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Abstract

Gestational weight gain is a modifiable characteristic of pregnancy that is rarely studied in twins.
Among singleton pregnancies, gestational weight gain is correlated with perinatal outcomes, such as
gestational diabetes, preterm birth, small/large for gestational age and Caesarean delivery, as well as
long-term maternal and child weight. Although twin pregnancies have increased in recent years and
are at higher risk for many of these outcomes, maternal weight gain is infrequently studied in this
population. Moreover, the time-varying nature of gestational weight gain and its inherent connection to
gestational duration confer unique methodological issues to its study. Objectives of my dissertation
were threefold: (1) Evaluate the accuracy and precision of methods for estimating maternal weight gain
between prenatal visits; (2) Investigate the association between time-varying gestational weight gain
and time-to-delivery; (3) Determine the extent to which increased risk of gestational diabetes in twin
pregnancies is mediated by gestational weight gain. I use serial weight measurements and gestational
diabetes screening information abstracted from medical charts, as well as maternal/pregnancy
characteristics obtained from a hospital-maintained database, for a large cohort and case-cohort of twin
and singleton pregnancies, respectively, delivered at Magee-Women’s Hospital in Pittsburgh
Pennsylvania. For Objective 1, I compare both individual-level and pooled methods with varying
degrees of flexibility and parametricity; I conclude that both individual-level and pooled methods with
high flexibility and low parametricity performed best. For Objective 2, I examine the relationship
between time-varying gestational weight gain z-score and time-to-delivery using a flexible extension of
the Cox proportional hazards model; I conclude that relatively low gestational weight gain is associated
with higher risk for early preterm spontaneous delivery, while relatively high gestational weight gain is
associated with higher risk for late preterm no labour delivery. For Objective 3, I combine twin and
singleton data, and use causal mediation analyses to disentangle pathways between plurality (i.e. twin

vs singleton) and gestational diabetes that are mediated/not mediated by increased gestational weight



gain; I conclude that the relationship between plurality and gestational diabetes is primarily mediated
by pathways not related to gestational weight gain. I anticipate that the results of my dissertation will
shed light on the relationship between gestational weight gain and perinatal outcomes in twin
pregnancies, particularly how it resembles/differs from that in singletons. Broadly, I expect that my
findings will have implications for gestational weight guidelines, especially among twin pregnancies

for which guidelines are currently provisional.



Résumé

La prise de poids est une caractéristique modifiable de la grossesse rarement étudiée chez les
grossesses gémellaires. Parmi les grossesses uniques, la prise de poids gestationnelle est corrélée aux
complications périnatales, telles que le diabete gestationnel, les naissances prétermes, les néonates
petits / grands pour 1'dge gestationnel et 1'accouchement par césarienne, ainsi que le poids a long terme
de la mere et de I'enfant. Bien que les grossesses gémellaires aient augmenté au cours des derniéres
années et courent un risque plus élevé pour beaucoup de ces issues, la prise de poids maternelle est
rarement étudiée dans cette population. De plus, la nature variable du gain de poids pendant la
grossesse et son lien inhérent avec la durée gestationnelle conferent a son étude des problemes
méthodologiques uniques. Les objectifs de ma these étaient les suivants: (1) Evaluer I'exactitude et la
précision des méthodes d'estimation du gain de poids maternel entre les visites prénatales; (2) Etudier
le lien qui existe entre le gain de poids pendant la grossesse et 1’age gestationnel a I'accouchement; (3)
Déterminer dans quelle mesure le risque accru de diabete gestationnel lors de grossesses gémellaires est
fonction du gain de poids gestationnel. J'utilise des mesures de poids en série et des informations de
dépistage du diabete gestationnel extraites de dossiers médicaux, ainsi que des caractéristiques
maternelles / de grossesse obtenues a partir d'une base de données gérée par un hopital, pour une
grande cohorte et une cohorte de grossesses gémellaires et simples, respectivement, accouchées a
Magee- Hopital des femmes a Pittsburgh en Pennsylvanie. Pour I’objectif 1, je compare a la fois des
méthodes individuelles et des méthodes combinées avec divers degrés de flexibilité et de paramétrie; je
conclus que les méthodes combinées au niveau individuel, avec une grande flexibilité et un faible
paramétrie, ont donné les meilleurs résultats. Pour 1'objectif 2, j'examine la relation entre le score z du
gain de poids gestationnel, qui varie avec le temps, et le délai avant I'accouchement a 1'aide d'une
extension flexible du modele des risques proportionnels de Cox; je conclus que le gain de poids

gestationnel relativement faible est associé a un risque plus élevé d'accouchement prématuré, tandis

Vi



qu'un gain de poids gestationnel relativement élevé est associé a un risque plus élevé d'accouchement
prématuré tardif sans travail. Pour 1’objectif 3, je combine des données simples et utilise des analyses
de médiation causale pour déméler les voies entre la pluralité¢ (gémellaires vs uniques) et le diabete
gestationnel qui sont médiées / ne sont pas médiées par un gain de poids accru pendant la grossesse; je
conclus que la relation entre la pluralité et le diabete gestationnel repose principalement sur des voies
non liées a la prise de poids pendant la grossesse. Je prévois que les résultats de ma these éclairciront la
relation entre le gain de poids gestationnel et les conséquences périnatales chez les grossesses
gémellaires, en particulier en quoi elles ressemblent / different de celles des grossesses uniques. En
gros, je m'attends a ce que mes conclusions aient des conséquences pour les recommandations relatives
au gain de poids gestationnel, en particulier pour les grossesses gémellaires pour lesquelles les

recommandations sont actuellement provisoires.
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1. Introduction

Gestational weight gain is a risk factor for maternal and infant health yet is infrequently studied in
twin pregnancies. Among singletons, both inadequate and excessive gestational weight gain are
correlated with maternal and infant health outcomes'?; however, many studies either improperly or
imprecisely study gestational weight gain as a cumulative total or average rate’>. Methodologically
rigorous studies are needed for refinement of gestational weight gain guidelines in pregnancy. A
primary goal of my dissertation was to investigate the relationship between gestational weight gain and
perinatal outcomes in twin pregnancies; a secondary goal was to compare the relationship with that
observed among singleton pregnancies.

1.1. Objectives

1. Evaluate methods for interpolating gestational weight gain between measurements in twin and

singleton pregnancies.

2. Describe the relationship between time-varying gestational weight gain and gestational age at

birth in twin pregnancies and compare to that among singletons.

3. Determine the extent to which increased risk of gestational diabetes in twin pregnancies is

mediated by gestational weight gain.

To achieve these objectives, I analyzed previously-collected data for a large cohort of twin and
case-cohort of singleton pregnancies delivered between 1998 and 2013 at Magee Women’s Hospital in
Pittsburgh, Pennsylvania. I used advanced statistical methods, including extended survival analysis
that incorporates both time-dependent and non-linear effects, and causal mediation analyses to
elucidate relationships and mechanisms involving gestational weight gain. I anticipate that the results
of my dissertation will inform gestational weight gain guidelines for twin pregnancies, as well as

support methodologically-rigorous research in this domain.



2. Literature Review
Twin Pregnancies are Increasingly Common

Twin pregnancies have substantially increased in the United States, Canada, and similar settings
in recent decades*>. In the United States in 2016, 33.4 per 1000 live births, or 131,723 total live births,
were twins*. Twin births in this country have nearly doubled since 1971 due to increases in both
maternal age and use of fertility treatment®. Studies have also described increased risk of dizygotic
twin pregnancy associated with increased pre-pregnancy body mass index (BMI)’, even prior to the
advent of assisted reproductive technology®. Although the rate of twin births has somewhat stabilized
since 2006°, maternal age at pregnancy and pre-pregnancy BMI continue to rise*!°. Proportions of
births among mothers aged 30 — 49 have steadily increased, while those among mothers aged 15 — 29
continue to decrease*. Additionally, a United States-based study found that prevalence of pre-
pregnancy obesity increased from 17.6% in 2003 to 20.5% in 2009'°. Advanced maternal age is
associated with higher rates of twin pregnancy'!' caused by increased likelihood of multiple follicle
development per cycle!? and use of fertility treatment®; it follows that twin pregnancies will continue to
comprise a meaningful proportion of births. The Society for Maternal Fetal Medicine has called for
greater inclusion of twin pregnancies in studies investigating causes or predictors of perinatal
outcomes'?.
Twin Pregnancies are at Higher Risk of Adverse Perinatal Outcomes

Compared to singletons, twin pregnancies experience higher risk of maternal and infant
morbidity!*!>. Twin pregnancies are at increased risk for gestational hypertension, gestational diabetes,
Caesarean delivery, postpartum hemorrhage, and mortality among mothers, as well as cardiac defects,
preterm birth, low birth weight, cerebral palsy, and mortality among infants'>!¢. In the United States in
2016, approximately 60% twins and 8% of singletons were born before 37 weeks’ gestational age

(GA), which exceeds a seven-fold increased risk of preterm birth*. It is estimated that twin pregnancies



are responsible for 15 — 20% of preterm births'’. Additionally, studies of glucose intolerance in
pregnancy estimate a two-fold increased risk of gestational diabetes mellitus (GDM) in mothers of twin
versus singleton pregnancies'®!?, although differences in GDM by plurality are not always observed-2!.
Gestational Age at Birth is an Important Outcome in Twin and Singleton Pregnancies

Conventionally, GA at birth is categorized as preterm (<37 weeks’ GA) and term (=37 weeks’
GA) birth. Studies further subdivide GA at birth as extreme prematurity (<28 weeks’ GA), severe
prematurity (28-31 weeks’ GA), moderate prematurity (32-33 weeks’ GA), and late preterm/near term
(34-36 weeks’ GA), early term (37-38 weeks’ GA), late term (39-41 weeks” GA) and post term (=42
weeks’ GA)'"22, which is consistent with a continuum of risk; namely, risk of infant
morbidity/mortality decreases as GA approaches term and increases after term?.

Prior research suggests that optimal GA at birth is slightly lower in twins than in singletons. A
recent systematic review concluded that minimal risk of infant morbidity/mortality occurred at 36
weeks’ GA for monochorionic and 37 weeks” GA for dichorionic twin pregnancies (chorionicity refers
to number of placentae)®*. Conversely, infant mortality is minimized at 38 weeks” GA among singleton
pregnancies®2¢. It is therefore possible that the conventional preterm birth definition has different
clinical implications in twin and singleton pregnancies.

GA at birth itself is a clinically relevant outcome in both twin and singleton pregnancies and
demonstrates similar patterns of risk; namely, infant morbidity/mortality decreases as GA approaches
optimum and increases after optimum in both singleton and twin pregnancies®*-*. In contrast to
preterm birth, recent studies in singletons have investigated GA at birth as a continuous outcome?’.
Specifically, time-to-event analyses enable researchers to differentiate between subdivisions of preterm
birth without unnecessary stratification or categorization; this may be more statistically efficient,

especially when investigating small effects*’. Importantly, this approach enables comparison of effects



between twins and singletons without assuming that the dichotomous outcome of preterm birth is an
equally important endpoint in both pregnancies.
Glucose Intolerance is an Important Outcome in Twin and Singleton Pregnancies

Gestational diabetes is defined as glucose intolerance, namely low insulin production and/or
high blood glucose, first recognized in pregnancy®®. Associations between high blood glucose/GDM
and poor perinatal outcomes are well-established®. A recent study found that GDM is associated
with gestational hypertension/preeclampsia, Caesarean delivery, preterm birth, large for GA, neonatal
hypoglycemia, and jaundice in singleton pregnancies, while GDM is associated with Caesarean
delivery, preterm birth, large for GA, and jaundice, but not gestational hypertension/preeclampsia or
neonatal hypoglycemia in twin pregnancies®. In contrast, a systematic review concluded that GDM in
twin pregnancies is associated with neonatal intensive care unit admissions only, and not GA at birth,
small for GA, large for GA, low Apgar score, respiratory distress, or neonatal hypoglycemia®. Among
dichorionic twin pregnancies delivered at Magee Women’s Hospital (MWH) in Pittsburgh,
Pennsylvania, GDM is associated with preeclampsia but not Cesarean delivery, large for GA, small for
GA, or neonatal intensive care unit admissions®*. After pregnancy, researchers have found similar time
from delivery to abnormal glucose tolerance in twin and singleton pregnancies, although these effects
were not adjusted for maternal age®. It is possible that GDM as conventionally defined is not as
clinically relevant due to increased metabolic requirement among twin pregnancies®. One study found
an association between glycemic control and small-for-gestational-age among twin pregnancies with
GDM, which supports the hypothesis that high blood glucose is indicative of greater metabolic
requirement among twin pregnancies*. However, it is notable that GDM is correlated with several
adverse maternal outcomes among both pluralities. Furthermore, conventional diagnostic criteria for
GDM are in flux, even among singleton pregnancies. A recent study of glucose intolerance in

singleton pregnancies found that sub-GDM hyperglycemia is associated with Caesarean delivery,



shoulder dystocia, and large for GA; the definition of GDM was broadened as a result®. Glucose
intolerance may present a continuum of risk for poor perinatal outcomes thematically similar to that of
GA at birth.
Gestational Weight Gain is a Modifiable Pregnancy Characteristic

Gestational weight gain (GWG), or maternal weight gain during pregnancy, is a modifiable risk
factor for maternal and infant health. A Cochrane review of randomized controlled trials found that
nutrition- and exercise-based interventions decrease the risk of excessive GWG by 20% and increase
the risk of insufficient GWG by 14%?7. Although evidence that supported a concurrent risk reduction
of preterm birth is limited, it is notable that both excessive and insufficient GWG are associated with
preterm birth3®; thus, interventions that decrease risk of excessive and increase risk of insufficient
GWG may decrease and increase risk of preterm birth, respectively, potentially resulting in null effect
estimates of interventions on preterm birth. A Cochrane review of nutrition- and exercise-based
interventions specifically aimed at preventing GDM found an average change in GWG of -0.89 kg as
well as a 15% reduced risk of GDM¥*. More recently, a meta-analysis of 45 randomized-controlled
trials (RCTs) found 44% and 38% reduced risk of GDM associated with diet and physical activity
interventions, respectively®’, while a systematic review of 13 RCTs among mothers with
overweight/obesity pre-pregnancy BMI found that physical activity interventions decreased both
average GWG by -1.14 kg and risk of GDM by 29%*'. It is notable that the Cochrane review of
nutrition- and exercise-based interventions for prevention of GDM found a 20% decreased risk of
preterm birth*. Studies aimed at preventing GDM typically enrol participants at high risk for this
condition, including those with overweight or obese pre-pregnancy BMI. Since low GWG may be less
harmful in this population*>#3, this effect might be attributed to decreased risk of high GWG; this is

consistent with observational studies of GWG and preterm birth among pregnancies with overweight



and obese BMI*. Effects of nutrition and exercise-based interventions on GWG among twin
pregnancies are unknown, as twins were generally excluded from these trials®’.
Studying Gestational Weight Gain is Methodologically Complex

It is important to carefully consider the exposure definition when investigating the effect of
GWG on perinatal outcomes. For example, many studies characterize this exposure as total GWG in
kilograms, or average rate of GWG in kilograms per week over the entire pregnancy. However, longer
gestational duration typically results in an increased total GWG, even in absence of causal effect’.
Likewise, shorter gestational duration necessitates an increased contribution of first trimester weight
gain to the cumulative rate of GWG over pregnancy. Since GWG is minimal in the first trimester,
cumulative rate of GWG over the entire pregnancy is similarly intertwined with gestational duration.
These measures are inappropriate when the outcome is caused or defined by lower GA at birth®. For
example, the association between GWG and preterm birth is overestimated when investigating either
total GWG and cumulative rate of GWG!.

Recent studies have responded to this issue by characterizing GWG as rate in second/third
trimester only or in relation to Institute of Medicine (IOM) GWG guidelines*#¢. Although this
improves upon prior research, it may be considered an oversimplification of a time-varying exposure
and doesn’t allow for the investigation of patterns of GWG. Moreover, adequacy in relation to the
IOM GWG guidelines is still linked to gestational duration if derived from total GWG. Standards for
relative GWG by GA, stratified by pre-pregnancy body mass index (BMI), are available for both twin
and singleton pregnancies*’%, yet current studies of GWG rarely leverage z-score charts. Researchers
are increasingly studying the impact of GWG trajectory on maternal and child health?’, and the [OM
has called for more of these studies to inform future GWG guidelines*.

Causal inference is challenging in studies of GWG, since GWG may be regarded as an ill-

defined exposure. Specifically, GWG may be intervened upon in several ways, including by nutrition



and exercise interventions as previously described®’2?, which may take many forms. Moreover, change
in weight during pregnancy is a proxy for changes in several maternal physiological characteristics,
such as fat, protein, fat-free mass, and total body water, as well as fetal size, all of which may have
different relationships with adverse perinatal outcomes>. Additionally, it has been estimated that as
much as 46% of GWG may be due to genetic causes®'. Caution must be exercised when inferring
causality, particularly in regard to identifiability conditions of well-defined interventions and
consistency>?; in other words, increases or decreases in GWG caused by different mechanisms may not
result in equally increased or decreased risks for perinatal outcomes. Nonetheless, maternal weight is
routinely monitored during pregnancy, relatively easy to measure in both clinical and research settings,
and practice guidelines have been established for its recommended range. Observational studies of
GWG and perinatal outcomes are important to refine ranges for existing guidelines and inform future
intervention-based studies of GWG and maternal and infant health.
Gestational Weight Gain is Associated with Preterm Birth and Gestational Diabetes in Singleton
Pregnancies

Studies that avoid the methodological pitfalls described above have described relationships
between GWG and both preterm birth and GDM in singleton pregnancies. For example, studies that
related total GWG to an internal standard or reference found a u-shaped relationship between GWG
and preterm birth33. Specifically, both low and high total GWG z-scores were associated with
increased risk of preterm birth, either within normal/overweight pre-pregnancy BMI strata® or across
pre-pregnancy BMI categories™®.

Similarly, when either total/rate of GWG in mid-pregnancy or total GWG z-score are
investigated as exposures of interest, a monotonic relationship is consistently found between GWG and
GDM in singletons*-4+%7. Specifically, studies find 40% increase odds of GDM when comparing

excessive to adequate GWG prior to glucose screening, 43 — 74% increased odds of GDM when



comparing higher to lower quantiles of GWG rate before glucose screening test>®, and 64 — 130%
increased odds of GDM when comparing higher to lower quantiles of total GWG before 24 to 28
weeks’ GA in singleton pregnancies®. Studies are less conclusive about the role of pre-pregnancy BMI
in modifying this effect; while one study finds evidence for an inverse effect in underweight pre-
pregnancy BMI stratum™®, and two studies find evidence for stronger effects within overweight/obese
pre-pregnancy BMI strata>>7, others simply adjust for pre-pregnancy BMI and/or find no evidence for
effect modification®¢. Studies additionally conclude that effects are driven by GWG in the first
trimester.
Gestational Weight Gain is Insufficiently Studied in Twin Pregnancies

Both total GWG and risk of adverse perinatal outcomes are higher in twin pregnancies, yet
GWG is rarely studied in this population. A recent systematic review found only 15 studies
investigating GWG in twin pregnancies, and these frequently suffered from the same methodological
issues found in studies of GWG among singletons®. Among studies of GWG and preterm birth in twin
pregnancies published since this review, 9 of 12 use either total or cumulative rate of GWG and are
therefore uninterpretable*>*-%5. Among remaining studies, one found that low rate of GWG in the
second trimester was associated with increased risk of spontaneous preterm birth*3, one found that low
GWG before but not after 22 weeks” GA was associated with preterm birth®, and one found no
association between rate of GWG in the second/third trimester and preterm birth*®. While GDM is
more common in twins, and GWG is associated with GDM in singletons, compelling evidence linking
GWG and GDM in twin pregnancies does not exist*. Evidence-based guidelines for GWG in
singletons are available, yet IOM GWG guidelines for twins are provisional and based on limited
information*. Methodologically rigorous studies are needed to fill a gap in knowledge about the
relationship between GWG and perinatal outcomes in twins, and how it compares to that in singleton

pregnancies.



3. Manuscript 1

3.1. Title

Interpolating Gestational Weight Gain Between Clinical Visits in Twin and Singleton Pregnancies

3.2. Abstract

Gestational weight gain, a modifiable predictor of maternal and infant health, is often quantified
as a single summary measure, such as the cumulative total or rate of weight gain throughout pregnancy.
While researchers are increasingly interested in studying gestational weight gain as a longitudinal
measure, advanced statistical methods that can be used for this purpose generally require estimation
between prenatal weights, which are often measured weeks apart. We evaluated the relative accuracy
and precision of methods for estimating maternal weight between prenatal visits among large cohorts of
twin and singleton pregnancies. We used serial weights obtained by chart abstraction for dichorionic
twin (n=2066) and singleton (n=7731) pregnancies delivered from 1998-2013 at Magee-Women’s
Hospital in Pittsburgh, Pennsylvania. We mimicked weight gain data typically available in pregnancy
cohorts by retaining 3-4 weights per pregnancy, namely pre-pregnancy weight, delivery weight, as well
as weights measured at first prenatal and glucose screening visits and used these to fit interpolation
models. We estimated all remaining prenatal weights using interpolation methods and calculated the
difference between measured weight gain and corresponding predicted weight gain in kilograms; we
calculated root mean squared error (RMSE) for each model. We evaluated 16 methods that varied on
characteristics including individual-level variation, flexibility, and parametricity. Among both twin
and singleton pregnancies, the best methods incorporated restricted cubic splines, random intercepts
and slopes for pregnancy, and internal knots demarcating trimesters (RMSE=1.55 kg, 1.45 kg) or
quantiles (RMSE=1.56 kg, 1.45 kg). Individual-level linear interpolation using most proximal
measurements also performed well (RMSE 1.62 kg among twins, 1.46 kg among singletons). Overall,

RMSE ranged from 1.55 to 6.09 in twins and 1.45 to 4.87 in singletons, demonstrating that choice of



model is important in accurately and precisely predicting weight gain between measurements.
Although the best interpolation methods differed in complexity, they demonstrated high degrees of

individual-level variation and flexibility, and less parametricity.

3.3. Introduction

Gestational weight gain (GWG), or maternal weight gain during pregnancy, is frequently
studied in relation to maternal and infant outcomes. Prior research suggests that GWG is associated
with adverse perinatal outcomes including gestational diabetes, Caesarean section delivery, small/large
for gestational age, and preterm birth, as well as with longer-term maternal and child obesity?#+7.
Nonetheless, Institute of Medicine (IOM) guidelines for GWG acknowledge a paucity of evidence for
health outcomes among certain groups, notably twin pregnancies*.

While maternal weight changes over the course of pregnancy, GWG is traditionally studied as a
single cumulative exposure. Specifically, total or rate of GWG are often studied as risk factors for
adverse outcomes, even though these summary measures are imprecise and inappropriate in situations
where outcomes are dependent on gestational duration®. Researchers are increasingly motivated to
investigate patterns or trajectories of maternal weight change during pregnancy. Furthermore, the IOM
has recommended research about the impact of longitudinal measures of GWG on maternal and infant
health®.

Maternal weight is measured at prenatal visits, yet analytical techniques that incorporate time-
varying covariates may require exposure measurements that extend beyond the finite number of
observed measurements. Applying certain methods, such as time-to-event analyses, to GWG research
may require interpolation between observed weight measurements; we are unaware of any gold
standard for such estimation over the course of pregnancy or within twins. A recent study examined
the accuracy and precision of two flexible methods for estimating GWG at 28 weeks’ GA and 40

weeks’ GA; however, this study did not incorporate first trimester GWG, nor did investigators evaluate
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method performance across the full range of gestational duration®. Importantly, this study did not
evaluate interpolation methods in twin pregnancies, in which studies of GWG and maternal/infant
health are urgently needed®. We therefore aimed to evaluate methods for interpolating maternal
weight during pregnancy between observed measurements among both twin and singleton pregnancies,
as well as investigate whether precision of methods differed by gestational age or mothers’ total

number of observed measurements.

3.4. Methods
Study Population

All pregnancies within a previously-conducted cohort study of diamniotic twin and case-cohort
study of singleton pregnancies delivered between 1998-2013 and 1998-2011, respectively, at Magee
Women’s Hospital in Pittsburgh, Pennsylvania, United States were assessed for inclusion*’%. We
excluded the second twin pregnancy per mother, as well as pregnancies with missing maternal
anthropometry, including pre-pregnancy/delivery weight and height, absence of recorded weight
measurements during pregnancy, and/or missing gestational age (GA) at birth. We excluded all twin
pregnancies with monochorionic placentation, since this condition is associated with a very high-risk
profile”, which may confer less importance to GWG as a monitored characteristic of pregnancy. In the
parent singleton study, the subcohort was selected by random sample within pre-pregnancy body mass
index (BMI) strata (<18.5 kg/m?2 or underweight, 18.5-24.9 kg/m2 or normal weight, 25-29.9 kg/m?2 or
overweight, 30-34.9 kg/m2or obese class I, 25-29.9 kg/m?2 or obese class II, and >40.0 kg/m?2 or obese
class III). Sampling fractions were 0.64 for underweight, 0.035 for normal weight, 0.060 for
overweight, 0.14 for obese class I, 0.30 for obese class II, and 0.51 for obesity class II pre-pregnancy
BMI. Cases of perinatal conditions of interest (i.e. preterm birth, gestational diabetes) were
oversampled in the parent singleton case-cohort®’, though we assessed only pregnancies in the

subcohort for inclusion in the current study.
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Data Sources

In the parent cohort and case-cohort, serial weight measurements were obtained by medical
chart abstraction, while other maternal and pregnancy characteristics were obtained from the hospital-
maintained Magee Obstetric, Medical, and Infant Database (MOMI) supplemented with vital statistics
data collected by the state of Pennsylvania. Pre-pregnancy and delivery weights were self-reported
while prenatal weights were measured; outlying pre-pregnancy weights were identified by data
managers and replaced by weight at first visit if within 13 weeks” GA. Estimation of last menstrual
period (LMP) in the parent studies generally followed American College of Obstetricians and
Gynecologists recommendations’'; specifically, LMP was estimated using recalled LMP and ultrasound
where available.
Measured and Predicted Weights

We leveraged a cohort with many available measurements per pregnancy, retained a subset to
estimate maternal weight throughout pregnancy, and compared all available measurements to those
estimated in our interpolation models. Specifically, we mimicked a typical data collection schedule by
retaining 4 measurements per pregnancy, namely those reported pre-pregnancy and at delivery, as well
as those measured at first prenatal and glucose screening visits. We retained only 3 measurements for
some pregnancies that had one prenatal visit at glucose screening (i.e. prenatal and glucose screening
visits were the same). If glucose screening test date(s) were available, weight recorded at the visit on
or most recently prior to the first glucose screening test date was selected; if glucose screening test
date(s) and/or results were not available, weight recorded at the visit on or most recently prior to 28
weeks’ gestational age was selected. Our choice of prenatal visits was guided by the data collection
schedule of Project Viva, a large pregnancy cohort in the United States’.

We used these retained measurements to interpolate maternal weight trajectory throughout

pregnancy. In our study, most women had several additional prenatal visits not retained by our
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mimicked data collection schedule. We compared GWG calculated using these measurements to GWG
calculated using weights estimated by each interpolation model. We calculated arithmetic and absolute
differences between measured and predicted GWG for all available measurements.

Fitting Interpolation Models

We compared methods that varied along three different dimensions. First, we considered
models fit at the level of each individual pregnancy versus models that pooled all pregnancies and
incorporated individual-level variation using random intercepts and/or slopes. Second, we compared
models with increasing degrees of flexibility in how weight changed by GA, including none (i.e. last
value carried forward), inclusion of linear and quadratic terms for GA, and incorporation of fractional
polynomials’/cubic splines™. Third, and relatedly, we considered models with varying degrees of
parametricity. For example, models incorporating linear and quadratic terms may be considered more
parametric than models that linearly connect most proximal weight measurements or incorporate
splines. In summary, we evaluated the relative performance of 16 methods (Table 3-1).

For the method incorporating fractional polynomials, we used a standard procedure for
selecting the most parsimonious model”. Briefly, we fit all first-degree and second-degree fractional
polynomials with every unique combination of the powers -3,-2,-1,-0.5,0,0.5, 1, 2, 3; per
convention, we multiplied the second term by its corresponding In-transformed covariate for all
second-degree fractional polynomial combinations with two powers of the same number. First, we
compared the best first-degree fractional polynomial model (i.e. that with the lowest deviance) to the
linear model; a Chi-square test with one degree of freedom was performed to determine whether the
arithmetic difference in deviances was significantly above zero at the p=0.05-level. Second, we
compared the best second-degree fractional polynomial model to best first-degree model; a Chi-square

test with two degrees of freedom was performed to determine whether the arithmetic difference in
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deviances was significantly above zero at the p=0.05-level. Maternal weights were then predicted
using the best fractional polynomial with random intercepts for pregnancy.
Evaluating Interpolation Methods

For each interpolation model, we calculated arithmetic differences in kilograms between
measured and predicted GWG for all available maternal weights. For methods that estimate pre-
pregnancy weight with imperfect accuracy/precision, we additionally evaluated the accuracy and
precision of calculating GWG using predicted instead of measured pre-pregnancy weight. We
evaluated methods by comparing summary statistics for differences, including measures of central
tendency, such as mean and median, and measures of variation, such as standard error, interquartile
range, and range. Our primary statistic of interest was the root mean squared error (RMSE), which was
calculated using the following formula, where N is the number of weights: RMSE = SQRT[(Measured
Weight — Predicted Weight)A2/ N] . For all summary statistics, values closest to zero indicated better
model performance.

We excluded maternal weights retained to fit interpolation models when calculating summary
statistics of differences in primary analyses. By definition, differences between measured and
predicted weights among retained measurements must be zero for two of the individual-level methods,
namely last value carried forward and linear interpolation between most proximal measurement.
Conversely, differences between measured and predicted weights, even among measurements used to
fit interpolation models, may be non-zero in all other individual/pooled methods. We anticipated that
including retained weights for the calculation of difference between measured and predicted value
would generate summary statistics artificially closer to zero for the two former methods, while effects
on all other methods are unclear. We included retained measurements in difference calculations in

sensitivity analyses.
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We also examined whether accuracy and precision of models varied by two important
characteristics, namely GA of prenatal visit and total number of weight measurements by participant.
Generally, we were interested in whether the arithmetic difference (a metric of accuracy) or absolute
difference (a metric of precision) varied across these characteristics; for example, whether methods
predicted weights with similar accuracy/precision in the first vs. third trimester or among pregnancies
with 5 vs. 20 total weight measurements. We fit generalized estimating equations (GEE)” using
arithmetic or absolute difference in measured vs. predicted weight as the outcome, gestational age of
weight measurement (days) or total number of weight measurements by pregnancy as the exposure, and
correcting variance for clustering by pregnancy. Regression coefficients represent the population-
average change in arithmetic or absolute difference per one-day increase in GA of weight measurement
or per one-unit increase in total number of weight measurements by pregnancy. Methods whose
regression coefficients were closest to zero demonstrated minimal change in accuracy/precision by the
predictor of interest, and therefore indicated better model performance.

Sensitivity Analyses

Primary analyses included all available weight measurements, while sensitivity analyses
excluded implausible measurements identified by two available methods for identifying outliers in
longitudinal data. We used both conditional percentile’s and studentized residual’” methods for
identifying outliers in longitudinal data. Briefly, the conditional percentile method calculates expected
maternal weight at a given GA conditional on all previous weight measurements; outlying weight
measurements are defined as falling above/below the expected value by a given number of standard
deviations (we used 4 SD). Conversely, the studentized residual method employs individual-level
regression and calculates the absolute value of jackknife residuals for each weight measurement;
outliers are defined as being greater than or equal to a given value (we used 10 kg across GA). Both

methods were fit with either linear or linear and quadratic terms, which yielded four methods for
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identifying outlying maternal weights: conditional percentile (linear), conditional percentile (linear and
quadratic), studentized residual (linear), and studentized residual (linear and quadratic). Although
these methods for identifying outliers are conceptually similar to our proposed interpolation methods,
they use all available weights rather than a subset; thus, we reserved exclusion of outliers for sensitivity
analyses. All procedures described in primary analyses were repeated alternatively excluding
pregnancies with any outlier maternal weights as identified by each method.

Analyses were conducted in Stata 14.2 statistical software’. Ethical approval was obtained
from Universities of Pittsburgh and British Columbia for the parent cohorts, and additionally from

McGill University Faculty of Medicine Institutional Review Board for the current study.

3.5. Results

Among pregnancies in the parent studies, we retained 2066 (70.4%) twins and 7731 (96.1%)
singletons (Figures 3-1 and 3-2); when monochorionic twin pregnancies, second twin pregnancies per
mother, and singleton cases are discounted, we retained 89.5% of eligible twin pregnancies.

Mothers of twin pregnancies were older, were more frequently classified as college graduates,
non-Hispanic white race, married, privately insured, normal pre-pregnancy BMI, and were less likely
to report smoking before/during pregnancy (Table 3-2). As expected, twin pregnancies also had higher
total GWG@, higher frequency of Caesarean section, and lower GA at birth. While twins generally had
lower GA at first ultrasound, both twin and singleton pregnancies had similar numbers of unique
weight measurements in this clinical setting. Schematics of visit pattern, including both weights
selected to fit and estimated by interpolation models, are displayed in Figures 3-3 and 3-4.

For both twin and singleton pregnancies, the best methods were pooled regression using
restricted cubic spline terms with random intercepts and slopes and four knots at trimesters
(RMSE=1.55 kg for twins, 1.45 kg for singletons) or quantiles (RMSE=1.56 kg for twins, 1.45 kg for

singletons), as well as individual-level linear interpolation using most proximal measurements
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(RMSE=1.62 kg for twins, 1.46 kg for singletons). Pooled linear and quadratic regression with random
intercepts and slopes also performed relatively well among both pluralities (RMSE=1.70 kg for twins,
1.57 kg for singletons). As expected, individual-level last value carried forward, which the default
method for incorporating time-varying covariates in time-to-event analyses, performed worst in both
twin and singleton pregnancies (RMSE=6.09 kg for twins, 4.87 kg for singletons). Generally, linear
regression with or without In-transformed weights were less accurate and precise than more flexible
methods (RMSE ranged from 2.17 to 3.54 kg in twins and 1.87 to 3.79 kg in singletons). Any model
that incorporated only individual-level variation in pre-pregnancy weight (i.e. random intercept) and
not in trajectory (i.e. random slope) performed relatively worse (RMSE ranged from 2.81 to 3.54 kg in
twins and 3.03 to 3.79 kg in singletons).

When measurements retained in interpolation models were included in summary statistics of
differences (Table A3-1 for twins, Table A3-2 for singletons), individual-level linear interpolation
using most proximal visits appeared slightly better than methods incorporating both splines and random
intercepts. Additionally, individual-level linear and quadratic interpolation appeared somewhat better
than their pooled equivalent among both pluralities. All other inferences were similar.

Measures of central tendency largely mirrored mean squared error in terms of comparative
performance of methods. Notably, linear interpolation using most proximal measurements
overestimated weights on average in both twins (mean=-0.32 kg SE=0.012 kg) and singletons (mean=-
0.20 kg, SE=0.006 kg) compared to models incorporating splines and random intercepts and slopes
with knots at trimesters (mean=-0.04 kg, SE=0.012 kg in twins and mean=-0.02 kg, SE=0.006 kg in
singletons) or quantiles (mean=-0.06 kg, SE=0.012 kg in twins and mean=-0.03 kg, SE=0.006 kg in
singletons). This appears to be driven by weight estimation in the first trimester of pregnancy (Figures

3-5B and 3-6B).
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We observed that arithmetic differences between measured and predicted weights generally
increased as gestational age increased and decreased as total number of weight measurements increased
(Tables 3-5 and 3-6). Magnitudes of coefficients for gestational age in days were larger for linear
interpolation using most proximal measurements ($=0.010 in twins, f=0.08 in singletons) than in either
method incorporating splines and random intercepts and slopes with knots at trimesters (f=0.004,
0.005) or quantiles (f=0.005, 0.006). On average, linear interpolation using most proximal visits
overestimated GWG at 20 weeks’ GA by 0.73 kg in twins and 0.64 kg in singletons, and
underestimated GWG at 40 weeks’ GA by 0.71 kg in twins and 0.50 kg in singletons. While most
methods followed this pattern, the magnitude of differences across GA was attenuated for methods
incorporating both splines and random effects (overestimated by 0.16 kg in twins and 0.31 kg in
singletons at 20 weeks GA; underestimated by 0.36 kg in twins and 0.44 kg in singletons at 40 weeks
GA). Median, IQR, and range of differences by GA for each method and plurality are plotted in Figures
3A-P (twins) and 4A-P (singletons). Coefficients for total number of unique weight measurements
were similar across method in both singleton and twin pregnancies.

Similar to arithmetic difference, change in absolute difference between measured and predicted
GWG across GA was low for methods that incorporated splines (f=-0.002 in both twins and
singletons; Tables 3-7 and 3-8). Pooled linear regression with random intercepts and slopes
demonstrated the least change in precision by GA among twin pregnancies; however, average absolute
difference ranged from 2.43 kg at 20 weeks’ GA to 2.45 kg at 40 weeks’ GA, indicating that overall
precision for this method was low, even if average rate of change by GA was near zero. Linear
interpolation using most proximal measurements was more precise at later gestational ages;
specifically, absolute difference ranged from 1.35 to 0.72 kg in twins and 1.26 to 0.77 kg in singletons.

Pooled methods that incorporated only random intercepts were less precise as gestational age increased.
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Coefficients for total number of unique weight measurements were closest to zero for restricted cubic

splines, regardless of knot placement.

3.6. Discussion

Among both twin and singleton pregnancies in our study, the best methods for interpolating
gestational weight gain between measurements were pooled regression using restricted cubic spline
terms with random intercepts and slopes and knots at trimesters or quantiles, as well as individual-level
linear interpolation using most proximal measurements. In relation to other methods, these ranked high
on the dimension of individual variation and flexibility and low on the dimension of parametricity.
Specifically, the best three methods incorporated maximum individual variation, either by including
both random intercepts and slopes for pregnancies, or by fitting models for each individual pregnancy.
Similarly, these methods were highly flexible in relation to the data used to fit the models. Relatedly,
they best methods were less parametric than traditional regression models that used linear or quadratic
terms, although quadratic models that incorporated maximum individual-level variation performed only
slightly worse.

Our findings are in contrast with traditional methods for quantifying gestational weight gain.
Previous research has discussed bias introduced by the inappropriate use of total GWG as an exposure
measurement when investigating outcomes that occur either during pregnancy or are intertwined with
GA at birth®. Our study additionally notes that linear rate of change, a cumulative measure frequently
employed in studies of GWG, is less accurate/precise than at least 5 alternative methods in both
singleton and twin pregnancies. Our study also highlights the importance of incorporating variation in
both pre-pregnancy weight and weight gain trajectory in all interpolation models. Although trajectories
may appear similar by visual inspection, models that omit random slopes performed several magnitudes

worse than equivalents that include these terms. Our estimates of mean arithmetic difference and
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RMSE were smaller in magnitude than in a prior study, which investigated interpolation methods at 28
and 40 weeks’ GA among singleton pregnancies®.

We suggest that more complex exposure conceptualizations may limit measurement error
and/or bias in studies of GWG. For example, prior research has found that investigating total
cumulative rate of GWG instead of total GWG z-score may overestimate the relationship between low
GWG and preterm birth!. Methods evaluated in our study have potential applications to research
investigating relationships between time-varying GWG and perinatal outcomes, particularly within a
time-to-event framework. Specifically, the relationship between cumulative total or rate of GWG and
preterm birth may alternatively be investigated as that between time-varying GWG and time-to-
delivery?’. Additionally, GWG at a specific GA may be of interest when a perinatal outcome occurs or
is measured during pregnancy; examples of such outcomes previously investigated in relation to GWG
include infant/fetal growth, gestational diabetes, or preeclampsia® 7% Methods beyond
total/cumulative rate of GWG may be helpful in instances where pattern or GWG at a specific GA is of
interest, and/or measured GWG data are not uniformly collected at the same GAs for all participants.

While linear interpolation using most proximal measurements and random effects models
incorporating restricted cubic splines performed similarly, these methods have different benefits and
challenges. Individual linear interpolation is conceptually straightforward; it represents “connecting
the dots” between available weight measurements for each pregnancy. It is also relatively simple to
implement in statistical software, albeit computationally time-consuming. Conversely, restricted cubic
splines and random effects are statistical methods that may be difficult to succinctly communicate in
the context of clinical journals; incorporating these when interpolating GWG may unnecessarily inhibit
uptake of research findings. However, these methods performed marginally better than individual-level
linear interpolation between proximal weights. Additionally, pooled methods benefit from borrowing

information from other pregnancies, which may be useful in situations with sparse data. Similar to

20



individual-level interpolation, random effects models with splines are computationally taxing;
researchers may also experience convergence issues. Moreover, when examining the effect of GWG
patterns/trajectories on perinatal outcomes, it may be difficult to justify pooling all pregnancies for the
purpose of estimating exposure. While incorporating individual-level variation through both random
intercepts and slopes should ameliorate this concern, researchers may be reluctant to estimate exposure
data by pooling participants both with and without the outcome of interest. For this reason, we
recommend interpolating GWG using random effects models with splines in primary and individual-
level linear interpolation using most proximal measurements in sensitivity analyses.

Root mean squared error for the best interpolation methods ranged from approximately 1.45 to
1.75 kg. Each researcher must assess whether this error is practically acceptable in the context of their
GWG study. Measurement error in exposure typically biases effect estimates towards the null when
non-differential by outcome. Thus, acceptability of these interpolation methods may depend on
magnitude of expected effect. Additionally, practicality of expanded data collection schedules and/or
availability of alternative exposure conceptualizations may also be important to consider. For example,
if RMSE estimated for these methods is deemed acceptable, this may justify more cost-efficient data
collection routines in resource-poor settings. Moreover, while GWG researchers have emphasized
importance of collecting serial weight measurements, it is notable that self-reported pre-pregnancy
weight may experience average underestimation as high in magnitude as 3 kg®'. Thus, the accuracy
and precision of our recommended methods, even when only 3-4 weight measurements per participant
are used to fit models, may instead justify more emphasis on increasing accuracy and precision of pre-
pregnancy weight in the conduct of GWG research.

Our study had many strengths. We leveraged previously-collected clinical data for two large
pregnancy cohorts, which captured either a census or random sample of pregnancies delivered at a

large obstetric hospital in Pittsburgh, Pennsylvania. We tested a comprehensive collection of
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interpolation methods, incorporating varying degrees of individual-level variation, flexibility, and
parametricity across gestational duration in both twin and singleton pregnancies. GWG is infrequently
studied among twins, although these pregnancies are at higher risk for perinatal outcomes and
experience greater GWG on average.

We also note key weaknesses of our study. Self-reported pre-pregnancy weight has been
associated with measurement bias up to 3 kg in previous research®'. However, implausible pre-
pregnancy weights were replaced with weight at first visit if it occurred before 13 weeks’ GA®.
Although we attempted to replicate the data collection schedule of Project Viva, not all pregnancies had
recorded glucose screening tests. In instances where glucose screening test was not recorded and/or
timing was not available, we estimated this visit that which was on or closest to 28 weeks’ GA.
Distribution of GA among our selected visits may differ slightly from that of Project Viva, which
reports first prenatal visit at median 10 weeks’” GA and glucose screening visit at median 28 weeks” GA
among singletons’. Gestational age may be estimated with different accuracy/precision in twin and
singleton pregnancies, which would limit comparability of our findings; however, gestational age
estimated by either first or second trimester ultrasound was found to perform similarly in both twins
and singletons conceived by in vitro fertilization®?.

Importantly, we cannot guarantee that RMSE estimated for linear interpolation using most proximal
measurement is generalizable to pregnancies with four or fewer unique weight measurements. All
unique weight measurements among pregnancies with only two prenatal visits both on or before 28
weeks’ GA, or only one prenatal visit, would have been selected for inclusion in interpolation models.
Linear interpolation using most proximal measurements and last value carried forward methods would
have predicted these weights with zero error, since this method estimates only weights between
selected prenatal visits. Conversely, all other individual-level/pooled methods do not necessarily

estimate selected prenatal weight measurements with exact accuracy and precision. Thus predictive
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value of this method may be evaluated even among pregnancies with two or fewer prenatal visits, even
though all of these measurements would have been included in interpolation models. It is notable that
magnitudes for coefficients in regression models that investigated predictors of differences were small
across methods; nonetheless, we cannot rule out the possibility that linear interpolation using most
proximal measurements is insufficient among pregnancies with two or fewer weight measurements
during pregnancy.

In conclusion, we recommend interpolation methods with high flexibility, high individual-level
variation, and low parametricity for the estimation of GWG between weight measurements. In
particular, the results of our study suggest that methods incorporating restricted cubic splines, random
intercepts and slopes for pregnancy, and knots at either trimesters or quantiles are best for interpolating
GWG. Individual-level linear interpolation using most proximal measurements is an acceptable
alternative, and individual level linear and quadratic interpolation, or pooled equivalent with random
intercepts and slopes, performs only marginally worse than more flexible/less parametric alternatives.
Our study has implications for investigating GWG trajectory over the course of pregnancy, and
specifically among twins. Additionally, our methods and approach may have applications elsewhere in
biomedical research in instances where metrics are measured at discrete points in time and change

somewhat but not entirely predictably over time.
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3.7. Tables

Table 3-1. Interpolation Methods Evaluated

Method Level of Data
Aggregation
Last Value Carried Forward Individual
Linear Interpolation, Proximal Individual
Linear Interpolation, All Individual
Linear Interpolation, Ln-Transformed Individual
Quadratic Interpolation, All Individual
Linear Mixed Effects, Random Intercept Pooled
Linear Mixed Effects, Random Intercept and Slope Pooled
Quadratic Mixed Effects, Random Intercept Pooled
Quadratic Mixed Effects, Random Intercept and Slope Pooled
Ln-Transformed Mixed Effects, Random Intercept Pooled
Ln-Transformed Mixed Effects, Random Intercept and Slope Pooled
Fractional Polynomial Mixed Effects, Random Intercept Pooled
Cubic Splines Mixed Effects, Knots at Quantiles, Random Intercept Pooled
Cubic Splines Mixed Effects, Knots at Quantiles, Random Intercept and Slope Pooled
Cubic Splines Mixed Effects, Knots at Trimesters, Random Intercept Pooled
Cubic Splines Mixed Effects, Knots at Trimesters, Random Intercept and Slope Pooled

Table 3-2. Sample Characteristics by Plurality. Continuous variables presented as median (25th
percentile; 75th percentile), categorical variables presented as number (percentage), and covariates at

the level of the mother/pregnancy unless otherwise stated.

Characteristic Twins (n=2066) Singletons (n=7731)
Maternal Age (years)? 30.5(5.9) 28.9 (6.0)
Maternal Education
<High School 113 (5.5) 658 (8.5)
High School/GED 414 (20.0) 1954 (25.3)
Some College/Associates 444 (21.5) 2071 (26.8)
College Graduate 1075 (52.0) 3038 (39.3)
missing 20 (1.0) 10 (0.1)
Race
Non-Hispanic White 1632 (79.0) 5732 (74.1)
Non-Hispanic Black 356 (17.2) 1651 (21.4)
Hispanic 17 (0.8) 69 (0.9)
Other 61 (3.0) 279 (3.6)
Married
Yes 1445 (69.9) 4619 (59.7)
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No 619 (30.0) 3112 (40.3)

missing 2(0.1) 0(0.0)
Insurance

Private/Other 1311 (63.5) 4340 (56.1)

Medicaid/Self-Pay 755 (36.5) 3390 (43.8)

missing 0(0.0) 1(0.0)
Parity

Nulliparous 962 (46.6) 3365 (43.5)

Primiparous 638 (30.9) 2601 (33.6)

Multiparous 466 (22.6) 1765 (22.8)
Pre-pregnancy BMI Category

Underweight 65 (3.1) 1222 (15.8)

Normal Weight 981 (47.5) 1353 (17.5)

Overweight 528 (25.6) 1324 (17.1)

Obese 492 (23.8) 3832 (49.6)
Pre-existing Diabetes

Yes 59 (2.9) 209 (2.7)

No 2001 (96.9) 7522 (97.3)

missing 6(0.3) 0(0.0)
Pre-existing Hypertension

Yes 115 (5.6) 533 (6.9)

No 1945 (94.1) 7198 (93.1)

missing 6(0.3) 0(0.0)
Ever Smoker

Yes 290 (14.0) 1428 (18.5)

No 1776 (86.0) 6303 (81.5)
Assisted Reproductive Technology

Yes 617 (29.9) Not Available

No 1439 (69.7) Not Available

missing 10 (0.5) Not Available

Number of Unique Weight Measurements

12.0 (10.0; 14.0)

12.0 (10.0; 14.0)

Gestational Age at Birth (weeks)

36.3(33.9;37.9)

39.3 (38.3;40.3)

Ultrasound
Yes 2065 (100.0) 7634 (98.7)
No 1 (0.0) 97 (1.3)
Gestational Age at First Ultrasound (weeks) 12.0 (8.0; 18.3) 156 (9.6; 19.1)
missing 100 (4.8) 595 (7.7)
Type of Delivery
Spontaneous 1178 (57.0) 3978 (51.5)
Induced 341 (16.5) 2704 (35.0)
No Labor 547 (26.5) 1034 (13.4)
missing 0(0.0) 15(0.2)

Delivery Route (Twin A/Singleton)
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Vaginal 936 (45.3) 5464 (70.7)

Caesarean Section 1130 (54.7) 2260 (29.2)

missing 0(0.0) 7(0.1)
Delivery Route (Twin B)

Vaginal 847 (41.0) N/A

Caesarean Section 1219 (59.0) N/A
Stillbirth (Twin A/Singleton)

Yes 9(04) 33(04)

No 2057 (99.6) 7698 (99.6)
Stillbirth (Twin B)

Yes 17 (0.8) N/A

No 2049 (99.2) N/A

Total Gestational Weight Gain (kg)

16.8 (12.0; 21.8)

132 (8.6;17.2)

“Mean(SE)
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Table 3-3. Summary statistics for differences between measured and predicted values of maternal weight in twin pregnancies (n=16338

weight measurements). PPW refers to pre-pregnancy weight.

Method Mean (SE) Median (IQR) Range RMSE RMSE
(Measured (Predicted
PPW) PPW)
Last Value Carried Forward 4.59 (0.031) 4.08 (1.81; 6.80) -22.68; 31.75 6.09 6.09
Linear Interpolation, Proximal -0.32 (0.012) -0.13 (-1.16; 0.63) -24.10; 13.41 1.62 1.62
Linear Interpolation, All -0.57 (0.017) -0.31 (-1.93;0.94) -2641; 15.77 2.30 3.36
Linear Interpolation, Ln-Transformed -0.37 (0.017) -0.15 (-1.65; 1.05) -24.38; 15.96 2.17 2.96
Quadratic Interpolation, All 0.09 (0.014) 0.20 (-0.78; 1.09) -25.95; 12.58 1.75 1.78
Linear Mixed Effects, Random -0.46 (0.025) -0.66 (-2.52; 1.39) -18.87; 23.61 3.20 5.81
Intercept
Linear Mixed Effects, Random -0.54 (0.018) -0.39 (-1.96; 0.96) -23.98; 16.09 2.37 341
Intercept and Slope
Quadratic Mixed Effects, Random 0.15 (0.022) 0.12 (-1.58; 1.83) -18.60; 22.84 2.87 5.40
Intercept
Quadratic Mixed Effects, Random 0.11 (0.013) 0.18 (-0.84; 1.14) -20.60; 1491 1.70 2.03
Intercept and Slope
Ln-Transformed Mixed Effects, -0.39 (0.028) -0.45 (-2.58; 1.77) -22.74;21.19 3.54 6.82
Random Intercept
Ln-Transformed Mixed Effects, -0.30 (0.018) -0.19 (-1.68; 1.12) -21.69; 16.32 2.26 3.14
Random Intercept and Slope
Fractional Polynomial Mixed Effects, -0.01 (0.022) -0.03 (-1.60; 1.61) -18.76; 22 .45 2.81 5.37
Random Intercept
Cubic Splines Mixed Effects, Knots at 0.02 (0.022) -0.04 (-1.61; 1.64) -18.67;22.73 2.82 5.38
Quantiles, Random Intercept
Cubic Splines Mixed Effects, Knots at -0.06 (0.012) 0.01 (-0.93;0.87) -21.90; 14.06 1.56 1.79
Quantiles, Random Intercept and Slope
Cubic Splines Mixed Effects, Knots at 0.05 (0.022) 0.00 (-1.58; 1.66) -18.70; 22.71 2.82 5.37
Trimesters, Random Intercept
Cubic Splines Mixed Effects, Knots at -0.04 (0.012) 0.03 (-0.89; 0.88) -22.10; 14.07 1.55 1.77

Trimesters, Random Intercept and Slope




Table 3-4. Summary statistics for differences between measured and predicted values of maternal weight in singleton pregnancies (n=65286

weight measurements). PPW refers to pre-pregnancy weight.

Method Mean (SE) Median (IQR) Range RMSE RMSE
(Measured (Predicted
PPW) PPW)
Last Value Carried Forward 3.32(0.014) 2.72 (0.91; 5.44) -17.69; 36.29 4.87 4.87
Linear Interpolation, Proximal -0.20 (0.006) -0.03 (-0.99; 0.65) -12.39; 9.38 1.46 1.46
Linear Interpolation, All -0.30 (0.007) -0.11 (-1.40; 0.94) -14.01; 10.04 1.91 2.63
Linear Interpolation, Ln-Transformed -0.19 (0.007) -0.03 (-1.27; 1.00) -13.75; 10.14 1.87 247
Quadratic Interpolation, All 0.01 (0.006) 0.11 (-0.83;0.92) -24.88; 10.87 1.59 1.63
Linear Mixed Effects, Random -0.26 (0.012) -0.40 (-2.22; 1.55) -19.61; 21.40 3.18 6.11
Intercept
Linear Mixed Effects, Random -0.28 (0.008) -0.15 (-1.44;0.97) -13.93; 10.13 1.96 2.74
Intercept and Slope
Quadratic Mixed Effects, Random 0.08 (0.012) 0.02 (-1.71; 1.81) -19.91; 20.84 3.05 5.98
Intercept
Quadratic Mixed Effects, Random 0.05 (0.006) 0.11 (-0.85;1.01) -1091;9.62 1.57 1.84
Intercept and Slope
Ln-Transformed Mixed Effects, -0.57 (0.015) -0.55(-2.76; 1.79) -22.80; 19.94 3.79 7.66
Random Intercept
Ln-Transformed Mixed Effects, -0.15 (0.008) -0.06 (-1.31; 1.08) -13.62; 11.23 1.95 2.68
Random Intercept and Slope
Fractional Polynomial Mixed Effects, 0.00 (0.012) -0.05 (-1.76; 1.71) -19.96; 20.82 3.04 5.98
Random Intercept
Cubic Splines Mixed Effects, Knots at 0.01 (0.012) -0.03 (-1.74; 1.72) -19.94; 20.80 3.04 5.97
Quantiles, Random Intercept
Cubic Splines Mixed Effects, Knots at -0.03 (0.006) 0.03 (-0.84; 0.83) -11.99;9.24 1.45 1.60
Quantiles, Random Intercept and Slope
Cubic Splines Mixed Effects, Knots at 0.01 (0.012) -0.02 (-1.72; 1.72) -19.93; 20.76 3.03 5.97
Trimesters, Random Intercept
Cubic Splines Mixed Effects, Knots at -0.02 (0.006) 0.03 (-0.83; 0.84) -12.22;9.26 1.45 1.62

Trimesters, Random Intercept and Slope
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Table 3-5. Relationship between arithmetic difference in measured and predicted weights and gestational age of measurement, total number

of unique measurements among twins (N pregnancies = 2002, N weights = 16338).

Method Coefficient for Estimate 20 weeks Estimate 32 weeks Estimate 40 weeks Coefficient for
GA Visits
Last Value Carried Forward 0.027 3.35(3.25;3.46) 5.59 (5.44;5.74) 7.08 (6.86;7.31) 0.139
(0.025; 0.028) (0.104; 0.175)
Linear Interpolation, Proximal 0.010 -0.73 (-0.78;-0.67) 0.14 (0.09;0.18) 0.71 (0.64;0.79) -0.018
(0.010;0.011) (-0.031; -0.004)
Linear Interpolation, All 0.024 -1.53 (-1.60; -1.45) 047 (0.42;0.53) 1.81 (1.71; 1.90) -0.025
(0.023; 0.025) (-0.042; -0.008)
Linear Interpolation, Ln- 0.021 -1.23 (-1.30;-1.16)  0.56 (0.50;0.61) 1.75 (1.65; 1.84) -0.018
Transformed (0.020; 0.022) (-0.035; -0.002)
Quadratic Interpolation, All 0.009 -0.26 (-0.33;-0.20) 0.49(0.43;0.54) 0.99 (091; 1.07) -0.012
(0.008; 0.010) (-0.028; 0.004)
Linear Mixed Effects, Random 0.026 -1.57(-1.66;-149) 0.65(0.51;0.79) 2.13 (1.89;2.37) 0.035
Intercept (0.025; 0.028) (0.008; 0.062)
Linear Mixed Effects, Random 0.024 -1.54(-1.62;-147) 0.51(0.45;0.58) 1.89 (1.78; 1.99) -0.009
Intercept and Slope (0.023; 0.026) (-0.026; 0.008)
Quadratic Mixed Effects, Random 0011 -0.32(-040;-024) 0.61(047;0.75) 1.23 (1.00; 1.47) 0014
Intercept (0.009; 0.013) (-0.011; 0.040)
Quadratic Mixed Effects, Random 0.009 -0.26 (-0.32;-0.20) 0.52(0.46;0.57) 1.04 (0.95;1.12) -0.011
Intercept and Slope (0.008; 0.010) (-0.025; 0.004)
Ln-Transformed Mixed Effects, 0.021 -1.27 (-1.36;-1.17)  0.47 (0.29; 0.65) 1.62 (1.33;1.92) 0.033
Random Intercept (0.018; 0.023) (0.001; 0.066)
Ln-Transformed Mixed Effects, 0.022 -1.21(-1.29;-1.14) 0.65(0.58;0.72) 1.89 (1.78; 2.00) 0.000
Random Intercept and Slope (0.021; 0.023) (-0.018;0.018)
Fractional Polynomial Mixed 0.003 -0.10 (-0.18;-0.01) 0.13 (-0.01;0.27) 0.28 (0.04;0.52) -0.019
Effects, Random Intercept (0.001; 0.005) (-0.045; 0.007)
Cubic Splines Mixed Effects, 0.007 -0.24 (-0.33;-0.16)  0.32(0.18; 0.46) 0.70 (0.46; 0.94) -0.004

Knots at Quantiles, Random
Intercept

(0.005; 0.009)

(-0.030; 0.022)
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Cubic Splines Mixed Effects,
Knots at Quantiles, Random
Intercept and Slope

0.005
(0.004; 0.006)

-0.25 (-0.31; -0.20)

0.18 (0.14; 0.23)

0.47 (0.40; 0.55)

-0.026
(-0.040; -0.012)

Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept

0.005
(0.004; 0.007)

-0.16 (-0.25; -0.08)

0.29 (0.15; 0.44)

0.60 (0.36; 0.84)

-0.006
(-0.032; 0.020)

Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept and Slope

0.004
(0.003; 0.004)

-0.16 (-0.22; -0.11)

0.15 (0.10; 0.20)

0.36 (0.28; 0.43)

-0.028
(-0.042; -0.014)

Table 3-6. Relationship between arithmetic difference in measured and predicted weights and gestational age of measurement, total number

of unique measurements among singletons (N pregnancies = 7652, N weights = 65286).

Method Coefficient for Estimate 20 weeks Estimate 32 weeks Estimate 40 weeks Coefficient for

GA Visits

Last Value Carried Forward 0.023 1.89 (1.83;1.94) 3.83(3.77;3.89) 5.13 (5.04;5.22) 0.094
(0.022;0.024) (0.076;0.113)

Linear Interpolation, Proximal 0.008 -0.64 (-0.66;-0.61) 0.04 (0.03;0.06) 0.50 (047,0.53) -0.029
(0.008; 0.008) (-0.036; -0.023)

Linear Interpolation, All 0.015 -1.11 (-1.15;-1.08)  0.12(0.09; 0.14) 0.93 (0.90; 0.97) -0.034
(0.014;0.015) (-0.042; -0.026)

Linear Interpolation, Ln- 0.013 -0.93 (-0.96; -0.89)  0.19 (0.16; 0.21) 0.93 (0.89; 0.96) -0.034
Transformed (0.013;0.014) (-0.042; -0.026)

Quadratic Interpolation, All 0.008 -0.40 (-043;-0.37) 0.24 (0.22; 0.26) 0.66 (0.63; 0.69) -0.025
(0.007; 0.008) (-0.033;-0.017)

Linear Mixed Effects, Random 0.015 -1.13(-1.17;-1.08)  0.17 (0.10; 0.23) 1.03 (0.92; 1.14) -0.012
Intercept (0.015;0.016) (-0.028; 0.005)

Linear Mixed Effects, Random 0.015 -1.11 (-1.15;-1.08) 0.13(0.11;0.15) 0.96 (0.92; 1.00) -0.027
Intercept and Slope (0.014;0.015) (-0.036; -0.019)

Quadratic Mixed Effects, Random 0.008 -0.37(-042;-033) 0.32(0.26;0.39) 0.79 (0.68; 0.89) -0.019
Intercept (0.007; 0.009) (-0.036; -0.003)

Quadratic Mixed Effects, Random 0.008 -0.37(-040;-034) 0.27(0.25;0.29) 0.70 (0.67,0.73) -0.028

Intercept and Slope

(0.007; 0.008)

(-0.035; -0.021)
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Ln-Transformed Mixed Effects, 0.008 -0.93 (-0.98;-0.89) -0.30(-0.38;-0.22) 0.12 (-0.01;0.26) -0.059
Random Intercept (0.006; 0.009) (-0.079; -0.038)
Ln-Transformed Mixed Effects, 0014 -091(-094;-087) 0.23(0.21;0.26) 0.99 (0.95;1.03) -0.026
Random Intercept and Slope (0.013;0.014) (-0.034; -0.017)
Fractional Polynomial Mixed 0.007 -0.36 (-040;-031) 0.20(0.14;0.27) 0.57 (047, 0.68) -0.023
Effects, Random Intercept (0.006; 0.008) (-0.040; -0.007)
Cubic Splines Mixed Effects, 0.006 -0.33 (-0.37;-0.28)  0.20 (0.14; 0.26) 0.55 (0.44; 0.66) -0.022

Knots at Quantiles, Random
Intercept

(0.005; 0.007)

(-0.039; -0.006)

Cubic Splines Mixed Effects,
Knots at Quantiles, Random
Intercept and Slope

0.006
(0.006; 0.006)

-0.35 (-0.38; -0.32)

0.15(0.13; 0.17)

048 (0.45;0.51)

-0.025
(-0.032;-0.019)

Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept

0.006
(0.005; 0.007)

-0.29 (-0.33; -0.25)

0.19 (0.13; 0.25)

0.51 (0.40; 0.62)

20.022
(-0.038; -0.006)

Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept and Slope

0.005
(0.005; 0.006)

-0.31 (-0.34; -0.28)

0.14 (0.12; 0.16)

0.44 (0.41;0.47)

-0.026
(-0.032;-0.019)

Table 3-7. Relationship between absolute difference in measured and predicted weights and gestational age of measurement, total number of

unique measurements among twins (N pregnancies = 2002, N weights = 16338).

Coefficient for Estimate 20 weeks Estimate 32 weeks Estimate 40 weeks Coefficient for
GA Visits

Method

Last Value Carried Forward 0.023 3.72 (3.64; 3.81) 5.69 (5.55;5.83) 7.01 (6.79;7.22) 0.125
(0.022; 0.025) (0.094; 0.157)

Linear Interpolation, Proximal -0.005 1.35(1.31; 1.39) 0.97 (0.94; 1.00) 0.72 (0.67;0.77) 0.003
(-0.005; -0.004) (-0.006; 0.012)

Linear Interpolation, All -0.010 2.14 (2.09; 2.20) 1.30 (1.26; 1.34) 0.74 (0.68; 0.80) 0.007
(-0.011; -0.009) (-0.006; 0.021)

Linear Interpolation, Ln- -0.008 1.96 (1.91; 2.02) 1.30 (1.26; 1.34) 0.86 (0.80; 0.92) 0.002

Transformed (-0.008; -0.007) (-0.011;0.015)
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Quadratic Interpolation, All -0.003 1.38 (1.34;1.43) 1.11 (1.07; 1.14) 0.92 (0.87; 0.98) 0.001
(-0.004; -0.003) (-0.010;0.012)

Linear Mixed Effects, Random 0.000 243 (2.37;,2.49) 2.44 (2.36;2.52) 2.45(2.32;2.57) 0.037
Intercept (-0.001; 0.001) (0.018; 0.057)

Linear Mixed Effects, Random -0.009 2.17 (2.11;2.22) 1.41(1.37;1.45) 0.90 (0.84;0.97) 0.010
Intercept and Slope (-0.010; -0.008) (-0.004; 0.023)

Quadratic Mixed Effects, Random 0.006 (0.005; 1.89 (1.84;1.94) 2.38 (2.30; 2.46) 2.70 (2.58; 2.82) 0.027
Intercept 0.007) (0.008; 0.046)

Quadratic Mixed Effects, Random -0.003 1.40 (1.36;1.44) 1.16 (1.12;1.19) 0.99 (0.94; 1.04) -0.005
Intercept and Slope (-0.003; -0.002) (-0.015; 0.006)

Ln-Transformed Mixed Effects, 0.007 2.37(2.32;243) 2.95(2.85;3.05) 3.33(3.18;3.49) 0.053
Random Intercept (0.006; 0.008) (0.031;0.076)

Ln-Transformed Mixed Effects, -0.006 1.99 (1.94;2.04) 1.45(1.41;1.50) 1.10 (1.03;1.16) 0.005
Random Intercept and Slope (-0.007; -0.006) (-0.008; 0.018)

Fractional Polynomial Mixed 0.007 1.79 (1.74; 1.84) 2.36 (2.28;2.44) 2.75 (2.63;2.87) 0.022
Effects, Random Intercept (0.006; 0.008) (0.003; 0.040)

Cubic Splines Mixed Effects, 0.007 1.80 (1.75; 1.85) 2.36 (2.28;2.44) 2.73 (2.62; 2.85) 0.025

Knots at Quantiles, Random
Intercept

(0.006; 0.007)

(0.006; 0.043)

Cubic Splines Mixed Effects,
Knots at Quantiles, Random
Intercept and Slope

-0.002
(-0.002; -0.001)

1.22 (1.18; 1.26)

1.07 (1.04; 1.11)

0.97 (0.92; 1.02)

-0.004
(-0.014; 0.006)

Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept

0.007
(0.006; 0.008)

1.79 (1.74; 1.84)

2.36 (2.28;2.44)

2.75 (2.63;2.87)

0.024
(0.005; 0.042)

Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept and Slope

-0.002
(-0.002; -0.001)

1.20 (1.16; 1.23)

1.07 (1.04; 1.10)

0.98 (0.93; 1.03)

-0.004
(-0.014; 0.006)

Table 3-8. Relationship between absolute difference in measured and predicted weights and gestational age of measurement, total number of

unique measurements among singletons (N pregnancies = 7652, N weights = 65286).
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Method Coefficient for Estimate 20 weeks Estimate 32 weeks Estimate 40 weeks Coefficient for

GA Visits

Last Value Carried Forward 0.018 2.60 (2.56; 2.64) 4.13 (4.08; 4.19) 5.16 (5.07;5.24) 0.100
(0.018;0.019) (0.085;0.116)

Linear Interpolation, Proximal -0.004 1.26 (1.24;1.28) 0.97 (0.95; 0.98) 0.77 (0.75;0.79) 0.009
(-0.004; -0.003) (0.004; 0.013)

Linear Interpolation, All -0.006 1.79 (1.77; 1.82) 1.28 (1.27; 1.30) 0.94 (0.92; 0.96) 0.007
(-0.006; -0.006) (0.002;0.013)

Linear Interpolation, L.n- -0.005 1.71 (1.69; 1.74) 1.27 (1.26; 1.29) 0.98 (0.96; 1.00) 0.005
Transformed (-0.005; -0.005) (0.000; 0.011)

Quadratic Interpolation, All -0.003 1.32 (1.29; 1.34) 1.08 (1.06; 1.09) 0.92 (0.90; 0.94) 0.004
(-0.003; -0.003) (-0.001; 0.009)

Linear Mixed Effects, Random 0.005 2.09 (2.06; 2.11) 2.51(2.47;2.55) 2.79 (2.74; 2.85) 0.048
Intercept (0.005; 0.005) (0.037; 0.058)

Linear Mixed Effects, Random -0.006 1.81(1.78; 1.83) 1.35(1.33;1.36) 1.04 (1.02; 1.06) 0.009
Intercept and Slope (-0.006; -0.005) (0.003; 0.015)

Quadratic Mixed Effects, Random 0.007 1.82 (1.80; 1.85) 245 (12.41;249) 2.86 (2.80;2.92) 0.042
Intercept (0.007; 0.008) (0.031;0.053)

Quadratic Mixed Effects, Random -0.002 1.33 (1.31; 1.34) 1.12 (1.11; 1.13) 0.98 (0.96; 1.00) 0.003
Intercept and Slope (-0.003; -0.002) (-0.002; 0.007)

Ln-Transformed Mixed Effects, 0012 2.16 (2.13;2.19) 3.13 (3.09; 3.18) 3.79 (3.71; 3.86) 0.072
Random Intercept (0.011;0.012) (0.059; 0.085)

Ln-Transformed Mixed Effects, -0.004 1.73 (1.70; 1.75) 1.37 (1.35; 1.39) 1.13(1.11; 1.16) 0.008
Random Intercept and Slope (-0.004; -0.004) (0.002; 0.013)

Fractional Polynomial Mixed 0.008 1.79 (1.77; 1.82) 2.43(2.39;247) 2.85(2.79;291) 0.043
Effects, Random Intercept (0.007; 0.008) (0.033; 0.054)

Cubic Splines Mixed Effects, 0.008 1.78 (1.76; 1.81) 2.43(2.39;247) 2.86 (2.80;2.91) 0.043

Knots at Quantiles, Random
Intercept

(0.007; 0.008)

(0.033; 0.054)

Cubic Splines Mixed Effects,
Knots at Quantiles, Random
Intercept and Slope

-0.002
(-0.002; -0.002)

1.19 (1.17; 1.21)

1.02 (1.01; 1.03)

0.91 (0.89; 0.93)

0.006
(0.002; 0.010)

Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept

0.008
(0.007; 0.008)

1.77 (1.75; 1.80)

242 (2.38; 2.46)

2.86 (2.80; 2.92)

0.044
(0.033; 0.054)
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Cubic Splines Mixed Effects,
Knots at Trimesters, Random
Intercept and Slope

-0.002
(-0.002; -0.002)

1.18 (1.16; 1.20)

1.02 (1.01; 1.04)

0.92 (0.90; 0.94)

0.006
(0.002; 0.010)
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3.8. Figures

Figure 3-1. Twin pregnancy sample selection.

Twins Cohort
n=2933 pregnancies

Second Twin Pregnancy per Mother in Study Period
n=13

Monochorionic Placentation
n=611

Implausible Year of Delivery ‘
n=1

No Available Weight Measurements During Pregnancy
n=109

Missing Prenatal Weight
n=118

Implausible Pre-Pregnancy Weight ‘
n=2

Missing Height
n=3

n=0

Missing Gestational Age at Birth ‘

n=2076
n=2075

Implausible Gestational Age at Birth ‘
n=1

Missing Delivery Weight
n=9

Current Study
n=2066 pregnancies

Figure 3-2. Singleton pregnancy sample selection.
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Figure 3-3. Pattern of weight measurements by gestational age in twin pregnancies; weights in red

were used to fit interpolation models while weights in black were used to evaluate interpolation

models.

Participants Ordered by GA at Birth

Gestational Age (Weeks)

* Predicted (Estimated by Interpolation Models) * Measured (Used to Fit Interpolation Models)

Figure 3-4. Pattern of weight measurements by gestational age for a random selection of singleton
pregnancies (N=2066); weights in red were used to fit interpolation models while weights in black

were used to evaluate interpolation models.
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Figure 3-5. Arithmetic difference in measured and predicted maternal weight by gestational age of
measurement and interpolation method for twin pregnancies.

Figure 3-5A. Individual-level last value carried forward.
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Figure 3-5B. Individual-level linear interpolation between most proximal measurements.
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Figure 3-5C. Individual-level linear regression.
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Figure 3-5D. Individual-level linear regression using In-transformed weight measurements.
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Figure 3-5E. Individual-level linear and quadratic regression.
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Figure 3-5F. Pooled linear regression with random intercepts.
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Figure 3-5G. Pooled linear regression with random intercepts and slopes.
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Figure 3-5H. Pooled linear and quadratic regression with random intercepts.
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Figure 3-5I. Pooled linear and quadratic regression with random intercepts and slopes.
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Figure 3-5J. Pooled linear regression using In-transformed weight measurements with random

intercepts.
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Figure 3-5K. Pooled linear regression using In-transformed weight measurements with random

intercepts and slopes.
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Figure 3-5L. Pooled regression using fractional polynomial terms and random intercepts.
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Figure 3-5M. Pooled regression using restricted cubic spline terms with four knots at quantiles and

random intercepts.
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Figure 3-5N. Pooled regression using restricted cubic spline terms with four knots at trimesters and

random intercepts.
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Figure 3-50. Pooled regression using restricted cubic spline terms with four knots at quantiles and

random intercepts and slopes.
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Figure 3-5P. Pooled regression using restricted cubic spline terms with four knots at trimesters and

random intercepts and slopes.
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Figure 3-6. Arithmetic difference in measured and predicted maternal weight by gestational age of

measurement and interpolation method for singleton pregnancies.

Figure 3-6A. Individual-level last value carried forward.
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Figure 3-6C. Individual-level linear regression.
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Figure 3-6D. Individual-level linear regression using In-transformed weight measurements.
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Figure 3-6E. Individual-level linear and quadratic regression.
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Figure 3-6F. Pooled linear regression with random intercepts.
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Figure 3-6G. Pooled linear regression with random intercepts and slopes.
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Figure 3-6H. Pooled linear and quadratic regression with random intercepts.
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Figure 3-6I. Pooled linear and quadratic regression with random intercepts and slopes.
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Figure 3-6J. Pooled linear regression using In-transformed weight measurements with random

intercepts.
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Figure 3-6K. Pooled linear regression using In-transformed weight measurements with random

intercepts and slopes.
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Figure 3-6L. Pooled regression using fractional polynomial terms and random intercepts.
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Figure 3-6M. Pooled regression using restricted cubic spline terms with four knots at quantiles and

random intercepts.
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Figure 3-6N. Pooled regression using restricted cubic spline terms with four knots at trimesters and

random intercepts.
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Figure 3-60. Pooled regression using restricted cubic spline terms with four knots at quantiles and

random intercepts and slopes.
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Figure 3-6P. Pooled regression using restricted cubic spline terms with four knots at trimesters and

random intercepts and slopes.
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3.9. Appendix

Table A3-1. Summary statistics for differences between measured and predicted values of maternal weight in twin pregnancies (n=24400

measurements) when measurements used to fit model are included in summary statistics for differences. PPW refers to pre-pregnancy

weight.
Method Mean (SE) Median (IQR) Range RMSE RMSE
(Measured (Predicted
PPW) PPW)
Last Value Carried Forward 3.08 (0.025) 1.81 (0.00; 5.44) -22.68; 31.75 4.99 4.99
Linear Interpolation, Proximal -0.22 (0.008) 0.00 (-0.62; 0.24) -24.10; 13.41 1.33 1.33
Linear Interpolation, All -0.38 (0.014) -0.12 (-1.68; 1.05) -26.41; 15.77 2.17 3.14
Linear Interpolation, Ln-Transformed -0.24 (0.013) -0.03 (-1.44; 1.09) -24.38; 15.96 2.04 2.77
Quadratic Interpolation, All 0.06 (0.010) 0.06 (-0.61; 0.85) -25.95; 12.58 1.52 1.58
Linear Mixed Effects, Random Intercept -0.31 (0.021) -0.52 (-2.38; 1.55) -23.28;23.61 3.25 5.56
Linear Mixed Effects, Random Intercept -0.36 (0.014) -0.21 (-1.73; 1.11) -23.98; 16.09 2.26 3.21
and Slope
Quadratic Mixed Effects, Random 0.10 (0.019) 0.07 (-1.65; 1.82) -24.40; 22.84 2.97 5.19
Intercept
Quadratic Mixed Effects, Random 0.07 (0.010) 0.11 (-0.80; 0.98) -20.60; 1491 1.56 1.90
Intercept and Slope
Ln-Transformed Mixed Effects, -0.23 (0.023) -0.35 (-2.46; 1.88) -24.43; 22 .98 3.64 6.5
Random Intercept
Ln-Transformed Mixed Effects, -0.18 (0.014) -0.07 (-1.49; 1.20) -21.69; 16.32 2.16 2.97
Random Intercept and Slope
Fractional Polynomial Mixed Effects, -0.01 (0.019) -0.03 (-1.64; 1.64) -24.73; 22 .45 2.92 5.16
Random Intercept
Cubic Splines Mixed Effects, Knots at 0.02 (0.019) -0.04 (-1.65; 1.66) -24.52;22.73 2.92 5.16
Quantiles, Random Intercept
Cubic Splines Mixed Effects, Knots at -0.04 (0.009) 0.01 (-0.77;0.72) -21.90; 14.06 1.41 1.65

Quantiles, Random Intercept and Slope




Cubic Splines Mixed Effects, Knots at 0.03 (0.019) -0.02 (-1.62; 1.67) -24.54;22.71 2.92 5.16
Trimesters, Random Intercept
Cubic Splines Mixed Effects, Knots at -0.03 (0.009) 0.02 (-0.75;0.72) -22.10; 14.07 1.39 1.63

Trimesters, Random Intercept and Slope

Table A3-2. Summary statistics for differences between measured and predicted values of maternal weight in singleton pregnancies

(n=95567 measurements) when measurements used to fit model are included in summary statistics for differences. PPW refers to pre-

pregnancy weight.

Method Mean (SE) Median (IQR) Range RMSE RMSE
(Measured (Predicted
PPW) PPW)
Last Value Carried Forward 2.27(0.011) 1.36 (0.00; 4.08) -17.69; 36.29 4.03 4.03
Linear Interpolation, Proximal -0.13 (0.004) 0.00 (-0.50; 0.29) -12.39; 9.38 1.20 1.20
Linear Interpolation, All -0.20 (0.006) -0.03 (-1.23;0.95) -14.01; 10.04 1.81 2.50
Linear Interpolation, Ln-Transformed -0.13 (0.006) 0.02 (-1.13;0.98) -13.75; 10.14 1.77 2.35
Quadratic Interpolation, All 0.01 (0.005) 0.03 (-0.63;0.72) -24.88; 10.87 1.39 1.46
Linear Mixed Effects, Random Intercept -0.17 (0.010) -0.32 (-2.13; 1.63) -19.61; 21.40 3.21 5.77
Linear Mixed Effects, Random Intercept -0.19 (0.006) -0.07 (-1.29; 1.00) -13.93; 10.13 1.87 2.60
and Slope
Quadratic Mixed Effects, Random 0.05 (0.010) 0.01 (-1.74; 1.80) -19.91; 20.84 3.11 5.65
Intercept
Quadratic Mixed Effects, Random 0.03 (0.005) 0.07 (-0.76; 0.85) -10.91;9.62 1.43 1.73
Intercept and Slope
Ln-Transformed Mixed Effects, -0.36 (0.012) -0.41 (-2.60; 1.95) -23.67; 29 .45 3.85 7.22
Random Intercept
Ln-Transformed Mixed Effects, -0.09 (0.006) 0.00 (-1.17; 1.06) -13.62; 11.23 1.85 2.54
Random Intercept and Slope
Fractional Polynomial Mixed Effects, 0.00 (0.010) -0.04 (-1.77; 1.73) -19.96; 20.82 3.10 5.65

Random Intercept
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Cubic Splines Mixed Effects, Knots at 0.01 (0.010) -0.03 (-1.76; 1.74) -19.94; 20.80 3.09 5.65
Quantiles, Random Intercept

Cubic Splines Mixed Effects, Knots at -0.02 (0.004) 0.02 (-0.68; 0.67) -11.99;9.24 1.29 1.46

Quantiles, Random Intercept and Slope

Cubic Splines Mixed Effects, Knots at 0.01 (0.010) -0.03 (-1.74; 1.74) -19.93; 20.76 3.09 5.64
Trimesters, Random Intercept

Cubic Splines Mixed Effects, Knots at -0.01 (0.004) 0.02 (-0.68; 0.69) -12.22;9.26 1.30 1.49

Trimesters, Random Intercept and Slope

Table A3-3. Summary statistics for differences between measured and predicted weights in twin pregnancies when pregnancies with

outlying weight measurements are excluded.

Main Conditional Conditional Residual, Linear Residual,
N=16338 Yotile, Linear % tile, Quadratic N=15804 Quadratic
N=16278 N=16305 N=16211
Method RMSE Range RMSE Range RMSE Range RMSE Range RMSE Range
Last Value Carried Forward 6.09 -22.68; 6.09 -8.62; 6.09 -22.68; 6.00 -22.68; 6.10 -22.68;
31.75 31.75 31.75 31.75 31.75
Linear Interpolation, Proximal 1.62 -24.10; 1.58 -12.51; 1.61 -24.10; 1.61 -12.51; 1.62 -24.10;
1341 6.68 11.18 1341 1341
Linear Interpolation, All 2.30 -2641; 2.25 -14.55; 2.30 -2641; 2.26 -14.55; 2.3 -2641;
15.77 7.87 11.80 15.77 15.77
Linear Interpolation, Ln- 2.17 -24.38; 2.11 -13.37; 2.16 -24.38; 2.13 -13.37; 2.16 -24.38;
Transformed 15.96 8.20 11.95 15.96 15.96
Quadratic Interpolation, All 1.75 -25.95; 1.72 -25.95; 1.74 -25.95; 1.74 -25.95; 1.74 -25.95;
12.58 8.82 11.12 12.58 12.58
Linear Mixed Effects, Random 3.20 -18.87; 3.17 -14.99; 3.19 -18.86; 3.15 -18.89; 3.20 -18.89;
Intercept 23.61 23.61 23.63 23.61 23.58
Linear Mixed Effects, Random 2.37 -23.98; 2.32 -13.61; 2.36 -23.98; 2.32 -13.61; 2.36 -23.98;
Intercept and Slope 16.09 11.99 11.99 16.07 16.09
Quadratic Mixed Effects, 2.87 -18.60; 2.83 -14.26; 2.86 -18.58; 2.83 -18.62; 2.87 -18.61;
Random Intercept 22.84 22.83 22.85 22.86 22.82
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Quadratic Mixed Effects, 1.70 -20.60; 1.65 -11.32; 1.69 -20.59; 1.70 -11.73; 1.69 -20.56;
Random Intercept and Slope 1491 7.97 11.19 15.07 14.86

Ln-Transformed Mixed 3.54 -22.74; 3.51 -22.80; 3.53 -22.73; 3.51 -22.78; 3.55 -22.80;
Effects, Random Intercept 21.19 19.72 19.75 21.12 21.20

Ln-Transformed Mixed 2.26 -21.69; 2.22 -12.95; 2.25 -21.68; 2.22 -12.95; 2.26 -21.69;
Effects, Random Intercept and 16.32 13.40 13.39 16.29 16.31

Slope

Fractional Polynomial Mixed 2.81 -18.76; 2.78 -15.15; 2.80 -18.75; 2.80 -18.71; 2.81 -18.78;
Effects, Random Intercept 2245 22.44 2246 2272 2242

Cubic Splines Mixed Effects, 2.82 -18.67; 2.78 -14.72; 2.81 -18.65; 2.79 -18.68; 2.82 -18.68;
Knots at Quantiles, Random 22.73 22.72 22.74 22.76 22.71

Intercept

Cubic Splines Mixed Effects, 1.56 -21.90; 1.47 -9.50; 1.55 -21.88; 1.56 -11.44; 1.54 -21.92;

Knots at Quantiles, Random 14.06 7.79 11.31 14.23 13.98
Intercept and Slope

Cubic Splines Mixed Effects, 2.82 -18.70; 2.78 -14.79; 2.80 -18.68; 2.78 -18.71; 2.82 -18.71;

Knots at Trimesters, Random 22.71 22.70 22.72 22.74 22.69
Intercept

Cubic Splines Mixed Effects, 1.55 -22.10; 1.46 -9.61; 1.53 -22.11; 1.54 -11.43; 1.53 -22.10;

Knots at Trimesters, Random 14.07 7.81 11.21 14.23 13.98

Intercept and Slope

Table A3-4. Summary statistics for differences between measured and predicted weights in singleton pregnancies when pregnancies with

outlying weight measurements are excluded.

Main Conditional Conditional Residual, Linear Residual,
N=65286 Yotile, Linear % tile, Quadratic N=64124 Quadratic
N=65120 N=65119 N=64781
Method RMSE Range RMSE Range RMSE Range RMSE Range RMSE Range
Last Value Carried Forward 487 -17.69; 4.85 -17.69; 4.86 -17.69; 4.85 -17.69; 487 -17.69;
36.29 36.29 36.29 36.29 36.29
Linear Interpolation, Proximal 1.46 -12.39; 1.45 -12.39; 1.45 -12.39; 1.46 -12.39; 1.45 -12.39;
9.38 9.38 9.38 9.38 9.38
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Linear Interpolation, All 191 -14.01; 1.90 -14.01; 1.91 -14.01; 1.9 -14.01; 1.91 -14.01;
10.04 10.04 10.04 10.04 10.04
Linear Interpolation, Ln- 1.87 -13.75; 1.86 -13.75; 1.86 -13.75; 1.86 -13.75; 1.86 -13.75;
Transformed 10.14 10.14 10.14 10.14 10.14
Quadratic Interpolation, All 1.59 -24 .88; 1.58 -24 .88; 1.58 -24 88; 1.59 -24 88; 1.58 -24 88;
10.87 9.38 10.87 9.81 10.87
Linear Mixed Effects, Random 3.18 -19.61; 3.16 -19.61; 3.17 -19.61; 3.17 -19.62; 3.18 -19.63;
Intercept 21.40 21.40 21.40 21.39 21.38
Linear Mixed Effects, Random 1.96 -13.93; 1.96 -13.93; 1.96 -13.93; 1.95 -13.93; 1.96 -13.93;
Intercept and Slope 10.13 10.13 10.12 10.10 10.11
Quadratic Mixed Effects, 3.05 -19.91; 3.04 -19.91; 3.05 -19.91; 3.05 -19.91; 3.05 -19.93;
Random Intercept 20.84 20.85 20.84 20.85 20.83
Quadratic Mixed Effects, 1.57 -10.91; 1.56 -10.91; 1.56 -10.97; 1.57 -10.65; 1.56 -10.91;
Random Intercept and Slope 9.62 9.62 9.61 9.68 9.63
Ln-Transformed Mixed 3.79 -22.80; 3.78 -22.80; 3.78 -22.80; 3.78 -22.80; 3.79 -22.82;
Effects, Random Intercept 19.94 19.93 19.93 19.94 19.93
Ln-Transformed Mixed 1.95 -13.62; 1.94 -13.62; 1.94 -13.62; 1.93 -13.63; 1.94 -13.62;
Effects, Random Intercept and 11.23 11.24 11.22 11.05 11.19
Slope
Fractional Polynomial Mixed 3.04 -19.96; 3.03 -19.96; 3.04 -19.96; 3.04 -19.96; 3.04 -19.98;
Effects, Random Intercept 20.82 20.83 20.83 20.83 20.81
Cubic Splines Mixed Effects, 3.04 -19.94; 3.02 -19.93; 3.03 -19.94; 3.04 -19.93; 3.04 -19.95;
Knots at Quantiles, Random 20.80 20.80 20.80 20.81 20.78
Intercept
Cubic Splines Mixed Effects, 1.45 -11.99; 1.44 -11.98; 1.43 -12.19; 1.46 -11.63; 1.44 -12.00;
Knots at Quantiles, Random 9.24 9.24 9.25 9.22 9.23
Intercept and Slope
Cubic Splines Mixed Effects, 3.03 -19.93; 3.02 -19.93; 3.03 -19.93; 3.03 -19.93; 303 -19.95;
Knots at Trimesters, Random 20.76 20.77 20.76 20.78 20.75
Intercept
Cubic Splines Mixed Effects, 1.45 -12.22; 1.44 -12.22; 1.43 -12.49; 1.46 -11.82; 1.44 -12.21;
Knots at Trimesters, Random 9.26 9.27 9.28 9.25 9.26

Intercept and Slope
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Connecting Manuscripts 1 and 2

In Manuscript 1, I emphasize that advanced statistical methods, including survival analyses,
require estimates of gestational weight gain between measurements collected at prenatal visits. In
Manuscript 2, I use the best interpolation method identified for both twins and singletons to estimate
gestational weight gain between all prenatal visits. I then examine the impact of time-varying
gestational weight gain on gestational age at birth using a time-to-event framework and incorporating

competing risks for type of delivery.



4. Manuscript 2

4.1. Title

Investigating the Relationship Between Maternal Weight Gain and Gestational Duration in Twin and
Singleton Pregnancies

4.2. Abstract:

Gestational weight gain predicts adverse maternal and infant health outcomes and is rarely
studied in twin pregnancies. In singletons, both low and high gestational weight gain are correlated
with preterm birth. In lieu of cumulative measures often used in studies of this relationship, such as
total or rate of weight gain, the Institute of Medicine has recommended capturing patterns or
trajectories of gestational weight gain in future research. We aimed to investigate the relationship
between time-varying gestational weight gain and gestational age at birth in twin pregnancies and
compare to that in singletons delivered in the same study population. We used serial weight
measurements abstracted from medical charts and routinely collected maternal and pregnancy
characteristics for a cohort of twin and case-cohort of singleton pregnancies delivered from 1998 and
2014 at Magee Women’s Hospital in Pittsburgh, Pennsylvania. Gestational weight gain was expressed
as time-varying z-scores calculated using pre-pregnancy BMI-stratified twin- and singleton-specific
charts, while gestational age at birth was assessed as a time-to-event outcome, with delivery following
spontaneous onset of labour, induced labour, and prelabour Caesarean considered competing risks. We
analyzed the relationship using an extension of the Cox proportional hazards model that allows both
non-linear and time-dependent effects of continuous covariates. We found a similar u-shaped
relationship between gestational weight gain and gestational age at birth as previously described in
singletons; we additionally observe that this is due to increased risk of early preterm spontaneous
delivery among pregnancies with low gestational weight gain, and increased risk of late preterm

delivery with no labour among pregnancies with high gestational weight gain. Our findings have
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implications for Institute of Medicine guidelines for gestational weight gain in twin pregnancies, which

are currently provisional.

4.3. Introduction

Gestational weight gain (GWG), or maternal weight gain during pregnancy, is a potentially
modifiable pregnancy characteristic®’ correlated with maternal and infant outcomes>#¢7. Previous
research among singleton pregnancies indicate that both low and high GWG are associated with
increased risk of preterm birth!2®. Twin pregnancies have increased in recent years*>, and experience
greater GWG* and higher incidence of poor perinatal outcomes, including preterm birth*!”. Despite
this, the contribution of GWG to perinatal health in twin pregnancies, and its relationship to that in
singletons, is understudied3®.

Several studies have aimed to quantify the effect of GWG on preterm birth in singletons,
however, most failed to account for the inherent correlation between total GWG and gestational
duration®-%5. Specifically, longer gestational duration generally yields greater total GWG. Since rate
of weight gain is higher in the second and third trimesters, studies that conceptualize GWG as average
rate of change across the entire pregnancy experience similar methodological shortcomings?. Studies
of cumulative measures of GWG and preterm birth produce biased estimates and are therefore difficult
to interpret.

Studies that account for the link between total GWG and gestational duration find modest u-
shaped relationships between both relatively low and high GWG and preterm birth among singleton
pregnancies. A large meta-analysis that examined combined effects of pre-pregnancy BMI and total
GWQG, conceptualized as z-score using an internal reference, found that low GWG, was associated with
1.15 to 1.82-fold increased odds of preterm birth, while high GWG was correlated with 1.23 to 2.94-
fold increased odds of preterm birth, compared to pregnancies with normal weight BMI and average

GWG?®. A study among women with normal weight and overweight pre-pregnancy BMI found u-
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shaped relationships of similar magnitude and noted that effects were attenuated when using z-score
charts to account for gestational duration compared to cumulative total measures>.

Recently, researchers have recommended investigating preterm birth, and more broadly
gestational age (GA) at birth, within a time-to-event framework?’. Instead of examining preterm birth
as a binary outcome, time-to-event analyses capture the continuum of gestational duration, from
extreme, severe, and moderate prematurity!’ to late preterm, early to late term, and post term?2.
Additionally, time-to-event analyses easily incorporate time-varying exposures, namely GWG per day
of GA, as well as competing risks, such as deliveries following spontaneous versus induced onset of
labour. Preserving original measures of both GWG and GA at birth may increase both precision and
relevance of effect estimates?’.

We are aware of two studies that have investigated GWG and preterm birth in a time-to-event
framework?’#¢. One conceptualized GWG in kilograms linearly interpolated between measurements as
the exposure of interest*’, while the other investigated area under the GWG curve (termed “pound-
days”), where GWG was estimated between visits using restricted cubic splines and random intercepts
and slopes®¢. Both studies found that high GWG was associated with lower relative hazard of
delivery?’#¢, while the latter made additional conclusions about the pattern of GWG. Specifically, this
study noted that earlier accumulated pound-days decreased hazard of delivery, though first trimester
GWG was not considered in the analysis®®. Importantly, neither study incorporated non-linear
relationships between time-varying GWG and time-to-delivery, despite the previously described u-
shaped relationship between total GWG and preterm birth. Neither study investigated types of delivery
as competing risks, and either grouped all types of delivery or focused on relationships in spontaneous
deliveries. Importantly, neither study included twin pregnancies in the analysis.

We aimed to investigate the relationship between time-varying GWG and GA at birth in twin

pregnancies and compare it to that in singletons. Since twins are less common than singletons, and are
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typically delivered at earlier gestational ages, we were especially interested in similarities in the shape
of the relationship between GWG and GA at birth, as well as its magnitude across GA. We
hypothesized that twin and singleton pregnancies differ on the range of GWG associated with minimal
risk of delivery (i.e. higher in twins) as well as the range of GAs at which effects are strongest (i.e.

earlier in twins).

4.4. Methods

We analyzed data assembled for a cohort of diamniotic twin and case-cohort of singleton
pregnancies delivered from 1998-2013 at Magee-Women’s Hospital in Pittsburgh, Pennsylvania.
Parent studies selected all twin pregnancies delivered from 1998-2013, and a random sample of
singleton pregnancies within six strata of pre-pregnancy BMI (underweight, normal weight,
overweight, obese class I, obese class II, obese class III). Pregnancies resulting in preterm birth were
also over-selected in the parent singleton case cohort, though we examined gestational age at birth
continuously in the current study. Serial weight measurements were abstracted from clinical charts,
while pre-pregnancy/delivery weight and maternal/pregnancy characteristics were obtained from the
Magee Obstetric Maternal and Infant Database and supplemented with vital statistics information
collected by the state of Pennsylvania. Details of both twin cohort and singleton case-cohort have been
previously described.*”%

We assessed all available pregnancies for inclusion in the current study. We excluded the
second twin pregnancy per mother and twin pregnancies with monochorionic placentation. We
additionally excluded any pregnancies with missing/implausible maternal pre-pregnancy weight,
height, delivery weight, or gestational age at birth, no available serial weight measurements, presence
of any gestational weight gain measurements that could not be converted to gestational age-
standardized weight gain z-scores using twin- and singleton-specific charts, or missing key covariates.

Since comparing the shape/strength of relationship in twins to that among singleton pregnancies was a
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secondary objective of this study, we restricted singleton analyses to women with normal weight pre-
pregnancy BMI. Twin and singleton pregnancies were analyzed in separate statistical models.

Our primary exposure of interest was time-varying GWG, which we calculated in kilograms as
the delivery or prenatal weight minus the pre-pregnancy weight. For gestational ages at which weight
was not measured (i.e. days between prenatal visits), we estimated GWG by pooling all pregnancies
within plurality and using linear regression with restricted cubic splines for gestational age, knots at
trimesters, and random intercepts and slopes for pregnancy to obtain estimates through interpolation;
we previously found this interpolation method to most accurately and precisely estimate GWG between
measurements.

We then converted time-varying GWG to GA-standardized z-scores using plurality- and pre-
pregnancy BMI-specific charts. We standardized GWG because a key assumption of our statistical
model is that the shape of the relationship between exposure and outcome is constant, although the
strength can vary over the time scale®’. We anticipated that time-varying GWG as an arithmetic
measure may violate this assumption; for example, a weight gain of 10 kg accumulated by the second
versus third trimester may have different implications for gestational duration. Conversely, we
expected that a GA-standardized GWG z-score at or near zero may consistently be associated with
minimal risk for delivery across GA, with the exception of at/after term, where GWG z-score at or near
zero may be associated with optimally-timed delivery. We calculated GA-standardized GWG z-scores
by comparing natural log-transformed GWG using twin- and singleton-specific charts stratified by pre-
pregnancy BMI.#7#8 Since twin- and singleton-specific charts were developed within pre-pregnancy
BMI categories, we anticipated that effect measure modification by pre-pregnancy BMI, which has
been observed in studies of GWG and preterm birth, may be avoided using this strategy. We tested this

and other assumptions in sensitivity analysis.
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Our primary outcome was gestational duration, which we analyzed as time-to-delivery in days
of GA. First, we defined an event as any type of delivery. Second, we considered delivery following
spontaneous onset of labour, induction, and deliveries without labour (i.e. prelabour Caesarean) as
competing risks; specifically, we assumed ongoing pregnancies were at risk for any delivery, while
occurrence of one type precluded risk for the other two types of delivery. In these models, we defined
an event as type of delivery of interest, for example spontaneous onset of labour, and censored
pregnancies at occurrence of the other types of delivery, for example induced deliveries or deliveries
without labour; we repeated this process for each type of delivery.

We investigated relationships using a flexible extension of the Cox proportional hazards
model®’, otherwise known as the product method, which incorporates both non-linear and time-
dependent effects of GWG on time-to-delivery; this model allowed us to simultaneously quantify the
shape of the relationship across GWG z-score and the strength of the relationship across GA. In
particular, we could discern whether the relationship between GWG and gestational duration was u-
shaped, as previously described in singletons, and whether it was more prominent at certain gestational
ages. We considered 20 weeks’ GA as time zero, and adjusted models for a pre-defined list of
covariates, namely year of delivery (continuous; linear/quadratic terms), parity
(nulliparous/primiparous or multiparous), maternal age (continuous; linear/quadratic terms, with
quadratic term centred at 25), pre-pregnancy body mass index (continuous; linear/quadratic terms, with
quadratic term centred at 21.7 kg/m?), race (white, non-Hispanic black, Hispanic/other), education (less
than high school, high school, some college/associates, college graduate), insurance (private/other,
Medicaid/self-pay), marital status (married/unmarried), smoking status (ever/never), pre-existing
hypertension, diabetes, polycystic ovary syndrome, and use of assisted reproductive technology
(yes/no). We generated bootstrapped 95% confidence intervals with 100 repetitions . We fit the

following model, where M(GAIGWG, C;)/ Lo(GA) is relative hazard of delivery, B(GA) is a function for
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the strength of the relationship or time-dependent effect, r(GWGga,) is a function for the shape of the
relationship or non-linear effect, and Za,,C; are functions for covariate effects:
A(GA|GWG, C;) = Ay(GA)ePEAT([GWEga) + X aiCi

We compared fit of models with time-varying GWG in kilograms as the exposure, with/without
non-linear and/or time-dependent effects, with different number of knots and/or degrees of splines, and
incorporating effect measure modification of pre-pregnancy BMI by multiplying GWG by pre-
pregnancy BMI and adjusting for this using either linear/quadratic terms centred on 21.7 kg/m?, which
is the midpoint of the normal weight pre-pregnancy BMI category, or functions for non-linear/time
dependent effects generated by the product method. We assessed whether these modifications
substantially improved model fit by comparing model fit statistics, including Akaike information
criteria (AIC), which represents model deviance adjusted for number of parameters®. For AIC, a lower
value indicated better model fit, and differences of more than 4 to 10 are typically interpreted as being
meaningful®. For both twin and singleton pregnancies, we censored at median GA (36.3 weeks’ GA
for twins and 38.9 weeks’ GA for singletons) to confirm that the shape of the relationship was similar
in early versus late pregnancy. We additionally censored at optimal gestation for twin and singleton
pregnancies, or 37 and 38 weeks’ respectively?*2°, in sensitivity analyses.

Analyses were performed with Stata 14.27%, R 3.5.1°!, and Microsoft Excel 16.26. Ethical
approval was obtained from University of Pittsburgh and University of British Columbia for parent
studies, and from McGill University Faculty of Medicine Institutional Review Board for the current
study.

4.5. Results

We retained 2021 twin and 1852 singleton pregnancies in the primary analysis (Figures 4-1 and

4-2). We excluded 243 twin pregnancies with missing/implausible pre-pregnancy weight, height,

delivery weight, gestational age, and/or serial weight measurements; we additionally excluded 9
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pregnancies with GA at birth/fetal death on or prior to 20 weeks’ GA, 1 pregnancy with at least one
serial weight (either measured or imputed) on or after 20 weeks’ gestational age that could not be
converted to z-score using existing twin-specific chart (i.e. GWG less than or equal to the constant
added prior to log-transformation in the authors’ formula*’), and 35 pregnancies with missing
covariates. Overall, we retained greater than 85% of the parent dichorionic twin cohort .

Table 4-1 displays the characteristics of women with twin pregnancies stratified by quartiles of
total GWG z-score calculated using the twin-specific chart. Generally, women in the lowest total
GWG z-score quartile were less educated, more frequently of non-Hispanic black/other race, less
frequently married, more frequently insured by Medicaid, less frequently nulliparous, and more
frequently classified as ever-smoker. Women in the lowest quartile were also more likely experience
spontaneous delivery and stillbirth. Conversely, pregnancies in the highest total gestational weight
gain z-score were more frequently nulliparous and more likely to be classified as having pre-existing
hypertension and diabetes. Overall, deliveries following spontaneous onset of labour were most
frequent (56.9%), while no labour and deliveries following induction of labour were less common
(26.7% and 16.5%, respectively). Median total gestational weight gain ranged from 9.5 kg in the
lowest to 24.9 kg in the highest quartile, while median and interquartile range of gestational age at birth
appeared similar across quartiles.

Table 4-2 displays the characteristics of normal weight pre-pregnancy BMI women with
singleton pregnancies stratified by quartiles of total GWG z-score calculated using a singleton-specific
chart. Crude relationships observed between covariates and GWG z-score quartile were similar to
those described in twins, with the exception of stillbirth and pre-existing hypertension, both of which
were rare across quartiles. In singletons, spontaneous deliveries were most frequent (56.4%), followed

by induced deliveries (37.6%). Deliveries without labour were rare in singleton pregnancies (6.0%).
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Figure 4-3 displays relationships between time-varying gestational weight gain z-score and
relative hazard of delivery (any, spontaneous, induced, and no labour) at 28 to 38 weeks’ gestational
age for twin pregnancies. When all types of delivery were considered, we observed an increased
relative hazard of delivery at earlier gestational ages among women with low GWG, and an increased
relative hazard of delivery at later gestational ages among women with high GWG. Among twins, the
lowest hazard of any type of delivery was correlated with a z-score of 0.9, which corresponds to several
values of GWG depending on pre-pregnancy BMI and GA by which GWG occurred. For example, at
30 weeks’ GA, z-score of 0.9 corresponds to approximately 20 kg in underweight/normal
weight/overweight women, and 17 kg among women with obese pre-pregnancy BMI. Similarly, at 36
weeks’ GA, a z-score of 0.9 corresponds to approximately 25 kg in underweight/normal weight
women, 26 kg in overweight women, 23 kg in obese women.

When only deliveries following spontaneous onset of labour were considered and induced/no
labour deliveries were censored at birth, we observed an increased relative hazard of delivery at 28-34
weeks among women with low GWG, which gradually attenuated as gestational age increased.
Relative hazard of spontaneous delivery increased monotonically at z-scores at or less than 1.1; this
corresponds to 20-24 kg among underweight/normal weight women, 19-25 kg among overweight
women, and 18-23 kg among obese women gained between 28-34 weeks’ GA, respectively.

When only deliveries without labour were considered, we observed a monotonically increased
relative hazard of delivery from 32-38 weeks, which was most precisely estimated at 36 weeks. When
only deliveries following induction of labour were considered, we observed a shape similar to that for
deliveries without labour, but relationships were statistically null. Relative hazard by GWG for
deliveries following spontaneous onset of labour at 38 weeks, induced deliveries and deliveries without
labour at 28-30 weeks, as well as all delivery types at 40 weeks not shown due to the paucity of events

at these gestational ages in twin pregnancies.
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Relationships in singleton pregnancies exhibited both similarities and differences when
compared to twin pregnancies (Figure 4-4). Similar to twins, low GWG was correlated with increased
relative hazard of spontaneous delivery at 30-32 weeks’ GA among singleton pregnancies. Conversely,
both relatively low and high GWG were associated with increased hazard of induced delivery at 36-38
weeks’ GA in singletons. Minimum relative hazard of induced delivery was observed at a z-score of -
0.3, or approximately 13-14 kg of GWG at 36-38 weeks’ GA, respectively, among women with normal
weight pre-pregnancy BMI. Inferences regarding the relationship between GWG and time-to-delivery
without labour were unclear due to the rarity of this outcome, particularly at early gestational ages.
Relationships between GWG and relative hazard of any delivery at 28 weeks’ GA, induced/no labour
delivery at 30-32 weeks’ GA, and no labour delivery at 34-36 weeks’ GA are not shown due to paucity
of events in singleton pregnancies.

Among twins, model fit improved when using GWG z-score versus GWG in kg and
incorporating both non-linear and time-dependent effects (Table 4A-1). Models with 1 knot/2 degrees
or 2 knots/3 degrees fit better than those with 2 knots/2 degrees and 1 knot/3 degrees. Since the model
with 2 knots/3 degrees produced similar shapes of effect at common z-scores as the model with 1
knot/2 degrees yet produced implausible shapes of effect at extreme z-scores, we chose to model
relationships using splines with 1 knot/2 degrees. Incorporating effect modification by pre-pregnancy
BMI appeared important when investigating GWG in kg, but less important when examining GWG z-
score as the exposure of interest. Furthermore, addition of pre-pregnancy BMI as a covariate did not
improve model fit when examining GWG z-score, likely because z-score is already calculated within
strata of pre-pregnancy BMI. Model fit in singletons followed similar patterns, although AIC was
lowest when examining GWG in kg and incorporating pre-pregnancy BMI as both a covariate and
effect modifier. Since singleton analyses was already restricted to normal weight pre-pregnancy BMI,

we did not include precise BMI as a covariate or effect modifier in primary analyses. Model fit
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improved with the addition of all covariates that may confound the relationship between GWG z-score
and time-to-delivery in both twin and singleton pregnancies. Additionally, censoring pregnancies at
either median GA or 37 weeks for twins (n=805 or 39.8% censored) and 38 weeks for singletons

(n=1123 or 60.6% censored) did not substantially change the shapes of observed effects.

4.6. Discussion

We found considerable evidence for increased risk of preterm birth among twin pregnancies
with relatively low GWG, and limited evidence of increased risk of preterm birth among those with
relatively high GWG, which mimics the u-shaped relationship commonly reported in singletons. Our
findings appear to suggest two separate phenomena: (1) Increased risk of early spontaneous preterm
delivery among twin pregnancies with low GWG and (2) Increased risk of no labour preterm delivery
among those with high GWG. We find evidence for both non-linear and time-dependent effects of
GWG on GA at birth among twins.

We used innovative methods to study GWG as a time-varying covariate, allowed effects to vary
by GA, and treated of delivery as competing risks; we are unaware of any studies that have taken this
approach, particularly among twin pregnancies. While our methods are novel, our findings are
consistent with prior research in singletons , yet strengthen the evidence base for GWG in twin
pregnancies. Specifically, our results suggest minimum hazard of induced delivery among singleton
pregnancies of normal weight women that gain 13-14 kg by 36-38 weeks’ GA; this is squarely within
the range of 11.5 to 16 kg total GWG recommended by current IOM guidelines*. Conversely, our
results suggest that GWG in the range of 20 to 25 kg between 28 and 36 weeks’ GA is associated with
minimal hazard of delivery among twin pregnancies in normal weight women; this is on the higher end
of current provisional guidelines, which recommend 17 to 25 kg total GWG for twin pregnancies of

women with normal weight pre-pregnancy BMI*. Our results are consistent with research that
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suggests a u-shaped relationship between GWG and GA; we found analogous relationships between
GWG and GA at birth in twins and singletons.

Results of our study also strengthen the rationale for studying both GWG and GA at birth as
continuous measures. We studied GWG as a time-varying continuous covariate rather than examining
cumulative total or rate of GWG or as a ratio of adequacy with current guidelines. Our exposure
conceptualization, namely GWG for GA z-score calculated using twin- and singleton-specific charts,
facilitates meaningful interpretation of effects associated with one-unit increases in GWG across
gestational age. GWG is typically conceptualized in kilograms, although a one-kilogram increase is
not equally meaningful in the first versus second/third trimesters.

Previous research suggests increased risk of spontaneous delivery among pregnancies with low
GWG and increased risk of induced delivery among pregnancies with high GWG when examining
these outcomes separately in singleton pregnancies.** Our study corroborates these findings in twin
pregnancies while also considering types of delivery together in as competing risks. Furthermore, our
study identifies potential critical periods for effects of GWG; specifically, relatively low GWG confers
higher risk of spontaneous delivery at 28 to 32 weeks” GA, while relatively high GWG presents higher
risk of delivery with no labour only at 34-36 weeks” GA. This may have important implications for the
clinical monitoring of GWG in both twin and singleton pregnancies.

Our study had many strengths, including exposure and outcome definitions that maintained
precision of GWG and GA at birth instead of using categorical measures. We also leveraged a new
extension of the Cox proportional hazards model to evaluate both non-linear and time-dependent
effects of GWG, which followed from similar research in singletons employing a time-to-event
framework?’. Instead of producing a single effect estimate in the context of a time-to-event framework,
our model allowed us to simultaneously examine the strength and shape effects. We analyzed a wealth

of data from two large cohorts of twin and singleton pregnancies from the same study population,
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including prenatal weight measurements abstracted from medical charts. Our data sources and
approach allowed us to compare results in twin and singleton pregnancies.

Although our statistical approach is advanced in comparison to other studies, the extended Cox
proportional hazards method is limited in that it assumes a single shape of effect across gestational age.
For example, if the relationship between GWG and relative hazard of delivery was linear at 28 weeks’
GA and bimodal at 32 weeks” GA, the model may inaccurately specify the relationship as a mix of
these two functions. We feel this is unlikely to have occurred, particularly since our findings mirror
those found in previous studies in singletons. We additionally addressed this limitation by converting
arithmetic GWG to GA-specific z-scores to improve model stability. Given the increase in parameters
needed, we lacked power to fully incorporate effect modification by pre-pregnancy BMI; however, we
calculated GWG z-scores using BMI-stratified charts, thus reducing the need for such parameters. Our
approach also necessitated an estimate for GWG per day of GA, which we estimated using available
pre-pregnancy, delivery, and prenatal weights. Interpolating between measurements produces some
error; however, the method we employed produced error that was non-differential with respect to both
GA and total number of measurements, which would likely bias results towards the null. It is possible
that estimates of gestational age differed with respect to accuracy/precision among twins and singletons
in our study population. For example, gestational age estimates were less precise in twins than in
singletons, this may comparatively bias effect estimates among twins towards the null; if gestational
age estimates were less accurate in twins than in singletons, this may comparatively bias effect
estimates for twins either towards or away from the null. However, prior research in in vitro
fertilization pregnancies note that ultrasound-based gestational age estimation performs with similar
accuracy and precision in twin and singleton pregnancies®?. Our model simultaneously estimated
several parameters, including coefficients for covariates and spline terms for non-linear/time-dependent

effects of GWG, which is statistically more complex than typical approaches. However, our strategy
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was informed by varying effects of GWG among different subtypes of preterm birth, within different
strata of pre-pregnancy BMI, and at different ranges of GWG and GA that has been reported in
previous studies. Therefore, we feel our approach more accurately reflects the complexity of the
relationship between GWG and preterm birth.

We conclude that both low and high GWG are associated with GA at birth among twin
pregnancies. Additionally, we highlight that increased risk for early spontaneous preterm delivery
among pregnancies with low GWG and increased risk for late preterm birth without labour jointly
contribute to this relationship. Our results mirror the relationship found in singletons, while also

strengthening the evidence base for GWG guidelines in twin pregnancies.
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4.7. Tables

Table 4-1. Sample characteristics by total GWG z-score in twin pregnancies. Continuous variables

presented as median (25th percentile; 75th percentile), categorical variables presented as number

(percentage), and covariates at the level of the mother/pregnancy unless otherwise stated.

Characteristic 1(-9.3;-0.8) 2(-0.8;-0.2) 3(-0.2;04) 4(04;3.0) All
N 506 505 505 505 2021
Maternal Age (years)? 304 (6.5) 30.6 (5.7) 30.8 (5.6) 30.2 (5.8) 30.5(5.9)
Maternal Education
<High School 39 (7.7) 24 (4.8) 214.2) 28 (5.5) 112 (5.5)
High School/GED 117 (23.1) 102 (20.2) 83(164) 108 (214) 410 (20.3)
Some 116 (22.9) 116 (23.0) 95 (18.8) 114 (22.6) 441 (21.8)
College/Associates
College Graduate 234 (46.2) 263 (52.1) 306 (60.6) 255(50.5) 1058 (52.4)
Race
Non-Hispanic 360 (71.1) 394 (78.0) 430 (85.1) 414 (82.0) 1598 (79.1)
White
Non-Hispanic 117 (23.1) 91 (18.0) 59 (11.7) 79 (15.6) 346 (17.1)
Black
Hispanic 3(0.6) 6(1.2) 2(04) 6(1.2) 17 (0.8)
Other 26 (5.1) 14 (2.8) 14 (2.8) 6(1.2) 60 (3.0)
Married
Yes 328 (64.8) 347 (68.7) 382 (75.6) 355(70.3) 1412 (69.9)
No 178 (35.2) 158 (31.3) 123 (24.4) 150 (29.7) 609 (30.1)
Insurance
Private/Other 296 (58.5) 326 (64.6) 336 (66.5) 318 (63.0) 1276 (63.1)
Medicaid/Self-Pay 210 (41.5) 179 (354) 169 (33.5) 187 (37.0) 745 (36.9)
Parity
Nulliparous 188 (37.2) 211 (41.8) 259 (51.3) 282 (55.8) 940 (46.5)
Primiparous 183 (36.2) 166 (32.9) 145 (28.7) 133 (26.3) 627 (31.0)
Multiparous 135 (26.7) 128 (25.3) 101 (20.0) 90 (17.8) 454 (22.5)
Pre-pregnancy BMI
Category
Underweight 15 (3.0) 214.2) 214.2) 7(14) 64 (3.2)
Normal Weight 244 (48.2) 225 (44.6) 232 (45.9) 259 (51.3) 960 (47.5)
Overweight 130 (25.7) 130 (25.7) 138 (27.3) 119 (23.6) 517 (25.6)
Obese 117 (23.1) 129 (25.5) 114 (22.6) 120 (23.8) 480 (23.8)
Pre-existing Diabetes
Yes 14 (2.8) 9(1.8) 14 (2.8) 20 (4.0) 57 (2.8)
No 492 (97.2) 496 (98.2) 491 (97.2) 485(96.0) 1964 (97.2)
Pre-existing Hypertension
Yes 29 (5.7) 32(6.3) 214.2) 31(6.1) 113 (5.6)

73



No 477 (94.3) 473 (93.7) 484 (95.8) 474 (939) 1908 (94.4)
Pre-existing Polycystic
Ovarian Syndrome

Yes 15 (3.0) 15 (3.0) 14 (2.8) 15 (3.0) 59 (29)

No 491 (97.0) 490 97.0) 491 (97.2) 490 (97.0) 1962 (97.1)
Ever Smoker

Yes 90 (17.8) 70 (13.9) 55 (10.9) 70 (13.9) 285 (14.1)

No 416 (82.2) 435 (86.1) 450 (89.1) 435 (86.1) 1736 (85.9)
Interpregnancy Interval

<18 months 188 (37.2) 211 (41.8) 259 (51.3) 282 (55.8) 940 (46.5)

>=18 months 60 (11.9) 55 (10.9) 47 (9.3) 31(6.1) 193 (9.5)

Nulliparous 130 (25.7) 130 (25.7) 91 (18.0) 92 (18.2) 443 (21.9)

missing 128 (25.3) 109 (21.6) 108 (21.4) 100 (19.8) 445 (220)
Assisted Reproductive
Technology

Yes 140 (27.7) 139 (27.5) 176 (34.9) 148 (29.3) 603 (29.8)

No 366 (72.3) 366 (72.5) 329 (65.1) 357 (70.7) 1418 (70.2)
Number of Unique Weight 120 120 120 120 120
Measurements (9.0;14.0) (10.0;15.0) (10.0;14.0) (10.0;14.0) (10.0;14.0)
Gestational Age at Birth 36.4 36.6 36.3 36.0 36.3
(weeks) (33.9;380) (34.0;38.0) (34.0;37.7) (34.0;37.3) (34.0;37.9)
Ultrasound

Yes 506 (100.0) 504 (99.8) 505 (100.0) 505 (100.0) 2020

(100.0)

No 0(0.0) 1(0.2) 0(0.0) 0(0.0) 1(0.0)
Gestational Age at First 123 11.7 119 123 120
Ultrasound (weeks) (8.4;18.0) (8.0;18.1) (8.0;18.2) (7.9;18.4) (8.1;18.3)

missing 24 (4.7) 26 (5.1) 24 (4.8) 25(5.0) 99 (4.9)
Type of Delivery

Spontaneous 314 (62.1) 278 (55.0) 285 (56.4) 272 (53.9) 1149 (56.9)

Induced 77 (15.2) 94 (18.6) 69 (13.7) 93 (18.4) 333 (16.5)

No Labor 115 (22.7) 133 (26.3) 151 (29.9) 140 (27.7) 539 (26.7)
Delivery Route
(Twin A)

Vaginal 248 (49.0) 234 (46.3) 219 (43.4) 207 (41.0) 908 (44.9)

Caesarean Section 258 (51.0) 271 (53.7) 286 (56.6) 298 (59.0) 1113(55.1)
Delivery Route (Twin B)

Vaginal 218 (43.1) 218 (43.2) 197 (39.0) 186 (36.8) 819 (40.5)

Caesarean Section 288 (56.9) 287 (56.8) 308 (61.0) 319 (63.2) 1202 (59.5)
Stillbirth (Twin A)

Yes 6(1.2) 2(04) 0(0.0) 1(0.2) 9(04)

No 500 (98.8) 503 (99.6) 505 (100.0) 504 (99.8) 2012 (99.6)
Stillbirth (Twin B)
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Yes 7(1.4) 2(04) 3(0.6) 4(0.8) 16 (0.8)

No 499 (98.6) 503 (99.6) 502 (99.4) 501 (99.2) 2005 (99.2)
Total Gestational Weight 95 154 19.5 249 16.8
Gain (kg) (5.9:;12.7) (12.7;17.7)  (16.8;21.3) (22.7;28.1) (12.2;21.8)
Total Gestational Weight -1.3(-1.7; -0.5 (-0.6; 0.1 (-0.1; 0.8 (0.6; -0.2 (-0.8;
Gain (z-score) -1.0) -0.3) 0.2) 1.1) 04)

“Mean(SE)

Table 4-2. Sample characteristics by total GWG z-score in singleton pregnancies. Continuous

variables presented as median (25th percentile; 75th percentile), categorical variables presented as

number (percentage).

Characteristic 1(-7.9;-0.8) 2(-0.8;-0.2) 3(-0.2;0.5) 4(0.5;3.9) All
N 464 464 462 462 1852
Maternal Age (years)? 284 (6.7) 293(64) 29.1 (6.1) 28.6 (6.0) 28.8 (6.3)
Maternal Education
<High School 58 (12.5) 43 (9.3) 32 (6.9) 34 (74) 167 (9.0)
High School/GED 123 (26.5) 96 (20.7) 93 (20.1) 89 (19.3) 401 (21.7)
Some 100 (21.6) 85 (18.3) 96 (20.8) 127 (27.5) 408 (22.0)
College/Associates
College Graduate 183 (39.4) 240 (51.7) 241 (52.2) 212 (45.9) 876 (47.3)
Race
Non-Hispanic 331 (71.3) 365 (78.7) 379 (82.0) 374 (81.0) 1449 (78.2)
White
Non-Hispanic 98 (21.1) 62 (13.4) 44 (9.5) 68 (14.7) 272 (14.7)
Black
Hispanic 10 (2.2) 4(0.9) 204 4(0.9) 20 (1.1)
Other 25(54) 33 (7.1) 37 (8.0) 16 (3.5) 111 (6.0)
Married
Yes 267 (57.5) 312 (67.2) 316 (68.4) 282 (61.0) 1177 (63.6)
No 197 (42.5) 152 (32.8) 146 (31.6) 180 (39.0) 675 (36.4)
Insurance
Private/Other 250 (53.9) 280 (60.3) 299 (64.7) 283 (61.3) 1112 (60.0)
Medicaid/Self-Pay 214 (46.1) 184 (39.7) 163 (35.3) 179 (38.7) 740 (40.0)
Parity
Nulliparous 186 (40.1) 219 (47.2) 244 (52.8) 268 (58.0) 917 (49.5)
Primiparous 166 (35.8) 165 (35.6) 131 (28.4) 117 (25.3) 579 (31.3)
Multiparous 112 (24.1) 80 (17.2) 87 (18.8) 77 (16.7) 356 (19.2)
Pre-existing Diabetes
Yes 204) 0 (0.0) 5(1.1) 7(1.5) 14 (0.8)
No 462 (99.6) 464 (100.0) 457 (98.9) 455 (98.5) 1838(99.2)
Pre-existing Hypertension
Yes 204) 3(0.6) 6 (1.3) 204) 13 (0.7)
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No 462 (99.6) 461 (99.4) 456 (98.7) 460 (99.6) 1839 (99.3)
Ever Smoker

Yes 99 (21.3) 88 (19.0) 73 (15.8) 73 (15.8) 333 (18.0)

No 365 (78.7) 376 (81.0) 389 (84.2) 389 (84.2) 1519 (82.0)
Number of Unique Weight 110 120 120 120 120
Measurements (9.0;13.0) (10.0;14.0) (10.0;140) (10.0;150) (10.0;14.0)
Gestational Age at Birth 38.5 39.0 389 389 389
(weeks) (35.8;39.7) (364;400) (36.3;40.0) (36.3;39.9) (36.3;39.9)
Ultrasound

Yes 456 (98.3) 455 (98.1) 455 (98.5) 458 (99.1) 1824 (98.5)

No 8(1.7) 9(1.9) 7(1.5) 4(0.9) 28 (1.5)
Gestational Age at First 17.1 159 169 139 160
Ultrasound (weeks) (10.3;19.3) (10.7;18.9) (10.0;19.0) (9.3;19.1) (10.0;19.0)

missing 29 (6.3) 31 (6.7) 24 (5.2) 25(54) 109 (5.9)
Type of Delivery

Spontaneous 270 (58.2) 257 (55.4) 269 (58.2) 248 (53.7) 1044 (56 4)

Induced 172 (37.1) 173 (37.3) 167 (36.1) 184 (39.8) 696 (37.6)

No Labor 22 (4.7) 34 (7.3) 26 (5.6) 30 (6.5) 112 (6.0)
Delivery Route

Vaginal 375 (80.8) 363 (78.2) 350 (75.8) 346 (74.9) 1434 (774)

Caesarean Section 89 (19.2) 101 (21.8) 112 (24.2) 116 (25.1) 418 (22.6)
Stillbirth

Yes 1(0.2) 1(0.2) 0(0.0) 2(04) 4(0.2)

No 463 (99.8) 463 (99.8) 462 (100.0) 460 (99.6) 1848 (99.8)
Total Gestational Weight 9.1 12.7 159 204 14.1
Gain (kg) (6.8;10.4) (11.8;13.6) (14.5;16.8) (19.1;240) (10.9;17.7)
Total Gestational Weight -14(-18;- -05(0.6;- 0.1(0.003) 1.0(0.7;1.5) 0.2 (-
Gain (z-score) 1.0) 0.3) 0.8;0.5)

“Mean(SE)

76



4.8. Figures

Figure 4-1. Twin pregnancy sample selection.
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Figure 4-2. Singleton pregnancy sample selection.
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Figure 4-3. Relationship between time-varying GWG z-score and relative hazard of delivery by GA and type of delivery in twin

pregnancies.
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Figure 4-4. Relationship between time-varying GWG z-score and relative hazard of delivery by GA and type of delivery in singleton

pregnancies.
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4.9. Appendix

Figure A4-1. Model fit statistics by addition/modification of parameters.

Model Parameters Deviance AIC (.jhange Parameters Deviance AIC (.jhange
in AIC in AIC
Exposure
GWG (kg) 26709.16 26723.16 REF 7 24126.8 24140.8 REF
GWG (z-score) 26704.46 26718.46 -4.7 7 24140.08 2415408 13.28
Covariate = Pre-Pregnancy BMI
None 7 26704.46 2671846  REF 7 2414008 2415408 REF
Linear/Quadratic 9 26704.46 2672246  4.00 9 24136.66 24154.66  0.58
Product Method (No TD, No NL) 8 26704.46 2672046  2.00 8 24136.78 24152.78 -1.30
Product Method (TD, No NL) 11 26700.28 26722.28  3.82 11 24120.76 2414276 -11.32
Product Method (No TD, NL) 10 26702.44 2672244 398 10 24136.56 2415656 248
Product Method (TD and NL) 14 26695.06 26723.06  4.60 14 24119.26 2414726 -6.82
Time-Dependent and Non-Linear Effects
No TD, No NL 1 26732.28 2673428 REF 1 24166.06 2416806 REF
TD, No NL 3 2672294 2672894 -534 4 24136.66 24144.66 -23.40
No TD, NL 4 26708.44 2671644 -17.84 3 241533 241593 -8.76
TD and NL 7 26704.46 2671846 -15.82 7 24140.08 2415408 -13.98
Splines Knots/Degrees
1 Knot, 2 Degrees 7 26704.46 2671846  REF 7 2414008 2415408 REF
1 Knot, 3 Degrees 9 26711.14 26729.14 10.68 9 24137.22 2415522 1.14
2 Knots, 2 Degrees 9 2670298 2672098 252 9 241353 241533  -0.78
2 Knots, 3 Degrees 11 26688.32 2671032 -8.14 11 24137.1  24159.1 5.02
Effect Modification (GWG in kg)
None 7 26709.16 26723.16 REF 7 24126.8 24140.8 REF
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Linear/Quadratic 11 26687.2 267092 -13.96 11 2412454 2414654  5.74

Product Method (TD and NL) 21 26672.82 26714.82 -8.34 21 24093.44 2413544 -5.36
Effect Modification (GWG in z-score)

None 7 26704.46 2671846  REF 7 24140.08 2415408 REF

Linear/Quadratic 11 26694.86 26716.86 -1.60 11 2413532 2415732 324

Product Method (TD and NL) 21 26669.32 2671132 -7.14 21 24098.14 24140.14 -13.94
Covariate = Confounders

None 7 26704.46 2671846  REF 7 24140.08 2415408 REF

Including All Confounders 24 26621.1  26669.1 -49.36 22 24022.86 24066.86 -87.22
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Connecting Manuscripts 2 and 3

In Manuscript 2, I examine the relationship between gestational weight gain and gestational age
at birth in a time-to-event framework for both twin and singleton pregnancies. I find similarities in the
shape of the relationship between gestational weight gain and spontaneous delivery by plurality, and
differences in the relationship between gestational weight gain and induced delivery by plurality. In
Manuscript 3, I combine information on both twin and singleton pregnancies to examine whether
increased incidence of gestational diabetes in twin pregnancies can be attributed to increased
gestational weight gain. Similar to Manuscript 2, I leverage what is known about the relationship
between gestational weight gain and gestational diabetes in singleton pregnancies to investigate the role

of this exposure among twins.



5. Manuscript 3

S.1. Title
Increased Risk of Gestational Diabetes in Twin Pregnancies is Not Primarily Mediated by Gestational
Weight Gain.
5.2. Abstract

Gestational diabetes mellitus, or glucose intolerance during pregnancy is up to three times more
common in twin versus singleton pregnancies. The reason for this increased risk is unclear. Although
gestational weight gain is a known modifiable cause of gestational diabetes, and gestational weight
gain is higher among twins, the extent to which increased gestational weight gain explains the
relationship between plurality and gestational diabetes is unknown. We evaluated the extent to which
increased risk of gestational diabetes in twin pregnancies is mediated by increased gestational weight
gain. We leveraged previously-collected serial weights and glucose screening/diagnostic data
abstracted from medical charts for 1397 twin and 2622 singleton pregnancies with normal or
overweight pre-pregnancy body mass index delivered between 1998 and 2013 at Magee Women’s
Hospital in Pittsburgh, Pennsylvania. We used causal mediation analyses to estimate natural indirect
and direct effects, or those mediated and not mediated by gestational weight gain, respectively. We
found that although odds of gestational diabetes were higher among twin pregnancies [marginal total
effect = 2.83 (95% CI 1.55; 5.17) for normal weight and 2.10 (95% CI 1.17; 3.75 for overweight pre-
pregnancy body mass index, there is limited evidence that this relationship is mediated by GWG
[natural indirect effect = 1.21 (95% CI 0.95; 1.54) for normal weight and 1.06 (95% CI 0.90; 1.24 for
overweight pre-pregnancy body mass index], and more evidence of mediation via other mechanisms
[natural direct effect = 2.34 (95% CI 1.25; 4.39) for normal weight and 1.99 (95% CI 1.10; 3.61) for
overweight pre-pregnancy body mass index]. We conclude that, while twin pregnancies experience

nearly 200% increased risk of gestational diabetes relative to singletons, only approximately 10% of
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this is mediated by gestational weight gain. We recommend research that investigates alternative
mechanisms for the observed relationship between plurality and gestational diabetes, as well as the role

of gestational weight gain in causing gestational diabetes specifically among twins.

5.3. Introduction

Gestational diabetes mellitus (GDM) describes glucose intolerance caused by insufficient
insulin and/or excessive blood glucose first diagnosed during pregnancy?®. GDM is associated with
adverse perinatal outcomes in both twin and singleton pregnancies, including preeclampsia, Caesarean
delivery, preterm birth, large for gestational age, neonatal hypoglycemia, jaundice, and neonatal
intensive care unit admissions, although evidence for adverse effects of GDM in singletons is more
conclusive than that in twins*'~*3. Nonetheless, diagnostic criteria are applied across pluralities®.

Gestational weight gain (GWG) is a potentially modifiable risk factor for GDM. Observational
studies in singleton pregnancies have found that excessive maternal weight gain prior to glucose
screening, and particularly in the first trimester, is correlated with 40% to 130% increased risk for
GDM>3+%. Furthermore, systematic reviews of randomized controlled trials for the prevention of GDM
conclude that diet- and exercise-based interventions decrease both average GWG by 0.89 kg and risk of
GDM by 15% to 44%3°4°. In mothers with overweight/obese pre-pregnancy body mass index (BMI),
who are at higher risk for GDM, physical activity interventions decreased GWG by 1.14 kg on average,
and risk of GDM by 29%*'. Taken together, these studies may support a causal relationship between
early GWG and risk of GDM, although it is plausible that exercise- and diet-based interventions
themselves decrease risk for GDM and that GWG is a surrogate measure of this effect.

Twin pregnancies may experience both higher GWG and 100%-200% increased risk for GDM
compared to singletons'®1*%3 yet the role of pregnancy weight gain in the increased risk of GDM in
twins is unclear. Studies investigating the relationship between GWG and GDM in twin pregnancies

are scarce, and those that exist typically examine total GWG as the exposure of interest>?6!634 Total
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GWG is an inappropriate measure in this context, since GDM is often diagnosed in mid-pregnancy, and
diet interventions that limit subsequent weight gain are generally recommended®. Investigating total
GWG and GDM may introduce bias due to reverse causation, since a woman’s total weight gain may
be the result of her diagnosis rather than its cause. Given that twin pregnancies experience higher
GWG and GDM, it is possible that increased GWG may explain some of the increased risk of GDM
compared to singleton pregnancies. However, the role of GWG in conferring additional risk of GDM
in twin pregnancies, and how the relationship between GWG and GDM relates to that in singletons, has
not been adequately studied.

We aimed to investigate the extent to which any increased risk of GDM in twin compared to
singleton pregnancies is explained by higher mid-pregnancy weight gain.
5.4. Methods
Study Population

We analyzed previously-collected data for a cohort of diamniotic twin pregnancies and a
subcohort of singleton pregnancies delivered at Magee Women’s Hospital in Pittsburgh,
Pennsylvania*’¢°. Parent cohorts included all twin pregnancies delivered from 1998-2013 and a
stratified random sample of singleton pregnancies within pre-pregnancy BMI groups underweight,
normal weight, overweight, obese I, obese 11, and obese I1I delivered from 1998-2011. In the singleton
subcohort, pregnancies with underweight, overweight, and obese pre-pregnancy BMI were
oversampled relative to normal weight women. Since effect modification of the relationship between
GWG and GDM by pre-pregnancy BMI was expected, we restricted analyses to twin and singleton
pregnancies of normal weight and overweight women.
Data Sources

Maternal and pregnancy characteristics, including self-reported pre-pregnancy weight, were

collected from the hospital-maintained Magee Obstetric Maternal and Infant (MOMI) database
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supplemented by linked vital statistics information collected by the state of Pennsylvania. Serial
maternal weights as well as glucose screening and tolerance test information were abstracted from
medical charts.
Inclusion/Exclusion Criteria

We excluded the second twin/singleton pregnancy per mother, pregnancies resulting in delivery
or fetal death prior to 24 weeks’ gestational age (GA), as well as all twin pregnancies with
monochorionic placentation, due to their high-risk nature”. We additionally excluded all pregnancies
with no available weight measurements prior to glucose screening/tolerance test (or prior to 26 weeks’
GA in absence of any glucose screening/tolerance tests) missing pre-pregnancy weight or height,
missing or implausible GA at birth, positive or missing diagnosis of pre-existing diabetes, and missing
values for key covariates. We included twin and singleton pregnancies with either normal and
overweight pre-pregnancy body mass index (BMI) in the current study, and analyzed pregnancies
separately within each stratum, since effect modification of the relationship between GWG and GDM
by pre-pregnancy BMI is hypothesized.
Gestational Diabetes

In this study population, gestational diabetes was generally determined by 50g glucose
screening and 100g glucose tolerance tests. Glucose screening was generally conducted between 24-32
weeks’ GA; if blood glucose is 2135 mg/dL results were considered abnormal, and the diagnostic
glucose tolerance test was conducted. Glucose tolerance test thresholds were 295 mg/dL for fasting
blood glucose value, and >180 mg/dL, >155 mg/dL, and >140 mg/dL for one-, two-, and three-hour
blood glucose values, respectively. According to Carpenter and Coustan criteria, GDM is diagnosed
when at least two of four thresholds are met or exceeded®>*¢; we followed these criteria where possible.

GDM was occasionally diagnosed at glucose screening, specifically, when blood glucose was

2200 mg/dL. Additionally, some pregnancies had inconclusive, incomplete, or missing glucose

87



screening and tolerance test data. For this reason, and to leverage all available pregnancies, GDM was
determined by glucose tolerance test, glucose screening test, and International Classification of Disease
(ICD-9) code for physician diagnosis in decreasing priority. Our detailed algorithm used to identify
GDM from this information is available in the appendix.
Gestational Weight Gain

GWG was calculated by subtracting the prenatal weight measurement of interest by pre-
pregnancy weight in kilograms. For our primary analysis, we used the antenatal weight measured at or
most recently before the first glucose screening or tolerance test conducted between 20-32 weeks’ GA.
By definition, pregnancies with no glucose screening/tolerance tests conducted between 20-32 weeks’
GA (i.e. all tests conducted <20 or >32 weeks’ GA), or pregnancies with no glucose
screening/tolerance tests conducted were omitted from primary analysis. Additionally, glucose
screening or tolerance tests conducted before 20 weeks” GA were not considered in GWG
measurement selection, although the pregnancies themselves were included if any additional glucose
screening/tolerance test(s) occurred within the 20-32 weeks” GA window. Our exposure definition was
consistent with previous research on this topic while also including pregnancies with only glucose
tolerance tests conducted between 20-32 weeks’ GA. This is because pregnancies at high risk of GDM
may bypass glucose screening and proceed immediately to glucose tolerance test. GWG was measured
in kilograms, and analyses adjusted for precise GA of measurement; this is also consistent with
previous studies®’.
Statistical Analysis

We first examined crude relationships between GWG and GDM separately in both twins and
singletons using both density plots and logistic regression, where GWG was the exposure and GDM
was the outcome. We then analyzed twin and singleton pregnancies together and investigated the

extent to which any increased risk of GDM in twin compared to singleton pregnancies is explained by
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greater GWG using causal mediation analysis®’. Briefly, causal mediation analyses assess the extent to
which an observed relationship between an exposure and outcome can be attributed to mechanisms that
include the mediator of interest. We considered plurality the exposure, GWG the mediator of interest,
and GDM the outcome; a causal diagram of our proposed relationships is displayed in Figure 5-3.
Causal mediation analyses estimate both natural and controlled effects and assume: (1) no
unmeasured confounding between exposure (plurality) and outcome (GDM) (U, in Figure 5-3); (2) no
unmeasured confounding between mediator (GWG) and outcome (GDM) (U, in Figure 5-3). If
exposure-mediator interaction is present, causal mediation models additionally assume: (3) no
unmeasured exposure-mediator confounding (U; in Figure 5-3); (4) no measured/unmeasured
mediator-outcome confounding that is caused by exposure (U, in Figure 5-3). In our case, the natural
indirect effect (NIE) quantifies relative change in odds of GDM if GWG was set to the value it would
take if each pregnancy was twin versus singleton, and plurality was set to singleton for all pregnancies.
Similarly, the natural direct effect (NDE) quantifies the relative change in odds of GDM if all
pregnancies were twin versus singleton, where GWG is set to the value it would have if plurality were
singleton for each individual pregnancy. In contrast, the controlled direct effect (CDE) estimates the
relative odds of GDM if all pregnancies were twin versus singleton, where GWG is set to a constant
value. If no effect modification of the relationship between GWG and GDM by plurality is assumed,
the natural and controlled direct effects are equivalent; however, we allowed for interaction between
plurality and GWG in all models, regardless of statistical significance, due to biological plausibility of
effect modification by plurality. Specifically, GWG of dichorionic twin pregnancies includes an
additional fetus and placenta; thus, equivalent mid-pregnancy GWG in singletons and twins may have
different implications for risk of GDM. We plotted CDE by across a range of values to which GWG

was set.
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We estimated the effect of plurality on GWG using linear regression, and the effect of plurality
on GDM while holding GWG constant using logistic regression; thus, all effect estimates are displayed
as odds ratios (ORs). Since GDM is relatively rare, ORs can generally be interpreted as relative
changes in risk of GDM, although we use OR nomenclature in this manuscript. We adjusted models
for covariates that may confound relationships between plurality, GWG, and/or GDM, including parity
(continuous; linear/quadratic terms), maternal age (continuous; linear/quadratic terms), delivery year
(continuous; linear/quadratic terms), marital status, ever smoker, insurance, and maternal race
(Hispanic/other grouped due to small cell size). We adjusted for GA at which GWG was measured in
days within all models, including covariate- adjusted and unadjusted models. We planned to control for
pre-existing hypertension, however, this was not possible since there were no cases of GDM among
pregnancies with normal weight pre-pregnancy BMI and pre-existing hypertension. We separately
analyzed pregnancies with normal weight and overweight pre-pregnancy BMI.

Sensitivity Analyses

In primary analyses, we considered both glucose screening and glucose tolerance tests
conducted between 20-32 weeks’ GA, and calculated GWG using the prenatal weight measurement
conducted at or most recently prior to the first test. In sensitivity analyses, we both broadened and
restricted these criteria. First, we considered all glucose screening and tolerance tests, regardless of
timing, and took the corresponding GWG measurement at or most recently prior to the first glucose
screening or tolerance test. If no glucose screening or tolerance tests were conducted, we took the most
recent GWG measurement on or prior to 26 weeks’ GA. Broadening exposure assessment allowed us
to include all pregnancies that were eligible for this study but relied more heavily on ICD-9 codes
physician diagnosis of GDM in lieu of glucose screening or tolerance test information. Second, we
limited our exposure definition by only considering glucose screening tests conducted between 20-32

weeks” GA, which is a criterion used in prior research®’; this excluded pregnancies with only glucose
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tolerance test information. We took the GWG measurement at or most recently prior to the first
glucose screening test conducted between 20-32 GA for this alternative exposure definition.

We conducted additional sensitivity analyses restricting to nulliparous women and omitting
pregnancies with inconclusive glucose screening and/or tolerance tests. Since the twin cohort and
singleton case-cohort included pregnancies up to 2013 and 2011, respectively, we further restricted
analyses to pregnancies that were delivered during years common to both parent studies. Lastly, we fit
models that did not incorporate interaction between plurality and GWG.

Statistical analyses were conducted using Stata 14.27%, in particular the paramed command®.
Ethical approval for the parent studies was obtained from the University of Pittsburgh and University
of British Columbia, and additionally from the McGill University Faculty of Medicine Institutional

Review Board for the current study.

5.5. Results

Overall, we included 1397 twins and 2622 singletons that met criteria for either primary or
sensitivity analyses within the current study (Figures 5-1 and 5-2). For our primary exposure
definition, we excluded an additional 442 twins and 845 singletons, or approximately one third of each
sample.

Table 5-1 displays maternal and pregnancy characteristics by both plurality and GWG quartile
within plurality. Women with twin pregnancies were older and more frequently classified as non-
Hispanic white race, college graduate, married, privately insured, and nulliparous. Twin pregnancies
were less likely to be classified as ever smoker or pre-existing hypertension but were more likely to
experience both preeclampsia and GDM during pregnancy. Additionally, twin pregnancies had slightly
lower GA at glucose screening or tolerance test compared to singletons and higher mean GWG, even

before accounting for GA of GWG measurement.

91



Maternal age was similar across GWG quartiles for both singletons and twins. Maternal
education was more frequently college graduate in second/third GWG quartiles for singletons, and
additionally the fourth quartile for twins. Percent non-Hispanic white race and nulliparous were higher
in upper quartiles, while percent black/Hispanic race and multiparous were higher in lower GWG
quartiles. Pre-existing hypertension was more frequent in the first GWG quartile, while preeclampsia
and ever smoker were more frequent in the first and fourth GWG quartiles, among both twin and
singleton pregnancies. As expected, GWG was higher when the first glucose screening/tolerance test
was conducted at a greater GA. GDM was increased in the highest but also the lowest GWG quartiles,
likely because higher pre-pregnancy BMI is a risk factor for GDM, and these pregnancies tend to gain
less weight.

Crude relationships between GWG and GDM by plurality and pre-pregnancy BMI are
displayed in Figures 5-4 and 5-5. Generally, mid-pregnancy GWG was increased among pregnancies
with GDM in both twins and singletons and for both normal weight and overweight women. Average
mid-pregnancy GWG was 11.4 kg in twins and 9.1 kg in singletons, while overall prevalence of GDM
was 5.9% and 3.1%, respectively. When the relationship between GWG and GDM was evaluated
separately in twins and singletons, relative odds of GDM increased by factors of 1.03 (95% 0.98; 1.08
CI) per 1-kg increase in GWG among both pluralities in models adjusted for GA of GWG measurement
and pre-pregnancy BMI.

Effects estimated by causal mediation analysis are displayed in Table 5-2. In this study
population and within normal weight pre-pregnancy BMI stratum, OR for marginal total effect of a
twin versus singleton pregnancy on GDM was 2.83 (95% CI 1.55; 5.17). In other words, the odds of
GDM diagnosis if all pregnancies were twin are nearly three times the odds of GDM diagnosis if all

pregnancies were singleton through mechanisms both mediated and not mediated by GWG.
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Both the NIE and NDE are ratios of two odds. The NIE compares the odds of GDM if all
pregnancies were singleton, but each pregnancy gained the amount of weight it would have gained if it
were twin, versus the odds of GDM if all pregnancies were singleton, and each pregnancy gained the
amount it would have gained if it were singleton; the OR for the NIE was 1.21 (95% CI1 0.95; 1.54).
The NDE compares the odds of GDM if each pregnancy were twin but gained the amount of weight it
would have gained if it were singleton versus the odds of GDM if each pregnancy were singleton and
gained the amount of weight it would have gained if it were singleton; the OR for the NDE was 2.34
(95% CI 1.25; 4.39). Since we allowed interaction between plurality and GWG, the CDE changes
depending on the value at which GWG is set and therefore cannot be expressed as a single estimate
(Figures 5-6 and 5-7). Magnitudes of coefficients for effect modification were small and the CDE was
similar across a range of GWG; thus, CDE can be approximated by the NDE.

Among women with overweight pre-pregnancy BMI, the odds of GDM were 2.10 (95% CI
1.17; 3.75)-fold higher in twin versus singleton pregnancies. The OR for the NIE was 1.06 (95% CI
0.90; 1.24), which accounted for an even smaller proportion of the relative increase in odds of GDM
among twins versus singletons than that of normal weight pre-pregnancy BMI women.

Effect estimates were similar throughout sensitivity analyses among women with both normal
weight and overweight pre-pregnancy BMI, although confidence intervals widened as sample size
decreased. In analyses that used the broader definition of exposure, the marginal total effect decreased
from 2.83 to 2.36; however, the NIE was similar in magnitude to that estimated in primary analysis. In
analyses that examined blood glucose as a continuous outcome, blood glucose ranged from 7.29 to 8.57
mg/dL higher in twin versus singleton pregnancies among women with overweight and normal weight
pre-pregnancy BMI, respectively. Only 18% of this increase in normal-weight pre-pregnancy BMI
women and 2% of the increase in overweight pre-pregnancy BMI women could be attributed to

mechanisms involving GWG.
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5.6. Discussion

Overall, our findings suggest a limited role of GWG in mediating the relationship between
plurality and GDM. Odds of GDM increased almost 200% in twins versus singletons pregnancies, and
only about 10% of this increase can be attributed to increased GWG among twin pregnancies. This
suggests that the relationship between plurality and GDM primarily mediated by causal pathways that
do not involve GWG.

Our effects are similar to those reported in prior observational research but suggest a lesser
effect of GWG on GDM than that estimated in experimental studies. One observational study
estimated up to two-fold, while our study suggests two to three-fold, increased risk of GDM in twin
versus singleton pregnancies; however, it is notable that this observational study controlled for GWG
when quantifying the relationship between plurality and GDM'. Thus, their observed effect may be
more analogous to our NDE, which was of a similar magnitude. The marginal total effect of plurality
on GDM was greater in normal weight versus overweight women, which suggests effect measure
modification by pre-pregnancy BMI. It is important to highlight that effect measure modification is
scale-dependent®’; since pre-pregnancy BMI is also associated with GDM!, baseline risk for GDM
may be higher among overweight women with both twin and singleton pregnancies. Relative odds of
GDM associated with increases in GWG may be smaller due to this increased baseline risk. Our
marginal total effects approach that of a more recent observational study, which estimated a 3.5-fold
increase in GDM among twin pregnancies®. A Cochrane review of RCTs aimed at preventing GDM in
singletons uncover a 0.89 kg decrease in GWG and corresponding 15% decreased risk of GDM¥. This
is equivalent to a 39% risk reduction in GDM when scaled to the mean difference in GWG among
twins versus singletons, which is greater than the 20% increased risk of GDM estimated in our study.

It is plausible that GWG does not mediate a substantial proportion of the relationship between

plurality and GDM. We hypothesize that increased risk of GDM in twin pregnancies is mediated by
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other physiological mechanisms, such as hormonal, epigenetic, or metabolic changes that occur only
within or to a greater extent in multiple pregnancies. Alternatively, unmeasured confounding that
either biases the effect between plurality and GDM away from the null and/or biases the effect between
GWG and GDM towards the null may affect our inferences.

Our statistical model assumes no unmeasured confounding between, plurality and GDM, GWG
and GDM, or plurality and GWG, as well as no measured/unmeasured confounding between GWG and
GDM that is caused by plurality (U, to U, in Figure 5-3). Since we observed minimal interaction
between plurality and GWG, the latter two assumptions may be relaxed as they are not required to
estimate CDE or NDE when exposure-mediator interaction is not present. An unmeasured confounder,
such as a genetic factor, that causes higher likelihood of twin pregnancy and increased risk for GDM
may bias the total effect away from the null, while another unmeasured confounder, such as a
metabolic factor, that both increases GWG and decreases the risk for GDM in twin pregnancies may
bias the NIE towards the null. It has been estimated that up to 46% of GWG may be due to genetic
factors®', but we are unaware of any concurrent effects on either plurality or GDM. Use of assisted
reproductive technology was unavailable/incomplete for singletons, and therefore, we were not able to
adjust for this covariate; use of assisted reproductive technology increases risk of multiple birth'! as
well as risk of GDM in both twin and singleton pregnancies!®>!%; thus, our marginal total effect
estimate may be biased away from the null. Additionally, there are conceivably many unmeasured
common causes of GWG and GDM, including socioeconomic factors that impact health during
pregnancy, as well as other measures of overall health both during and before pregnancy. Unmeasured
common causes of GWG and GDM may bias the NIE and/or NDE either towards or away from the null
but have no implications for the observed relationship between plurality and GDM. However, it is
notable that crude relationships between GWG and GDM were similar by plurality, despite the diverse

sociodemographic profiles observed in twin and singleton pregnancies. GA at which glucose
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screening/tolerance test was performed, and therefore GWG at which exposure was measured, was
somewhat lower in twins; since twins are at higher risk for GDM, this may constitute a measured
confounder of GWG and GDM that is caused by plurality (i.e. U4 in Figure 4-3). Average difference in
GA at GWG measurement was only 0.6 weeks, but we cannot rule out residual confounding by this
characteristic, since identifiability conditions under exposure-mediator interactions prohibit both
measured and unmeasured mediator-outcome caused by exposure. However, substantial interaction
between plurality and GWG was not observed; thus, violation of this assumption may be acceptable in
the current study.

Strengths of our study include concurrent analysis of twin and singleton pregnancies from the
same population. In the parent studies, twin cohort and singleton case-cohort pregnancies were
purposefully selected to represent all twin and singleton pregnancies delivered at Magee Women'’s
Hospital, which enabled us to reliably estimate the effect of plurality on GDM. Parent studies collected
detailed data, including serial weight measurements and glucose screening/tolerance test data
abstracted from medical charts, for large samples of both twin and singleton pregnancies. We used
serial weight gain measurements to calculate GWG at or prior to glucose screening and tolerance tests;
this is an important improvement on prior research, which largely examines the relationship between
total GWG and GDM. Furthermore, we used causal mediation methods which incorporate exposure-
mediator interaction and non-linear effects.

Our study had limitations, including our restriction to normal weight and overweight pre-
pregnancy BMI. Effect modification of the relationship between GWG and GDM by pre-pregnancy
BMI is difficult to incorporate and interpret in causal mediation analyses. Some studies find evidence
for effect modification of the relationship between GWG and GDM by pre-pregnancy BMI*’, while
others do not**. Since variation in recommended total GWG by pre-pregnancy BMI is well-

established*, we restricted to normal weight/overweight pre-pregnancy BMI to preliminary assess
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plausibility of this biological mechanism. Next steps for this field of research include examining these
effects across pre-pregnancy BMI strata. Our data were observational, and thus, it is difficult to infer
causality; this is particularly true for twin pregnancies, which are typically excluded from RCTs of
interventions for GDM"3. Furthermore, causal inference in observational studies of GWG is difficult
because GWG itself is not a well-defined exposure. Specifically, GWG may refer to several different
types of change maternal physiology, such as changes in fat/protein mass, total body water, or
fetal/placental size*®. Since several different unmodifiable (genetics) and modifiable (diet/exercise)
causes of GWG exist, and changes in GWG caused by these mechanisms may result in different
increases/decreases in risk for perinatal outcomes, the consistency assumption needed for causal
inference may be violated>?. Further studies are needed to discern whether interventions that
equivalently increase or decrease GWG observe similar effects on maternal and child health among
both twins and singletons. To our knowledge, our study is the first to examine mid-pregnancy GWG
and its relationship with GDM concurrently in twin and singleton pregnancies.

In conclusion, we find that only approximately 10% of the nearly 200% increased risk of GDM
among twins is mediated by GWG in normal weight pre-pregnancy BMI pregnancies. Although GWG
is higher on average in twin pregnancies, this did not appear to confer substantially increased risk for
GDM, which may in part alleviate concerns about effects of higher GWG on maternal morbidity in
twin pregnancies. We recommend future research that focuses on other mechanisms that mediate the
relationship between plurality and GDM in addition to GWG. More broadly, we encourage additional
research on causal relationships between GWG and maternal morbidity in twin pregnancies and its

similarities to that observed in singleton pregnancies to inform future GWG guidelines.
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5.7. Tables

Table 5-1. Study characteristics by plurality and singleton/twin-specific quartiles of GWG measured at or before glucose screening test.

Continuous variables represented as median (25th percentile; 75th percentile) and categorical variables represented as number (%) unless

otherwise stated.

Plurality Singletons Twins All
. 1 2 3 4 All 1 2 3 4 All All
((;r{\:’ll(;:))uartlle (-6.35; (5.90; (8.16; (11.79; (-6.35; | (-4.54; (8.39; (10.89; (14.06; (-4.54; | (-6.35;
5.90) 8.16) 11.34) 25.85) 25.85) 8.16) 10.89) 14.06) 29.48) 29.48) 29.48)
Number 675 644 677 626 2622 359 355 346 337 1397 4019
Maternal Age 28.9 29.7 29.8 29.0 294 30.6 31.5 31.3 30.7 31.0 30.0
(years)? (6.1) (6.0) (6.0) (6.1) (6.0) 5.9 (6.1) 54 (6.0) 5.9 (6.0)
Maternal Education
<High 57 43 41 51 192 16 11 6 20 53 245
School (8.4) (6.7) (6.1) (8.1) (7.3) 4.5) 3.1 (L.7) 5.9 (3.8) (6.1)
High 154 117 132 148 551 59 55 66 70 250 801
School/GED (22.8) (18.2) (19.5) (23.6) (21.0) (16.4) (15.5) (19.1) (20.8) (17.9) (19.9)
Some 161 122 144 164 591 87 70 61 64 282 873
College/ (23.9) (18.9) (21.3) (26.2) (22.5) 24.2) (19.7) (17.6) (19.0) (20.2) 21.7)
Associates
College 303 362 360 263 1288 197 219 213 183 812 2100
Graduate (44.9) (56.2) (53.2) (42.0) (49.1) (54.9) (61.7) (61.6) (54.3) (58.1) (52.3)
Maternal
Race/ethnicity
Non- 494 523 551 499 2067 282 297 299 287 1165 3232
Hispanic (73.2) (81.2) (81.4) (79.7) (78.8) (78.6) (83.7) (86.4) (85.2) (83.4) (80.4)
White
Non- 132 77 91 111 411 53 45 34 43 175 586
Hispanic (19.6) (12.0) (13.4) (17.7) (15.7) (14.8) (12.7) (9.8) (12.8) (12.5) (14.6)
Black
Hispanic 12(1.8) 9(1.4) 304 4@06) 28(1.1)| 4(@1.1) 2@06) 514 2@06) 1309) |41(1.0)




Other 37 35 32 12 116 20 11 8 5 44 160
(5.5) 54 4.7) 1.9 (4.4) (5.6) (3.1) (2.3) (1.5) (3.1) (4.0)
Married
Yes 424 475 467 379 1745 261 276 261 241 1039 2784
(62.8) (73.8) (69.0) (60.5) (66.6) (72.7) (77.7) (754) (71.5) (74 4) (69.3)
No 251 169 210 247 877 98 79 85 96 358 1235
(37.2) (26.2) (31.0) (39.5) (334) (27.3) (22.3) (24.6) (28.5) (25.6) (30.7)
Insurance
Private/ 399 415 422 389 1625 229 248 238 218 933 2558
Other (59.1) (64.4) (62.3) (62.1) (62.0) (63.8) (69.9) (68.8) (64.7) (66.8) (63.6)
Medicaid/ 276 229 255 237 997 130 107 108 119 464 1461
Self-Pay (40.9) (35.6) (37.7) (37.9) (38.0) (36.2) (30.1) (31.2) (35.3) (33.2) (36.4)
Parity
Nulliparous 277 277 296 315 1165 161 166 176 185 688 1853
(41.0) (43.0) (43.7) (50.3) (44.4) (44.8) (46.8) (50.9) (54.9) (49.2) (46.1)
Primiparous 252 251 242 179 924 120 115 104 87 426 1350
(37.3) (39.0) (35.7) (28.6) (35.2) (33.4) (32.4) (30.1) (25.8) (30.5) (33.6)
Multiparous 146 116 139 132 533 78 74 66 65 283 816
(21.6) (18.0) (20.5) (21.1) (20.3) (21.7) (20.8) (19.1) (19.3) (20.3) (20.3)
Pre-Pregnancy BMI
Normal 327 357 392 284 1360 189 241 249 235 914 2274
Weight (48.4) (554) (57.9) (454) (51.9) (52.6) (67.9) (72.0) (69.7) (654) (56.6)
Overweight 348 287 285 342 1262 170 114 97 102 483 1745
(51.6) (44.6) (42.1) (54.6) (48.1) (47.4) (32.1) (28.0) (30.3) (34.6) (43.4)
Pre-existing
Hypertension
Yes 9(13) 1422 152.2) 1422) 52(20) | 1439 720 926) 12(3.6) 4230) | 94(2.3)
No 666 630 662 612 2570 345 348 337 325 1355 3925
(98.7) (97.8) (97.8) (97.8) (98.0) (96.1) (98.0) 974) (964) (97.0) 97.7)
Preeclampsia
Yes 20 37 35 43 135 53 63 61 83 260 395
(3.0) (5.7 (5.2) (6.9) (5.1) (14.8) a7.7) (17.6) (24.6) (18.6) (9.8)
No 655 607 642 583 2487 306 292 285 254 1137 3624
(97.0) (94.3) (94.8) (93.1) (94.9) (85.2) (82.3) (82.4) (75.4) (81.4) (90.2)
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Ever Smoker

Yes 113 86 95 111 405 47 35 39 47 168 573
(16.7)  (134) (140) (177 (154 | (13.) 99  (113) (139) (120) | (14.3)
No 562 558 582 515 2217 312 320 307 290 1229 | 3446
(833)  (86.6) (860) (82.3) (846) | (86.9) (90.1) (88.7) (86.1)  (88.0) | (85.7)
Glucose
Tolerance/Screening
Test Results
Confirmed 550 547 588 544 2229 264 276 271 265 1076 | 3305
No (815) (849) (869) (869) (850) | (735) (777) (783) (786) (770) | (822)
Confirmed | 15(22) 16(25) 15(22) 19(3.0) 65(25) | 16(45) 17(48) 13(38) 25(74) 71(5.1) | 136
Yes 34
Inconclusive | 22G7 2539 2334 2337 9637 [ 18(50) 1542) 23(66) 21(62) 77(3) (2733)
. 85 56 51 40 232 61 47 39 26 173 405
mssing (126) (8.7 (7.5) (6.4) 8.8) | (170) (132) (113) (7.7  (124) | (10.1)
Gestational Diabetes
Yes 22(33) 19(30) 16(24) 24(38) 81(3.1)|21(58) 18(5.1) 17(49) 27(80) 83(5.9) (264)
1
No 653 625 661 602 2541 338 337 329 310 1314 | 3855
(96.7)  (970) (97.6)  (962)  (969) | (942)  (949)  (95.1) (920)  (94.1) | (95.9)
GA of Glucose 26.7 267 270 274 270 260 263 266 269 264 269
Sercening (Primary) | (203 @56 (2595 (615 (57 | (46, (249, (254 (259,  (51; | (56
279)  279)  28.1)  286) 281) | 273) 276) 280) 28.1) 277) | 280)
. 256 228 191 170 845 132 116 103 o1 442 1287
mssing (379)  (354) (282) (272) (322) | (368) (327) (298) (270) (31.6) | (32.0)
GA of Glucose 266 267 271 276 270 258 26.1 266 269 263 26.7
Screening (Alternate (25.0; (25.6; (25.7, (26.1; (25.6; (24.2; (24.6; (25.3; (25.6; (24.9; (25 4,
Version 1) 279)  279)  283)  287) 281) | 27.1) 276)  280) 28.1) 277) | 28.1)
. 225 218 178 143 764 119 113 96 81 409 1173
mssing (333)  (339) (263) (22.8) (29.1) | (33.) (31.8) (277) (240) (293) | (29.2)
GA of Glucose 26.7 26.7 270 274 270 260 263 266 269 264 26.7
Screening (Alternate (25.3; (25.6; (25.9; (26.1; (25.7, (24.6; (24.9; (254, (25.9; (25.1; (25.6;
Version 2) 279)  279)  28.1)  286)  28.1) | 273) 274) 279) 280) 277) | 280)
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. 264 236 200 188 888 139 120 107 08 464 1352
mssing (39.1)  (36.6) (295) (300) (339) | (38.7) (33.8) (309 (29.1) (332) | (33.6)
GA of GWG 253 258 26.1 269 26.1 246 25.1 259 264 256 259
Measurement (23.6; (24 .3; (24.7, (25.3; (24 4, (22.9; (23.9; (24.6; (25.0; (24.0; (24.3;
(Primary) 270)  273)  276)  283)  276) | 263) 267) 273) 277  27.1) | 274)
. 256 228 191 170 845 132 116 103 91 447 1287
mssing (379)  (354) (282) (272) (322) | (368) (327) (298) (270) (31.6) | (32.0)
GA of GWG 246 251 256 26.1 253 243 246 254 257 250 25.1
Measurement (22.7, (23.7, (24.1; (24.7, (23.9; (22 4, (23 4, (24.1; (24.3; (23.6; (23.7,
(Alternate Version 1) | 26.1) 26.3) 27.1) 27.9) 27.0) 25.6) 26.0) 26.6) 27.3) 26.3) 26.9)
missing 0(00) 0@00) 1(0.1) 0(00) 1(00) | 2(06) 1(03) 0(00) 2(06) 504 | 6(0.1)
GA of GWG 253 257 26.1 269 26.1 246 250 259 264 256 259
Measurement (23.6; (24 .3; (24.7, (25.3; (24 4, (22.9; (23.9; (24.6; (25.0; (24.0; (24.3;
(Alternate Version2) | 27.0)  272)  27.6)  283)  276) | 264) 267) 273) 277  27.1) | 274)
. 264 236 200 188 888 139 120 107 08 464 1352
mssmg (39.1) (36.6) (295 (300) (339) | (38.7) (338) (309) (29.) (332) | (33.6)
o 3.6 72 9.9 150 9.1 56 9.8 12.4 173 114 9.9
GWG (kg) Primary® \ » 50 07y 09  30) @6 | @)  ©7 09 (28 @46 | @mn
. 256 228 191 170 845 132 116 103 91 447 1287
mssing (379)  (354) (282) (272) (322) | (368) (327) (298) (270) (31.6) | (32.0)
GWG (kg) Alternate | 3.5 72 9.8 14.8 8.7 54 9.6 2.1 169 10.9 95
Version 18 2.3) 0.8) (1.1) (3.1) (4.6) (2.5) (1.3) (1.7) (3.6) (4.8) (4.8)
missing 0(00) 0@00) 1(0.1) 0(00) 1(00) | 2(06) 1(03) 0(00) 2(06) 504 | 6(0.1)
GWG (kg) Alternate | 3.6 72 9.9 149 9.0 56 9.8 12.4 173 114 9.9
Version 2t 22) 0.7) 0.9) (3.0) (4.5) 2.2) 0.7) 0.9) (2.9) (4.6) 4.7)
missing 264 236 200 188 888 139 120 107 08 464 1352
(39.1)  (36.6) (295) (300) (339) | (38.7) (33.8) (309 (29.1) (332) | (33.6)
“Mean(SE)
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Table 5-2. Natural direct, natural indirect, and total marginal effects estimated by causal mediation analyses. All effect estimates are on the

odds ratio scale unless otherwise specified.

Normal Weight Pre-Pregnancy BMI

Overweight Pre-Pregnancy BMI

Model N NDE p NIE p MTE p N NDE p NIE p MTE p
Adjusted for GA of 1565 2.67 0001 1.18 0.153 3.14 <0001 1167 226 0003 1.06 0409 240 0.001
Measurement (1.46; (0.94, (1.77; (1.32; (0.92; (1.42;
4.88) 1.48) 5.59) 3.88) 1.21) 4.06)
Adjusted for GA of 1565 234 0008 121 0.124 283 0001 [1167 199 0024 1.06 0501 2.10 0.012
Measurement and All (1.25; (0.95; (1.55; (1.10; (0.90; (1.17,
Covariates 4.39) 1.54) 5.17) 3.61) 1.24) 3.75)
Sensitivity Analysis, | 1565 237 0.007 1.19 0.103 281 0001 | 1167 199 0022 106 0306 2.10 0.012
No Exposure-Mediator (1.27; (0.97; (1.54; (1.11; (0.95; (1.17;
Interaction 4.42) 1.46) 5.12) 3.57) 1.17) 3.75)
Sensitivity Analysis, | 2270 191 0.018 124 0043 236 0001 |1743 153 0089 101 0898 1.54 0.079
Alternate Exposure (1.12; (1.01; (1.41; (0.94; (0.89; (0.95;
Version 1 3.26) 1.52) 3.94) 2.49) 1.14) 2.49)
Sensitivity Analysis, | 1532 238 0014 122 0.140 290 0002 | 1135 217 0014 108 0386 235 0.006
Alternate Exposure (1.19; (0.94; (1.49; (1.17; 0.91; (1.28;
Version 2 4.75) 1.59) 5.61) 4.04) 1.29) 4.31)
Sensitivity Analysis, | 1503 277 0003 122 0.110 339 <0001 ]| 1127 209 0022 1.10 0326 230 0.008
Includes Only Test- (1.42; (0.96; (1.78; (1.11; 0.91; (1.25;
Confirmed GDM 5.40) 1.57) 6.45) 3.93) 1.32) 4.23)
Sensitivity Analysis, 780 247 0053 124 0200 307 0014 | 522 195 0078 1.09 0462 2.12 0.044
Includes only (0.99; (0.89; (1.25; (0.93; (0.87; (1.02;
Nulliparous 6.19) 1.73) 7.52) 4.12) 1.36) 4.42)
Pregnancies
Sensitivity Analysis, | 1450 245 0.006 122 0.128 299 0000 | 110 201 0022 1.09 0365 2.19 0.009
Includes only (1.30; (0.94; (1.63; (1.10; 0.91; (1.21;
Common Years 4.63) 1.58) 5.49) 3.67) 1.30) 3.93)
Sensitivity Analysis, | 1527 698 0.000 159 0.027 857 0000 | 1134 7.19 0000 0.11 0869 729 0.000
Outcome is Blood (3.89; (0.18; (5.81; (3.21; (-1.16; (3.49;
Glucose from Glucose 10.08) 3.00) 11.34) 11.16) 1.37) 11.10)

Challenge Test*




aEffect estimates per 1-unit increase in blood glucose (mg/dL) for glucose challenge test
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5.8. Figures

Figure 5-1. Sample selection for twin pregnancies.
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Figure 5-2. Sample selection for singleton pregnancies.
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Figure 5-3. Causal diagram for the relationship between plurality, gestational weight gain, and
gestational diabetes. Green node/arrows indicate measured confounders, yellow nodes/arrows indicate
unmeasured confounders, the presence of which violate identifiability conditions in the presence of
exposure-mediator interaction only, and red nodes/arrows indicate unmeasured confounders, the

presence of which violate identifiability conditions regardless of exposure-mediator interaction.
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Figure 5-4. Distribution of mid-pregnancy GWG by plurality (twin/singleton) and GDM (yes/no)

among women with normal weight pre-pregnancy BMI.
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Figure 5.5. Distribution of mid-pregnancy GWG by plurality (twin/singleton) and GDM (yes/no)

among women with overweight pre-pregnancy BMI.
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Figure 5-6. Controlled direct effect by value at which gestational weight gain is set for primary model

among normal weight pre-pregnancy BMI.
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Figure 5-7. Controlled direct effect by value at which gestational weight gain is set for primary model

among overweight pre-pregnancy BMI.
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5.9. Appendix

Algorithm for identifying GDM in twins and singletons:

1. Glucose tolerance test

a.

Confirmed positive if at least two blood glucose values met/exceeded thresholds OR if
test was marked “abnormal”; glucose tolerance test values take precedence over
abnormal indicator.

Confirmed negative if at least three blood glucose values were below thresholds OR if
test was marked “normal”; glucose tolerance test values take precedence over normal
indicator.

Inconclusive if available blood glucose values were not confirmed positive/confirmed
negative.

Missing if no glucose tolerance test information was available.

If there were two glucose tolerance tests with conflicting results, the first between 20-32
weeks’ GA was taken; if the first was inconclusive, the second was taken. If order of
two conflicting glucose tolerance tests was uncertain due to missing GA, glucose

tolerance test was considered inconclusive.

2. Glucose screening test

a.

b.

Confirmed positive if blood glucose >200 mg/dL.

Confirmed negative if blood glucose <135 mg/dL OR if test was marked normal;
glucose screening value takes precedence over normal indicator.

Inconclusive if blood glucose 2135 mg/dL and blood glucose <200 mg/dL OR if test
was marked “abnormal” with no associated blood glucose value; this is because
“abnormal” could refer to a value that exceeds 135 mg/dL but does not meet the 200

mg/dL threshold for automatic diagnosis in this population.
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d. Missing if no glucose screening test information.
e. If there were two glucose screening tests with conflicting results, the first between 20-32
weeks’ GA was taken; if the first was inconclusive, the second was taken.
3. International Classification of Disease (ICD-9) code for physician diagnosis of GDM

a. Yesor No.
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6. Discussion

Goals of my dissertation were twofold: Primarily, I aimed to conduct a thorough investigation
of maternal weight gain during pregnancy and its relationship with perinatal outcomes in twin
pregnancies, a population that is severely understudied®. Secondarily, I aimed to compare the role of
GWG in twins and singletons by both analyzing data from singletons within the same study population,
and by drawing on what is already known about GWG in singletons from previous research.
Underpinning both goals was my aim to address new questions and common methodological pitfalls of
GWG research using novel approaches.

In Manuscript 1, my objective was to evaluate several methods for estimating GWG between
measurements in both twins and singletons. I compared methods commonly used in GWG research,
such as linear interpolation using all measurements, as well as individual and pooled methods that
varied on characteristics of flexibility and parametricity. I found that individual (linear interpolation
using most proximal measurements) and pooled methods (models with restricted cubic splines for GA
and random effects parameters for intercepts and slopes) that were highly flexible and less parametric
performed substantially better than commonly used methods in both twin and singleton pregnancies.
My findings were consistent with previous research?’8, although I found that methods incorporating
restricted cubic splines exhibited superior accuracy and precision across GA, while this method was
found to be less precise in other studies®®. I used this method to estimate GWG between measurements,
which required estimates of GWG per day of GA across gestational duration.

In Manuscript 2, I used a flexible extension of the Cox proportional hazards model to examine
potential non-linear and time-dependent relationships between time-varying GWG z-score and GA at
birth. Among twins, I found that the u-shaped relationship between GWG and preterm birth, which has
been previously described in singletons'*®, may be due to two different phenomena, namely increased

relative hazard of early spontaneous delivery among pregnancies with low GWG and increased relative
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hazard of late preterm delivery without labour among pregnancies with high GWG. Findings regarding
spontaneous onset of labour were similar to those in normal weight singletons, but evidence for a u-
shaped relationship among induced deliveries was also observed. Thus, there appear to be some
similarities and differences between this relationship in twin and singleton pregnancies.

In Manuscript 3,1 combined twin and singleton pregnancies in the same model to investigate
whether any additional risk of gestational diabetes observed in twin versus singleton pregnancies is
caused by increased GWG. I found that crude relationships between GWG and GDM were similar by
plurality, and that increased GWG played a relatively small role in conferring additional risk of GDM
to twin pregnancies.

Strengths of my dissertation include the analysis of detailed information, including serial weight
gain measurements, abstracted from medical charts for two large cohorts of twin and singleton
pregnancies within the same study population. My dissertation contained many methodological
considerations, particularly around the timing of GWG and the inherent link between GWG and
gestational duration. Both the size of the parent studies and the detail of information analyzed for these
cohorts, as well as the careful methodological considerations in my dissertation, are unique
characteristics in regard to studies of GWG and perinatal outcomes. Moreover, I focused on twin
pregnancies, which is a high-risk but neglected population in this field of research®.

Weaknesses of my dissertation pertain specifically to the identifiability conditions for causal
inference. Specifically, GWG is an ill-defined intervention in that it may be modifiable by nutrition or
exercise-based interventions, or unmodifiable by genetic profile; changes in GWG caused by these and
other factors may not have equal impacts on maternal and infant health outcomes. Causal inference
from observational data is often difficult in the context of confounding that can and cannot be
measured. However, informing GWG guidelines necessitates a dialogue between observational and

intervention-based studies. Observational studies are necessary for proposing ranges of ideal GWG,
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while intervention-based studies are required to determine whether pregnancies can meet these
guidelines and/or whether this substantially alters maternal and child health. My dissertation, and
particularly Manuscript 2, provided evidence to support the upper range of existing GWG guidelines in
twin pregnancies, which are currently 17 to 25 kg in normal weight, 14 to 23 kg in overweight, and 11

to 19 kg in obese pre-pregnancy BMI strata®.

6.1 Conclusion

In my doctoral dissertation, I partially filled the gap in methodologically rigorous research
needed to refine provisional guidelines for GWG in twin pregnancies. I compared GWG and its
relationship to perinatal outcomes in twin and singleton pregnancies and found both similarities and
differences. I recommend that future research focus on the assumptions needed to identify causal
effects, and in particular the assumption that changes in GWG produce equivalent effects on perinatal
outcomes regardless of intervention, as well as investigate effect modification by pre-pregnancy BMI
in more detail. For example, intervention-based studies that aim to modify GWG in accordance with
current/future guidelines may additionally examine whether equivalent changes in GWG caused by

different interventions yield similar effects on maternal and infant outcomes.
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