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Abstract 

Objectives: To examine the longitudinal course for the development of elevated blood pressure 

(BP)/hypertension and cardiac damage in adolescents. 

Study design: From the Avon Longitudinal Study of Parents and Children, UK birth cohort, 1856 

(1011 females) 17-year-olds were followed-up for 7 years. BP and echocardiography were assessed 

at ages 17 and 24 years. Elevated/hypertensive BP was defined as ≥130mmHg systolic and 

≥85mmHg diastolic. Left ventricular (LV) mass indexed for height2.7 (LVMI2.7) ≥51g/m2.7 was 

defined as LV hypertrophy (LVH) and LV diastolic function (LVDF) E/A <1.5 as LVD dysfunction 

(LVDD). Data were analysed with generalized logit mixed-effect models and cross-lagged 

structural equation temporal path models adjusting for cardiometabolic and lifestyle factors.  

Results: Over follow-up, the prevalence of elevated systolic BP/hypertension increased from 6.4% 

to 12.2%, LVH from 3.6% to 7.2%, and LVDD from 11.1 to 16.3%. Cumulative elevated systolic 

BP/hypertension was associated with worsening LVH in females (Odds ratio [OR] 1.61 (1.43 – 

1.80); p<0.0010 only. Elevated systolic BP/hypertension was associated with worsening LVDD in 

males and females. Elevated diastolic BP/hypertension was associated with worsening LVH in 

males and females. In cross-lagged temporal path models, higher baseline systolic BP was 

associated with LVDF (β=0.09, SE=0.002, p=0.029), but not LVMI2.7 at follow-up. Higher baseline 

cardiac indices were not associated with follow-up systolic BP. Higher baseline diastolic BP was 

associated with follow-up higher cardiac indices except LVDF. Baseline LVMI2.7 was not 

associated with follow-up diastolic BP. 

Conclusion: Elevated BP/hypertension may temporally precede premature cardiac damage in 

youth.  

Keywords: Adolescence, hypertension, arterial stiffness, left ventricular hypertrophy, left 

ventricular diastolic dysfunction, health promotion 
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Introduction 

Among adults, left ventricular hypertrophy (LVH) and LV diastolic dysfunction (LVDD) related 

heart failure with preserved ejection fraction are established risk factors for cardiovascular disease 

and death (1–3). A single-time measure of LVH or premature death in middle-aged adults has been 

associated with increased blood pressure (BP) from childhood and adolescence, while decreased 

LVH and BP from antihypertensive treatment in adults have been associated with reduced rates of 

clinical endpoints (4–9). The prevalence of adolescent elevated BP/hypertension is on the rise and 

several risk factors such as obesity, vascular stiffness, and lifestyle factors have been identified with 

BP increase (10–18).  

The US Preventive Services Task Force (USPSTF) review highlighted critical evidence gaps such 

as examining the long-term natural history of hypertension in youth, the relationship of pediatric 

hypertension with adulthood hypertension, and surrogate measures of cardiovascular disease in 

pediatric and adult populations (19,20). Systematic prospective cohort studies of changes in a 

predictor and an outcome may offer valuable evidence of potential causal associations when 

bolstered with biological plausibility.  

Therefore, we examined the temporal path and longitudinal associations of cumulative elevated 

systolic and diastolic BP/hypertension with the risk of worsening structural and functional cardiac 

damage among adolescents and young adults using data from the Avon Longitudinal Study of 

Parents and Children (ALSPAC) birth cohort, England, United Kingdom. We hypothesized that 

cumulative elevated systolic and diastolic BP/hypertension are associated with the risk of worsening 

LVH, LVDD, and other indices of cardiac damage irrespective of sex, weight, and vascular stiffness 

status and that higher systolic and diastolic BP temporally preceded worsening cardiac damage.  
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Methods 

Details of the ALSPAC birth cohort have been published earlier (10,21–23). The ALSPAC birth 

cohort investigates factors that influence childhood development and growth. Altogether, 14,541 

pregnancies from women residing in Avon, southwestern England, UK, resulting in a total of 

14,676 foetuses, were enrolled between April 1, 1991, and December 31, 1992. When the oldest 

children were approximately 7 years of age, an attempt was made to bolster the initial sample with 

eligible cases who had failed to join the study originally resulting in 913 additional pregnancies. 

The total sample size for analyses using any data collected after 7 years of age was 15,454 

pregnancies, resulting in 15,589 fetuses. Of these 14,901 were alive at 1 year of age. Regular clinic 

visits of the children commenced at 7 years of age and are still ongoing. Study data at 24 years were 

collected and managed using REDCap electronic data capture tools (24). For the present analysis, 

we included 1856 participants who had complete BP, cfPWV, LV mass indexed for height 

(LVMI2.7), and relative wall thickness (RWT) measurements at baseline, age 17 years clinic visit 

and were followed up until age 24 years (Figure 1; online).  

Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the 

Local Research Ethics Committees. Consent for biological samples has been collected in 

accordance with the Human Tissue Act (2004). Informed consent for the use of data collected via 

questionnaires and clinics was obtained from participants following the recommendations of the 

ALSPAC Ethics and Law Committee at the time.  

Anthropometry (height and weight) of participants at ages 17 and 24 years was assessed by standard 

protocols and body mass index (BMI) was computed as weight in kilograms per height in meters 

squared. Overweight/obesity was categorized as BMI ≥24.99 (10,25). Fasting blood samples at ages 

17 and 24 years were collected, spun, and frozen at –80 °C and later assayed for lipids, glucose, 

insulin, and high-sensitivity C reactive protein as detailed previously (10,25). Total fat mass and 

lean mass were assessed using dual-energy X-ray absorptiometry at 17-year and 24-year clinic 

visits. Questionnaires to assess smoking behaviour were administered at the 17-year and 24-year 

Jo
urn

al 
Pre-

pro
of



5 
 

clinic visits. At the 17-year clinic visit, participants were briefly asked about their personal and 

family (mother, father, and siblings) medical history such as the history of hypertension, diabetes, 

high cholesterol, and vascular disease. The participant’s mother’s socioeconomic status was 

grouped according to the 1991 British Office of Population and Census Statistics classification (26). 

Moderate-to-vigorous physical activity at the age 15.5 years (there were no measurement at 17 

years) was assessed with ActiGraphTM accelerometer worn for 7 days whereas at 24 years 

moderate-to-vigorous physical activity was assessed using an ActiGraph GT3X+ accelerometer 

device worn for four consecutive days, ideally starting the day after the clinic visit (25). 

Heart rate and systolic and diastolic BP were measured at age 17 years using a Dinamap 9301 Vital 

Signs Monitor (Morton Medical, London, UK) taken twice at rest and averaged. At 24 years BP 

readings were taken using an Omron M6 upper arm BP/pulse monitor. Participants were asked to sit 

and rest for two minutes prior to taking the first seated blood pressure reading. Participants with 

≥130 mmHg systolic BP were categorized as elevated systolic BP/hypertension and those with ≥ 85 

mmHg diastolic BP as having elevated diastolic BP/Hypertension (27).  

At both time points, cfPWV was assessed from pressure waveforms obtained using the Vicorder 

device (Skidmore Medical, Bristol, UK) as previously described (10,25,28,29). cfPWV was 

categorized at baseline based on sex-based tertile cutpoint. The lowest and middle tertile were 

considered as normal cfPWV while the highest tertile was considered as high cfPWV. The high 

tertile of cfPWV cutpoint at baseline corresponds to 6.27 m/s for males and 5.78 m/s for females. 

At 17 years, echocardiography was performed according to American Society of Echocardiography 

guidelines (30,31) by 1 of 2 experienced echocardiographers using an HDI 5000 ultrasound 

machine (Phillips Healthcare, Amsterdam, The Netherlands) equipped with a P4‐2 Phased Array 

ultrasound transducer. At 24 years, echocardiography was performed by two experienced 

echocardiographers using a Philips EPIQ 7G Ultrasound System equipped with a X5-1 transducer. 
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Philips Q-station was used for the M-mode, 2D, and Doppler echo analyses, while TomTec 

software was used for the 3D echo analyses.  

Measures of cardiac structure were LVMI2.7 allometrically scaled to ideal body height and RWT 

computed from septal wall thickness, posterior wall thickness, and LV diastolic diameter. LVH was 

defined as LVMI2.7 ≥51g/m2.7 since it predicts cardiovascular events, while increased RWT 

(hiRWT) was defined as ≥0.44 (3,32). Measures of cardiac function were LVD function (LVDF) 

computed as E/A wave ratio and LV filling pressure E/e´ wave ratio (LVFP). E/A <1.5 was 

categorized as LVDD and increased LVFP (hiLVFP) as E/e´ ≥8 (3,13,32–34). The reproducibility 

of echocardiographic examinations was assessed by recalling 30 participants and repeating their 

measurements. The intraclass correlation of repeated measurements ranged from 0.75 to 0.93 

(intraobserver) and 0.78 to 0.93 (interobserver) (35).  

The cohort’s descriptive characteristics were summarized as means and standard deviation, medians 

and interquartile ranges, or frequencies and percentages. Sex differences were examined using 

independent t-tests, Mann Whitney-U tests, or Chi-square tests for normally distributed, skewed, or 

dichotomous variables, respectively. The normality of variables was assessed, and skewed variables 

were logarithmically transformed prior to further analyses. The covariates were sex, family history 

of hypertension/diabetes/high cholesterol/vascular disease, age, low-density lipoprotein cholesterol, 

insulin, triglyceride, high-sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart 

rate, glucose, systolic blood pressure, fat mass, lean mass, smoking status, and moderate to vigorous 

physical activity, light physical activity, and sedentary time. 

Structural equation modeling with autoregressive cross-lagged path design (36) was used to 

examine the separate temporal path associations of systolic and diastolic BP with each of LVMI2.7, 

RWT, LVDF, and LVFP (cardiac indices). The cross-lagged models first tested the separate 

associations of systolic and diastolic BP at 17 years with each of LVMI2.7, RWT, LVDF, and LVFP 

at 24 years; and secondly tested the separate associations of LVMI2.7, RWT, LVDF, and LVFP at 
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17 years with systolic and diastolic BP at 24 years. These models were adjusted for the above-listed 

covariates measured at baseline. In the cross-lagged design, the potential association could be BP 

indices toward cardiac indices, cardiac indices toward BP indices or bidirectional associations 

between BP and cardiac indices. If a path from BP at time t-1 (17 years) to each of LVMI2.7, RWT, 

LVDF, and LVFP at time t-2 (24 years) reached significance (p-value<0.05), changes in the earlier 

variables are considered to lead to changes in the later one, and vice versa. A stronger predictive 

effect is determined by a larger standardized regression coefficient. We concluded that the cross-

lagged path models had a good fit with the following indices: the root-mean-square error of 

approximation <0.05, the normed fit index, the relative fit index, the incremental fit index, the 

Tucker–Lewis fit index, the comparative fit index >0.90.(37) 

Lastly, the separate association of cumulative elevated systolic and diastolic BP/hypertension with 

each of the risks of cumulative LVH, hiRWT, LVDD, and hiLVFP was examined using generalized 

logit mixed-effect models (38). Raw values of predictor, outcomes and covariates at all time points 

were included in the model rather than a calculated delta change. Analyses were adjusted for all the 

above-listed covariates measured at both baseline and follow-up, including follow-up time. The 

effect estimates of the time by predictor interaction explained the impact of elevated systolic or 

diastolic BP/hypertension on the risk of worsening cardiac indices. Random intercept at the 

participant level was included in all models with robust variance estimators for fixed effects and a 

diagonal repeated covariance type was applied. All covariates were selected based on previous 

studies (10–12,14,25,26,29,39). Sex, weight, and arterial stiffness stratified results were presented. 

Differences and associations with a 2-sided p-value <0.05 were considered statistically significant 

with conclusions based on effect estimates [Odds ratio (OR), standardized regression coefficients 

(β), and their confidence intervals (CI) or standard errors (SE)]. Analyses involving 20% of a 

sample of 10,000 ALSPAC children at 0.8 statistical power, 0.05 alpha, and 2-sided p-value would 

show a minimum detectable effect size of 0.062 standard deviations if they had relevant exposure 

for a normally distributed quantitative variable (40). Missing data, not missing completely at 

Jo
urn

al 
Pre-

pro
of



8 
 

random, were handled with 20 cycles of multiple imputations as it has >98% efficiency in 

simulating real data (10,25). Multiple comparisons were adjusted for using sequential Sidak 

correction. All statistical analyses were performed using SPSS statistics software, Version 27.0 

(IBM Corp, Armonk, NY, USA), and structural equation modelling was conducted using IBM 

AMOS version 27.0. 
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Results 

Of the 14,901 children in the ALSPAC birth cohort who were alive at 1 year of age, 5217 

adolescents participated in the 17-year baseline clinic visit and 4026 young adults participated in the 

24-year follow-up clinic visit (Figure 1; online). We studied 1856 participants who had complete 

systolic and diastolic BP, cfPWV, LVMI2.7, and RWT measurements at the age of 17 years. Of the 

included 1856 participants at age 17 years clinic visit, approximately 70% (1285 participants) 

returned for the age 24-year follow-up assessment (Table 1). Males had higher systolic BP, 

LVMI2.7, RWT, and LVDF than females at both 17 and 24 years; however, females had higher 

LVFP and diastolic BP than males at baseline (Table 1). The prevalence of elevated systolic and 

diastolic BP/hypertension, LVH, and hiLVFP doubled in both males and females during the 7-year 

observation period. Other participants’ characteristics are shown in Table 1. 

 

Higher baseline systolic BP was associated with LVDF (β=0.09, SE=0.002, p=0.029), but not 

LVMI2.7 RWT, and LVFP at follow-up after full adjustment for baseline covariates (Table 2 and 

Figure 2; online). Higher baseline cardiac structural and functional indices were not associated with 

follow-up systolic BP. Higher baseline diastolic BP was associated with follow-up higher cardiac 

structural and functional indices except LVDF. Baseline LVMI2.7 and LVFP were not associated 

with follow-up diastolic BP, but higher baseline RWT and lower LVDF were associated with higher 

diastolic BP at follow-up (Table 2 and Figure 2; online). 

 

Cumulative elevated systolic BP/hypertension was associated with worsening LVH in females [OR 

1.61 (CI 1.43 – 1.80); p<0.001] and normal-weight participants, but not in the total cohort, males, 

overweight/obese participants (Tables 3 and 4). Cumulative elevated systolic BP/hypertension was 

associated with worsening LVDD in males [OR 1.09 (1.02 – 1.16); p=0.015], females, and normal-

weight participants but not in the total cohort and overweight/obese participants. Cumulative 

elevated systolic BP/hypertension was associated with worsening hiRWT in the total cohort, 

females, normal-weight and overweight/obese participants, but not male participants. Cumulative 
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elevated systolic BP/hypertension was associated with worsening hiLVFP in the total cohort and 

across both sex and weight categories (Tables 3 and 4). Among participants with normal arterial 

stiffness, cumulative elevated systolic BP/hypertension was associated with worsening hiLVFP 

only (Table 5; online). However, among participants with high arterial stiffness, cumulative 

elevated systolic BP/hypertension was associated with worsening hiRWT and hiLVFP only. 

 

Cumulative elevated diastolic BP/hypertension was associated with worsening LVH, hiRWT, and 

hiLVFP in males, females, and normal-weight participants (Table 3 – 4). Cumulative elevated 

diastolic BP/hypertension was associated with worsening LVDD in males and normal-weight 

participants only. Among overweight/obese participants, cumulative elevated diastolic 

BP/hypertension was associated with worsening LVH and hiRWT only (Table 4). Among 

participants with normal arterial stiffness, cumulative elevated diastolic BP/hypertension was 

associated with worsening LVH only (Table 5; online). However, among participants with high 

arterial stiffness, cumulative elevated diastolic BP/hypertension was associated with worsening 

hiRWT and hiLVFP only. Further adjustments for socioeconomic status did not alter the presented 

results (data not shown). 
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Discussion 

These data demonstrate that cumulative elevated systolic and diastolic BP/hypertension was 

associated with cumulative early cardiac damage, irrespective of sex, obesity, and arterial stiffness 

status and that higher diastolic BP may temporally precede premature cardiac damage. We report 

the temporal time sequence for the development of elevated systolic and diastolic BP/hypertension 

and earliest premature cardiac damage over a follow-up period of 7 years. This evidence addressed 

knowledge gaps as identified by the USPSTF such as examining the long-term natural history of 

hypertension in the pediatric population, the relationship of pediatric hypertension with adulthood 

hypertension, and surrogate measures of cardiovascular disease in pediatric and adult populations 

(19,20). The temporal path analyses suggest that higher systolic and diastolic BP and altered 

functional and structural cardiac indices in adolescence may progress to higher systolic and 

diastolic BP and altered cardiac indices in young adulthood, independent of cardiometabolic and 

lifestyle factors.  

Previous studies that reported elevated systolic BP in the pediatric or young adult population in 

association with a single measured LVH in mid-adulthood have not consistently reported sex 

differences (4–6,8). In the Coronary Artery Risk Development in Young Adults study conducted 

among 30-year-olds followed up for 5 years with repeated LV mass measure, changes in systolic 

BP was associated with changes in LV mass only in black women but did not examine changes in 

diastolic BP or cardiac function (41). In the Bogalusa Heart Study conducted among 160 

adolescents with a mean age of 13 years and followed-up for 4 years, baseline LV mass was 

correlated with follow-up systolic BP but baseline LV mass only correlated with follow-up systolic 

BP in females (42). We observed that continued elevated systolic BP/hypertension from 17 through 

24 years of age was associated with cumulative structural and functional cardiac damage in females, 

but only functional cardiac damage in males. 

The Bogalusa Heart Study did not examine changes in diastolic BP with cardiac structure or 

systolic and diastolic BP with cardiac function (42). The temporal path analyses in the present study 
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showed that baseline LV mass was not associated with follow-up systolic BP, and vice versa in 

contrast to the Bogalusa study report. The contrast in findings may be that the Bogalusa study 

sample size was smaller than the present study and used less advanced statistical techniques, lower 

definition echocardiography measures, and did not account for cumulative risk factors which have 

been associated with increased LV mass such as lipids, glucose, insulin, inflammatory markers, 

sedentary time, physical activity, family history of cardiovascular and metabolic diseases, and 

smoking status. The Young Finns Study concluded that childhood and adolescent systolic BP was 

not associated with a single-time measure of E/é ratio at age 42 years after multivariate adjustment 

(43). In contrast, we observed that cumulative elevated systolic and diastolic BP were associated 

with LVFP progression defined using repeated E/é ratio, and that increasing diastolic BP during 

adolescence temporally precede higher E/é ratio in young adulthood. 

In normal-weight participants, continued elevated systolic BP/hypertension was consistently 

associated with cumulative structural and functional cardiac damage across follow-up. Whereas, 

among overweight/obese participants, elevated systolic BP in association with cardiac damage was 

inconsistent, suggesting that high BP in the absence of high body fat is potentially averse to cardiac 

health. Considering that arterial stiffness is a novel risk factor for elevated BP in youth (10,11), we 

observed that among participants who had optimal arterial stiffness levels at baseline, consistently 

elevated BP/hypertension across the follow-up was not associated with damaged cardiac structure 

and function, independent of known risk factors. Hence, prospective studies on the role of arterial 

stiffness on early cardiac damage in the pediatric population are warranted (11). Recently, it was 

reported that pediatric age and sex-specific systolic BP z-score was associated with fatal and non-

fatal cardiovascular events in mid-adulthood (7). These present findings buttress this report (7) but 

clarify that elevated systolic BP/hypertension in childhood and adolescence may not temporally 

precede young adulthood premature cardiac damage in the causal path. However, mid-adulthood 

elevated systolic BP has been shown to have a greater effect on cardiovascular outcomes in late 

adulthood (44). 
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A large adult study that excluded children and adolescents concluded that isolated diastolic 

hypertension was not associated with incident cardiovascular outcomes (45). However, we showed 

that in both males and females and normal-weight adolescents, consistently elevated diastolic 

BP/hypertension was independently associated with cumulative functional and structural cardiac 

damage across the follow-up. Of note, among participants with optimal and high vascular stiffness 

at baseline, elevated diastolic BP/hypertension was associated with concentric and eccentric LVH 

progression, respectively. These relationships were further reinforced in that higher diastolic BP 

appears to precede higher cardiac indices in the causal path. Taken together, isolated diastolic 

hypertension may be a strong risk factor for early cardiac damage in the pediatric population, but 

additional prospective studies are needed. Variability in the associations observed between 

adolescent blood pressure and cardiac outcomes may be due to differences in the strength of the 

associations. Where the associations are strong, there appears to be consistency irrespective of 

baseline groups. For example, the longitudinal associations of diastolic blood pressure with relative 

wall thickness were consistent irrespective of sex, obesity, or arterial stiffness group. In addition, 

the temporal causal analysis showed that the relationships of diastolic blood pressure with relative 

wall thickness were statistically significant. 

We may not exclude potential residual bias such as collider effects, unusual reverse causation, and 

unmeasured confounders but the use of change in independent variables versus change in dependent 

variables and formal analysis of possible reverse causation strengthens our findings. Our 

participants were mostly Caucasian with minimal geographic variations; thus, our findings may not 

be generalizable to other ethnicities. 

In this prospective birth cohort study, cumulative elevated systolic and diastolic BP/hypertension 

was associated with cumulative early cardiac damage, irrespective of sex and obesity status. Higher 

diastolic BP but not systolic BP temporally preceded premature cardiac damage in the causal path. 

Cumulative elevated systolic and diastolic BP/hypertension was associated with cumulative early 

cardiac damage among participants with higher vascular stiffness compared with those with optimal 
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vascular stiffness. These observations suggest that adolescence may be a critical age for the 

screening and prevention of high BP and its cardiac sequelae.  
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Online-only figure legend 

 

Figure 1; online only. Flowchart of study participants. 

cfPWV, carotid-femoral pulse wave velocity; LVM, left ventricular mass; RWT, relative wall 

thickness 

 

Figure 2; online only. Temporal causal relationships between arterial measures and left ventricular 

mass index. 

Auto-regressive cross-lagged temporal longitudinal associations of systolic blood pressure (A) with 

left ventricular mass index (B) and diastolic blood pressure with left ventricular mass index from 17 

– 24 years among 1856 adolescents from the ALSPAC (Avon Longitudinal Study of Parents and 

Children), UK birth cohort. Analyses were adjusted for cardiometabolic and lifestyle factors. 

 

Online only Table 

Table 5 Longitudinal associations of cumulative elevated blood pressure/hypertension from ages 17 

through 24 years with the risk of worsening left ventricular hypertrophy and diastolic dysfunction 

from ages 17 through 24 years according to arterial stiffness category at baseline. 
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Table 1 Descriptive characteristics of cohort participants  

                              17 years                             24 years 

Variables              Male          Female               Male         Female 

 N Mean (SD) N  Mean (SD)  N Mean (SD) N Mean (SD) 

Anthropometry          

Age (years) 845 17.69 (0.32) 1011 17.69 (0.32)  528 24.69 (0.63) 759 24.61 (0.63) 

Height (m) 845 1.79 (0.07) 1011 1.65 (0.06)  526 1.80 (0.07) 747 1.66 (0.06) 
*Weight (kg) 845 69 (14.10) 1011 61 (14.10)  525 77.20 (17.65) 748 64.75 (18.17) 

Ethnicity- White (n,%) 782 746 (95.4) 909 875 (96.3)  NA    

Body composition          
*Total fat mass (kg) 832 10.47 (9.98) 999 19.74 (10.81)  509 17.72 (10.12) 723 22.06 (12.85) 
*Lean mass (kg) 832 54.51 (7.76) 999 37.87 (5.40)  509 55.82 (10.04) 723 40.93 (7.31) 
*Body mass index (kg/m2) 845 21.48 (4.20) 1011 22.29 (4.70)  525 23.82 (4.64) 747 23.65 (6.39) 

Fasting plasma metabolic indices          

High density lipoprotein (mmol/L) 647 1.20 (0.26) 646 1.35 (0.32)  474 1.43 (0.38) 602 1.69 (0.44) 

Low density lipoprotein (mmol/L) 647 2.00 (0.56) 646 2.18 (0.62)  473 2.49 (0.79) 602 2.41 (0.74) 
*Triglyceride (mmol/L) 647 0.75 (0.34) 646 0.75 (0.37)  473 0.88 (0.52) 602 0.83 (0.47) 

Glucose (mmol/L) 647 5.18 (0.54) 646 4.92 (0.37)  474 5.54 (0.63) 602  5.31 (0.62) 
*Insulin (mU/L) 637 6.08 (3.95) 638 7.66 (4.52)  474 7.15 (4.99) 602 8.0 (5.42) 
*High sensitivity C-reactive protein (mg/L) 647 0.44 (0.73) 646 0.65 (1.28)  434 0.63 (1.13) 572 1.02 (2.03) 

Vascular measures          

Heart rate (beat/mins) 845 62 (9) 1009 67 (10)  526 64 (10) 757 69 (10) 

Systolic blood pressure (mm Hg) 845 120 (9) 1009 110 (8)  526 122 (11) 757 111 (9) 

Elevated systolic BP/hypertension (n,%) 845 98 (11.6) 1009 11 (1.1)  526 109 (20.7) 757 28 (3.7) 

Diastolic blood pressure (mm Hg) 845 63 (6) 1009 65 (6)  526 67 (8) 757 66 (8)  

Elevated diastolic BP/hypertension (n,%) 845 <6 (<0.5) 1009 7 (0.7)  526 8 (1.5) 757 14 (1.8) 
*Carotid-femoral PWV (m/s) 845 5.99 (0.82) 1011 5.53 (0.75)  388 6.53 (1.27) 588 5.97 (1.05) 

Cardiac measures          

Left ventricular mass indexed for height (g/m2.7) 845 37.61 (7.98) 1011 34.86 (7.08)  330 40.67 (8.61) 509 36.96 (7.91) 

Left ventricular hypertrophy (n,%) 845 47 (5.6) 1011 20 (2.0)  330 39 (11.8) 509 21 (4.1) 

Relative wall thickness (cm) 845 0.38 (0.06) 1011 0.38 (0.06)  331 0.37 (0.05) 509 0.36 (0.05) 

Increased relative wall thickness (n,%) 845 102 (12.1) 1011 107 (10.6)  331 27 (8.2) 509 27 (5.3) 

Left ventricular diastolic function (E/A) 820 1.95 (0.38) 971 1.92 (0.41)  343 2.01 (0.54) 527 2.01 (0.58) 

Left ventricular diastolic dysfunction (n,%) 820 75 (9.1) 971 124 (12.8)  343 58 (16.9) 527  84 (15.9) 

Left ventricular filling pressure (LVFP) (E/e´) 816 4.86 (1.08) 965 4.88 (0.97)  319 4.84 (0.98) 509 5.19 (1.02) 

Increased LVFP (n,%) 816  13 (1.6) 965 6 (0.6)  319 1 (0.3) 502 5 (1.0) 

Lifestyle factors          

Smoked cigarette ever (n,%) 762 314 (41.2) 907 449 (49.5)  522 320 (61.3) 755  452 (59.9) 

Sedentary time (mins/day) 397 466 (88) 476 486 (79)  143 529 (82) 241 526 (84) 

LPA (mins/day) 397 290 (70) 476 273 (60)  143 148 (63) 241 156 (58) 

MVPA (mins/day) 397 56 (30) 476 40 (23)  143 52 (30) 241 48 (28) 

Family history of H-D-C-V (n,%) 845 259 (30.7) 1010 326 (32.3)  NA    

Maternal social economic status (n,%) 400  416   NA    

Professional  33 (8.3)  25 (6.0)      

Managerial and technical  155 (38.8)  156 (37.5)      

Skilled non-manual  137 (34.3)  148 (35.6)      

Skilled manual  4 (1.0)  7 (1.7)      

Partly skilled  61 (15.3)  63 (15.1)      

Unskilled  10 (2.5)  17 (4.1)      

The values are means (standard deviations) and *median (interquartile range) except for lifestyle factors, cardiac structure and function risk categories in percentage. Differences between sexes were tested using 

Student’s t-test for normally distributed continuous variables, Mann–Whitney U test for skewed continuous variables, and Chi-square test for dichotomous variable. A 2-sided P-value <0.05 is considered statistically 

significant. Participants with LVMI2.7 ≥51g/m2.7, relative wall thickness ≥ 0.44, LVDD ≥ 1.5 and LVFP ≥ 8 were categorised as at risk of altered cardiac structure and function. Elevated systolic BP/hypertension 

(≥130mmHg); Elevated diastolic BP/hypertension (≥85 mm Hg). LPA, light physical activity; MVPA, moderate to vigorous physical activity; NA, not available/applicable; PWV, pulse wave velocity; P-value for sex 

differences. 
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Table 2 Temporal longitudinal path analyses of blood pressure with altered cardiac function and structure at 17 and 24 years of age  

1856 participants                                                                                                                                                                                                 

                                    Systolic blood pressure (SBP)         Diastolic blood pressure (DBP) 

Auto-regressive B β SE p-value   B β SE p-value 

LVMI2.7 T1        LVMI2.7 T2 0.566 0.503 0.035 <0.0001  LVMI2.7 T1          LVMI2.7 T2 0.561 0.502 0.035 <0.0001 

RWT T1            RWT T2 0.220 0.242 0.031 <0.0001  RWT T1              RWT T2 0.216 0.259 0.031 <0.0001 

LVDF T1          LVDF T2 0.408 0.284 0.048 <0.0001  LVDF T1            LVDF T2 0.414 0.287 0.048 <0.0001 

LVFP T1           LVFP T2 0.345 0.345 0.033 <0.0001  LVFP T1             LVFP T2 0.350 0.350 0.033 <0.0001 

SBP T1              SBP T2 0.538 0.459 0.032 <0.0001  DBP T1             DBP T2 0.446 0.366 0.034 <0.0001 

Cross-lagged  

LVMI2.7 T1       SBP T2 0.013 0.009 0.037 0.722  LVMI2.7 T1         DBP T2 0.035 0.034 0.029 0.237 

SBP T1             LVMI2.7 T2 0.025 0.028 0.031 0.408  DBP T1              LVMI2.7 T2 0.090 0.066 0.041 0.027 

RWT T1           SBP T2 5.963 0.030 4.359 0.171  RWT T1              DBP T2 10.939 0.081 3.486 0.002 

SBP T1             RWT T2 0.000 0.060 0.000 0.152  DBP T1              RWT T2 0.001 0.080 0.000 0.029 

LVDF T1         SBP T2 -1.068 -0.038 0.664 0.097  LVDF T1            DBP T2 -1.175  -0.061  0.517 0.023 

SBP T1            LVDF T2 0.005 0.086 0.002 0.029  DBP T1              LVDF T2 0.000 -0.001 0.003 0.984 

LVFP T1         SBP T2 -0.089 -0.008 0.245 0.716  LVFP T1             DBP T2 0.335 0.045 0.196 0.088 

SBP T1            LVFP T2     0.005 0.051 0.004 0.206  DBP T1              LVFP T2     0.012 0.072 0.006 0.043 

 

Time T1, 17 years of age; Time T2, 24 years; B, unstandardized regression; β, standardized regression, SE, standard error; LVDF, left ventricular 

diastolic function (E/A); LVFP, left ventricular filling pressure (E/e´); LVMI2.7, left ventricular mass indexed for height2.7; PWV, pulse wave velocity; 

RWT, relative wall thickness. Autoregressive cross-lagged temporal path analyses were adjusted for baseline sex, age low-density lipoprotein 

cholesterol, insulin, triglyceride, high-sensitivity C reactive protein, high-density lipoprotein cholesterol, heart rate, glucose, fat mass, lean mass, 

smoking status, family history of hypertension/diabetes/high cholesterol/vascular disease, and moderate to vigorous physical activity, light physical 

activity, and sedentary time. 

Skewed variables were logarithmically transformed before analyses. A 2-sided P-value <0.05 is considered statistically significant.  
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Table 3 Longitudinal associations of cumulative elevated blood pressure/hypertension from ages 17 through 24 years with the risk of worsening left ventricular hypertrophy and 

diastolic dysfunction from ages 17 through 24 years according to sex. 

 

N=1856 total population Worsening LVH  Increasing RWT   Worsening LVDD    Increasing LVFP 

 Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value  Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value 

Systolic blood pressure (SBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated SBP/Hypertension 1.12 (0.84 – 1.50) 0.448 1.30 (1.02 – 1.67) 0.034  1.12 (0.89 – 1.40) 0.351 1.33 (1.27 – 1.40) <0.0001 

Diastolic blood pressure (DBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated DBP/Hypertension 1.24 (0.97 – 1.57) 0.082 1.47 (1.14 – 1.90) 0.003  1.34 (0.99 – 1.81) 0.053 1.41 (1.02 – 1.94) 0.038 

                                                                                                                                        Male n=845 

Systolic blood pressure (SBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated SBP/Hypertension 1.02 (0.81 – 1.28) 0.876 1.08 (0.81 – 1.44) 0.586  1.09 (1.02 – 1.16) 0.015 1.26 (1.24 – 1.27) <0.0001 

Diastolic blood pressure (DBP) 

Normotensive Reference – Reference   Reference – Reference – 

Elevated DBP/Hypertension 1.71 (1.45 – 2.02) <0.001 1.24 (1.19 – 1.30) <0.0001  1.19 (1.12 – 1.27) <0.001 1.26 (1.07 – 1.48) 0.006 

                                                                                                                                        Female n=1011 

Systolic blood pressure (SBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated SBP/Hypertension 1.61 (1.43 – 1.80) <0.001 2.17 (2.02 – 2.33) <0.0001  1.35 (1.21 – 1.50) <0.001 1.65 (1.42 – 1.93) <0.001 

Diastolic blood pressure (DBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated DBP/Hypertension 1.40 (1.30 – 1.51) <0.0001 1.61 (1.45 – 1.80) <0.0001  1.18 (0.72 – 1.93) 0.509 1.96 (1.45 – 2.67) <0.001 

Multivariable analyses were adjusted for sex, time in years between ages 17 and 24 years, age at baseline and other time varying covariates measured at both baseline and follow-up such as low-density 

lipoprotein cholesterol, insulin, triglyceride, high-sensitivity C reactive protein, high-density lipoprotein cholesterol, heart rate, glucose, fat mass, lean mass, smoking status, family history of 

hypertension/diabetes/high cholesterol/vascular disease, and moderate to vigorous physical activity, light physical activity and sedentary time at 15 and 24 years. Sex-based analyses was not adjusted for 

sex. Skewed predictors and covariates were logarithmically transformed before analyses. Odds ratio are follow-up time X predictor interaction effect computed using generalized logit mixed-effect 

model for repeated measures; CI, confidence interval; LVDD, left ventricular diastolic dysfunction; LVFP, left ventricular filling pressure; LVH, left ventricular hypertrophy; LVMI2.7, left ventricular 

mass indexed for height2.7. A 2-sided P-value <0.05 is considered statistically significant. Multiple testing was corrected with Sidak correction. Participants with LVMI2.7 ≥51g/m2.7, relative wall 

thickness ≥ 0.44, LVD function <1.5, and LVFP ≥ 8 were categorised as having LVH, increased RWT, LVDD and increased LVFP respectively. Elevated systolic BP/hypertension (≥130mmHg); 

Elevated diastolic BP/hypertension (≥85 mm Hg). Multiple imputations were used to account for missing variables. 
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Table 4 Longitudinal associations of cumulative elevated blood pressure/hypertension from ages 17 through 24 years with the risk of worsening 

left ventricular hypertrophy and diastolic dysfunction from ages 17 through 24 years according to obesity status at baseline. 

 

  

Multivariable analyses were adjusted for sex, time in years between ages 17 and 24 years, age at baseline and other time varying covariates measured at both baseline and 

follow-up such as low-density lipoprotein cholesterol, insulin, triglyceride, high-sensitivity C reactive protein, high-density lipoprotein cholesterol, heart rate, glucose, smoking 

status, family history of hypertension/diabetes/high cholesterol/vascular disease, and moderate to vigorous physical activity, light physical activity and sedentary time at 15 and 

24 years.  

Skewed predictors and covariates were logarithmically transformed before analyses. Odds ratio are follow-up time X predictor interaction effect computed using generalized 

logit mixed-effect model for repeated measures; CI, confidence interval; LVDD, left ventricular diastolic dysfunction; LVFP, left ventricular filling pressure; LVH, left 

ventricular hypertrophy; LVMI2.7, left ventricular mass indexed for height2.7. A 2-sided P-value <0.05 is considered statistically significant. Multiple testing was corrected with 

Sidak correction. Elevated systolic BP/hypertension (≥130mmHg); Elevated diastolic BP/hypertension (≥85 mm Hg). Participants with LVMI2.7 ≥51g/m2.7, relative wall 

thickness ≥ 0.44, LVD function <1.5, and LVFP ≥ 8 were categorised as having LVH, increased RWT, LVDD and increased LVFP respectively. Multiple imputations were 

used to account for missing variables. 

 

Normal weight n=1455 Worsening LVH  Increasing RWT   Worsening LVDD    Increasing LVFP 

 Odds ratio (95% 

CI) 

p-value Odds ratio (95% 

CI) 

p-value  Odds ratio (95% 

CI) 

p-value Odds ratio (95% 

CI) 

p-value 

Systolic blood pressure (SBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated 

SBP/Hypertension 

1.31 (1.02 – 1.69) 0.033 1.54 (1.11 – 2.13) 0.009  1.43 (1.40 – 1.46) <0.0001 1.51 (1.37 – 1.66) <0.0001 

Diastolic blood pressure (DBP) 

Normotensive Reference – Reference   Reference – Reference – 

Elevated 

DBP/Hypertension 

2.17 (2.11 – 2.22) <0.0001 1.62 (1.46 – 1.78) <0.0001  1.71 (1.53 – 1.91) <0.0001 1.43 (1.25 – 1.64) <0.001 

                                                                                                                               Overweight and obese n=401 

Systolic blood pressure (SBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated 

SBP/Hypertension 

1.03 (0.79 – 1.34) 0.828 1.20 (1.09 – 1.31) <0.001  0.91 (0.74 – 1.11) 0.354 1.30 (1.26 – 1.34) <0.0001 

Diastolic blood pressure (DBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated 

DBP/Hypertension 

1.41 (1.20 – 1.64) <0.001 1.38 (1.32 – 1.45) <0.0001  0.90 (0.55 – 1.48) 0.687 1.33 (0.90 – 1.96) 0.154 
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Table 5 Longitudinal associations of cumulative elevated blood pressure/hypertension from ages 17 through 24 years with the risk of worsening 

left ventricular hypertrophy and diastolic dysfunction from ages 17 through 24 years according to arterial stiffness category at baseline. 

 

Normal cfPWV n=1392 Worsening LVH  Increasing RWT   Worsening LVDD    Increasing LVFP 

 Odds ratio (95% 

CI) 

p-value Odds ratio (95% 

CI) 

p-value  Odds ratio (95% 

CI) 

p-

value 

Odds ratio (95% 

CI) 

p-value 

Systolic blood pressure (SBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated 

SBP/Hypertension 

1.24 (0.88 – 1.75) 0.216 1.06 (0.99 – 1.14) 0.121  1.01 (0.66 – 1.54) 0.961 1.17 (1.00 – 1.36) 0.045 

Diastolic blood pressure (DBP) 

Normotensive Reference – Reference   Reference – Reference – 

Elevated 

DBP/Hypertension 

1.88 (1.75 – 2.03) <0.0001 1.17 (0.98 – 1.40) 0.089  1.17 (0.80 – 1.72) 0.403 1.27 (0.96 – 1.67) 0.098 

                                                                                                         Highest cfPWV tertile category n=464 

Systolic blood pressure (SBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated 

SBP/Hypertension 

1.09 (0.87 – 1.36) 0.463 1.61 (1.29 – 2.02) <0.001  1.37 (0.88 – 2.16) 0.168 1.68 (1.52 – 1.87) <0.0001 

Diastolic blood pressure (DBP) 

Normotensive Reference – Reference –  Reference – Reference – 

Elevated 

DBP/Hypertension 

1.07 (0.84 – 1.36) 0.594 1.56 (1.51 – 1.61) <0.0001  1.19 (0.85 – 1.69) 0.299 1.67 (1.31 – 2.13) <0.001 

Multivariable analyses were adjusted for sex, time in years between ages 17 and 24 years, age at baseline and other time varying covariates measured at both baseline and 

follow-up such as low-density lipoprotein cholesterol, insulin, triglyceride, high-sensitivity C reactive protein, high-density lipoprotein cholesterol, heart rate, glucose, smoking 

status, family history of hypertension/diabetes/high cholesterol/vascular disease, and moderate to vigorous physical activity, light physical activity and sedentary time at 15 and 

24 years.  

Skewed predictors and covariates were logarithmically transformed before analyses. Odds ratio are follow-up time X predictor interaction effect computed using generalized 

logit mixed-effect model for repeated measures; CI, confidence interval; cfPWV, carotid-femoral pulse wave velocity; LVDD, left ventricular diastolic dysfunction; LVFP, left 

ventricular filling pressure; LVH, left ventricular hypertrophy; RWT, relative wall thickness. A 2-sided P-value <0.05 is considered statistically significant. Multiple testing was 

corrected with Sidak correction. Elevated systolic BP/hypertension (≥130mmHg); Elevated diastolic BP/hypertension (≥85 mm Hg). Participants with LVMI2.7 ≥51g/m2.7, 

relative wall thickness ≥ 0.44, LVD function <1.5, and LVFP ≥ 8 were categorised as having LVH, increased RWT, LVDD and increased LVFP respectively. Multiple 

imputations were used to account for missing variables. 
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