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Abstract

The role of early growth in later health is controversial. We examined the associations of growth at different phases from
birth to puberty with blood pressure and lipid profile at ~17.5 years. In the population-representative “Children of 1997”
birth cohort, growth was measured as (i) weight-for-age z score (WAZ) at birth and WAZ gains from 0 to 2 and 2 to 8 years
and (ii) body-mass-index-for-age z score (BAZ) and length/height-for-age z score (LAZ) at 3 months and BAZ and LAZ
gains from 3 months to 3 years, 3 to 8 years and 8 to 14 years, based on the World Health Organization growth standards/
references. Adjusted partial least squares regression was used to assess simultaneously the associations of growth with
height-, age- and sex-specific systolic (SBPZ) and diastolic blood pressure z scores (DBPZ), low- (LDL) and high-density
lipoprotein (HDL) and triglycerides (TG) at ~17.5 years. Among 3410 children, higher WAZ, BAZ and LAZ gains from
initial size to 8 years were associated with higher SBPZ. Higher gains in WAZ and BAZ from 2 to 8§ years were consistently
associated with higher DBPZ, LDL and TG and lower HDL. Lower LAZ at 3 months and higher LAZ gain from 3 months to
3 years were associated with lower HDL and higher TG. Greater growth in weight, body mass index and length/height had
negative associations with blood pressure and lipid profile at ~17.5 years, but the differences by growth measure, phase and
outcome suggest a complex underlying process.

Keywords Weight - length/height - body mass index - blood pressure * lipids

Introduction

Growth is an important physical marker of child health and
living conditions. Poor child growth or stunting, indicative of
infections or malnutrition, especially in low-income settings,
has been associated with adverse health outcomes, including
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poorer cognition and health in later life [1, 2]. This health
concern has led to the implementation of child growth pro-
motion programs from conception, consistent with the idea that
poor early growth may result in “scarring” with lifelong health
consequences, as in the hypothesis of Barker [3]. However, the
evolutionary trade-off between growth and longevity raises the
possibility that greater child growth could increase the risk of
chronic diseases [4]. The empirically derived growth accel-
eration hypothesis also suggests that faster growth, especially
during early life, may have long-term detrimental effects on
health [5]. Growth at later phases may also be relevant since
growth at different phases is correlated [6].

Given that cardiovascular disease is the leading cause of
death worldwide [7], the associations of child growth, parti-
cularly in weight, with blood pressure and hypertension have
been extensively investigated [8-20]. However, previous
studies have mainly been conducted in Western populations,
where higher socioeconomic position tends to be associated
with higher birth weight and better health [8—20], making the
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results difficult to interpret. These studies have also often been
restricted to a few growth periods defined by the availability
of growth measurements and blood pressure during child-
hood, as well as being limited in their handling of correlated
growth measurements [8—20]. Generally, these studies have
found that lower birth weight is associated with higher blood
pressure, and greater child growth in weight, body mass index
or length/height are associated with higher blood pressure, but
the studies differ in their identification of the period at which
greater growth appears to be detrimental [8—20]. Furthermore,
only a few growth studies have considered additional meta-
bolic risk factors, such as lipid profile [9, 10, 14, 17, 20-22],
which has frequently been linked to blood pressure [23]. A
comparison of the role of growth in blood pressure and lipids
may clarify the role of growth in metabolic health but it has
rarely been undertaken.

We used Hong Kong’s population-representative Chi-
nese “Children of 1997” birth cohort, with uniquely little
social patterning of birth weight [24] and growth [25], to
examine the associations of initial size and growth in
weight, body mass index (BMI) and length/height at dif-
ferent phases from birth to puberty with systolic blood
pressure (SBP) and diastolic blood pressure (DBP), low-
density lipoprotein (LDL) and high-density lipoprotein
(HDL) cholesterol and triglycerides (TGs) at ~17.5 years. In
this cohort, we have previously shown that greater height
and BMI gains during middle childhood were positively
associated with blood pressure at ~11 years [18], but whe-
ther these patterns persist after puberty is unknown. Given
that sex hormones play a role during infancy and puberty
[26] and are associated with lipid profile [27-30], we also
assessed whether the associations differed by sex.

Methods
Study participants

Participants were from Hong Kong’s population-
representative Chinese ‘Children of 1997 birth cohort. The
study was initially designed to investigate the effects of
second-hand smoke exposure and breastfeeding on infant
health service use [31]. The participants represent 88% (n =
8327) of those born between 1 April 1997 and 31 May 1997
and were recruited shortly after birth at all 49 governmental
Maternal and Child Health Centres (MCHCs) in Hong Kong,
which offer free preventive services, including immunizations
and well-baby/child check-ups, from birth to 5 years of age.
At the first MCHC visit (generally shortly after birth),
maternal and family characteristics (i.e., birth place, educa-
tion, age and gestational age) and infant sex were recorded
using a self-administered questionnaire in Cantonese Chinese.
Data on household income, housing type and occupation were

SPRINGER NATURE

also collected. Infant feeding was ascertained at regular visits
(the recruitment visit, 3, 9 and 18 months of age) and clas-
sified into three groups (exclusively breastfed for at least
3 months, partially breastfed for any length of time or
exclusively breastfed for less than 3 months, and never
breastfed), as described elsewhere [32]. In 2005, we used
record linkage to obtain routine measurements (weight at
birth, and at 1, 3, 9, 12, 18, 24 and 36 months and annually
from 6 to 15 years old; length/height at 3, 9 and 36 months
and annually from 6 to 15 years old) taken by trained nurses
at the MCHC:s and the Student Health Service. During clinical
follow-up from August 2013 to January 2016, i.e., at 17.5+
0.5 years, each participant’s weight and standing height were
measured, and SBP and DBP (in mm Hg) were measured in
standard conditions of position, rest and appropriate cuff size
on the right arm using a sphygmomanometer (Kawamoto
DM-3000, Japan). At the same visit, each participant’s
overnight fasting blood sample was taken and assayed for
lipids. LDL was estimated in mmol/L by the Friedewald
equation (Roche Cobas C8000 System, Germany). HDL was
measured in mmol/L using a homogeneous enzymatic col-
orimetric test with polyethylene glycol-coupled cholesterol
esterase and cholesterol oxidase (Roche Cobas C8000 Sys-
tem, Germany). TG was quantitated in mmol/L by an enzy-
matic colorimetric method with glycerol and peroxidase
(Roche Cobas C8000 System, Germany). Height and weight
were used to calculate BMI as weight in kilograms divided by
height in meters squared. Overweight status was based on the
sex- and age-specific BMI cutoffs of the International Obesity
Task Force criteria corresponding to worldwide definitions for
overweight (BMI > 25 kg/m?) and obesity (BMI > 30 kg/m?)
from the age of 18 years onwards [33]. The study was
approved by the University of Hong Kong Hospital
Authority-Hong Kong West Cluster Joint Institutional
Review Board.

Growth changes and phases

Changes in the weight-for-age z score (WAZ), body-mass-
index-for-age z score (BAZ), weight-for-length/height z score
(WHZ) and length/height-for-age z score (LAZ) based on the
World Health Organization (WHO) Child Growth Standards
[34] and the WHO Growth Reference [35], 2007] were used
to represent child growth. WAZ assesses underweight but not
overweight status, while BAZ measures overweight and
obesity status [36], given the strong correlation between BMI
and body fat percentage at 3 to 7 years [37]. BAZ has also
been suggested to assess growth among young children aged
0 to 2 years [38]. WHZ identifies wasting and overweight or
obese status [36], but WHZ is not adjusted for age, unlike
other growth indicators, and thus cannot assess growth over
time. LAZ screens for stunting status due to prolonged
undernutrition or repeated illness [36]. Here, we computed
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WAZ, BAZ and LAZ using routine weight and length/height
measurements and calculated growth changes over time as the
z score differences from a specific age to a later age.

Growth intervals were first selected based on the
infancy—childhood—puberty model [39] rather than a para-
metric model such as the Count model, the Jenss—Bayley
model or the Berkey—Reed model, which are more suitable
for growth up to 6 years [40]. Based on the
infancy—childhood—puberty model [39], growth phases for
infancy, childhood and puberty were defined as birth to 2
years, 2 to 8 years and 8 to 14 years, respectively.
Depending on data availability (i.e., weight at birth, and at
1, 3,9, 12, 18, 24 and 36 months and annually from 6 to 15
years old; length/height at 3, 9 and 36 months and annually
from 6 to 15 years old), we defined growth changes at three
phases [39], which represent different physiological chan-
ges potentially driven by different factors, as follows: (i)
WAZ in infancy (birth to 2 years) and childhood (2 to 8
years), and (ii)) BAZ and LAZ in infancy (3 months to 3
years), childhood (3 to 8 years) and puberty (8 to 14 years).
WAZ in puberty (8 to 14 years) was not analyzed because
the WHO growth standards/references for weight are only
available from birth to 10 years.

Metabolic outcomes

Systolic and diastolic blood pressure at ~17.5 years were
analyzed as sex-, age- and height-specific systolic (SBPZ) and
diastolic blood pressure z scores (DBPZ) based on the United
States National High Blood Pressure Education Group refer-
ence 2004 [41]. “High normal” blood pressure and hyper-
tension were defined as SBPZ and/or DBPZ >90th percentile
but <95th percentile and >95th percentile, respectively [41].
Lipid profile at ~17.5 years consisted of LDL, HDL and TG,
but not total cholesterol, which is determined by LDL and
HDL. An adverse lipid profile in adolescents was defined as
LDL >130 mg/dL (or 23.36 mmol/L) or HDL <40 mg/dL (or
<1.03 mmol/L) or TG 2130 mg/dL (or >1.47 mmol/L) based
on the 2011 Expert Panel on Integrated Guidelines for Car-
diovascular Health and Risk Reduction in Children and
Adolescents [42, 43].

Statistical analyses

Differences in baseline characteristics and growth between
the excluded and included participants in the present study
were compared using Cohen’s d and w effect sizes for
continuous and categorical variables, respectively, and they
were interpreted as small (0.2; 0.1), medium (0.5; 0.3) or
large (0.8; 0.5) [44]. Associations of baseline characteristics
with growth among the included participants were assessed
using linear regression. Correlations between growth at
different phases were assessed using Pearson's correlation.

Since growth at different phases cannot be considered
together in an ordinary least squares regression model due
to multicollinearity, the associations of initial size and
growth at different phases with blood pressure and lipid
profile were examined using partial least squares regression
(PLSR) [45, 46]. The advantage of PLSR is that it reduces
the number of dimensions to a minimum to decompose
highly correlated exposures into components that have
similar associations with outcome [45, 46]. The optimal
number of principal components in the PLSR models was
chosen using the 10-fold cross-validated root mean squared
error of prediction, while ensuring estimates for the con-
founders were stabilized and additional components made
little difference to the variance explained. Confidence
intervals were estimated using bootstrapping. Potential
confounders (i.e., common causes of growth and blood
pressure or lipid profile) chosen were maternal character-
istics (i.e., birth place, age), infant characteristics (i.e.,
breastfeeding status, gestational age), highest parental edu-
cation and household income per person. We also examined
whether the associations of growth with blood pressure and
lipid profile varied by sex from the significance of inter-
action terms between sex and growth, allowing for con-
founding interactions by sex.

Missing data, especially for growth, are unavoidable in
longitudinal studies. To avoid possible selection bias due to
the exclusion of participants with incomplete data, missing
exposures and confounders were predicted 50 times using
multiple imputation with chained equations [47]. Separate
analysis was performed in the 50 complete datasets, fol-
lowed by summarizing the estimates into single estimated
beta-coefficients with 95% confidence intervals (CIs), using
Rubin’s rules. Inverse-probability weighting [48] was also
used to account for potential differences between the
included and excluded participants. The model predicting
inclusion status was based on factors associated with being
excluded, which were growth at different phases, maternal
birth place and age, highest parental education, highest
parental occupation, housing type, breastfeeding status,
gestational age and household income per person.

All statistical analyses were performed using Stata 13.0
(StataCorp. 2013. Stata Statistical Software: Release 13.
StataCorp LP, College Station, TX) and R 3.3.1 (R Foun-
dation for Statistical Computing, Vienna, Austria).

Results

Study participants

As of December 2017, of the original 8327 recruited, 8298
(99.7%) remained in ‘Children of 1997°, and 29 had per-

manently withdrawn. At the clinical follow-up, 6850
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participants were contactable, of whom 3460 participated at
~17.5 years. In the final sample, we analyzed 3410 single-
tons with at least one growth measurement and blood
pressure or lipid profile. The reasons for exclusion were
being a twin (n =48) and missing blood pressure and lipid
profile (n =2) (Supplemental Figure 1). Only slight differ-
ences in parental and infant characteristics were observed
between the included and excluded participants (Cohen’s d
< 0.2 for continuous variables; Cohen’s w < 0.1 for catego-
rical variables) (Supplemental Table 1).

In this study, half of participants were boys (n = 1711,
50.2%), and the household income per capita was equally
distributed across quintiles. The majority of the partici-
pants were formula-fed (n = 1733, 52.8%), had parents
whose highest education level was grade 10-11 (n=
1470, 43.3%) and had mothers from Hong Kong (1980,
58.4%). At birth, the mean age of participants’ mothers
was 30.5 £4.6 years, and participants had a mean gesta-
tional age of 39.4 + 1.6 weeks, a mean birth weight of 3.2
+0.4kg, a mean length at 3 months of 60.78 +2.09 cm
and a mean BMI of 17.08 + 1.50 kg/m®. At ~17.5 years,
participants had a mean BMI of 21.95+3.52kg/m? a
mean systolic blood pressure of 110.88 +12.25 mm Hg,
a mean diastolic blood pressure of 68.44 + 8.85 mm Hg, a
mean TG of 0.80 +£0.40 mmol/L, a mean LDL of 2.14 +
0.65 mmol/L and a mean HDL of 1.55+0.34 mmol/L.
The prevalence of overweight and obesity was 12.8%,
while the prevalence of “high normal” blood pressure and
hypertension was 5.5 and 7.1%, respectively, and the
prevalence of an adverse lipid profile was 12.5%. Over-
weight and obese participants were more likely to have
“high normal” blood pressure (9.0 vs 5.0%), hypertension
(21.2 vs 5.0%) (Cohen’s w =0.222) and an adverse lipid
profile (32.9 vs 9.6%) (Cohen’s w = 0.235) than normal-
weight participants.

Table 1 shows the associations of selected potential
confounders with growth at different phases. Only a few
parental and infant characteristics were consistently
associated with growth. Higher parental education was
associated with higher WAZ gain from birth to 2 years
and lower WAZ gain from 2 to 8 years. Higher gesta-
tional age was associated with lower WAZ gains from
birth to 2 years and 2 to 8 years, as well as lower BAZ
gains from 3 to 8 years and 8 to 14 years. Children of
Hong Kong—born mothers had lower LAZ gain from 3 to
8 years and higher LAZ gain from 8 to 14 years. Partially
breastfed and formula-fed children had higher LAZ gain
from 3 months to 3 years and 8 to 14 years but lower
LAZ gain from 3 to 8 years. As shown in Supplementary
Table 2, WAZ, BAZ and LAZ gains at different phases
were negatively correlated, and moderate correlations
were seen between initial size and growth during
infancy.

SPRINGER NATURE

Growth and blood pressure

The associations of initial size and growth with blood
pressure did not consistently vary by sex. Table 2 shows the
adjusted associations of initial size and growth at different
phases with SBPZ and DBPZ. Greater WAZ gains from
birth to 2 years and 2 to 8 years and greater BAZ gains from
3 months to 3 years and 3 to 8 years were associated with
higher SBPZ. WAZ gain from 2 to 8 years and BAZ gains
from 3 months to 3 years and 3 to 8 years were positively
associated with DBPZ. Greater LAZ gains from 3 to § years
and 8 to 14 years were associated with higher SBPZ. No
associations of birth weight, BMI or length at 3 months with
SBPZ or DBPZ were observed.

Growth and lipid profile

Table 2 shows the adjusted associations of initial size and
growth at different phases with LDL, HDL and TG.
Higher WAZ gain from 2 to 8 years and BAZ gain from 3
to 8 years were associated with higher LDL and TG and
lower HDL, while WAZ at birth was unrelated to lipid
profile. Sex differences were consistently found in the
associations of WAZ gain from 2 to 8 years and BAZ gain
from 3 to 8 years with TG (P values <0.001). Higher
WAZ gain from 2 to 8 years (adjusted § = 0.047 mmol/L,
95% CI=0.027, 0.067) and BAZ gain from 3 to 8 years
(adjusted B =0.046 mmol/L, 95% CI=0.021, 0.071)
were associated with higher TG in boys, but not in girls
(WAZ gain: adjusted f=0.007 mmol/L, 95% CI=
—0.017, 0.031; BAZ gain: adjusted p = 0.009 mmol/L,
95% CI=—0.011, 0.029). Higher LAZ at 3 months was
associated with higher HDL and lower TG, whereas
higher LAZ gain from 3 months to 3 years was associated
with lower HDL and higher TG.

Discussion

In this Chinese population-representative birth cohort from
a developed non-Western setting, with little social pattern-
ing of birth weight or growth [24, 25], our findings are
consistent with the hypothesis that accelerated growth may
be detrimental [5] and the theory that growth may trade-off
against long-term health [4]. Specifically, birth weight was
unrelated to blood pressure and lipids, but shorter length at
3 months was linked to an adverse lipid profile in HDL and
TG. However, greater weight, BMI and length gains in
infancy were associated with higher blood pressure. Greater
length gain in infancy was also associated with a more
adverse lipid profile in terms of TG and HDL. Greater
weight, BMI and length gains in childhood were associated
with higher blood pressure, while greater weight and BMI
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gain in childhood were also associated with a more adverse
lipid profile, especially in TG among boys.

Our study extends previous studies [§-22] by having a
longer duration of follow-up, until ~17.5 years, when
growth is almost complete, and a larger sample size than
most of the previous studies (n = 139-2285) [8-13, 15-17,
20, 22] While previous studies mostly examined the effect
of growth over shorter periods [8—14, 16, 17, 20-22], we
concomitantly considered multicollinearity and growth at
more phases to avoid ascribing effects of growth at an
unmeasured stage, such as infancy, to factors with more
readily available proxy measurements, such as birth weight.
We  defined growth  periods based on the
infancy—childhood—puberty model [39] rather than on data
availability as in previous studies, which may increase
chance findings. Furthermore, we considered weight, BMI
and length/height, as well as two distinct metabolic out-
comes, to provide more insight into the overall role of child
growth in health. Our findings were only adjusted for
confounders in the PLSR model, which allows simulta-
neous consideration of correlated growth measures, but not
for mediators, as in some previous studies. Unlike previous
studies, which suggested that the role of later child growth
in blood pressure predominated [15, 18, 19], the present
study highlights that growth, especially in weight, BMI and
length, during infancy and childhood has an important role
in blood pressure and lipid profile. Our observations are
unlikely affected by the measures of blood pressure at older
ages, since our previous study [18] and the present study
agree that growth in BMI and height during childhood were
positively associated with systolic blood pressure at ~11 and
~17 years, respectively.

The exact mechanisms underlying our findings are
unclear. However, our findings of different associations of
growth in weight, BMI and length/height with blood pres-
sure and lipid profile suggest that there may be specific
growth-related factors influencing metabolic risk factors
[18] and that the factors affecting blood pressure and lipids
may not be limited to adiposity [18]. Additionally, our
findings of sex differences in the associations of weight and
BMI gains in childhood with TG may suggest the possible
involvement of sex hormones, which are increasingly
recognized as affecting lipids [27-30]. Notably, infancy
includes the period of mini-puberty. Whether growth rates
in infancy and their effects are a reflection of the drivers of
mini-puberty is a possibility that has not been examined,
although growth in infancy is associated with pubertal
timing [49]. Childhood growth is largely driven by growth
hormone, which is not known to adversely affect blood
pressure or lipids, suggesting some other mechanisms could
be relevant. Further, the associations of higher LAZ at
3 months and LAZ gain from 3 months to 3 years with
better and poorer lipid profile, respectively, may be relevant

to the capacity-load model [50], which suggests early
physiological conditions determine long-term capacity for
homeostasis, while environmental factors and lifestyle in
later life may challenge the homeostasis. Alternatively,
these differences could be due to the influence of mini-
puberty in the earlier period.

Child growth promotion is undoubtedly beneficial for
short-term survival and cognitive development, but con-
sideration should also be given as to whether it is detri-
mental to metabolic health. Further studies are needed to
define optimal growth patterns in Hong Kong and other
regions that do not experience poor growth caused by
malnutrition or repeated infections. With the advent of
“big data”, such studies are now possible, using study
designs such as Mendelian randomization, but require
genetic characterization of growth trajectories in a suitable
population. Whether child growth promotion, especially
in low-income settings, to attain a favored final stature or
body size, maximizes long-term health also requires
investigation.

This study has several strengths, such as a large sample
size, regular growth measurements, a longitudinal analy-
sis of growth from infancy to puberty, use of PLSR to
handle multicollinearity of growth and minimal con-
founding by socioeconomic position, which increase the
reliability of our findings. Inevitably, longitudinal studies
will have missing data. Nonetheless, we showed that the
included and excluded participants in these analyses were
similar. We also used multiple imputation and inverse
probability weighting to further minimize selection bias.
BMI and length at birth were absent in this study, which
may have affected our findings, but we used strong
proxies, i.e., BMI and length at 3 months, respectively, in
the analyses. We did not perform subgroup analysis by
preterm or small-for-gestational-age status because these
groups represented <10% of our cohort. Other limitations
in this study include the lack of data on body composition
at different phases, which would have improved our
understanding of our findings, but we analyzed several
indicators of growth that represented different underlying
factors.

Our study found that greater weight, BMI and length
gains in infancy or childhood are associated with higher
blood pressure and poorer lipid profile. These findings
suggest that the underlying mechanisms of the pathogenesis
of hypertension and dyslipidemia may differ. Long-term
health effects of different growth patterns should be iden-
tified to inform policy and practice.
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