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Abstract

Birthweight has been consistently related to risk of cardiometabolic disorders in later life. Twins
are at higher risk of low birthweight than singletons, so understanding the links between birth-
weight and cardiometabolic health may be particularly important for twins. However, evidence
for the association of birthweight with childhood markers of cardiometabolic health in twins is
currently lacking. Previous studies have often failed to appropriately adjust for gestational age
or fully implement twin regression models. Therefore, we aimed to evaluate the association of
birthweight-for-gestational-age z-scores with childhood cardiometabolic health in twins, using
within-between regression models. The Peri/Postnatal Epigenetic Twins Study is a Melbourne-
based prospective cohort study of 250 twin pairs. Birthweight was recorded at delivery, and
childhood anthropometric measures were taken at 18-month and 6-year follow-up visits.
Associations of birthweight with markers of cardiometabolic health were assessed at the indi-
vidual, between- and within-pair level using linear regression with generalised estimating equa-
tions. Birthweight-for-gestational-age z-scores were associated with height, weight and BMI at
18 months and 6 years, but not with blood pressure (twins-as-individual SBP: β= 0.15, 95% CI:
−0.81, 1.11; twins-as-individual DBP: β= 0.22, 95% CI: −0.34, 0.77). We found little evidence
to indicate that the within-between models improved on the twins-as-individuals models.
Birthweight was associated with childhood anthropometric measures, but not blood pressure,
after appropriately adjusting for gestational age. These associations were consistent across the
within-between and twins-as-individuals models. After adjusting for gestational age, results
from the twins-as-individuals models are consistent with singleton studies, so these results
can be applied to the general population.

Introduction

Cardiometabolic diseases are a major contributor to global morbidity and mortality, accounting
for more than 17 million deaths every year.1 Previous studies have demonstrated a link between
birthweight and later-life cardiometabolic health, resulting in the Developmental Origins of
Health and Disease (DOHaD) hypothesis.2 This hypothesis suggests that early-life factors,
including fetal programming, and genetic, developmental and environmental factors may per-
manently affect body structure and function and contribute to diseases later in life.

Birthweight is one of the most investigated of the DOHaD exposures, and many studies have
already reported links between birthweight and cardiometabolic health outcomes later in life.3–5

Previous studies reporting associations of birthweight with anthropometric measures in child-
hood and adulthood have also demonstrated that height, weight and body mass index (BMI)
may track from early life into adulthood.6,7 If childhood anthropometric measures track into
adulthood, they may act as a predictor of obesity and cardiometabolic conditions in later life.8

Despite the growing popularity of the DOHaD hypothesis, few studies assessing the develop-
mental origins of cardiometabolic health have explored the association of birthweight with car-
diometabolic health outcomes in twins.9

Twin pregnancies are at higher risk of preterm delivery and intrauterine growth restriction
(IUGR) compared to singleton gestations, both of which contribute to smaller size at birth.10
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Given the reported association between low birthweight and car-
diometabolic outcomes in the general population, the higher risk of
low birthweight in twins may predispose them to greater cardio-
metabolic risk later in life. Many twin studies have explored asso-
ciations of birthweight with later-life BMI and blood pressure, with
some studies reporting that higher birthweight leads to higher BMI
but lower blood pressure, and others finding no evidence for an
association.9 Differences in study designs and analytic approaches
may have led to differences in conclusions, as many previous
studies have failed to appropriately adjust for gestational age or
fully implement twin regression models (described below).
Furthermore, most twin studies have focussed on a single marker
of cardiometabolic health, such as blood pressure.9 However, many
cardiometabolic health markers cluster to provide an individuals’
overall cardiometabolic risk profile, and different markers may
predict different cardiometabolic health outcomes. Therefore,
exploring associations with only a single marker of cardiometa-
bolic health neglects the importance of measuring cardiometabolic
health withmultiple markers and limits interpretations to only one
facet of cardiometabolic health. As such, the evidence for an asso-
ciation of birthweight with later cardiometabolic health in twins is
still somewhat unclear.

Though the association of birthweight with later-life health out-
comes may be particularly important for twins, results assessing
the DOHaD hypothesis in twins can be applied to the general pop-
ulation. Twin studies can be used to reduce familial confounding,
and after adjusting for gestational age, results from twin studies are
largely applicable to the general population.11 However, a recent
systematic review found that few twin studies assessing associa-
tions of birthweight with cardiometabolic health have adjusted
for gestational age. Previous studies which have adjusted for gesta-
tional age often only included gestational age as a covariate, which
introduced an issue of collinearity.9 Since low birthweight can
result from either preterm birth (especially in twins) or from
IUGR – which have different risk factors, prevention strategies,
postnatal management and even long-term health outcomes12–15

– studies which do not appropriately account for gestational age
cannot disentangle the effect of birthweight from gestational age
and may lead to incorrect estimates of associations. In fact, twin
studies which do not adjust for gestational age often report an asso-
ciation of birthweight with later-life cardiometabolic health,
whereas studies which do adjust for gestational age do not detect
an association.9 Recognising whether low birthweight is a result of
preterm birth or IUGR may be important for understanding long-
term health outcomes, so it is important for any study reporting
associations of birthweight with later-life health to be appropriately
adjusted for gestational age.

Finally, few twin studies have fully implemented twin regres-
sion models to assess the within- and between-pair specific asso-
ciations of birthweight with later-life health.9 Studying the
association of birthweight with later-life health outcomes can be
difficult due to confounding, particularly by shared factors.
However, twin studies provide a unique opportunity to determine
the effect of shared versus unshared factors on the association of
birthweight with later-life health. Twins share many factors during
gestation, so if there are differences in twin birthweight or twin car-
diometabolic outcomes, these cannot be due to shared factors.11

However, not all gestational exposures are shared between twins,
such as blood–nutrient supply, which may lead to differences in
birthweight, and potentially later-life health outcomes.11

Therefore, determining whether between-pair (shared) and
within-pair (non-shared) associations differ can provide greater

insight into the mechanism behind the association of birthweight
with later-life cardiometabolic health outcomes.

Based on limitations of previous studies assessing associations
of birthweight with later-life cardiometabolic health in twins, espe-
cially twin children, we aimed to:

1. Explore the role of birthweight after correcting for gestational
age, by using birthweight-for-gestational-age standard
deviation scores;

2. Understand the association of birthweight with a range of car-
diometabolic markers; and

3. Make full use of the additional information contained in data
from twin pairs, by implementing within-pair and between-pair
regression models, to establish whether there may be a causal
relationship of birthweight with cardiometabolic health.

Method

The Peri/Postnatal Epigenetic Twins Study (PETS) is a prospective
twin cohort study established in 2007 in Melbourne, Australia.
Women pregnant with twins were recruited during their second
trimester from 3 pregnancy clinics in Melbourne (the Royal
Women’s Hospital, Mercy Hospital for Women and Monash
Medical Centre). Women were excluded if they planned to leave
the area before delivery or if they had limited English language
skills. Of the 287 women recruited during pregnancy, 250 mothers
and their twins remained in the study at birth, of which 172 pairs of
twins were included in these analyses. Details of loss to follow-up
are summarised in Fig. 1.

The primary exposure of interest was twin birthweight.
Birthweight was recorded at delivery by trained research assistants
or accessed from birth records when birth attendants were not
present at delivery. Birthweight-for-gestational-age z-scores were
calculated using Australian twin birthweight reference charts,16

and gestational age was estimated from the women’s last menstrual
period and confirmed with ultrasound.

Participating mothers completed questionnaires on pre- and
post-conception lifestyle factors, including smoking habits, alcohol
intake and medical history. Follow-up of the twins occurred at age
18months and at age 6 years, whenmothers completed a question-
naire on the health, development and nutritional status of the
twins. Anthropometric measurements and blood pressure were
used as markers of cardiometabolic health. Anthropometric mea-
surements were taken by a trained research assistant at the 18-
month and 6-year follow-up visit. Height was measured using a
stadiometer, and weight was measured using a digital weight scale.
Skinfold thicknesses were measured using a Holtain calliper – tri-
ceps skinfold measurements were taken 1 cm below the mid-point
between the shoulder and elbow, and subscapular skinfolds were
picked up on a diagonal plane just inferior to the angle of the
scapula. Head circumference was measured just above the
supra-orbital ridge, arm circumference was measured at the
mid-point between the shoulder and elbow and abdominal cir-
cumference was measured at the uppermost lateral border of the
ilium. Anthropometric z-scores, accounting for twin sex and
age, were calculated using UK anthropometric charts,17 and using
the Zanthro package in Stata.18 Growth was calculated as change in
anthropometric z-score between birth and 18months and between
birth and 6 years. A sphygmomanometer with cuff size at least two-
thirds of the upper arm (and able to be wrapped around and
secured) was used to measure blood pressure. The cuff was fitted
on the upper arm, on bare skin or over light clothing only.
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Measurements were taken at rest, with elbow resting on a table at
approximately heart level. Three measurements were taken, one
minute apart. The first of these measurements was excluded,
and the average of the 2 subsequent measurements was used in
these analyses.

Associations of birthweight with neonatal and childhood cardi-
ometabolic health outcomes were assessed by fitting linear regres-
sion models, using generalised estimating equations (GEE) to
account for the correlation between twins in each pair. Two regres-
sion models were fitted. The first model treated twins as individ-
uals, to determine the overall association of birthweight with
later-life cardiometabolic health. The second model allowed the
association between birthweight and markers of cardiometabolic
health to differ within and between pairs, to determine the
within-pair and between-pair specific association of birthweight
with later cardiometabolic health. Confounding variables, based
on knowledge of the subject area, were assessed for inclusion.
Models were adjusted formaternal pre-pregnancy BMI, gestational
age at delivery, number of prior pregnancies, total maternal gesta-
tional weight gain, smoking during pregnancy, twin sex, chorionic-
ity and zygosity. Simes-adjusted q-values were used to account for
multiple testing in all adjusted regression models.19

Normality and linearity of each variable were assessed, and var-
iables were transformed where necessary. The distribution and
influence of residuals were assessed, and highly influential obser-
vations removed in a sensitivity analysis. A further sensitivity

analysis, based on inverse probability weighting (IPW), was
included to assess the impact of missing data on our results.20

To determine whether the observed associations were driven by
twins discordant for birthweight, we removed twins with a birth-
weight discordance of 30% or more in an additional sensitivity
analysis.

All analyses were performed using Stata 15 (StataCorp. 2017.
Stata Statistical Software: Release 15. College Station, TX:
StataCorp LLC.).

Results

Descriptive characteristics of the twins are reported in Table 1.
Mean birthweight was 2.47 kg with a mean gestational age of 36
weeks. Most twins were dizygotic (58%) and dichorionic (72%).
Smoking during pregnancy was uncommon, with only 12% of
women smoking at any point during pregnancy, but 55% of moth-
ers reported drinking alcohol during pregnancy.

18-Month outcomes

When treating twins as individuals, higher birthweight-for-gesta-
tional-age z-scores were associated with higher anthropometric
measures at 18 months (for example, BMI: β= 0.30 kg/m2, 95%
CI: 0.14, 0.45, Table 2).

Fig. 1. Flow chart describing participant loss to follow-up from recruitment until the 6-year follow-up visit. A total of 172 pairs of twins were included in these analyses.
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Within-pair differences in birthweight were associated with
within-pair differences in BMI, weight, head circumference,
abdominal circumference and arm circumference, but not height.
Pairwise average birthweight was associated with height, weight
and head circumference, but not BMI, abdominal circumference
or arm circumference (Table 2). For each outcome, the within-pair
estimate was approximately equal to the between-pair estimate and
there was little evidence to indicate that the within-between model
improved on the twins-as-individuals model. As such, the expected
difference in each outcome given the difference in birthweight is
likely to be the same for twins within a twin pair or between 2 unre-
lated twin individuals.

Results assessing associations of birthweight with anthropo-
metric measures at 18 months were robust to influential observa-
tions. For example, results from the twins-as-individuals model
assessing associations of birthweight with 18-month weight z-score
changed very slightly from β= 0.27 (95% CI: 0.15, 0.40) to β= 0.22
(95% CI: 0.11, 0.32, see Supplementary Table S3) when 11 influen-
tial observations were excluded. Interpretations were consistent
between the full regression models and IPW models
(Supplementary Table S3). Results from the sensitivity analysis
removing birthweight discordant pairs led to similar inferences:
the twins-as-individuals model changed minimally from
β= 0.27 (95% CI: 0.15, 0.40) to β= 0.23 (95% CI: 0.10, 0.36, full
results not shown).

6-Year outcomes

When treating twins as individuals, higher birthweight-for-gesta-
tional-age z-scores were associated with higher anthropometric

measures at 6 years (for example, BMI: β= 0.18 z-scores, 95%
CI: 0.04, 0.31, Table 3). Birthweight was not associated with blood
pressure at age 6.

Within-pair birthweight was associated with within-pair
differences in BMI, but not height, weight or head circumference,
and differences in pair-average birthweight were associated with
height, weight and head circumference, but not BMI (Table 3).
For each outcome, the within-pair estimate was approximately
equal to the between-pair estimate, and there was little evidence
that the within-between model improved upon the twins-as-indi-
viduals model.

Associations of birthweight with twins-as-individuals and
within-pair BMI and BMI z-score, between-pair height, and
twins-as-individuals and between-pair weight attenuated when
removing influential observations (Supplementary Table S4).
However, results from all other regression models were robust
to influential observations. Inferences from the fully observed
models and the IPWmodels were consistent. Inferences were con-
sistent between the fully observed model and the model with dis-
cordant twins removed (for example, BMI: β= 0.20 z-scores, 95%
CI: 0.06, 0.34, full results not shown).

Growth

Higher birthweight-for-gestational-age z-scores were associated
with all measures of growth between birth and 18 months and
between birth and 6 years (Supplementary Table S5), and the
within-pair estimates were approximately equal to the between-
pair estimates. Results were robust to exclusion of influential
observations, and inferences were consistent between fully
observed and IPW models (Supplementary Table S5).

Discussion

Unlike some previous studies,21,22 we found no evidence for an
association of birthweight with blood pressure in twins. Though
blood pressure is an indicator of cardiovascular health, no other
cardiovascular outcomes were recorded in the PETS.
Furthermore, measuring blood pressure at age 6 may not be rep-
resentative of adult blood pressure. Based solely on results from our
study, it is difficult to conclusively determine that birthweight is
not related to blood pressure or vascular compromise. Previous
studies have often shown an association of birthweight with adult
blood pressure or vascular function,9 but these studies have often
failed to appropriately adjust for gestational age. In contrast, pre-
vious studies which included gestational age as a covariate in
regression models also found no evidence for an association of
birthweight with later-life blood pressure in twins.23–25 Although
these studies attempted to adjust for gestational age, including ges-
tational age as a covariate with birthweight is limited, as birth-
weight and gestational age are highly correlated. Instead, by
calculating birthweight-for-gestational-age z-scores, we have not
only adjusted for gestational age but have also greatly reduced col-
linearity between birthweight and gestational age. As such, these
results are likely to be more robust than previously reported asso-
ciations of birthweight with blood pressure.

Similarly, previous studies reporting associations of birthweight
with later-life BMI often do not adjust for gestational age,26–28 and
studies which do adjust for gestational age find no evidence for an
association of birthweight with later BMI.9,23,29 These studies rarely
use birthweight-for-gestational-age z-scores to account for gesta-
tional age, and instead use gestational age as a covariate, again

Table 1. Descriptive statistics mean (standard deviation) or frequency [percent]
for mothers and twin children in the PETS

Mothers at birth n= 250

Twins at birth n= 500

Twins followed-up to 6 years n= 344

Maternal age at delivery (years) 32.69 (5.09)

Mother smoked (at all) during pregnancy 31 [12]

Mother drank alcohol (at all) during pregnancy 137 [54.8]

Gestational age (weeks) 35.87 (2.32)

Caesarean delivery 328 [65.86]

Breastfed (any) 396 [88.20]

Monozygotic twins 208 [41.6]

Monochorionic twins 138 [27.6]

Sex (male) 256 [51.2]

Birthweight (g) 2468.75 (539.63)

Birthweight discordancea

Discordance cut-off: 30% 18 [3.6]

Discordance cut-off: 20% 72 [14.4]

Small for gestational age (based on twin reference
charts)

35 [7]

BMI (kg/m2) at age 6 15.89 (1.77)

SBP (mmHg) at age 6 101.71 (8.11)

aBirthweight discordance was calculated as
birthweightheaviest twin�birthweightlightest twinð Þ

birthweightheaviest twin
� 100;

BMI = body mass index; SBP = systolic blood pressure.
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Table 2. Results of the regression models assessing associations of overall, within-pair and between-pair birthweight-for-gestational-age z-scores with 18-month
anthropometric measures

Unadjusted β (95% CI), P-value Adjusteda β (95% CI), q-valueb P-valuec

BMI (kg/m2) n= 285

Twins-as-individuals 0.30 (0.20, 0.40), <0.001 0.29 (0.14, 0.45), <0.001 P= 0.057

Between-pair 0.18 (0.01, 0.35), 0.035 0.08 (−0.16, 0.33), 0.593

Within-pair 0.34 (0.21, 0.48), <0.001 0.37 (0.20, 0.55), <0.001

BMI (z-score) n= 285

Twins-as-individuals 0.24 (0.16, 0.31), <0.001 0.23 (0.11, 0.35), <0.001 P= 0.060

Between-pair 0.16 (0.02, 0.29), 0.023 0.07 (−0.11, 0.27), 0.526

Within-pair 0.27 (0.18, 0.37), <0.001 0.29 (0.16, 0.42), <0.001

Height (cm) n= 286

Twins-as-individuals 0.64 (0.44, 0.85), <0.001 0.47 (0.10, 0.84), 0.025 P= 0.335

Between-pair 0.74 (0.39, 1.09), <0.001 0.70 (0.26, 1.14), 0.005

Within-pair 0.60 (0.29, 0.92), <0.001 0.38 (−0.05, 0.82), 0.129

Height (z-score) n= 286

Twins-as-individuals 0.22 (0.15, 0.28), <0.001 0.16 (0.02, 0.29), 0.043 P= 0.537

Between-pair 0.21 (0.08, 0.34), 0.001 0.21 (0.04, 0.39), 0.032

Within-pair 0.22 (0.11, 0.33), <0.001 0.13 (−0.02, 0.29), 0.133

Weight (kg) n= 285

Twins-as-individuals 0.37 (0.27, 0.47), <0.001 0.32 (0.18, 0.46), <0.001 P= 0.448

Between-pair 0.32 (0.17, 0.48), <0.001 0.25 (0.05, 0.44), 0.027

Within-pair 0.38 (0.26, 0.51), <0.001 0.34 (0.18, 0.51), <0.001

Weight (z-score) n= 285

Twins-as-individuals 0.32 (0.26, 0.39), <0.001 0.27 (0.15, 0.40), <0.001 P= 0.328

Between-pair 0.25 (0.11, 0.38), <0.001 0.19 (0.02, 0.36), 0.050

Within-pair 0.35 (0.24, 0.45), <0.001 0.30 (0.15, 0.45), <0.001

Head circumference (cm) n= 286

Twins-as-individuals 0.29 (0.17, 0.42), <0.001 0.28 (0.11, 0.46), 0.005 P= 0.539

Between-pair 0.27 (0.06, 0.47), 0.011 0.35 (0.12, 0.58), 0.007

Within-pair 0.31 (0.12, 0.50), 0.001 0.25 (0.01, 0.48), 0.060

Head circumference (z-score) n= 286

Twins-as-individuals 0.24 (0.15, 0.32), <0.001 0.23 (0.08, 0.37), 0.005 P= 0.656

Between-pair 0.18 (0.04, 0.33), 0.015 0.27 (0.08, 0.46), 0.011

Within-pair 0.27 (0.13, 0.41), <0.001 0.21 (0.02, 0.40), 0.053

Abdominal circumference (log cm) n= 278

Twins-as-individuals 0.02 (0.01, 0.03), <0.001 0.016 (0.007, 0.024), <0.001 P= 0.211

Between-pair 0.010 (0.000, 0.019), 0.050 0.012 (0.002, 0.022), 0.021

Within-pair 0.023 (0.016, 0.031), <0.001 0.022 (0.009, 0.036), 0.002

Upper arm circumference (cm) n= 280

Twins-as-individuals 0.20 (0.11, 0.29), <0.001 0.16 (0.03, 0.29), 0.033 P= 0.282

Between-pair 0.18 (0.03, 0.33), 0.022 0.06 (−0.13, 0.25), 0.593

Within-pair 0.21 (0.09, 0.34), 0.001 0.21 (0.05, 0.37), 0.022

(Continued)
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leading to issues of collinearity. Indeed, when using birthweight
z-scores to adjust for gestational age, we found evidence for an
association of birthweight with BMI at 18 months and 6 years.
Including gestational age in addition to using birthweight z-scores
did not alter our results. For example, the association of birth-
weight z-score with BMI z-score at 18 months was consistent with
(β= 0.236, 95% CI: 0.154, 0.318) and without (β= 0.236, 95% CI:
0.153, 0.319) including gestational age as a covariate (full results
not shown).

Althoughwe adjusted for gestational age in our analyses, questions
around the mechanism for the observed associations persist. Low
birthweight can be a consequence of being born preterm, born
small-for-gestational-age (SGA, often used as a proxy for IUGR),
or both. Previous studies have shown that infants born SGA are at
increased risk of neonatal and long-term mortality and morbidity,
including neonatal infections, hypoglycaemia and abnormal postnatal
growth.14 Similarly, preterm infants are at higher risk of adverse health
outcomes. However, previous studies have suggested this risk is great-
est for those born both preterm and SGA.15 This indicates that the
mechanism leading to low birthweight or impaired growth may be
important for long-term health. However, it is still unclear whether
there is an interaction between preterm birth and SGA, particularly
in twins. So, although somewhat outside the scope of this paper,
we also wanted to investigate whether the association of low birth-
weight with later anthropometric measures differed according to
whether low birthweight was due to SGA, preterm birth or both
(Supplementary Table S6). Our results, although limited by sample
size showed that the strongest association was for preterm and
SGA twins, who were smaller on average at 18 months compared
to term appropriate-for-gestational-age (AGA) twins. There was a
small association for term-SGA twins compared to term-AGA twins,
but no difference between preterm-AGA and term-AGA twins. This
indicates that the mechanism behind low birthweight may be impor-
tant for later-life health. Further investigation into whether associa-
tions differ for preterm and SGA infants is warranted.

We also found evidence for an association of birthweight with
infant and child anthropometric measures. Previous twin studies
have reported associations of birthweight with later BMI, height
and weight, but few have also explored associations with skinfold
thicknesses and body circumferences.9 Previous studies have found
that abdominal skinfold thickness, subscapular skinfold thickness
and upper arm circumference are associated with cardiovascular

health,30,31 and size at birth has been associated with body circum-
ference and skinfold thickness.32 Therefore, associations of size at
birth and later-life cardiovascular health may also be acting
through body circumference and skinfold thickness. We found evi-
dence for an association of birthweight with head, abdominal and
upper arm circumference at 18 months, but not at 6 years of age.
We also found no evidence for an association of birthweight with
triceps or subscapular skinfold thicknesses at either 18months or 6
years. This may indicate that size at birth is only associated with
body circumferences in the short term, and that by early childhood,
the association attenuates. A widely understood phenomenon,
known as postnatal growth catch-up,33 may explain the association
of birthweight with infant anthropometrics but not with childhood
anthropometric measures.

Children exposed to poor intrauterine growth undergo a period
of rapid compensatory postnatal growth in the first few years fol-
lowing birth.33 Previous studies have found that most children
exposed to IUGR show complete growth catch-up by 2 years of
age.33 However, we found evidence that low birthweight after
adjusting for gestational age was associated with growth even at
6 years: twins with a higher birthweight had lower growth between
birth and 18months and birth and 6 years. Postnatal growth catch-
up has previously been associated with later-life cardiometabolic
health,34,35 so our finding that birthweight may be associated with
long-term growth of twins may have further implications for car-
diometabolic health outcomes. Further investigation into the asso-
ciation of birthweight with later-life growth is warranted and an
additional follow-up of twins in the PETS at 11-years old has com-
menced, which will enable this.

These results are from a representative sample of Melbourne
twins; however, we recognise the limitations of these findings.
First, the PETS may be insufficiently powered to detect some asso-
ciations. Zygosity and chorionicity may play a role in size at birth
and in the development of cardiovascular markers.We included an
adjustment for zygosity and chorionicity in our regression models,
but additional analyses comparing associations for monozygotic
and dizygotic twins, or for monochorionic and dichorionic twins,
were outside the aims of this study. Further exploration is war-
ranted into whether the association of birthweight with later-life
cardiometabolic health differs according to zygosity or chorionic-
ity. Information regarding clinical IUGR was not available from
the PETS, so we were limited to using SGA as a proxy measure

Table 2. (Continued )

Unadjusted β (95% CI), P-value Adjusteda β (95% CI), q-valueb P-valuec

Triceps skinfold thickness (cm) n= 274

Twins-as-individuals 0.03 (−0.14, 0.20), 0.704 −0.11 (−0.36, 0.16), 0.520 P= 0.971

Between-pair 0.11 (−0.20, 0.41), 0.497 −0.11 (−0.52, 0.30), 0.630

Within-pair −0.02 (−0.26, 0.21), 0.848 −0.11 (−0.43, 0.22), 0.593

Subscapular skinfold thickness (cm) n= 272

Twins-as-individuals 0.10 (−0.01, 0.21), 0.076 0.09 (−0.09, 0.27), 0.440 P= 0.262

Between-pair 0.01 (−0.20, 0.23), 0.892 −0.07 (−0.36, 0.22), 0.681

Within-pair 0.13 (−0.01, 0.27), 0.077 0.15 (−0.06, 0.37), 0.223

aAdjusted for maternal pre-pregnancy BMI, gestational age at delivery, number of prior pregnancies, total maternal gestational weight gain, smoking during pregnancy, twin sex, chorionicity
and zygosity.
bSimes-adjusted q-value.
cP-value when comparing within-between model to twins-as-individual model.
95% CI= 95% confidence interval; BMI = body mass index.
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Table 3. Results from regression models assessing the associations of overall, within-pair and between-pair birthweight-for-gestational-age z-scores with
anthropometric measures and blood pressure at 6 years

Unadjusted β (95% CI), P-value Adjusteda β (95% CI), q-valueb P-valuec

BMI (inverse square (1/(kg/m2)2)) n= 216

Twins-as-individuals −1.63 × 10−4 (−2.38 × 10−4, −8.91 × 10−5), <0.001 −1.37 × 10−4 (−2.47 × 10−4, −2.70 × 10−5), 0.015 P= 0.447

Between-pair −1.57 × 10−4 (−3.01 × 10−4, −1.28 × 10−5), 0.033 −5.69 × 10−5 (−2.40 × 10−4, 1.26 × 10−4), 0.543

Within-pair −1.66 × 10−4 (−2.54 × 10−4, −7.79 × 10−5), <0.001 −1.71 × 10−4 (−2.40 × 10−4, −3.99 × 10−5), 0.011

BMI (z-score) n= 216

Twins-as-individuals 0.21 (0.12, 0.30), <0.001 0.18 (0.04, 0.31), 0.025 P= 0.113

Between-pair 0.17 (−0.02, 0.35), 0.075 0.01 (−0.22, 0.24), 0.947

Within-pair 0.23 (0.12, 0.33), <0.001 0.25 (0.09, 0.40), 0.005

Height (inverse cube (1/cm3)) n= 216

Twins-as-individuals −1.17 × 10−8 (−2.10 × 10−8, −2.40 × 10−9), 0.014 −8.54 × 10−9 (−2.25 × 10−8, 5.42 × 10−9), 0.231 P= 0.019

Between-pair −2.77 × 10−8 (−4.22 × 10−8, −1.31 × 10−8), <0.001 −3.08 × 10−8 (−4.84 × 10−8, −1.32 × 10−8), 0.001

Within-pair −7.07 × 10−9 (−1.77 × 10−8, 3.60 × 10−9), 0.194 −4.06 × 10−9 (−1.64 × 10−8, 1.56 × 10−8), 0.960

Height (z-score) n= 206

Twins-as-individuals 0.17 (0.05, 0.29), 0.004 0.15 (0.03, 0.28), 0.029 P= 0.077

Between-pair 0.34 (0.18, 0.51), <0.001 0.28 (0.07, 0.49), 0.018

Within-pair 0.09 (−0.05, 0.24), 0.218 0.004 (−0.23, 0.24), 0.978

Weight (inverse (1/kg)) n= 216

Twins-as-individuals −1.49 × 10−3 (−2.14 × 10−3, −8.32 × 10−4), <0.001 −1.18 × 10−3 (−2.10 × 10−3, − 2.49 × 10−4), 0.013 P= 0.202

Between-pair −2.21 × 10−3 (−3.41 × 10−3, −1.01 × 10−3), <0.001 −1.79 × 10−3 (−3.22 × 10−3, −3.66 × 10−4), 0.014

Within-pair −1.27 × 10−3 (−2.02 × 10−3, −5.21 × 10−4), 0.001 −9.47 × 10−4 (−2.02 × 10−3, 1.23 × 10−4), 0.083

Weight (z-score) n= 200

Twins-as-individuals 0.25 (0.14, 0.35), <0.001 0.17 (0.02, 0.32), 0.043 P= 0.907

Between-pair 0.50 (0.20, 0.70), 0.001 0.62 (0.24, 0.99), 0.003

Within-pair 0.28 (0.03, 0.52), 0.026 0.28 (−0.02, 0.59), 0.110

Head circumference (cm) n= 216

Twins-as-individuals 0.36 (0.15, 0.56), 0.001 0.40 (0.15, 0.66), 0.005 P= 0.115

Between-pair 0.38 (0.17, 0.60), 0.001 0.41 (0.14, 0.68), 0.007

Within-pair 0.24 (0.07, 0.41), 0.005 0.22 (−0.01, 0.46), 0.100

Head circumference (z-score) n= 204

Twins-as-individuals 0.29 (0.15, 0.44), <0.001 0.30 (0.11, 0.49), 0.005 P= 0.325

Between-pair 0.32 (0.14, 0.49), 0.001 0.19 (0.02, 0.36), 0.053

Within-pair 0.22 (0.10, 0.34), 0.001 0.21 (0.09, 0.34), 0.003

Abdominal circumference (inverse cube (1/cm3)) n= 216

Twins-as-individuals −2.26 × 10−7 (−3.57 × 10−7, −9.49 × 10−8), 0.001 −1.34 × 10−7 (−3.14 × 10−7, 4.55 × 10−8), 0.143 P= 0.999

Between-pair −2.58 × 10−7 (−4.75 × 10−7, −4.14 × 10−8), 0.020 −1.35 × 10−7 (−4.03 × 10−7, 1.32 × 10−7), 0.320

Within-pair −2.14 × 10−7 (−3.68 × 10−7, −5.98 × 10−8), 0.007 −1.34 × 10−7 (−3.46 × 10−7, 7.89 × 10−8), 0.218

Upper arm circumference (inverse cube (1/cm3)) n= 216

Twins-as-individuals −6.72 × 10−6 (−1.07 × 10−5, −2.77 × 10−6), 0.001 −4.69 × 10−6 (−9.81 × 10−6, 4.39 × 10−7), 0.073 P= 0.817

Between-pair −9.11 × 10−6 (−1.62 × 10−5, −1.99 × 10−6), 0.012 −4.47 × 10−6 (−1.36 × 10−5, 4.68 × 10−6), 0.339

Within-pair −5.74 × 10−6 (−1.05 × 10−5, −1.03 × 10−6), 0.017 −4.79 × 10−6 (−1.11 × 10−5, 1.38 × 10−6), 0.128

(Continued)
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for IUGR. However, we recognise that IUGR is a defined condition
and should not necessarily be derived from birthweight.
Birthweight discordance can also be an indicator of impaired fetal
growth; however, only 3.6% of twins in the PETS had a birthweight
discordance of 30% or more. Therefore, we were unable to conduct
further analyses to determine whether the associations of birth-
weight with childhood markers of cardiometabolic health differ
for concordant or discordant pairs. However, results from our sen-
sitivity analyses indicate that twins discordant for birthweight were
not influencing these associations. As a twin study, these results
may not be representative of the general population; however, after
adjusting for gestational age and by implementing a twins-as-indi-
viduals regression model, these results are applicable to non-twin
pregnancies. Although we implemented the Simes method for
P-value adjustment to address the issue of multiple testing,19

we recognise the limitations of frequentist testing approaches,36

so recommend focussing on effect size and comparing our results
with similar studies, rather than relying on P-values for
significance.

Despite these limitations, our study does have several strengths.
First, we adjusted for gestational age by using birthweight for gesta-
tional age z-scores, so our results are unlikely to be influenced by
the collinearity between birthweight and gestational age. We also
included multiple measures of cardiometabolic health, and at dif-
ferent ages. As a twin study, results from the within-pair model are
unlikely to be confounded by shared genetic or environmental fac-
tors, which have been shown to influence both birthweight and
later-life cardiometabolic health outcomes. We also made full
use of additional information available in data from twins by
implementing within- and between-pair regression models.
These regression models are more appropriate to use than models

which dichotomise data according to whether twins were discord-
ant for birthweight.

Conclusions

After adjusting for gestational age using birthweight z-scores,
birthweight was associated with childhood anthropometric mea-
sures in twins. However, we found no evidence for an association
of birthweight-for-gestational-age z-scores with blood pressure in
6-year-old twins. This may indicate that the previously observed
association of birthweight and blood pressure, may be influenced
by gestational age. However, blood pressure at age 6 may not be
indicative of blood pressure in later-life. An 11-year follow-up
of the PETS is currently underway, so further investigation into
the association of birthweight-for-gestational-age z-scores with
blood pressure is warranted.
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Table 3. (Continued )

Unadjusted β (95% CI), P-value Adjusteda β (95% CI), q-valueb P-valuec

Triceps skinfold thickness (log cm) n= 214

Twins-as-individuals 0.03 (0.01, 0.05), 0.006 0.02 (−0.01, 0.05), 0.250 P= 0.956

Between-pair 0.05 (0.01, 0.09), 0.014 0.01 (−0.04, 0.06), 0.749

Within-pair 0.02 (−0.00, 0.05), 0.107 0.02 (−0.02, 0.06), 0.269

Subscapular skinfold thickness (inverse square (1/cm2)) n= 211

Twins-as-individuals −0.002 (−0.007, 0.001), 0.186 0.001 (−0.005, 0.007), 0.693 P= 0.657

Between-pair −0.006 (−0.013, −0.0001), 0.048 −0.0001 (−0.0087, 0.0084), 0.978

Within-pair −0.001 (−0.006, 0.005), 0.803 0.002 (−0.005, 0.010), 0.593

Systolic blood pressure (mmHg) n= 213

Twins-as-individuals 0.05 (−0.82, 0.92), 0.915 0.15 (−0.81, 1.11), 0.796 P= 0.293

Between-pair 0.46 (−0.74, 1.66), 0.456 0.77 (−0.60, 2.15), 0.359

Within-pair −0.28 (−1.47, 0.91), 0.647 −0.30 (−1.81, 1.21), 0.741

Diastolic blood pressure (mmHg) n= 213

Twins-as-individuals 0.34 (−0.16, 0.84), 0.187 0.22 (−0.34, 0.77), 0.529 P= 0.619

Between-pair 0.40 (−0.47, 1.27), 0.369 0.42 (−0.61, 1.46), 0.520

Within-pair 0.29 (−0.30, 0.89), 0.332 0.10 (−0.64, 0.84), 0.820

aAdjusted for maternal pre-pregnancy BMI, gestational age at delivery, number of prior pregnancies, total maternal gestational weight gain, smoking during pregnancy, twin sex, chorionicity
and zygosity.
bSimes-adjusted q-value.
cP-value when comparing within-between model to twins-as-individual model.
95% CI= 95% confidence interval; BMI = body mass index.
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