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Abstract

Objectives
We investigated whether empirically derived childhood obesity phenotypes were differentially associated
with risk of hypertension in young adulthood, and whether these associations differed by sex.

Methods
Data came from 11,404 participants in the Growing Up Today Study, a prospective cohort study in the US
established in 1996. We used a childhood obesity phenotype variable that was previously empirically
derived using latent class analysis. The childhood obesity phenotypes included an early puberty
phenotype (females only), a mothers with obesity phenotype, a high weight concerns phenotype, and a
mixed phenotype. Participants without overweight or obesity in childhood or adolescence were the
reference group. We then used logistic regression models with generalized estimating equations to
examine associations of childhood obesity phenotypes with incident hypertension between ages 20–35
years. All analyses were strati�ed by sex.

Results
Among females, participants in all of the empirically derived childhood obesity phenotypes were more
likely than their peers without childhood overweight/obesity to develop hypertension in young adulthood
(early puberty subtype odds ratio (OR) = 2.52; 95% con�dence interval (CI) = 1.75, 3.62; mothers with
obesity (MO) subtype OR = 2.98; 95% CI = 1.93, 4.59; high weight concerns (WC) subtype OR = 2.33; 95%
CI = 1.65, 3.28; mixed subtype OR = 1.66; 95% CI = 1.25, 2.20). Among males, the childhood obesity
phenotypes were associated with a higher risk of developing hypertension, although males in the MO (OR 
= 2.65; 95% CI = 1.82, 3.87) and WC phenotypes (OR = 3.52; 95% CI = 2.38, 5.20) had a greater risk of
developing hypertension than the mixed subtype (OR = 1.51; 95% CI = 1.23, 1.86) (p = 0.004).

Conclusion
Risk for incident hypertension in young adulthood varied by childhood obesity phenotypes, as well as by
biological sex. If replicated, these results may suggest that increased surveillance of speci�c childhood
obesity phenotypes might help in targeting those at highest risk for hypertension.

Introduction
Individuals with hypertension are at increased risk for heart disease, stroke, chronic kidney disease, other
cardiovascular diseases (CVDs) and premature mortality.1–3 Moreover, hypertension is a major
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contributor to healthcare expenditure among adults in the US.4 Although traditionally more prevalent in
older populations, hypertension has been increasing in incidence in younger adults in the US.5, 6 Recent
estimates suggest that approximately 22% of young adults in the US have hypertension.7 There is
evidence that hypertension is established early in life,8 rendering childhood and adolescence critical
periods for prevention. Obesity and elevated blood pressure in childhood are among the more studied risk
factors for hypertension in young adulthood.9–11 Although adult obesity is a critical risk factor for adult
hypertension, evidence from a pooled cohort study suggests that having obesity during both childhood
and adulthood may confer a greater risk of adult hypertension than having obesity only as an adult,
highlighting the long lasting impact of childhood risk factors on health across the life course.12

Although childhood weight status is a robust predictor for later developing components of the metabolic
syndrome, including hypertension, not all individuals with obesity develop adverse cardiometabolic health
consequences. Such individuals have been referred to as having metabolically healthy obesity (MHO). It
is likely that biological and behavioral factors beyond just weight contribute to metabolic risk for those
with obesity, and that the combination of these factors may contribute to the observed differential risks
for cardiometabolic health outcomes. As such, it is important to consider these other factors in addition
to weight status alone when examining associations of obesity with hypertension risk. Such factors may
include pubertal development, disordered eating behaviors, and depression. Pubertal development is
accompanied by changes in body composition and hormone levels, which alter risk of hypertension.13–15

In addition, disordered eating behaviors (e.g., binge eating) and depressive symptoms often develop
during adolescence and may in�uence CVD risk.16–19 Females with earlier age at menarche are more
likely to develop both high depressive symptoms and disordered eating behaviors, all of which are more
common among girls with overweight or obesity.20–23 The association between disordered eating
behaviors, pubertal timing, and hypertension has been less studied in males. We have yet to understand
how multiple childhood risk factors among people with obesity combine into distinct phenotypes to
confer risk for cardiometabolic dysfunction in young adulthood.

To better understand the heterogeneity in the association between weight status and the risk of
developing metabolic abnormalities such as hypertension, we leveraged empirically derived obesity
phenotypes in childhood and adolescence as predictors of hypertension in young adulthood. Using latent
class analysis (LCA), we previously identi�ed distinct childhood and adolescent obesity phenotypes
based on psychological, behavioral, and familial risk factors in females and males in the Growing Up
Today Study (GUTS).24 In prospective analyses, we found that the identi�ed obesity phenotypes were
differentially associated with weight gain in young adulthood, indicating their predictive power for
cardiometabolic risks and the possibility they might inform tailored intervention strategies. The present
study aimed to 1) assess prospective association between empirically derived childhood and adolescent
obesity phenotypes and the risk of developing hypertension in young adulthood, and 2) examine
difference in these associations by biological sex.

Methods
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Sample
We used data from GUTS, an ongoing prospective cohort study in the US established in 1996.
Participants are children of women in the Nurses’ Health Study II25 who had children aged 9–14 years in
1996. These women were asked for consent to invite their children to participate in GUTS, and a total of
9,033 female and 7,843 male children whose mothers consented agreed to be in the study. GUTS
questionnaires were sent to participants annually from 1996 to 2001, and then every 2–3 years (with the
most recent wave of data collection used in analyses from 2016). As previously described,24 LCA was
used to develop distinct phenotypes among the 2,655 females and 2,816 males who did not have
hypertension but were classi�ed as having overweight or obesity based on their self-reported weight and
height, in one or more years between ages 9 and 19 years. The sample for analyses predicting the
development of hypertension included these 5,471 youth who did not have hypertension before age 20,
as well as 11,404 youth who did not have obesity, and who also provided information on weight and
height; all participants also had at least one follow-up after age 19 years. The �nal sample size was 8,591
females and 7,842 males.

Measures

Obesity Phenotypes:
The obesity phenotypes previously identi�ed through LCA included indicators for disordered eating
behaviors, body image and weight concerns, depressive symptoms, pubertal timing, and participants’ and
maternal current and childhood weight status. As previously reported,26 four phenotypes were observed
among females with overweight or obesity between ages 9–19 years: 1) “Early Puberty”, de�ned by
having a high probability of early puberty ; 2) “Mothers with Obesity”, characterized by high probabilities
of maternal history of obesity ; 3) “High Weight Concerns”, de�ned by high probabilities of concerns with
body weight and shape, social in�uence on eating and depression; and 4) “Mixed”, de�ned by low
probabilities of all obesity-related indicators (Table 1a). Among males with overweight or obesity between
ages 9–19 years, the same phenotypes were observed except for “Early Puberty” since age at menarche
was not included as an indicator for males (Table 1b).
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Table 1
a. Prevalence of indicators used to derive obesity phenotypes in childhood and adolescent among

females by phenotype
Females

  Under or normal
weight in childhood
and adolescence (n = 
6280)

“Early
Puberty”
phenotype

(n = 481)

“Mothers with
obesity”
phenotype (n 
= 295)

“High
weight
concerns”
phenotype

(n = 584)

“Mixed”
phenotype

(n = 1295)

Maternal
weight
status

Overweight
at 10

Obesity in
adulthood

470 (7.5%)

723 (11.5%)

75
(15.6%)

152
(31.6%)

133 (45.1%)

280 (94.9%)

94 (16.1%)

146 (25.0%)

134
(10.4%)

231
(17.8%)

Binge eating 441 (7.0%) 25 (5.2%) 30 (10.2%) 252 (43.2%) 62 (4.8%)

High social
eating

in�uence

366 (5.8%) 57
(11.9%)

75 (25.4%) 302 (51.7%) 89 (6.9%)

High
concerns
with

weight and
shape

1553 (24.7%) 211
(43.9%)

176 (59.7%) 568 (97.3%) 436
(33.7%)

High
depression

641 (10.2%) 37 (7.7%) 55 (18.6%) 256 (43.8%) 79 (6.1%)

Pubertal
Development

Early

1188 (18.9%) 244
(50.7%)

58 (19.7%) 142 (24.3%) 311
(24.0%)

Age at
menarche

12.5 (1.2) 10.6 (0.6) 12.0 (1.1) 12.0 (1.1) 12.4 (0.9)

Last age of
follow up

32.6 (3.2) 32.3 (3.2) 32.6 (3.2) 32.2 (3.0) 32.3 (3.3)

Duration of
follow up

12.0 (3.3) 11.8 (0.6) 12.0 (3.3) 11.7 (3.2) 11.8 (3.5)
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Table 1
b. Prevalence of indicators used to derive obesity phenotypes in childhood and adolescent among males

by phenotype
Males

  Under or normal weight
in childhood and
adolescence

(n = 4860)

“Mothers with
obesity” phenotype
(n = 325 )

“High weight
concerns”
phenotype

(n = 240)

“Mixed”
phenotype

(n = 2251)

Maternal weight
status

Overweight at 10

Obesity in
adulthood

358 (7.4%)

559 (11.5%)

189 (58.2.%)

297 (91.4%)

55 (22.9%)

104 (43.3%)

210
(9.3%)

342
(15.2%)

Binge eating 52 (1.1%) 7 (2.2%) 49 (20.4) 51 (2.3%)

High social
eating in�uence

71 (1.5%) 18 (5.5%) 105 (43.8%) 104
(4.6%)

High concerns
with weight and
shape

82 (1.7%) 38 (11.7%) 230 (95.8%) 279
(12.4%)

High depression 374 (7.7%%) 23 (7.1%) 80 (33.3%) 231
(10.3%)

Pubertal
Development

Early

1636 (33.7%) 154 (47.4%) 95 (39.6%) 947
(42.1%)

Last age of
follow up

33.7 (3.1) 33.7 (3.2) 33.4 (3.1) 33.4 (3.3)

Duration of
follow up

13.3 (3.3) 13.3 (3.4) 12.9 (3.3) 13.0 (3.5)

Outcome:
The outcome was the development of hypertension between ages 20 and 35. In 2010, 2013, 2014, 2015,
and 2016, surveys assessed a range of chronic health conditions, including hypertension. Participants
were asked, “Have you ever been told by a healthcare provider that you have any of the following
illnesses?” Those who answered “yes” were asked to indicate the year of the �rst diagnosis. Participants
who indicated they had been diagnosed with hypertension after age 19 were classi�ed as having the
outcome of interest.

Covariates:
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Physical activity was assessed in 1996, 1997, 1998, 1999, and 2001 with the Youth Adolescent Activity
Questionnaire.27 Participants were asked to report their average hours per week engaged in a variety of
activities over the past year. The 1997–2001 questionnaires asked for an average per season (i.e., Fall,
Winter, Spring, and Summer). Information from each season was then summed to provide an annual
estimate. Vigorous activity was computed as the average hours per week engaged in the following sports:
basketball, dance/aerobics, hockey/lacrosse, running, swimming, skating, soccer, tennis, football (males
only), cheerleading/gymnastics, volleyball, and martial arts. Participants in the top quartile of vigorous
activity were classi�ed as highly active.

Diet was assessed using the Youth/Adolescent Questionnaire, a validated food frequency
questionnaire,28 in 1996, 1997, 1998, and 2001. This questionnaire included approximately 150 food
items and was modi�ed from the validated adult Willett food frequency questionnaire to re�ect the
cognitive level and dietary knowledge of adolescents.29 The questionnaire asked, on average, how often
participants had consumed speci�c foods during the past year and included snack foods consumed by a
younger population and food eaten away from home.29 We used the Alternate Healthy Eating Index
201030 as a composite measure of diet quality. This diet score summarizes information on intake of
vegetables, fruits, nuts, whole grains, polyunsaturated fatty acids, and long chain omega 3 fatty acids as
well as lower intake of red and processed meats, sugar sweetened beverages, trans fats, and sodium.

We calculated BMI using self-reported weight and height information when participants were 18 years
old. Previous research has shown that these self-reported measures are valid in adolescent and young
adult populations, with some underestimation. 31–33

Statistical Analysis
The main exposure was the obesity phenotype variable that was empirically derived in GUTS by LCA
conducted in Mplus.24 Fit indices (e.g., bootstrapped likelihood ratio test,34 entropy), class sizes, and
interpretability were used to determine the appropriate number of classes. We previously reported these �t
indices and the probabilities of each phenotype.24 Although the phenotyping analyses were initially
conducted in two different age groups (9–13 years old and 14–19 years old), given the same obesity
phenotypes were observed across the two age groups, the age groups were combined in the present study
and the analyses were strati�ed by sex (as indicated by the survey participants responded to in 1996).

Associations of obesity phenotypes with incident hypertension during young adulthood (20–35 years
old) were examined in SAS with logistic regression models using generalized estimating equations to
account for non-independence due to sibling clusters. Participants who developed hypertension were
censored at all following time points. Models subsequently adjusted for age at �rst follow up, duration of
follow up, physical activity during childhood and adolescence, diet during childhood and adolescence,
and BMI at age 18y. All analyses were strati�ed by sex that participants identi�ed with in 1996.

Results
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Across both sexes, the majority of the sample was White (95%) and the mean age in 1996 was 11.6
years. During 6 years of follow-up, 10% of participants in our analytic sample developed hypertension.
Females and males without overweight or obesity in childhood or adolescence had a lower risk of
developing hypertension (5% and 11%, respectively) compared to those with obesity in childhood or
adolescence (10% and 17%, respectively).In models predicting the development of hypertension that
adjusted for age at �rst follow-up and duration of follow up, participants with overweight/obesity in
childhood or adolescence were more likely than their peers without overweight/obesity to develop
hypertension (females: odds ratio (OR) = 2.10, 95% CI (con�dence interval) = 1.70, 2.58; males: OR = 1.78,
95% CI = 1.47, 2.15) (Table 2; model 1). These models were only slightly attenuated for females and
males when they further adjusted for physical activity (Table 2; model 2) and diet (Table 2; model 3).

Table 2
Estimates From Logistic Regression Models Using Generalized Estimating

Equations Predicting Risk of Self-Reported Hypertension between Ages 20–
35*

  Females Males

  OR (95% CI) OR (95% CI)

Model 1 n = 8,591 n = 7,842

No overweight/obesity 1.00 (reference) 1.00 (reference)

Overweight/obesity 2.10 (1.70, 2.58) 1.78 (1.47, 2.15)

Model 2§ n = 8,533 n = 7,752

No overweight/obesity 1.00 (reference) 1.00 (reference)

Overweight/obesity 2.07 (1.67, 2.56) 1.78 (1.47, 2.15)

Model 3† n = 8,583 n = 7,824

No overweight/obesity 1.00 (reference) 1.00 (reference)

Overweight/obesity 2.10 (1.70, 2.59) 1.78 (1.47, 2.15)

*All models controlled for age at follow up and duration of follow up

§Model 2 further controlled for vigorous activity in childhood/adolescence

†Model 3 further controlled for diet in childhood/adolescence

Among females, approximately 9–14% in each obesity subtype developed hypertension (Table 3). Female
participants in all of the four empirically derived obesity phenotypes had more than twice the odds of
developing hypertension in early adulthood than their peers without overweight/obesity in childhood or
adolescence (early puberty subtype: OR = 2.52; 95% CI = 1.75, 3.62; mothers with obesity subtype: OR = 
2.98; 95% CI = 1.93, 4.59; high weight concerns subtype: OR = 2.33; 95% CI = 1.65, 3.28; mixed subtype OR 



Page 9/20

= 1.66; 95% CI = 1.25, 2.20) (Table 4; model 1; Fig. 1). Females in the mothers with obesity phenotype had
a signi�cantly greater risk of developing hypertension compared than those in the mixed subtype (p = 
0.03).

Table 3
Incidence of reported hypertension between ages 20–35 years by obesity phenotypes

  Under or normal weight
in childhood and
adolescence

“Early
puberty”
phenotype

“Mothers with
obesity”
phenotype

“High weight
concerns”
phenotype

“Mixed”
phenotype

Females 210 (5%) 40 (11%) 28 (14%) 45 (10%) 84 (9%)

Males 245 (11%) ---- 38 (26%) 37 (27%) 176 (15%)
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Table 4
Estimates From Logistic Regression Models Using Generalized

Estimating Equations Predicting Risk of Self-Reported Hypertension
between Ages 20–35 Years*

  Females Males

  OR (95% CI) OR (95% CI)

Model 1 n = 6,183 n = 3,694

No overweight/obesity 1.00 (reference) 1.00 (reference)

Early Puberty 2.52 (1.75, 3.62) ---

Mothers with obesity 2.98 (1.93, 4.59) 2.65 (1.82, 3.87)

High weight concerns 2.33 (1.65, 3.28) 3.52 (2.38, 5.20)

Mixed 1.66 (1.25, 2.20) 1.51 (1.23, 1.86)

Model 2§ n = 6,165 n = 3,669

No overweight/obesity 1.00 (reference) 1.00 (reference)

Early Puberty 2.48 (1.72, 3.57) ---

Mothers with obesity 2.92 (1.90, 4.48) 2.63 (1.80, 3.83)

High weight concerns 2.31 (1.64, 3.26) 3.51 (2.37, 5.20)

Mixed 1.64 (1.23, 2.18) 1.51 (1.22, 1.86)

Model 3† n = 6,180 n = 3,692

No overweight/obesity 1.00 (reference) 1.00 (reference)

Early Puberty 2.53 (1.76, 3.64) ---

Mothers with obesity 2.96 (1.93,4.56) 2.63 (1.81, 3.83)

High weight concerns 2.35 (1.70, 3.32) 3.51 (2.38, 5.20)

Mixed 1.65 (1.25, 2.19) 1.51 (1.22, 1.86)

Model 4‡ n = 3,187 n = 1,601

*All models controlled for age at follow up and duration of follow up

§Model 2 controlled for vigorous activity in childhood/adolescence

†Model 3 controlled for diet in childhood/adolescence

‡Model 4 controlled for BMI at age 18
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  Females Males

No overweight/obesity 1.00 (reference) 1.00 (reference)

Early Puberty 1.20 (0.69, 2.10) ----

Mothers with obesity 0.64 (0.28, 1.45) 2.57 (1.38, 4.78)

High weight concerns 0.77 (0.43, 1.39) 2.98 (1.53, 5.80)

Mixed 0.79 (0.49, 1.28) 1.34 (0.93, 1.94)

*All models controlled for age at follow up and duration of follow up

§Model 2 controlled for vigorous activity in childhood/adolescence

†Model 3 controlled for diet in childhood/adolescence

‡Model 4 controlled for BMI at age 18

Among males, the mixed obesity phenotype had a signi�cantly lower risk of hypertension incidence
(15%), compared to the mothers with obesity (26%) and high weight concerns (27%) phenotypes
(Table 3). Males in the mothers with obesity (OR = 2.65; 95% CI = 1.82, 3.87) and high weight concerns
phenotypes (OR = 3.22; 95% CI = 2.38, 5.20) had a signi�cantly greater risk of developing hypertension
than the mixed subtype (OR = 1.51; 95% CI = 1.23, 1.86) (p = 0.004) (Table 4, model 1, Fig. 2).

Among males, but not females, the elevated risks of hypertension among those in the mothers with
obesity (OR = 2.57, 95% CI = 1.38, 4.78) and high weight concerns (OR = 2.98, 95% CI = 1.53, 5.80)
phenotypes remained signi�cant even after adjusting for BMI at age 18, while the mixed subtype was
attenuated and the CI crossed 1.00 (OR = 1.34, 95% CI = 0.93, 1.94), (Table 4, model 4).

Discussion
In this prospective cohort study, females and males with overweight/obesity in childhood or adolescence
were more likely than their peers without overweight/obesity to develop hypertension between ages 20
and 35. Importantly, our results show that empirically derived phenotypes of childhood and adolescent
overweight/obesity had differential risks of incident hypertension in young adulthood. Among both
females and males, the risk of developing hypertension was higher for those in the “early puberty”,
“mothers with obesity”, and “high weight concerns” phenotypes compared to the risk of hypertension for
overall overweight or obesity, indicating the importance of using empirically derived phenotypes when
assessing risks of disease. Additionally, among females, the highest risks were observed among those in
the “early puberty” and “mothers with obesity” phenotypes while those in the “high weight concerns”
phenotype had the greatest risks of developing hypertension among males. In both sexes, participants in
the “mixed” phenotypes had the lowest risks. Previous studies assessing obesity phenotypes in children
have focused primarily on associations between phenotypes characterized by dietary and physical
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activity behaviors and weight status.35, 36 Our results demonstrate that there is additional heterogeneity
of risk among people with obesity with other clinically discernable characteristics.

There are multiple established risk factors for hypertension in adulthood, including elevated blood
pressure in childhood37, 38 and age at menarche.39, 40 Females with an early age at menarche are more
likely to develop both obesity and hypertension.41 Some of the increase in risk of elevated blood pressure
is mediated by obesity. However, the increased risk is not entirely explained by the body composition
changes that accompany pubertal development in women. Even after adjusting for changes in body
composition and BMI, women with an early age at menarche have an increased risk of hypertension in
adulthood, compared to their peers with average or late age at menarche.42, 43 Another potential
mechanism through which early age at menarche might act is via longer duration of exposure to high
levels of estrogen, which has been found to increase the risk of developing hypertension.44, 45

Weight concerns are a highly prevalent source of chronic stress for many individuals in the US, yet
relatively few studies have examined the associations between weight concerns and the development of
hypertension.46–49 Most of the previous research has been among females or samples that were
predominantly female. We observed that participants in the high weight concerns phenotype were more
likely to develop hypertension in young adulthood compared to those without overweight/obesity in
childhood or adolescence. High weight concerns, potentially due to internalized weight bias and perceived
weight discrimination, can generate a chronic stress response leading to increased cortisol secretion.50, 51

Furthermore, previous studies have also found an obesity-independent relationship between hypertension
and binge eating, which can increase oxidative and in�ammatory responses.23, 52 Those physiological
arousal processes have been linked to the development of hypertension.53, 54 Our �ndings suggest that
males with obesity and weight concerns are at a substantially elevated risk of developing hypertension.

There is a strong association between parental and offspring weight status that persists into mid-
adulthood.55 In addition, independent of BMI and waist circumference, parental history of hypertension is
associated with increased odds of hypertension.41, 56–58 Because obesity is a strong risk factor for the
development of hypertension, it is essential to tease apart whether the association between family history
and the development of hypertension is independent of weight status. Few studies have considered both
family history of hypertension and obesity. Dormanesh et al. found a family history-related elevation in
risk of hypertension above and beyond the contribution of BMI.59 The association re�ects a genetic
propensity of hypertension, as well as non-genetic factors, such as shared lifestyle.56, 60 Our �ndings
showing strong associations between the mothers with obesity phenotype and incident hypertension are
consistent with those of Dormanesh and colleagues.

There are numerous strengths to our study, including using a large community-based sample of
participants residing across all regions of the US. Second, by assessing obesity phenotypes between 9–
19 years and assessing incident hypertension between 20–35 years, our study provides evidence for the
temporal ordering of obesity phenotypes in childhood and adolescence and incident hypertension in
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young adulthood. Third, we were able to adjust our models for potential confounding variables including
physical activity and diet that are often not measured in detail in other studies. Finally, given that previous
studies have mostly used BMI cutoffs alone to study the association between childhood obesity and
hypertension in adulthood, our study expands the literature by showing signi�cant associations between
obesity phenotypes characterized by psychological, behavioral, and familial factors and incident
hypertension.

There are several limitations that warrant consideration. First, incident hypertension was self-reported,
which may lead to some underestimation and misclassi�cation of the outcome. Second, the
homogeneity of our sample may limit the generalizability of our results to primarily White or economically
advantaged populations. Third, some participants who were eligible for inclusion into the study were
missing data on incident hypertension in adulthood and were excluded, which may result in selection bias
if exclusion was related to overweight/obesity in childhood or adolescence and hypertension in young
adulthood. Lastly, there is a potential for residual confounding due to other potential confounders not
included in the models, including family history of hypertension.

Despite these limitations, our results offer strong support for examining the health consequences of
obesity separately by obesity phenotypes rather than combining all people with obesity into a
heterogenous group, which is the approach taken in most research. If these results are replicated
prospectively, it may be valuable for clinicians to increase hypertension surveillance in young adults with
obesity sub-phenotypes that increase risk.

Declarations

Disclosure of potential con�icts of interest:
No �nancial disclosures relevant to this research study were reported by the authors of this paper. JAY
reports grant support and/or provision of medications for unrelated trials of pharmacotherapies for
obesity from Rhythm Pharmaceuticals, Soleno Therapeutics, Hikma Pharmaceuticals, and Versanis Bio.
The opinions and assertions expressed herein are those of the authors and are not to be construed as
re�ecting the views of the National Institutes of Health, USU, or the United States Department of Defense.

Funding:
The project was funded by research grants from the National Institutes of Health (DK127585, MH087786,
DK59570, DK46200, HL68041, HD049889, DA033974, HD066963, U01 HL145386 and ZIAHD00641).

Author Contributions:



Page 14/20

AF conceptualized the study. RSF analyzed the data and prepared the initial and revised manuscript. RSF,
AF, MTK, JY, NH, LR, JC, JH, and HNZ contributed signi�cantly to the interpretation of �ndings and
critically revised the manuscript. All authors approved of the �nal version of this manuscript.

Acknowledgements:
We are grateful to the thousands of the participants in the Growing Up Today Study for their participation
in the study and the Channing Division of Network Medicine, Brigham and Women’s Hospital and Harvard
Medical School, Boston, MA for conducting the Growing Up Today Study and giving us access to the
data.

Data Availability:
The datasets generated during and/or analyzed during the current study are available in the Growing Up
Today Study repository, https://gutsweb.org/

References
1. Xie X, Atkins E, Lv J, et al. Effects of intensive blood pressure lowering on cardiovascular and renal

outcomes: updated systematic review and meta-analysis. The Lancet. 2016;387(10017):435-443.

2. Olsen MH, Angell SY, Asma S, et al. A call to action and a lifecourse strategy to address the global
burden of raised blood pressure on current and future generations: the Lancet Commission on
hypertension. The Lancet. 2016;388(10060):2665-2712.

3. Kjeldsen SE. Hypertension and cardiovascular risk: General aspects. Pharmacological Research.
2018/03/01/ 2018;129:95-99. doi:https://doi.org/10.1016/j.phrs.2017.11.003

4. Kirkland EB, Heincelman M, Bishu KG, et al. Trends in Healthcare Expenditures Among US Adults
With Hypertension: National Estimates, 2003&#x2013;2014. Journal of the American Heart
Association. 2018;7(11):e008731. doi:doi:10.1161/JAHA.118.008731

5. De Venecia T, Lu M, Figueredo VM. Hypertension in young adults. Postgraduate Medicine.
2016/02/17 2016;128(2):201-207. doi:10.1080/00325481.2016.1147927

�. Go AS, Mozaffarian D, Roger VL, et al. Heart Disease and Stroke Statistics—2014 Update. Circulation.
2014;129(3):e28-e292. doi:doi:10.1161/01.cir.0000441139.02102.80

7. Ostchega Y, Fryar CD, Nwankwo T, Nguyen DT. Hypertension Prevalence Among Adults Aged 18 and
Over: United States, 2017-2018. NCHS Data Brief. Apr 2020;(364):1-8.

�. Hao G, Wang X, Treiber FA, Harsh�eld G, Kapuku G, Su S. Blood Pressure Trajectories From Childhood
to Young Adulthood Associated With Cardiovascular Risk: Results From the 23-Year Longitudinal
Georgia Stress and Heart Study. Hypertension. Mar 2017;69(3):435-442.
doi:10.1161/hypertensionaha.116.08312



Page 15/20

9. Shrivastava SR, Shrivastava PS, Ramasamy J. Childhood obesity: a determinant of adolescent and
adult hypertension. Int J Prev Med. Mar 2014;5(Suppl 1):S71-2.

10. Azegami T, Uchida K, Tokumura M, Mori M. Blood Pressure Tracking From Childhood to Adulthood.
Front Pediatr. 2021;9:785356. doi:10.3389/fped.2021.785356

11. Sommer A, Twig G. The Impact of Childhood and Adolescent Obesity on Cardiovascular Risk in
Adulthood: a Systematic Review. Current Diabetes Reports. 2018/08/30 2018;18(10):91.
doi:10.1007/s11892-018-1062-9

12. Juonala M, Magnussen CG, Berenson GS, et al. Childhood Adiposity, Adult Adiposity, and
Cardiovascular Risk Factors. New England Journal of Medicine. 2011;365(20):1876-1885.
doi:10.1056/NEJMoa1010112

13. Kindblom JM, Bygdell M, Hjelmgren O, et al. Pubertal Body Mass Index Change Is Associated With
Adult Coronary Atherosclerosis and Acute Coronary Events in Men. Arteriosclerosis, Thrombosis, and
Vascular Biology. 2021;41(8):2318-2327. doi:doi:10.1161/ATVBAHA.121.316265

14. Luijken J, van der Schouw YT, Mensink D, Onland-Moret NC. Association between age at menarche
and cardiovascular disease: A systematic review on risk and potential mechanisms. Maturitas.
2017/10/01/ 2017;104:96-116. doi:https://doi.org/10.1016/j.maturitas.2017.07.009

15. Kwarteng EA, Shank LM, Faulkner LM, et al. In�uence of puberty on relationships between body
composition and blood pressure: a cross-sectional study. Pediatr Res. Aug 2023;94(2):781-788.
doi:10.1038/s41390-023-02503-7

1�. Goldstein BI, Carnethon MR, Matthews KA, et al. Major depressive disorder and bipolar disorder
predispose youth to accelerated atherosclerosis and early cardiovascular disease: a scienti�c
statement from the American Heart Association. Circulation. 2015;132(10):965-986.

17. Klakk H, Kristensen PL, Andersen LB, Froberg K, Møller NC, Grøntved A. Symptoms of depression in
young adulthood is associated with unfavorable clinical- and behavioral cardiovascular disease risk
factors. Preventive Medicine Reports. 2018/09/01/ 2018;11:209-215.
doi:https://doi.org/10.1016/j.pmedr.2018.05.017

1�. Nagata JM, Garber AK, Tabler J, Murray SB, Vittinghoff E, Bibbins‐Domingo K. Disordered eating
behaviors and cardiometabolic risk among young adults with overweight or obesity. International
Journal of Eating Disorders. 2018;51(8):931-941.

19. Zhou JC, Rifas-Shiman SL, Haines J, Jones K, Oken E. Adolescent overeating and binge eating
behavior in relation to subsequent cardiometabolic risk outcomes: a prospective cohort study.
Journal of Eating Disorders. 2022/09/13 2022;10(1):140. doi:10.1186/s40337-022-00660-4

20. Faulconbridge LF, Bechtel CF. Depression and Disordered Eating in the Obese Person. Curr Obes Rep.
Mar 1 2014;3(1):127-36. doi:10.1007/s13679-013-0080-9

21. Galvao TF, Silva MT, Zimmermann IR, Souza KM, Martins SS, Pereira MG. Pubertal timing in girls and
depression: A systematic review. Journal of Affective Disorders. 2014/02/01/ 2014;155:13-19.
doi:https://doi.org/10.1016/j.jad.2013.10.034



Page 16/20

22. Ullsperger JM, Nikolas MA. A meta-analytic review of the association between pubertal timing and
psychopathology in adolescence: Are there sex differences in risk? Psychol Bull. Sep
2017;143(9):903-938. doi:10.1037/bul0000106

23. Bauman V, Sanchez N, Repke HE, et al. Loss of control eating in relation to blood pressure among
adolescent girls with elevated anxiety at-risk for excess weight gain. Eating Behaviors. 2023/08/01/
2023;50:101773. doi:https://doi.org/10.1016/j.eatbeh.2023.101773

24. St Fleur RG, Tanofsky‐Kraff M, Yanovski JA, Horton NJ, Hirschhorn JN, Field AE. Phenotyping
children and adolescents with obesity using behavioral, psychological, and familial data. Obesity.
2023;31(12):3016-3024.

25. Field AE, Manson JE, Taylor CB, Willett WC, Colditz GA. Association of weight change, weight control
practices, and weight cycling among women in the Nurses' Health Study II. Int J Obes.
2004;28(9):1134.

2�. St Fleur RG, Tanofsky-Kraff M, Yanovski JA, Horton NJ, Hirschhorn JN, Field AE. Phenotyping
children and adolescents with obesity using behavioral, psychological, and familial data. Obesity.
2023;31(12)

27. Rifas-Shiman SL, Gillman MW, Field AE, et al. Comparing physical activity questionnaires for youth:
seasonal vs annual format. Am J Prev Med. May 2001;20(4):282-5. doi:10.1016/s0749-
3797(01)00296-3

2�. Rockett HR, Breitenbach M, Frazier AL, et al. Validation of a youth/adolescent food frequency
questionnaire. Preventive medicine. 1997;26(6):808-816.

29. Rockett HR, Wolf AM, Colditz GA. Development and reproducibility of a food frequency questionnaire
to assess diets of older children and adolescents. Journal of the American Dietetic Association.
1995;95(3):336-340.

30. Chiuve SE, Fung TT, Rimm EB, et al. Alternative dietary indices both strongly predict risk of chronic
disease. The Journal of nutrition. 2012;142(6):1009-1018.

31. Perez A, Gabriel K, Nehme EK, Mandell DJ, Hoelscher DM. Measuring the bias, precision, accuracy,
and validity of self-reported height and weight in assessing overweight and obesity status among
adolescents using a surveillance system. Int J Behav Nutr Phys Act. Jul 27 2015;12 Suppl 1:S2.
doi:10.1186/1479-5868-12-S1-S2

32. Goodman E, Hinden BR, Khandelwal S. Accuracy of teen and parental reports of obesity and body
mass index. Pediatrics. Jul 2000;106(1 Pt 1):52-8. doi:10.1542/peds.106.1.52

33. Sherry B, Jefferds ME, Grummer-Strawn LM. Accuracy of adolescent self-report of height and weight
in assessing overweight status: a literature review. Arch Pediatr Adolesc Med. Dec
2007;161(12):1154-61. doi:10.1001/archpedi.161.12.1154

34. Nylund KL, Asparouhov T, Muthén BO. Deciding on the number of classes in latent class analysis and
growth mixture modeling: A Monte Carlo simulation study. Structural equation modeling: A
multidisciplinary Journal. 2007;14(4):535-569.



Page 17/20

35. Laxer RE, Brownson RC, Dubin JA, Cooke M, Chaurasia A, Leatherdale ST. Clustering of risk-related
modi�able behaviours and their association with overweight and obesity among a large sample of
youth in the COMPASS study. BMC Public Health. 2017/01/21 2017;17(1):102. doi:10.1186/s12889-
017-4034-0

3�. te Velde SJ, De Bourdeaudhuij I, Thorsdottir I, et al. Patterns in sedentary and exercise behaviors and
associations with overweight in 9-14-year-old boys and girls--a cross-sectional study. BMC Public
Health. Jan 31 2007;7:16. doi:10.1186/1471-2458-7-16

37. Chen X, Wang Y. Tracking of blood pressure from childhood to adulthood: a systematic review and
meta–regression analysis. Circulation. 2008;117(25):3171-3180.

3�. Juhola J, Magnussen CG, Viikari JS, et al. Tracking of serum lipid levels, blood pressure, and body
mass index from childhood to adulthood: the Cardiovascular Risk in Young Finns Study. The Journal
of pediatrics. 2011;159(4):584-590.

39. Kozieł S, Kołodziej H, Ulijaszek S. Body size, fat distribution, menarcheal age and blood pressure in
14-year-old girls. European Journal of Epidemiology. 2001/12/01 2001;17(12):1111-1115.
doi:10.1023/A:1021220814413

40. Daniels SR, McMahon RP, Obarzanek E, et al. Longitudinal Correlates of Change in Blood Pressure in
Adolescent Girls. Hypertension. 1998;31(1):97-103. doi:doi:10.1161/01.HYP.31.1.97

41. Juhola J, Oikonen M, Magnussen CG, et al. Childhood Physical, Environmental, and Genetic
Predictors of Adult Hypertension. Circulation. 2012;126(4):402-409.
doi:doi:10.1161/CIRCULATIONAHA.111.085977

42. Hardy R, Maddock J, Ghosh AK, Hughes AD, Kuh D. The relationship between pubertal timing and
markers of vascular and cardiac structure and function in men and women aged 60–64 years.
Scienti�c Reports. 2019/07/30 2019;9(1):11037. doi:10.1038/s41598-019-47164-x

43. Widén E, Silventoinen K, Sovio U, et al. Pubertal timing and growth in�uences cardiometabolic risk
factors in adult males and females. Diabetes Care. Apr 2012;35(4):850-6. doi:10.2337/dc11-1365

44. Morimoto S, Ichihara A. Late age at menopause positively associated with obesity-mediated
hypertension. Hypertension Research. 2023/05/01 2023;46(5):1163-1164. doi:10.1038/s41440-023-
01237-7

45. Dubey RK, Oparil S, Imthurn B, Jackson EK. Sex hormones and hypertension. Cardiovascular
Research. 2002;53(3):688-708. doi:10.1016/s0008-6363(01)00527-2

4�. Wade KH, Kramer MS, Oken E, et al. Prospective associations between problematic eating attitudes in
midchildhood and the future onset of adolescent obesity and high blood pressure. Am J Clin Nutr.
Feb 2017;105(2):306-312. doi:10.3945/ajcn.116.141697

47. Fadipe B, Oyelohunnu MA, Olagunju AT, Aina OF, Akinbode AA, Suleiman TF. Disordered eating
attitudes: demographic and clinico-anthropometric correlates among a sample of Nigerian students.
Afr Health Sci. Jun 2017;17(2):513-523. doi:10.4314/ahs.v17i2.27

4�. Warkentin S, Santos AC, Oliveira A. Associations of appetitive behaviors in 7-year-old children with
their cardiometabolic health at 10 years of age. Nutr Metab Cardiovasc Dis. May 7 2020;30(5):810-



Page 18/20

821. doi:10.1016/j.numecd.2020.01.007

49. Zhang Z, Li N, Buckley JP, et al. Associations between eating behaviours and cardiometabolic risk
among adolescents in the Health Outcomes and Measures of the Environment study. Pediatr Obes.
Feb 2023;18(2):e12979. doi:10.1111/ijpo.12979

50. Tomiyama AJ. Weight stigma is stressful. A review of evidence for the Cyclic Obesity/Weight-Based
Stigma model. Appetite. 2014;82:8-15.

51. Pearl RL, Wadden TA, Hopkins CM, et al. Association between weight bias internalization and
metabolic syndrome among treatment-seeking individuals with obesity. Obesity (Silver Spring). Feb
2017;25(2):317-322. doi:10.1002/oby.21716

52. Patel C, Ghanim H, Ravishankar S, et al. Prolonged reactive oxygen species generation and nuclear
factor-κB activation after a high-fat, high-carbohydrate meal in the obese. The Journal of Clinical
Endocrinology & Metabolism. 2007;92(11):4476-4479.

53. Whitworth JA, Brown MA, Kelly JJ, Williamson PM. Mechanisms of cortisol-induced hypertension in
humans. Steroids. 1995/01/01/ 1995;60(1):76-80. doi:https://doi.org/10.1016/0039-
128X(94)00033-9

54. Wirix AJ, Finken MJ, von Rosenstiel-Jadoul IA, et al. Is there an association between cortisol and
hypertension in overweight or obese children? Journal of clinical research in pediatric endocrinology.
2017;9(4):344.

55. Power C, Pouliou T, Li L, Cooper R, Hyppoenen E. Parental and offspring adiposity associations:
insights from the 1958 British birth cohort. Annals of human biology. 2011;38(4):390-399.

5�. Van Den Elzen AP, Ridder MAd, Grobbee DE, Hofman A, Witteman JC, Uiterwaal CS. Families and the
natural history of blood pressure: a 27-year follow-up study. American journal of hypertension.
2004;17(10):936-940.

57. Tozo TAA, Gisi ML, Brand C, Moreira CMM, Pereira BO, Leite N. Family history of arterial hypertension
and central adiposity: impact on blood pressure in schoolchildren. BMC Pediatr. Aug 23
2022;22(1):497. doi:10.1186/s12887-022-03551-4

5�. Zhao W, Mo L, Pang Y. Hypertension in adolescents: The role of obesity and family history. The
Journal of Clinical Hypertension. 2021;23(12):2065-2070. doi:https://doi.org/10.1111/jch.14381

59. Dormanesh B, Arasteh P, Daryanavard R, Mardani M, Ahmadi M, Nikoupour H. Epidemiology of
obesity and high blood pressure among school-age children from military families: the largest report
from our region. BMC Pediatr. Jan 23 2023;23(1):37. doi:10.1186/s12887-023-03839-z

�0. Hong Y, De Faire U, Heller DA, McClearn GE, Pedersen N. Genetic and environmental in�uences on
blood pressure in elderly twins. Hypertension. 1994;24(6):663-670.

Figures



Page 19/20

Figure 1

See image above for �gure legend.



Page 20/20

Figure 2

See image above for �gure legend.


