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Abstract

Raised blood pressure (BP) is the world’s leading mortality risk factor. Childhood BP
substantially predicts adult levels, and although both prenatal and postnatal growth influence it,
their relative importance is debated. In a longitudinal study (Avon Longitudinal Study of Parents
and Children) of 12 962 healthy children, we aimed to assess the relative contribution of different
growth periods and of standardized measures of height versus weight-for-height (an adiposity
marker) to BP at age 10 years. Conditional growth modeling was used in the 3230 boys and 3346
girls with BP measurements. Systolic BP was inversely associated with birth weight and weight-
for-height but not length (-0.33, -0.27, and —0.12 mm Hg - SD™1; £=0.003, 0.035, and 0.35,
respectively). In infancy, weight, weight-for-height, and height gains were all positively associated
with systolic BP (0.90, 0.41, and 0.82 mm Hg - SD™1, respectively; all A<0.001). After infancy, all
of the growth modalities were positively associated with systolic BP (weight, 1.91; weight-for-
height, 1.56; height, 1.20 mm Hg - SD™1; all A<0.001). Similar but weaker associations were
found with diastolic BP. Although BP at 10 years was associated with both prenatal and early
postnatal growth, their influence was small compared with that of later growth. Because BP
ranking relative to the population is substantially determined in the first decade of life, a focus on
strategies to reduce the development of adiposity from infancy onward, rather than an emphasis on
the nutrition and weight of mothers and infants, should bring greater reductions in population BP.
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Raised blood pressure (BP) is the world’s leading mortality risk factor, responsible for 13%
of deaths.! Effects of BP are continuous across its normal range and not limited to
hypertensives.2 Therefore, the greatest population health benefit should come from
preventative strategies that reduce population-wide BP rather than targeting individuals with
hypertension. BP ranking relative to the population is substantially determined in the first
decade, suggesting that effective prevention strategies should begin in early childhood.3

Both genetic and environmental factors contribute to raised BP, and there is considerable
interest in the role of growth and habitus. Worldwide prevalence of childhood obesity has
increased dramatically over recent decades,* affecting cardiovascular (CV) risk adversely.®
Because the relative importance of growth in height compared with adiposity for later BP
remains unclear, we examined the associations of BP with these types of growth during
different phases of childhood.

Controversy remains over how early growth influences later BP. Cross-sectional studies at
all ages of childhood and adulthood have shown associations of BP with both birth weight
and rapid postnatal “catch-up” growth.6 Two “programming” hypotheses have emerged,
with different emphases. One states that offspring BP is determined by maternal factors,
which limit fetal growth. As a result, interventions to improve maternal nutrition and to
increase infant caloric intake have been proposed.” The other states that rapid postnatal
growth in response to low birth weight is detrimental, so that infant caloric intake should be
limited.8

To address this controversy and establish the relative importance of height and adipose
growth, we examined the influence of growth patterns on BP at age 10 years in a large,
contemporary population of healthy children from the United Kingdom, recruited during
gestation and followed up with serial measurements from birth.

Avon Longitudinal Study of Parents and Children Population

Avon Longitudinal Study of Parents and Children was established in 1990 to investigate the
early life and genetic determinants of childhood health, development, and adult disease. The
cohort and study design are detailed elsewhere (http://www.alspac.bris.ac.uk).? Briefly, 14
541 pregnant women, expected to deliver between April 1991 and December 1992, were
enrolled. A total of 14 062 live born children were followed up with questionnaires and,
since the age of 7 years, at regular clinics until 2006 to establish anthropometric, behavioral,
CV, and metabolic phenotypes. The Avon Longitudinal Study of Parents and Children Law
and Ethics Committee and the local research ethics committee approved the study. Informed
consent and assent were obtained from parents and children, respectively.

Anthropometric Measurements

Trained Avon Longitudinal Study of Parents and Children staff measured weight and crown-
heel length (Harpenden Neonatometer; Holtain Ltd, Crymych, United Kingdom) at birth in
62% of subjects. Additional data were sourced from clinical records and birth notification.
Weight and height were available from personal child health records until 5 years of age and
have been shown to compare favorably with clinic measures from a subgroup.1°
Subsequently, height and weight were measured during regular clinics with the children in
light clothing, without shoes. Weight was measured to the nearest 100 g using Tanita scales
(Wardworth Ltd, Bolton, United Kingdom). Height was measured to the nearest millimeter
using a Harpenden stadiometer. Pubertal status was assessed by validated questionnaire.11
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BP Measurement

At a median age of 10.6 years, children were asked to rest, without talking, for =5 minutes in
the seated position before the first oscillometric BP measure was taken from the right arm
using a Dinamap 9301 Vital Signs Monitor (Morton Medical, London, United Kingdom).
The right arm was supported at midsternum level. Depending on arm circumference, 12- to
19-cm or 17- to 25-cm cuffs were used. The mean of 2 subsequent measures taken at 1-
minute intervals was used. If 2 consecutive measures differed by >5 mm Hg, further
measures were taken until stable readings were obtained.

Growth Curve Modeling

Age- and sex-dependent growth curves were constructed using data from 12 962 subjects
who were born after singleton pregnancies with a normal gestation (37-43 weeks). Growth
curves were modeled using Generalized Additive Models for Location, Scale and Shape in
R (please see online-only Data Supplement). Models for weight and height were fitted for
each sex using smoothly varying functions that describe the age-varying distributions of the
data in terms of location (median), scale (coefficient of variation), and shape (skewness and
kurtosis). Thus, at any age, measures of height or weight could be transformed to z scores
using a population-relevant model of normal growth.

Data Interpolation and Weight-for-Height Z Scores

Individual growth trajectories for height and weight, as a series of zscores, were estimated
for subjects with =2 temporally separated measures. Data >4 zscores from the median were
removed (24 weight estimates [0.03%] and 34 height estimates [0.04%]). For each
individual growth trajectory, outliers were determined and removed after statistical
comparison with the immediately preceding and following measures (912 weight estimates
[1%] and 906 height estimates [1%)]).

Weight and height measurements did not always coincide. To calculate weight-for-height z
scores, weight and height zscores were interpolated linearly to an arbitrary, fixed-age scale.
This was sampled on alternate days from birth to 3 months, then weekly until 1 year, and
then every 2.4 months until 10 years. Weight and height at specific ages were estimated by
back transformation of zscores to natural units. To assess adiposity trajectories, weight-for-
height zscores were used in preference to body mass index (BMI; please see the online-only
Data Supplement). Unlike BMI, this adiposity index is statistically independent of height at
all ages and can, therefore, be used in multiple regression models to compare the relative
strength of associations of height growth and fat accrual with outcomes.

Conditional Growth Modeling

To assess growth over distinct age periods while eliminating some of the problems
associated with highly correlated measures, we used conditional growth modeling (please
see the online-only Data Supplement).12 For sequential growth intervals, variables were
constructed that are statistically independent of each other, allowing inclusion together in
multiple regression models. Thus, the influence of growth in specific intervals was assessed
in comparison with, and adjusted for, growth in other intervals. We defined the intervals
according to the correlation structure of the data so that they had approximately equal
variability of growth. This resulted in sequential intervals between birth; 3.4 weeks; 1.9, 4.2,
and 7.9 months; and 1.4, 3.2, 6, and 10 years for weight; between birth; 3.7 weeks; 2.0, 4.6,
and 8.1 months; and 1.2, 2.2, 5.0, and 10.0 years for height; and between birth; 2.9 weeks;
1.6, 2.7, and 7.4 months; and 1.4, 3.2, 6.0, and 10.0 years for weight for height.
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Statistical Analysis

Results

Further analyses were carried out using Stata 11 (StataCorp, College Station, TX). Cross-
sectional analyses of the associations of height and weight-for-height with BP were carried
out using multiple linear regression, adjusted for sex. Predictors in conditional growth
models were initial measure of size, residualized growth variables for all periods up to the
specified time point, and sex.

Table 1 describes the cohort. Birth weight and length were greater, and gestational age at
birth was 0.09 weeks shorter in boys. Birth measures did not differ by source. Age, parental
social class, and systolic BP did not differ by sex but boys were taller than girls, with lower
weight, BMI, and diastolic BP at age 10 years. Pubertal status within 6 months of BP
measurement was available for 51% of subjects, and although girls were more advanced
than boys, only a small minority of boys (0.5%) and girls (7.7%) had advanced beyond
Tanner Stage IlI.

At 10 years, 1 SD greater weight (7.1 kg in boys and 7.8 kg in girls) was associated with
1.93 mm Hg (95% Cl, 1.72-2.15 mm Hq) greater systolic BP and 0.82 mm Hg (95% ClI,
0.63-1.02 mm Hg) greater diastolic BP. In a multiple regression model, systolic BP was
similarly associated with weight for height (1.50 mm Hg - SD™1 [95% CI, 1.27-1.72 mm Hg
- SD71]) and height (1.22 mm Hg - SD™1 [95% ClI, 1.00-1.44 mm Hg - SD71]) at 10 years,
explaining 4.6% of its variance. Diastolic BP was associated with weight-for-height (1.13
mm Hg - SD™1 [95% Cl, 0.93-1.33 mm Hg - SD™1]) but not height (0.01 mm Hg - SD™1
[95% CI, —0.19 to 0.20 mm Hg - SD71]), explaining 2.5% of its variance. These associations
did not differ by sex.

The independent associations of separate growth intervals with BP at 10 are shown in Figure
1. The values represent growth that is greater or less than normal population growth,
analogous to the process of “crossing centiles” on growth charts. Using the graph of weight
growth versus BP, as an example, highest BP at 10, would be expected for individuals with
low birth weight, who cross centiles positively in all periods from birth to age 10 (birth to
3.4 weeks, 3.4 weeks to 1.9 months, etc). The similar modest positive associations with BP
for the 5 periods <17 months suggest that “catch-up” growth effects are similar at any stage
of infancy and less important than centile crossing after infancy.

Figure 1 suggests that a reasonable numeric summary of the results can be obtained using 3
key growth periods to evaluate the influences of growth before birth (prenatal), in the first
17 months of life (infancy), and between 17 months and 10 years (postinfancy growth; Table
2). As in the detailed models, the intervals were defined according to the correlation
structure of the data. Although definitions of the term “infancy” vary, we have used it as a
convenient description of the 17-month postnatal period defined by our simplified models.
Greater systolic BP at 10 years was associated with lower prenatal growth of weight and
weight for height but not height and with greater growth in any measure at any stage after
birth. Greater diastolic BP at 10 years was associated with lower prenatal growth of weight
and length but not weight for height and with postinfancy growth in weight and weight for
height but not height. However, infancy growth in any measure had little effect on diastolic
BP. In the postinfancy period, an SD change in weight had a greater effect on BP at 10 years
than it did prenatally or in infancy.

To test the possibility that the associations of BP with prenatal and infant growth might be
explained by a group of low birth weight subjects catching up on growth after birth, analyses
were repeated excluding subjects with less than median birth weight. This gave similar
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results: 1-SD lower weight at birth was associated with 0.56-mm Hg higher systolic BP
(P=0.028) and 0.49-mm Hg higher diastolic BP (£=0.031), and infancy weight gain was
positively associated with later systolic BP (0.82 mm Hg - SD~1; £<0.001) but not diastolic
BP (0.02 mm Hg - SD1; P=0.9). Formal interaction testing showed no significant difference
in the associations between growth in infancy and BP at 10 years, according to birth weight.
Thus, the independent associations of reduced birth weight and of increased postnatal
growth with raised BP at 10 are not confined to low birth weight subjects.

Average growth patterns in the 3 size parameters, according to categories of systolic and
diastolic BPs, are shown in Figure 2. Children with higher systolic BP at age 10 years
started life with, on average, lower weight, no difference in length, and no difference in
weight for height from children with a lower BP. They steadily gained height, weight, and
weight for height at a greater than average rate in their first 10 years, whereas those with
lower BP grew at a lower rate than average. Most of the divergence in these parameters
occurred after infancy, supporting the findings of the conditional growth models. All of the
parameters showed a similar pattern, with weight having the strongest association. Patterns
of associations of weight and weight for height with diastolic BP were very similar, although
the effects were generally smaller, but associations of height with diastolic BP were
markedly different. Children with higher diastolic BP at age 10 years started life shorter,
whereas those with lower diastolic BP at age 10 years were longer, but there was little
difference in height growth after this between children in the different diastolic BP groups.

Discussion

In the largest reported contemporary cohort of healthy, prepubertal children, we found that
the strongest anthropometric association with BP at 10 years was weight gain after infancy,
with contributions from both height and weight for height (a marker of adiposity). There
were effects of size at birth and of early postnatal growth, as reported previously,® but their
magnitude was substantially smaller. Because BP at age 10 years is related substantially to
adult BP,3 our findings support public health policy to reduce adiposity in children.

There is increasing interest in the effects of early life on future CV risk. Considerable
emphasis has been put on prenatal and early postnatal influences. These were confirmed in
our study but found to be independent of each other and relatively small. Our findings
support previous associations between catch-up growth in low birth weight individuals and
later BP. However, the influence of early postnatal growth did not depend solely on a
subpopulation catching up from low weight, because similar associations were found when
subjects with less than median birth weight were excluded. Growth after infancy was more
strongly associated with later BP than growth in infancy or prenatal growth, supporting
evidence that growth in early life has less influence on adult BP than growth in later
childhood.13 This is consistent with evidence that growth after 11 years has a greater effect
on adult BP than previous growth4 and with recent findings from this cohort that later
adiposity increments have a greater association with BP at 16 years than earlier ones.1®

It is interesting that height and adipose growth had almost equal associations with systolic
BP. This suggests that, in postnatal life, acquisition of mass, regardless of tissue type,
increases systolic BP. However, this was not the case for diastolic BP, which was only
associated with postinfancy growth. Lowest BP was associated, not with average growth,
but with growth that was lower than predicted by early size. This supports the concept that
mismatch between early life specification of systems and eventual demands placed on them
may determine BP status. Animal datal® suggest that demands on renal capacity made by
rapid childhood growth may not be met completely by renal development, resulting in
compensatory BP increases. Other systems may also be affected. Although nephron numbers

Hypertension. Author manuscript; available in PMC 2012 November 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Jones et al.

Page 6

are largely determined by birth, so too are cardiac myocyte populations, arteriolar wall
structures, and vessel densities.’

Our data, at first sight, might suggest that limiting growth after birth in any form should be
beneficial. Although this might lower BP, negative consequences are likely. For example,
final height is inversely related to coronary heart disease risk.1® Thus, strategies to reduce
adiposity alone are more likely to be beneficial, given known associations between obesity
and CV risk.>1?

Body mass explained ~5% of systolic BP variance at age 10 years. However, we have not
fully accounted for the considerable momentary and daily BP variability in individuals or
the £5% to 10% error of BP devices. Thus, we may have underestimated the true association
of growth with long-term BP status. Although other factors undoubtedly influence BP,
meaningful reductions in CV risk could be achieved by BP reductions resulting from
decreased adiposity.>19

BP in childhood is less likely to be influenced by the effects of aging and chronic disease on
the CV system. Thus, effects of growth should be more apparent. We chose to study BP at
age 10 years to minimize the effects of puberty on BP. Although our questionnaire
assessment of pubertal status was limited, it was sufficient to determine that the majority of
subjects had not achieved advanced puberty. Deviations from average growth in this cohort
were assessed using relevant data from the same population rather than a reference
population. Many longitudinal growth studies have examined the stages of childhood growth
using only a few divisions of the age range. In contrast, we chose intervals defined by the
correlation structure of our data so that each had an approximately equal change in rank
ordering of individuals for a given measure. This yielded periods of differing chronological
time but of arguably similar biological importance. The amount of data available in our
study, particularly in early life, enabled unusually short periods of growth to be studied
while maintaining good levels of precision. This allowed for a detailed assessment of the
influence of different growth periods on later BP. It also enabled a simpler model, limited to
3 growth periods of prenatal life, infancy, and postinfancy to be constructed. Unfortunately,
the timing and influence of adiposity rebound could not be examined because of sparse data
at age 6 years.

We used weight-for-height zscore to assess adiposity. Unlike BMI or ponderal index, this
measure removes the age-varying correlation between height and weight entirely and
therefore allows for meaningful comparisons between age groups and estimation of relative
contributions of height versus adipose growth. In common with other indices, this measure
estimates adiposity indirectly and may, therefore, be influenced by changes in lean mass that
are not related to height growth. Direct measures using technologies such as dual-energy x-
ray absorptiometry are possible but not practical in studies like ours. However, such
measures would be necessary to estimate the portion of overall mass attributed to the
expected increase in bone mineral density that results from increased adiposity.20 We
showed recently in this cohort that weight-for-height indices such as BMI are comparable to
x-ray absorptiometry fat mass in their associations with CV risk factors.>19

Perspectives

Raised BP is associated with more global mortality than any other risk factor. Many adults
require lifelong treatment, often with multiple drugs, to achieve target BP levels.
Nevertheless, their risk remains much higher than for people with the same BP who were
never hypertensive.2! Furthermore, such therapies do little to alter the risk profile of the
whole population, where the number of deaths from BP-related conditions exceeds that for
the hypertensive subpopulation.?2 Because BP ranking relative to the population is
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substantially determined in the first decade of life,3 BP reduction strategies aimed at
children should have lifelong benefit in terms of CV risk. Our study suggests that a focus on
strategies to reduce the development of adiposity from infancy onward, rather than an
emphasis on the nutrition and weight of mothers and infants, should bring greater reductions
in population BP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Conditional growth models for weight, weight for height, and height in relation to BP at 10
years. Each point shows the strength of association (+95% CIl) for the period of growth from
the preceding point or throughout gestation for the measure at birth and represents a
difference from normal population growth over that period. Symbol shape (key) represents
the statistical significance level for the null hypothesis. Age is plotted on a square-root
transformed axis. x indicates not significant; A, A<0.05; B, /<0.01; ¥, /<0.001; @,
£<0.0001.
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Mean growth trajectories for the upper (thin blue line) and lower (thick red line) quartiles of

BP at 10 years. The middle half of the population (dashed green line) is shown for
comparison. Where the other lines are dotted, £>0.05 for a 2-way #test of the null
hypothesis that the growth parameters are the same. Age is plotted on a square-root

transformed axis.
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