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Abstract

Multifetal pregnancies are at risk of adverse maternal, neonatal and long-term health outcomes,
and gestational weight gain (GWG) is a potentially modifiable risk factor for several of these.
However, studies assessing the associations of GWG with long-term health in twins are rare,
and studies which do assess these associations in twins often do not account for gestational age.
Since longer gestations are likely to lead to larger GWG and lower risk of adverse outcomes,
adjusting for gestational age is necessary to better understand the association of GWG with twin
health outcomes. We aimed to explore long-term associations of GWG-for-gestational-age with
twin anthropometric measures. The Peri/Postnatal Epigenetic Twins Study (PETS) is a prospec-
tive cohort study, which recruited women pregnant with twins from 2007 to 2009. Twins were
followed-up at 18 months and 6 years of age. GWG-for-gestational-age z-scores were calculated
from pre-pregnancy weight and weight at delivery. We fitted regression models to assess asso-
ciations of GWG with twin weight, height and BMI at birth, 18 months, and 6 years. Of the
250 women in the PETS, 172 had GWG measured throughout pregnancy. Overall, higher
GWG-for-gestational-age z-scores were associated with higher birthweight (f: 0.32 z-scores,
95% Confidence Interval (95% CI): 0.19, 0.45), BMI (B: 0.29 z-scores, 95% CI: 0.14, 0.43)
and length (f: 0.27 z-scores, 95% CI: 0.09, 0.45). However, these associations were not observed
at 18 months or 6 years of age. GWG was associated with twin length, weight and BMI at birth
but not during childhood. Further research is needed to determine the long-term effects of
GWG on twin health outcomes.

Introduction

Gestational weight gain (GWG) has been identified as a potentially modifiable factor with
important implications for maternal, neonatal and long-term health.! In both singleton and twin
pregnancies, high GWG is associated with hypertensive disorders, weight retention and obesity
in the mother, and infant mortality, fetal growth and obesity in the offspring.> Given the
reported relationship between GWG and birthweight in singleton gestations,® the Institute
of Medicine (IOM) developed GWG guidelines to minimise the risk of low birthweight, achieve
optimal fetal growth and minimise excessive GWG.>* For twin gestations, these recommenda-
tions are: 16.8-24.5 kg for women of normal weight pre-pregnancy, 14.1-22.7 kg for overweight
women pre-pregnancy and 11.3-19.1 kg for obese women pre-pregnancy.

However, these most recent IOM guidelines for GWG in twin pregnancies are only consid-
ered ‘provisional’.* This is because they are based on the interquartile range from one study of
706 women pregnant with twins, in which mothers delivered twins with birthweight >2500 g at
>37 weeks’ gestation.*® These recommendations were also developed without data on long-
term health outcomes for mothers and twins, and without appropriate consideration of gesta-
tional age.

In Australia, 64% of twins are delivered prior to 37 weeks and 54% have a birthweight of less
than 2500 g.” As such, women who deliver twins prior to 37 weeks’ gestation would be likely to
have had inadequate GWG according to the current ‘term’ recommendations. However,
attempting to gain weight within the ‘term’ recommendations would likely lead to excessive
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GWG for gestational age, and could potentially lead to adverse
health outcomes. Therefore, GWG recommendations for multi-
fetal pregnancies should consider gestational age, and studies
assessing the link between GWG and maternal and twin health
should make appropriate adjustments for gestational age.

Many previous studies of GWG and twin health have focused
on birth and neonatal outcomes, particularly size at birth.
However, birth size has frequently been linked to long-term health
outcomes, especially anthropometric and cardiometabolic health.
Given that birth size should only be used as a proxy for events
occurring in utero, and that GWG is one factor leading to size
at birth, GWG may have long-term links to health outcomes,
including catch-up growth. Understanding these long-term impli-
cations of GWG may be of particular importance for twin pregnan-
cies, as women pregnant with twins gain more weight than women
with singleton pregnancies, and are also at higher risk of adverse
pregnancy outcomes.* Despite this, studies exploring the associa-
tion of GWG with long-term twin health outcomes are lacking, and
a recent systematic review (originally published in 2014% and
updated in 2021°) found most studies assessing GWG and preg-
nancy outcomes in twin gestations suffer from methodological
flaws, including failure to: adjust for confounders such as smoking
and socio-economic position; adjust for twin chorionicity; include
long-term health outcomes; determine whether there was enough
statistical power to detect associations and/or had a small sample
size; and adjust for gestational age, potentially leading to reverse
causation.®

Therefore, we aimed to address these limitations by assessing
the association of GWG-for-gestational age z-scores (to account
for gestational age) with twin height (length at birth), weight
and BMI at birth, 18 months and 6 years of age.

Method
Cohort selection

The Peri/Postnatal Epigenetic Twins Study (PETS) is a Melbourne-
based prospective twin cohort study, established in 2007. Details of
the methods of recruitment, data collection and ethics approval
have been reported previously.!” Briefly, women pregnant with
twins were recruited during their second trimester between 2007
and 2009 from three pregnancy clinics in Melbourne, Australia.
Ethics approval was obtained from each pregnancy clinic - 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 twin-pairs had full exposure and outcome measures
recorded.

Exposure

Maternal pre-pregnancy weight was self-reported through ques-
tionnaires. Gestational weight was recorded during study visits
at ~12, ~24 and ~36 weeks’ gestation. For women recruited after
12 weeks’ gestation and who missed the 12-week study visit, weight
at 12 weeks was collected retrospectively via maternal recall
(n=7). GWG was calculated by subtracting a woman’s pre-preg-
nancy weight from her last measured weight before delivery,
usually at 36 weeks’ gestation. Pre-pregnancy BMI was calculated
as weight (kg) divided by height (m?), then categorised as under-
weight, normal weight, overweight or obese according to the

https://doi.org/10.1017/5S2040174422000113 Published online by Cambridge University Press

D. N. Ashtree et al.

World Health Organization guidelines.!! These categories
were used to calculate pre-pregnancy BMI- and gestational age-
standardised z-scores, based on GWG growth charts for twin
pregnancies.” These z-scores account for all gestational ages, and
do not assume linearity. Growth charts for women underweight
prior to pregnancy are currently unavailable, so z-scores could
not be calculated for these women, and this group were excluded
from all analyses.

Outcome

Neonatal anthropometric measures, including birthweight, were
measured twice: once at birth by clinical and delivery staff; and
again by PETS staff, usually at delivery, but at most, within 72 h.
Measurements recorded by PETS staff were used in these
analyses. Twenty-six twins could not be measured by PETS staff,
due to requirements for special or intensive care. For these twins,
birth measurements were recorded by medical personnel at the
time of birth or accessed via birth records. In cases where clinical
staff measurements and PETS staff measurements differed
substantially (likely due to delays in PETS measurements), the
PETS team discussed and determined which measurement to
use, on a case-by-case basis. Small-size-for-gestational-age
(SGA) was assessed as birthweight below the 10th percentile, based
on Australian birthweight percentile reference charts for twin
pregnancies.'

Follow-up of the twins occurred at ages 18 months and 6 years of
age, when mothers completed a questionnaire on the health, devel-
opment and nutritional history of the twins. The twins also had
anthropometric measurements taken by a trained research assistant.
Weight was recorded using digital weight scales, and height was
recorded using a stadiometer. BMI was calculated as weight (kg)
divided by height (m?). Height, weight and BMI z-scores, accounting
for twin sex and age, were calculated using Australian twin birth-
weight reference charts,'”” and UK anthropometric charts for 18
months and 6 years of age, using the Zanthro package in Stata 15.

Childhood growth was calculated as the change in z-score
between two time periods, including birth to 18 months, 18
months to 6 years and birth to 6 years.

Other variables

Confounders were identified a priori based on knowledge of the subject
area and through reviewing recent evidence.® All models were adjusted
for maternal age at delivery, pre-pregnancy BMI (continuous),
smoking during pregnancy (any vs none), socio-economic status
(SES) at birth, gestational age, twin sex and chorionicity.

Socio-economic indexes for areas (SEIFA) scores at the time of
birth were used as an indicator of women’s SES. SEIFA scores are
created using information from the Australian census about people
and households in a defined small geographical area (postal area in
this analysis, containing approximately 8000 people per postcode
in Australia in 2006), to measure relative socio-economic advan-
tage and disadvantage, economic resources, education and occupa-
tion.® Higher SEIFA scores indicate a higher SES and lower
disadvantage. We used the Index of Relative Socio-Economic
Disadvantage in this analysis.

Statistical analysis

Means and standard deviations were calculated for continuous
demographic variables, and percentages were calculated for
categorical variables.
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Table 1. Descriptive statistics as mean (standard deviation) or frequency [percent] for mothers and twin children in the PETS

Missing GWG Observed GWG P-value for difference

Mothers (n =250) n=78 n=172

Age at delivery (years) 31.92 (5.32) 33.04 (4.95) 0.107
Smoked (at all) during pregnancy 10 [12.8%] 26 [15.1%)] 0.499
Alcohol (at all) during pregnancy 18 [23.1%] 60 [34.9%)] 0.009
Gestational age (weeks) 33.82 (2.71) 36.78 (1.31) <0.001
Pre-pregnancy BMI (kg/m?) 24.96 (5.61) 24.77 (5.43) 0.800
Children (n =500) n =156 n =344

Preterm birth? 136 [87.2%] 102 [29.7%] <0.001
Delivery type (caesarean) 122 [78.2%)] 203 [59.4%)] <0.001
Zygosity (monozygotic) 88 [56.4%] 120 [34.9%)] <0.001
Chorionicity (monochorionic) 64 [41.0%)] 74 [21.5%)] <0.001
Sex (male) 71 [45.5%] 173 [50.3%] 0.322
Birthweight (g) 2079.47 (595.56) 2645.28 (403.95) <0.001
SGA 15 [9.6%] 19 [5.5%] 0.096
BMI (kg/m?) at age six 14.69 (2.10) 16.57 (1.77) 0.290

BMI, body mass index; GWG, gestational weight gain; SGA, small for gestational age.
2Defined as delivery prior to 37 weeks’ gestation.

PResults presented are median (interquartile range) as this variable was non-normal and right-skewed.

Associations of GWG-for-gestational-age z-scores with
neonatal and childhood health outcomes were assessed by fitting
linear regression models using generalised estimating equations
to account for the correlation between twins in each pair. Our main
model included GWG for gestational age z-score as a continuous
exposure (Model 1). Results assessing associations of GWG per
kilogram increase, with and without adjusting for gestational
age, have been included in Supplementary Table S1 to allow
comparison of our results with previous studies, and to assess
the impact of not adjusting for gestational age (Model 2).

Simes-adjusted g-values were estimated for all adjusted
regression models to account for multiple testing.!* Normality
of residuals and linearity of the relationship were assessed,
and variables were transformed where necessary. Linearity of
GWG z-score with twin anthropometric outcomes was assessed
visually using scatter plots with predicted linear and lowess lines,
and confirmed by using quadratic terms in linear regression
models. The influence of residuals was assessed by plotting the
distribution using a histogram, and removing the highly influen-
tial values in a sensitivity analysis, to assess whether these values
altered the results.

In addition to performing complete-case analyses, we imple-
mented inverse probability weighting (IPW) for women with
observed or missing GWG in the PETS, to assess the impact of bias
due to missingness. Methods for IPW have been described in detail
elsewhere.!>!7 Briefly, we compared the demographic characteris-
tics of women who had GWG measures with those of women
missing GWG data, then used IPW to weight the observed
GWG according to the probability of a woman having GWG
measurements. We used stabilised weights, as this better accounts
for the large weights due to participants with a low probability of
having complete data.'® The stabilised weights, sw, were calculated

as:!”
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1
w=o when r = 1 (no missing data)
T

1—Pr
1-P

sw= when r = 0 (missing data)

where Pr is the probability of having complete data, when consid-
ering other covariates, and P is the probability of having complete
data without considering other covariates. We then conducted a
sensitivity analysis using this weighted GWG variable. Detailed
IPW methods applied to the PETS data have been provided in
Supplementary Material.

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

Results

Table 1 compares the demographic and clinical characteristics of
the 172 mothers (344 twin children) included in this study with the
78 mothers with missing GWG. Details of attrition and loss to
follow-up are shown in Fig. 1. There were 152 twin-pairs included
in the adjusted regression analyses.

For women and twins included in this study, mean gestational
age (36.8 weeks) was slightly higher than the mean for Australian
twins (352 weeks),'® and mean pre-pregnancy BMI was
24.8 kg/m?. Mean birthweight for the twins (2.6 kg) was slightly
higher than the mean for Australian twins (2.4 kg),'® and 6% of
twins were considered SGA according to twin guidelines.'?

Of the 78 women missing total GWG, 68 women delivered
twins preterm. Women with spontaneous preterm labour (n = 26)
did not have their weight measured prior to delivery, and so ‘total
GWG’ was not available for these women (Fig. 2). Of the remaining
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¢ 14 women lost one or both twins
e 1 moved away from hospital catchment

Recruitment (Trimester 2 of Pregnancy)

n=287

women

area
e 9 withdrew from the study

e 9 were lost due to a temporary staff
shortage at one hospital

A

® 4 had no measurements/samples due to
very preterm delivery

Birth/Delivery
n = 250 twin pairs

* 6 withdrew from the study +

A

y

18 Month

Follow-up

n = 244 twin pairs

¢ 7 were uncontactable

* 13 had missing anthropometric measures

A

y

e 78 women were missing GWG
measurements (6 of whom had twins with
missing anthropometric measures)

6 Year Follow-up
n = 224 twin pairs

Data available for GWG analyses n = 152 twin pairs

Figure 1. Flow chart showing loss to follow-up between recruitment and the 6-year follow-up in the PETS.

Women without GWG
z-scores (n = 78)

""//"’-’-"l

Reason not Provided (n = 10)

Preterm Delivery (n = 68) —

Underweight Pre-Pregnancy (n =
12)

/\

Spontaneous Delivery (n = 26) —
final weight measurement not
reported

Not Spontaneous/Reason not

Recorded (n = 42)

/\

Conception & 24 weeks’ (n

Weight Recorded between

=34)

Weight Recorded between 24- &
36-weeks’ gestation (n = 8)

Y

Loss (n = 20) - excluded

Experienced Gestational Weight

Figure 2. Flow chart showing the reasons for women missing GWG measurements.
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Table 2. Results from the unadjusted and adjusted linear regression models assessing the associations of GWG-for-gestational-age z-scores with birth outcomes and
early-life anthropometrics in the children

Unadjusted p-coefficient (95% Cl), p-value

Adjusted? p-coefficient (95% Cl), g-value®

Birth outcomes

Birthweight (g; n = 304)

92.77 (25.57, 159.97), 0.007

117.30 (71.93, 162.68), 0.001

Birthweight (z-score; n =304)

0.32 (0.16, 0.48), <0.001

0.32 (0.19, 0.45), 0.001

BMI (kg/m?; n=279)

0.19 (0.01, 0.36), 0.033

0.29 (0.14, 0.45), 0.001

BMI (z-score; n =279)

0.18 (0.03, 0.34), 0.023

0.29 (0.14, 0.43), 0.001

Length® (cm; n = 279)

0.44 (0.05, 0.82), 0.027

0.51 (0.18, 0.85), 0.003

Length (z-score; n =279)

0.23 (0.07, 0.38), 0.004

0.27 (0.09, 0.45), 0.003

18-month outcomes

Height® (cm; n = 268)

0.44 (0.05, 0.82), 0.027

0.46 (—0.05, 0.97), 0.076

Height€ z-score (n = 268)

0.07 (=0.08, 0.21), 0.373

0.04 (—0.17, 025), 0.741

Weight? (kg; n = 267)

Linear term

0.06 (—0.15, 0.27), 0.563

0.17 (—0.03, 0.37), 0.094

Quadratic term

—0.17 (—0.28, —0.06), 0.003

—0.11 (—0.21, —0.01), 0.035

Weight? (z-score; n = 267)

Linear term

0.02 (—0.16, 0.20), 0.827

0.07 (-0.11, 0.25), 0.457

Quadratic term

—0.13 (=0.23, —0.03), 0.012

—0.13 (~0.23, —0.03), 0.010

BMIY (kg/m?; n = 267)

Linear term

—0.08 (—0.28, 0.13), 0.459

0.02 (=0.21, 0.24), 0.887

Quadratic term

—0.25 (—0.37, —0.13), 0.001

—0.22 (—0.34, —0.09), 0.001

BMI¢ (z-score; n = 267)

Linear term

—0.03 (—0.18, 0.13), 0.744

0.03 (—0.14, 0.20), 0.735

Quadratic term

—0.18 (—0.28, —0.07), 0.001

—0.17 (—0.27, —0.07), 0.001

6-year outcomes

Height® (cm; n =206)

0.58 (—0.55, 1.75), 0.319

0.69 (—1.04, 2.42), 0.434

Height€ (z-score; n = 194)

—0.005 (=0.18, 0.17), 0.958

0.01 (=0.23, 0.25), 0.923

BMIf (kg/m?; n = 206)

0.07 (—0.19, 0.34), 0.605

0.001 (—0.09, 0.09), 0.992

BMI (z-score; n = 194)

0.05 (=0.12, 0.23), 0.558

0.01 (—0.14, 0.15), 0.975

Weight® (kg; n = 206)

0.35 (—0.23, 0.96), 0.241

0.08 (—0.11, 0.29), 0.679

Weight (z-score; n = 194)

0.02 (=0.14, 0.19), 0.771

—0.06 (~0.16, 0.14), 0.975

BMI, body mass index; Cl, confidence interval; GWG, gestational weight gain.

2Adjusted for maternal age at delivery, maternal pre-pregnancy BMI, maternal smoking status during pregnancy, socio-economic status, twin sex, chorionicity, and gestational age.
bAdjustment for multiple testing, by using the Simes method with p-values from all adjusted models presented in this paper.

Also adjusted for maternal height.

dQuadratic regression was a better fit for the data, so the model also included a squared term.

¢Inverse cube transformation, presented on original scale for ease of interpretation.
finverse square transformation, presented on original scale for ease of interpretation.
gInverse transformation, presented on original scale for ease of interpretation.

women who delivered twins preterm, only eight had GWG
recorded between 24 weeks’ and 36 weeks gestation. Since
including these values did not alter the mean and distribution of
GWG z-scores, or the estimated regression coefficients (data not
shown), we included these eight GWG measures in the final
models. The remaining women who delivered preterm had at least
one GWG measurement recorded between conception and
24 weeks’ gestation. However, most of these (n = 20) women expe-
rienced gestational weight loss between conception and 24 weeks,
and so their calculated GWG z-scores would likely be unrepre-
sentative of their GWG at delivery. As such, we excluded this group
of women from further analyses. Twelve women who delivered

https://doi.org/10.1017/5S2040174422000113 Published online by Cambridge University Press

preterm were underweight prior to pregnancy, but had total
GWG in kilograms available. However, since growth charts for
women in this BMI category are unavailable, we were unable to
calculate GWG z-scores for these women.

For every standard deviation increase in GWG-for-gestational-
age z-score, birthweight increased by 117.30 g on average (95% CI:
71.93,162.68), and increased by 0.32 standard deviations in z-score
(95% CI: 0.19, 0.45, Table 2). Larger GWG-for-gestational-age
z-scores were associated with higher weight at 18-months, but
we observed no associations of GWG-for-gestational-age z-score
with 6-year anthropometric measures. In contrast, when using
GWG in kilograms (without adjusting for gestational age), the
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Table 3. Results from the unadjusted and adjusted linear regressions assessing the associations of GWG-for-gestational-age z-scores with early-life growth?

Unadjusted p-coefficient (95% Cl), p-value

Adjusted® p-coefficient (95% Cl), g-value®

Growth between birth and 18-months

Height (n = 255) —0.17 (~0.36, 0.01), 0.067

—0.15 (=0.33, 0.03), 0.260

Weight (n = 267) —0.21 (-0.43, 0.02), 0.072

—0.16 (—0.38, 0.06), 0.342

BMI (n = 248) —0.04 (—0.26, 0.18), 0.735

—0.06 (—0.29, 0.17), 0.867

Growth between 18-months and 6-years

Height (n = 184)

—0.20 (=0.32, —0.08), 0.002

—0.20 (=0.31, —0.09), 0.001

Weight (n = 184)

—0.22 (—0.39, —0.04), 0.015

—0.26 (—0.44, —0.09), 0.022

BMI (n = 184) —0.12 (~0.35, 0.12), 0.323

—0.18 (~0.42, 0.05), 0.305

Growth between birth and 6-years

Height (n = 178)

—0.26 (~0.44, —0.08), 0.006

—0.23 (=0.42, —0.03), 0.079

Weight (n =194)

—0.28 (—0.51, —0.06), 0.015

—0.30 (—0.51, —0.09), 0.030

BMI (n=178) —0.10 (-0.32, 0.13), 0.401

—0.19 (—0.42, 0.03), 0.252

BMI, body mass index; Cl, confidence interval; GWG, gestational weight gain.
2Calculated as z — sCOregimes — Z — SCOr€timen.

bAdjusted for maternal age at delivery, maternal pre-pregnancy BMI, maternal smoking status during pregnancy, socio-economic status, twin sex, chorionicity, and gestational age.
‘Adjustment for multiple testing, by using the Simes method with p-values from all adjusted models presented in this paper.

associations of GWG with height and weight were present at
18-months and 6-years of age (Supplementary Table S1).

Higher GWG-for-gestational-age z-score was associated with
lower growth rate (change in z-score) between 18-months and
6-years, and between birth and 6-years (Table 3).

Results of regression models which assessed associations of
GWG with birth, neonatal and childhood anthropometric
outcomes were robust to influential observations; results not
shown. Further sensitivity analyses were performed to assess the
impact of using GWG observations from women who self-reported
weight at 12 weeks, using BMI as a continuous versus categorical
variable, and with versus without using gestational age as a cova-
riate in the GWG z-score models. Inferences for each of these
sensitivity analyses were consistent with the original model; data
not shown. Although we found differences in the demographic
characteristics of women with versus without GWG measure-
ments, inferences were consistent between the unweighted and
IPW results (Supplementary Tables S5 and S6). This indicates that
missing GWG was unlikely to influence the associations of GWG
with twin anthropometric outcomes at birth, 18-months and
6-years of age, or postnatal growth of the twins.

Discussion

Opverall, results from this paper indicated that GWG z-scores in
twin pregnancy are associated with height, weight and BMI at birth
in twins, but these associations had weakened by 6 years of age.
However, GWG z-scores were associated with childhood growth
until age six. Although limited by sample size, we found evidence
that GWG above and below the current recommendations may be
associated with higher weight and BMI in childhood, indicating
that weight gain within an ‘appropriate’ range may be beneficial
for long-term health outcomes. However, evaluating the appropri-
ateness of current GWG recommendations was outside the scope
of this paper.

Previous studies assessing the association of GWG in twin preg-
nancy with neonatal and childhood health outcomes have often
not adjusted for smoking, socio-economic position or twin
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chorionicity; have not included long-term health outcomes; or
have not appropriately adjusted for gestational age. In this paper,
we have addressed these limitations and found that when adjusting
for gestational age using z-scores in the PETS, higher GWG were
associated with higher anthropometric measures at birth. Few
studies of GWG in twin pregnancies have assessed association with
long-term health outcomes in the twins, but we found that the
linear association of GWG with anthropometric measures weak-
ened at 18-months and had disappeared entirely by 6 years.
This indicates that the impact of GWG on offspring height, weight
and BMI may be short-term. However, the lack of observed asso-
ciations at 6 years may be due to low power to detect associations.
We also found evidence that maternal GWG is associated with
twin growth until 6 years of age, suggesting a potential longer-term
association. Since the PETS has only followed the children to
6-years of age, though data collection at an 11-year follow-up visit
is underway, further exploration of the association of GWG with
twin growth is warranted. Though we found evidence for an asso-
ciation of GWG with birth outcomes, for example, an increase of
one GWG z-score (~6kg) results in an increase of 117 g, the
magnitude of these associations may not be clinically relevant.
Categorising outcomes to indicate whether an association was
‘adverse’ or ‘beneficial’ was not possible in this study, as this would
have led to further loss of information and/or power. Such adverse
outcomes could include being born small-for-gestational-age, or
childhood obesity. Given the limitations of our study to determine
whether GWG was associated with adverse or beneficial outcomes,
the results from this study alone may only have limited clinical
implications.

In contrast, previous studies of GWG have found strong links
between ‘optimal’ GWG and improved birth and pregnancy
outcomes, such as appropriate-for-gestational-age birth size and
lower risk of neonatal death. However, these studies often do
not appropriately account for gestational age.!®*° There is a strong
correlation between gestational length and total GWG: women
with longer pregnancies have more time to gain weight.®
Therefore, studies which explore associations of GWG with twin
outcomes using total GWG are unable to separate the effects of
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preterm delivery from low GWG. Previous studies have attempted
to disentangle gestational duration from GWG by using rate of
GWG, limiting analyses to term pregnancies, or by using gesta-
tional age as a covariate in regression models.

The first of these solutions assumes that GWG is linear
throughout pregnancy.® However, women tend to gain less
weight in the first trimester than in the second trimester,® and
fetal growth in twin pregnancy slows from around 32 weeks until
term,'? so this assumption is unlikely to be met. Studies which
limit analyses to term pregnancies are likely to have an unrepre-
sentative sample, given that more than half of twin pregnancies
are delivered preterm.” Finally, studies which simply include
gestational age as a covariate do not consider the collinearity
between GWG and gestational age, so are likely to have biased
results. In fact, when using GWG in kilograms as an exposure
without adjusting for gestational age, we could conclude that
GWG was associated with twin weight and height at 18 months
and 6 years of age in the PETS. Yet, when we appropriately adjust
for gestational age by using GWG z-scores, we do not observe this
association. Although using raw GWG and z-scores addresses
different research questions, the differences in conclusions
between the models indicates the importance of accounting for
gestational age for future studies assessing associations of
GWG with twin health outcomes, though the best method
depends on the specific research question being addressed.
Since recent GWG growth charts have been created for twin
gestations, these should be used to create GWG-for-gesta-
tional-age z-scores.’

A recent study using these GWG z-scores found that higher
GWG was associated with post-partum weight retention and child-
hood obesity at age five.! The study concluded that the current
GWG recommendations may be inappropriate and may be
contributing to adverse long-term health outcomes for mothers
and twins.?! However, this study only focussed on the BMI or
educational outcomes of twins, so further work is needed to under-
stand the links between GWG and other long-term outcomes. Our
study expands on this paper by examining other anthropometric
measures and at different ages throughout childhood. This
previous paper also examined the association of GWG z-scores
with BMI for the upper and lower limits of the current IOM recom-
mendations, and concluded that even gaining weight within the
recommendations led to adverse outcomes. Initially, we had
intended to perform similar additional analyses to determine
whether associations of GWG z-scores with twin anthropometric
outcomes differed according to pre-pregnancy BMI or IOM
category (below, within or above current recommendations).
However, due to sample size limitations, these analyses were
underpowered, so we have only included a graphical representa-
tion of these results (Supplementary Figs. S1 and S2) as an indi-
cator of potential associations. Since we were unable to
comprehensively evaluate whether associations differ for women
who gain within or outside the recommendations, or whether
the results differ according to pre-pregnancy BMI, we recommend
caution when interpreting results. However, these results indicate
that GWG z-scores may be associated with twin weight and BMI at
18 months or 6 years for women who gain above or below the
current IOM recommendations but not for women who gain
within the recommendations (Supplementary Fig. S1). We also
find that these associations may differ according to pre-pregnancy
BMI (Supplementary Fig. S2). Though these results indicate
differences in twin outcomes for women with different
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pre-pregnancy BMI or who gain weight within or outside IOM
categories, more research with larger sample sizes are needed to
confirm these observations.

Limitations

Though the current study found that GWG was associated with
adverse outcomes for the twins, the results must be considered
within the limitations of the study. Firstly, the PETS was not origi-
nally established to evaluate GWG in twin pregnancies. As such,
the sample size may not be large enough to evaluate the associa-
tions between GWG and child health outcomes with adequate
power. Some of the results may have been false-positives arising
from multiple testing, so to assess whether multiple testing influ-
enced our results, we implemented the Simes method of p-value
adjustment.'* The original p-values and adjusted g-values resulted
in similar inferences for most models. We recognise the limitations
of frequentist/hypothesis testing approaches, described in detail
elsewhere,?” and instead recommend focusing on the effect size,
rather than p-values for significance, and comparing our results
with other similar studies.”

SES was determined by an area-level estimate, so may not be
representative of individual SES. Although the PETS recruited
from different hospitals across Melbourne, women with limited
English and women planning to leave the hospital catchment area
before delivery were excluded. As such, this may have introduced
an English language or a sampling bias, so may not be representa-
tive of twin pregnancies across Australia. Maternal pre-pregnancy
weight was assessed through maternal recall, potentially leading to
recall bias. We found differences in the demographic characteris-
tics of women who had GWG measures compared to those with
missing GWG, which may also have contributed to selection bias.
Women without GWG measures typically gave birth to twins with
a lower birthweight and were more likely to have a caesarean
delivery than women with GWG recorded, suggesting these
women may be more likely to have a complicated pregnancy.
However, when using IPW to determine what impact these missing
data had on our results, we found consistent regression estimates
between the unweighted and weighted models, indicating that
missing data may not be an issue in this study. However, we recog-
nise that it is impossible to know whether all potential confounders
were measured or included in our analyses, which may have led to
incorrect model specification.

We adjusted for several confounders in our analyses, however,
it may be important to account for additional factors. Postnatal
factors, such as breastfeeding, childhood nutrition and physical
activity may all be important for twin anthropometric outcomes
in later life. However, including these additional variables would
have reduced our sample size further, and potentially led to
over-adjustment in our models. Larger twin studies of GWG
should account for additional postnatal factors.

We recognise that pre-pregnancy BMI may play an important
role in the association of GWG with twin health outcomes;
however, we were unable to comprehensively evaluate whether
outcomes or associations differ for twins according to maternal
pre-pregnancy BMI. We also recognise that the association of
GWG with twin health outcomes may differ according to sex
(of individual twins and of twin-pairs). Though we included an
adjustment for sex, due to sample size restrictions, we were unable
to comprehensively assess whether associations differ for male and
female twin-pairs. However, in a supplementary subgroup
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analysis, we found evidence that the association of GWG z-scores
with 18-month weight and BMI may differ for male and female
twins (Supplementary Table S8).

Finally, GWG as a rate per week may be important for maternal
and offspring outcomes, and the IOM do provide recommenda-
tions for GWG per week. However, these recommendations
assume linear GWG, and since fetal growth in twin pregnancy
slows from around 32 weeks until term,'? this was a somewhat
unrealistic assumption we were unwilling to make in this study.
Additionally, assessing the timing of GWG, for example,
comparing early-mid to mid-late GWG, may also provide addi-
tional insights into the links between maternal GWG and child
anthropometric and cardiometabolic health. However, due to
sample limitations, we chose to focus on total GWG in our main
analyses. We have provided an additional analysis in supplemen-
tary material, and although results should be interpreted with
caution, we found evidence that timing of GWG may have a differ-
ential effect on twin health outcomes and may have long-term
associations with twin anthropometric outcomes. Furthermore,
in the PETS, GWG was collected at three time points only (usually
at 12, 24 and 36 weeks’ gestation), and so further exploration
of timing of GWG, such as per week, was not possible from our
study. Given that the IOM recommendations are currently only
available to women who deliver twins at or after 37 weeks’ gesta-
tion, comparing our results to the IOM recommendations is also
limited.

Strengths

Unlike the study informing the current guidelines, this study
did not restrict the sample to women delivering twins with a birth-
weight of >2500 g at >37 weeks. We also addressed the
confounding effect (and potential for reverse causation) of gesta-
tional age, by calculating GWG-for-gestational-age z-scores.
Finally, our study addresses some of the limitations of previous
studies,® by adjusting for smoking status, SES and chorionicity
of the twins, and by considering long-term health outcomes of
the twin children. To our knowledge, this is the first Australian
study to assess the association of GWG z-scores in twin pregnancy
with childhood anthropometric measures.

Conclusions

Higher GWG z-scores were associated with higher anthropometric
measures at birth. This study has added to the current body of
knowledge by examining GWG in an Australian twin cohort,
appropriately adjusting for gestational age, and considering the
long-term health of the twin children.

Supplementary materials. For supplementary material for this article, please
visit https://doi.org/10.1017/52040174422000113
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