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1. Introduction 

1.1 Introduction – Childhood and Adolescent Blood Pressure 

Hypertension (HTN) is one of the most common and important modifiable risk factors for heart 

disease, stroke, and kidney failure.1 Adulthood hypertension has been shown to be associated with 

cardiovascular disease (CVD) risk factors and outcomes.2 Less is known, however, about the longitudinal 

relationship between childhood and adolescent blood pressure levels with adulthood CVD risk factors.    

Genome-wide association studies are a useful tool for revealing molecular mechanisms altered in 

common complex diseases. No genome-wide association studies of blood pressure have been completed 

in a diverse population of children and adolescents, although previous evidence has shown established 

patterns of age-related changes in blood pressure.3,4 Recent evidence also suggests that genetic variants 

for blood pressure may change with age and may differ from genetic variants associated with adulthood 

blood pressure.3,4 However, it remains uncertain whether genetic variants associated with blood pressure 

in adulthood are associated with blood pressure in childhood and whether the genetic associations may 

differ by age.  

With the growing burden of CVD and prevalence of hypertension, there is an increasing need to 

understand blood pressure in early life and how early life factors influence blood pressure later in life. 

Examining childhood blood pressure 1) provides insight into the association between childhood health 

factors and early adulthood health, and 2) contributes evidence to genetic variants associated with 

childhood and adolescent blood pressure.  

We proposed to leverage the Vanderbilt University Medical Center Synthetic Derivative (SD) and 

BioVU, which comprises a large number of Black and White participants under the age of 30 in the 

southeastern US, to examine the association between blood pressure in childhood and CVD risk factors in 

adulthood, identify whether genetic variants for blood pressure in adulthood are associated with childhood 

blood pressure, and to examine the age-specific genetic associations with blood pressure throughout 

childhood and adolescence.   
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Blood pressure was ascertained from outpatient visits from age 0 to 18 years of age and 

percentiles based on age, sex, and height were calculated for each SBP value. Childhood blood pressure 

was evaluated as a continuous variable and was defined as median percentile of systolic blood pressure 

from age 0 to 18 years of age and as trajectories across childhood and adolescence. The associations 

between childhood blood pressure and early adulthood CVD risk factors in this population were assessed 

using linear and logistic regression.   

To identify whether genetic variants for blood pressure in adulthood are associated with 

childhood blood pressure, a candidate single nucleotide polymorphism (SNP) analysis was conducted to 

examine two already identified genetic variants with childhood blood pressure and genetic variants 

associated with adulthood blood pressure. A GWAS on childhood and adolescent systolic blood pressure 

was also completed. Analyses were stratified by age. A polygenic risk score (PRS) analysis to examine 

the association between polygenic risk score and childhood blood pressure was additionally completed.  

Numerous components of this study help fill the knowledge gap about childhood and adolescent 

blood pressure and genetic variants associated with blood pressure:  

a) This study is among one of the first to examine the association between childhood and 

adolescent blood pressure and adulthood CVD risk factors using electronic health record 

(EHR) data from Vanderbilt’s Synthetic Derivative (SD). The large sample size and 

availability of longitudinal measurements are specific strengths of this study. 

b) We leveraged an existing population with available genotype data. We used BioVU, 

VUMC’s vast DNA repository, linked to the electronic health record, to provide a population 

of more than approximately 9,000 children and adolescents with genotype data to complete a 

candidate SNP analysis and genome-wide association study.  

c) We conducted a more comprehensive approach to examine blood pressure in childhood and 

adolescents including modelling blood pressure continuously and longitudinally using 

trajectories from extended follow-up of participants in the database. Most completed studies 

of blood pressure in adolescents use a continuous measure at one timepoint during childhood 
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to characterize blood pressure. We examined blood pressure longitudinally using blood 

pressure trajectories created from group-based modeling in order to generate an 

understanding of changes throughout childhood.   

d) Our study described childhood and adolescent blood pressure and examined the association 

between childhood and adolescent blood pressure and early adulthood CVD risk factors. 

Knowledge of early life blood pressure patterns contributes to primordial prevention, 

preventing risk factors themselves, one of the American Heart Association’s primary goals.  

To summarize, we described childhood and adolescent blood pressure, examined the longitudinal 

relationship between childhood blood pressure and early adulthood CVD risk factors, and conducted a 

candidate SNP analysis to evaluate the genetic variants and age-specific genetic associations with 

childhood and adolescent blood pressure. These analyses were conducted in a large population of White 

and Black individuals under the age of 18 in the US with longitudinal measures of blood pressure and 

CVD risk factors. 

The findings of the first aim are important to establish the longitudinal relationship between 

childhood blood pressure and early adulthood CVD risk factors. Findings may inform future childhood 

blood pressure screening recommendations and care of childhood hypertension. Creating blood pressure 

trajectories provides a more comprehensive approach to examine blood pressure in childhood. The large 

sample size and availability of longitudinal measurements are specific strengths of Aim 1.  

Genetic variants associated with blood pressure in adults have been described before; however, to 

date, only one study has examined genetic variants associated with childhood and adolescent blood 

pressure. The findings of the second aim are important to inform age-specific genetic associations with 

blood pressure. The findings also serve as a comparison for genetic variants already identified in children, 

adolescents, and adults. A strength of Aim 2 is the use of BioVU, VUMC’s vast DNA repository, linked 

to the electronic health record, which provides a population of more than 10,000 participants under the 

age of 18 with existing genotype data. 
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The findings from this study improve our understanding of childhood and adolescent blood 

pressure and early risk patterns for cardiovascular disease. With this information, we aim to contribute to 

the primordial prevention of hypertension and cardiovascular disease. 

1.2 Specific Aims 

Cardiovascular disease (CVD) is responsible for 17 million deaths per year globally, and 9.4 

million are a result of complications of hypertension.5 Extensive research has been conducted on blood 

pressure, hypertension and the association with CVD. However, most studies focus on older individuals 

with average ages in the 40s and 50s. In the United States, the prevalence of high or borderline high blood 

pressure is 11% in children and adolescents 8 to 17 years of age, and non-Hispanic Black children are 

more likely than White children to have high or borderline high blood pressure.6 The Birth to 20 Plus 

cohort in Soweto, South Africa and the Jackson Heart KIDS Pilot Study have documented blood pressure 

and cardiovascular risk factors in children and adolescents, and both identified the need for more research 

on blood pressure in children, especially in populations of African descent.7,8  

Childhood hypertension has been linked with left ventricular hypertrophy, carotid intima-media 

thickness, and a higher risk for hypertension in young adults; however, little evidence exists for the 

relationship between childhood blood pressure and adult cardiovascular disease.9–14 In 2013, the US 

Preventive Services Task Force (USPSTF) found no direct evidence that blood pressure 

measurement in childhood identified individuals who were at increased risk for CVD in adulthood, 

stating that there was limited evidence of this longitudinal association.15 With the growing burden of 

CVD and prevalence of hypertension, understanding childhood and adolescent blood pressure and the 

influence on early adulthood CVD risk factors in populations disproportionately affected by CVD and 

high blood pressure is an increasing need. 

Genetics, along with lifestyle and behavioral characteristics, play an important role in 

hypertension and CVD risk. Between 2-3% of the genetic variation in hypertension is explained by 

known common genetic variants.16 Major progress has been made in finding genetic variants for blood 

pressure and hypertension in adults, but minimal evidence exists for early age or age-specific genetic 
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associations. The International Genome-Wide Association Study Consortium found two genetic variants 

associated with blood pressure for specific age periods: one for prepuberty and one for puberty; however, 

this study was conducted in childhood cohorts of European ancestry.17 Genetic studies specifically 

focusing on childhood blood pressure in other populations are needed.  

The overarching goal is to better understand the association of childhood blood pressure 

with CVD risk factors (blood cholesterol and triglycerides, estimated glomerular filtration rate, 

obesity, and diabetes) in early adulthood, and to identify genetic variants associated with blood 

pressure through a candidate SNP analysis. We proposed to study a population of White and Black 

individuals under the age of 18 in the southeastern US. We used information extracted from electronic 

health records in the Vanderbilt University Medical Center “Synthetic Derivative” database (SD) and the 

BioVU DNA databank. The SD contains over 2.8 million electronic records and BioVU has over 225,000 

DNA samples. From the SD, we identified 126,821 individuals under the age of 18 years with at least two 

blood pressure measurements in the medical record, 10,894 of whom have a DNA sample available. 

Thus, we proposed the following Specific Aims:  

Aim 1: To examine the association between childhood blood pressure trajectories and CVD risk factors 

in early adulthood (blood cholesterol, triglycerides, estimated glomerular filtration rate, 

hypertension, diabetes, and obesity) in self-reported White and Black participants under the age 

of 18 at Vanderbilt University Medical Center.  

Hypothesis 1: High and increasing blood pressure under the age of 18 years is associated with 

hypertension, diabetes, obesity, high cholesterol and triglycerides, and lower estimated 

glomerular filtration rate in early adulthood from ages 18 to 40.  

Aim 2: To evaluate associations of candidate genetic variants with adulthood and childhood systolic 

blood pressure among White and Black participants under the age of 18 years using existing 

genotyping data in BioVU.  

Sub-aim 2a: To examine age-specific genetic associations with blood pressure throughout 

childhood and adolescence using age-stratified analyses. 
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Sub-aim 2b: To examine the association between a multi-ancestry adult-based polygenic risk 

score on blood pressure among children.  

Hypothesis 2: Known genetic variants associated with adulthood systolic blood pressure will differ 

from genetic variants associated with childhood systolic blood pressure in our cohort, and age-

specific associations will be present.  

In summary, the overall goal is to study childhood blood pressure and genetic variants for blood 

pressure, by leveraging existing electronic health record (EHR) and genotype data from the VUMC SD 

and BioVU. Advantages of this study include a large number of participants, longitudinal data, and a 

candidate SNP analysis among White and Black children and adolescents. Our study will contribute to 

the knowledge gap about the longitudinal relationship between adolescent blood pressure and 

adulthood CVD risk factors and the existing information about genetic variants associated with 

blood pressure. Understanding blood pressure during early life is important for developing 

individualized interventions to reduce high blood pressure and risks associated with high blood pressure 

in adulthood. 

 

2. Literature Review and Rationale for Specific Aims 

2.1 Background for Specific Aim 1 

2.1.1 Prevalence and Impact of Hypertension 

In 2010, the American Heart Association (AHA) published a set of seven risk factors that 

influence ideal cardiovascular health: smoking status, physical activity, weight, diet, blood glucose, 

cholesterol, and blood pressure.18,19 Several studies have shown that individuals with optimal ranges of 

Life’s Simple 7 have a lower risk of heart disease and stroke compared to individuals in non-optimal 

ranges.20,21 Management of blood pressure was included in these seven risk factors because hypertension 

is the leading cause of heart disease, stroke, and kidney failure.1,6  
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The age-adjusted prevalence of hypertension among US adults over the age of 20 was estimated 

to be 34% in the National Health and Nutrition Examination Survey (NHANES) in 2011 to 2014.6  Of 

these, 16% were not aware that they had hypertension.6 More than $131 billion has been spent on 

hypertension each year from 2003 to 2014, which includes cost of medications, health care services, and 

missed days of work.22 The AHA projects that by 2035, the total direct costs of hypertension could 

increase to $220 billion.6  

The prevalence of hypertension varies greatly with race and sex. In 2011 to 2014, the prevalence 

of hypertension in males was higher than in females under 64 years of age. Over the age of 65, a higher 

percentage of females had hypertension than males.6 A greater disparity is seen by race. African 

Americans over the age of 20 have a 45% prevalence of hypertension compared to 33% among non-

Hispanic whites.6 Factors such as salt sensitivity, body mass, control of hypertension, and systemic racism 

in healthcare may contribute to the disparities.23 In a study of 16,103 adults from the NHANES, non-

Hispanic Black participants had a higher prevalence and treatment indication for hypertension. Even 

though non-Hispanic Black participants were receiving treatment, it was not adequate to control the blood 

pressure level. Non-Hispanic Black individuals were also less likely to utilize and have access to 

healthcare.24 The prevalence of high blood pressure (HBP) also varies geographically. In the United 

States, the age-adjusted percentage of adults over the age of 18 years with HBP ranges from 24.2% in 

Minnesota to 39.9% in Mississippi.6  

The high prevalence of hypertension has led to increases in death and hospitalization due to HBP. 

In 2015, there were over 78,000 deaths primarily attributable to HBP and approximately 427,000 deaths 

with any mention of HBP.6,25 From 2005 to 2015, the death rate attributable to HBP rose 10.5% to 21.0 

per 100,000.6 In addition, the incidence of hypertension-related hospitalizations increased from ~87,000 

in 2000 to ~120,000 in 2011.26  

The AHA identifies blood pressure <120/<80 mmHg as one of the seven components of ideal 

cardiovascular health, but only 45.4% of adults meet this criterion. By 2030, the AHA predicts that 41.4% 
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of US adults will have hypertension.6 With the growing burden of hypertension, there is an increasing 

need to understand factors that influence blood pressure.  

2.1.2 HTN and CVD Risk 

Hypertension is a well-known risk factor for CVD, stroke, and kidney disease.1 In a study of 1.25 

million patients, the lifetime risk of CVD for those with hypertension at age 30 years was 63.3%.27 In a 

study of 3,128 participants in the Framingham Heart Study, hypertension was associated with shorter 

overall life expectancy, shorter life expectancy free of CVD, and more years lived with CVD.28 In the 

Atherosclerosis Risk in Communities Study among 9,845 participants, patterns of change in adulthood 

systolic blood pressure across four clinical examinations were examined. Patterns of blood pressure were 

identified through latent class growth models and included slowly increasing, steeply increasing, 

decreasing, and sustained elevated blood pressure. Patterns of blood pressure over time were associated 

with increased risk for CVD, including coronary heart disease, stroke, and heart failure.29 In a meta-

analysis of the effect of blood pressure lowering for prevention of CVD and death, reductions in SBP 

reduced the risk of major CVD events, coronary heart disease, and heart failure.2  

In the first aim, outcomes include blood cholesterol, triglyceride levels, estimated glomerular 

filtration rate (eGFR), hypertension, diabetes, and obesity. The aggregate of these cardiovascular health 

factors has been linked to lower cardiovascular mortality in the Chicago Heart Association Detection 

Project, the Atherosclerosis in Communities Study, and the Framingham Heart Study.30–34 The strong 

association between HTN, CVD, and kidney disease, underscores the need for early identification of risk 

factors and management of blood pressure. 

2.1.3 Childhood and Adolescent HTN 

Hypertension in children and adolescents is defined as repeated SBP and/or DBP ≥95th percentile 

based on sex, age, and height.35 Tables for blood pressure levels for boys and girls can be found in 

Appendix 1. Eleven percent of children and adolescents aged 8-17 years in the US from 2011 to 2012 

had hypertension or borderline high blood pressure.6 Hypertension is more common among boys than 
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girls with rates of 1.8% and 1.4%, respectively.6 The racial disparity in the prevalence of hypertension 

seen in adults is also present in children. Non-Hispanic African American boys and girls were more likely 

than white children to have high blood pressure or borderline high blood pressure.6  

The prevalence of confirmed HTN in a clinical setting with repeated blood pressure 

measurements is lower due to blood pressure variability and adjustment to having blood pressure 

measured.36 Blood pressure in childhood varies considerably between visits and even on the same day. An 

isolated elevated blood pressure measurement in childhood may be due to factors such as anxiety or 

recent caffeine intake.36 White coat hypertension, defined as elevated blood pressure at the clinic and 

normal blood pressure at home, and masked hypertension, defined as blood pressure elevated at home and 

normal at clinic visits, are two ways that blood pressure can vary for children and adults. In a 

retrospective study of 500 children, 12% had white coat hypertension and 10% had masked 

hypertension.37 If the initial blood pressure measurement is elevated at a single visit, providers are 

recommended to perform two additional measurements and take the average to determine the blood 

pressure category.36  

Currently, the National High Blood Pressure Education Program Working Group on High Blood 

Pressure in Children and Adolescents recommends the age to start blood pressure measurement is 3 years 

of age and that blood pressure only be measured annually. In children with obesity, renal disease, 

diabetes, or history of aortic arch obstruction, it is recommended that blood pressure be checked at every 

health care visit.36 Despite these recommendations, hypertension is underdiagnosed, and providers fail to 

measure blood pressure in children and adolescents. In a study on the National Ambulatory Medical Care 

Survey and the National Hospital Ambulatory Medical Care Survey from 2000 to 2009, findings showed 

that providers measured blood pressure at only 67% of visits for children 3 to 18 years of age.38 In a 

cohort study from 1999 to 2006 in approximately 14,100 children from ages 3 to 18 years, 507 

participants met the criteria for HTN, but only 26% (131) had the diagnosis documented in their medical 

record.39 
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Elevated blood pressure in adolescence leads to organ damage in adulthood, such as left 

ventricular hypertrophy, and cardiovascular and kidney disease later in life.40,41 The National High Blood 

Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents states 

the overall goal for the treatment of HTN in children is achieving a blood pressure level that reduces risk 

for target organ damage and reduces risk for HTN and related CVD in adulthood.36  

2.1.4 Risk Factors for Childhood and Adolescent HTN 

Biological factors play a large role in the development of hypertension. These may include 

cholesterol levels, triglycerides, glucose tolerance, and other metabolic factors.35 In children, it is difficult 

to determine the causal relationship between these factors since primary hypertension clusters with other 

risk factors. A major factor closely related to blood pressure is weight/obesity. In a cross-sectional study 

among 18,618 children from the ages of 2 to 19 years in primary care practices, the relationship between 

body mass index (BMI) and blood pressure was examined in pediatric patients.42 With higher BMI 

category, there was an increase in both SBP and DBP. Mean SBP and DBP values were higher in the 

overweight group compared to the normal weight group. In the Avon Longitudinal Study among children 

from birth to age 10, greater BMI from age 7 to 10 years was associated with higher blood pressure at age 

17.43 

In the JHS-KIDS study, the association between obesity and elevated blood pressure was also 

examined. In a cross-sectional analysis stratified by sex, overweight and obesity were correlated with SBP 

among males, while only being overweight was correlated with SBP in females. Obesity was correlated 

with DBP in both males and females.8,44 Family history was also identified as a risk factor with family 

presence of hypertension and/or obesity significantly associated with SBP among females in the study. 

While hypertension has a genetic component, living with family members who are obese or also have 

hypertension may have an impact on daily life such as eating and physical activity. Although obesity is a 

biological risk factor, this finding suggests that there are other social and behavioral risk factors as well.  
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2.1.5 Childhood and Adolescent Blood Pressure and Adulthood HTN 

Childhood hypertension is a risk factor for hypertension in adulthood. Previous studies, dating 

back to 1987, have examined the correlation between childhood blood pressure and adulthood blood 

pressure and have found that elevated blood pressure tracks from childhood to adulthood.45–53 A list of 

studies that examined the correlation between a single childhood blood pressure measurement and 

adulthood blood pressure are presented in Table 1.  

One of the first cohorts to examine the correlation between childhood and adulthood blood 

pressure levels was The Muscatine Study. Children ages 7 to 18 were examined from 1971 to 1981 and 

again between 20 and 30 years. Childhood blood pressure at the initial visit was correlated with adult 

blood pressure.51 The correlation between childhood and adulthood blood pressure was also studied in 

The Bogalusa Heart Study. Initial visits were conducted in children aged 2 to 14 years from 1973 to 1974 

and follow up visits took place from 1988 to 1991. Longitudinal analyses in this cohort identified 

significant correlations between a single measurement of childhood blood pressure and adulthood blood 

pressure levels.49 The Fels Longitudinal Study additionally studied serial changes in blood pressure from 

adolescence to adulthood. In 501 participants, over 20 years, the tracking correlation for SBP was 0.24 

and 0.20 for DBP.48 In a study by Gillman et al. in 1993, blood pressure was ascertained in 337 children 

in Boston, MA and participants were reexamined 8 to 12 years later. Tracking correlations over 8 to 12 

years were 0.55 for SBP and 0.44 for DBP after adjustment for age, sex, smoking, medication, and 

alcohol use.47  

Later, in The Cardiovascular Risk in Young Finns Study, two studies examined childhood blood 

pressure and the association with adulthood hypertension and blood pressure levels. In a longitudinal 

analysis, children ages 3 to 18 at the first visit were followed up for 27 years. The childhood blood 

pressure measurement was significantly correlated with blood pressure level in adulthood.45 A second 

longitudinal analysis on predictors of adult hypertension found that childhood blood pressure 

measurement was an independent risk factor for adult hypertension after adjustment for age and sex.46  
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Although these studies established evidence for the relationship and correlation between 

childhood and adulthood blood pressure levels, they were limited by small sample sizes, childhood blood 

pressure was identified from initial visits only, and most were in populations of individuals of European 

descent (Table 1).  

 

Table 1. Characteristics of studies on childhood BP and adulthood BP correlations 

Author, Year Cohort Location Age at Baseline N 

Lauer, 198951 Muscatine Study Iowa, US 7-18 2445 

Beckett, 199248 Fels Longitudinal Study Ohio, US 3-18 501 

Gillman, 199347 --- Boston, MA 8-15 337 

Bao, 199549 Bogalusa Heart Study Louisiana, 

US 

5-14 1505 

Juhola, 201145 Cardiovascular Risk in Young Finns 

Study 

Finland 3-18 2204 

Juhola, 201246  Cardiovascular Risk in Young Finns 

Study 

Finland 3-18 2625 

 

2.1.6 Longitudinal Childhood and Adolescent Blood Pressure and Adulthood HTN 

More recent studies have started examining changes in blood pressure in early life and the 

association with adulthood hypertension. In the Bogalusa Heart Study, increases in blood pressure 

variations in early life, defined as the standard deviation of serial measurements in childhood, were 

predictive of adult hypertension.54 In a study of 2732 participants in The Bogalusa Heart Study aged 4 to 

19, hypertension in childhood was associated with higher long-term blood pressure levels.55 When 

examining race and sex differences in the Bogalusa Heart Study, puberty was found to be a crucial period 

for the development of hypertension later in life for all race and sex groups, even though blood pressure 

trajectory profiles differed by race and sex.55 In another study from the Childhood Determinants of Adult 

Health Study in 798 participants, blood pressure trajectory groups were identified and were named: 

“persistently normal”, “resolution”, “incident elevated”, and “persistently elevated”. Findings 

demonstrated that elevated blood pressure in childhood was associated with a 35% higher risk of elevated 

blood pressure in adulthood compared to those with normal blood pressure.56  



 14 

The Birth to 20 Plus (BT20) cohort in Soweto, South Africa has previously studied longitudinal 

blood pressure in a population of adolescents.7 The BT20 cohort is a longitudinal birth cohort following 

approximately 3,000 infants born to mothers living in Soweto from April to June 1990. The prevalence of 

elevated blood pressure in this cohort started at 22% at 5 years and increased to over 50% by 28 years of 

age. The BT20 investigators sought to determine if adolescent blood pressure trajectories were associated 

with elevated blood pressure at age 23. Findings from the BT20 cohort suggested that in participants with 

early and continued elevated blood pressure, elevated blood pressure persisted into early adulthood.  

The BT20 cohort, Childhood Determinants of Health Study, and the Bogalusa Heart Study have 

robust, longitudinal data on blood pressure throughout childhood and into early adulthood, although 

results were limited by small numbers of individuals (Table 2). The BT20 cohort, Childhood 

Determinants of Health Study, and Bogalusa Heart studies underscore the need for more research on early 

life blood pressure and longitudinal relationships between childhood blood pressure and blood pressure in 

adulthood.  

Table 2. Characteristics of studies of childhood BP trajectories and adulthood BP 

Study Location Population N 

Bogalusa Heart Study55 Louisiana, US 4-19 years; 65% White, 35% Black 2732 

Childhood Determinants of 

Health Study56 

Australia 7-15 years at baseline 798 

Birth to Twenty Cohort7 Soweto, South Africa Birth to 20 years 1540 

 

2.1.7 Longitudinal Relationship between Blood Pressure and CVD Risk 

Childhood blood pressure levels have been shown to be associated with adulthood hypertension; 

however, evidence for the longitudinal relationship between childhood and adolescent blood pressure and 

other cardiovascular risk factors is sparse. Nonetheless, childhood and early blood pressure levels have 

been linked with cardiac structure. In a recent review, the relationship between blood pressure and cardiac 

structure was investigated in 13 cohorts.57 In the Georgia Stress and Heart Study, blood pressure was 

measured approximately 16 times in 683 participants from childhood to young adulthood over a period of 

23 years. Trajectory groups were identified and examined for the association cIMT and left ventricular 
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mass index (LVMI). High-increasing SBP trajectories in childhood were independently associated with 

thicker IMT and increasing LVMI after adjustment for age, sex, race, BMI, fathers’ education level, and 

blood pressure levels.58  

The Bogalusa Heart Study completed a longitudinal analysis among 1,154 adults who had blood 

pressure measurements 4 to 15 times from childhood to adulthood and examined the association between 

childhood blood pressure and cardiac structure. Linear slopes of blood pressure at different ages during 

childhood were significantly associated with adult LVH, independent of childhood and adult blood 

pressure levels, age, sex, race, smoking, alcohol use, and childhood BMI.59 Although there are 

documented associations between childhood blood pressure and cardiac structure, the association between 

childhood blood pressure and cardiovascular risk factors and outcomes has not been extensively studied.  

In 2020, the US Preventive Services Task Force (USPSTF) found no direct evidence that blood 

pressure measurement in childhood identifies individuals who are at increased risk for CVD in adulthood, 

stating that there is limited evidence of this longitudinal association.15 Additionally, the USPSTF lists as 

one of the ongoing gaps/research needs, “to assess the associations among childhood hypertension, 

adulthood hypertension, and surrogate measures of cardiovascular disease in childhood and adulthood, as 

well as adulthood clinical cardiovascular disease”. One study among individuals born between 1972 to 

1973 in New Zealand examined the association between early life predictors and adult cardiovascular 

outcomes at age 38.60 The outcomes included total cholesterol, triglyceride level, waist and hip girth, and 

metabolic abnormalities. Investigators found that worse childhood blood pressure trajectories had worse 

cardiovascular outcomes but the study was limited in size and to a population of European descent.60  

Another study on trajectories of systolic blood pressure in children was completed in 844 

individuals from the Growing Up in Singapore Towards healthy Outcomes study. Trajectories were 

created from ages 3 to 8 years of age and children were classified into low increasing, high stable, high 

decreasing, and low stable trajectories. The authors found that children in the high stable group had higher 

BMI, skinfold thickness, waist circumference, and abdominal adipose tissue from ages 3 to 8 years. Fat 

mass and triglycerides were also higher at age 6 years compared to the low stable group. Although this 
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study presents evidence for the association between longitudinal blood pressure measurements in 

childhood and CVD risk factors, adulthood CVD risk factors were not evaluated.61 

In a review of studies linking modifiable youth risk factors and preclinical markers of CVD, the 

authors stated that preclinical CVD in adulthood was preceded by differences in youth risk factors and 

that childhood was a window for intervention to lower adulthood risk of CVD.62 Additionally, the AHA, 

in their Strategic Impact Goal Through 2020, placed an emphasis on primordial prevention. Primordial 

prevention is the strategy to prevent epidemics of risk factors.63 The AHA states, “once adverse levels of 

risk factors are present, even in young adulthood and middle age, substantial elevations in long-term and 

lifetime risks for CVD and stroke are largely unavoidable”.19 The current evidence on this longitudinal 

relationship highlights the need for more information of early risk patterns for CVD to improve the goal 

of primordial prevention of hypertension and CVD.  

2.2 Background for Specific Aim 2 

2.2.1 Genetic Associations with Childhood and Adolescent Blood Pressure 

Many GWAS of blood pressure traits have focused on adult populations.64–70 In 2015, 64 

validated genetic variants were reported to be associated with blood pressure, this number has increased 

to 1,477 blood pressure loci over the past few years.71 Candidate blood pressure genes with links to blood 

pressure regulation include NR2F2, SH2B3, ARHGAP42, and UMOD.71 Previous studies have explored 

whether adult genetic variants associated with blood pressure were also associated with blood pressure in 

children and adolescents by using adult-based genetic risk scores based on significant loci. While these 

genetic risk scores were associated with blood pressure in children, the studies additionally showed that 

genetic risk scores based on these genetic variants explained less variance in childhood blood pressure 

than in adult blood pressure. Evidence is increasing that blood pressure levels change with age and that a 

possible interaction between age and genetic variants exists.3,4 In the Georgia Cardiovascular Twin Study, 

resting levels of blood pressure were measured in 308 twin pairs of European ancestry and 223 twin pairs 

of African American ancestry to examine the contributions of genetic and environmental factors to blood 
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pressure. In this longitudinal assessment, it was observed that only 60% of genetic influence on blood 

pressure was similar between childhood and adulthood.72 

To date, only one GWAS has been conducted in individuals under the age of 18. In this study, 

genome-wide data from participating European ancestry cohorts of the Early Genetics and Lifecourse 

Epidemiology Consortium was analyzed in three groups: prepuberty (4-7 years), puberty (8-12 years), 

and post puberty (13-18 years).17 Two novel genetic variants were identified as having significant 

associations with blood pressure. The first, rs1563894 in gene ITGA11, was associated with SBP during 

prepuberty. The second, rs872256 in gene VLDLR-AS1, was associated with SBP during puberty.  

Although this study provides evidence for age-specific genetic associations, the study was limited by 

power and was only conducted in individuals of European descent, even though HTN disproportionately 

affects those of African Ancestry.  

2.2.2 Candidate single nucleotide polymorphism (SNP) Analysis 

A candidate SNP analysis is a technique used to identify genetic risk factors associated with a 

particular disease or trait by testing the direct effects of a set of genetic variants in an association study. In 

this method, the independent variables are a set of SNPs that have been previously reported to be 

associated with the disease or trait of interest or SNPs in a gene region of interest. Candidate SNP 

analysis is a good approach when the study population is small, the effect sizes are small, or when 

frequencies are low. A strength of this approach is the validation of genetic variants previously associated 

with the disease or trait of interest, although this approach is limited by how much is known about the 

disease or trait of interest and the known genetic variants associated with the disease.73,74  

2.2.3 Genome-Wide Association Study (GWAS) 

GWAS is an approach to examine genetic associations with a particular disease or trait. In this 

method, the independent variables are all SNPs, and the dependent variable is the disease or trait of 

interest. Genetic variants (SNPs) found significantly more frequently in participants with the disease are 
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associated with the disease and can be indicators of regions of the human genome that cause the disease 

or trait of interest.75 

 Strengths of GWAS include the identification of novel variant-trait associations, the discovery of 

novel biological mechanisms, straightforward analysis, and reproducibility. Findings from GWAS can be 

used to identify individuals at high risk, inform drug development and repurposing, and provide insight 

into ethnic variation of complex traits. Limitations of GWAS also exist and include multiple testing, the 

results only explain a fraction of missing heritability, causality cannot be established, and limited clinical 

value.76 

2.2.4 Polygenic Risk Score (PRS) 

The PRS is a summary measure of the effect of many genetic variants on an individual’s 

phenotype, created by taking the sum of risk alleles that an individual had and weighting this by the effect 

sizes from a GWAS on the disease or trait of interest. The PRS can then be used in association studies 

with diseases or traits of interest to understand how much genetic variance the score explains and to 

identify individuals at high risk of the disease or trait of interest. One limitation is that PRSs may only 

explain a small amount of trait variance. PRSs also need to be validated in diverse populations to be 

useful for clinical and research purposes.77 

   

3. Materials and Methods 

3.1 Materials and Methods for Specific Aim 1 

3.1.1 Data Source 

This study uses information extracted from medical records in the VUMC SD database, a de-

identified version of VUMC’s electronic medical record, comprising records from approximately 2.8 

million patients with detailed longitudinal clinical data dating back to the 1990s.78 The SD includes all 

clinical encounters documented in the EMR. The SD database is research-enabled and includes diagnostic 

and procedure billing codes; basic demographics; text from clinical care notes; laboratory values; 
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inpatient and outpatient medication data; and other diagnostic reports (Figure 1). A list of all variables 

extracted from the SD can be found in Appendices 2 and 3.  

Figure 1. Sources of data from the Vanderbilt Synthetic Derivative and BioVU 

 

3.1.2 Study Population  

We conducted a cohort study among White and Black individuals in the SD. The study 

population included self-reported White and Black males and females with at least 2 available outpatient 

blood pressure measurements on different days under 18 years of age. Participants were excluded if only 

inpatient blood pressure measurements were available, if only one blood pressure measurement was 

available in the medical record, or if no blood pressure measurements under the age of 18 were present in 

the medical record. Participants were excluded if under the age of 22 years at the time of the data query, 

February 13th, 2020 (n=49,761), hence having no possible adulthood visits. Participants with more than 5 

measurements at every visit under the age of 18 (n=83) and participants with more than 4 measurements 

per calendar month for all months under the age of 18 (n=1) were excluded because these measurements 

were likely from inpatient encounters or indicated that the participant was being observed more frequently 

due to comorbidities. Participants with comorbidities during childhood, including end-stage kidney 

disease (n=27), heart failure (n=562), and sickle cell disease (n=282) were excluded to make the 
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population more representative of a healthy population of children and adolescents. In addition, we 

required participants to have at least five years of observation under the age of 18 and three or more visits 

under the age of 18 to be included in the study cohort. The total number of participants in the study was 

8,706 participants.   

3.1.3 Data Collection and Management 

The SD database was accessed through database queries and de-identified datasets were exported 

directly from the system into the statistical/analysis program. As no HIPAA identifiers are available in the 

SD database, and the proposed project did not plan to re-identify these records using the identified 

VUMC database, this study met the criteria for non-human subjects’ research. Nonetheless, to ensure 

confidentiality and appropriate use of the SD, all relevant key personnel for this study entered into a data 

use agreement, which prohibits any use of the data not described in this application, including the re-

identification of the SD records. 

3.1.4 Quality Control for Measurements 

Data were collected from electronic health records from the SD. After data were acquired, data 

checks were completed to assess data quality. Continuous covariates were checked for other characters 

and extreme values. All categorical values were checked for correct labels/values and for responses that 

were not consistent with the variable. Duplicated observations were assessed and removed if truly 

duplicated by having the same timestamp in the medical record.  

3.1.5 Outcomes and Outcome Measurement 

3.1.5.1 Continuous Outcomes  

Continuous outcomes included early adulthood LDL and HDL levels, triglycerides, eGFR, 

glucose levels, BMI, and SBP. Outcomes were collected from outpatient visits in the SD after the age of 

18 years. HDL (mg/dL), LDL (mg/dL), triglycerides (mg/dL), eGFR (mL/min/1.73m2), fasting glucose 

levels (mg/dL), BMI (kg/m2), and SBP (mmHg) were assessed from outpatient lab values and defined as 

the median value after the age of 18 years. eGFR was calculated from serum creatine values (mg/dL) 
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using the CKD-EPI equation without correction for race.79,80 BMI was calculated from height (m) and 

weight (kg). Implausible values of each outcome were excluded.  

Follow-up for each outcome started at age 18 years. The number of individuals with LDL, HDL, 

triglycerides, and glucose was 1,409 and 1,426, 1,425, and 2,726 participants respectively. The total 

number of participants with eGFR measured in adulthood was 2,720. A total of 6,040 participants had 

BMI present in adulthood and 5,401 participants had SBP present in adulthood.   

3.1.5.2 Dichotomous Outcomes 

Dichotomous outcomes included early adulthood diabetes, obesity, and hypertension. Lab values 

were collected from outpatient visits in the SD after the age of 18 years. Diabetes in early adulthood was 

defined as median fasting glucose ≥126 mg/dL or median HbA1c ≥6.5% or use of diabetes medications 

after the age of 18 years or use. Obesity in early adulthood was defined as ≥30 kg/m2 at more than 50% of 

visits after the age of 18 years. Early adulthood hypertension was defined as SBP≥130 mmHg and 

DBP≥80 mmHg at two or more consecutive visits after the age of 18 years. 

3.1.6 Predictors and Covariates 

3.1.6.1 Blood Pressure Measurement 

Data on blood pressure was collected from outpatient visits from age 0 to 18 years. Implausible 

values of SBP ≥300 mmHg or SBP ≤60 mmHg were excluded and duplicate measurements were dropped. 

If more than one blood pressure measurement occurred on the same day, the median was taken. SBP was 

calculated for each calendar month by taking the median of all SBP measurements in that month. 

Percentiles based on age, sex, and height were calculated for each SBP value based on the 2017 American 

Academy of Pediatrics Clinical Practice Guideline for Screening and Management of High Blood 

Pressure in Children and Adolescents.81 Childhood blood pressure was first evaluated as a continuous 

variable and was defined as median percentile of systolic blood pressure from age 0 to 18 years of age. 

SBP trajectories were created using group-based modeling and were constructed using SBP 

percentile. Maximum likelihood estimation was used for the estimation of the model parameters.82,83 The 



 22 

trajectories were defined as subgroups of participants following similar systolic blood pressure level 

(intercept) and change (slope) during childhood (0 to 18 years of age). Group-based trajectory modeling 

estimates an individual’s probability for being in each group and places them in the group for which they 

have the highest probability. The Stata package Traj was used to estimate the model parameters using a 

censored normal model.82 We constructed the trajectory shape with cubic, quadratic, and linear terms and 

the best-fitting models were chosen using Bayesian information criterion (BIC).84 The model with three 

trajectories was chosen based on model fit criteria and the three trajectories identified were high-high, 

low-mid, and high-low SBP. Parametric bootstrap sampling with 1,000 replications was used to find the 

percentile and bias-corrected group size confidence intervals for each trajectory group. Trajectory group 

was used as a categorical variable in all models with indicator variables for each category. High-high SBP 

trajectory was used as the reference group.   

3.1.6.2 Covariates 

Covariates included self-reported race and gender, childhood diabetes status, childhood 

hypertension medication use, median childhood value for the outcome, median childhood BMI z score, 

and intensity of visits. Race (White and Black participants) and self-reported gender (male and female) 

were collected from the SD for each participant. Analyses were restricted to White and Black participants 

as sample sizes of other races were low. Childhood diabetes status was defined as use of a diabetes 

medication under the age of 18 years or the presence of an ICD-10 (International Classification of 

Diseases) diagnosis code for diabetes (E08-E13) under the age of 18 years. Childhood hypertension 

medication use was defined as ever using a hypertension medication under the age of 18 years. Diabetes 

and hypertension medications included are listed in Appendix 3. Median values of LDL, HDL, 

triglycerides, eGFR, glucose, BMI, and SBP were taken from outpatient lab data from age 0 to 18 years. 

The median childhood BMI z score was calculated using age and gender based on the World Health 

Organization’s Child Growth Charts.85 The intensity of visits was calculated as the number of visits in 

childhood divided by the total number of months observed in childhood.  
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3.1.7 Statistical Analysis 

All analyses were performed using STATA (version 16.1; Stata Corp, College Station, TX) and R 

version 3.6.2 (R Core Team 2014).86,87  

3.1.7.1 Descriptive Analyses 

We described baseline characteristics overall and by SBP trajectory group. Continuous variables 

were described as the median and interquartile range (IQR) and categorical variables were described as 

number and percentage.  

3.1.7.2 Linear Regression 

Multiple linear regression was used to estimate the association of childhood SBP trajectory on 

continuous outcomes of early adulthood median LDL, HDL, triglycerides, eGFR, glucose, BMI, and 

SBP. The high-high SBP trajectory was used as the reference group. The first model included race and 

gender. The second model added childhood diabetes status, childhood hypertension medication use, 

median childhood value for the outcome (except for SBP model), median childhood BMI z score, and 

intensity of visits.  

For participants with missing median childhood values of LDL, HDL, triglycerides, eGFR, 

glucose, or BMI, multiple imputation was performed. The amount of missing for childhood LDL, HDL, 

triglycerides, eGFR, glucose, and BMI was 43%, 43%, 43%, 40%, 38%, and 0.8%, respectively. Median 

childhood values for each outcome were imputed using truncated regression for ten datasets informed by 

race, gender, median age during childhood, median childhood BMI z score, and adulthood median 

outcome value.88 Race, gender, and childhood obesity were examined as potential effect modifiers using 

interaction terms between trajectory group and the potential effect modifier. Blood pressure differs by 

gender, with hypertension more common among boys and girls and there are differences in the regulation 

of blood pressure by gender.89,90 Race was considered as a potential effect modifier because the 

prevalence of hypertension differs by racial group in the United States.89,91 Childhood obesity is strongly 

associated with hypertension in childhood and adulthood intermediate outcomes of cardiovascular 
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disease.92  Interactions by race, gender, and childhood obesity were tested using Wald and likelihood ratio 

tests. BMI analyses were stratified by gender and race.  

3.1.7.3 Logistic Regression 

Logistic regression was used to estimate the effect of childhood SBP trajectories on early 

adulthood diabetes, obesity, and hypertension. ORs and 95% confidence intervals (CIs) were calculated 

from unadjusted and adjusted models. The high-high SBP trajectory was used as the reference group. The 

first model included race and gender. The second model added childhood diabetes status, childhood 

hypertension medication use, median childhood BMI z score, and intensity of visits. Interactions by race, 

gender, and childhood obesity were tested using Wald and likelihood ratio tests.  

3.1.7.4 Sensitivity Analyses 

Multiple sensitivity analyses were conducted. First, participants with childhood diabetes or 

childhood hypertension medication use were excluded from analyses. This was completed to make the 

population more generalizable to a healthy child population. Second, we excluded participants without 

recent baseline data, defined as data within two years before the age of 18 years, because exposure status 

in childhood could change before follow-up in adulthood. Third, we conducted analyses for the fully 

adjusted model without imputation of the median childhood value for each outcome and used participants 

with only complete childhood data to compare the performance of multiple imputation. Fourth, we 

conducted gender-stratified analyses for the association between SBP trajectory and hypertension, 

obesity, and diabetes using gender-specific trajectory groups to ensure that results were similar to 

analyses using overall blood pressure trajectories. Fifth, we used median SBP percentile in childhood as 

the exposure instead of SBP trajectory group.  

3.1.8 Power Calculation 

The values of continuous early adulthood outcomes (systolic and diastolic blood pressure, HDL, 

LDL, triglycerides, and eGFR) were regressed against childhood systolic blood pressure. Prior data 

indicated that the standard deviation of blood pressure is 11.0 mmHg.59  
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For the continuous outcome of blood pressure, with a sample size of 5,401 participants, a Type I 

error of 0.05, power of 0.80, and a standard deviation of adulthood blood pressure of 16 mmHg, we were 

able to detect true slopes of 0.055 or -0.055.59 For the continuous outcome of HDL, with a sample size of 

1,426 participants, a Type I error of 0.05, power of 0.80, and a standard deviation of adulthood HDL of 

13.7 mg/dL, we were able to detect true slopes of 0.108 or -0.108.93 For the continuous outcome of LDL, 

with a sample size of 1,409 participants, a Type I error of 0.05, power of 0.80, and a standard deviation of 

adulthood LDL of 38.6 mg/dL, we were able to detect true slopes of 0.261 or -0.261.94 For the continuous 

outcome of triglycerides, with a sample size of 1,425 participants, a Type I error of 0.05, power of 0.80, 

and a standard deviation of adulthood triglycerides of 96.0 mg/dL, we were able to detect true slopes of 

0.646 or -0.646.95 For the continuous outcome of eGFR, with a sample size of 2,720 participants, a Type I 

error of 0.05, power of 0.80, and a standard deviation of adulthood eGFR of 15.8 mL/min/1.73m2, we 

were able to detect true slopes of 0.077 or -0.077.96 

Power calculations were computed using Power and Sample Size Program (PS).97 

3.2 Materials and Methods for Specific Aim 2 

3.2.1 Data Source 

BioVU is Vanderbilt’s vast and growing DNA repository. BioVU as a resource, including its 

ethical, privacy and other protection, has been described.98,99 In brief, BioVU accrues DNA samples 

during routine clinical care from VUMC patients who have not opted out of participation, using blood 

that would otherwise be discarded after clinical testing. The samples are de-identified and considered 

“nonhuman subjects” research. Samples and genetic data within BioVU can be linked via anonymous 

research unique identifiers to the Synthetic Derivative (SD), a de-identified version of VUMC’s electronic 

medical record, comprising records from approximately 2.8 million patients with detailed longitudinal 

clinical data dating back to the 1990s. The SD database is research-enabled and includes diagnostic and 

procedure billing codes; basic demographics; text from clinical care notes; laboratory values; inpatient 

and outpatient medication data; and other diagnostic reports. BioVU accrues samples from approximately 
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800 additional patients per month (n=215,295 adults and 29,813 children), providing a platform to 

conduct well-powered genetic studies. Its strength for genetic discovery has been demonstrated by 

replicating known associations with five diseases.100,101 Demographic data for children in BioVU are 

similar to all children in the Vanderbilt pediatric population; however, children in BioVU have higher 

rates of select diseases, medications, and laboratory testing.102 A list of all variables extracted from the SD 

can be found in Appendices 2 and 3. 

3.2.2 Study Population  

We conducted a candidate SNP analysis and GWAS among non-Hispanic White and Black 

participants in BioVU. We included individuals under the age of 18 years with genotype data available 

and with two outpatient blood pressure measurements on different days in the medical record. Our study 

included 9,778 participants. The study was approved by the Institutional Review Board of VUMC. 

3.2.3 Data Collection and Management 

As no HIPAA identifiers are available in the SD database or BioVU, and the proposed project did 

not plan to re-identify these records using the identified VUMC database, this study met the criteria for 

non-human subjects’ research. Nonetheless, to ensure confidentiality and appropriate use of the SD and 

BioVU, all relevant key personnel for this study entered into a data use agreement, which prohibited any 

use of the data not described in the application, including the re-identification of the SD and BioVU 

records. 

3.2.4 Genotyping and Imputation 

SNPs were genotyped on the Illumina MEGA chip. Imputation with reference to the 1000 

Genomes Phase 3 was performed using the Michigan Imputation Server.103 SNPs with minor allele 

frequency (MAF) < 0.05 or Hardy-Weinberg equilibrium p < 10-6 were excluded.  
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3.2.5 Candidate SNP Analysis and GWAS 

3.2.5.1 Outcomes and Outcome Measurement 

The outcome of interest was childhood and adolescent blood pressure percentile. All blood 

pressure measurements were restricted to outpatient visits. Median systolic blood pressure (SBP) 

percentile was estimated for each participant from age 0-18 years, using the 2017 American Academy of 

Pediatrics Clinical Practice Guideline for Screening and Management of High Blood Pressure in Children 

and Adolescents, based on age, sex, and height.36 Median blood pressure percentile during each age group 

(0-3, 4-7, 8-12, and 13-18 years) was also used in stratified analyses. An individual could be included in 

more than one age group if measurements exist in more than one age group.  

3.2.5.2 Predictors and Covariates 

We selected for replication (candidate SNP analysis) 457 SNPs previously reported to be 

associated with systolic blood pressure from 3 large GWAS in adults and 2 SNPs previously identified in 

a GWAS on childhood and adolescent blood pressure, rs1563894 and rs872256.17,104–106 A GWAS was 

also conducted to examine the association between all available SNPs and median SBP percentile. 

Covariates included self-reported sex, race, the first four principal components of ancestry, and 

median BMI Z-score for each participant.  

3.2.5.3 Statistical Analysis 

Linear regression was used to test the association between genetic variants and median systolic 

blood pressure percentile. Adjusted models included median age, self-reported sex, race, the first 4 

principal components of ancestry, and median body mass index (BMI) Z score. BMI Z score was created 

from the World Health Organization Child Growth Charts based on age and sex.107 SNPs were examined 

under an additive model as 0, 1, or 2 minor alleles. Analyses were stratified by race and then meta-

analyzed using METAL.108  

Analyses were additionally stratified by age group: 0-3 years, 4-7 years, 8-12 years, and 13-18 

years of age. For these analyses, median SBP percentile was created for each participant within the given 
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age group. Participants could contribute to more than one age group. Linear regression was used to test 

the association between genetic variants and median SBP percentile in each age group. Adjusted models 

included self-reported sex, race, the first 4 principal components of ancestry, and median BMI Z score for 

the age group for each participant. Age-stratified analyses were stratified by race and the meta-analyzed 

using METAL.108  

GWAS analyses were conducted in the overall participant group (ages 0-18 years) and stratified 

by age group. All analyses were initially stratified by race then meta-analyzed. Adjusted models included 

median age (for overall analysis only), self-reported sex, race, the first 4 principal components of 

ancestry, median BMI Z score. The interaction between age and each SNP was also examined in additive 

models in which median SBP percentile was regressed against each SNP including a multiplicative 

interaction term between median age and each SNP, and adjusting for self-reported sex, race, the first 4 

principal components of ancestry, and median BMI Z score.  

To adjust for multiple comparisons in the candidate SNP analysis, q-values were calculated using 

the Benjamini-Hochberg procedure and a false discovery rate (FDR) p-value of less than 0.05 was 

considered significant.109 A p-value of 5x10-8 was considered significant for the GWAS and p<5x10-6 was 

deemed borderline significant. PLINK 1.9 was used for all genetic analyses and R version 3.6.2 was used 

to produce all Manhattan and QQ Plots.86,110  

3.2.6 Polygenic Risk Score (PRS) Analysis 

3.2.6.1 Outcome, Predictor, and Covariates 

The outcome of interest was systolic blood pressure during childhood. Data on blood pressure 

was collected from outpatient visits from age 0 to 18 years. Percentiles based on age, sex, and height were 

calculated for each SBP value based on the 2017 American Academy of Pediatrics Clinical Practice 

Guideline for Screening and Management of High Blood Pressure in Children and Adolescents.81 

Childhood blood pressure was evaluated as a continuous variable and was defined as median percentile of 

systolic blood pressure from age 0 to 18 years of age. 
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A PRS was calculated for each participant from imputed genetic data using a multi-ancestry score 

for SBP in adults, using PRS-CS.111 PGS Calculator was used to calculate PRS for each participant.112  

Covariates included median age, sex, race, median BMI Z-score, childhood hypertension 

medication use, childhood presence of diabetes, and the first 4 principal components of ancestry. 

Childhood diabetes was defined as defined as use of a diabetes medication under the age of 18 years or 

the presence of an ICD-10 (International Classification of Diseases) diagnosis code for diabetes (E08-

E13) under the age of 18 years. 

3.2.6.2 Statistical Analysis 

The association between PRS and median SBP percentile in childhood was examined using linear 

regression. Adjusted analyses included median age, sex, race, median BMI score, and the first 4 principal 

components of ancestry. A second adjusted model additionally included childhood hypertension 

medication use and childhood presence of diabetes. We also examined the interaction between median 

age and PRS by including an interaction term in the model. Analyses were stratified by age group. We 

additionally examined the association between PRS for each participant and adulthood median systolic 

blood pressure in participants with adulthood values of blood pressure. Adjusted analyses included 

median age, race, sex, and the first 4 principal components of ancestry. A p-value of 0.05 was considered 

statistically significant. Association analyses were conducted in Stata 16.87  

3.2.7 Power Calculation 

Estimated power calculations are shown in Figure 2 and are based on the number of participants 

in the SD with at least 2 outpatient blood pressure measurements under the age of 18 with MEGA chip 

data available (n=9,778). Given a mean systolic blood pressure of 114 with a standard deviation of 11.8 

determined from a similar cohort8, and an alpha of 5x10-8, we calculated the power to detect differences in 

systolic blood pressure of 0.5 to 5.0 mmHg for minor allele frequencies (MAF) of 0.05, 0.15, 0.25, 0.35, 

and 0.45. All power calculations were determined using Quanto version 1.2.4.113 

 



 30 

Figure 2. Power curves for a range of detectable differences and minor allele frequencies. 

 
 

 

  

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

P
o

w
er

Detectable Difference

0.05 0.15 0.25 0.35 0.45



 31 

 

 

 

 

 

 

CHAPTER 2 

Manuscripts 

  



 32 

The association of childhood systolic blood pressure trajectories with early adulthood 

cardiovascular risk factors 

 

Mindy M Pikea, Neil Zhengb, Jonathan Schildcroutc, Scott Baldwind, Todd Edwardsa, Loren Lipwortha,e, 

Cassianne Robinson-Cohenf,g 

 

Institutions and Affiliations 
aDivision of Epidemiology, Department of Medicine, Vanderbilt University Medical Center, Nashville, 

TN 

 
bDepartment of Biomedical Informatics, Vanderbilt University Medical Center, Nashville, TN 

 
cDepartment of Biostatistics, Vanderbilt University Medical Center, Nashville, TN 

 
dDivision of Pediatric Cardiology, Department of Medicine, Vanderbilt University Medical Center, 

Nashville, TN 

 
eVanderbilt Translational and Clinical Cardiovascular Research Center, Vanderbilt University Medical 

Center, Nashville, TN 

 
fDivision of Nephrology, Department of Medicine, Vanderbilt University Medical Center, Nashville, TN 

 
gVanderbilt-O’Brien Center for Kidney Disease, Vanderbilt University Medical Center, Nashville, TN 

 

 

Corresponding Author Information:  

Mindy Pike, MPH 

Division of Epidemiology  

Vanderbilt University Medical Center 

2525 West End Avenue Suite 600 

Nashville, TN 37203 

Phone: 507-271-6050 

Email: mindy.m.pike@vanderbilt.edu  

 

 

 

Running Head: Blood Pressure Trajectories and Cardiovascular Risk Factors  

 

 

 

Key Words: trajectories, blood pressure, cardiovascular, risk factors, childhood 

 

 

 

 

 

 

 

 

 



 33 

ABSTRACT 

Background: High blood pressure in childhood is associated with hypertension and cardiac structure in 

adulthood; however, little evidence exists for the relationship between childhood blood pressure and adult 

cardiovascular disease. Our objective is to examine the association between childhood systolic blood 

pressure (SBP) trajectories and cardiovascular disease risk factors in early adulthood.  

Methods: We studied 8,706 children under the age of 18 years from the Vanderbilt University Medical 

Center de-identified electronic medical record database. SBP trajectories were created using group-based 

trajectory modeling from all available outpatient SBP measurements and corresponding percentiles under 

the age of 18 years. We assessed the following outcomes after the age of 18 years: low-density 

lipoprotein, high-density lipoprotein, triglycerides, glucose, estimated glomerular filtration rate, body 

mass index (BMI), and SBP as continuous outcomes, and diabetes, obesity, and hypertension as 

dichotomous outcomes. We tested the associations using linear and logistic regression in the overall 

population and stratified by gender, adjusting for race, gender, childhood hypertension and diabetes 

medication, intensity of visits, childhood BMI z-score, and childhood values of the outcomes.  

Results: The three trajectories identified were high-high SBP percentile, low-mid SBP percentile, and 

high-low SBP percentile with 53%, 31%, and 16% of participants, respectively. The prevalence of 

diabetes, obesity, and hypertension in the high-high SBP trajectory group was 15.8%, 37.7%, and 17.0%, 

respectively. Compared to participants in the high-high SBP trajectory, participants in the high-low SBP 

trajectory had lower glucose (beta: -8.1 mg/dL; 95% CI: -14.3, -1.8), BMI (beta: -0.4 kg/m2; 95% CI: -

0.7, -0.03), and SBP (beta: -11.8 mmHg; 95% CI: -12.5, -11.1) and lower odds of diabetes (OR: 0.49; 

95% CI: 0.32, 0.77) and hypertension (OR: 0.11; 95% CI: 0.07, 0.19) in early adulthood.  

Conclusions: Childhood blood pressure trajectories are associated with early adulthood outcomes such as 

diabetes, obesity, and hypertension. Understanding blood pressure during early life is important to reduce 

cardiovascular consequences in adulthood. 
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INTRODUCTION 

In the United States in 2016, 13.3% of children aged 8-17 years had elevated blood pressure and 

4.9% had hypertension, according to age-specific cut-points established by the American Academy of 

Pediatrics.89 Hypertension is more common among boys than girls, and non-Hispanic Black children are 

more likely than White children to have high or borderline high blood pressure.89 Previous studies have 

examined the correlation between childhood and adulthood blood pressure and have found that elevated 

blood pressure tracks over one’s lifetime.45–53 Childhood hypertension has additionally been linked with 

left ventricular hypertrophy and carotid intima-media thickness in young adults; however, the association 

between childhood blood pressure and other cardiovascular risk factors has not been extensively 

studied.58,59   

In 2020, the US Preventive Services Task Force reported that there is limited longitudinal 

evidence that blood pressure measurement in childhood identifies individuals who are at increased risk for 

CVD in adulthood.15 One study from New Zealand examined the association between early life predictors 

and adult cardiovascular outcomes at age 38, including total cholesterol, triglyceride level, waist and hip 

girth, and metabolic abnormalities.60 The authors found that worse childhood blood pressure trajectories 

were associated with cardiovascular outcomes, although the study was limited in size and to a population 

of European descent.  

A lack of robust evidence on the longitudinal relationship between childhood blood pressure and 

early adulthood cardiovascular risk factors highlights the need for more information of early risk patterns 

for cardiovascular disease in adulthood. We investigated the association between systolic blood pressure 

(SBP) trajectories in childhood with early adulthood outcomes, including low-density lipoprotein, high-

density lipoprotein, triglycerides, glucose, estimated glomerular filtration rate (eGFR), BMI, and SBP in a 

population of participants under the age of 18 years from the Vanderbilt University Medical Center 

(VUMC) electronic health record (EHR) database.  
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METHODS 

Study Population and Design 

 The VUMC Synthetic Derivative (SD) database is a de-identified version of VUMC’s EHR, 

comprising records from approximately 2.8 million patients with detailed longitudinal clinical data.78 As 

no HIPAA identifiers are available in the SD database, this study met the criteria for non-human subjects’ 

research and was approved by the Institutional Review Board of VUMC.  

 We conducted a prospective cohort study among White and Black participants in the SD who had 

more than two outpatient blood pressure measurements on different days under 18 years of age (Figure 1). 

Participants were excluded if under the age of 22 years at the time of the data query, February 13th, 2020 

(n=49,761), hence having no possible adulthood visits. Participants with more than 5 measurements at 

every visit under the age of 18 (n=83) and participants with more than 4 measurements per calendar 

month for all months under the age of 18 (n=1) were excluded because these measurements were likely 

from inpatient encounters or indicated that the participant was being observed more frequently due to 

comorbidities. Participants with comorbidities during childhood, including end-stage kidney disease 

(n=27), heart failure (n=562), and sickle cell disease (n=282) were excluded to make the population more 

representative of a healthy population of children and adolescents. In addition, we required participants to 

have at least five years of observation under the age of 18 and three or more visits under the age of 18 to 

be included in the study cohort. The total number of participants in the study was 8,706 participants.   
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Figure 1. Cohort selection for the Vanderbilt University Medical Center Synthetic Derivative 

 

Blood Pressure Assessment 

Data on blood pressure was collected from outpatient visits from age 0 to 18 years. Implausible 

values of SBP ≥300 mmHg or SBP ≤60 mmHg were excluded and duplicate measurements were dropped. 

If more than one blood pressure measurement occurred on the same day, the median was taken. SBP was 

calculated for each calendar month by taking the median of all SBP measurements in that month. 

Percentiles based on age, sex, and height were calculated for each SBP value based on the 2017 American 

Academy of Pediatrics Clinical Practice Guideline for Screening and Management of High Blood 

Pressure in Children and Adolescents.81  

SBP trajectories were created using group-based modeling and were constructed using SBP 

percentile. Maximum likelihood estimation was used for the estimation of the model parameters.82,83 The 

trajectories were defined as subgroups of participants following similar systolic blood pressure level 
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(intercept) and change (slope) during childhood (0 to 18 years of age). Group-based trajectory modeling 

estimates an individual’s probability for being in each group and places them in the group for which they 

have the highest probability. The Stata package Traj was used to estimate the model parameters using a 

censored normal model.82 We constructed the trajectory shape with cubic, quadratic, and linear terms and 

the best-fitting models were chosen using Bayesian information criterion (BIC).84 The model with three 

trajectories was chosen based on model fit criteria and the three trajectories identified were high-high, 

low-mid, and high-low SBP (Figure 2). Parametric bootstrap sampling with 1,000 replications was used 

to find the percentile and bias-corrected group size confidence intervals for each trajectory group. 

Trajectory group was used as a categorical variable in all models with indicator variables for each 

category. High-high SBP trajectory was used as the reference group. Posterior probabilities for each 

group and bootstrap confidence intervals are listed in Supplemental Table 1.  
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Figure 2. Systolic blood pressure trajectories across childhood 

 

 

Outcome Assessment 

Continuous outcomes included early adulthood LDL and HDL levels, triglycerides, eGFR, 

glucose levels, BMI, and SBP. Outcomes were collected from outpatient visits in the SD after the age of 

18 years. HDL (mg/dL), LDL (mg/dL), triglycerides (mg/dL), eGFR (mL/min/1.73m2), fasting glucose 

levels (mg/dL), BMI (kg/m2), and SBP (mmHg) were assessed from outpatient lab values and defined as 

the median value after the age of 18 years. eGFR was calculated from serum creatine values (mg/dL) 

using the CKD-EPI equation without correction for race.79,80 BMI was calculated from height (m) and 

weight (kg). Implausible values of each outcome were excluded.  

Dichotomous outcomes included early adulthood diabetes, obesity, and hypertension. Lab values 

were collected from outpatient visits in the SD after the age of 18 years. Diabetes in early adulthood was 

defined as median fasting glucose ≥126 mg/dL or median HbA1c ≥6.5% or use of diabetes medications 
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after the age of 18 years or use. Obesity in early adulthood was defined as ≥30 kg/m2 at more than 50% of 

visits after the age of 18 years. Early adulthood hypertension was defined as SBP≥130 mmHg and 

DBP≥80 mmHg at two or more consecutive visits after the age of 18 years. 

Follow-up for each outcome started at age 18 years. The number of individuals with LDL, HDL, 

triglycerides, and glucose was 1,409 and 1,426, 1,425, and 2,726 participants respectively. The total 

number of participants with eGFR measured in adulthood was 2,720. A total of 6,040 participants had 

BMI present in adulthood and 5,401 participants had SBP present in adulthood.   

Covariates 

Covariates included self-reported race and gender, childhood diabetes status, childhood 

hypertension medication use, median childhood value for the outcome, median childhood BMI z score, 

and intensity of visits. Race (White and Black participants) and self-reported gender (male and female) 

were collected from the SD for each participant. Analyses were restricted to White and Black participants 

as sample sizes of other races were low. Childhood diabetes status was defined as use of a diabetes 

medication under the age of 18 years or the presence of an ICD-10 (International Classification of 

Diseases) diagnosis code for diabetes (E08-E13) under the age of 18 years. Childhood hypertension 

medication use was defined as ever using a hypertension medication under the age of 18 years. Diabetes 

and hypertension medications included are listed in the supplement. Median values of LDL, HDL, 

triglycerides, eGFR, glucose, BMI, and SBP were taken from outpatient lab data from age 0 to 18 years. 

The median childhood BMI z score was calculated using age and gender based on the World Health 

Organization’s Child Growth Charts.85 The intensity of visits was calculated as the number of visits in 

childhood divided by the total number of months observed in childhood.  

Statistical Analysis 

We described baseline characteristics overall and by SBP trajectory group. Continuous variables 

were described as the median and interquartile range (IQR) and categorical variables were described as 

number and percentage.  
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Multiple linear regression was used to estimate the association of childhood SBP trajectory on 

continuous outcomes of early adulthood median LDL, HDL, triglycerides, eGFR, glucose, BMI, and 

SBP. The high-high SBP trajectory was used as the reference group. The first model included race and 

gender. The second model added childhood diabetes status, childhood hypertension medication use, 

median childhood value for the outcome (except for SBP model), median childhood BMI z score, and 

intensity of visits.  

For participants with missing median childhood values of LDL, HDL, triglycerides, eGFR, 

glucose, and BMI, multiple imputation was performed. The amount of missing for childhood LDL, HDL, 

triglycerides, eGFR, glucose, and BMI was 43%, 43%, 43%, 40%, 38%, and 0.8%, respectively. Median 

childhood values for each outcome were imputed using truncated regression for ten datasets informed by 

race, gender, median age during childhood, median childhood BMI z score, and adulthood median 

outcome value.88 Race, gender, and childhood obesity were examined as potential effect modifiers using 

interaction terms between trajectory group and the potential effect modifier. Blood pressure differs by 

gender, with hypertension more common among boys and girls and there are differences in the regulation 

of blood pressure by gender.89,90 Race was additionally considered as a potential effect modifier because 

the prevalence of hypertension differs by racial group in the United States.89,91 Childhood obesity is 

strongly associated with hypertension in childhood and adulthood intermediate outcomes of 

cardiovascular disease.92  Multiplicative interactions by race, gender, and childhood obesity were tested 

using Wald and likelihood ratio tests. BMI analyses were stratified by gender and race.  

Logistic regression was used to estimate the association of childhood SBP trajectories on early 

adulthood diabetes, obesity, and hypertension. ORs and 95% confidence intervals (CIs) were calculated 

from unadjusted and adjusted models. The high-high SBP trajectory was used as the reference group. The 

first model included race and gender. The second model added childhood diabetes status, childhood 

hypertension medication use, median childhood BMI z score, and intensity of visits. Interactions by race, 

gender, and childhood obesity were tested using Wald and likelihood ratio tests.  
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Multiple sensitivity analyses were conducted. First, participants with childhood diabetes or 

childhood hypertension medication use were excluded from analyses. This was completed to make the 

population more generalizable to a healthy child population. Second, we excluded participants without 

recent baseline data, defined as data within two years before the age of 18 years, because exposure status 

in childhood could change before follow-up in adulthood. Third, we conducted analyses for the fully 

adjusted model without imputation of the median childhood value for each outcome and used participants 

with only complete childhood data to compare the performance of multiple imputation. Fourth, we 

conducted gender-stratified analyses for the association between SBP trajectory and hypertension, 

obesity, and diabetes using gender-specific trajectory groups to ensure that results were similar to 

analyses using overall blood pressure trajectories. Fifth, we used median SBP percentile in childhood as 

the exposure instead of SBP trajectory group.  

All analyses were performed using STATA (version 16.1; Stata Corp, College Station, TX) and R 

version 3.6.2 (R Core Team 2014).86,87  

RESULTS 

 In the study cohort, the median (IQR) first recorded outpatient age was 9 (8, 11) years and the 

median last recorded outpatient age was 20 (18, 23) years (Table 1). The median number of visits in 

childhood was 10 (6, 18) visits. Approximately 52% of the population was female and 72% of 

participants were White. The median (IQR) SBP percentile in childhood was 81 (63, 92) and the median 

(IQR) BMI percentile in childhood was 82 (50, 98).  
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Table 1. Participant characteristics by trajectory group 

Characteristic Overall (n=8,706) High-Low SBP 

Percentile (n=1,383)  

Low-Mid SBP 

Percentile (n=2,686) 

High-High SBP 

Percentile (n=4,637) 

First outpatient age 9.4 (7.5, 11.1) 10.1 (8.1, 11.6) 9.5 (7.5, 11.2) 9.2 (7.4, 10.9) 

Last outpatient age 20.2 (17.7, 22.5) 20.9 (18.3, 22.8) 20.4 (17.9, 22.6) 19.8 (17.5, 22.3) 

Number of visits <18 10 (6, 18) 10 (6, 15) 11 (7, 18) 10 (6, 18) 

Gender (female) 4,481 (51.5) 713 (51.6) 1,383 (51.5) 2,385 (51.4) 

Race     

Black 2,457 (28.2) 288 (20.8) 742 (27.6) 1,427 (30.7) 

White 6,249 (71.8) 1,095 (79.2) 1,944 (72.4) 3,210 (69.2) 

Childhood Measurements (under 18 years of age) 

Median BMI Percentile 82 (50, 98) 59 (31, 83) 73 (43, 93) 91 (66, 99) 

Median SBP Percentile 81 (62.5, 92) 38 (27, 47) 69 (61, 76) 92 (86, 96) 

Minimum SBP (mmHg) 100 (93, 107) 91 (86, 97) 97 (90, 102) 105 (99, 111) 

Median SBP (mmHg) 116 (110, 122) 105 (101, 109) 112 (109, 116) 122 (117, 127) 

Maximum SBP (mmHg) 131 (124, 138) 120 (114, 126) 127 (122, 133) 136 (130, 143) 

Hypertension Medication 529 (6.8) 53 (3.8) 153 (5.7) 323 (7.0) 

Diabetes Medication 505 (5.8) 30 (2.2) 121 (4.5) 354 (7.6) 

*Note: values are median (IQR) or N (%) 

Abbreviations: SBP = systolic blood pressure; BMI = body mass index 

 

 The high-high SBP trajectory had more Black participants (31%), compared to the high-low SBP 

trajectory (21%). Participants in the high-high SBP trajectory had higher childhood SBP and BMI 

percentiles compared to the high-low SBP and low-mid SBP trajectories. Participants in the high-high 

SBP trajectory also had higher levels of early adulthood triglycerides, total cholesterol, BMI, and SBP 

and were more likely to have diabetes, obesity, or hypertension (Table 2).  

 

 

 

 

 

 

 

 

 



 43 

Table 2. Adulthood outcome measurements by trajectory group 

Characteristic N Overall  High-Low SBP 

Percentile 

Low-Mid SBP 

Percentile 

High-High SBP 

Percentile 

Adulthood Median Measurements (above 18 years of age) 

LDL (mg/dL) 1,409 93 (76, 114) 91.5 (76, 107.5) 91 (73, 112) 95.5 (77, 117) 

HDL (mg/dL) 1,426 50 (42, 59) 52 (43.5, 61) 52 (43, 62) 49 (41, 57) 

Triglycerides (mg/dL) 1,425 92 (66, 138.5) 79.5 (57, 116) 88.3 (64, 125) 98 (70, 150.5) 

Total Cholesterol (mg/dL) 1,437 168 (146, 193) 164 (146, 182) 163 (143, 190) 171 (148, 196) 

eGFR (mL/min/1.73m2) 2,720 118 (104, 127) 120 (106, 128) 117 (104, 126) 118 (103, 127) 

Number of eGFR 

measurements 

- 2 (1, 4) 2 (1, 3) 2 (1, 4) 2 (1, 4) 

Glucose (mg/dL) 2,726 91 (83, 107) 88 (81, 95) 90 (82.5, 111) 92 (84, 112) 

BMI (kg/m2) 6,040 25.2 (21.9, 30.5) 22.8 (20.3, 26.0) 24.1 (21.4, 28.5) 27.3 (23.2, 33.5) 

Number of BMI 

measurements 

- 5 (2, 11) 6 (2, 11) 5 (2, 11) 5 (2, 11) 

SBP (mmHg) 5,401 120.5 (113, 128) 111 (106, 118) 118 (112, 124) 126 (119, 132.5) 

Number of SBP measurements - 4 (2, 8) 4 (2, 8) 4 (2, 8) 4 (2, 8) 

DBP (mmHg) 5,376 71.5 (67, 77) 68 (63, 71.5) 70 (66, 75) 74.5 (69.5, 79.5) 

Adulthood Outcomes 

Diabetes 3,039 419 (13.8) 32 (6.8) 130 (13.7) 257 (15.8) 

Obesity 6,040 1,651 (27.3) 116 (11.0) 380 (19.7) 1,155 (37.7) 

Hypertension 5,401 561 (10.4) 15 (1.5) 87 (5.0) 459 (17.0) 

*Note: values are median (IQR) or N (%); obesity is defined as ≥30 kg/m2 at more than 50% of adulthood visits, diabetes is 

defined as glucose ≥126 mg/dL or HbA1c ≥48 or diabetes medication in adulthood, hypertension is defined as 

SBP≥130mmHg and DBP≥80 at two or more consecutive visits in adulthood 

Abbreviations: SBP = systolic blood pressure; DBP = diastolic blood pressure; LDL = low-density lipoproteins; HDL = high-

density lipoproteins; eGFR = estimated glomerular filtration rate; BMI = body mass index 

 

 In the fully adjusted linear models, SBP trajectory was associated with early adulthood glucose, 

BMI, and SBP (Table 3). Glucose levels were -8.1 mg/dL lower for participants in the high-low SBP 

trajectory group (95% CI: -14.3, -1.8), compared to participants in the high-high SBP trajectory. 

Compared to participants in the high-high SBP trajectory, participants in the low-mid and high-low SBP 

trajectories had lower BMI with estimates of -0.6 kg/m2 (95% CI: -0.9, -0.3) and -0.4 kg/m2 (95% CI: -

0.7, -0.03), respectively. Compared to participants in the high-high SBP trajectory, participants in the 

low-mid and high-low SBP trajectories had lower SBP in early adulthood with beta estimates of -6.8 

mmHg (95% CI: -7.3, -6.3) and -11.8 mmHg (95% CI: -12.5, -11.1), respectively. 
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Table 3. Association between trajectory groups and median value of outcomes in adulthood 

 Unadjusted Model 1+  Model 2^ 

 Beta (95% CI) Beta (95% CI) Beta (95% CI) 

Low-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -4.1 (-7.7, -0.6) -4.4 (-7.9, -0.9) -0.9 (-3.9, 2.0) 

High-Low SBP -5.2 (-10.0, -0.4) -5.6 (-10.5, -0.8) -1.3 (-5.6, 3.1) 

High-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP 2.8 (1.2, 4.4) 3.0 (1.5, 4.6) 0.6 (-0.7, 2.0) 

High-Low SBP 3.3 (1.2, 5.5) 3.7 (1.6, 5.8) 1.6 (-0.4, 3.5) 

Triglycerides (mg/dL)    

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -22.9 (-35.3, -10.5) -25.5 (-37.7, -13.2) -6.8 (-17.9, 4.2) 

High-Low SBP -30.8 (-47.8, -13.9) -35.4 (-52.2, -18.6) -6.4 (-21.5, 8.7) 

Estimated Glomerular Filtration Rate (mL/min/1.73m2) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP 0.5 (-1.2, 2.1) 0.3 (-1.3, 2.0) 0.2 (-1.4, 1.8) 

High-Low SBP 2.8 (0.7, 4.9) 2.6 (0.5, 4.7) 1.5 (-0.6, 3.6) 

Glucose (mg/dL)    

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -3.7 (-9.6, 2.2) -4.5 (-10.4, 1.4) -1.2 (-5.9, 3.5) 

High-Low SBP -23.5 (-30.9, -16.1) -24.9 (-32.3, -17.4) -8.1 (-14.3, -1.8) 

Body Mass Index (kg/m2) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -3.6 (-4.0, -3.2) -3.5 (-4.0, -3.1) -0.6 (-0.9, -0.3) 

High-Low SBP -5.3 (-5.8, -4.7) -5.1 (-5.6, -4.6) -0.4 (-0.7, -0.03) 

Systolic Blood Pressure (mmHg) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -8.0 (-8.6, -7.4) -8.0 (-8.5, -7.4) -6.8 (-7.3, -6.3) 

High-Low SBP -14.0 (-14.7, -13.3) -14.0 (-14.6, -13.3) -11.8 (-12.5, -11.1) 

+Model 1: race, gender  

^ Model 2: race, gender, diabetes status in childhood, hypertension medication in childhood, median 

childhood value for outcome (not SBP), median BMI z score in childhood, and intensity of visits (number 

of visits in childhood/months observed in childhood) 

 

 Participants in the high-low SBP trajectory had lower odds of diabetes in adulthood compared to 

participants in the high-high SBP trajectory (OR: 0.49; 95% CI: 0.32, 0.77). SBP trajectory was not 

associated with lower odds of obesity in adulthood. SBP trajectory in childhood was also associated with 

early adulthood hypertension. Participants in the low-mid SBP trajectory and high-low SBP trajectory had 

lower odds of hypertension with ORs of 0.30 (95% CI: 0.23, 0.38) and 0.11 (95% CI: 0.07, 0.19), 

respectively, compared with participants in the high-high SBP trajectory (Table 4).  
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Table 4. Association between trajectory groups and hypertension, obesity, and diabetes in adulthood 

 Total # # Events Unadjusted Model 1+  Model 2^ 

   OR (95% CI) OR (95% CI) OR (95% CI) 

Diabetes      

High-High SBP 1,623 257 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 946 130 0.85 (0.67, 1.06) 0.81 (0.64, 1.02) 0.81 (0.62, 1.07) 

High-Low SBP 470 32 0.39 (0.26, 0.57) 0.35 (0.24, 0.51) 0.49 (0.32, 0.77) 

Obesity      

High-High SBP 3,063 1,155 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,926 380 0.41 (0.36, 0.46) 0.41 (0.36, 0.47) 0.94 (0.78, 1.14) 

High-Low SBP 1,051 116 0.20 (0.17, 0.25) 0.21 (0.17, 0.26) 0.82 (0.62, 1.08) 

HTN      

High-High SBP 2,697 459 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,732 87 0.26 (0.20, 0.33) 0.26 (0.20, 0.33) 0.30 (0.23, 0.38) 

High-Low SBP 972 15 0.08 (0.05, 0.13) 0.08 (0.05, 0.13) 0.11 (0.07, 0.19) 

*Note: obesity is defined as ≥30 kg/m2 at more than 50% of adulthood visits, diabetes is defined as glucose ≥126 mg/dL 

or HbA1c ≥48 or diabetes medication in adulthood, hypertension is defined as SBP≥130mmHg and DBP≥80 at two or 

more consecutive visits in adulthood 

+Model 1: race, gender  

^ Model 2: race, gender, diabetes status in childhood, hypertension medication in childhood, median BMI z score in 

childhood, and intensity of visits (number of visits in childhood/months observed in childhood) 

 

 The interactions between gender, race, childhood obesity and SBP trajectory were tested for each 

outcome. Interactions between childhood obesity and SBP trajectory were not significant for any 

outcome. The interactions between gender and SBP trajectory group and race and SBP trajectory group 

were only significant for BMI analyses (p<0.001 and p<0.001, respectively). In females and males, low-

mid SBP trajectory was associated with estimates of -0.4 kg/m2 (95% CI: -0.8, -0.1) and -0.8 kg/m2 (95% 

CI: -1.2, -0.3), respectively, compared to participants in the high-high SBP trajectory in childhood. In 

White participants, low-mid SBP trajectory was associated with an estimate of -0.6 kg/m2 (95% CI: -1.0, -

0.3) and high-low SBP was associated with estimates of -0.4 kg/m2 (95% CI: -0.8, -0.01) (Figure 3). In 

Black participants, SBP trajectory was not associated with BMI in adulthood.  
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Figure 3. Association between childhood SBP trajectory and BMI in adulthood, stratified by race and 

gender 

 

 In the sensitivity analysis excluding participants with childhood diabetes or childhood 

hypertension medication use, participants in the low-mid SBP trajectory had -10.9 mg/dL lower 

triglycerides compared to participants in the high-high SBP trajectory (95% CI: -20.6, -1.2) 

(Supplemental Table 2). Childhood high-low SBP trajectory group was also associated with diabetes in 

early adulthood with 0.39 (95% CI: 0.21, 0.72) lower odds compared to participants in the high-high SBP 

trajectory (Supplemental Table 3).   

In the second sensitivity analysis excluding individuals without recent baseline data and in the 

third sensitivity analysis with no imputation, results were similar in magnitude and direction to the 

primary analyses (Supplemental Tables 4-6).  

In analyses using gender-specific trajectory groups, results for females were similar to the 

primary analyses (Supplemental Table 7). In males, high-low SBP trajectory group was no longer 

associated with diabetes in early adulthood.  
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In analyses with median SBP percentile in childhood as the exposure, a 25-point increase in SBP 

percentile was associated with an increase in glucose of 2.9 mg/dL (95% CI: 0.3, 5.5). Median SBP 

percentile was associated with an increase in adulthood BMI and SBP with estimates of 0.2 kg/m2 (95% 

CI: 0.1, 0.4) and 5.4 mmHg (95% CI: 5.1, 5.7), respectively (Supplemental Table 8). An increase in 

median SBP percentile in childhood was associated with higher odds of diabetes and hypertension in 

adulthood with odds ratios of 1.4 (95% CI: 1.2, 1.7) and 3.8 (95% CI: 3.1, 4.7), respectively 

(Supplemental Table 9).  

DISCUSSION 

Among a population of children under the age of 18 years with longitudinal data, SBP percentile 

trajectories were associated with early adulthood cardiovascular risk factors, including glucose, BMI, 

SBP, diabetes, and hypertension. Participants in the high-low SBP percentile trajectory had lower 

glucose, BMI, and SBP and lower odds of diabetes and hypertension in early adulthood compared to the 

participants in the high-high SBP percentile, even after full adjustment.  

Recent studies have examined longitudinal blood pressure in early life and the association with 

adulthood hypertension. In the Bogalusa Heart Study, higher blood pressure variations in early life were 

predictive of adult hypertension54 and hypertension among children aged 4 to 19 was associated with 

higher long-term blood pressure levels.55 In the Childhood Determinants of Adult Health Study, blood 

pressure trajectory groups were identified and were named: “persistently normal”, “resolution”, “incident 

elevated”, and “persistently elevated”. Findings demonstrated that children in the “resolution” blood 

pressure group significantly decreased their BMI compared to children with “persistently elevated” blood 

pressure.56 Findings from the Birth to 20 Plus cohort in South Africa suggested that among adolescents 

with early and continued elevated blood pressure, elevated blood pressure persisted into early adulthood.7 

In keeping with these findings, our study found that childhood high-high SBP trajectories, based on 

percentiles to account for differences in age, sex, and height, were associated with SBP and hypertension 

in early adulthood.  
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Evidence for the longitudinal relationship between childhood and adolescent blood pressure and 

other cardiovascular risk factors is sparse. There are, however, documented associations between 

childhood blood pressure and cardiac structure. In the Georgia Stress and Heart Study, blood pressure 

from childhood to young adulthood over a period of 23 years and high-increasing SBP trajectories in 

childhood were associated with worse cardiac structure parameters in adulthood.58 In addition, higher 

rates of increase of blood pressure during adolescence and young adulthood were associated with adult 

left ventricular hypertrophy.59  

Only one study has previously examined the association between early life predictors and other 

adult cardiovascular outcomes, including total cholesterol, triglyceride level, waist and hip girth, and 

metabolic abnormalities.60 The authors found that high blood pressure trajectory was associated with 

worse waist/hip ratio, total cholesterol, HDL, triglyceride, and presence of metabolic abnormality. In our 

study, SBP percentile trajectory was associated with BMI but not cholesterol or triglyceride levels. While 

our study focused on outcomes in the early 20s, the previous study examined outcomes at age 38, which 

could account for a difference in results.  

Despite the recognition that hypertension is associated with obesity and other cardiovascular 

structures in adulthood, it is infrequently diagnosed in childhood. The National High Blood Pressure 

Education Program Working Group on High Blood Pressure in Children and Adolescents recommends 

starting blood pressure measurement at 3 years of age and repeating measurements annually. However, 

recent surveys show that providers measured blood pressure at only 67% of visits for children 3 to 18 

years of age.36,38 In a cohort study from 1999 to 2006 in approximately 14,100 children from ages 3 to 18 

years, 507 participants met the criteria for HTN, but only 26% had the diagnosis documented in their 

medical record.39  

Strengths of our study include the large population of Black and White participants with 

longitudinal measurements from childhood to early adulthood. Some limitations and biases exist for the 

current study. Selection bias may be present because children and adolescents who attend clinics regularly 

and hence have more blood pressure measurements, are more likely to have elevated risk factors and 
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increased comorbidities. To mitigate this concern, we limited exposure, outcome, and covariate values to 

those from outpatient visits. Loss to follow up is also a concern because healthier participants are less 

likely to have clinical encounters and be followed up. This bias is differential and not independent of 

childhood blood pressure, which could lead to bias away or towards the null. Screening bias also occurs 

because high risk patients are more likely to undergo medical tests and screening. This bias is likely not 

independent of childhood blood pressure and therefore could bias the estimate away or toward the null. 

Another limitation is that children seen at VUMC may not be representative of children in Nashville, 

Tennessee, or the southeastern US. Children seeking medical care at VUMC may differ from the general 

population, which limits generalizability. The median SBP percentile in our population was 82 and the 

median SBP was 114, which is informative of the study population and similar to blood pressures in The 

Jackson Heart KIDS Pilot Study, the Bogalusa Heart Study, Georgia Stress and Heart Study, and The 

Cardiovascular Risk in Young Finns Study.8,45,58,59  

In conclusion, childhood SBP trajectories are associated with early adulthood cardiovascular risk 

factors such as glucose, BMI, SBP, diabetes, and hypertension. These associations are stronger in females 

than in males, and childhood SBP was not associated with diabetes in male participants. Hypertension is a 

common modifiable risk factor for heart disease, stroke, and kidney failure. Extensive research has been 

completed on blood pressure and hypertension; however, most studies focus on older individuals with 

average ages in the 40s and 50s. The findings from this study improve our understanding of childhood 

and adolescent blood pressure and early risk patterns for cardiovascular disease. With this information, 

we aim to contribute to the primordial prevention of hypertension and cardiovascular disease. 
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ABSTRACT 

Background: Genetics, along with lifestyle and behavioral characteristics, play an important role in 

hypertension in adults. Our aim was to identify genetic variants associated with blood pressure in 

childhood and adolescence.  

Methods: We conducted a candidate SNP analysis and GWAS among 9,778 White and Black 

participants under the age of 18 in BioVU, the Vanderbilt University Medical Center biobank. The 

outcome of interest was childhood and adolescent blood pressure percentile from age 0-18 years. For the 

candidate SNP analysis, a total of 457 previously identified single nucleotide polymorphisms (SNPs) 

were examined. Linear regression was used to test the association between genetic variants and median 

systolic blood pressure percentile. Adjusted models included median age, self-reported sex, race, the first 

4 principal components of ancestry, and median body mass index (BMI) Z score. Analyses were 

conducted in the overall cohort and stratified by age group. A polygenic risk score (PRS) was calculated 

for each participant and the association between PRS and median SBP percentile in childhood was 

examined using linear regression.  

Results: In the overall candidate SNP analysis, two SNPs reached significance: rs1018148 (FBN1; 

p=1.0x10-4) and rs11105354 (ATP2B1; p=1.4x10-4). In the post-puberty age group, one SNP reached 

significance: rs1018148 (FBN1; p=2.2x10-5). In the GWAS of all participants, no SNPs reached genome-

wide significance. Higher PRS was associated with higher SBP percentile (beta: 0.35; 95% CI: 0.10, 

0.60) and there was a significant interaction with age (p-for-interaction<0.01).  

Conclusions: These findings suggest that genetic variants of BP are important in childhood and 

adolescence and provide evidence for age-specific genetic associations with blood pressure. 
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INTRODUCTION 

In the United States in 2016, 13.3% of children aged 8-17 years had elevated blood pressure and 

4.9% had hypertension, according to American Academy of Pediatrics.89 Genetic variation, along with 

lifestyle and behavioral characteristics, play an important role in hypertension among adults. Between 2-

3% of the variation in hypertension is explained by known common genetic variants.16 Major progress has 

been made in finding genetic variants for blood pressure and hypertension in adults, but minimal evidence 

exists for early age or age-specific genetic associations.  

Previous studies have explored whether genetic variants associated with blood pressure among 

adults were also associated with blood pressure in children and adolescents by using adult-based genetic 

risk scores. While these genetic risk scores were associated with blood pressure in children, the studies 

additionally showed that the scores explained less variance in childhood blood pressure than in adult 

blood pressure. Recent evidence suggests that blood pressure levels change with age and that a possible 

interaction between age and genetic variants exists.3,4 

To date, only one genome wide association study (GWAS) of blood pressure has been conducted 

in individuals under the age of 18, where two novel genetic variants were identified, rs1563894 in gene 

ITGA11 during prepuberty, and rs872256 in gene VLDLR-AS1 during puberty.17 Although this study 

provides evidence for age-specific genetic associations, the study was limited by power and was restricted 

to individuals of European ancestry.  

To investigate whether genetic variants associated with systolic blood pressure in adulthood are 

associated with blood pressure in children, we conducted a candidate single nucleotide polymorphism 

(SNP) analysis and GWAS in participants from Vanderbilt University Medical Center’s DNA repository, 

BioVU. We stratified analyses by age to examine the interaction between age and genetic variants. We 

additionally investigated the performance of a multi-ancestry adult-based polygenic risk score on blood 

pressure among children.  

METHODS 

Study Population and Design 
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We conducted a candidate SNP analysis and GWAS among non-Hispanic White and Black 

participants in BioVU, the Vanderbilt University Medical Center (VUMC) biobank of DNA from 

discarded blood collected during routine clinical testing and linked to de-identified electronic medical 

records (EMR). BioVU as a resource, including its ethical, privacy and other protection, has been 

described previously.98,99  We included individuals under the age of 18 years with genotype data available 

and with two outpatient blood pressure measurements on different days in the medical record. Our study 

included 9,778 participants. The study was approved by the Institutional Review Board of VUMC. 

Genotyping and Imputation 

SNPs were genotyped on the Illumina MEGA chip. Imputation with reference to the 1000 

Genomes Phase 3 was performed using the Michigan Imputation Server.103 SNPs with minor allele 

frequency (MAF) < 0.05 or Hardy-Weinberg equilibrium p < 10-6 were excluded.  

Statistical Analysis 

The outcome of interest was childhood and adolescent blood pressure percentile. All blood 

pressure measurements were restricted to outpatient visits. Median systolic blood pressure (SBP) 

percentile was estimated for each participant from age 0-18 years, using the 2017 American Academy of 

Pediatrics Clinical Practice Guideline for Screening and Management of High Blood Pressure in Children 

and Adolescents, based on age, sex, and height.36 We selected for replication (candidate SNP analysis) 

457 SNPs previously reported to be associated with systolic blood pressure from 3 large GWAS in adults 

and 2 SNPs previously identified in a GWAS on  childhood and adolescent blood pressure, rs1563894 

and rs872256.17,104–106  

Linear regression was used to test the association between genetic variants and median systolic 

blood pressure percentile. Adjusted models included median age, self-reported sex, race, the first 4 

principal components of ancestry, and median body mass index (BMI) Z score. BMI Z score was created 

from the World Health Organization Child Growth Charts based on age and sex.107 SNPs were examined 

under an additive model as 0, 1, or 2 minor alleles. Analyses were stratified by race and then meta-

analyzed using METAL.108  
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Analyses were additionally stratified by age group: 0-3 years, 4-7 years, 8-12 years, and 13-18 

years of age. For these analyses, median SBP percentile was created for each participant within the given 

age group. Participants could contribute to more than one age group. Linear regression was used to test 

the association between genetic variants and median SBP percentile in each age group. Adjusted models 

included self-reported sex, race, the first 4 principal components of ancestry, and median BMI Z score for 

each participant during the time they qualified for the age group. Age-stratified analyses were stratified by 

race and the meta-analyzed using METAL.108  

A GWAS was also conducted to examine the association between all available SNPs and median 

SBP percentile. Analyses were conducted in the overall participant group (ages 0-18 years) and stratified 

by age group. All analyses were initially stratified by race and meta-analyzed. Adjusted models included 

median age (for overall analysis only), self-reported sex, race, the first 4 principal components of 

ancestry, median BMI Z score. The interaction between age and each SNP was also examined in additive 

models in which median SBP percentile was regressed against each SNP including a multiplicative 

interaction term between median age and each SNP, and adjusting for self-reported sex, race, the first 4 

principal components of ancestry, and median BMI Z score.  

To adjust for multiple comparisons in the candidate SNP analysis, q-values were calculated using 

the Benjamini-Hochberg procedure and a false discovery rate (FDR) p-value of less than 0.05 was 

considered significant.109 A p-value of 5x10-8 was considered significant for the GWAS and p<5x10-6 was 

deemed borderline significant. PLINK 1.9 was used for all genetic analyses and R version 3.6.2 was used 

to produce all Manhattan and QQ Plots.86,110  

Polygenic Risk Score (PRS) Analysis 

 A PRS was calculated for each participant from imputed genetic data using a multi-ancestry score 

for SBP in adults, using PRS-CS.111 The association between PRS and median SBP percentile in 

childhood was examined using linear regression. Adjusted analyses included median age, sex, race, 

median BMI score, and the first 4 principal components of ancestry. A second adjusted model 

additionally included childhood hypertension medication use and childhood presence of diabetes. 

Childhood diabetes was defined as defined as use of a diabetes medication under the age of 18 years or 
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the presence of an ICD-10 (International Classification of Diseases) diagnosis code for diabetes (E08-

E13) under the age of 18 years. We also examined the interaction between median age and PRS by 

including an interaction term in the model. Analyses were stratified by age group. We additionally 

examined the association between PRS for each participant and adulthood median systolic blood pressure 

in participants with adulthood values of blood pressure. Adjusted analyses included median age, race, sex, 

and the first 4 principal components of ancestry. A p-value of 0.05 was considered statistically significant. 

PGS Calculator was used to calculate PRS for each participant.112 Association analyses were conducted in 

Stata 16.87  

RESULTS 

 The median (IQR) age of participants aged 0-18 years was 11 (5, 15) years. The majority of 

participants were White participants (75.6%) and female (54.1%). A total of 11% were on hypertension 

medications in childhood and 3% had diabetes during childhood. The median (IQR) SBP percentile 

during childhood was the 84.5 (66.5, 94) percentile. In the age stratified groups there were 2,881, 3,174, 

4,294, and 5,139 participants in the 0-3, 4-7, 8-12, and 13-18 years, respectively (Table 1).  

Table 1. Participant characteristics of children under 

the age of 18 with genetic data available 

Characteristic N=9,778 

Median age 11 (5, 15) 

Race  

White 7,393 (75.6) 

Black 2,385 (24.4) 

Sex  

Male 4,488 (45.9) 

Female 5,290 (54.1) 

Median BMI Z-score 0.62 (-0.24, 1.69) 

Age group  

0-3 2,881 

4-7 3,174 

8-12 4,294 

13-18 5,139 

Hypertension Medication 1,095 (11.2) 

Diabetes Medication 301 (3.1) 

Median SBP Percentile 84.5 (66.5, 94) 

PRS -1.95 (-3.05, 0.09) 

Note: values are listed as N (%) or median (IQR); 

participants can belong to more than one age group 
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 In the candidate SNP analysis for the overall group of participants, two SNPs reached 

significance based on the FDR p-value (Table 2). Every additional A allele at rs1018148, intronic in 

FBN1, was associated with 2.26 higher median SBP percentile from age 0-18 years (p=1.0x10-4). At 

rs11105354, intronic in ATP2B1, every additional A allele was associated with a -1.52 lower median SBP 

percentile from age 0-18 years (p=1.4x10-4). In the age-stratified analyses, no SNPs reached the level of 

significance for SBP percentile in the 0-3 year, 4-7 year, or 8-12 year age group. In the post-puberty age 

group, 13-18 years of age, one SNP reached significance (Table 2). The variant, rs1018148 in gene FBN1 

(chromosome position, 15:48903126), was significantly associated with median SBP percentile from age 

0-18 years with a beta of 3.78 (p=2.2x10-5). Table 2 shows the top five associations between the candidate 

SNPs and SBP percentile for each age group and in the overall population. The two SNPs previously 

associated with adolescent blood pressure, rs1563894 and rs872256, were not significant in our study.  
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Table 2. Top 5 independent associations between candidate SNPs and median SBP percentile, overall and 

stratified by age group 

Nearest Gene rsid Chr BP Effect 

Allele 

Other 

Allele 

Freq. Beta p-value FDR 

p-value 

Overall (n=9778) 

FBN1* rs1018148 15 48903126 A C 0.92 2.26 1.0x10-4 0.03 

ATP2B1* rs11105354 12 90026523 A G 0.84 -1.52 1.4x10-4 0.03 

SYT1 rs7963801 12 79685226 T C 0.66 1.00 1.9x10-3 0.23 

LOC105375921 rs72688070 8 81393697 C T 0.78 1.10 2.2x10-3 0.23 

LINC02356 rs10774624 12 111833788 G A 0.62 0.97 2.8x10-3 0.23 

Ages 0-3 years (n=2859)  

LOC107985892 rs6731373 2 68503044 G A 0.68 -1.58 1.9x10-3 0.77 

JPH2 rs6031431 20 42795152 A G 0.54 -1.36 9.5x10-3 0.90 

LOC105369687 rs60691990 12 20368269 T C 0.72 -1.33 1.1x10-2 0.90 

FBN2 rs6595838 5 127868199 G A 0.62 1.44 1.1x10-2 0.90 

ARHGAP29 rs17396055 1 94730954 G A 0.72 -1.23 1.9x10-2 0.90 

Prepuberty: 4-7 years (n=3142)  

PLEKHA7 rs414992 11 16894090 C T 0.87 -2.23 3.0x10-3 0.71 

SLC7A1 rs9508495 13 30146201 C T 0.64 1.72 8.6x10-3 0.71 

CRK rs12941318 17 1333598 T C 0.55 1.32 1.1x10-2 0.71 

FRYL rs13141523 4 48789269 A G 0.59 1.30 1.2x10-2 0.71 

DUSP16 rs736107 12 12627410 G A 0.70 1.40 1.2x10-2 0.71 

Puberty: 8-12 years (n=4283)  

SELENOKP3 rs9401090 6 119113317 T C 0.75 1.61 1.1x10-3 0.32 

SLC39A8 rs13107325 4 103188709 C T 0.94 2.96 1.5x10-3 0.32 

LINC01169 rs1440371 15 66941084 G A 0.73 -1.42 2.7x10-3 0.36 

LOC107985892 rs6731373 2 68503044 G A 0.68 -1.34 3.4x10-3 0.36 

DGKZ rs72910063 11 46345134 C T 0.90 1.85 1.5x10-2 0.75 

Post-puberty: 13-18 years (n=5133)  

FBN1* rs1018148 15 48903126 A C 0.92 3.78 2.2x10-5 9.2x10-3 

CYP2C19 rs199562446 10 96587751 C T 0.89 2.67 5.1x10-4 0.11 

PTPN11 rs11066320 12 112906415 A G 0.67 -1.56 1.9x10-3 0.22 

LINC02356 rs10774624 12 111833788 G A 0.62 1.54 2.1x10-3 0.22 

LOC105379003 rs3121685 5 65662133 C T 0.59 1.39 2.9x10-3 0.25 

*SNP reaches FDR significance (FDR p-value<0.05)  

Note: Frequency refers to effect allele frequency 

Abbreviations: chr, chromosome; BP, base pair; FDR, false discovery rate; SNP, single nucleotide polymorphism; SBP, 

systolic blood pressure 
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 In the GWAS of all participants, no SNPs reached genome-wide significance (Figure 1, Figure 2). 

Borderline SNPs (p<5x10-6) are listed in Table 3. In the age-stratified GWAS, no SNPs reached genome-

wide significance (Figure 3, Figure 4). Table 3 shows the borderline associations between all SNPs and 

SBP percentile in each age group. No significant interactions between SNPs and age were detected 

(Supplemental Table 1). 

Figure 1. Manhattan plot for the GWAS of all participants (N=9,778) 
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Figure 2. QQ plot for the GWAS of all participants (N=9,778) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a.  b.  

c.  d.  

Figure 3. Manhattan plots for age stratified GWAS (a) 0-3 years (b) 4-7 years (c) 8-12 years (d) 13-18 years 
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a. b. 

c. d. 

Figure 4. QQ plots for age stratified GWAS (a) 0-3 years (b) 4-7 years (c) 8-12 years (d) 13-18 years 
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Table 3. Borderline associations between all SNPs and median SBP percentile, overall and stratified by 

age group 

Nearest Gene rsid Chr BP Effect 

Allele 

Other 

Allele 

Freq. Beta p-value 

Overall (n=9778) 

RPL21P110 

AGBL1 

UMAD1 

DNER 

KRTAP2-1 

LOC107985960 

LOC124901312 

ACMSD 
 

rs4119478 

rs16977994 

rs73057784 

rs7576516 

rs112999280 

rs4972502 

rs10947677 

rs3739030 
 

13 

15 

7 

2 

17 

2 

6 

2 
 

73254212  

87343422 

7896705  

230523831 

39206388 

173202455 

37516612  

135599381 
 

C 

A 

G 

C 

G 

G 

T 

G 
 

T 

G 

C 

T 

A 

A 

G 

A 
 

0.67 

0.90 

0.83 

0.63 

0.94 

0.82 

0.59 

0.53 
 

1.65 

-2.39 

1.91 

1.43 

-3.50 

1.78 

1.41 

-1.56 
 

9.7x10-8 

1.2x10-6 

2.0x10-6 

2.3x10-6 

2.5x10-6 

2.8x10-6 

3.2x10-6 

3.9x10-6 
 

Ages 0-3 years (n=2859) 

DLGAP2 

OOEP 

TRIB1 

CEP89 

ZNF516 

DKK3 

PHACTR1 

TM4SF18 

SOGA3 

LOC105370344 

LOC105373716 
 

rs73549740 

rs80270200 

rs10956249 

rs62125057 

rs7239053 

rs11022109 

rs1223546 

rs9881688 

rs61743738 

rs1535989 

rs6714953 
 

8 

6 

8 

19 

18 

11 

6 

3 

6 

13 

2 
 

1635301 

74080171 

126473499 

33453527  

74191792 

12024916 

13162331 

149043923 

127796867 

106022722 

160090633 
 

G 

C 

C 

G 

C 

G 

T 

T 

A 

A 

G 
 

C 

T 

T 

A 

T 

A 

C 

A 

C 

G 

C 
 

0.93 

0.94 

0.80 

0.94 

0.65 

0.95 

0.82 

0.65 

0.95 

0.88 

0.89 
 

-6.46 

5.05 

2.89 

4.81 

2.36 

9.35 

2.81 

2.30 

-6.28 

-3.49 

-3.59 
 

2.4x10-7 

8.9x10-7 

9.9x10-7 

1.5x10-6 

2.3x10-6 

2.7x10-6 

3.5x10-6 

3.6x10-6 

3.6x10-6 

3.7x10-6 

4.7x10-6 
 

Prepuberty: 4-7 years (n=3142) 

LOC105377428 

LOC105373831 

LOC107986914 

ARHGAP15 

PLPPR1 

PPP2R2D 

LOC124903591 
 

rs188276693 

rs6710639 

rs1011158 

rs2381456 

rs74306891 

rs72861371 

rs62025144 
 

4 

2 

8 

2 

9 

10 

15 
 

133042109 

199465662 

9104831  

144184895 

103871552 

133761971 

79859443 
 

G 

T 

G 

A 

G 

T 

C 
 

T 

C 

A 

G 

A 

G 

G 
 

0.94 

0.95 

0.55 

0.91 

0.92 

0.90 

0.92 
 

5.38 

-7.11 

-2.71 

-3.95 

6.27 

-4.23 

4.71 
 

1.1x10-7 

2.3x10-6 

3.2x10-6 

3.8x10-6 

4.1x10-6 

4.6x10-6 

4.7x10-6 
 

Puberty: 8-12 years (n=4283) 

TIMP2 

DAPP1 

LOC107987108 

RNU6-710P 

ACACA 

SDK1 

ADAMTS9 

CLDN16 
 

rs2005542 

rs34849574 

rs7855801 

rs76955518 

rs9286331 

rs77562169 

rs4309722 

rs62278659 
 

17 

4 

9 

9 

17 

7 

3 

3 
 

76884226 

100662056 

109276620  

114771595  

35444733 

4283744 

64656286  

189975841 
 

T 

T 

T 

G 

T 

C 

C 

T 
 

A 

A 

G 

A 

C 

A 

A 

C 
 

0.90 

0.69 

0.53 

0.95 

0.71 

0.92 

0.69 

0.92 
 

3.37 

2.69 

-2.32 

7.31 

2.91 

3.83 

2.16 

-3.99 
 

1.4x10-6 

2.4x10-6 

2.6x10-6 

2.7x10-6 

3.8x10-6 

4.3x10-6 

4.6x10-6 

4.9x10-6 
 

Post-puberty: 13-18 years (n=5133) 
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DSCAM 

HCFC2  

SEMA3A 

SHANK3 

LOC105369719 

NDUFV2 

ALDH1A2-AS1 

LOC105372064 

FBN1 

LOC105374902 
 

rs2989339 

rs7312227 

rs1228863 

rs9616945 

rs11050949 

rs7243018 

rs2704190 

rs112656296 

rs1036477 

rs6928965 
 

21 

12 

7 

22 

12 

18 

15 

18 

15 

6 
 

41392326 

104496274 

83998413 

51148424 

30708253 

9071523 

58371251 

33331408 

48914926 

6894948  
 

T 

A 

A 

G 

C 

A 

T 

G 

A 

G 
 

C 

G 

G 

A 

T 

C 

C 

A 

G 

A 
 

0.58 

0.76 

0.95 

0.88 

0.66 

0.58 

0.83 

0.87 

0.79 

0.90 
 

2.25 

-2.55 

-5.36 

-3.54 

2.22 

2.09 

-2.67 

-3.02 

-3.85 

-3.70 
 

5.21x10-7 

8.0x10-7 

8.9x10-7 

2.3x10-6 

2.6x10-6 

2.6x10-6 

3.6x10-6 

4.0x10-6 

4.2x10-6 

4.3x10-6 
 

Note: top associations were defined as p<5x10-6; frequency refers to effect allele frequency 

Abbreviations: chr, chromosome; BP, base pair; FDR, false discovery rate; SNP, single nucleotide 

polymorphism; SBP, systolic blood pressure 

 

 In the PRS analysis, we examined the association between PRS and median SBP percentile 

during childhood (0-18 years of age). After adjustment for median age, sex, race, median BMI z-score, 

the first 4 principal components of ancestry, hypertension medication, and diabetes, higher PRS was 

associated with higher SBP percentile (beta: 0.35; 95% CI: 0.10, 0.60) (Table 4). Additionally, in 

unadjusted analyses, a one unit increase in PRS was associated with a median adulthoodyd systolic blood 

pressure increase of 0.26 (95% CI: 0.03, 0.49). This association was no longer significant after adjustment 

for covariates (Supplemental Table 2).  

 The interaction term between age and PRS was significant (p-for-interaction: <0.01), with a 

stronger association with higher age, which is consistent with analyses stratified by age group. The 

association between PRS and median SBP percentile for each age group was examined (Table 4). After 

adjustment, there was no association between PRS and SBP percentile in the 0-3 years and 4-7 years age 

groups. In the age group of 8-12 years, higher PRS was associated with higher SBP (beta: 0.43; 95% CI: 

0.05, 0.82). In the 13-18 year age group, higher PRS was associated with higher SBP (beta: 0.54; 95% CI: 

0.16, 0.92).  
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Table 4. Association between PRS and median SBP percentile in childhood, overall and 

stratified by age group  

 Unadjusted Model 1 Model 2 

Overall 0.17 (0.04, 0.31) 0.38 (0.13, 0.63) 0.35 (0.10, 0.60) 

Age 0-3 (N=2,881) -0.23 (-0.44, -0.01) 0.01 (-0.41, 0.42) 0.00 (-0.42, 0.42) 

Age 4-7 (N=3,174) -0.06 (-0.29, 0.16) 0.16 (-0.28, 0.60) 0.15 (-0.29, 0.58) 

Age 8-12 (N=4,294) 0.22 (0.02, 0.41) 0.46 (0.08, 0.84) 0.43 (0.05, 0.82) 

Age 13-18 (N=5,139) 0.53 (0.33, 0.72) 0.58 (0.20, 0.96) 0.54 (0.16, 0.92) 

*Note: p-value for interaction less than 0.01 

Model 1: median age (overall only), sex, race, median BMI z score, first 4 principal 

components of ancestry 

Model 2: model 1 + childhood hypertension medication use, childhood presence of diabetes 

 

DISCUSSION 

In the current study, we have identified two SNPs associated with SBP percentile measured 

during childhood that were previously associated with adulthood SBP. We originally hypothesized that 

genetic variants in childhood would differ from genetic variants associated with SBP in adulthood and 

that the genetic variants associated with SBP in children would have stronger associations because of the 

shorter time period for environmental influence; however, we did not find any novel genetic variants 

associated with SBP percentile during childhood. One genetic variant, rs1018148 (FBN1) was associated 

with SBP percentile in the overall cohort and in the post-puberty period (13-18 years). The other variant, 

rs11105354 (ATP2B1), was associated with SBP percentile in the overall cohort. We did not find any 

SNPs reaching genome-wide significance with SBP percentile, overall or stratified by age group. We 

additionally investigated the performance of a multi-ancestry adult-based polygenic risk score on systolic 

blood pressure among children and found that PRS was associated with SBP percentile in childhood and 

adolescence overall and in puberty and post-puberty age groups.  

One SNP, rs1018148, was associated with childhood SBP percentile in the overall cohort and in 

the post-puberty age group (13-18 years of age) and is in the FBN1 gene, which is a protein coding gene. 

Fibrillin 1 contributes to the formation of the elastic fibers in the heart valves and the aorta during 

development.114 FBN1 has been shown to be associated with Marfan Syndrome and Stiff Skin 

Syndrome.115,116 Traits associated with FBN1 include height, BMI, aortic measurement, and systolic and 

diastolic blood pressure in adults.117 A SNP in the ATP2B1 gene was significant based on the FDR p-
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value in the overall cohort. ATP2B1 is also a protein coding gene, and the protein is responsible for 

primary ion transport ATPases.118 This gene has been shown to be associated with diseases such as 

nephrotic syndrome and spinocerebellar ataxia, and traits such as pulse pressure measurement, mean 

arterial pressure, hypertension, coronary artery disease, and systolic and diastolic blood pressure.119  

The current study is one of few GWAS of BP in children at different ages. One other GWAS of 

BP in children was conducted in the Early Genetics and Lifecourse Epidemiology (EAGLE) Consortium 

in 23,689 participants.17 The authors found two novel loci associated with systolic BP in prepuberty and 

post-puberty and reached genome-wide significance: rs1563894 (ITGA11) during prepuberty and 

rs872256 during puberty. In our study, these two SNPs were not associated with systolic BP in any age 

group in the candidate SNP analysis. The previous GWAS was conducted in only European participants, 

while our study included White and Black participants from the Southeastern US. Our sample size was 

also smaller compared to the EAGLE Consortium, which is a possible reason the findings from the 

previous GWAS were not replicated in our study.  

Previous studies have explored whether adult genetic variants associated with blood pressure 

were also associated with blood pressure in children and adolescents by using adult-based genetic risk 

scores based on significant loci. In the first study, the association between a genetic risk score based on 

thirteen SNPs and a single childhood measurement of blood pressure was studied in 2,357 participants in 

the Young Finns Study.120 The authors found that individuals with several susceptibility alleles have on 

average a 0.5 mmHg higher blood pressure. These results were replicated in 1,194 participants in the 

Bogalusa Heart Study. In another study in the Avon Longitudinal Study of Parents and Children and the 

Western Australia Pregnancy Cohort, allelic scores of 29 SNPs for adult BP were associated with SBP at 

6 years of age.121 In the current study, we similarly found an association between the PRS based SNPs 

associated with adulthood SBP and childhood SBP percentile. We additionally found a significant 

interaction between age and PRS, which suggests that blood pressure changes from childhood to 

adulthood.  

The current study has multiple strengths. The first is the use of BioVU, VUMC’s vast DNA 

repository, linked to the electronic health record, which provides a population of more than 9,000 



 65 

participants under the age of 18 with existing genotype data. Another strength is the diverse population of 

participants available. Our study included White and Black participants, whereas most studies of genetic 

variants associated with BP in children have only been conducted in European populations. We were also 

able to examine the interaction between genetic variants and age because repeated measures during 

childhood were available in the data. Our study also had several limitations. Our sample size was small 

and therefore, our power to detect genome-wide associations was limited. Another limitation is that there 

is possible population stratification. We tried to limit this by adjusting for principal components of 

ancestry and stratifying by race and then meta-analyzing.  

We have identified two known genetic variants related to SBP in childhood, but none related to 

SBP overall or in any age group at genome-wide significance. We did find that a PRS created from 

genetic variants shown to be associated with adulthood SBP was associated with SBP percentile in 

childhood and that this association changed with age. These findings serve as a comparison for genetic 

variants already identified in children, adolescents, and adults and they provide evidence for age-specific 

genetic associations with blood pressure. As this is one of few studies of genetic variants and BP in 

children, these associations require further investigation and replication. 
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CHAPTER 3 

Conclusions and Future Directions
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1. Conclusions and Future Directions 

To summarize, we proposed to examine the longitudinal relationship between childhood 

blood pressure and early adulthood CVD risk factors and conduct a candidate SNP analysis and GWAS to 

evaluate genetic variants and age-specific genetic associations with childhood and adolescent blood 

pressure. These analyses were conducted in a large population of White and Black individuals under the 

age of 18 in the US with longitudinal measures of blood pressure and CVD risk factors. 

1.1 Aim 1 Conclusions 

Among a population of children under the age of 18 years with longitudinal data, SBP 

percentile trajectories were associated with early adulthood cardiovascular risk factors, including glucose, 

BMI, SBP, diabetes, and hypertension. Participants in the high-low SBP percentile trajectory had lower 

glucose, BMI, and SBP and lower odds of diabetes and hypertension in early adulthood compared to the 

participants in the high-high SBP percentile, even after full adjustment. These associations were stronger 

in females than in males, and childhood SBP was not associated with diabetes in male participants. The 

study population included more than 8,000 Black and White individuals under the age of 18 with 

longitudinal blood pressure measurements. Creating blood pressure trajectories provided a more 

comprehensive approach to examine blood pressure in childhood. The large sample size and availability 

of longitudinal measurements are specific strengths of Aim 1. 

To our knowledge, this is one of the first studies to examine the longitudinal relationship 

between childhood blood pressure and early adulthood cardiovascular risk factors; however, our study 

was limited by the use of EHR data and multiple biases such as selection bias and follow-up bias. 

Although using longitudinal measurements to create trajectories is a strength of the study, a limitation of 

group-based modeling is that this method assumes no variation between individuals in the same group. 

More research on the patterns of blood pressure in childhood and adolescence is needed in additional 

cohorts with reliable longitudinal blood pressure measurements and follow-up time. Additionally, future 

directions include examining the childhood determinants of blood pressure trajectories across childhood 

and adolescence.  
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Hypertension is a common modifiable risk factor for heart disease, stroke, and kidney failure. 

Extensive research has been completed on blood pressure and hypertension; however, most studies focus 

on older individuals with average ages in the 40s and 50s. The findings from this study improve our 

understanding of childhood and adolescent blood pressure and early risk patterns for cardiovascular 

disease and may inform future childhood blood pressure screening recommendations and care of 

childhood hypertension. With this information, we aim to contribute to the primordial prevention of 

hypertension and cardiovascular disease.  

1.2 Aim 2 Conclusions 

Among a population of children under the age of 18 with existing genotype data, we 

identified two SNPs associated with SBP percentile measured during childhood that were previously 

associated with adulthood SBP. We originally hypothesized that genetic variants in childhood would 

differ from genetic variants associated with SBP in adulthood. One genetic variant, rs1018148 (FBN1) 

was associated with SBP percentile in the overall cohort and in the post-puberty period (13-18 years). The 

other variant, rs11105354 (ATP2B1), was associated with SBP percentile in the overall cohort. We did not 

find any SNPs reaching genome-wide significance with SBP percentile, overall or stratified by age group. 

We additionally investigated the performance of a multi-ancestry adult-based polygenic risk score on 

systolic blood pressure among children and found that PRS was associated with SBP percentile in 

childhood and adolescence overall and in puberty and post-puberty age groups. A strength of Aim 2 is the 

use of BioVU, VUMC’s vast DNA repository, linked to the electronic health record, which provides a 

population of more than 9,000 participants under the age of 18 with existing genotype data. 

Genetic variants associated with blood pressure in adults have been described before; 

however, to date, only one study has examined genetic variants associated with childhood and adolescent 

blood pressure. These findings serve as a comparison for genetic variants already identified in children, 

adolescents, and adults and they provide evidence for age-specific genetic associations with blood 

pressure. As this is one of few studies of genetic variants and BP in children, these associations require 

further investigation and replication. Future directions include combining data with other cohorts to 
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increase the power to determine genetic associations and examining age-specific genetic associations with 

blood pressure.  
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Appendix 1. Blood Pressure Levels for Boys and Girls by Age and Height 

Blood Pressure Levels for Boys by Age and Height Percentile 

 

 

 
Age 

 

BP 

Percentile 

Systolic BP (mmHg) Diastolic BP (mmHg) 
 

 

 Percentile of Height  Percentile of Height 

(Year)  5th 10th 25th 50th 75th 90th 95th  5th 10th 25th 50th 75th 90th 95th 

1 50th 80 81 83 85 87 88 89  34 35 36 37 38 39 39 

 90th 94 95 97 99 100 102 103  49 50 51 52 53 53 54 

 95th 98 99 101 103 104 106 106  54 54 55 56 57 58 58 

 99th 105 106 108 110 112 113 114  61 62 63 64 65 66 66 

2 50th 84 85 87 88 90 92 92  39 40 41 42 43 44 44 

 90th 97 99 100 102 104 105 106  54 55 56 57 58 58 59 

 95th 101 102 104 106 108 109 110  59 59 60 61 62 63 63 

 99th 109 110 111 113 115 117 117  66 67 68 69 70 71 71 

3 50th 86 87 89 91 93 94 95  44 44 45 46 47 48 48 

 90th 100 101 103 105 107 108 109  59 59 60 61 62 63 63 

 95th 104 105 107 109 110 112 113  63 63 64 65 66 67 67 

 99th 111 112 114 116 118 119 120  71 71 72 73 74 75 75 

4 50th 88 89 91 93 95 96 97  47 48 49 50 51 51 52 

 90th 102 103 105 107 109 110 111  62 63 64 65 66 66 67 

 95th 106 107 109 111 112 114 115  66 67 68 69 70 71 71 

 99th 113 114 116 118 120 121 122  74 75 76 77 78 78 79 

5 50th 90 91 93 95 96 98 98  50 51 52 53 54 55 55 

 90th 104 105 106 108 110 111 112  65 66 67 68 69 69 70 

 95th 108 109 110 112 114 115 116  69 70 71 72 73 74 74 

 99th 115 116 118 120 121 123 123  77 78 79 80 81 81 82 

6 50th 91 92 94 96 98 99 100  53 53 54 55 56 57 57 

 90th 105 106 108 110 111 113 113  68 68 69 70 71 72 72 

 95th 109 110 112 114 115 117 117  72 72 73 74 75 76 76 

 99th 116 117 119 121 123 124 125  80 80 81 82 83 84 84 

7 50th 92 94 95 97 99 100 101  55 55 56 57 58 59 59 

 90th 106 107 109 111 113 114 115  70 70 71 72 73 74 74 

 95th 110 111 113 115 117 118 119  74 74 75 76 77 78 78 

 99th 117 118 120 122 124 125 126  82 82 83 84 85 86 86 

8 50th 94 95 97 99 100 102 102  56 57 58 59 60 60 61 

 90th 107 109 110 112 114 115 116  71 72 72 73 74 75 76 

 95th 111 112 114 116 118 119 120  75 76 77 78 79 79 80 

 99th 119 120 122 123 125 127 127  83 84 85 86 87 87 88 

9 50th 95 96 98 100 102 103 104  57 58 59 60 61 61 62 

 90th 109 110 112 114 115 117 118  72 73 74 75 76 76 77 

 95th 113 114 116 118 119 121 121  76 77 78 79 80 81 81 

 99th 120 121 123 125 127 128 129  84 85 86 87 88 88 89 

10 50th 97 98 100 102 103 105 106  58 59 60 61 61 62 63 

 90th 111 112 114 115 117 119 119  73 73 74 75 76 77 78 

 95th 115 116 117 119 121 122 123  77 78 79 80 81 81 82 

 99th 122 123 125 127 128 130 130  85 86 86 88 88 89 90 
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Blood Pressure Levels for Boys by Age and Height Percentile (Continued) 

 

 

 
Age 

 

BP 

Percentile 

Systolic BP (mmHg) Diastolic BP (mmHg) 
 

 

Percentile of Height   Percentile of Height  

(Year)  5th 10th 25th 50th 75th 90th 95th  5th 10th 25th 50th 75th 90th 95th 

11 50th 99 100 102 104 105 107 107  59 59 60 61 62 63 63 

 90th 113 114 115 117 119 120 121  74 74 75 76 77 78 78 

 95th 117 118 119 121 123 124 125  78 78 79 80 81 82 82 

 99th 124 125 127 129 130 132 132  86 86 87 88 89 90 90 

12 50th 101 102 104 106 108 109 110  59 60 61 62 63 63 64 

 90th 115 116 118 120 121 123 123  74 75 75 76 77 78 79 

 95th 119 120 122 123 125 127 127  78 79 80 81 82 82 83 

 99th 126 127 129 131 133 134 135  86 87 88 89 90 90 91 

13 50th 104 105 106 108 110 111 112  60 60 61 62 63 64 64 

 90th 117 118 120 122 124 125 126  75 75 76 77 78 79 79 

 95th 121 122 124 126 128 129 130  79 79 80 81 82 83 83 

 99th 128 130 131 133 135 136 137  87 87 88 89 90 91 91 

14 50th 106 107 109 111 113 114 115  60 61 62 63 64 65 65 

 90th 120 121 123 125 126 128 128  75 76 77 78 79 79 80 

 95th 124 125 127 128 130 132 132  80 80 81 82 83 84 84 

 99th 131 132 134 136 138 139 140  87 88 89 90 91 92 92 

15 50th 109 110 112 113 115 117 117  61 62 63 64 65 66 66 

 90th 122 124 125 127 129 130 131  76 77 78 79 80 80 81 

 95th 126 127 129 131 133 134 135  81 81 82 83 84 85 85 

 99th 134 135 136 138 140 142 142  88 89 90 91 92 93 93 

16 50th 111 112 114 116 118 119 120  63 63 64 65 66 67 67 

 90th 125 126 128 130 131 133 134  78 78 79 80 81 82 82 

 95th 129 130 132 134 135 137 137  82 83 83 84 85 86 87 

 99th 136 137 139 141 143 144 145  90 90 91 92 93 94 94 

17 50th 114 115 116 118 120 121 122  65 66 66 67 68 69 70 

 90th 127 128 130 132 134 135 136  80 80 81 82 83 84 84 

 95th 131 132 134 136 138 139 140  84 85 86 87 87 88 89 

 99th 139 140 141 143 145 146 147  92 93 93 94 95 96 97 

BP, blood pressure 

* The 90th percentile is 1.28 SD, 95th percentile is 1.645 SD, and the 99th percentile is 2.326 SD over the mean. 

For research purposes, the standard deviations in Appendix Table B–1 allow one to compute BP Z-scores and 

percentiles for boys with height percentiles given in Table 3 (i.e., the 5th,10th, 25th, 50th, 75th, 90th, and 95th 

percentiles). These height percentiles must be converted to height Z-scores given by (5% = -1.645; 10% = -1.28; 

25% = -0.68; 50% = 0; 75% = 0.68; 90% = 1.28%; 

95% = 1.645) and then computed according to the methodology in steps 2–4 described in Appendix B. For children 

with height percentiles other than these, follow steps 1–4 as described in Appendix B. 
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Blood Pressure Levels for Girls by Age and Height Percentile 

 

 

 
Age 

 

BP 

Percentile 

Systolic BP (mmHg) Diastolic BP (mmHg) 
 

 

 Percentile of Height   Percentile of Height  

(Year)  5th 10th 25th 50th 75th 90th 95th  5th 10th 25th 50th 75th 90th 95th 

l 50th 83 84 85 86 88 89 90  38 39 39 40 41 41 42 

 90th 97 97 98 100 101 102 103  52 53 53 54 55 55 56 

 95th 100 101 102 104 105 106 107  56 57 57 58 59 59 60 

 99th 108 108 109 111 112 113 114  64 64 65 65 66 67 67 

2 50th 85 85 87 88 89 91 91  43 44 44 45 46 46 47 

 90th 98 99 100 101 103 104 105  57 58 58 59 60 61 61 

 95th 102 103 104 105 107 108 109  61 62 62 63 64 65 65 

 99th 109 110 111 112 114 115 116  69 69 70 70 71 72 72 

3 50th 86 87 88 89 91 92 93  47 48 48 49 50 50 51 

 90th 100 100 102 103 104 106 106  61 62 62 63 64 64 65 

 95th 104 104 105 107 108 109 110  65 66 66 67 68 68 69 

 99th 111 111 113 114 115 116 117  73 73 74 74 75 76 76 

4 50th 88 88 90 91 92 94 94  50 50 51 52 52 53 54 

 90th 101 102 103 104 106 107 108  64 64 65 66 67 67 68 

 95th 105 106 107 108 110 111 112  68 68 69 70 71 71 72 

 99th 112 113 114 115 117 118 119  76 76 76 77 78 79 79 

5 50th 89 90 91 93 94 95 96  52 53 53 54 55 55 56 

 90th 103 103 105 106 107 109 109  66 67 67 68 69 69 70 

 95th 107 107 108 110 111 112 113  70 71 71 72 73 73 74 

 99th 114 114 116 117 118 120 120  78 78 79 79 80 81 81 

6 50th 91 92 93 94 96 97 98  54 54 55 56 56 57 58 

 90th 104 105 106 108 109 110 111  68 68 69 70 70 71 72 

 95th 108 109 110 111 113 114 115  72 72 73 74 74 75 76 

 99th 115 116 117 119 120 121 122  80 80 80 81 82 83 83 

7 50th 93 93 95 96 97 99 99  55 56 56 57 58 58 59 

 90th 106 107 108 109 111 112 113  69 70 70 71 72 72 73 

 95th 110 111 112 113 115 116 116  73 74 74 75 76 76 77 

 99th 117 118 119 120 122 123 124  81 81 82 82 83 84 84 

8 50th 95 95 96 98 99 100 101  57 57 57 58 59 60 60 

 90th 108 109 110 111 113 114 114  71 71 71 72 73 74 74 

 95th 112 112 114 115 116 118 118  75 75 75 76 77 78 78 

 99th 119 120 121 122 123 125 125  82 82 83 83 84 85 86 

9 50th 96 97 98 100 101 102 103  58 58 58 59 60 61 61 

 90th 110 110 112 113 114 116 116  72 72 72 73 74 75 75 

 95th 114 114 115 117 118 119 120  76 76 76 77 78 79 79 

 99th 121 121 123 124 125 127 127  83 83 84 84 85 86 87 

10 50th 98 99 100 102 103 104 105  59 59 59 60 61 62 62 

 90th 112 112 114 115 116 118 118  73 73 73 74 75 76 76 

 95th 116 116 117 119 120 121 122  77 77 77 78 79 80 80 

 99th 123 123 125 126 127 129 129  84 84 85 86 86 87 88 
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Blood Pressure Levels for Girls by Age and Height Percentile (Continued) 

    

  Systolic BP (mmHg)  Diastolic BP (mmHg) 

            Percentile of Height   Percentile of Height 

Age 

(Year) 
BP 

Percentile 

 

5th 10th 25th 50th 75th 90th 95th  5th 10th 25th 50th 75th 90th 95th 

11 50th 100 101 102 103 105 106 107  60 60 60 61 62 63 63 

 90th 114 114 116 117 118 119 120  74 74 74 75 76 77 77 

 95th 118 118 119 121 122 123 124  78 78 78 79 80 81 81 

 99th 125 125 126 128 129 130 131  85 85 86 87 87 88 89 

12 50th 102 103 104 105 107 108 109  61 61 61 62 63 64 64 

 90th 116 116 117 119 120 121 122  75 75 75 76 77 78 78 

 95th 119 120 121 123 124 125 126  79 79 79 80 81 82 82 

 99th 127 127 128 130 131 132 133  86 86 87 88 88 89 90 

13 50th 104 105 106 107 109 110 110  62 62 62 63 64 65 65 

 90th 117 118 119 121 122 123 124  76 76 76 77 78 79 79 

 95th 121 122 123 124 126 127 128  80 80 80 81 82 83 83 

 99th 128 129 130 132 133 134 135  87 87 88 89 89 90 91 

14 50th 106 106 107 109 110 111 112  63 63 63 64 65 66 66 

 90th 119 120 121 122 124 125 125  77 77 77 78 79 80 80 

 95th 123 123 125 126 127 129 129  81 81 81 82 83 84 84 

 99th 130 131 132 133 135 136 136  88 88 89 90 90 91 92 

15 50th 107 108 109 110 111 113 113  64 64 64 65 66 67 67 

 90th 120 121 122 123 125 126 127  78 78 78 79 80 81 81 

 95th 124 125 126 127 129 130 131  82 82 82 83 84 85 85 

 99th 131 132 133 134 136 137 138  89 89 90 91 91 92 93 

16 50th 108 108 110 111 112 114 114  64 64 65 66 66 67 68 

 90th 121 122 123 124 126 127 128  78 78 79 80 81 81 82 

 95th 125 126 127 128 130 131 132  82 82 83 84 85 85 86 

 99th 132 133 134 135 137 138 139  90 90 90 91 92 93 93 

17 50th 108 109 110 111 113 114 115  64 65 65 66 67 67 68 

 90th 122 122 123 125 126 127 128  78 79 79 80 81 81 82 

 95th 125 126 127 129 130 131 132  82 83 83 84 85 85 86 

 99th 133 133 134 136 137 138 139  90 90 91 91 92 93 93 
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Appendix 2. List of Variables in the SD Dataset 

Variable Description 

GRID Subject’s global research ID 

Sex  

Ethnicity  

Date of Birth (DOB)  

Deceased Indicator of vital status 

Date of death, if applicable (DOD)  

Systolic blood pressure All outpatient systolic blood pressures 

Date of systolic blood pressure  

Diastolic blood pressure All outpatient diastolic blood pressures 

Date of diastolic blood pressure  

Weight All inpatient and outpatient weights 

Date of weight  

Height All inpatient and outpatient heights 

Date of height  

BMI All inpatient and outpatient BMI 

Date of BMI  

Waist circumference All outpatient waist circumference 

Date of waist circumference  

Birthweight All weights within 0 and 1 years of age 

Total cholesterol All outpatient cholesterol levels 

Lab names: 

Chol 

Date of total cholesterol  

High density lipoprotein All outpatient HDL levels 

Lab names: 

HDL-C 

H-HDL 

Date of HDL  

Low density lipoprotein All outpatient LDL levels 

Lab names: 

LDL-C 

Date of LDL  

Triglycerides All outpatient triglycerides 

Lab names: 

H-TGL 

Trigs 

Date of triglycerides  

Glycated hemoglobin All outpatient hemoglobin 

Lab names: 
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H-A1C 

HgbA1C 

Date of glycated hemoglobin  

Blood glucose All outpatient glucose 

Lab names: 

Gluc 

FastUr 

GTTFst 

Date of blood glucose  

MEGA Chip genotyping indicator Indicator of genotyping status 

Last follow-up date Date of last outpatient visit 

First outpatient visit Date of first outpatient visit 

Number of outpatient visits  

Estimated eGFR  All outpatient estimated glomerular filtration rates 

(children and adult calculations) 

Date of estimated eGFR  

Serum albumin  All outpatient serum albumin measurements 

Lab names:  

alb – ALBUMIN BLOOD 

ALBarp – ALBUMIN 

ALBM – ALBUMIN G/DL 

Date of serum albumin  

Serum creatinine All outpatient serum creatinine measurements 

Lab names:  

Creat 

Cr24Hr 

Date of serum creatinine  

Serum phosphate All outpatient serum phosphorus measurements  

Lab names:  

Phos – PHOSPHORUS INORGANIC 

Date of serum phosphate  

Urine albumin to creatinine ratio All outpatient urine albumin to creatinine ratio 

measurements 

Lab names:  

A/CRat – ALBUMIN/CREAT RATIO 

AlbCnc – ALBUMIN URINE 

AlbCre – ALBUMIN/CREAT RATIO 

AlbER – ALBUMIN EXCRETION RATIO 

MicAlb – MICROALBUMINURIA 

SUA/C – ALBUMIN/CREATININE RATIO 

TUAlb – ALBUMIN URINE TIMED 

UAlb – ALBUMIN URINE 

Creat5 – CREATININE, URINE 

SUCrea – CREATININE URINE, SPOT 

TUCrea  - CREATININE URINE, TIMED 
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Date of albumin to creatinine ratio  

Serum bicarbonate All outpatient serum bicarbonate measurements  

Lab names:  

CO2 – CARBON DIOXIDE BLOOD 

HCO3Ca – BICARBONATE (CALC) 

Date of serum bicarbonate  

Serum calcium All outpatient serum calcium measurements 

occurring  

Lab names:  

Ca – CALCIUM BLOOD 

Date of serum calcium  

Serum phosphate All outpatient serum phosphorus measurements  

Lab names:  

Phos – PHOSPHORUS INORGANIC 

Date of serum phosphate  

Parathyroid Hormone All outpatient serum phosphorus measurements  

Lab names:  

PTH – PARATHYROID HORMONE 

Nt-PTH – INTACT-PTH 

Date of parathyroid hormone  

Hypertension Medications See below 

Date of hypertension medications  

Diabetes Medications See below 

Date of diabetes medications  

End-stage renal disease event Indicator of ESRD event 

Earliest date of ESRD event Earliest date at which individual meets phenotype 

criteria. For criteria requiring two separate events, 

choose earliest of the two event dates. 

Chronic kidney disease event Indicator of CKD event 

Earliest date of CKD event Earliest date at which individual meets phenotype 

criteria. For criteria requiring two separate events, 

choose earliest of the two event dates. 

Heart failure event  Indicator of heart failure event 

Date of heart failure event, if applicable  

Diabetes status Indicator of diabetes 

Earliest date of diabetes  

Kidney transplant event Indicator of kidney transplant event 

Earliest date of kidney transplant event  

Dialysis initiation event Indicator of dialysis initiation event 

Earliest date of dialysis initiation  

Age at index hospitalization Age at date of ICU admission   

Diabetes status at ICU admission  Indicator of diabetes status 

CKD status at ICU admission Indicator of CKD status 
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Dialysis during ICU admission Indicator of inpatient dialysis during ICU admission 

Date of dialysis initiation during ICU 

admission 

 

Serum creatinine during ICU stay All inpatient serum creatinine measurements during 

hospitalization 

Baseline serum creatinine  Outpatient serum creatinine used as baseline (7-365 

days pre-admission) 

Sickle cell disease (ICD10 (D57.X), 

ICD9 (282.XX)) 

Indicator of sickle cell disease 

Earliest date of sickle cell Earliest date at which individual meets phenotype 

criteria 

Cardiovascular event Indicator of CVD 

Earliest date of cardiovascular event  
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Appendix 3. List of Hypertension and Diabetes Medications 

Hypertension Medications 

Accupril 

Accuretic 

Acebutolol 

Aceon 

Adalat 

Aldactone 

Aldomet 

Altace 

Amiloride 

Apresoline 

Atacand 

Atenolol 

Avalide 

Avapro 

Benazepril 

Benicar 

BenicarHCT 

Betapace 

Bisoprolol 

Blocadren 

Bumetanide 

Bumex 

Caduet 

Calan 

Capoten 

Captopril 

Cardizem 

Cardura 

Cartia 

Cartrol 

Catapres 

Chlorthalidone 

Clonidine 

Coreg 

Corgard 

Corzide 

Cozaar 

Dilacor 

Diltiazem 

Diovan 

DiovanHCT 

Diuril 

Doxazosin 

Dyazide 

Dynacirc 

Dyrenium 

Enalapril 

Felodipine 

Fosinopril 

Furosemide 

Guanfacine 

Hydralazine 

Hydrochlorothiazide 

BenazeprilHCT 

TriamtereneHCT 

Hygroton 

Hytrin 

Hyzaar 

Indapamide 

Inderal 

InnopranXL 

Inspra 

Isoptin 

Kerlone 

Labetalol 

Lasix 

Lisinopril 

Lopressor 

Losartan 

Lotensin 

LotensinHCT 

Lotrel 

Lozol 

Mavik 

Maxzide 

MethyldopaHCT 

Metoprolol 

Micardis 

Microzide 

Midamor 

Minipress 

Monopril 

Nadolol 

Nifedipine 

Normodyne 

Norvasc 

Plendil 

Prazosin 

Prinivil 

Prinzide 

Procardia 

Propranolol 

Quinapril 

Quinaretic 

Ramipril 

Sectral 

Spironolactone 

Sular 

Tarka 

Tenex 

Tenoretic 

Tenormin 

Terazosin 

Teveten 

Tiazac 

Timolide 

ToprolXL 

Trandate 

Triamterene 

Uniretic 

Univasc 

Vaseretic 

Vasotec 

Verapamil 

Verelan 

Zebeta 

Zestoretic 

Zestril 

Ziac 
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Diabetes Medications 

Insulin 

Actos 

Amaryl 

Avandamet 

Avandia 

Byetta 

Chlorpropamide 

Diabeta 

Fortamet 

Glimepiride 

Glipizide 

Glucagon 

Glucophage 

Glucotrol 

Glucovance 

Glumetza 

Glyburide 

Glynase 

Glyset 

Janumet 

Januvia 

Metaglip 

Metformin 

Micronase 

Nateglinide 

Prandin 

Precose 

Riomet 

Rosiglitazone 

Starlix 

Symlin 
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Appendix 4. Supplemental Tables for Aim 1: The association of childhood systolic blood pressure 

trajectories with early adulthood cardiovascular risk factors  

Supplemental Table 1. Average posterior probabilities and parametric bootstrap sampling for group 

size confidence intervals 

Trajectory 

Group 

Number in 

Group 

Group 

Membership 

(%) 

Average 

Posterior 

Probability 

Percentile Confidence 

Interval 

Bias-Corrected 

Confidence Interval 

High-Low 1383 16.4 0.88 15.8, 17.1 15.7, 17.0 

Low-Mid 2686 32.0 0.80 29.3, 34.6 29.6, 34.9 

High-High 4637 51.6 0.89 45.9, 58.2 46.5, 59.4 

 

Supplemental Table 2. Association between trajectory groups and median value of outcomes in 

adulthood, excluding participants with diabetes or on hypertension medications under 18 years 

 Unadjusted Model 1+  Model 2^ 

 Beta (95% CI) Beta (95% CI) Beta (95% CI) 

Low-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -2.0 (-6.4, 2.5) -2.3 (-6.8, 2.1) -1.2 (-4.9, 2.4) 

High-Low SBP -2.1 (-7.7, 3.5) -3.0 (-8.6, 2.6) -1.3 (-6.3, 3.6) 

High-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP 2.5 (0.5, 4.5) 2.6 (0.7, 4.5) 0.8 (-1.0, 2.6) 

High-Low SBP 3.6 (1.1, 6.1) 4.3 (1.9, 6.7) 1.7 (-0.7, 4.0) 

Triglycerides (mg/dL)    

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -18.4 (-28.6, -8.2) -20.6 (-30.5, -10.6) -10.9 (-20.6, -1.2) 

High-Low SBP -21.7 (-34.6, -8.8) -27.5 (-40.1, -14.9) -12.0 (-24.5, 0.4) 

Estimated Glomerular Filtration Rate (mL/min/1.73m2) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -0.9 (-2.6, 0.8) -1.0 (-2.7, 0.7) -0.8 (-2.5, 0.9) 

High-Low SBP 0.7 (-1.3, 2.8) 0.4 (-1.6, 2.5) 0.5 (-1.6, 2.6) 

Glucose (mg/dL)    

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP 2.3 (-2.4, 7.0) 1.7 (-3.0, 6.4) -0.09 (-4.2, 4.0) 

High-Low SBP -9.6 (-15.2, -4.0) -10.9 (-16.5, -5.3) -6.2 (-11.5, -0.9) 

Body Mass Index (kg/m2) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -3.5 (-3.9, -3.0) -3.4 (-3.9, -3.0) -0.7 (-1.1, -0.4) 

High-Low SBP -5.0 (-5.5, -4.5) -4.8 (-5.3, -4.3) -0.5 (-0.9, -0.1) 

Systolic Blood Pressure (mmHg) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -7.7 (-8.3, -7.1) -7.6 (-8.2, -7.0) -6.6 (-7.2, -6.0) 

High-Low SBP -13.4 (-14.1, -12.6) -13.2 (-13.9, -12.5) -11.7 (-12.4, -11.0) 

+Model 1: race, gender  

^ Model 2: race, gender, median childhood value for outcome (not SBP), median BMI z score in 

childhood, and intensity of visits (number of visits in childhood/months observed in childhood) 
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Supplemental Table 3. Association between trajectory groups and hypertension, obesity, and diabetes in 

adulthood, excluding participants with diabetes or on hypertension medications under 18 years  

 Total # # Events Unadjusted Model 1+  Model 2^ 

   OR (95% CI) OR (95% CI) OR (95% CI) 

Diabetes      

High-High SBP 1,156 77 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 739 55 1.13 (0.79, 1.61) 1.07 (0.74, 1.54) 1.03 (0.70, 1.50) 

High-Low SBP 421 13 0.45 (0.25, 0.81) 0.38 (0.21, 0.70) 0.39 (0.21, 0.72) 

Obesity      

High-High SBP 2,479 904 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,628 319 0.42 (0.37, 0.49) 0.42 (0.36, 0.49) 0.92 (0.75, 1.13) 

High-Low SBP 976 109 0.22 (0.18, 0.27) 0.23 (0.18, 0.28) 0.81 (0.60, 1.08) 

HTN      

High-High SBP 2,149 300 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,455 56 0.25 (0.18, 0.33) 0.25 (0.19, 0.33) 0.27 (0.20, 0.37) 

High-Low SBP 901 14 0.10 (0.06, 0.17) 0.10 (0.06, 0.17) 0.12 (0.07, 0.21) 

*Note: obesity is defined as ≥30 kg/m2 at more than 50% of adulthood visits, diabetes is defined as glucose ≥126 mg/dL 

or HbA1c ≥48 or diabetes medication in adulthood, hypertension is defined as SBP≥130mmHg and DBP≥80 at two or 

more consecutive visits in adulthood 

+Model 1: race, gender  

^ Model 2: race, gender, median BMI z score in childhood, and intensity of visits (number of visits in childhood/months 

observed in childhood) 
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Supplemental Table 4. Association between trajectory groups and median value of outcomes in 

adulthood in participants with recent baseline data (within 2 years of age 18) 

 Unadjusted Model 1+  Model 2^ 

 Beta (95% CI) Beta (95% CI) Beta (95% CI) 

Low-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -4.3 (-7.9, -0.8) -4.6 (-8.1, -1.0) -1.3 (-5.1, 2.5) 

High-Low SBP -5.1 (-10.0, -0.2) -5.6 (-10.5, -0.7) -0.9 (-7.0, 5.3) 

High-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP 2.7 (1.1, 4.3) 2.9 (1.4, 4.5) -0.01 (-1.6, 1.6) 

High-Low SBP 3.4 (1.2, 5.6) 3.8 (1.7, 6.0) 1.4 (-1.2, 4.0) 

Triglycerides (mg/dL)    

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -21.8 (-34.0, -9.6) -24.4 (-36.5, -12.3) -3.1 (-17.0, 10.8) 

High-Low SBP -29.4 (-46.3, -12.5) -34.5 (-51.2, -17.7) 9.5 (-13.0, 32.0) 

Estimated Glomerular Filtration Rate (mL/min/1.73m2) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP 0.5 (-1.2, 2.3) 0.4 (-1.3, 2.1) 1.9 (-0.3, 4.1) 

High-Low SBP 2.8 (0.6, 4.9) 2.5 (0.4, 4.7) 1.6 (-1.3, 4.5) 

Glucose (mg/dL)    

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -3.9 (-10.0, 2.2) -4.7 (-10.8, 1.4) -0.6 (-7.3, 6.2) 

High-Low SBP -24.8 (-32.5, -17.1) -26.3 (-34.0, -18.6) -9.6 (-18.4, -0.7) 

Body Mass Index (kg/m2) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -3.6 (-4.0, -3.1) -3.5 (-3.9, -3.1) -0.6 (-0.9, -0.3) 

High-Low SBP -5.3 (-5.8, -4.8) -5.1 (-5.6, -4.6) -0.4 (-0.8, -0.02) 

Systolic Blood Pressure (mmHg) 

High-High SBP 0.0 (ref) 0.0 (ref) 0.0 (ref) 

Low-Mid SBP -8.1 (-8.6, -7.5) -8.1 (-8.6, -7.5) -6.9 (-7.4, -6.4) 

High-Low SBP -14.2 (-14.9, -13.5) -14.2 (-14.8, -13.5) -12.0 (-12.7, -11.3) 

+Model 1: race, gender  

^ Model 2: race, gender, median childhood value for outcome (not SBP), median BMI z score in 

childhood, and intensity of visits (number of visits in childhood/months observed in childhood) 
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Supplemental Table 5. Association between trajectory groups and hypertension, obesity, and diabetes in 

adulthood in participants with recent baseline data (within 2 years of age 18) 

 Total # # Events Unadjusted Model 1+  Model 2^ 

   OR (95% CI) OR (95% CI) OR (95% CI) 

Diabetes      

High-High SBP 1,544 256 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 903 130 0.85 (0.67, 1.06) 0.81 (0.64, 1.02) 0.77 (0.60, 0.98) 

High-Low SBP 454 32 0.38 (0.26, 0.56) 0.34 (0.23, 0.50) 0.37 (0.24, 0.55) 

Obesity      

High-High SBP 2,806 1,053 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,810 362 0.42 (0.36, 0.48) 0.42 (0.36, 0.48) 0.98 (0.80, 1.20) 

High-Low SBP 1,005 106 0.20 (0.16, 0.24) 0.20 (0.16, 0.25) 0.81 (0.60, 1.08) 

HTN      

High-High SBP 2,549 452 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,659 87 0.26 (0.20, 0.33) 0.26 (0.20, 0.33) 0.29 (0.23, 0.37) 

High-Low SBP 943 15 0.07 (0.04, 0.13) 0.08 (0.05, 0.13) 0.10 (0.06, 0.18) 

*Note: obesity is defined as ≥30 kg/m2 at more than 50% of adulthood visits, diabetes is defined as glucose ≥126 mg/dL 

or HbA1c ≥48 or diabetes medication in adulthood, hypertension is defined as SBP≥130mmHg and DBP≥80 at two or 

more consecutive visits in adulthood 

+Model 1: race, gender  

^ Model 2: race, gender, median BMI z score in childhood, and intensity of visits (number of visits in childhood/months 

observed in childhood) 
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Supplemental Table 6. Association between trajectory groups and median 

value of outcomes in adulthood in participants with childhood values of the 

outcomes (no imputation) 

 Model 2^ 

 Beta (95% CI) 

Low-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 

Low-Mid SBP -1.3 (-5.1, 2.5) 

High-Low SBP -0.8 (-6.9, 5.2) 

High-Density Lipoprotein (mg/dL) 

High-High SBP 0.0 (ref) 

Low-Mid SBP 0.1 (-1.4, 1.7) 

High-Low SBP 1.4 (-1.2, 3.9) 

Triglycerides (mg/dL)  

High-High SBP 0.0 (ref) 

Low-Mid SBP -3.5 (-17.3, 10.3) 

High-Low SBP 8.1 (-14.1, 30.3) 

Estimated Glomerular Filtration Rate (mL/min/1.73m2) 

High-High SBP 0.0 (ref) 

Low-Mid SBP 1.6 (-0.6, 3.7) 

High-Low SBP 1.5 (-1.4, 4.4) 

Glucose (mg/dL)  

High-High SBP 0.0 (ref) 

Low-Mid SBP -0.2 (-6.7, 6.3) 

High-Low SBP -8.9 (-17.6, -0.3) 

Body Mass Index (kg/m2) 

High-High SBP 0.0 (ref) 

Low-Mid SBP -0.6 (-0.9, -0.3) 

High-Low SBP -0.4 (-0.7, -0.03) 

Systolic Blood Pressure (mmHg) 

High-High SBP 0.0 (ref) 

Low-Mid SBP -6.8 (-7.3, -6.3) 

High-Low SBP -11.8 (-12.5, -11.1) 

^ Model 2: race, gender, median childhood value for outcome (not SBP), median 

BMI z score in childhood, intensity of visits (number of visits in 

childhood/months observed in childhood), hypertension medication in childhood, 

and diabetes status in childhood 
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Supplemental Table 7. Association between trajectory groups and hypertension, obesity, and diabetes in 

adulthood, stratified by gender using gender-specific trajectory groups  

 Total # # Events Unadjusted Model 1+  Model 2^ 

   OR (95% CI) OR (95% CI) OR (95% CI) 

Females      

Diabetes      

High-High SBP 935 138 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 567 55 0.62 (0.45, 0.86) 0.59 (0.42, 0.83) 0.61 (0.41, 0.92) 

High-Low SBP 273 12 0.27 (0.14, 0.49) 0.24 (0.13, 0.43) 0.33 (0.17, 0.67) 

Obesity      

High-High SBP 1,683 740 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,103 258 0.39 (0.33, 0.46) 0.40 (0.33, 0.47) 0.93 (0.72, 1.18) 

High-Low SBP 589 69 0.17 (0.13, 0.22) 0.18 (0.14, 0.24) 0.74 (0.52, 1.07) 

HTN      

High-High SBP 1,507 239 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 1,000 41 0.23 (0.16, 0.32) 0.23 (0.16, 0.33) 0.30 (0.21, 0.43) 

High-Low SBP 552 9 0.09 (0.04, 0.17) 0.10 (0.05, 0.19) 0.15 (0.08, 0.31) 

Males      

Diabetes      

High-High SBP 673 115 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 384 78 1.24 (0.90, 1.70) 1.14 (0.83, 1.58) 1.11 (0.76, 1.63) 

High-Low SBP 207 21 0.55 (0.33, 0.90) 0.51 (0.31, 0.83) 0.71 (0.40, 1.26) 

Obesity      

High-High SBP 1,344 403 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 845 134 0.44 (0.35, 0.55) 0.44 (0.36, 0.55) 1.01 (0.74, 1.37) 

High-Low SBP 476 47 0.26 (0.19, 0.35) 0.26 (0.19, 0.36) 1.00 (0.64, 1.56) 

HTN      

High-High SBP 1,159 217 1.0 (ref) 1.0 (ref) 1.0 (ref) 

Low-Mid SBP 747 50 0.31 (0.23, 0.43) 0.31 (0.23, 0.43) 0.32 (0.23, 0.45) 

High-Low SBP 436 5 0.05 (0.02, 0.12) 0.05 (0.02, 0.12) 0.06 (0.03, 0.16) 

*Note: obesity is defined as ≥30 kg/m2 at more than 50% of adulthood visits, diabetes is defined as glucose ≥126 mg/dL 

or HbA1c ≥48 or diabetes medication in adulthood, hypertension is defined as SBP≥130mmHg and DBP≥80 at two or 

more consecutive visits in adulthood 

+Model 1: race 

^ Model 2: race, diabetes status in childhood, hypertension medication in childhood, median BMI z score in childhood, 

and intensity of visits (number of visits in childhood/months observed in childhood) 
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Supplemental Table 9. Association between median SBP percentile in childhood and hypertension, 

obesity, and diabetes in adulthood 

 Total # # Events Unadjusted Model 1+  Model 2^ 

   OR (95% CI) OR (95% CI) OR (95% CI) 

Diabetes      

High-High SBP 1,623 257 1.6 (1.4, 1.8) 1.7 (1.4, 1.9) 1.4 (1.2, 1.7) 

Obesity      

High-High SBP 3,063 1,155 2.3 (2.1, 2.5) 2.3 (2.1, 2.5) 1.1 (1.0, 1.2) 

HTN      

High-High SBP 2,697 459 4.7 (3.8, 5.7) 4.7 (3.8, 5.7) 3.8 (3.1, 4.7) 

*Note: obesity is defined as ≥30 kg/m2 at more than 50% of adulthood visits, diabetes is defined as glucose 

≥126 mg/dL or HbA1c ≥48 or diabetes medication in adulthood, hypertension is defined as SBP≥130mmHg 

and DBP≥80 at two or more consecutive visits in adulthood 

+Model 1: race, gender  

^ Model 2: race, gender, diabetes status in childhood, hypertension medication in childhood, median BMI z 

score in childhood, and intensity of visits (number of visits in childhood/months observed in childhood) 

 

Supplemental Table 8. Association between median SBP percentile in childhood and median 

value of outcomes in adulthood 

 Unadjusted Model 1+  Model 2^ 

 Beta (95% CI) Beta (95% CI) Beta (95% CI) 

Low-Density Lipoprotein (mg/dL) 

per 25-point increase 3.0 (1.1, 5.0) 3.2 (1.2, 5.1) 1.1 (-0.6, 2.9) 

High-Density Lipoprotein (mg/dL) 

per 25-point increase -1.7 (-2.6, -0.9) -1.9 (-2.7, -1.0) -0.7 (-1.5, 0.04) 

Triglycerides (mg/dL)    

per 25-point increase 17.5 (10.7, 24.4) 19.2 (12.4, 26.0) 4.2 (-2.2, 10.6) 

Estimated Glomerular Filtration Rate (mL/min/1.73m2) 

per 25-point increase -1.3 (-2.1, -0.4) -1.2 (-2.0, -0.3) -0.6 (-1.4, 0.3) 

Glucose (mg/dL)    

per 25-point increase 10.7 (7.7, 13.7) 11.3 (8.3, 14.3) 2.9 (0.3, 5.5) 

Body Mass Index (kg/m2) 

per 25-point increase 2.5 (2.3, 2.8) 2.5 (2.3, 2.7) 0.2 (0.1, 0.4) 

Systolic Blood Pressure (mmHg) 

per 25-point increase 6.4 (6.1, 6.7) 6.4 (6.1, 6.6) 5.4 (5.1, 5.7) 

+Model 1: race, gender  

^ Model 2: race, gender, diabetes status in childhood, hypertension medication in childhood, median 

childhood value for outcome (not SBP), median BMI z score in childhood, and intensity of visits 

(number of visits in childhood/months observed in childhood) 
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Appendix 5. Supplemental Tables and Figures for Aim 2: Genetic variants associated with systolic 

blood pressure in children and adolescents from Vanderbilt University Medical Center BioVU 

Supplemental Table 1. Top age interactions between SNPs and median SBP percentile 

Nearest Gene rsid Chr BP Effect 

Allele 

Other 

Allele 

Freq. Beta p-value 

Overall (n=9178) 

FSTL4 
 

XXYLT1 
 

F11 
 

LOC124903205 
 

TRIB1 
 

OR6B2 
 

VEPH1 
 

KCND3 
 

LOC107984471 
 

DCBLD1 
 

PTPRM 

  

rs79477508 

interaction 

rs6770150 

interaction 

rs4253406 

interaction 

rs61965486 

interaction 

rs6470355 

interaction 

rs7574432 

interaction 

rs2316336 

interaction 

rs617531 

interaction 

rs7306200 

interaction 

rs9374668 

interaction 

rs7241594 

interaction 
 

5 
 

3 
 

4 
 

13 
 

8 
 

2 
 

3 
 

1 
 

12 
 

6 
 

18 

  

133005855 
 

194781805 
 

187191392 
 

107700149 
 

126460535 
 

240976327 
 

157206296  
 

112391923 
 

69524926 
 

117859198 
 

7579007 

  

T 
 

G 
 

G 
 

A 
 

A 
 

C 
 

T 
 

A 
 

A 
 

G 
 

T 

  

C 
 

T 
 

T 
 

T 
 

G 
 

T 
 

C 
 

G 
 

G 
 

A 
 

C 

  

0.89 
 

0.85 
 

0.94 
 

0.82 
 

0.73 
 

0.77 
 

0.61 
 

0.64 
 

0.54 
 

0.89 
 

0.94 

  

3.83 

-0.48 

-3.61 

0.40 

-5.64 

0.62 

3.98 

-0.37 

-3.18 

0.32 

-3.59 

0.33 

2.23 

-0.28 

-2.14 

0.28 

2.22 

-0.31 

3.16 

-0.43 

-7.68 

0.85 
 

1.1x10-4 

2.7x10-7 

3.2x10-5 

7.0x10-7 

1.9x10-5 

8.4x10-7 

9.5x10-7 

9.9x10-7 

6.7x10-6 

1.3x10-6 

2.1x10-6 

1.4x10-6 

4.2x10-4 

2.5x10-6 

8.5x10-4 

3.7x10-6 

1.7x10-3 

3.8x10-6 

1.4x10-3 

3.9x10-6 

3.9x10-4 

4.3x10-6 
 

Note: top associations were defined as interaction p<5x10-6; frequency refers to effect allele frequency  

Abbreviations: chr, chromosome; BP, base pair; MAF, minor allele frequency; SNP, single nucleotide 

polymorphism; SBP, systolic blood pressure 

 

Supplemental Table 2. Association between PRS and 

median SBP in adulthood (N=877) 

Unadjusted Model 1 

0.26 (0.03, 0.49) 0.24 (-0.21, 0.70) 

Abbreviation: PRS, polygenic risk score 

Model 1: median age, sex, race, first 4 principal 

components of ancestry 
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Supplemental Figure 1. Histogram for the distribution of the polygenic risk score for systolic blood 

pressure. 
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