMC 2022 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sewaybricker et al. Page 17

f
Participants with obesity baseline (n=40) and 1-yr follow up (n=42).
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Table 2.

Characteristics by group of children in Study 2 sample

OV (n=114) OB (n=124)

Age at baseline, y 9.9 0.6 9.9 0.6

Age at 1-yr follow-up, y 10.9 0.6 10.9 0.6

Sex, female participants 53 47% 58 47%

Race 
a

White 61 55% 58 50%

Black 12 11% 18 15%

Asian 5 4% 2 2%

Native American 3 3%

Mixed (≥ 2 races) 18 16% 24 21%

Other races 12 11% 14 12%

Ethnicity 
a Hispanic 41 36% 52 42%

Socioeconomic status 
b

up to $49,999 44 40% 53 50%

$50,000 through $99,999 22 20% 39 37%

$100,000 or more 44 40% 14 13%

Pubertal development scale 
c

pre-puberty 15 15% 29 26%

early puberty 42 41% 32 29%

mid puberty 40 40% 44 40%

late & post-puberty 4 4% 5 5%

BMI z-score 1.37 0.17 2.04 0.26

Waist/Height ratio 0.51 0.04 0.58 0.05

BMI p95 at baseline, % 14.9 12.6

Change in BMI z-score 0.01 0.27 0.03 0.15

Change in Waist/Height ratio 0 0 0.01 0

Body weight classification at 1-yr follow-up 
d

Normal weight 11 10%

Overweight 83 73% 6 5%

With obesity 20 17% 118 95%

BMI p95 at 1-yr follow-up 
e
 , % 15.7 13.0

T2 signal ratio

MBH/Amygdala 1.13 0.09 1.13 0.10

Putamen/Amygdala 0.97 0.05 0.97 0.05

MBH/Putamen 1.16 0.09 1.17 0.10

Data are reported as mean and SD or n and %. Change in BMI z-score and Change in waist/height ratio calculated by 1-yr follow-up minus 
baseline. Abbreviations: BMI p95, percentage of the 95th percentile; MBH, mediobasal hypothalamus; OV, overweight; OB, with obesity.

a
Missing data: OV (race n=3, ethnicity n=1); OB (race n=8, ethnicity n=1).

b
Missing data: OV (n=13); OB (n=14).

c
Missing data: OV (n=4); OB (n=18).

d
Defined by BMI-for age and sex-percentile by CDC (14);

e
Participants with obesity at 1-yr follow up (n=138).
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