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Abstract

Aims This study aimed to determine the relationship of low birth weight (LBW) with adult cardiac structure and function and
investigate potential causal pathways.
Methods and results A population-based sample of 925 Australians (41.3% male) were followed from childhood (aged
7–15 years) to young adulthood (aged 26–36 years) and mid-adulthood (aged 36–50 years). Left ventricular (LV) global
longitudinal strain (GLS, %), LV mass index (LVMi, g/m2.7), LV filling pressure (E/e0), and left atrial volume index (g/m2) were
measured by transthoracic echocardiography in mid-adulthood. Birth weight category was self-reported in young adulthood
and classified as low (≤5 lb or ≤2270 g), normal (5–8 lb or 2271–3630 g), and high (>8 lb or >3630 g). Of the 925
participants, 7.5% (n = 69) were classified as LBW. Compared with participants with normal birth weight, those with LBW
had 2.01-fold (95% confidence interval: 1.19, 3.41, P = 0.009) higher risks of impaired GLS (GLS > �18%) and 2.63-fold
(95% confidence interval: 0.89, 7.81, P = 0.08) higher risks of LV hypertrophy (LVMi > 48 g/m2.7 in men or >44 g/m2.7 in
women) in adulthood, independent of age, sex, and any socio-economic factors. Participants with LBW significantly
increased body fat from childhood to adulthood relative to their peers and had greater levels of triglycerides, fasting
glucose, and arterial stiffness in adulthood. These risk factors were the strongest mediators and explained 54% of the LBW
effect size on adult GLS and 33% of the LBW effect size on LVMi. The remaining of these associations was independent of
any of the measured risk factors.
Conclusions Low birth weight was associated with impaired cardiac structure and function in mid-adulthood. This associa-
tion was only partially explained by known risk factors.
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Introduction

The foetal origins of adult cardiovascular health hypothesis
were first described by Barker et al. several decades ago.1,2

Since then, data from epidemiological studies have linked
low birth weight (LBW)—a surrogate marker of poor foetal
growth and nutrition—to obesity,3,4 insulin resistance,3

hypertension,5 coronary heart disease,6 and cardiovascular
mortality1 in later life. Although the mechanisms underlying
these relationships are poorly understood, it is hypothesized

that the restricted intrauterine environment may alter
metabolism and cardiovascular function as a response to
the deficiency in nutrients.7

In supporting this hypothesis, findings from previous
studies have suggested that adverse changes in cardiovascular
structure and function are present in foetuses and newborns
with foetal growth restriction and LBW.8–11 However, it is
unclear whether these changes persist into adulthood and, if
they persist, whether these changes are directly related to
LBW or mediated through altered metabolism or physiology
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later in life. In this study of a population-based sample of
individuals who were prospectively followed for over 30 years
from childhood to adulthood, we hypothesized that LBW is
associated with impaired cardiac structure and function in
adulthood and sought to investigate factors that may mediate
this relationship.

Methods

Study sample

This study included 925 participants (41.3% male) who were
prospectively followed up for over 30 years as part of the
Childhood Determinants of Adult Health study.12 Baseline

data were collected in 1985 on a nationally representative
sample of 8498 Australian schoolchildren aged 7–15 years.13

The first follow-up was conducted during 2004–2006 when
the participants were aged 26–36 years. The latest follow-up
was conducted during 2014–2019 when the participants
were aged 36–50 years. Figure 1 illustrates how the analysis
sample in this study was derived from the original sample.
Further details on sampling procedures have been previously
reported.12,13

Cardiac structure and function

Echocardiographic studies were performed by two
experienced clinical sonographers from a single echocardio-
graphic laboratory using a single standard device

Figure 1 Flow chart of study sample.
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(Siemens SC2000, Siemens Healthcare, Mountain View, CA)
and transducer (4V1c, 1.25–4.5 MHz; 4Z1c, 1.5–3.5 MHz) in
accordance with the American Society of Echocardiography
guidelines.14,15 Both sonographers were blinded to the par-
ticipant’s birth weight category. Left ventricular (LV) dimen-
sions during diastole and systole and wall thicknesses were
measured according to the recommended criteria.14 LV mass
was indexed to body height (height2.7) to derive LV mass in-
dex (LVMi).16 LV hypertrophy (LVH) was defined as
LVMi > 48 g/m2.7 in men and >44 g/m2.7 in women as rec-
ommended in guidelines.17 Left atrial volume was calculated
by the Simpson biplane method14 and was indexed to body
surface area to derive left atrial volume index (LAVi). Left
atrial enlargement (LAE) was defined as LAVi ≥ 34 mL/m2.14

Mitral inflow peak early diastolic velocity (E), peak late dia-
stolic velocity (A), E/A ratio, and E-wave deceleration time
(DecT) were measured for diastolic function assessment.15

Tissue Doppler mitral annular early diastolic velocity (e0)
was assessed at septal and lateral.15 Averaged E/e0 > 8 was
used as a cut-off to define increased LV filling pressure. LV
peak longitudinal strain measurements were obtained from
greyscale recorded images in the apical four-chamber, two-
chamber, and long-axis views. Strain was analysed using ve-
locity vector imaging (Syngo VVI, Siemens Medical Solutions,
Erlangen, Germany). LV global longitudinal strain (GLS) was
measured by averaging strain from the region of interest in
the apical four-chamber, two-chamber, and long-axis views.
Impaired GLS was defined using a cut-off of >�18%.18

Birth weight

At the first follow-up during 2004–2006, participants were
asked how much they weighed when they were born, with
five categories to choose from: 3 lb or less (≤1360 g), 3–5 lb
(1361–2270 g), 5–8 lb (2271–3630 g), >8 lb (>3630 g), or
‘Don’t know’. For the purpose of this study, LBW was defined
as 5 lb or less, normal birth weight (NBW) defined as 5–8 lb,
and high birth weight (HBW) defined as >8 lb. Those who an-
swered ‘Don’t know’ were treated as having missing values
and excluded from our analysis. In a follow-up survey by mail,
57% (n = 525) of these participants responded and reported
their exact birthweight.

Physical measurements

Anthropometric data were obtained at all time points from
childhood to mid-adulthood.12 Height and weight were
measured without headwear and heavy clothing. Body mass
index (BMI) was calculated as weight (kg)/height (m)2. Waist
circumference was measured at the level of the umbilicus in
childhood and the narrowest point between the lower costal
border and iliac crest in adulthood. In childhood, biceps,

triceps, subscapular, and suprailiac skinfold thickness was
measured to the nearest 0.2 mm using Holtain Calipers
(Holtain, Crymych, UK) for a subset of participants then aged
9, 12, and 15 years. In young adulthood, skinfold thickness
was measured to the nearest 0.5 mm at the biceps, triceps,
iliac crest, and subscapularis. In mid-adulthood, skinfold
thickness was measured to the nearest 0.5 mm at the biceps,
triceps, iliac crest, subscapularis, suprailiac, and abdomen. A
sum of these skinfold thickness was used in analysis. In
childhood, blood pressure and biochemical parameters were
measured only in a subset of participants then aged 9, 12,
and 15 years. At follow-ups, blood pressure was measured
in all participants who attended a study clinic, and biochem-
ical parameters were measured in 12 h overnight fasting
blood samples by standard laboratory procedures.12 Arterial
stiffness in young adulthood and mid-adulthood was mea-
sured at carotid artery using Young’s elastic modulus formula
as previously reported.12

Physical activity and fitness

Ambulatory physical activity was measured by pedometers at
both follow-ups in young adulthood and mid-adulthood as
previously reported.19 Briefly, participants wore a standard
pedometer (Digiwalker SW-200 Yamax, Bridgnorth, UK) and
recorded their daily steps for 7 days in a diary. Average daily
steps were calculated for participants who wore pedometers
at least 8 h/day20 for at least 4 days, consistent with other
studies.21 Self-reported physical activity in the previous week
was captured using a questionnaire in childhood and adult-
hood. In childhood, under supervision and in groups of four,
children self-reported the duration and frequency of walking
and cycling to and from school, school sport, school physical
education, and non-organized activities in the past week.22 In
adulthood, total min/week spent on work-related, domestic,
and leisure-time physical activity, together with time spent
in active transport, was estimated using the International
Physical Activity Questionnaire.22 Cardiorespiratory fitness
was measured as time to complete a 1.6 km run (in
childhood) and as physical work capacity at a heart rate of
170 b.p.m. (PWC170) using a bicycle ergometer test (in child-
hood and adulthood).23 Because the absolute workload
achieved is a function of muscle mass,24 cardiorespiratory
fitness was calculated as PWC170 adjusted for lean body mass
to create an index uncorrelated with lean body mass as
previously reported.23 Five measures of strength (left and
right grip, shoulder push and pull, and leg strength) were
measured using appropriate dynamometers (Smedley’s Dyna-
mometer, TTM, Tokyo, Japan). Principal component analysis
was used to estimate the first principal component of the five
measures of strength for men and women separately.25 The
first principal component was then adjusted for body weight
to create an index uncorrelated with weight as previously
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reported.23 This was the indicator of muscular strength used
in this study.

Self-reported data

Self-reported data were obtained through structured
questionnaire. Smoking was self-reported and classified as
non-smoker, ex-smoker, and current smoker. In childhood,
those who tried a few puffs were classified as ex-smokers,
and those who had any frequency of smoking (including
those who smoked occasionally) were classified as current
smokers. Passive smoking in childhood was measured as ex-
posure to parental smoking (none, one parent smoking, or
both parents smoking). Both participant’s and their parents’
highest education were recorded and classified as university
or higher university degree, diploma certificate or equivalent,
Year 12, or equivalent and less than Year 12. Index of relative
socio-economic advantage and disadvantage was estimated
using residential address. A dietary guidelines index, based
on the 2013 Australian Dietary Guidelines, was calculated in
childhood using a 24 h food record and in adulthood using
a 127-item food frequency questionnaire.26 The total number
of fruit or vegetable servings daily was used for analysis in
this study.

Statistical analysis

Linear regression was used to estimate means and standard
errors of echocardiographic measures of cardiac structure
and function after adjusting for covariates, stratified by birth
weight categories. Log-binomial regression was used to
estimate relative risks of having LVH, LAE, increased LV fill-
ing pressure, and impaired GLS. To examine the non-linear
association of birth weight with study outcomes, we con-
structed a log-binomial regression model of the respective
outcome with birth weight and a squared term of birth
weight, with adjustment for age, sex, and education. A pre-
dicted risk of the outcome (presented as %) was then esti-
mated for each value of birth weight. For mediation
analysis, the effect size of LBW on outcomes after adjusting
for age and sex (base model) was expressed as 100%. The
residual effect size of LBW on outcomes after additionally
adjusting for each of the risk factors was expressed as a pro-
portion of the effect size in the base model. The current
measure of each risk factor was selected for adjustment in
the mediation analysis.

Measurements of body size, blood pressure, physical
activity, physical fitness, diet, blood biochemistry, and arterial
stiffness were all converted to z-scores specific to each sex
and year of age by subtracting the mean for each sex and
year-of-age group and dividing by the standard deviation for
that group. With an exception of the descriptions in Table 1

that reported raw measurements of these covariates, all
other analyses in this study used the age-standardized and
sex-standardized variables. Childhood obesity was classified
as normal weight, overweight, and obese using the Interna-
tional Obesity Taskforce BMI cut points.27 Adult obesity was
classified as normal weight (adult BMI < 25 kg/m2), over-
weight (25 ≤ BMI < 30 kg/m2), and obese (BMI ≥ 30 kg/m2).
All analyses were adjusted for age, sex, and participant’s
highest education. STATA 15 (StataCorp, College Station, TX)
was used for data analysis. A P< 0.05 was used to define sta-
tistical significance in this study.

Results

Participant characteristics

The mean (standard deviation) age of the study participants
was 11.2 (2.5) years at baseline (childhood), 31.5 (2.6) years
at the first follow-up (young adulthood), and 43.9 (2.9) years
at the second follow-up (mid-adulthood). The mean (standard
deviation) of the whole follow-up period was 32.8 (1.3) years,
with 20.4 (0.7) years between baseline and the first follow-up
and 12.4 (1.2) years between the first and second follow-up;
65.8% of the study participants (609/925) were classified as
having NBW, 7.5% (69/925) had LBW, and 26.7% (247/925)
had HBW. In relation to highest degree of education, 5.2%
did not complete high school, 7% completed high school or
equivalent, 32% had a diploma or certificate, and 55.8% had
a university degree or higher.

Participant characteristics at each study time point are
shown in Table 1. In general, there was a substantial increase
in measurements of body size, and of overweight and obesity
proportions, with increasing age. While only 8.7% were classi-
fied as overweight or obese in childhood, 46% and 62.3% were
classified as overweight or obese in young adulthood and mid-
adulthood, respectively.

Supporting Information, Figure S1 illustrates the distribu-
tion of LVMi, LAVi, E/e0, and GLS in our study. In mid-adult-
hood, 4.9% (45/925) had LVH, 44.5% (412/925) had LAE,
5.4% (50/925) had increased LV filling pressure, and 15.6%
(144/925) had impaired GLS.

Associations of low birth weight with cardiac
structure and function in adulthood

Figure 2 shows cardiac structure and function stratified by
birth weight categories. Participants with LBW had signifi-
cantly higher LVMi and GLS, implicating larger LV size and
worse LV systolic function. LBW was not associated with LAVi
and E/e0. Additional analyses were conducted to examine the
associations of birthweight with other indicators of diastolic
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Figure 2 Cardiac structure and function in middle-aged adults, stratified by birth weight categories. Data are shown as mean and 95% confidence in-
terval. P-values are for comparison between participants from the respective group and those from the reference group (normal birth weight).

Table 1 Participants’ characteristics at each study time point

Characteristic (N = 925)
Childhood

(aged 7–15 years)
Young adulthood
(aged 26–36 years)

Mid-adulthood
(aged 36–50 years)

Body size BMI (kg/m2) 18.2 ± 2.7 25.3 ± 4.5 27.2 ± 5.3
Waist circumference (cm) 63.3 ± 7.8 82.6 ± 11.8 88.0 ± 13.4
Sum of skinfolds (mm)a 48.3 ± 24.5 71.2 ± 28.3 83.5 ± 34.9

Obesity status Normal weight 91.3% 54.0% 37.7%
Overweight 7.5% 34.3% 39.9%
Obese 1.2% 11.7% 22.4%

Blood pressure SBP (mmHg)a 110 ± 12 117 ± 13 119 ± 15
DBP (mmHg)a 68 ± 11 72 ± 9 74 ± 11

Cardiorespiratory fitness Time to complete 1.6 km run (min) 9.3 ± 1.9 n/a n/a
PWC170 (W)a 93.1 ± 40.3 160.6 ± 50.9 143.6 ± 63.9

Muscular strength Right grip (kg)a 23.7 ± 8.9 38.4 ± 11.7 36.5 ± 10.8
Left grip (kg)a 22.9 ± 9.2 36.4 ± 11.4 34.7 ± 10.6
Shoulder push (kg)a 19.7 ± 11.7 36.5 ± 15.5 32.7 ± 14.6
Shoulder pull (kg)a 15.4 ± 7.9 30.0 ± 12.5 23.0 ± 11.0
Leg strength (kg)a 99.5 ± 51.5 126.9 ± 50.3 124.4 ± 46.0

Physical activity Pedometer steps/day n/a 8970 ± 3201 8791 ± 3698
Self-reported physical activity
(min/week)

331 [200, 562] 600 [348, 994] 405 [219, 646]

Smoking Current smoker 20% 13% 5%
Ex-smoker 24% 27% 3%
Non-smoker 56% 60% 92%

Exposure to parental smoking None 63%
One parent smoking 26%
Both parents smoking 11%

Diet Dietary guideline index 45.8 ± 11.6 56.3 ± 11.2 56.3 ± 11.1
Blood tests TC (mmol/L)a 4.3 ± 1.2 4.9 ± 0.9 5.2 ± 0.9

HDL-C (mmol/L)a 1.4 ± 0.4 1.4 ± 0.3 1.5 ± 0.4
LDL-C (mmol/L) 2.8 ± 0.9 3.0 ± 0.8 3.1 ± 0.8
Triglycerides (mmol/L)a 0.7 ± 0.4 1.1 ± 0.6 1.2 ± 0.8
Fasting glucose (mmol/L) n/a 5.0 ± 0.5 4.8 ± 0.8
HOMA n/a 1.29 [0.93, 1.81] 1.10 [0.73, 1.72]
CRP (mmol/L) n/a 0.51 [0.10, 2.05] 0.97 [0.41, 2.21]

Arterial stiffness YEM (mmHg mm) n/a 293 ± 130 325 ± 129
Cardiac structure and function LVMi (g/m2.7) n/a n/a 33.6 ± 7.7

LAVi (mL/m2) n/a n/a 33.6 ± 7.9
E/e0 n/a n/a 5.9 ± 1.9
GLS (%) n/a n/a �20.3 ± 2.3

BMI, body mass index; CRP, C-reactive protein; DBP, diastolic blood pressure; GLS, global longitudinal strain; HDL-C, high-density lipopro-
tein cholesterol; HOMA, homeostasis model assessment index; LAVi, left atrial volume index; LDL-C, low-density lipoprotein cholesterol;
LVMi, left ventricular mass index; PWC, physical work capacity; SBP, systolic blood pressure; TC, total cholesterol; YEM, Young’s elastic
modulus.
Data are shown as either mean ± standard deviation or median [quartiles] for continuous variables and as % (n) for categorical variables.
aIn childhood, these measurements were only measured in a subset of participants then aged 9, 12, or 15 years.
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function such as low E/A ratio (≤0.8) and low e0 (either septal
e0 < 7 cm/s or lateral e0 < 10 cm/s) and did not find any
significant associations (data not shown).

Table 2 shows the relative risks of having abnormal cardiac
structure and function in adulthood, stratified by birth weight
categories. Participants with LBW had a 2.63-fold greater risk
of having LVH (P = 0.08) and a 2.01-fold greater risk of having
impaired GLS (P = 0.009), compared with their counterparts
from the NBW category. There were no associations of birth
weight with either LAE or increased LV filling pressure. These
findings were consistent with those from Figure 2.

The positive associations of both LBW and HBW with LVH
and impaired GLS in adulthood (as shown in Table 2) suggest
a non-linear relationship between birth weight and these
outcomes. Using data from the subset of participants who
reported their exact birthweight (n = 525), Supporting Infor-
mation, Figure S2 shows the associations of birth weight with
LVH and impaired GLS in adulthood. Our findings showed a
highly significant (P < 0.001) U-shaped association of birth
weight with impaired GLS and suggestion of a U-shaped asso-
ciation of birth weight with LVH (P = 0.17).

Mediation analysis

Table 3 shows the associations of potential mediators and
confounders with birth weight categories and tracked these
associations from childhood to mid-adulthood. BMI, waist cir-
cumference, skinfold thickness, blood pressure, muscular
strength, total cholesterol, triglycerides, and arterial stiffness
appeared to be among the factors that were most strongly
associated with LBW.

Participants with an LBW had a significantly lower BMI in
childhood compared with those in the NBW or HBW cate-
gory. Indeed, of the participants in the LBW category, only
7.2% (5/69) were classified as overweight, and none (0/69)
was classified as obese, in childhood. The overweight and
obese proportions in childhood were 7.1% (42/609) and
1.0% (6/609) for the NBW group and 8.9% (22/247) and
2.0% (5/247) for the HBW group, respectively. The differ-
ences in BMI among the birth weight categories decreased
with increasing age and became minimal in mid-adulthood.

For waist circumference and skinfold thickness, partici-
pants with an LBW had lower waist and skinfold thickness
in childhood compared with those with NBW or HBW, caught
up during young adulthood, and had significantly higher waist
and skinfold thickness than their counterparts during mid-
adulthood (P = 0.05 for waist and P = 0.045 for skinfolds).
Findings for triglycerides were similar to those of skinfold
thickness. Participants with LBW started with lower levels of
triglycerides in childhood but had significantly higher levels
of triglycerides in mid-adulthood (P = 0.002). For arterial stiff-
ness, participants with LBW consistently had greater arterial
stiffness in young adulthood (P = 0.23) and mid-adulthood Ta
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(P = 0.19), with borderline significance, than those in the
NBW group.

Table 4 shows the roles of the potential mediators and/or
confounders in the relationship between LBW and impaired

GLS. Adjusting for homeostasis model assessment index and
triglycerides reduced the effects of LBW on GLS the most
(~30%), followed by adjusting for skinfold thickness (26%).
Other risk factors that reduced the effects of LBW on GLS

Table 4 The residual effects of LBW on impaired GLS after accounting for potential mediators and/or confounders

Adjusting for Δ (95% CI)a

Base model Age and sex 0.64 (0.04, 1.24)
Socio-economic Age, sex, and education 0.58 (0.02, 1.16)
Blood pressure Age, sex, and SBP 0.61 (0.01, 1.20)

Age, sex, and DBP 0.56 (�0.03, 1.14)
Metabolic factors Age, sex, and BMI 0.51 (�0.07, 1.08)

Age, sex, and waist 0.49 (�0.09, 1.06)
Age, sex, and skinfolds 0.47 (�0.10, 1.05)
Age, sex, and total cholesterol 0.63 (0.03, 1.23)
Age, sex, and triglycerides 0.45 (�0.14, 1.04)
Age, sex, and glucose 0.56 (�0.04, 1.15)
Age, sex, and HOMA 0.44 (�0.16, 1.03)
Age, sex, and CRP 0.64 (0.06, 1.24)

Physical activity
and fitness

Age, sex, and physical activity 0.61 (�0.02, 1.23)
Age, sex, and CRF 0.64 (0.00, 1.31)
Age, sex, and muscular strength 0.63 (�0.03, 1.29)

Lifestyle behaviours Age, sex, and diet 0.62 (0.02, 1.23)
Age, sex, and smoking 0.64 (0.05, 1.26)

Vascular health Age, sex, and arterial stiffness 0.41 (�0.24, 1.06)
Final model Age, sex, DBP, skinfolds,

triglycerides,
fasting glucose, HOMA,
and arterial stiffness

0.30 (�0.26, 0.86)

BMI, body mass index; CI, confidence interval; CRF, cardiorespiratory fitness; CRP, C-reactive protein; DBP, diastolic blood pressure; GLS,
global longitudinal strain; HOMA, homeostasis model assessment index; LBW, low birth weight; SBP, systolic blood pressure.
aDifferences in measurements of GLS between participants with LBW and those with normal birth weight. The effect size of LBW on GLS
after adjusting for age and sex (base model) was expressed as 100%. The effect size of LBW on GLS after additionally adjusting for each
risk factor was expressed as a proportion of that in the base model. The final model included only factors that reduced the effect size of
LBW in the base model by at least 10%.
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by at least 10% were diastolic blood pressure, BMI, waist cir-
cumference, fasting glucose, and arterial stiffness. All these
factors were included in the final model that altogether re-
duced the effect size of LBW on GLS by 54%. Because skinfold
thickness, waist, and BMI were indicators of body size and,
among the three factors, adjusting for skinfold thickness
had the greatest reduction in the effects of LBW, and only
measurement of skinfold thickness was included in the final
model. Findings from a similar mediation analysis for the re-
lationship between LBW and LVMi are shown in Supporting
Information, Table S1. Adjusting for waist circumference,
fasting glucose, and triglycerides reduced the effect size of
LBW on LVMi by 33%. Associations of HBW with study out-
comes were eliminated after adjusting for BMI in
mid-adulthood (data not shown), suggesting that tracking of
body size into adulthood was a key mediator in this relation-
ship. Adding measures of risk factors at the previous time
points did not further reduce the effect size of LBW on out-
comes (data not shown). Parents’ highest education, expo-
sure to parental smoking, and residential socio-economic
status were not associated with any of the study outcomes.
Further adjusting for these variables did not alter our results
and were therefore not included in our analysis.

Discussion

This study prospectively followed 925 people for over
30 years from childhood to investigate the associations of
LBW with cardiac structure and function in mid-adulthood.
First, LBW was associated with impaired LV systolic function
and LVH in mid-adulthood in our study. Second, the associa-
tions of LBW with adult cardiac structure and function ap-
peared to be non-linear. Third, blood pressure, adiposity,
triglycerides, blood glucose, and arterial stiffness were the
main mediators in the relationship between LBW and im-
paired cardiac systolic function in adulthood in our study.
Fourth, approximately half of the effect size of LBW was
explained by these modifiable risk factors while the remain-
ing half was independent of any of the clinical and lifestyle
factors we examined.

Findings from this study suggest that adverse changes in
cardiac structure and function previously reported in children
with LBW9 may persist for many years into adult life. Indeed,
there is a body of evidence from both animal and human
studies that intrauterine growth restriction results in cardiac
remodelling and dysfunction in a developing foetus.11,28 In
our study, after adjusting for age, sex, and education,
middle-aged adults born with an LBW had a 2.01-fold higher
risk of impaired LV systolic function and a 2.63-fold higher
risk of LVH. These findings are somewhat consistent with
those from the Cardiovascular Risk in Young Finns Study that
reported subtle changes in cardiac structure among adults
with LBW.29

There were, however, no associations of birth weight with
either diastolic function (E/e0) or LAVi in our study. One
previous study has shown an association of LBW with E/e0
in childhood.9 However, higher levels of E/e0 were only
observed in the children with very low birth weight (average
1065 g at birth).9 Unfortunately, this study did not have suffi-
cient power for a subgroup analysis to determine whether
participants with very low birth weight would have persistent
diastolic dysfunction into adult life.

In our study, approximately half of the effect size from the
association of LBW with LV systolic function was explained by
modifiable risk factors including triglycerides, skinfold
thickness, blood pressure, blood glucose, and arterial stiff-
ness. All these risk factors have previously been linked to
LBW30,31 and were either a component or a consequence of
metabolic syndrome. These findings suggest that metabolic
changes related to alterations in body composition during
catch-up growth might be a key mechanism in the relationship
between LBW and systolic dysfunction. Participants with LBW,
after catching up in BMI with their counterparts in the NBW or
HBW group, had significantly higher skinfold thickness and
waist circumference in mid-adulthood, indicating higher rates
of central and visceral obesity. These findings on the extra
gain in the body fat composition explained the higher concen-
trations of leptin (a hormone produced by adipose tissues and
associated with both obesity and type 2 diabetes) than ex-
pected from the levels of BMI in people with LBW.32 This in-
creased risk of central obesity in adulthood may have led to
significantly higher levels of triglycerides and fasting blood
glucose in association with LBW in our study. Participants with
LBW in our study consistently showed greater arterial stiffness
in both young adulthood and mid-adulthood. Previous find-
ings suggest that the increase in arterial stiffness may have al-
ready occurred as early as the fifth day of life.33 Although the
mechanisms underlying these adverse changes in vascular
health, including a possible vascular remodelling,34 remain
unknown, our findings support a previous hypothesis that a
failure to synthesize elastin in the arterial wall during impaired
foetal growth cannot be rectified later and may lead to persis-
tently high arterial stiffness into adult life.35

More importantly, findings from our study indicate that
the remaining half of the LBW effect size on adult cardiac
function was not explained by the clinical or lifestyle risk fac-
tors measured later in life that we considered in our analysis.
Recent studies have attributed the effects of LBW on some
cardio-metabolic risk factors in later life to shared genetic
effects.36,37 This might also be applicable to our findings.
Nevertheless, whether the unexplained effect size of LBW
on adult cardiac function observed in our study was directly
related to foetal genetic effects or restricted intrauterine
environment, our findings suggest that risks of cardiac
systolic dysfunction in adulthood may already be partly
predetermined at or even before birth. The use of agents
such as angiotensin-converting enzyme inhibitors and
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beta-blockers has been shown to be cardioprotective in other
situations of subclinical LV dysfunction, such as cardiotoxicity
from chemotherapy. If these are shown to be beneficial in
this setting, adults who are born with LBW may benefit from
screening for early signs of cardiac dysfunction. Future
studies to determine the cost-effectiveness and efficiency of
such screening and early intervention in these individuals
are warranted.

Strengths and limitations

This was a prospective study that followed a large
population-based sample of participants for over 30 years
from childhood to mid-adulthood, which has enabled the
comprehensive investigation into potential causal pathways
between LBW and cardiac dysfunction in adulthood. Although
an extensive range of study factors was considered, we could
not rule out the possibility of residual confounding or media-
tion. The use of contemporary imaging technology such as
GLS is another strength of this study. GLS is considered to be
a more robust indicator of subclinical systolic dysfunction that
provides superior prognostic value to that of a conventional
measurement such as LV ejection fraction.38 Subclinical dys-
function is a prelude to heart failure and therefore an appro-
priate intermediate endpoint in a condition that can take
decades to evolve. The use of a single machine and software
to obtain and process the echocardiographic images in our
study has also eliminated any inter-vendor variations in image
quality.

Loss to follow-up has occurred in our study, with partici-
pants and non-participants at follow-up having similar BMI,
waist circumference, and skinfolds in childhood and poten-
tially similar birth weight. However, the non-participants at
follow-up had higher proportion of men and were more likely
exposed to parental smoking and had poorer diet in child-
hood (Supporting Information, Table S2), all of which were
not associated with the primary outcomes in this study.
Furthermore, this investigation represents a large sample
from a well-characterized study population for which the
distributional range of confounders and effect modifiers
was not restricted by sampling or diminished by attrition.
Threats to external validity are less of an issue in these
circumstances.39 Using self-reported birth weight rather than
actual measurements was a limitation. However, results from
both self-reported birth weight category and exact birth
weight were consistent and therefore support the validity
of our findings. The proportion of LBW in our study was also
consistent with the national figure.40 Unavailability of mea-

surements of cardiac structure and function at earlier time
points precludes investigation into the relationship of LBW
with changes in cardiac structure and function over time. Fi-
nally, we were unable to distinguish between participants
with LBW due to preterm birth and those born at term but
small for gestational age. Future studies should investigate
if these two subgroups exhibit different effects on cardiac
structure and function.

Conclusions

In our study, LBW was associated with impaired cardiac struc-
ture and function in mid-adulthood. The relationship of LBW
with adult cardiac dysfunction was only partly explained by
known risk factors later in life, suggesting that risks of cardiac
dysfunction in adulthood may be partly predetermined at or
even before birth. Screening adults born with LBW for early
signs of cardiac disease to facilitate timely intervention may
be warranted.

Conflict of interest

None declared.

Funding

This study was supported by the National Health and Medical
Research Council of Australia.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1. The residual effects of low birth weight (LBW) on
impaired left ventricular mass index (LVMi) after accounting
for potential mediators and/or confounders.
Table S2. Comparison between the study sample and the
original cohort.
Figure S1. Distribution of cardiac structure and function in
mid-adulthood.
Figure S2. Non-linear relationship between birth weight and
cardiac structure and function in adulthood.

5412 Q.L. Huynh et al.

ESC Heart Failure 2021; 8: 5403–5414
DOI: 10.1002/ehf2.13632



References

1. Barker DJ, Osmond C, Golding J, Kuh D,
Wadsworth ME. Growth in utero, blood
pressure in childhood and adult life,
and mortality from cardiovascular dis-
ease. BMJ 1989; 298: 564–567.

2. Barker DJ. The developmental origins of
chronic adult disease. Acta Paediatr
Suppl 2004; 93: 26–33.

3. Jornayvaz FR, Vollenweider P, Bochud
M, Mooser V, Waeber G, Marques-Vidal
P. Low birth weight leads to obesity, dia-
betes and increased leptin levels in
adults: the CoLaus study. Cardiovasc
Diabetol. 2016; 15: 73.

4. Law CM, Barker DJ, Osmond C, Fall CH,
Simmonds SJ. Early growth and abdom-
inal fatness in adult life. J Epidemiol
Community Health 1992; 46: 184–186.

5. Lenfant C. Low birth weight and blood
pressure. Metabolism 2008; 57:
S32–S35.

6. Kaijser M, Bonamy AK, Akre O,
Cnattingius S, Granath F, Norman M,
Ekbom A. Perinatal risk factors for ische-
mic heart disease: disentangling the
roles of birth weight and preterm birth.
Circulation. 2008; 117: 405–410.

7. Barker DJ. The developmental origins of
adult disease. J Am Coll Nutr 2004; 23:
588S–595S.

8. Bozynski ME, Hanafy FH, Hernandez RJ.
Association of increased cardiothoracic
ratio and intrauterine growth retarda-
tion. Am J Perinatol 1991; 8: 28–30.

9. Crispi F, Bijnens B, Figueras F, Bartrons
J, Eixarch E, Le Noble F, Ahmed A,
Gratacós E. Fetal growth restriction re-
sults in remodeled and less efficient
hearts in children. Circulation. 2010;
121: 2427–2436.

10. Leipälä JA, Boldt T, Turpeinen U,
Vuolteenaho O, Fellman V. Cardiac hy-
pertrophy and altered hemodynamic ad-
aptation in growth-restricted preterm
infants. Pediatr Res 2003; 53: 989–993.

11. Verburg BO, Jaddoe VW, Wladimiroff
JW, Hofman A, Witteman JC, Steegers
EA. Fetal hemodynamic adaptive
changes related to intrauterine growth:
the Generation R Study. Circulation.
2008; 117: 649–659.

12. Huynh Q, Blizzard L, Sharman J,
Magnussen C, Schmidt M, Dwyer T,
Venn A. Relative contributions of adi-
posity in childhood and adulthood to
vascular health of young adults. Athero-
sclerosis 2013; 228: 259–264.

13. Dwyer T, Gibbons LE. The australian
schools health and fitness survey. physi-
cal fitness related to blood pressure but
not lipoproteins. Circulation 1994; 89:
1539–1544.

14. Lang RM, Badano LP, Mor-Avi V, Afilalo
J, Armstrong A, Ernande L, Flachskampf
FA, Foster E, Goldstein SA, Kuznetsova
T, Lancellotti P, Muraru D, Picard MH,
Rietzschel ER, Rudski L, Spencer KT,
Tsang W, Voigt JU. Recommendations

for cardiac chamber quantification by
echocardiography in adults: an update
from the American Society of Echocardi-
ography and the European Association
of Cardiovascular Imaging. J Am Soc
Echocardiogr. 2015; 28: 1–39.e14.

15. Nagueh SF, Smiseth OA, Appleton CP,
Byrd BF 3rd, Dokainish H, Edvardsen T,
Flachskampf FA, Gillebert TC, Klein AL,
Lancellotti P, Marino P, Oh JK, Popescu
BA, Waggoner AD. Recommendations
for the evaluation of left ventricular dia-
stolic function by echocardiography: an
update from the American Society of
Echocardiography and the European As-
sociation of Cardiovascular Imaging. J
Am Soc Echocardiogr. 2016; 29:
277–314.

16. Chirinos JA, Segers P, De Buyzere ML,
Kronmal RA, Raja MW, De Bacquer D,
de Buyzere ML, Kronmal RA, Raja MW,
de Bacquer D, Claessens T, Gillebert
TC, St. John-Sutton M, Rietzschel ER.
Left ventricular mass: allometric scaling,
normative values, effect of obesity, and
prognostic performance. Hypertension
2010; 56: 91–98.

17. Marwick TH, Gillebert TC, Aurigemma
G, Chirinos J, Derumeaux G, Galderisi
M, Gottdiener J, Haluska B, Ofili E,
Segers P, Senior R, Tapp RJ, Zamorano
JL. Recommendations on the use of
echocardiography in adult hypertension:
a report from the european Association
of Cardiovascular Imaging (EACVI) and
the American Society of Echocardiogra-
phy (ASE). J Am Soc Echocardiogr 2015;
28: 727–754.

18. Yingchoncharoen T, Agarwal S, Popovic
ZB, Marwick TH. Normal ranges of left
ventricular strain: a meta-analysis. J
Am Soc Echocardiogr. 2013; 26:
185–191.

19. Huynh QL, Blizzard CL, Raitakari O,
Sharman JE, Magnussen CG, Dwyer T,
Juonala M, Kähönen M, Venn AJ. Vigor-
ous physical activity and carotid disten-
sibility in young and mid-aged adults.
Hypertens Res 2015; 38: 355–360.

20. Schmidt MD, Blizzard CL, Venn AJ,
Cochrane JA, Dwyer T. Practical consid-
erations when using pedometers to
assess physical activity in population
studies: lessons from the Burnie take
heart study. Res Q Exerc Sport 2007; 78:
162–170.

21. Tudor-Locke CE, Myers AM. Methodo-
logical considerations for researchers
and practitioners using pedometers to
measure physical (ambulatory) activity.
Res Q Exerc Sport 2001; 72: 1–12.

22. Cleland VJ, Dwyer T, Venn AJ. Physical
activity and healthy weight maintenance
from childhood to adulthood. Obesity
(Silver Spring) 2008; 16: 1427–1433.

23. Quan HL, Blizzard CL, Sharman JE,
Magnussen CG, Dwyer T, Raitakari O,
Cheung M, Venn AJ. Resting heart rate

and the Association of Physical Fitness
with Carotid Artery Stiffness. Am J
Hypertens 2014; 27: 65–71.

24. Buskirk E, Taylor HL. Maximal oxygen
intake and its relation to body composi-
tion, with special reference to chronic
physical activity and obesity. J Appl
Physiol 1957; 11: 72–78.

25. Hotelling H. Analysis of a complex of sta-
tistical variables into principal compo-
nents. J Educ Psychol 1933; 24: 417–441.

26. Wilson JE, Blizzard L, Gall SL,
Magnussen CG, Oddy WH, Dwyer T,
Venn AJ, Smith KJ. An age- and sex-spe-
cific dietary guidelines index is a valid
measure of diet quality in an Australian
cohort during youth and adulthood.
Nutr Res. 2019; 65: 43–53.

27. Cole TJ, Bellizzi MC, Flegal KM, Dietz
WH. Establishing a standard definition
for child overweight and obesity world-
wide: international survey. BMJ 2000;
320: 1240–1243.

28. Tintu A, Rouwet E, Verlohren S,
Brinkmann J, Ahmad S, Crispi F, van
Bilsen M, Carmeliet P, Staff AC, Tjwa
M, Cetin I, Gratacos E, Hernandez-
Andrade E, Hofstra L, Jacobs M, Lamers
WH, Morano I, Safak E, Ahmed A, le
Noble F. Hypoxia induces dilated cardio-
myopathy in the chick embryo: mecha-
nism, intervention, and long-term
consequences. PLoS One. 2009; 4:
e5155.

29. Arnott C, Skilton MR, Ruohonen S,
Juonala M, Viikari JS, Kähönen M,
Lehtimäki T, Laitinen T, Celermajer DS,
Raitakari OT. Subtle increases in heart
size persist into adulthood in growth re-
stricted babies: the Cardiovascular Risk
in Young Finns Study. Open Heart.
2015; 2: e000265.

30. Markopoulou P, Papanikolaou E,
Analytis A, Zoumakis E, Siahanidou T.
Preterm birth as a risk factor for meta-
bolic syndrome and cardiovascular dis-
ease in adult life: a systematic review
and meta-analysis. J Pediatr. 2019; 210:
69–80.e5.

31. Nordman H, Jääskeläinen J, Voutilainen
R. Birth size as a determinant of cardio-
metabolic risk factors in children. Horm
Res Paediatr 2020; 93: 144–153.

32. Phillips DI, Fall CH, Cooper C, Norman
RJ, Robinson JS, Owens PC. Size at birth
and plasma leptin concentrations in
adult life. Int J Obes Relat Metab Disord
1999; 23: 1025–1029.

33. Tauzin L, Rossi P, Giusano B, Gaudart J,
Boussuges A, Fraisse A, Simeoni U.
Characteristics of arterial stiffness in
very low birth weight premature infants.
Pediatr Res 2006; 60: 592–596.

34. Visentin S, Grumolato F, Nardelli GB, Di
Camillo B, Grisan E, Cosmi E. Early ori-
gins of adult disease: low birth weight
and vascular remodeling. Atherosclero-
sis. 2014; 237: 391–399.

Birth weight and adult CVD 5413

ESC Heart Failure 2021; 8: 5403–5414
DOI: 10.1002/ehf2.13632



35. Martyn CN, Greenwald SE. Impaired
synthesis of elastin in walls of aorta
and large conduit arteries during early
development as an initiating event in
pathogenesis of systemic hypertension.
Lancet. 1997; 350: 953–955.

36. Beaumont RN, Horikoshi M, McCarthy
MI, Freathy RM. How can genetic stud-
ies help us to understand links between
birth weight and type 2 Diabetes? Curr
Diab Rep. 2017;17:22.

37. Warrington NM, Beaumont RN,
Horikoshi M, Day FR, Helgeland Ø,
Laurin C, Bacelis J, Peng S, Hao K,
Feenstra B, Wood AR, Mahajan A, Tyrrell
J, Robertson NR, Rayner NW, Qiao Z,
Moen GH, Vaudel M, Marsit CJ, Chen J,
Nodzenski M, Schnurr TM, Zafarmand
MH, Bradfield JP, Grarup N, Kooijman
MN, Li-Gao R, Geller F, Ahluwalia TS,
Paternoster L, Rueedi R, Huikari V,
Hottenga JJ, Lyytikäinen LP, Cavadino
A, Metrustry S, Cousminer DL, Wu Y,
Thiering E, Wang CA, Have CT, Vilor-
Tejedor N, Joshi PK, Painter JN, Ntalla I,
Myhre R, Pitkänen N, van Leeuwen EM,
Joro R, Lagou V, Richmond RC, Espinosa
A, Barton SJ, Inskip HM, Holloway JW,
Santa-Marina L, Estivill X, Ang W, Marsh
JA, Reichetzeder C, Marullo L, Hocher B,
Lunetta KL, Murabito JM, Relton CL,
Kogevinas M, Chatzi L, Allard C,

Bouchard L, Hivert MF, Zhang G, Muglia
LJ, Heikkinen J; EGG Consortium,
Morgen CS, van Kampen AHC, van
Schaik BDC, Mentch FD, Langenberg C,
Luan J, Scott RA, Zhao JH, Hemani G,
Ring SM, Bennett AJ, Gaulton KJ,
Fernandez-Tajes J, van Zuydam NR, Me-
dina-Gomez C, de Haan HG, Rosendaal
FR, Kutalik Z, Marques-Vidal P, Das S,
Willemsen G, Mbarek H, Müller-
Nurasyid M, Standl M, Appel EVR,
Fonvig CE, Trier C, van Beijsterveldt
CEM, Murcia M, Bustamante M, Bonas-
Guarch S, Hougaard DM, Mercader JM,
Linneberg A, Schraut KE, Lind PA,
Medland SE, Shields BM, Knight BA,
Chai JF, Panoutsopoulou K, Bartels M,
Sánchez F, Stokholm J, Torrents D,
Vinding RK, Willems SM, Atalay M,
Chawes BL, Kovacs P, Prokopenko I, Tuke
MA, Yaghootkar H, Ruth KS, Jones SE,
Loh PR, Murray A, Weedon MN, Tönjes
A, Stumvoll M, Michaelsen KF, Eloranta
AM, Lakka TA, van Duijn CM, Kiess W,
Körner A, Niinikoski H, Pahkala K,
Raitakari OT, Jacobsson B, Zeggini E,
Dedoussis GV, Teo YY, Saw SM,
Montgomery GW, Campbell H, Wilson
JF, Vrijkotte TGM, Vrijheid M, de Geus
EJCN, Hayes MG, Kadarmideen HN,
Holm JC, Beilin LJ, Pennell CE, Heinrich
J, Adair LS, Borja JB, Mohlke KL,

Eriksson JG, Widén EE, Hattersley AT,
Spector TD, Kähönen M, Viikari JS,
Lehtimäki T, Boomsma DI, Sebert S,
Vollenweider P, Sørensen TIA, Bisgaard
H, Bønnelykke K, Murray JC, Melbye M,
Nohr EA, Mook-Kanamori DO,
Rivadeneira F, Hofman A, Felix JF,
Jaddoe VWV, Hansen T, Pisinger C, Vaag
AA, Pedersen O, Uitterlinden AG,
Järvelin MR, Power C, Hyppönen E,
Scholtens DM, Lowe WL Jr, Davey Smith
G, Timpson NJ, Morris AP, Wareham NJ,
Hakonarson H, Grant SFA, Frayling TM,
Lawlor DA, Njølstad PR, Johansson S,
Ong KK, McCarthy MI, Perry JRB, Evans
DM, Freathy RM. Maternal and fetal ge-
netic effects on birth weight and their
relevance to cardio-metabolic risk fac-
tors. Nat Genet. 2019;51:804-814.

38. Huynh QL, Marwick TH. Echocardio-
graphic measures of strain and progno-
sis. Cardiovasc Innovat Appl. 2017; 2:
5–18.

39. Miettinen O. Theoretical epidemiology.
Principles of occurrence research in medi-
cine. New York: Wiley; 1985.

40. Australian Institute of Health and Wel-
fare. 2018. Children’s Headline Indica-
tors. Cat. no. CWS 64. Canberra: AIHW.
Viewed 17 February 2021. https://
www.aihw.gov.au/reports/children-
youth/childrens-headline-indicators

5414 Q.L. Huynh et al.

ESC Heart Failure 2021; 8: 5403–5414
DOI: 10.1002/ehf2.13632

https://www.aihw.gov.au/reports/children-youth/childrens-headline-indicators
https://www.aihw.gov.au/reports/children-youth/childrens-headline-indicators
https://www.aihw.gov.au/reports/children-youth/childrens-headline-indicators

