
608

Although cardiovascular disease generally manifests in 
later life, evidence from autopsies suggests that the pro-

cess of atherosclerosis (1 consequence of high blood pressure 
[BP]) starts in adolescence.1 Furthermore, epidemiologi-
cal evidence has demonstrated that levels of BP track from 
childhood into adulthood2 and that BP in young adulthood is 
associated with carotid intima-media thickness3 and mortality 
from cardiovascular events4 later in life.
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In children and adolescents, BP tends to increase with 
age.5–11 The causes of these age-related changes in BP are 
largely unexplored; some age-related changes are likely to be 
the result of height growth because height is a major determi-
nant of BP in childhood and adolescence, with taller height 
associated with higher BP.10 Other influences on age-related 
changes in BP in children and adolescents are likely to include 
increasing levels of adiposity, a decline in health-promoting 
behaviors, and uptake in potentially harmful behaviours.12,13 
Understanding age-related changes in BP in childhood and 
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adolescence, and whether genetic variants are associated with 
greater or smaller age-related increases in SBP, could provide 
insight into cardiovascular disease pathogenesis and poten-
tially inform prevention strategies that aim to slow down age-
related increases and therefore reduce the level of BP attained 
in adulthood. Genetic variants related to BP, height, and body 
mass index (BMI) may all be determinants of patterns of 
change in BP across childhood and adolescence.

The International Consortium for Blood Pressure iden-
tified 29 single-nucleotide polymorphisms (SNPs) in 28 
loci, 16 of which were novel, that are associated with BP 
in adulthood.14 After accounting for the major nongenetic 
determinants of BP (age, age2, sex, and BMI), the 29 SNPs 
explain ≈0.9% of the variance in both systolic BP (SBP) and 
diastolic BP and are associated with BP-related organ dam-
age and clinical cardiovascular disease.14 Genetic variants 
known to be associated with BMI15 and height16 have also 
been identified.

In this article, we pool data from 2 prospective cohort stud-
ies; the Avon Longitudinal Study of Parents and Children 
(ALSPAC) and the Western Australian Pregnancy Cohort 
(Raine). We describe the associations of (1) an allelic score 
of 29 BP SNPs, (2) an allelic score of 180 height SNPs, (3) 
an allelic score of 32 BMI SNPs, and (4) each of the 29 BP 
SNPs individually with SBP trajectories from 6 to 17 years 
of age, modeled using linear spline multilevel models. This 
analysis will allow us to identify the total effect of currently 
known genetic influences on adult BP on trajectories of SBP 
across childhood and adolescence. In addition, it permits us to 
explore the effect of genetic variants related to 2 key environ-
mental determinants of BP (ie, height and BMI) on its devel-
opment in early life.

Methods
The ALSPAC
The ALSPAC is a longitudinal population-based birth cohort that 
recruited pregnant women residing in Avon, UK, with an expected 
delivery date between April 1, 1991, and December 31, 1992. A total 
of 14 541 women were enrolled, with 14 062 children born, of whom 
13 988 were alive at 1 year (13 617 singletons). The cohort, including 
its representativeness, is described in detail on the Web site http://
www.alspac.bris.ac.uk and elsewhere.17,18 Ethics approval was ob-
tained from the ALSPAC Law and Ethics Committee and relevant 
local ethics committees.

The Western Australian Pregnancy Cohort (Raine)
Recruitment of the Western Australian Pregnancy Cohort (Raine) has 
previously been described in detail.19 Between 1989 and 1991, 2900 
pregnant women were recruited at King Edward Memorial Hospital 
(Perth, Western Australia) before 18 weeks of gestation into a ran-
domized, controlled trial to evaluate the effects of repeated ultrasound 
in pregnancy. The study was conducted with appropriate institutional 
ethics approval, and written informed consent was obtained from 
caregivers at all follow-ups and participants at the 17-year-of-age 
follow-up. Further details about this study can be found at the study 
Web site http://www.rainestudy.org.au.

Genotyping
Within ALSPAC, 9912 subjects were genotyped using the Illumina 
HumanHap550 quad genome-wide SNP genotyping platform by 
23andMe subcontracting the Wellcome Trust Sanger Institute, 
Cambridge, UK, and the Laboratory Corporation of America, 

Burlington, NC. Individuals were excluded on the basis of having in-
correct sex assignments; minimal or excessive heterozygosity (<0.32 
and >0.345 for the Sanger data and <0.31 and >0.33 for the LabCorp 
data); disproportionate levels of individual missingness (>3%); evi-
dence of cryptic relatedness (>10% identity-by-descent); and being 
of non-European ancestry (EIGENSTRAT analysis revealed no ad-
ditional obvious population stratification, and genome-wide analy-
ses with other phenotypes indicate a low λ). The resulting data set 
consisted of 8365 individuals. SNPs with a minor allele frequency of 
<1% and call rate of <95% were removed. Furthermore, only SNPs 
that passed an exact test of Hardy-Weinberg equilibrium (P>5E–7) 
were considered for the analysis. Genotypes were subsequently 
imputed with MACH 1.0.16 Markov Chain Haplotyping software, 
using CEPH individuals from phase 2 of the HapMap project as a 
reference set (release 22).

Within Raine, DNA was collected at the follow-ups at 14 years 
(74% of all adolescents) and 17 years (additional 5% of all ado-
lescents) of age using standardized procedures. High-throughput 
genome-wide SNP genotyping using the genome-wide Illumina 660 
Quad Array was performed for each individual. Genotype data were 
imputed against Hapmap phase2 build 36 release 22 using MACH 
version 1.0.16 after quality control (minor allele frequency, >1%; 
Hardy-Weinberg equilibrium, >5×10–7; call rate per SNP and popu-
lation, >95%). Principal components analysis of genome-wide SNP 
data with EIGENSTRAT20 has revealed evidence of population strati-
fication in the Raine sample, so the first 4 principal components were 
included as cofactors in all analyses. This procedure has been used 
previously in genetic analyses of the Raine cohort.21,22

BP Measurement
A maximum of 7 measures of SBP were available for ALSPAC par-
ticipants from research clinics held when the participants were ≈7, 
9, 10, 11, 13, 15, and 17 years old (mean ages at clinic attendance 
of 7.5, 9.9, 10.6, 11.7, 12.8, 15.4, and 17.8 years; Figure I in the 
online-only Data Supplement). At each clinic, SBP was measured 
twice with the child sitting and at rest with the arm supported, using 
a cuff size appropriate for the child’s upper arm circumference. The 
mean of the 2 measures is used in our analyses. A Dinamap 9301 
Vital Signs Monitor (Morton Medical, London) was used at the 7-, 9-, 
and 11-year clinics; an Omron MI-5 was used at the 10-year clinic; a 
Dinamap 8100 Vital Signs Monitor (Morton Medical) was used at the 
13-year clinic; and an Omron IntelliSense M6 (Omron Healthcare, 
Kyoto, Japan) was used at the 15- and 17-year clinics.

Within Raine, a maximum of 5 measures of SBP were available 
from research clinics held when the participants were ≈6, 8, 10, 14, 
and 17 years old (mean ages at clinic attendance of 6.0, 8.1, 10.6, 
14.1, and 17.1 years; Figure I in the online-only Data Supplement). 
BP was measured by trained research assistants on participants rested 
in a seated position for 5 minutes. Right arm circumference was mea-
sured, and the appropriate cuff size was used. Measurements were 
recorded using an oscillometric sphygmomanometer (DINAMAP 
vital signs monitor 8100, DINAMAP XL vital signs monitor, or 
DINAMAP ProCare 100) automating readings per 2-minute inter-
vals. Earlier ages (6–10 years) each took 3 recordings, and older ages 
(14 and 17 years) had 6 BP recordings taken. The first BP measure 
was discarded, and the mean of the remaining measures was used to 
represent SBP.

Modeling Trajectories of SBP
Multilevel models are an appropriate tool for the analysis of longitu-
dinal data; they estimate average and individual-specific trajectories 
of the outcome, regardless of differences in the number and tim-
ing of measurements between individuals. Such models allow the 
clustering of repeated measurements within individuals, can account 
for change in scale and variance of measures over time, and use all 
available data from all eligible children under a missing at-random 
assumption.23 The models allow individual variation in trajectories 
because random effects allow a separate trajectory to be estimated 
for each individual. Individual trajectories of SBP were estimated us-
ing linear spline multilevel models (2 levels: measurement occasion 
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and individual). These models estimate an intercept (SBP at the age 
of 6 years; note that for ALSPAC this is an extrapolation because the 
first available measure was at the age of 7 years) and different linear 
slopes between 6 and 11 years, 11 and 15 years, and 15 and 17 years 
(see Figure I in the online-only Data Supplement for details of raw 
data, Figure III and IV in the online-only Data Supplement for de-
tails of model selection, and Figures II, V, and VI in the online-only 
Data Supplement for details of the final model).24 Mean intercepts 
and linear slopes were allowed to differ between men and women 
and between ALSPAC and Raine, and the variance of measurement 
occasion-level residuals (the differences between observed and 
predicted measurements) was allowed to vary with age and across 
cohorts. A binary indicator for the 10-year clinic in ALSPAC was 
included as a fixed effect to allow for the different measuring device. 
Four principal components and their interactions with the linear 
slopes were included in the models to account for population strati-
fication in Raine. The trajectories were modeled in MLwiN version 
2.25,25 which was called from Stata version 1226 using the runmlwin 
command.27 All residuals were approximately normally distributed 
(results available from authors on request).

Statistical Analysis
For the 29 individual BP SNPs,14 we used dosages (number of BP-
increasing alleles) from imputed data. Allelic scores of the 29 BP 
SNPs, 180 height SNPs,16 and 32 BMI SNPs15 (details of SNPs are 
given in Table I and II in the online-only Data Supplement) were 
constructed by summing the number of BP/height/BMI-increasing 
alleles.

We estimated genetic differences in trajectories of SBP by includ-
ing a fixed effect for the SNP/allelic score, which estimates the effect 
of the SNP/allelic score at baseline (6 years) and an interaction be-
tween age the SNP/allelic score in the linear spline multilevel model. 
The coefficients represent the mean difference in SBP (mm Hg) at 6 
years or the mean difference in the rate of SBP change (mm Hg/y) 
per allele, with genotypes modeled on an additive scale. We tested 
for whether genotype effects of each allelic score differed by cohort 
or sex, but no differences were observed (all P values for sex differ-
ences, >0.1; for cohort differences, 1 P value of 0.06 was observed 
and all 11 other P values [differences for 1 intercept and 3 slopes 
for each of the 3 allelic scores were tested] were >0.4), so all geno-
type associations are presented for men and women and ALSPAC and 
Raine combined.

In addition to the longitudinal analyses, we used linear regression 
in the observed data to estimate the cross-sectional associations be-
tween each allelic score and SBP at the first (age, 6 years in Raine and 
7 years in ALSPAC) and last (age, 17 years in both cohorts) clinics.

To place the genetic results in context, we assessed the relation-
ships of height and BMI with SBP at the first and last clinics and 
the associations of the height and BMI allelic scores with height and 
BMI, respectively, at the first and last clinics.

As sensitivity analyses, we repeated all analyses using allelic 
scores that were weighted according to the effect sizes identified in 
adult genome-wide association study and repeated longitudinal anal-
yses restricting to individuals who had BP measured at each possible 
time point.

Results
At least 1 SBP measure and genetic data were available for 
7013 ALSPAC participants and 1459 Raine participants, with 
some indication that included participants tended to be of 
higher socioeconomic position than the full cohorts (Table 
III in the online-only Data Supplement). The median number 
of SBP measures was 6 in ALSPAC and 5 in Raine, and the 
interquartile range was 4 to 7 measures in ALSPAC and 4 to 
5 in Raine. The model demonstrated good fit in both cohorts, 
with the differences between observed and predicted mea-
surements falling within a reasonable range given the inherent 

measurement error in BP (Table IV in the online-only Data 
Supplement). Mean SBP was higher at the age of 6 years in 
Raine than in ALSPAC, but mean rates of SBP increase in 
childhood were higher in ALSPAC than in Raine. In both 
cohorts, an increase in SBP was observed between ages 6 
and 11 years, followed by a steeper rate of increase between 
11 and 15 years (Table 1). A decrease was seen in the mean 
pattern between 15 and 17 years of age in women from both 
cohorts, whereas little change was seen in ALSPAC male sub-
jects between these ages, and an increase was seen in men 
from Raine (Table 1; Figure II in the online-only Data Supple-
ment). All results were similar using unweighted and weighted 
allelic scores (results available from authors on request), so 
only analyses using the unweighted score are presented here. 
Results were also similar when including all individuals 
with ≥1 measures of BP or restricting to individuals with BP 
measured at all available time points (results available from 
authors on request), so only the former is presented here.

Associations of an Allelic Score and 29 Individual 
BP SNPs With Trajectories of SBP
Using an allelic score of BP SNPs, each additional BP-increas-
ing allele was associated with 0.097mm Hg higher SBP at the 
age of 6 years (SE, 0.039 mm Hg ; P=0.013; equivalent to a 
0.017SD increase in SBP; Table 2). There was little evidence 
of an association between the allelic score and change in SBP 
between 6 and 11 years. There was weak evidence of an asso-
ciation between the allelic score and SBP change between 
11 and 15 years; the magnitude of the effect was similar to 
the association with SBP at 6 years, but it was estimated with 
lower precision (each BP-increasing allele increased the rate 
of change in SBP by 0.015 SD; SE, 0.008; P=0.062). There 
was no evidence of an association between the BP allelic score 
and SBP changes between 15 and 17 years. Because the allelic 
score was associated with starting SBP at 6 years but only 
weakly with changes in SBP between ages 6 and 17, the differ-
ence between individuals of high and low genetic risk remained 

Table 1.  Mean Trajectories of Systolic Blood Pressure by 
Cohort and Sex Predicted by the Multilevel Model

Mean Predicted (SD)  
Intercept (mm Hg) and Slopes  

(mm Hg/mt) in Female Subjects

Mean Predicted (SD)  
Intercept (mm Hg) and Slopes  
(mm Hg/mt) in Male Subjects

ALSPAC, n 3496 3517

 ��� 6 y* 97.48 (5.47) 97.71 (5.32)

 ��� 6–11 y 1.21 (0.15) 1.34 (0.15)

 ��� 11–15 y 4.40 (0.56) 5.99 (0.54)

 ��� 15–17 y –2.47 (0.49) –0.92 (0.47)

Raine, n 711 748

  6 y 103.27 (5.69) 102.57 (5.33)

  6–11 y 0.72 (0.18) 0.86 (0.18)

  11–15 y 1.22 (0.55) 2.81 (0.57)

  15–17 y –0.74 (0.48) 0.81 (0.53)

ALSPAC indicates Avon Longitudinal Study of Parents and Children.
*Note that in ALSPAC the earliest blood pressure measurement was at 7 

years; we extrapolated the multilevel model back to 6 years to match the earliest 
measurement available in Raine.
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fairly stable across this age range (Figure). Cross-sectional 
analysis at 17 years showed that each additional BP-increasing 
allele was associated with a 0.163-mm Hg increase in SBP (SE, 
0.050; P=0.001; Table V in the online-only Data Supplement); 
this is similar to the mean per-allele difference predicted by 
the multilevel model at 17 years (0.177 mm Hg; SE, 0.036 
mm Hg; P<0.001). The allelic score explained 0.06% of the 
variation in SBP at the first clinic (6/7 years) and 0.23% at the 
17-year clinic (Table VI in the online-only Data Supplement). 
The highest quintile of the BP allelic score had, on average, a 
higher SBP than the lowest quintile by 1.23 mm Hg (SE, 0.34 
mm Hg) at the first clinic (6/7 years) and by 1.37 mm Hg (SE, 
0.51 mm Hg) at the last clinic at 17 years (Table 3).

Four of the 29 single SNPs demonstrated an associa-
tion with SBP at 6 years at P<0.05 (rs1173771, rs1378942, 
rs17608766, and rs1813353; Table VII in the online-only Data 
Supplement). A small number of SNPs also demonstrated 
associations of P<0.05 with change in SBP across childhood 
and adolescence. rs1813353 showed strong positive associa-
tions with SBP at 6 years and with SBP changes between 11 
and 15 years and then a strong negative association with SBP 

change between 15 and 17 years. None of these associations 
would be significant under Bonferroni corrections; we report 
them here as exploratory findings.

Associations of an Allelic Score of 180 Height SNPs 
With Trajectories of SBP
Height is strongly associated with SBP in childhood, explain-
ing 5% and 15% of the variance in SBP at the first and last 
clinics, respectively. The allelic score of height SNPs is 
strongly associated with height, with the association increas-
ing with age; the proportion of variation in height explained 
by the allelic score increases from 0.9% to 5% between the 
first and last clinics.

Despite height being an important determinant of SBP, 
there is little evidence of associations between the allelic 
score of 180 height SNPs and trajectories of SBP (Table 2; 
Figure VII in the online-only Data Supplement). There is no 
evidence of association before 15 years of age, but there is 
some evidence that the height allelic score is associated with 
SBP changes between 15 and 17 years, with each increasing 
allele associated with a 0.015-SD increase in the rate of SBP 
change (SE, 0.007 SD; P=0.029). At 17 years, each additional 
height-increasing allele is associated with a 0.045-mm Hg 
increase in SBP (SE, 0.019; P=0.020; Table V in the online-
only Data Supplement); a slightly smaller difference at 17 
years is predicted by the multilevel model (0.024 mm Hg; SE, 
0.014 mm Hg; P=0.078). The allelic score explains 0.03% of 
the variance in SBP at the first clinic and 0.12% at the last 
clinic (Table VI in the online-only Data Supplement). The 
SBP difference between the top and bottom quintiles of the 
height allelic score increases from 6 to 17 years, from 0.38 
mm Hg (SE, 0.34 mm Hg, representing a 0.04-SD increase in 
SBP) to 1.47 mm Hg (SE, 0.51 mm Hg, representing a 0.13-
SD increase in SBP). This difference at 17 years is of a mag-
nitude similar to that of the comparison between the top and 
bottom quintiles of the BP allelic score (Table 3).

Associations of an Allelic Score of 32 BMI SNPs 
With Trajectories of SBP
BMI is strongly associated with SBP in childhood, explaining 
9% and 8% of the variance at the first and last clinics. The 
BMI allelic score explains ≈1% of the variation in BMI at the 
first clinic, rising to 2% at the final clinic.

Figure.  Mean predicted trajectories of systolic blood pressure 
with age for individuals with the 10th and 90th percentiles of the 
blood pressure allelic score. This figure represents the mean pre-
dicted trajectory for Avon Longitudinal Study of Parents and Chil-
dren (ALSPAC) females with the 10th and 90th percentile of the 
blood pressure allelic score. ALSPAC females were chosen for 
illustrative purposes only, no evidence of heterogeneity in genetic 
effects was found across sex or cohorts.

Table 2.  Associations Between the Blood Pressure, Height, and BMI Allelic Scores and SBP Trajectories

SBP at Age 6, mm Hg SBP at Age 6–11 y, mm Hg/mo SBP at Age 11–15 y, mm Hg/mo SBP at Age 15–17 y, mm Hg/mo

Mean SBP, mm Hg (SD), or rate  
of SBP change, mm Hg/mo (SD)

98.51 (5.77) 1.19 (0.25) 4.65 (1.54) –1.39 (1.13)

BP allelic score, mm Hg 0.097 (0.039) P=0.013 0.002 (0.009) P=0.862 0.023 (0.012) P=0.062 –0.010 (0.020) P=0.619

BP allelic score, SD 0.017 (0.007) 0.008 (0.036) 0.015 (0.008) –0.009 (0.018)

Height allelic score, mm Hg 0.007 (0.015) P=0.668 0.001 (0.004) P=0.713 –0.006 (0.005) P=0.231 0.017 (0.008) P=0.029

Height allelic score, SD 0.001 (0.003) 0.004 (0.016) –0.004 (0.003) 0.015 (0.007)

BMI allelic score, mm Hg 0.107 (0.037) P=0.004 0.012 (0.009) P=0.174 0.008 (0.012) P=0.470 –0.034 (0.019) P=0.076

BMI allelic score, SD 0.019 (0.006) 0.048 (0.036) 0.005 (0.008) –0.030 (0.017)

BMI indicates body mass index; BP, blood pressure; and SBP, systolic blood pressure. Results are from pooled data from Avon Longitudinal Study of Parents and 
Children and Raine, adjusted for cohort, sex, and population stratification within Raine. Coefficients (SE) are reported as the mean difference per risk allele (increasing 
BP, height, or BMI) for SBP at 6 years, change in SBP between 6 and 11 years, 11 and 15 years, and 15 and 17 years; coefficients and SEs are reported both in terms 
of mm Hg/mm Hg per month and in terms of SDs and are predicted values from the multilevel models.
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The allelic score of 32 BMI SNPs was strongly associ-
ated with baseline SBP; each additional BMI-increasing 
allele was associated with a 0.107-mm Hg increase in SBP at 
6 years (0.019 SD; SE, 0.006 SD; P=0.004; Table 2; Figure 
VIII in the online-only Data Supplement). The magnitude 
of the association between the BMI allelic score and SBP 
changes between 6 and 11 years was greater than for the BP 
or height allelic scores, but the coefficient was imprecisely 
estimated (each BMI-increasing allele was associated with 
a 0.048-SD increase in the rate of SBP change; SE, 0.036; 
P=0.174). There was little evidence of association between 
the BMI allelic score and SBP changes between 11 and 15 
years. There was some evidence that higher values of the BMI 
allelic score (greater number of BMI-increasing alleles) were 
associated with slower rates of SBP increase between 15 and 
17 years, although this association was imprecisely estimated 
(each increasing allele associated with a 0.030-SD slower rate 
of SBP increase or faster rate of SBP decrease; SE, 0.017; 
P=0.076). Cross-sectional analysis at 17 years shows that the 
BMI allelic score is associated with SBP to approximately the 
same magnitude as the BP allelic score; each additional BMI-
increasing allele is associated with a 0.124-mm Hg (SE, 0.048 
mm Hg; P=0.010) increase in SBP (Table V in the online-
only Data Supplement); a similar difference at 17 years is 
predicted by the multilevel model (0.132 mm Hg; SE, 0.034 
mm Hg; P<0.001). Compared with the BP allelic score, the 
BMI allelic score explains a greater proportion of the variation 
in SBP at the first clinic but a similar proportion at the final 
clinic (0.16% by the BMI score compared with 0.23% by the 
BP score; Table VI in the online-only Data Supplement). The 
SBP of individuals in the top quintile of the BMI allelic score 
is, on average, 1.51 mm Hg (SE, 0.34 mm Hg) higher than the 
bottom quintile at the first clinic, with the magnitude of this 
difference reducing slightly (to 1.21 mm Hg; SE, 0.51 mm Hg) 
between 7 and 17 years (Table 3).

Discussion
BP is influenced by height, adiposity, environmental fac-
tors, and genetics. On average, BP tends to increase with age 
across childhood and adolescence, with some studies showing 
that BP in women decreases in late adolescence7–11 and then 
increases with age in adulthood in both men and women in 
most Western populations.28

In children and adolescents, age-related changes in SBP are 
poorly understood. Some of these changes are likely to repre-
sent normal growth and development; SBP would be expected 

to increase as children grow taller. Understanding the changes 
in SBP during childhood and adolescence may yield under-
standing into the life course development of cardiovascular 
risk and potentially inform prevention strategies aiming to 
lower the level of SBP reached in early adulthood.

We demonstrated that an allelic score of the 29 SNPs identi-
fied in genome-wide association study of adult BP was associ-
ated with SBP at 6 years but not with SBP changes through 
17 years. From our data, it would seem that these SNPs are 
associated with BP from a early age but are not responsible 
for the changes in BP through childhood and adolescence. 
The percentage of the variance of SBP explained by the allelic 
score was 0.2 at 17 years compared with the 0.9% explained 
in the discovery sample of adults.14 One previous study has 
examined the association between 13 BP-related SNPs and 
BP in childhood and adolescence.29 Using data from the 
Cardiovascular Risk in Young Finns cohort and the Bogalusa 
Heart Study (combined sample size, 3551), Oikonen et al29 
show that an allelic score of the 13 SNPs is associated with 
BP at 9 years but that the association diminishes in adoles-
cence before reappearing at 24 years. This is in contrast to 
our findings that show that the effect of the allelic score of 
BP-related variants remains largely constant between 6 and 
17 years. Several factors may explain this difference. First, 
Oikonen et al29 adjust for BMI, whereas our aim was to 
explore the associations between genetic variants and BP tra-
jectories without adjusting for BMI, height, or any other deter-
minant of BP. Second, differences in the populations under 
study may explain the differences; participants in the Young 
Finns cohort were born between 1962 and 1977 compared 
with the early 1990s for ALSPAC and Raine participants, 
who, therefore, experienced a more obesogenic environment 
during their childhood. For example, mean BMI at 9 years in 
the Young Finns was 16.7 kg/m2 compared with 17.7 kg/m2  
in ALSPAC, rising to 20.2 and 21.5 kg/m2 in the respective 
cohorts at 15 years. A further difference between the 2 studies 
(although perhaps less likely to explain the observed differ-
ences) is that our allelic score incorporates 16 additional SNPs 
discovered since the publication of the article of Oikonen.

In this study, we demonstrated only weak association 
between an allelic score of height SNPs and trajectories of 
SBP between 6 and 17 years although the association did 
increase with age. The height SNPs used in our analyses have 
previously been shown to be associated with height growth 
in infancy and childhood, with weak associations observed 
for birth length and growth infancy and stronger associations 

Table 3.   Systolic Blood Pressure Differences Comparing Top and Bottom Quintiles of the Blood Pressure, 
Height, and BMI Allelic Scores at the First and Last Clinics (7 and 17 Years in the Avon Longitudinal Study of 
Parents and Children or 6 and 17 years in Raine)

Allelic Score

Mean Difference (SE) in Systolic Blood Pressure  
Comparing Top and Bottom Quintiles of Allelic 

Score, mm Hg

Mean Difference (SE) in SDs of Systolic Blood 
Pressure Comparing Top and Bottom Quintiles  

of Allelic Score

First Clinic Last Clinic First Clinic Last Clinic

Blood pressure 1.23 (0.34) 1.37 (0.51) 0.13 (0.04) 0.12 (0.05)

Height 0.38 (0.34) 1.47 (0.51) 0.04 (0.04) 0.13 (0.05)

BMI 1.51 (0.34) 1.21 (0.51) 0.16 (0.04) 0.11 (0.05)

BMI indicates body mass index.
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for later childhood growth.30 The inability of the allelic score 
of currently identified height variants to explain much of the 
age-related changes in SBP may reflect, in part, the increas-
ing magnitude of associations between the allelic score of 
height variants and height across childhood.30 It also suggests 
that there are likely to be additional genetic variants associ-
ated with growth and development that underlie some of the 
age-related SBP changes during childhood and adolescence. 
Analyzing genome-wide influences on SBP trajectories may 
yield new insights; however, conducting genome-wide asso-
ciation study on longitudinal models is computationally 
intensive,31 and methodological work is required to assess the 
feasibility of this.

Some of the age-related changes in SBP in this age range 
may also be attributable to factors such as worsening quality 
of diet, reducing levels of physical activity, and increasing adi-
posity that are potentially much stronger determinants of BP 
and changes in BP than currently identified genetic variants. 
In adults, BMI-related SNPs have been shown to be associ-
ated with BP to the extent predicted by their relationship to 
BMI.32,33 However, in our study, although a strong association 
between an allelic score of BMI SNPs and SBP at 6 years was 
observed, this association did not strengthen with age. Thus, 
although BMI, along with genetic variants related to BMI, 
is an important determinant of SBP, our findings would sug-
gest that it is largely not driving age-related changes in SBP 
during childhood and adolescence. This finding is consistent 
with analysis of multiple cohorts from across the life span, 
which found that age-related changes in BP were largely not 
explained by BMI.28

It is noteworthy that although having only weak statistical 
evidence, both the BMI and BP allelic scores demonstrated 
negative associations with SBP changes between 15 and 17 
years. SBP tends to decrease across this age range (particu-
larly among females), so higher numbers of BP- and BMI-
increasing alleles are associated with more rapid decreases 
in SBP in adolescents. In contrast, the height allelic score 
demonstrated a positive (and statistically significant) associa-
tion with SBP changes between 15 and 17 years, so a greater 
number of tall alleles is associated with slower rates of SBP 
decrease in adolescents. Thus, there may be competing influ-
ences on SBP changes across adolescence. The reasons for 
the reduction in SBP in adolescence and its associations with 
later cardiovascular health are not well understood, but our 
findings tentatively imply that a larger, more rapid decrease in 
SBP in this age may be associated with adverse cardiovascular 
health; further studies with data on both childhood and adult 
BP and cardiovascular health are required to investigate this 
hypothesis.

Strengths and Limitations
We have combined data from 2 large prospective cohort stud-
ies with multiple measures of SBP per child. We have used 
linear spline multilevel models to estimate trajectories of SBP 
across childhood and adolescence. Although the piecewise 
linear structure of the model clearly represents an implausi-
ble simplification of the nature of SBP changes with age, the 
model demonstrated good fit to the data and facilitates eas-
ily interpretable analyses of whether the associations between 

genetic variants and SBP trajectories differ during various 
periods of childhood and adolescence. The methods allow all 
individuals to be included in the analyses if they contribute ≥1 
measures of SBP under a missing-at-random assumption (ie, 
assuming that the value of unmeasured SBP, once measured 
values are accounted for, is not the reason driving missing-
ness, missing data will not have biased these analyses).

Using allelic scores of known variants for height, BMI, and 
BP enabled us to examine overall associations between com-
mon, moderate effect variants related to these traits and trajec-
tories of SBP across childhood and adolescence. The analysis 
using the scores makes the assumption of uniform strength, 
direction, and timing of associations between each SNP and 
SBP trajectories. Although this assumption is not likely to 
hold, the scores provide a useful tool to explore the overall 
effect of variants related to adult height, BMI, and BP on tra-
jectories of SBP in childhood and adolescence.

Our study has focused on trajectories of SBP; however, 
associations of known genetic variants for BP were similar 
for SBP and diastolic BP in both the adult genome-wide asso-
ciation study14 and the existing study looking at the associa-
tion of 13 BP-related SNPs and BP from childhood through 
adulthood.29

Conclusions
Allelic scores of BP and BMI SNPs demonstrated associa-
tions with SBP at 6 years with a similar magnitude but were 
not strongly associated with changes in SBP with age between 
6 and 17 years. Further work is required to identify variants 
associated with changes with age in BP.
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CLINICAL PERSPECTIVE
Blood pressure (BP) tends to increase across childhood and adolescence, but the genetic influences on rates of BP change 
are not known. Understanding the contribution of genetic variants to changes in BP across childhood and adolescence 
could yield understanding into the life course development of cardiovascular risk and hence potentially inform the design 
of intervention studies. In this analysis, we used data from 2 cohorts (the Avon Longitudinal Study of Parents and Children 
[n=7013] and the Western Australian Pregnancy Cohort [n=1459]) and examined the associations of allelic scores of 29 
single-nucleotide polymorphisms for adult BP, 180 height single-nucleotide polymorphisms, and 32 BMI single-nucleotide 
polymorphisms with trajectories of systolic BP from 6 to 17 years using linear spline multilevel models. Allelic scores of BP 
and BMI single-nucleotide polymorphisms demonstrated associations with systolic BP at 6 years with a similar magnitude 
but were not strongly associated with changes in systolic BP with age between 6 and 17 years. Further work is required to 
identify variants associated with changes in BP with age.
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