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Abstract

To identify subgroups of individuals with similar trajectories in blood pressure (BP) from
childhood to young adulthood, and to determine the relationship of BP trajectories with carotid
intima-media thickness (IMT) and left ventricular mass index (L\VVMI). BP was measured up to 16
times over a 23-year period in 683 participants from childhood to young adulthood. IMT and
LVMI were measured in 551 participants and 546 participants respectively. Using latent class
models, three trajectory groups in BP from childhood to young adulthood were identified,
including high-increasing (HI), moderate-increasing (M) and low-increasing (LI) group. We
found that trajectory of systolic blood pressure (SBP) was a significant predictor of both IMT and
LVMI with increased rate of growth in SBP associated with higher levels of IMT and LVMI (P for
trend <0.001). Similar to the BP trajectory groups from childhood to young adulthood, three
trajectory groups in BP during childhood (<18 years) were identified and participants in the HI
group had thicker IMT (P <0.001) and increased LVMI (P=0.043) in comparison with those in the
LI group. Results were similar for Mid-BP trajectories but not for diastolic BP trajectories. Our
results suggested that different BP trajectories exist from childhood to young adulthood, and the
trajectories were independently associated with IMT and LVMI. We for the first time reported the
association between SBP trajectories derived from childhood with subclinical cardiovascular risk
in young adulthood, indicating that monitoring trajectories of BP from childhood may help
identify a high cardiovascular risk population in early life.
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INTRODUCTION

High blood pressure (BP) has been well established as a major risk factor for cardiovascular
disease (CVD) and stroke,1: 2 which are the leading causes of death and disability
worldwide.3 In addition to the BP levels, which are usually measured only one time at the
baseline, recent longitudinal studies indicate that patterns of BP over time (i.e., BP
trajectories) are associated with an increased risk of CVD. For example, Allen et al. have
identified subgroups with differential BP trajectories among young adults and suggested that
higher BP trajectories (i.e., BP increased more rapidly) were significantly associated with
the presence of subclinical atherosclerosis in middle age.* Numerous studies have
demonstrated that levels of BP in childhood could predict coronary atherosclerosis risk in
adulthood.> & However, little is known about the varied BP trajectory patterns from
childhood to young adulthood and their effects on CVD risk. Moreover, whether routine
screening for primary hypertension should be performed in children and adolescents is still
debated due to false-positive results.”- 8 Therefore, further research to examine the
association between longitudinal BP and CVD risk, could shed some light on the necessity
of BP routine screening from childhood. Taking advantage of a 23-year longitudinal cohort
with up to 16 visits from childhood to young adulthood, we aimed to identify subgroups of
individuals with differential trajectories in BP from childhood through young adulthood, and
to determine the associations of BP trajectories with the risk of subclinical CVD, indexed by
intima-media thickness (IMT) and left ventricular mass index (LVMI).9-14

METHODS
Study Population

The participants were from the Georgia Stress and Heart (GSH) study, an ongoing
longitudinal study designed to evaluate the development of CV risk factors in youth and
young adults.1® Recruitment and evaluation of participants have been described in detail
elsewhere.1>-17 Briefly, participants who met the following criteria were recruited: (1) aged
5 to 16 years in 1989, (2) African or European ancestry, (3) normotensive for age and gender
based on BP screening, and (4) apparently healthy based on parental reports of the child’s
medical history. All participants were recruited using family health history questionnaires
obtained from a county-wide (Richmond County, Georgia) public school screening of
children in kindergarten through grade 8 whose families were interested in health research.
A high participation rate was obtained, with 96.3% of those contacted agreeing to
participate. Our data encompass a 23-year period (1989 to 2012) in which 16 visits were
conducted. Participants with 3 or more BP measurements were included in the analysis, and
75% of them completed more than 8 measurements (Table 1). The Institutional Review
Board of the Medical College of Georgia have approved the study and an informed consent
was provided by all subjects, or by parents if subjects were <18 years old.

Procedure and Measurements

On each laboratory visit, demographic information was collected. Participants’ height and
weight were measured with a Healthometer medical scale that was calibrated daily. Body
mass index (BMI) was calculated as weight in kilograms divided by the square of height in
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meters. Body surface area (BSA) was calculated as SQRT ([height (cm) * weight (kg)]/
3600).18 BP was measured with an automated oscillatory BP system (Dinamap Vital Signs
Monitor, Model 1846 SX; Criticon Incorporated, Tampa, Fla), using an appropriately sized
BP cuff that was placed on the participants’ right arm. BP measurements were taken at the
end of the 11th, 13th, and 15th minutes during a 15-minute relaxation period in which
participants were instructed to relax as completely as possible while lying (supine) with their
head resting on a pillow. The average of the last two readings (at 13 and 15 minutes) was
used to represent resting systolic blood pressure (SBP) and diastolic blood pressure (DBP),
respectively. In addition to SBP and DBP, Mid-BP was also calculated ([SBP+DBP]/2)
because it has been shown to have the greatest predictive utility for CVD in adults.®

IMT and LVM were measured in 551 participants (1215 measurements, 1015 measurements
were eligible for analysis) and 546 participants (1229 measurements, 1107 measurements
were eligible for analysis) respectively at visit 12, 14 and 15. Hewlett-Packard Sonos 5500
(Andover, MA) equipped with a 7.5 MHz linear array probe was used to measure the
common carotid artery IMT. Left and right common carotid, carotid bulb, internal carotid
and external carotid were first visualized in transverse then in longitudinal planes.
Measurements were made at a point 2 cm proximal to the bifurcation on both near and far
wall that showed the intima-media boundaries most clearly. Images were saved on high
quality VHS tapes. IMT were derived from a computer program Vascular Tool (Medical
Imaging Application, lowa City, lowa). This system uses an automated method for near
and/or far wall border detection. Common carotid‘s IMT was measured as the distance from
leading edge of first echogenic line to that of the second echogenic line. Ten frames of
common carotid artery were analyzed by one experienced sonographer. The mean carotid
IMT for left far wall was the primary outcome of interest in this analysis. Sector-guided M-
mode echocardiograms were performed with a Hewlett Packard Sonos 1500
echocardiograph to measure the LVM. Left ventricular posterior wall in diastole,
interventricular septum in diastole, and left ventricular internal diameter in diastole were
measured according to the American Society of Echocardiography convention.20 LVM was
calculated using the necropsy-validated formula of Devereux et al and normalized to BSA to
obtain LVMI,21: 22 Intra- and interrater coefficients of variation for all cardiac structures
assessed were 10%.23

Childhood socioeconomic status (SES) was indexed by father’s education level, because this
measure remained highly stable across the years of this longitudinal cohort and was
available for all participants used in the present study. We used the father’s education,
measured at the midpoint of visits 1 to 12, as a representative for the whole study period.
Father’s education was measured in years on a 7-point scale that ranged from less than high
school to postgraduate education and was subsequently divided into 3 categories: low (<12
years), medium (=12 and <16 years), and higher (=16 years).

Statistical Analysis

Latent class modeling was used to identify subgroups that share a similar underlying
trajectory in BP.24 25 A Stata plugin program (Traj) was used for estimating group-based
trajectory model using the maximum likelihood method.24 26 Briefly, this method is
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designed to identify clusters of individuals following a similar developmental trajectory on
an outcome of interest, based on a semiparametric group-based approach.2” Age was used as
a timescale for the trajectories. Linear and quadratic terms of age were considered and
evaluated based on their significance level. Selection of the best-fitting trajectory model was
assessed using the Bayesian Information Criterion. We found that the model with 3 classes
with up to quadratic order terms fit best. Then the associations of the trajectory groups with
IMT and LVMI were examined by using a mixed linear regression model with unstructured
covariance. Sequential models were constructed, including (1) unadjusted (trajectory group
only), (2) adjusted for age, race, and gender; (3) additionally adjusted for BMI and fathers’
education level, and (4) additionally adjusted for BP levels. IMT and LVMI at visit 12, 14
and 15 were defined as the dependent variables. Age, BMI and BP at three visits were
included as time-dependent variables. Race, gender, and the trajectory group were treated as
categorical and time-invariant variables. Visits were treated as random effects in these
models. The mixed linear models have the advantage to deal with missing values because
they use all of the available data from an individual during follow-up. Furthermore, to
examine the relationship of BP developmental patterns in childhood with atherosclerosis risk
in young adulthood, we modeled the BP trajectories in childhood in 626 participants who
had at least 3 BP measurements prior to 18 years old, and repeated all the analyses. The
interactions between sex and SBP trajectories for IMT and LVMI were tested, and a sex-
specific analysis was performed considering the occurrence of sex-differences in BP as early
as adolescence. In a sensitivity analysis, we excluded 2976 measurements with obesity and
44 measurements taking anti-hypertensive medications. All data analyses were performed
using Stata software version 12.1 (STATA Corp., TX, US). A two-sided P<0.05 was
considered statistically significant.

Trajectory patterns of BP

The trajectories in BP were examined among 683 participants with 3 or more BP
measurements from childhood to young adulthood. Of these, 7604 BP measurements were
available to analysis. Three trajectory groups in BP from childhood to young adulthood were
identified, including a high-increasing group (HI), a moderate-increasing (MI) and a low-
increasing group (L1I).

As shown in Figure 1, 83 (12.2%) participants started with a high level and had relatively
fast increase in SBP level from childhood to young adulthood (HI group); 266 (39.0%)
participants started with a moderate level and experienced a moderate increase in SBP (Ml
group); and 334 (48.9%) participants started with a low level and maintained a low increase
in SBP (LI group). Overall, LI group maintained a small increase in mean level of SBP (9.1
mmHg) across 23 years. The MI group experienced an average of 13.9 mmHg increase, and
the HI group had rapid increase over time (22.0 mmHg) in SBP (Table S1). As shown in
Table 1, participants in the HI group tend to be male, black, higher BMI, and more likely to
have a father with a lower educational level (£ < 0.05). The trends remained the same when
participants were followed up into adulthood. In addition, the percent of hypertension (SBP
> 140 or DBP =90 mmHg, or taking antihypertensive medications) was 42.2% in HI group,
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significantly higher than 1.8% in LI and 6.0% in MI group (Tables S2). The trajectories
identified in Mid-BP and DBP were shown in Figure S1A and Figure S2A.

The association between trajectories of BP with IMT and LVMI

Table S3 shows the differences between the participants who were used to identify the BP
trajectories and those who are not included in the association analyses later. The results
show that sex and race were significantly different for IMT, whereas race and father’s
education level were significantly different for LVMI. The mean IMT and LVMI in the HI
and M1 group were higher than in the LI group (0.55, 0.52 and 0.50 mm for IMT; 79.23,
72.02 and 65.41g/m? for LVMI) (Figure 1). Table 2 presents results of mixed regression
models for trajectories of SBP with IMT and LVMI respectively. Increased rate of growth in
SBP was significantly associated with increased IMT and LVMI in young adulthood (P for
trend <0.001). Compared to the LI group, individuals in the M1 and HI groups showed
higher IMT ($=0.019, ~=0.007 for the MI group; p=0.051, £=0.012 for the HI group) and
LVMI (p=2.785, P=0.019 for the MI group; p=7.451, £<0.001 for the HI group),
respectively. These associations were independent of covariates, including age, race, sex,
BMI, father’s education, and BP levels. The associations between trajectories of Mid-BP
with IMT (adjusted $=0.006, P=0.384 for the MI group and $=0.028, £=0.007 for the HI
group compared with the LI group) and LVMI (adjusted p=0.409, P=0.726 for the MI group
and p=3.672, £=0.035 for the HI group compared with the LI group) were also statistically
significant (Table S4). However, the associations between DBP trajectories with IMT or
LVMI were not significant (Table S5).

The association between BP trajectories during childhood with IMT and LVMI

Using BP data obtained prior to 18 years old, we re-modeled BP trajectories in 626
participants (a total of 4146 BP measurements). Ninety-seven (15.5%) participants started
with a high level and had a relatively fast increase in SBP levels throughout (HI group); 292
(46.7%) participants started with moderate level and experienced a moderate increase in
SBP (Ml group); and 237 (37.6%) participants started with low level and maintained a low
increase in SBP (LI group) (Figure 2). The trajectories identified in Mid-BP and DBP using
data prior to 18 years old are shown in Figure S1B and Figure S2B. The associations of
childhood SBP trajectories with IMT and LVMI were virtually unchanged. For trajectories
of SBP, an average of increase of 0.040 mm for IMT (/<0.001) and 3.552 g/m?2 for LVMI
(P=0.043) were observed in the HI group compared to the LI group (Table 3). For
trajectories of Mid-BP, an increase of 0.029 mm for IMT (P =0.004) was observed in the HI
group compared to the LI group (Table S4). There was no significant association between
DBP trajectories in childhood and the mean for IMT and LVMI (Table S5).

Sensitivity analyses

The trajectories identified in SBP from the BP data obtained prior to 18 years old were
similar with those from the total cohort (Table S6), i.e. participants who displayed moderate
and fast increasing BP in childhood, also showed moderate and fast increasing BP in young
adulthood.
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There were no interactions between sex and SBP trajectories for IMT or LVMI (P>0.05).
Sex-specific analyses (3679 measurements of males, 3925 measurements of females) were
performed, and the similar trends were found in our study (Table S7 and Figure S3). In
addition, after excluding 3304 measurements with obesity and 44 measurements taking anti-
hypertensive drugs, the results remained the same (Table S8 and Figure S4). Finally, we
identified same BP trajectories using the same population with available IMT (6703
measurements) or LVMI (6608 measurements) data, and the associations with IMT or LVMI
remained the same (Table S9 and Figure S5).

Adding BMI, race, gender and father’s education (BMI was included as time-dependent
variables, and race, gender and father’s education were treated as time-invariant variables) to
group-based trajectory model resulted in a 2% improvement in model fit (Bayesian
Information Criterion= -27209.77 versus —26757.68). We further explored the risk factors
affecting the SBP trajectories, and found that sex, race and change of BMI (£ < 0.001) were
significantly associated with the SBP trajectories (Table S10, S11).

DISCUSSIONS

Three trajectory groups in BP from childhood to young adulthood were identified. We found
that trajectories of BP (SBP and Mid-BP) were significantly associated with IMT and LVMI
levels in young adulthood, i.e., the faster increasing rate of growth in BP, the higher levels of
IMT and LVMI, which are two accepted subclinical markers for cardiovascular risk.14: 28
Furthermore, we for the first reported significant associations between SBP trajectories
derived from childhood and subclinical cardiovascular indices in young adulthood.

Several studies have elucidated that there were varied patterns of BP change in
population.2 30 Allen et al. identified 5 distinct trajectories in mid-BP and SBP over a 25-
year span from young adulthood to middle age.* In the Framingham Heart Study, 4
trajectories were identified in 890 men aged 30 to 84 years.3! However, little is known about
the association between BP changes during childhood to young adulthood and
cardiovascular risk. Only one longitudinal birth cohort in New Zealand identified four
different SBP trajectories from childhood to young adulthood in a population of 975
participants aged 7-38 years old. The findings showed that males, participants whose
mothers had pregnancy hypertension, who were first born, who had lower birth weight, who
had increasing BMI and increasing daily cigarettes tended to be in the hypertensive group.
The study also found that the SBP trajectories were correlated with early-midlife
cardiovascular risk indicators, such as obesity, lipid level and glycohemoglobin
concentration.32 Similarly, we identified three trajectory groups in BP from childhood to
young adulthood in our cohort that consists of both EAs and AAs. Consistent with previous
reports, we also found participants in the HI group tended to be males, African Americans?,
with higher BMI 33, and more likely to have a lower parental SES34, suggesting that the
subgroups do capture the persons with differing cardiovascular risk exposures.

CARDIA study demonstrated that higher BP trajectories throughout early adulthood were
significantly associated with the presence of subclinical atherosclerosis (coronary artery
calcification) in middle age.* Susanne and colleagues found that ten-year BP trajectories of
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middle-aged men were stronger predictors of CVD mortality, all-cause mortality, and life
years lost than a single, average, and usual BP in Minnesota Business and Professional Men
study.3® All these results, including ours, imply that BP trajectories based on multiple BP
recordings may be a stronger predictor than a single measurement. In addition, screening of
CVD risk factors in younger population is necessary, because atherosclerosis has its roots in
childhood.36 U.S. Preventive Services Task Force concludes that the evidence to support
screening for primary hypertension in children and adolescents is insufficient, one of the
major reasons is that false-positive results may occur when BP are measured in a clinical
setting.” Our data suggested that monitoring trajectories of BP from childhood may assist in
a more accurate identification of individuals with the higher cardiovascular risk as early in
life as possible, and a rational approach to prevent CVD should begin early in life.

A large number of longitudinal studies indicated that the association between early-life
factors and the SBP trajectory group is stronger compared with the DBP group.37: 38 To
some extent agreeing with these results, we didn’t observe the associations of DBP
trajectories with mean IMT and LVMI. However, we found an association of Mid-BP
trajectories with IMT and LVMI, which is consistent with previous studies showing that
Mid-BP may provide a greater predictive utility for cardiovascular events compared to
DBP.19: 39 Numerous studies have found that the SBP but not DBP was independently
associated with IMT, and SBP was more closely related with LVM than DBP.40-4> These
findings suggest that at younger age SBP may increase left ventricular afterload with
ensuing cardiac structural and functional changes. DBP elevation reflects more an increase
of vascular resistance which is a chronic adaptive process leading to vascular
remodeling®®: 47. Elevated blood pressure either directly or indirectly induces
vasoconstriction with adaptive wall thickening. Since our study population is still young
meaning with low likelihood of vascular remodeling, a longer follow-up period might unveil
the DBP effect on CVD health indicators.

Strengths and Limitations

A major strength of the present study is that it involves up to 16 BP measurements over a 23-
year period from childhood to young adulthood. A second feature is that we used two well
accepted markers of subclinical CVD and mutually confirmed the associations between
SBP/Mid-BP trajectories and cardiovascular risk. Third, the latent class model, an innovative
and powerful method, was used to identify subgroups in a cohort with long-term patterns of
BP that share a similar latent growth rate. This enables us to evaluate the associations
between subclinical cardiovascular markers and BP changes from childhood to young
adulthood. However, several limitations should be noted. First, our cohort only includes
European and African Americans. The trajectory groups identified may not be generalizable
to other populations. In addition, not all participants have BP information available at all
visits. However, over 75% of the participants had BP measured more than 8 times.
Therefore, we believe the results are unlikely to be biased due to the missing BP
measurements. Finally, a national representative and large sample cohort study is needed to
build a reference of the rate of growth for SBP to screen the high cardiovascular risk
population.
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Perspectives

Our study confirmed that subgroups with different BP trajectories exist in population, and
found trajectories of BP (SBP and Mid-BP) throughout childhood and young adulthood
were significant predictors of subclinical CVD. We for the first time report significant
associations between SBP trajectories derived from childhood and subclinical cardiovascular
indices in young adulthood. Monitoring trajectories of BP from childhood may provide an
important approach to identify population with higher risk for developing hypertension and
CVD. Early prevention and intervention in these population may effectively reduce their
cardiovascular risks in adulthood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is New?

. This study involves up to 16 BP measurements over a 23-year period from
childhood to young adulthood.

. Trajectories of BP (SBP and Mid-BP) were significantly associated with IMT
and LVMI in young adulthood, i.e., the faster increasing rate of growth in BP,
the higher levels of IMT and LVMI.

. We for the first time report that SBP and Mid-BP trajectories during
childhood were statistically significantly associated with subclinical CVD risk
in young adulthood.

What Is Relevant?

. Monitoring trajectories of BP from childhood may provide an important
approach to identify a population with higher risk for developing hypertension
and CVD.

Summary
. SBP trajectories during childhood were significantly associated with

subclinical cardiovascular indices in young adulthood, indicating that
monitoring trajectories of BP from childhood may help to identify a high
cardiovascular risk population in early life.
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Figure 1. Trajectory groups identified for systolic blood pressure (SBP) from childhood to

adulthood
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Their patterns by age, the number and percentage were shown for each group. The mean
levels of IMT and LVMI in adulthood were also shown for each group. Dash lines are 95%

confidence interval lines.
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Figure 2. Trajectory groups identified for systolic blood pressure (SBP) during childhood up to

age 18 years

Their patterns by age, the number and percentage were shown for each group. The mean
levels of IMT and LVMI in adulthood were also shown for each group. Dash lines are 95%

confidence interval lines.
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Table 1

Characteristics of participants by SBP trajectory group at baseline visit

Characteristics Low-increasing Moderate-increasing  High-Increasing P value
No. of participants 334 266 83
Participants with > 8 visits, %  252(75.4) 200(75.2) 65(78.3) 0.836
Age (years) 11.6+3.6 12.3+3.5 12.4+3.4 0.041
Sex (female, %) 230(68.9) 94(35.3) 18(21.7) <0.001
Height (cm) 146.5+18.9 153.4+19.1 155.9+18.2 <0.001
Weight (kg) 45.2+20.3 54.5+24 58.8+22.6 <0.001
BMI (kg/m2) 20.0+£5.5 22.1+6.5 23.3%6.1 <0.001
SBP (mmHg) 101.6£7.9 109.9+8.9 118.7+11.0 <0.001
DBP (mmHg) 57.0+5.8 59.2+6.6 62.8+5.3 <0.001
Race

European American (%) 202(60.5) 124(46.6) 29(34.9) <0.001

African American (%) 132(39.5) 142(53.4) 54(65.1)
Father’s education level, %

<11 39(11.9) 51(19.6) 20(24.7) 0.004

12-15 224(68.1) 147(56.5) 50(61.7)

>16 66(20.1) 62(23.9) 11(13.6)

SBP=systolic blood pressure; DBP=diastolic blood pressure; BMI= body mass index
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