View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Carolina Digital Repository

THE EFFECTS OF MATERNAL PREPREGNANCY BODY MASS INDEX AND
GESTATIONAL WEIGHT GAIN ON OFFSPRING ANTHROPOMETRIC
OUTCOMES

Andrea Lauren Deierlein

A dissertation submitted to the faculty of the University of North Carolit@hapel Hill
in partial fulfilment of the requirements for the degree of Doctor of Philgsopthe
Department of Nutrition, Gillings School of Global Public Health.

Chapel Hill
2010

Approved by:
Anna Maria Siega-Riz, PhD (Chair)
Linda Adair, PhD
Julie Daniels, PhD
Amy Herring,ScD

Dianne Ward, PhD


https://core.ac.uk/display/210604191?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

© 2010
Andrea Lauren Deierlein
ALL RIGHTS RESERVED



ABSTRACT
ANDREA LAUREN DEIERLEIN: The Effects of Maternal Prepregngmindy Mass
Index and Gestational Weight Gain on Offspring Anthropometric Outcomes
(Under the direction of Dr. Anna Maria Siega-Riz)

Rates of childhood overweight and obesity have increased over the past several
decades. Numerous studies show that obesity during childhood is strongly adsociate
with obesity in adolescence and adulthood, as well as the development of chronic
conditions. Maternal prepregnancy body mass index (BMI) and gestational gaight
(GWG) represent modifiable behavioral factors that may influence théogevent of
offspring body composition later in life; however, there are relativelydtudies that
examine these associations, especially for GWG.

We used data from a recent prospective, longitudinal pregnancy cohort, the
Pregnancy, Infection, and Nutrition Study (2001-2008), to examine the effects of
prepregnancy BMI and GWG according to the 2009 Institute of Medicine (I0OM)
recommendations on offspring anthropometric outcomes within the first 3 yedes of |
Using multivariable regression analysis we found that the relative bodgfsidants at
6 months differs by maternal exposure. While both prepregnancy BMI and GWG wer
positively associated with weight-for-age z-scores (WAZ), only GW&S associated
with length-for-age z-scores (LAZ). Prepregnancy overweight/obasdyexcessive
GWG>200% of the IOM recommendations were associated with higher weight-for-

length z-scores (WLZ). At 3 years, children of overweight/obese mothers had



significantly higher BMI z-scores and increased risk of overweight andtypie85"
percentile ang-95" percentile, respectively). Children of mothers with excessive GWG
also had significantly higher BMI z-scores but only G¥2G0% of the IOM
recommendations was associated with an increased risk of obesity. Results from
longitudinal analysis between birth and 3 years were consistent with thésg$ and
revealed higher rates of change in WAZ and WLZ associated with preprggizesity
and higher rates of change in WAZ and LAZ with GYA2B0% of the IOM
recommendations. Children of overweight/obese women and women with-GW%
of the IOM recommendations had distinctly higher predicted mean values of WAZ a
WLZ that persisted across the study period compared to women in the lower
prepregnancy BMI and GWG categories, respectively.

These findings suggest a need for intervention efforts that reach women during
their reproductive years, prior to becoming pregnant, to decrease fetaliexmmns

maternal overweight/obesity and excessive GWG.
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CHAPTERI

INTRODUCTION
Background

Rates of childhood overweight and obesity have dramatically increased over the
past several decades. Numerous studies show that obesity during childhood lig strong
associated with obesity in adolescence and adulthood, as well as the development of
chronic conditions, such as hypertension, type Il diabetes mellitus, and alysiigi
Thus, identification of modifiable risk factors for the development of overweight and
obesity in infants and children is of great importance. Maternal prepreghadgymass
index (BMI) and gestational weight gain represent modifiable behavioral $abtir
have also increased over the past several decades. Over half of women ofacimtyl be
ages are overweight or obese and the majority of women have gestationalgagighi
excess of the recommended amounts. Results from animal models suggest that mate
overnutrition, both prior to and during gestation, influences the development of offspring
metabolic and appetite regulating systems leading to increased gdiatsiin life.

Although previous cross-sectional and observational studies demonstrate that
parental BMI, particularly maternal BMI, is positively associatétth awdiposity (usually
assessed by BMI) in children, some of these studies did not evaluate matefpaidM
to pregnancy. Furthermore, while a substantial literature links gestatrergiit gain to

both maternal and birth outcomes, a recent systematic review identifiedanthnt



childhood weight outcomes as an understudied research area. Of the studies that
examined childhood weight outcomes, several have done so using historical cohorts that
are not reflective of the current high prevalence of excessive gestatioght gans and
maternal and pediatric obesity. These studies used varying definitioastafignal
weight gain and failed to include adjustment for potential confounders or explore the
interaction between prepregnancy BMI status and gestational weight gaienty,
there are few studies that examine the association between gestatighalgaai and
rapid infant weight gain; utilize longitudinal data; or examine infant apthmetric
outcomes, especially length outcomes.

This dissertation used data from a recent prospective, longitudinal pregnancy
cohort, the Pregnancy, Infection, and Nutrition Study (2001-2008), to determine how
maternal prepregnancy BMI and gestational weight gain, based on the 2009 IOM

recommendations, related to early offspring anthropometric outcomes.

Research Aims
The specific aims of this research were to:
1. Deter mine the association between the selected modifiable prenatal mater nal
factorsand early infant anthropometric outcomes. weight-for-age (WAZ), length-
for-age (LAZ), weight-for-length z-scores (WL Z) at 6 months, and rapid infant
weight gain in thefirst 6 months of life.

a. How does prepregnancy BMI relate to WAZ, LAZ, and WLZ at 6 months, and/or

rapid infant weight gain between birth and 6 months?



b. How does gestational weight gain relate to WAZ, LAZ, and WLZ at 6 mpnths

and/or rapid infant weight gain between birth and 6 months?

2. Deter mine the association between the selected modifiable prenatal maternal
factorsand childhood BM1 at 3 years of age (defined asBM 1 z-scores and BM |
per centile cut-points of >85™ and >95™).
a. How does prepregnancy BMI relate to child BMI z-score and risk of
overweight/obesity at 3 years?
b. How does gestational weight gain relate to child BMI z-score and risk of

overweight/obesity at 3 years?

3. Deter mine the association between the selected modifiable prenatal maternal
factorsand WAZ, LAZ, and WLZ from birth to 3 yearsusing longitudinal models.
a. How does prepregnancy BMI relate to WAZ, LAZ, and WLZ from birth to 3
years and do the relationships change over time?
b. How does gestational weight gain relate to WAZ, LAZ, and WLZ from birth to

years and do the relationships change over time?



CHAPTERIII

LITERATURE REVIEW

Scope of the Problem

Data from the National Health and Nutrition Examination Survey (2007-2008)
show that the prevalence of childhood obesity (age- and sex-specifie @I
percentile of the US growth reference) is not declining; 10.4% of 2-5 yearralds a
19.6% of 6-11 year olds were obédestimates were similar for the prevalence of
overweight (age- and sex-specific B¥B5"-<95" percentile) in these age groups, 10.8%
among 2-5 year olds and 15.9% among 6-11 year-disong infants and toddlers from
birth to 2 years, the prevalence of sex-specific weight-for-recumberth leag"
percentile was 9.5%Numerous studies report that obesity during childhood is strongly
associated with overweight or obesity later in fifeSimilarly, rapid growth and
longitudinal growth (or growth patterns) measured within the first severe géhlfe
also increase the likelihood of obesity in adolescence and adufthdod.

Obesity during childhood is associated with the development of chronic health
conditions similar to those found in association with obesity during adulthood. The
incidence rate of type Il diabetes, a condition that was previously rarely tHougghst
among children and adolescents, is risth@bese preschoolers have approximately three
times the risk of hypertension and twice the risk of low high-density lipoprotei

cholesterol levels as compared to their normal weight countetpémtaddition to



assessing age-specific obesity, growth rates and trajecioeiesso informative for
predicting health outcomes. Accelerated growth in early life is asedaath

endothelial dysfunctiof® insulin resistanc& and hypertension in adolescénias well

as systolic blood pressure at three yéaRapid infant weight gain between birth and six
months is associated with metabolic risk factors in young adultensidering the high
prevalence of obesity among children, particularly during the preschoo| gedrthe
major current and future health implications associated with increased childhigbd we
gain, the identification of modifiable risk factors for the development of obiestyants
and children is of great importance.

Maternal prepregnancy BMI and gestational weight gain representiafbelif
behavioral factors that are associated with offspring weight status. Unttesl States,
over half of women of reproductive ages are overweight or dbésseveral
observational studies demonstrate that maternal BMI is linked to offspring idglipos

d?5-3425-283% qolescence®?” and adulthood®*° However,

during infancy?*>** childhoo
not all studies have measured maternal BMI prior to pregridricGestational weight
gain is associated with fetal and neonatal weight-related outcomes indhirdinvgeight,
macrosomia, and large-for-gestational-aYeut its influence on infant and early
childhood weight outcomes remains understudied.

Over the past several decades, the recommended amount of gestational weight
gain has nearly doubled in an effort to improve infant birthweight and growth outcomes
culminating with the 1990 IOM gestational weight gain guidelfieghich were recently

updated in 200 Despite these liberal weight gain thresholds, studies show that a high

percentage of women, ranging over forty percent, are gaining in excesmdftiand



the majority of overweight and obese women tend to exceed their respective
recommended ranges of gestational weight §ah>°A key determinant for these
inappropriate weight gains may be women'’s inability to properly adjust thearyliet

patterns.

Maternal Diet and Gestational Weight Gain

Popularity of the term “eating for two” and the relaxing of women’s normal
eating habits, both in quantity and quality, may contribute to the problem of excessive
weight gain during pregnancy. Excessive gestational weight gain isvpbséssociated
with total calories and inversely associated with walking and vigorousaaihysitivity>*
Using data from the Pregnancy, Infection, and Nutrition Study, adequacy of gestationa
weight gain ratios increased across quartiles of dietary energy d@efihed as the
number of calories/gram of food and caloric beverages consumed); women consuming
diets with energy density values in the third and highest quartiles gained a argnific
excess of over 1 kg compared to those in the first quartile. Women with highayesdtati
weight gains (>18 kg for normal weight women and >12 kg for overweight or obese
women) are more likely to eat more sweets early in pregnancy and drink moresmilk, a
well as consume more food, in late pregnancy compared to women with suboptimal
(<12.1 kg for normal weight women and <7.1 kg for overweight and obese women) and
optimal (12.1-18.0 kg for normal weight women and 7.1-12 kg for overweight and obese
women) gestational weight gairfsResults from the Stockholm Pregnancy and Weight
Development Study showed that women who expressed an increased interest in sweets

during pregnancy experienced 1-2 kg greater weight gains than did the other women in



the study. The results from these studies suggest that women with weigtalgaiaghe
recommended range have increased energy intakes and decreased energyiexpeddi
choose foods of poor nutrient quality, such as sweets, all of which may have important

implications for the developing fetus and the “programming” of obesity latéein |

Biological Mechanisms Linking Prepregnancy BMI and Gestational Weight Gain to
Offspring Anthropometric Outcomes

Throughout gestation the mother sends information about her physical
environment and health status via the placenta to the developing fetus. Maternal
environmental exposures, nutrient status/intakes, and hormone concentrations, and the
adaptive fetal responses to the mother can all influence fetal organogewesis a
development of physiologic and metabolic homeostatic set points, possibly resulting
long-term disease risk.Over the past few decades, there has been a great deal of
research attention focused on the fetal environment and the impact of in utero exposures
on health outcomes later in life. With the rise of obesity, researchers hagd star
examine the effects of maternal overnutrition (both prior to and during gestatidmg on t
programming of appetite and body weight regulation systems in the fetusahdtad to
obesity and its related co-morbidities during the postnatal period.

Relatively few experimental studies have differentiated betweenmhter
overnutrition prior to pregnancy (prepregnancy overweight/obesity) and ovaomutrit
during pregnancy (increased fat/energy intakes); however, overnutrition chesggtime
points may function through a similar pathway and there is evidence to suggest an

interaction between theft>> A proposed pathway for the association between maternal



overnutrition and the development of childhood (and adulthood) obesity is displayed in
Figure 1 (adapted from McMillen et.&). Fetal exposures to glucose, insulin, and leptin
and their influence on the developing neuroendocrine system are thought to play

important roles.

Maternal Overnutrition

L

4"\ Fetal glucose/insulin concentrations

|

ﬁ Leptin synthesis & secretion in fetal
adipose

ﬁGIucose, insulin, & leptin action on

central neurons in energy balance system

Altered T Altered
appetite Neonatal Adiposity adipocyte
regulation metabolism
High Childhood BMI
1
High Adult BMI

Figure 1. Proposed biological pathway explaining the relationship between maternal

overnutrition and adult obesity (adapted from model developed by McMillerr%t.al.

Results from rodent models suggest that exposure to maternal overnutrition, both
prior to and during gestation, influences the programming of offspring brain tepgodi
fuel-sensing regulatoré and leads to an upregulation of placental nutrient transfer
isoforms that increase transport of glucose and amino acids, which are positivel

associated with fetal growf.Exposure to a maternal high fat diet (supplied to dams 4



weeks prior to gestation and maintained throughout gestation) is associatectati¢n g
length and decreased insulin sensitivity in first and second generation mice fisgpgor
epigenetic heritability mechanismStudies limited to overnutrition during gestation
show similar results.

Using a rodent model, Howie et®8lfound that adult offspring of dams fed a
moderate high fat diet from weaning through lactation, as well as those sffekhia
moderate high fat diet for gestation and lactation only, have increased adliposity
hyperleptinemia, and hyperinsulinemia compared to those of control mothers (fed
standard chow diets from weaning throughout lactation). Transient hypergiycemi
induced by glucose injections during early pregnancy in rats (gestationbDyay
stimulate fetal growth as a consequence of greater placental wenghitscreased
placenta nutrient transfétIn sheep, an increase in maternal nutrient intakes during late
gestation results in increased fat deposition during the postnatal periodssge€ in the
expression of the leptin receptor, as well as appetite regulators neutepépPY) and
agouti-related protein (AGRP) (orexigenic regulators) and propiomelaimoPOMC)
and cocaine-and-amphetamine-regulated transcript (anorexigenic oegjuthin the
hypothalamu$? Although similar experiments have not been done in humans, there is
evidence to support an association between prenatal nutrition and fetal growth.

In studies of pregnant women, leptin is detectable in amniotic fluid and its level
in venous cord blood are positively correlated with birthweight (and neonatal
adiposity)®*®> Maternal dietary glycemic index is positively associated with biers
of maternal carbohydrate metabolism (glycosylated hemoglobin and plascoae)l as

well as fetal growtti® Pregnant women consuming a mixed diet from low glycemic
g



carbohydrate sources have better insulin sensitivity and constant blood gevesse |
compared to a 190% increase in blood glucose levels among women consuming high
glycemic carbohydrate sourc¥sAdditionally, women consuming low glycemic diets
have lower gestational weight gdifhand infants with lower birthweights compared to
those consuming high glycemic di&t$® Maternal hyperglycemia, as a result of
impaired glucose tolerance or gestational diabetes, is associatedondthsed fetal
plasma glucose and insulin leV&& and infant body faf’% higher rates of fetal
macrosomi& "®and LGA'®; and later risk of obesity in the offsprifig’° compared to
normal maternal glucose tolerance. Lastly, maternal insulin nesesthuring late
2"%early 3¢ trimester of pregnancy is associated with greater infant weighbgaveen
birth and 12 months and sum of skin fold thickness at 12 m8&hths.

Taken collectively, evidence from animal and human studies suggests that
maternal overnutrition prior to as well as during gestation, via increasg@$of energy
and high glycemic food sources, leads to an increase in fetal energy supply aadahorm
imbalances. This results in an increase in fetal growth and adiposity arachtay
program the body weight regulation systems for obesity. The purpose of the current
research was to determine how prepregnancy BMI (overnutrition priorgogrey) and
gestational weight gain (overnutrition during gestation) relate to infant alyd ear

childhood anthropometric outcomes.
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Observational StudiesLinking Prepregnancy BMI and Gestational Weight Gain to
Offspring Anthropometric Outcomes

Observational studies demonstrate that prepregnancy BMI is linked to offspring
adiposity (or BMI) during infanéy?*? childhood and adolesceieé’ 34363782833
adulthood®®*° Several studies have focused on outcomes during infancy and early
childhood. Ay et.af? found that prepregnancy BMI was associated with increased
peripheral fat mass in infants at 6 months. A linear relationship between childtBM
years and maternal BMI during the first trimester was reporteddnn@t.al? with
each one-unit increase in prepregnancy BMI corresponding to an 11% increase in odds of
overweight at age 3 years (Adjusted odds ratio (OR):1.11, p=0.003). Among a population
of low income preschool children ages 2-4 years, Whitakeund significantly higher
odds of child obesity=05" percentile), ranging from approximately 1.4-4.3, across
maternal BMI (measured during the first trimester) categories@fweight (25-29.9
kg/m?), obese (30-39.9 kg/y and morbidly obese-40 kg/nf) compared to normal
weight (18.5-24.9 kg/fA). Finally, using data from the National Longitudinal Survey of
Youth’s Child-Mother file, Salsberry and Reafaestimated the odds of child
overweight £95" percentile) at three time points between ages 2 and 7 years. Compared
to children of mothers with normal prepregnancy BMI (18.5-24.9 Rghimose of
mothers with obese prepregnancy BMBQ kg/nf) were 1.37 (95%Cl: 1.02-1.84) times
more likely to be overweight at 2-3 years. The influence of maternal prepreyg
obesity on child overweight continued across the study time points.

There are fewer studies and less consistent evidence for an associstgsnbe

gestational weight gain and offspring anthropometric outcomes, especially oidiaimcy

11



and early childhood. Of the studies that examined offspring weight outcomes| severa
have done so using historical cohorts that are not reflective of the current trends i
gestational weight gain and maternal and pediatric obesity. Furthermorephthage
studies used inconsistent definitions of gestational weight gain and failedudencl
important pre- and postnatal confounding factors.

Sixteen published studies were identified that reported results for am#issoc
between gestational weight gain and child, adolescent, and/or adult weight outcomes
yielding inconsistent conclusions. Positive associations between gestatiglat gain
and BMI status at 3 yedfs7 year?, 6-12 years, 9-14 year¥, 18 year¥', 20 yeard,

21 year®’, and 42 yeaf$ as well as sum of skin fold thicknesses at 3 Yéarsre found,

with two studies showing a significant interaction between gestational weighdrgh
maternal prepregnancy BMi:>> Additionally, Li et.al*® found an increased risk of early
onset overweight developmental trajectory (defined as children with ogétvegatus,

>95™ percentile, at 2 years that persisted throughout the follow-up period to 12 years of
age) associated with gestational weight g&i0.43 kg (Adjusted OR: 1.7; 95%
Confidence Interval (Cl): 1.0-2.9); though there was no association between gdstationa
weight gain and late onset overweight (defined as an initial high probability of
overweight status at 2 years, low probability of overweight at 4-6 yeat$igim

probability of overweight after 8 years). In contrast, there were séwdiesthat found

no association between gestational weight gain and infant percent fat massrah$é°m

BMI status at 2-4 yeat§ 4 and 7 yeafs; 4, 8, 10, and 12 yedfs6-12 year¥” fat mass
index at 9 yeaf§; or sum of skin fold thicknesses at 18.0-22.9 years in an exclusively

African-American populatiofi®
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Resear ch Gaps

As mentioned, the majority of the observational studies suffer from
methodological flaws that may undermine the ability to discern the true natinee of t
association of prepregnancy BMI and gestational weight gain with aotheipc

outcomes, some of which are discussed in detail below:

Use of historical cohortsSeveral studié8®"2%>>8889%,sed cohort data that are not
reflective of current guidelines for gestational weight gain dsageecent trends in
excessive gestational weight gain, maternal obesity, and pediatrityok¥dhe studies

that provided a mean or median gestational weight gain for the women in the staly, the
is a clear increase in these values over time; in the 1960s and 1970s mediemmgkestat
weight gain was 9.5 R§>>and mean weight gain was 10.5%gn the 1980s mean

weight gain was 11.2 Ryand 12.0 k¥, while in the 2000s mean weight gain was 15.6
kg.2* Among the studies that found a positive association between gestational weight gain
and childhood overweight, significant increased risks of childhood overweight were seen
for women with the greatest amounts of weight gain. Using data from histaicats is
therefore problematic because it may lack sufficient variation in prepregiM| and
gestational weight gain, as well as have low prevalence of maternaldiattip@besity

and excessive gestational weight gain, thereby limiting the abilitytéztd@ssociations if

they exist. A major strength of the current research is that it utjizespectively

collected data from a recent pregnancy cohort, with all children being bornyiearse

2001-2005.
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Inconsistent categorization of gestational weight gRirevious studies used varying
categories of gestational weight gain: 1 kg, 5 kg, 5 Ib, and 10 lb incremdetgres

based on the weight gain distribution within the population; and categories based on the
IOM guidelines. The lack of consistency in categorization makes it diffic@dmpare
results across studies or to determine appropriate ranges of gestatighalgai within

the context of pediatric obesity development. Considering that the IOM guglael@e

used by health care professionals to advise women of appropriate gestatighabaia,

it is imperative to examine the IOM recommended ranges with respdutdband

weight outcomes and to identify whether there are corresponding consequences of

excessive weight gain.

Lack of consideration for important pre- and postnatal factbfany of the studies do

not consider pre- and postnatal factors that may confound or have an intermediate role
the associations of prepregnancy BMI and gestational weight gain with child
anthropometric outcomes including: birth order, maternal glucose toleramgs, st
smoking during pregnancy, breast feeding, and introduction to solid foods.

e Birth Order (or Parity) Birth order may be a predictor for overweight
development; however, the evidence is contradictory. First born status is
associated with rapid weight gain between birth and 24 months (OR: 2.01;
95% CI: 1.10-3.69} and weight status during childhdo@R: 1.8; 95% CI:
1.0-3.4%* and young adulthood (OR: 4.0; 95% CI: 1.4-1%:2yhile, having a
birth order of third or higher is associated with late onset overweight growth

trajectories (OR: 2.3; 95% ClI: 1.0-52)There is also evidence for no
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association between birth order and later weight staftist is suggested that
primiparity may be a marker of an inadequate intrauterine envirorithent.
Additionally, there is the possibility of postnatal factors that contribute to this
effect, such as differences between multiple- and single child households, but
more research is need&d.

Maternal Glucose Tolerance Statbdaternal hyperglycemia and gestational
diabetes (GDM) are associated with high birthweight outcomes in the
offspring®*°° GDM may be associated with an increased risk of obesity in the
offspring due to prenatal programming of maternal fetal glucose metaboli
processes’ Previous studies demonstrate both posttiveand nulf’ 1%

findings. In one study, large-for-gestational age (LGA) infants born to
mothers with GDM were more likely to have greater weights, skin fold
thicknesses, and circumference measurements at 4-7 years compared to
average-for-gestational age (AGA) infants born to mothers with GDM,adontr
LGA infants, and control AGA infants; maternal GDM was identified as a
significant predictor of this growth pattethAmong a cohort of Pima Indians,
offspring of diabetic pregnancies had an average BMI that was 2.6 kg/m
higher than a sibling born from a previous non-diabetic pregnancy. GDM has
been shown to be associated with obesity (59&centile) at 9-14 years;
however, this association was no longer significant after adjustment for
maternal BMI and birthweight. Mild, diet-treated GDM was not found to

increase the risk of childhood overweight at 5 to 10 years.
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e Smoking During Pregnanc$smoking during pregnancy may increase the risk
of obesity during childhootf:?®1911%3A recent meta-analysf¥ based on
84,563 children from 14 observational studies reported that children whose
mothers smoked during pregnancy were 1.5 times more likely (pooled
adjusted OR: 1.50; 95% CI: 1.36-1.65) to be overweight at ages 3-33 years
compared to children of non-smokers. The estimates were similar for the odds
of obesity (OR: 1.52; 95% CI: 1.36-1.69). Animal studies have also confirmed
a link between prenatal exposure to nicotine and increased adiposity in the
offspring'®**°¢{}} but the mechanisms by which prenatal smoking exposure
may influence offspring weight are not well understood or defined.

e Breast Feeding and Formula Feedinghere is data to suggest that breast
feeding exposure elicits a small but protective effect against ovdriveig
development later in lif8”; however, a recent critical review found
insufficient evidence for a causal associafiBreast feeding is associated
with slower rates of weight gain and linear growth compared to formula fed
infants, with formula fed infants gaining 0.18 kg (95% CI: 0.00-0.35) more
than breastfed infants between birth and 6 motftt@ompared to infants
breastfed for greater than 40 weeks, those breastfed for less than 20 weeks
gained an excess of 317.4 g (standard error (SE): 43.6) between birth and 1
year'*® This may be a result of greater energy intakes among formula fed
infants. Formula fed and mixed fed (combination of breast milk and formula)
infants have been shown to have higher energy intakes and greater body

weights, compared to exclusively breastfed infAtit$'*Greater energy
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intakes at 4 months are predictive of higher weight gains between birth and 1,
2, and 3 years of age. An increase in 420 kJ/day (100 kcal/day) in energy
intake among formula or mixed fed infants is associated with an increased
odds of having a BMI>8Bpercentile at 3 and 5 years of age (OR: 1.46; 95%

Cl: 1.20-1.78 and OR: 1.25; 95% CI: 1.00-1.55, respectivélBreast

feeding may also represent a marker for health-promoting behaviors that are
associated with offspring weight and are difficult to control for in anaf§/Ses.

For example, mothers who breastfeed may be more health conscious and more
likely to promote healthy behaviors in their offspring concerning eating

patterns and physical activity compared to women who do not breaStteed.

e Introduction of Solid Food#An early age of introduction to solid foods during
infancy (between 1 and 4 months) is associated with greater energy imtakes
4 months, which are predictive of greater weight gains and higher BMI
between birth and 5 years of agélnfants given solid foods prior to 16
weeks gained 224.2 g (SE: 53.3) more weight from birth to 1 year compared
to infants given solid foods at 16 weeks or |at€There is some evidence to
suggest that infant size is a predictor of age at solid food introduction, with
bigger infants being introduced earlier than their smaller counterpadits, a
does not necessarily lead to greater weight gain after introdtfétoht

however, this is not consistently shovt.

The PIN Study collected data on all of these potential covariates of irdacettey were

considered in statistical analyses for the current research.
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Variation in age at measurement of offspring anthropometric outcoRsesentioned,
the ages of the offspring at which anthropometric measurements wereaissd differs
across the studies, ranging from infancy through adulthood. The current research
examines anthropometric outcomes throughout the first 3 years of life. Higthgates
and adiposity during infancy are associated with an increased risk of future

£1161183nd high systolic blood pressure at 3 yéérs.

overweight/obesity developméf
Childhood overweight during the preschool years has been shown to track into
adolescence and adulthddti children with a BM#85™ percentile during the preschool
years at 24, 36, and 54 months were over five times more likely (OR: 5.4; 95% CI: 2.9-
9.9) to have a BMi85" percentile at 12 years compared to children who were not
overweight (BMI<88' percentile) at all three preschool time points. At 3 years,
compared to children with BMI<3Upercentile, children who were overweight (85-£95
percentile) and obeseq5" percentile) were four (OR: 4.0; 95%Cl: 2.3-7.1) and ten (OR:
10.0; 95%Cl: 3.8-26.7) times more likely to have a B8H" percentile at 12 years,
respectively. These values were slightly attenuated but remaineficsigiwvhen the
reference group was children with BMI <7percentilet?® Thus, identification of risk
factors for excess weight development early in life is imperative. Farthre, the use of

a 3 year old child cohort in the current research contributes to the adnaatiyg

literature among this age grdip®®*and allows for a comparison of results with those
from the previous studies.

Overall scarcity of researciThere are relatively few studies that examine how

gestational weight gain relates to infant anthropometric outcomes, ragond weéight
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gain, or longitudinal weight/length development in early childhood. We identified five
studies that examined the association between gestational weight gain and childhood
overweight®®®or fat mas§? There was one stutfithat examined longitudinal growth
(as BMI trajectories) in association with gestational weight gain. Gitvertt studies

make much needed contributions to the literature with regard to these researdmsjuesti

Significance of the Proposed Resear ch

Prepregnancy BMI and gestational weight gain represent modifiable belldaaiors
that may have an independent role in the development of childhood overweight via
increased fetal growth and fetal programming of the physiologic and horpethalays
responsible for appetite, metabolism, and body weight regulation, as well as a
association with an obesogenic postnatal environment. The current researath autilize
contemporary pregnancy cohort to extensively examine and contrast ttie effe
prepregnancy BMI and gestational weight gain, according to the 2009 IOM
recommendations, on weight-for-age (WAZ), length-for-age (LAZ), and wéaght-
length z-scores (WLZ) at 6 months; rapid weight gain from birth to 6 months; BMI z
score and risk of overweight/obesity at 3 years; and longitudinal changes in\X&Z
and WLZ development from birth to 3 years. The information gained from thigchsea
is crucial for evaluating the current IOM guidelines and advising futurieal and

policy recommendations for preconceptional and pediatric obesity interventions.
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CHAPTER 11

METHODS

The purpose of this research was to determine how maternal prepregnancy BM
and gestational weight gain, according to the 2009 IOM recommendations, relate to
offspring anthropometric outcomes within the first 3 years of life. Mothaninfairs
were recruited from the Pregnancy, Infection and Nutrition Study. MultiMarlanear
regression, modified Poisson regression, and linear mixed-effects regnesse used to
examine the specific research aims. Details about the study design bstara

described in the following sections.

Study Design and Population

The Pregnancy, Infection, and Nutrition (PIN) study is a longitudinal, pragpect
cohort study of risk factors for preterm birth. The current research is adsegalata
analysis using data collected from women recruited into the third cohort ofiNhstUely
(PIN 3) who were followed-up at 3 and 12 months (PIN Postpartum) and 3 years (PIN
Pediatric) postpartum. Figure 2 displays participant retention between taggbre
postpartum, and pediatric studies. The PIN study protocols were reviewed and approved
by the Institutional Review Boards of the School of Medicine at the Universiiph

Carolina at Chapel Hill and Wake Medical Center.



PIN 3.PIN 3 recruited women from public and private prenatal care clinics at the
University of North Carolina (UNC) Hospitals beginning January 1, 2001- June 30, 2005.
Women who were eligible for the study included those who were less than 20 weeks’
gestation, 16 years of age at conception and older, English-speaking, carsymgéeton
fetus, planning to continue prenatal care and deliver at the study site, and hadaaces
telephone for study interviews. Interviews of women were conducted at 15-R§ wee
(first clinic visit), 17-22 weeks’ (first telephone interview), 24-29 weég&stond clinic
visit), 27-30 weeks’ (second telephone interview) gestation, and post-delivery in the
hospital. Data collection included biological specimens and information on socio-
demographic characteristics, psychosocial indicators, health habits,gblaggicity

(leisure and work related), dietary intakes, previous as well as curreitahtadtory,

and birth outcome. Medical charts were abstracted for all women to collect ititorma
on reproductive history, weight gain, pregnancy complications, and labor and delivery
events. A total of 2,006 pregnant women were recruited for PIN 3. Details on the PIN

study can be found attp://www.cpc.unc.edu/projects/pin

PIN PostpartumWomen who were enrolled in PIN3 and gave birth to a live infant
between October 2002 and December 2005 were invited to participate in the PIN
Postpartum study. PIN Postpartum was a longitudinal study aimed to invefjate
related to postpartum weight loss, and included home visits at 3 and 12 months
postpartum. Data collection included maternal height, weight, and percent hody fat
information on breast feeding status, dietary intake and physical activityibeha

measurement of psychosocial status, body image, restrained eating, and wdated s

31



demographic information. Additionally, information on infant weight and length
measurements was collected from study provided doctor’s cards (described in t
following section). Only those women who gave birth after the postpartum study
recruitment began and who lived within the study’s catchment area (required to conduct
in-home visits) were eligible for the study; women who had a pregnancy loss, did not
complete the first telephone interview, or delivered at a hospital other tharwgC
excluded. Of the 2,006 women recruited for PIN3, there were 1,169 women available for
recruitment for the PIN Postpartum Study. One hundred and eighty-seven wousexd ref
to participate and 293 women were excluded from the study for the followisgnse®4

had medical constraints, 153 were unreachable, 62 had timing conflicts, and 54 were
greater than 5 months postpartum by the time they were located. The remaining 689
women agreed to participate and completed an in-home interview at 3 months. One
hundred and thirty-eight of these women were ineligible or dropped out of the study afte
the 3 month interview; 550 women completed an in-home interview at 12 months

postpartum.

PIN Pediatric.The PIN Pediatric study (beginning 2004) followed-up the index infant at

3 years. Children with no major birth defects whose mothers participated in ti3eaPiiN

PIN Postpartum studies were eligible. Data collection included childnergts,

weights, health status, diet and physical activity behaviors, as weltasaland
sociodemographic information. Four hundred and nine mother-child pairs completed the

36 month visit.
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Figure 2. Participant retention across the PIN studies.

2006 Agree to participate in PIN3

462 Delivered prior to PIN Postpartum

375 Ineligible/Dropped out of study
33 Lost pregnhancy
87 Requested to drop out
84 Did not complete first phone inter-
view
4 Multiple births
| 42 Did not deliver at UNC Hospitals
72 Requested no contact for future
studies at recruitment
45 Moved out of area/Lost contact

1169 Eligible for PIN Postpartum

480 Ineligible/Dropped out of study
24 Medical Constraints
153 Unreachable
187 Refused
54 Time window expired (>5 months
postpartum) by the time women were
reached

A 62 Timing/ Scheduling Issues

689 Participate in PIN Postpartum

139 Ineligible/ Dropped out of study
45 Became pregnant
73 Unreachable/ Moved out of state

- ) 15 Requested to leave study
550 Participate in PIN Postpartum 6 Other

141 Ineligible/ Dropped Out of Study/Did
not provide consents that allowed for re-

409 Participate in PIN Pediatric at
36 months

3 Excluded due to physician diagnosed
illness related to growth
* 81 Missing anthropometric data

325 Included in current analysis

The distributions of selected baseline characteristics between tideatipther-
child pairs who patrticipated in PIN Pediatric (n=409), the PIN Postpartum gaors w
were excluded or did not participate in PIN Pediatric (n=280), and the elighiBepRirs
who were excluded from or did not participate in PIN Postpartum study (n=480) were
examined (Appendix — Tables 1 and 2). In comparison to mothers who participated in

PIN Postpartum (n=689), eligible mothers who were excluded or refused toppdetia
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PIN Postpartum (n=480) were younger, more likely to be overweight/obese, black,
unmarried, less educatedfade 12), from low income household485% of the 2001
Federal Poverty Guidelines), smokers, and have infants at earlieiaqyedtages
(Appendix- Table 1). Similar differences in the distributions of baseline diegistics
were seen between mothers who participated in PIN Pediatric (h=409) and mothers
participated in PIN Postpartum but were excluded or refused to participate in PIN
Pediatric (n=280). The exception being that there was no difference in mean infant
gestational age but a significant difference across categoriefanf birthweight
(Appendix —Table 2). All other comparisons of measured characteristicshiotere

significant.

Anthropometric Outcomes

The offspring anthropometric outcomes considered for this research were: WAZ
LAZ, and WLZ, and BMI z-scores as well as rapid infant weight gain. Infativiight
and sex were abstracted from delivery logs. Gestational age at birtalvakted from
ultrasound measurements conducted prior to 22 weeks’ gestation (up to 21 weeks, 6
days). If no ultrasound was performed or if it was not performed prior to the stiagt of
22" week then the date of the last menstrual period was used. Infant weights ansl lengt
(between birth and approximately 12 months) were measured and recorded on doctor’s
cards during well-baby visits. Doctor’s cards were provided to mothers byNh&Rly
staff. Mothers brought these cards to each pediatrician visit and the date sftthadi
weight and length of the infant were recorded by medical staff. Thed®eware

collected by the PIN staff at the 12 month home visit. The exact age of the infant at the
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time of each measurement was calculated by subtracting the infant'ddigtirom the
date of the visit. We used the™8f the month for infants missing the day of the visit and
the pediatrician’s recorded age of the infant when both the month and day of the visit
were missing. At 3 years, children’s heights and weights were measurdN lsyudy

staff using a stadiometer and scale, respectively, according to Nadiesléh and

Nutrition Examination Surveys (NHANES) protocdls.

Weight-for-age, Length-for-age, and Weight-for-Length z-sc@#spring weights and
lengths were converted to sex-specific WAZ, LAZ (height-for-agecabsilated when
child age was greater than 2 years), and WLZ (weight-for-height wadatad when

child age was greater than 2 years) using the 2000 Centers for Diseas¢ Contr
(CDC)/National Center for Health Statistics (NCHS) growth cHafisese charts are
often used in the United States to screen for overweight/obesity (in theatithresearch
settings) and were constructed from samples of US children during the 1960s, 1970s,

1980s, and 1990s (for children less than age 6).

Rapid infant weight gain between birth and 6 montepid infant weight gain was
defined as a change in WAZ greater than +0.67 between birth and 6 months, which is

clinically interpretable as the upward crossing of a centile line on an granth chart

Child BMI at 3 yearsChild BMI at 3 years was calculated using the following formula:
BMI = weight (kg)/ height (nf)and converted to age- and sex-specific BMI z-scores

(continuous) and percentiles (categories) using the 2000 CDC/NCHS growth Bhiskt
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of overweight/obesity was defined as BME" percentile (reference, <8%ercentile)

and risk of obesity was defined as BMIE" percentile (reference, <8%percentile).

Maternal Exposures

Maternal Prepregnancy BMMaternal prepregnancy BMI (kgfwas calculated using
self-reported prepregnancy weight and measured height. Self-repoeeigoancy
weight was obtained from the medical record or a prenatal research screening
guestionnaire. The validity of self-reported weight by pregnant women wasred
previously and shown to be good if collected early in pregnancy. For qualitpiassu
weight measurements taken at the first prenatal clinic visit (within 15 wgestsition)
were compared to the self-reported prepregnancy weights to identifgibedly
implausible weight gains. Women with implausible values had their prepregnancy
weights imputed following previously published meth&d&MI was classified
following guidelines established by the 2009 IOM recommendations: underweight <18.5
kg/m?; normal weight 18.5 to 24.9 kgfroverweight 25.0 to 29.9 kgfmand obese

>30.0 kg/nt.?

Adequacy of Gestational Weight Ga@estational weight gain was measured at each
prenatal clinic visit and documented in the prenatal record. Total gestatiaght g&n
was defined as the difference between each woman’s self-reported prepyegeignt
and her last weight measurement taken prior to delivery. The 2009 IOM gestational
weight gain recommendations for total weight gain are: 12.5-18.0 kg for undetweig

women; 11.5-16.0 kg for normal weight women; 7.0-11.5 kg for overweight women; and
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5.0-9.0 kg for obese women. An adequacy of gestational weight gain ratio wastedlcula
by dividing the observed total gestational weight gain by the expected wgeighbased

on the 2009 IOM weight gain recommendations specific for a given prepregnaricy BM
category and the trimester of gestation. To calculate expected waighthg following

formula was used:

Expected First Trimester Total Weight Gain + [(Gestational Age at Timasif\Weight
Measurement — 13 weeks) x Rate of Weight Gain Expected for the Second and Third

Trimesters]

Based on the 2009 IOM report we interpreted expected total first trinvesitgnt
gains as 2.0, 1.5, 1.0, and 0.5 kg for underweight, normal weight, overweight, and obese
women, respectively. Mean expected rates of weight gain for the second and third
trimesters are 0.49, 0.45, 0.30, and 0.24 kg/week for underweight, normal weight,
overweight, and obese women, respectively. These rates were calcul&@ediffietence
between the prepregnancy BMI-specific expected first trimestght gain and the
midpoint of each total weight gain range, divided by 27 weeks (the length Of thec?

3" trimesters for a 40 week gestation). For example, for underweight women the
recommended total weight gain range is 12.5-18.0 kg and the midpoint of this range is
15.25kg. The expected rate of weight gain during fed ¥ trimesters is calculated

as follows: (15.25-2.0)/27 weeks = 0.49 kg/week. The use of rates of weight gais adjust

for the fact that not all women have a weight measurement at the time ofydeliver
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Cutoffs to determine inadequate, adequate, and excessive weight gains weére bas
on ranges of adequacy ratios using the 2009 IOM weight gain recommendatiogess Ra
of adequacy ratios were calculated by dividing the lower and upper recommented tota
weight gain values by the midpoint of the range. Using the calculations for underweight
women as the example, the lower, midpoint, and upper recommended total weight gain
values are 12.5, 15.25, and 18.0 kg, respectively. This corresponds to an adequacy ratio
range (%) of 0.82 (82%) to 1.18 (118%). Underweight women with adequacy ratios
within this range would be defined as having adequate gestational weight gai
Underweight women who have an adequacy ratio <0.82 would be defined as having
inadequate weight gain (below the 2009 IOM recommendation) and those who have an
adequacy ratio >1.18 would be defined as having excessive weight gain (above the 2009
IOM recommendation). Using this convention, the range of adequacy ratiosda$
adequate weight gain among normal weight, overweight, and obese women are 0.84 to
1.16, 0.76 to 1.24, and 0.71 to 1.29, respectively. Women who have an adequacy ratio
less than the lower value of the range were defined as having inadequateyaigigintd
those with a ratio greater than the upper value of the range were deftmedras
excessive weight gain. Due to the large distribution of adequacy ratios within the
excessive weight gain category, excessive weight gain was dichotorhaed@dequacy
ratio of 2.00, or 200%, to examine the effects of excessive weight gain within the upper
adequacy ratios. These variables are designated excessive | asivextegeight gain
(>200% I0OM recommendations). Table 1 displays the ranges of adequacyastios f

inadequate, adequate, excessive |, and excessive |l gestational gagngpecific to
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prepregnancy BMI status. In all gestational weight gain analysegp a@eveight gain

was used as the reference category.

Table 1. Gestational weight gain categories specific to prepregnancy Baé¢tzn the
2009 IOM recommendations

I I . :

Underweight <82% 82-118% >118-199% >200%

Normal weight <84% 84-116% >116-199% >200%

Overweight <76% 76-124% >124-199% >200%

Obese <71% 71-129% >129-199% >200%
Other Variables

The following section describes the data collection methods and variable
construction of the covariates of interest, several of which were discugsgaligty in
theBackground and Significansction. They are organized as maternal, offspring, and

demographic factors.

Maternal Variables

Maternal Glucose Tolerance Statuslaternal glucose tolerance was derived from

universal screens that were conducted during the second trimester (metonge sige

~27 weeks) on all women without pre-existing diabetes mellitus. The universahscr
involved administration of a random one hour 50-g glucose challenge test to the women.
Women with abnormal values on the random screen were administered a three-hour oral
glucose tolerance test (OGTT) to confirm gestational diabetes (GDM)OGTT was
administered on serum samples using a glucose oxidase method with glucoseetoleranc

analysis at fasting, and at 1, 2, and 3 hours after the oral glucose load. Cut points
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established by Carpenter & Coustarere used to define abnormal values: 95 mg/dl for
fasting, 180 mg/dl for 1-hour, 155 mg/dl for 2-hour, and 135 mg/dl for 3-hour. Normal
and impaired glucose tolerance (IGT) were defined as blood glucose <140 mg/dl and
>140 on the universal screen, respectively. GDM was defined as having two abnormal

values on the OGTT or a GDM diagnosis by a physician listed on the mediaal.reco

Prenatal smokingwomen reported whether or not they smoked during pregnancy
(months 1-6) at the first and second telephone interviews of PIN3. This variable was

dichotomized as non-smoker and smoker.

Birth Order (or Parity).Women reported the number of previous births that occurred
prior to the index pregnancy at entry into the PIN3 study. This variable was dichetbmi

as nulliparous and parous.

Offspring Variables
Birthweight.Birthweights were converted to birthweight-for-gestational age and sex z-
scores (birthweight z-scores) using US reference®dBités variable was used in the

statistical analyses for Aims 1 and 2.

Infant Diet. At the 3 and 12 month PIN Postpartum home visits, data was collected about

infant feeding behaviors including breast feeding, formula feeding, and coembam

food intakes. Duration of exclusive breast feeding (months) and age (months) at
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introduction of solid foods (any food/beverage not including breast milk, formula, or

water) were considered.

Infant/Child Health Statugnformation on infant and child health status was collected at
the 3 and 12 month and 3 year home visits. Children with physician-diagnosed illness

related to growth were identified and excluded.

Socio-demographic Variables

Data on socio-demographic variables were collected in the PIN3 study cheing t
2" trimester interviews.
Maternal Race.Maternal and infant race/ethnicity were based on maternal self-igentifi
race/ethnicity collected during pregnancy. Given the small number of wometing@or
race/ethnicity other than “white” or “black”, race was dichotomized fadlanalyses as

non-black and black.

Maternal AgeWomen reported their age (years) at the time of conception. Categories of

age were: 16-24, 25-29, 30-34, aB5b years.

Education.Women reported the number of years (grades) of education completed.
Categories of education wergGrade 12 (completion of high school or less), Grades 13-
16 (high school graduate with some college or completion of college}Gradie 17

(reference, at least some post-college education).
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Household Incomédousehold income was based on percent of the poverty line using the
2001 U.S. Department of Health and Human Services Federal Poverty Guidiefines.
percentagel85% is the household income cut-off for the Special Supplemental

Nutrition Program for Women, Infants, and Children (WIC). Categories vased on

WIC eligibility guidelines: <185%, 185-<350%, ar@850%.

Marital status.Women reported their cohabitation status as married, single, separated,
divorced, widowed, or living with a partner. This variable was dichotomized: married

and not married.

Statistical Analysis

All statistical analyses were performed using Stata 11 (Collegestaix).
Descriptive statistics (means, standard deviations, frequencies, propatidrggaphical
displays, including plots of growth measures over time) were computed farchl st
variables of interest. Potential effect measure modifiers and confoundergesmtified a
priori from a review of previous literature and causal diagrarhsThe interaction of
continuous maternal prepregnancy BMI with adequacy of gestational weightas
tested in a crude model using interaction terms and Wald tests with an a priori
significance p-value of <0.15. All regression analyses were adjusteldistering at the
individual levet*** since there were some women with more than one child included in

study.
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The statistical analyses used for each aim of this dissertation dhg thecribed
below and detailed in their respective chapters:

Aim 1.Determine the association between modifiable prenatal maternal factors and early
infant anthropometric outcomes, WAZ, LAZ, and WLZ, and rapid weight gain in the first
6 months of life.

Multivariable linear regression models were used to examine associations of
continuous infant outcomes (WAZ, LAZ, and WLZ at 6 months) with categorical
maternal exposures, prepregnancy BMI and adequacy of gestational gaight
Multivariable modified Poisson regression (Poisson regression with a rolarst err
variance) estimated incidence risk ratios of rapid infant weight gain éetlrgh and 6
months. The use of this method with prospective cohort data has been vafidaked.
models were separately adjusted for birthweight z-score, duration of exdusast
feeding, and age at introduction of solids. These additional analyses wete use
determine whether the observed associations persisted after contanllpastnatal
factors that are associated with the selected maternal exposures and/prefiiofant

growth.

Aim 2.Determine the association between modifiable prenatal maternal factors and
childhood BMI at 3 years of age (defined as BMI z-scores and BMI percentile cut-points
of >85"and>95™).

The analysis for Aim 2 is similar to that of Aim 1. Multivariable linearesgion
was used to examine the association between continuous child BMI z-scores at age 3
years and each maternal exposure, prepregnancy BMI (continuou$ gkgfrmategories)

and adequacy of gestational weight gain (continuous, per 0.10 and categories).
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Multivariable modified Poisson regression was used to estimate incidencatioskior
overweight/obese status (BM85" percentile) compared to not overweight status
(BMI<85" percentile) and obese status (BI#5" percentile) compared to not

overweight status (BMI<35percentile) at 3 years by maternal exposure, prepregnancy
BMI (continuous, kg/rhand categories) and adequacy of gestational weight gain
(continuous, per 0.10 and categories). Full models were separately adjusted for
birthweight z-score, duration of exclusive breast feeding, and age at introduction of

solids.

Aim 3.Determine the association between modifiable prenatal maternal factors and
WAZ, LAZ, and WLZ from birth to3 years using longitudinal models.

This aim was designed to take advantage of the longitudinal weight and length
measurements of the children provided by the doctor’s cards and the PIN stldly3taf
years. Linear mixed effects regression modéfavere used to examine whether the
effects of the selected maternal exposures, prepregnancy BMI and adequacy of
gestational weight gain, on offspring anthropometric outcomes (WAZ, LAZ, and WLZ)
varied over between birth and 3 years. These models are more powerful than tee simpl
logistic models for investigating these research questions becausdithefor the use
of multiple measurements of the children between birth and 3 years. They alsotacc
for the irregular measurement times across subjects, unequal numbers of meatsure
within subjects, and correlation of measurements within subjects. Modelsitwesiad
maximum restricted likelihood specified by tktenixedfunction in Stata 11 (College

Station, TX). We indicated an unstructured covariance structure for the tepeate
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dependent measures, which allowed for all variances and covariances to bdydistinct
estimated.

The following initial model with a random intercept and random slope was
considered for categories of prepregnancy BMI exposure (included as dumabjesjri
yi= p1 + f2(underweight) + Sz(overweight) + Sa(obese) + fsx; + {15 + OXj + €

wherey; is the anthropometric outcome (i.e. WAZ) for chilat age, x; is the
corresponding agé,s; is the random intercepl; is the random slope of age, asjds the
child and age-specific error term. The dummy variables for prepregnicst&us are
represented by, underweight), x (overweight), and x(obese), with normal
prepregnancy BMI as the reference. The inclusion of a random slope allcavs for
different rate of growth between children and was tested using a likelihtbm¢est with
50:50 mixturey® distribution®*

A similar model with a random intercept and random slope was considered for
categories of adequacy of gestational weight gain exposure (included @y dum
variables):

Yi= p1 + fa(inadequate) + fa(excessive |)+ pa(excessive )+ fsxi + (1 + (X + €ij
The dummy variables for adequacy of gestational weight gain are repkbgnt
(inadequate), x(excessive 1), ands{excessive Il), with adequate weight gain as the
reference.

Child WAZ, LAZ, and WLZ were individually plotted over time between birth
and 3 years to visually inspect the longitudinal pattern. The resulting graplestag
non-linear relation for WAZ but linear relations for LAZ and WLZ. Therefore, a

quadratic term for child’s age (child’s &y&vas included in the WAZ models.
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Interactions between the maternal exposures with child’s age (prepredsidiic
adequacy of gestational weight gain x child’s age) were examined todetevhether
associations between offspring anthropometric measurements and eastefonaternal
exposures varied over time. Due to potential differences in weight and length
development by gestational age, we tested for an interaction betvatatiogal age and
child’s age (gestational age x child’s age). We also tested for an irgarbetween
prepregnancy BMI and weight gain adequacy. All fixed effects inferatdrms were
tested using Wald tests with an a priori significance p-value of <0.15. Preaasdilles

identified as confounders were included as fixed effects in the full models.
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CHAPTER IV
MATERNAL PREPREGNANCY BODY MASS INDEX AND GESTATIONAL

WEIGHT GAIN DIFFERENTIALLY INFLUENCE INFANT POSTNATA. GROWTH

Abstract
Background:t is not clear whether maternal prepregnancy body mass index (BMI) and

gestational weight gain influence infant postnatal growth.

Objective:To determine how prepregnancy BMI and gestational weight gain relate t
infant weight-for-age (WAZ), length-for-age (LAZ), and weight-fength z-scores

(WLZ) at 6 months as well as rapid weight gain between birth and 6 months.

Design:Mother-infant pairs were recruited from the Pregnancy, Infection, and iNmitrit
Study, a recent prospective pregnancy cohort. Term infants with a weighgtsr le
measurement at approximately 6 months were included (n=363). Lineasregres
estimated associations for continuous WAZ, LAZ, and WLZ with catedarniaternal
exposures defined by the 2009 Institute of Medicine recommendations. Modified Poisson

regression estimated incidence risk ratios of rapid weight gain.

Results:Prepregnancy overweight and obesity were associated with higher WAZ

(multivariable linear regression coefficiefi),(0.32; 95% confidence interval [CI], 0.04-



0.61) and WLZf§, 0.39; 95% ClI, 0.02-0.76), respectively. Prepregnancy BMI was not
associated with LAZ. Excessive gestational weight gain was assdavith higher WAZ

(B, 0.39; 95% ClI, 0.15-0.62) and LAR,(0.34; 95% ClI, 0.12-0.56) compared to adequate
weight gain. Excessive weight ga200% of recommended amount was associated with
higher WAZ @, 0.68; 95% CI, 0.28-1.07), LAZ( 0.45; 95% CI, 0.06-0.83), and WLZ

(B, 0.43; 95% ClI, 0.04-0.82). Risk of rapid infant weight gain increased across maternal

exposure categories; however, none of the estimates were significant.

ConclusionsPrepregnancy BMI and gestational weight gain are modifiable ietraat
exposures that differentially influence postnatal infant anthropometric ouscéether

investigation with measurements of infant body composition is warranted

Introduction

In the United States, more than half of women of reproductive ages are
overweight or obedeand the majority of women gain excessive amounts of weight
during pregnanc$® These trends have motivated research on the impact of fetal
exposure to increased concentrations of nutrients and metabolic hormones oraltter he
outcomes, including the development of obe$®esults from animal and human studies
suggest that increased maternal nutrition via prepregnancy obesity arod®s amtrient
intakes during gestation leads to adiposity, insulin resistance, hyperphagia,
hyperleptinemia, and hypertension in the offsptifighowever the evidence is not

conclusive.
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Observational studies of the effects of maternal prepregnancy body mass inde
(BMI) and gestational weight gain on offspring anthropometric outcomegm@dat
limited. Much of the existing literature has focused on offspring birthweigBMI as
the main outcome of interest. Birthweitt® rapid rates of weight gain during infancy
and childhood*® and early childhood BMI statt’é* are all predictors of overweight
and obesity later in life. Maternal prepregnancy BMI and gestationghtvgain are
positively associated with birthweight> and offspring BMi®2% however, there is little
information about how these maternal factors influence early infant anthropome
outcomes, especially length.

In the present study, we utilize data from a recent prospective, longitudinal
pregnancy cohort study to investigate the effects of maternal prepredsidheyd
gestational weight gain on infant weight-for-age (WAZ), length-fpe-d.AZ), and
weight-for-length z-scores (WLZ) at 6 months as well as rapid infarghw gain
between birth and 6 months. This research is necessary to fill gaps in the cenasord
regarding the influence of modifiable maternal behavioral factors on infawtilgand

the development of pediatric obesity.

Methods
Participants

Women were recruited from the third cohort of the Pregnancy Infection and
Nutrition study (PIN3), January 1, 2001- June 30, 2005, and were followed through 12
months postpartum. The recruitment protocols for the study have been documented

previously*® Briefly, pregnant women who were at least 16 years of age at conception,
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English-speaking, prior to 20 weeks’ gestation at recruitment, and receivirajgireare
from public and private clinics at the University of North Carolina (UNC) Halpwere
eligible for participation. Data collection throughout the prenatal period intlsoi@o-
demographic characteristics, health behaviors, biological specimens, andlroledit
abstraction for pre-existing and pregnancy complications as well as otbemest

Beginning in 2003, the PIN Postpartum study recruited women from PIN3 and
followed-up the index infant at 3 and 12 months postparfuMomen who had a
pregnancy loss or multiple births, did not complete the first PIN3 telephone interview
delivered at a hospital other than UNC, or delivered prior to PIN Postpartuntmesrti
were not eligible for the study. Data collected during the 3 and 12 month home wgsits w
similar to that collected during the prenatal period and included information on infant
health status and feeding behaviors. Infant weights and lengths were measured by
medical care providers during well-baby visits and recorded on study providedsloctor
cards (described below). The PIN study protocols were reviewed and appsotres
Institutional Review Boards of the School of Medicine at UNC at Chapel Hill asceW
Medical Center.

Of the 550 mother-infant pairs participating at 12 months postpartum, 3 were
excluded due to physician diagnosed illnesses related to infant growth, 112 weng missi
anthropometric measurements because they did not return the doctor’s cards, and 27 did
not have anthropometric measurements at ~6 months. Due to potential confounding by
differences in gestational weight gain and early growth patterns betweterm
(gestational age <37 weeks) and term infants (gestational3@geeeks), preterm infants

were also excluded (n=45). The remaining 363 mother-infant pairs were included in the
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current study. Compared to the included mothers, excluded mothers were younger, less
educated, lower income, more likely to be black, not married, obese, and had higher
glucose tolerance values. Excluded infants had younger gestational ages, lowe
birthweights, and were exclusively breastfed for shorter durations companetLitted
infants. All other comparisons between the included and excluded samples were not

significant.

Outcome Measurements

Infant anthropometric outcomes were WAZ, LAZ, and WLZ at 6 months and
rapid infant weight gain between birth and 6 months. Infant birthweights (naB@2Xex
(n=363) were abstracted from delivery logs. All other weights and lengtftesmeasured
and recorded on doctor’s cards during well-baby visits. Doctor’s cards vestidqu to
mothers by the PIN study staff. Mothers brought these cards to each pediaisitiand
the date of the visit and weight and length of the infant were recorded by hstalita
These cards were collected by the PIN staff at the 12 month home visit. Incotales t
advantage of the largest possible sample size, infant measurements fltrabyelisits
between approximately 5 and 7 months (median: 6.2; range: 4.8-7.4) were included in
analyses. Of the 363 infants with a weight or length measurement at appedxiéna
months, there were 354 infants with weight measurements, 355 infants with length
measurements, and 346 infants with both weight and length measurements. Theeexact ag
of the infant at the time of each measurement was calculated by sulgtthetinfant’s

birth date from the date of the visit. We used thHB dBthe month for infants missing the
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day of the visit (n=5). We used the pediatrician’s recorded age of the infant when bot
the month and day of the visit were missing (n=9).

Gestational age at birth was calculated from ultrasound measuremeshistedn
prior to 22 weeks’ gestation (up to 21 weeks, 6 days). If no ultrasound was performed or
if it was not performed prior to the start of thé2®eek then the date of the last
menstrual period was used. Infant birthweights were converted to birthwerght-f
gestational age and sex z-scores (birthweight z-scores) usirgfés8nce dati Infant
weights, lengths, and weight-for-lengths at 6 months were converted émdege-
specific z-scores using the 2000 CDC/NCHS growth cRaRsipid infant weight gain
was defined as a change in z-scores greater than +0.67 between birth and 6 months
which is clinically interpretable as the upward crossing of a ceirtdeoh an infant

growth chart®

Maternal Exposures

Maternal prepregnancy BMI (kgfrwas calculated using self-reported
prepregnancy weight and measured height. For quality assurance, weaghtengents
at the first prenatal clinic visit (within 15 weeks’ gestation) were conapiaréhe self-
reported prepregnancy weights to identify biologically implausible weghtsgWomen
with implausible values (n=6) had their prepregnancy weights imputed following
previously published method$**BMI was classified following guidelines established
by the 2009 IOM recommendations: underweight <18.5 kgiormal weight 18.5 to

24.9 kg/nf; overweight 25.0 to 29.9 kgfmand obese30.0 kg/nf.*®
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Total gestational weight gain was defined as the difference betg#aeported
prepregnancy weight and the last weight measurement taken prior to delive2009
IOM gestational weight gain recommendations for total weight gain are1820%g for
underweight women; 11.5-16.0 kg for normal weight women; 7.0-11.5 kg for overweight
women:; and 5.0-9.0 kg for obese woni&An adequacy of gestational weight gain ratio
was calculated by dividing the observed total gestational weight gain bypketed
weight gain, based on the IOM recommendations specific for a given prepred@iMhc
category and the trimester of gestation, as described previodshy?’

Based on the 2009 IOM report we interpreted expected total first trinvesitgnt
gains as 2.0, 1.5, 1.0, and 0.5 kg for underweight, normal weight, overweight, and obese
women, respectively. Mean expected rates of weight gain for the second and third
trimesters were 0.49, 0.45, 0.30, and 0.24 kg/week for underweight, normal weight,
overweight, and obese women, respectively. These rates were calcul&@iediféfietence
between the prepregnancy BMI-specific expected total firsesiar weight gain and the
midpoint of each weight gain range, divided by 27 weeks. For example, for underweight
women the recommended total weight gain range is 12.5-18.0 kg and the midpoint of this
range is 15.25kg. The expected rate of weight gain durind'tteméa 3° trimesters is
calculated as follows: (15.25-2.0)/27 weeks = 0.49 kg/week. The use of rates of weight
gain adjusts for the fact that not all women have a weight measurement auettod ti
delivery.

Cutoffs to determine inadequate, adequate, and excessive weight gainsssdre ba
on ranges of adequacy ratios using the 2009 IOM total weight gain recomrorsdas

described previous*>?’Ranges of adequacy ratios were calculated by dividing the
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lower and upper recommended total weight gain values by the midpoint of the range
Using the calculations for underweight women as the example, the lower, mjdmoint
upper recommended total weight gain values are 12.5, 15.25, and 18.0 kg, respectively.
This corresponds to an adequacy ratio (%) range of 0.82 (82%) to 1.18 (118%)).
Underweight women with adequacy ratios within this range were defined as having
adequate gestational weight gain. Underweight women who have an adequady.8&tio <
were defined as having inadequate weight gain (below the IOM recomtioen@and

those who have an adequacy ratio >1.18 were defined as having excessive weight gai
(above the IOM recommendation). Using this convention, the range of adequacy ratios
defined as adequate weight gain among normal weight, overweight, and obese women
were 0.84 t0 1.16, 0.76 to 1.24, and 0.71 to 1.29, respectively. Due to the large
distribution of adequacy ratios within the excessive weight gain categossswxe

weight gain was dichotomized at an adequacy ratio of 2.00, or 200%, to examine the
effects of excessive weight gain within the upper adequacy ratios. Excleasigt

gain (n=154) was defined as an adequacy ratio greater than the upper viatuB -

specific adequate range to 1.99. Excessive Il gestational weighthg&is) (was defined

as an adequacy rati2.00 (or>200% of the recommended amount).

Other Variables

Data concerning maternal prenatal smoking, household income, education,
marital status, age at conception, race/ethnicity, pre-existing diabedgsaidty (the
number of viable previous pregnancies) were collected from interviews during the

prenatal period and categorized as shown in Table 2. Household income was expressed as
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percent of the poverty line and calculated using the 2001 U.S. Department of Health and
Human Services Federal Poverty Guidelffies percentage185% is the household

income cut-off for the Special Supplemental Nutrition Program for Womé&mts) and
Children. Household income at the 3 month interview was used for women who were
missing this information from the prenatal period (n=7).

Maternal glucose tolerance status was derived from universahscee oral
glucose tolerance tests (OGTT) that were conducted during the secondetrifmestn
gestational age ~27 weeks) on all women without pre-existing diabetesisa®liormal
and impaired glucose tolerance (IGT) were defined as blood glucose <140 mg/dl and
>140 on the universal screen, respectively. Gestational diabetes mellitus (GI3M)
defined as having two abnormal values on the OGTT or a physician diagnosis of GDM
listed on the medical record.

Infant feeding information was collected at the 3 and 12 month postpartum
interviews. Duration of exclusive breast feeding (feeding only breast millaier) and
the age at introduction of solids and liquids (any food/beverage other than breast milk,
formula, or water), was collected at 3 and 12 month interviews. These variagoées w

dichotomized at 4 months (<4 months addmonths) for inclusion in analyses.

Statistical Analysis

To take advantage of our entire sample of infants with anthropometric
measurements at ~6 months (n=363), we used multiple imputation techniques using SAS
9.2 (SAS Institute, Cary, NC) and PROC MI to estimate values of the missingate

data for the sample: gestational weight gain (n=2), glucose tolerzdk (haternal
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prenatal smoking (n=9), household income (n=1), duration of exclusive breast feeding
(n=17), and birthweight (n=1). All of the pre- and postnatal variables discussed in the
previous section were included in the multiple imputation models. We generated ten
imputed data sets that were combined into a single set of parameteresstonéte final
regression modef§:*° All analyses were completed using the imputed data set and the
results were compared to those from the complete case analyses.

Other statistical analyses were performed using STATA 11 (Cdieg®n, TX).
Potential effect measure modifiers and confounders were identified effpora review
of previous literature and causal diagra&.The interaction of continuous maternal
prepregnancy BMI with adequacy of gestational weight gain ratiedesséed in a crude
model using interaction terms and Wald tests with an a priori significandegofa
<0.15. Full models were separately adjusted for birthweight z-scores pduréti
exclusive breast feeding, and age at introduction of solids. These additionakaragyre
performed to determine whether the observed associations persisted aftalirogfbr
postnatal factors that are associated with the selected maternalresparsd predictive
of infant growth.

T-tests of means and analyses of variance were used to analyze dsisibbt
baseline characteristics. Multivariable linear regression modetswged to examine
associations of continuous infant outcome variables with categorical matepoaures.
Multivariable modified Poisson regression (Poisson regression with a robust error
variance) estimated incidence risk ratios of rapid infant weight gain éetlrgh and 6
months. The use of this method to estimate risk with prospective cohort data has been

validated®***All regression analyses were adjusted for clustering at the individual
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level®48

since there were 13 women with more than one child included in the analyses.
Adequate weight gain and normal prepregnancy BMI were used as the reference

categories.

Results

The mean (standard deviation [SD]) prepregnancy BMI was 24.2 (5.6%;kg/m
approximately 29.2% of the women were overweight or obese. The mean (SD)
gestational weight gain for the sample was 16.0 (5.4) kg with 57.9% of the women
gaining in excess of the 2009 IOM recommendations. The distribution (n) of inadequate,
adequate, excessive |, and excessive Il weight gains across paapre®MI categories
were: 4, 7, 9, and 0 among underweight women; 35, 86, 107, and 8 among normal weight
women; 2, 6, 29, and 23 among overweight women; and 5, 7, 9, and 24 among obese
women. The mean (SD) weight and gestational age of the infants at birth were 3433.8
(425.6) g and 39.2 (1.1) weeks, respectively.

Maternal characteristics of prepregnancy BMI, gestational wggyht race,
prepregnancy diabetes mellitus, and prenatal smoking were associatadswghificant
difference in the means of at least one infant anthropometric outcome (Tablea). Me
WLZ and WAZ increased across categories of prepregnancy BMI andigestaveight
gain, respectively. Women with prepregnancy diabetes mellitus had infantewér
mean WAZ and LAZ, while smokers had infants with lower LAZ and black women had
infants with greater WLZ. Lower mean WAZ and WLZ were also observesh@gm

infants who were exclusively breastfed or introduced to solid foods at 4 months of age or
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older. Mean z-scores for all three infant anthropometric outcomes indrea®ss
categories of birthweight.

In full models (Tables 3-6, Model 1), WAZ (Table 3) and WLZ (Table 5) at 6
months increased across categories of maternal prepregnancy Bpiédrancy
overweight was associated with higher WAYZ Q.32; 95% confidence interval [CI],
0.04-0.61) and prepregnancy obesity was associated with higher §VQ289; 95% CI,
0.02-0.76). Risks of rapid infant weight gain between birth and 6 months also increased
across maternal prepregnancy BMI categories, with an approximate 508eficeirisk
ratio[IRR],1.52; 95% CI, 1.03-2.23) increased risk among infants of obese mothers;
however, this association was not statistically significant in the full h{ddéle 6).
Maternal prepregnancy BMI was not associated with LAZ at 6 months (Fable

Adjustment of full models for birthweight z-score (Tables 3-6, Model 2)
attenuated the observed associations among overweight and obese women. Adjustment
for infant feeding similarly attenuated associations; age at introductiatids fad
slightly stronger attenuating effects compared to duration of exclusestifeeding
(data not shown).

Inadequate weight gain was not associated with any of the infant anthrapomet
outcomes in the full models (Tables 3-6, Model 1). Total excessive gestatioght wei
gain (excessive | and excessive Il combined, data not shown in tablegseemeed
with higher WAZ ¢, 0.39; 95% ClI, 0.15-0.62) and LAR,(0.34; 95% CI, 0.12-0.56) at 6
months but not WLZ, compared to adequate gestational weight gain. Exdessight
gain was associated with higher WAZ (Tablg30.68; 95% CI, 0.28-1.07), LAZ (Table

4; B, 0.45; 95% CI, 0.06-0.83), and WLZ (Table50.43; 95% Cl, 0.04-0.82). Risks of
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rapid infant weight gain increased across gestational weight gairogatsediowever,
none of the associations were significant (Table 6).

Adjustment of full models for birthweight z-score (Tables 3-6, Model 2)
attenuated the observed associations for gestational weight gain angiggamitcomes
but significant associations remained for WAZ with excessive Igitegain (Table 3)
and LAZ with total excessive weight gain (data not shown in tapl€s22; 95% ClI,
0.004-0.43]. In contrast, risks of rapid weight gain were strengthened aftstnaeint for
birthweight z-score (Table 6); excessive Il weight gain was asedamth a 1.61 (95%
Cl, 1.00-2.60) times increased risk of rapid weight gain. The addition of duration of
exclusive breast feeding and age at introduction of solid foods to the models didrmot alte
the observed associations (data not shown). There was no evidence for ananteract
between gestational weight gain and prepregnancy BMI for any of the infant

anthropometric outcomes.

Discussion

Previous systematic reviews identified infant size and growth rate as early
predictors of later life obesift):>° Our results suggest that prepregnancy BMI and
gestational weight gain are modifiable intrauterine exposures that difédiseimtfluence
infant size and rapid infant weight gain, a measure of infant growth raken Wie first 6
months of life.

We found that while both prepregnancy BMI and gestational weight gain were
positively associated with WAZ, only gestational weight gain wascaged with LAZ

at 6 months. Prepregnancy overweight and obesity and excessive weigt2@féh of
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the IOM recommended amount were associated with higher WLZ. These rélgisons
represent the total effects of prepregnancy BMI and gestational weighirgafant size
outcomes (i.e. including their effects on birthweight) and suggest that the réladiye
size of infants differs by maternal exposure. Compared to infants of nornggatwei
mothers, those of overweight/obese mothers have greater weights reldteie lengths
(i.e. they appear heavy relative to their length). Compared to infants of mottrers w
adequate gestational weight gain, those of mothers with excessive gastagaht gain
have greater weights but they have proportionally greater lengthsddgtien being
that those of mothers with excessive weight g&d0% of the IOM recommendations
have increases in weight that exceed those in length (i.e. they appear long ghd heav

Although risk estimates increased across maternal exposure categaties, n
prepregnancy BMI nor gestational weight gain was associated with ragnd wéight
gain in the full models, which is consistent with previous stutli#&Rapid infant weight
gain represents the crossing of a growth chart centile line but it does oohtfor
differences in initial or concomitant linear growth. Despite thesedtraits, it is
associated with the development of obesity later irrfiféThe lack of an association of
prepregnancy BMI and gestational weight gain with rapid infant weightsymjgests
that the main effect of these maternal exposures relates to changestisizdavhile
other previously identified factors, such as early weafimgay have greater influence
on rate of weight gain.

Birthweight and infant feeding are associated with prepregnancy Bi1l a
predictive of infant adiposity. The addition of these variables to the full models

attenuated the associations for prepregnancy BMI with infant WAZ and WLZ.
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Birthweight has been shown in another study to explain approximately 34% and 17% of
the effect of prepregnancy BMI on infant weight (g) and BMI (iy/at 14 months>
Overweight and obese mothers are more likely to have shorter durations oivexclus
breast feeding and introduce their infants to solid foods at earlier ages conopared t
normal weight mother¥->® Early introduction to solid foods during infancy (between 1
and 4 months) is associated with greater energy intakes at 4 f@mtisnfants weaned
prior to 4 months have significantly higher WAZ at 7 months and 14 months compared to
infants breastfed for more than 4 month€ur results suggest that the effects of
prepregnancy overweight/obesity on infant size are not only expressed thraligh fet
growth and the birthweight of the infant but also carry over into the postnatal
environment.

The associations between gestational weight gain and infant size outcomes were
also attenuated by birthweight; however, significant differences in iW## among
women with excessive weight gat200% of the IOM recommendations and LAZ
among women with excessive gains (excessive | and excessive |l copienadted.
Infant feeding did not attenuate any of the observed associations. Théteinesate
that, in contrast to prepregnancy BMI, gestational weight gain has anaifedant size
that is not explained by its influence on fetal growth and birthweight and it ¢o
postnatal feeding practices. After adjustment for birthweight, therelsas significant
60% increased risk of rapid infant weight gain among women with excessivat \gaig
>200% of the IOM recommendations. Although this is consistent with our finding of
higher infant WAZ among this subgroup, the observed strengthening of risk estimat

after adjustment for birthweight may be a statistical artifaest&ional weight gain is
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positively associated with birthweight z-score and birthweight z-ssoneersely
associated with rapid weight gain (infants with low birthweights are niaky Lo have
rapid weight gain compared to infants with high birthweights), which in turngshens
the association between gestational weight gain and rapid weight gain whaddédsto
the model.

It is not clear why prepregnancy BMI and gestational weight gain relate
differently to the selected infant outcomes. A plausible hypothesis is tetioas in
infant size reflect differences in the fetal exposures associated wsthrtregernal
factors: Prepregnancy BMI represents maternal nutritional stodesatabolic/hormonal
status while gestational weight gain is more reflective of nutrierkestand energy
expenditure (as well as maternal tissue and fluid expansion and fetal vaeight)
pregnancy. The intrauterine environment and metabolic changes associatethteinal
obesity are detailed in a review by Kihid-etuses of obese women have increased levels
of proinflammatory markets® cord blood leptin, and insulin resistaf)@s well as
greater neonatal adiposity®, independent of birthweight and glucose tolerance Status
compared to those of lean women. Sewell &falund significant increases in percent
body fat and fat mass but not lean body mass in neonates of overweight/obese compared
to lean/average women; observed increases in infant birthweights of ovefolsglt
women were due to increases in fat mass but not lean body mass. Neonatal adiposity is
correlated with percent body fat in childhdbdh a study of obesity transmission, among
obese women who underwent weight loss surgery, offspring born after surgery had lower
birthweights and lower BMI percentile and prevalence of severe obesity ahtpar

siblings born prior to the surgetyResults from these highlighted studies suggest that
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prepregnancy BMI is an important determinant of weight and adiposity outcoready
infancy that persist into later life.

Gestational weight gain is positively associated with total cafgrigstein, and
animal fat intake® and there is substantial evidence linking gestational weight gain and
birthweight?* However, there is little information about an association for either materna
diet and/or gestational weight gain with infant body composition. Though reselts
inconsistent, fetal growth may differ by maternal dietary macronutr@nposition®”
and glycemic indeX. Ay et.al®, found no association of gestational weight gain during
the first 30 weeks of pregnancy with infant percent fat mass (truncal, peljurdaal
fat mass) at 6 months, while prepregnancy BMI was associated with ext@agpheral
fat mass in these infants. Analyses of the PIN cohort at 3 years (ClWagftéhis
dissertation), found higher BMI z-scores associated with excessivhtwgaiig but an
increased risk of child obesity45" percentile) was only associated with excessive
weight gain>200% of the IOM recommendations. The effects of gestational weight gain
on infant body composition may also differ by prepregnancy BMI status. btutg by
Sewell et.al®, neonatal lean body mass but not percent body fat was correlated with
gestational weight gain among lean/average women (BMI<25%ghile only percent
body fat was correlated with gestational weight gain among overweigh&atomen
(BMI>25 kg/nf). Though we did not find an interaction for the selected infant outcomes,
it is possible that more detailed infant body composition measurements would revea
similar effects. Considering that both child heigahd BMF®4 are predictors for later

life obesity, more research is needed to examine the effects of materrmaiddiet
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gestational weight gain in relation to prepregnancy BMI status to detehonméhey
contribute to body composition at birth and throughout childhood.

Our results should be interpreted within the context of several limitatiohs of t
study. With the exception of birthweight, infant anthropometrics came frotvbaley
visits recorded on doctor’s cards. These measurements are subject to the intogsent e
of clinical data because they were collected at multiple clinic sytesedical staff who
were not trained using a standardized method. Infant weight and length are not
measurements of infant adiposity so we cannot state whether the observed changes in
infant size are due to fat or fat free mass. Attrition between PIN3 andNHeoBtpartum
studies resulted in a disproportionate loss of women among high risk groups. Although
the exposure-disease relationship is not expected to differ across marsedatiers,
losses from high risk groups, such as obese women, may have weakened the observed
associations reported here. Lastly, although women were enrolled intodRif\hg early
pregnancy, enroliment within the first month of pregnancy is rare and theredelfe a
reported measure of prepregnancy weight was used in the analyses. Siregnaregpyr
weight is used in the calculation of prepregnancy BMI (height was mesure
gestational weight gain, misclassification of women with regards to the cegonim
interest may occu?® This type of error may result in an underestimation of prepregnancy
BMI and an overestimation of total gestational weight gain, possibly weaktre
observed associations.

Despite these limitations, using data from a prospective, longitudinal cohort
study, we found that the relative body size of infants at 6 months differs byan uter

exposure to prepregnancy BMI and gestational weight gain based on the current 2009
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IOM guidelines. Both prepregnancy BMI and gestational weight gain wergvpbsi
associated with WAZ but only gestational weight gain was associated A@tlatl 6
months. Prepregnancy overweight and obesity and gestational weighg8#t of the
IOM recommendations were associated with higher WLZ. These findings provide
evidence for an influence of maternal nutrition-related factors on offspring
anthropometric outcomes in early infancy. Further research with preceseiraments of

infant body composition is warranted to confirm our results.
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Table 2. Distribution of selected basdline characteristics by mean infant weight-for-age (n=354), length-for-
age (n=355), and weight-for-length (n=346) z-scores at 6 months in the Pregnancy Infection and Nutrition

Study.
M ean Mean LAZ Mean

. WAZ at 6 P at 6 P WLZ at 6 P

Variable N months value N months value N months value
(SD) (SD) (SD)

Age (years
16-24 44  0.14 (0.84) 45 0.28 (0.74) 42 0.07 (1.14)
25-29 98 0.19(1.07) 0.67 101 0.44 (0.98) 058 97 0.02 (1.0Sb 49
30-34 145 0.10(0.98) 143  0.49(0.96) 142 -0.15QQL.
35-47 67 0.28 (0.96) 66 0.50 (0.77) 65 0.04 (1.14)
Prepregnancy
BMI Category
(kg/m?)
Underweight 21 -0.12(0.76) 20 0.13 (0.84) 20 -0.11 (0.94)
Normal Weight 231 0.11(0.98) 0.10 229 0.48 (0.87)O 31 224.16 (1.13) 0.02
Overweight 58 0.36 (0.89) 61 0.51 (0.90) 58 0.18@)1 )
Obese 44 0.35(1.17) 45 0.35 (1.08) 44 0.32 (0.99)
Gestational
Weight Gain
(2009 IOM
Category)
Inadequate 46 0.002 (0.95) 46 0.39 (0.82) 46  -0.24 (1.17)
Adequate 106 -0.04 (0.92) 0.003 104 0.31 (0.84)O 18 104 -01Q7) 0.01
Excessive | 148 0.24 (1.03) 149  0.55(1.00)™ 143 05@1.15) )
Excessive Il 52 0.52(0.91) 54 0.50 (0.81) 51  (a189)
Race
Non-Black 321 0.16 (0.98) 0.67 322 0.48 (0.91) 0.06 313 -0.08 (1.12) 0.03
Black 33  0.23(0.99) ) 33 0.17 (0.127) — 33 0.35(0.92)™
Marital Status
Married 309 0.18(0.98) 0.43 310 0.49(0.87) 0.06 304 -0.05(1.12) 0.54
Other 45  0.06 (1.01) ) 45 0.21(1.11) — 42 0.06 (1.04)™
Education
< Grade 12 31  0.22(1.01) 33 0.36 (1.15) 29 0.18 (0.99)
Grades 13 -16 172 0.20(1.02) 0.73 171 0.45 (0.900.83 16801 (1.15) 0.27
>Grade 17 151 0.12(0.94) 151  0.47 (0.86) 149 -(11@8)
Family Income
(% Poverty)
<185% 40 0.17 (1.00) 41 0.35 (0.86) 38 0.03 (1.28)
185-350% 70 0.19(0.99) 0.96 69 0.39 (1.04) 0.55 68 0.0970.9 0.49
>350% 242 0.16 (0.98) 243 0.48 (0.88) 238 -0.0821.
Prepregnancy
Diabetes
Mellitus
No 339 0.18(0.96) 0.05 341 0.48(0.87) 0.003 33D.04(1.11) 0.94
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Yes 14 -0.34 (1.43) 13 -0.28 (1.51) 13 -0.02 (1.05)
Glucose

Tolerance

Normal 300 0.17(0.95) 304 0.49(0.85) 296 -0.06 (1.12)
Impaired Glucose

Tolerance 29 0.32(1.05) 0.64 28 0.51(1.03) 0.51 27 0.12 (1.17) 0.71
Gestational

Diabetes 9 0.02(1.08) 8 0.13(0.75) 8 -015(101)

Parity

Nulliparous 176 0.15(0.96) 179 0.48 (0.86) 173 -0.09 (1.12)

0.80 0.52 0.007 0.43
1or More Births 178 0.18 (1.01) 176 4 42 (0.95) 173 110
Smoking in
Months 1-6 of
Pregnancy
No 322 0.18(0.98) 058 322 0.47 (0.86) 0.05 315 -0.04 (1.12) 0.20
Yes 24 0.07 (1.04) ) 24 0.10(1.36) 23 0.26 (0.73)™
Infant Sex
Male 183 0.13(1.00) 051 185 0.42(0.85) 056 177 0.03 (1.12) 0.23
Female 171 0.20(0.96) 170 0.48 (0.97) ™ 169 -0.1a9)1
Exclusive Breast
feeding
<4 months 142 0.30(0.99) 0.02 143  0.46 (0.92) 0.90 139 0.14 (1.05) 0.009
>4 months 195 0.05(0.96) 196 0.45(0.88) 191 -QuB4) )
Introduction to
Solid Foods
0-4 months 57 0.49(0.98) 54 0.50 (0.89) 53 0.34 (1.06)

0.01 0.68 0.006
>4 months 297 0.10(0.97) 301 0.44(0.91) 293 -(1110)
Birthweight
Category (q)
<3000 44  -0.59 (0.90) 44 -0.08 (1.11) 44  -0.53 (1.10)
3000-<3500 172 0.04 (0.90) 174  0.33 (0.792 168 901011)
3500-<4000 102 0.37 (0.90) <0.001 101 0.66 (0.86)0'001 100 (Q104b) 0.0001
>4000 35 1.09(0.83) 35 1.12 (0.75) 33 0.58 (1.02)
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Table 3. Differencein weight-for-age z-scores at 6 months associated with categories of mater nal

prepregnancy BM| status and gestational weight gain according to the 2009 |OM Guidelines (n=354)

Model 1% Model 2°

B (95%CI)° valrue B (95%CI)° P value
Prepregnancy BMI
Underweight -0.21 (-0.57, 0.15) 0.26 -0.17 (-0616) 0.31
Normal Weight Reference Reference
Overweight 0.32 (0.04, 0.61) 0.03 0.20 (-0.06,p.45 0.13
Obese 0.30 (-0.07, 0.67) 0.11 0.24 (-0.14, 0.62) 24 0.
Gestational Weight Gain
Inadequate 0.08 (-0.24,0.40) 0.61 0.08 (-0.22,)0.38 0.59
Adequate Reference Reference
Excessive | 0.32 (0.07, 0.56) 0.01 0.18 (-0.050p.4 0.12
Excessive | 0.68 (0.28, 1.07) 0.001 0.46 (0.183D. 0.01

®Model 1 adjusted for gestational age, maternaltiteigaternal race/ethnicity, marital status, prahat

smoking, household income, and education. For tlestd weight gain models, additional adjustmenéseav

made for prepregnancy BMI and prepregnancy diaba#ktus.

®Model 2 adjusted for Model 1 and birthweight z-scor

°B, coefficient from linear regression; 95% Cl, 95%nfidence Interval
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Table 4. Differencein length-for-age z-scores at 6 months associated with categories of maternal
prepregnancy BMI status and gestational weight gain according to the 2009 |OM Guidelines (n=355)

Model 1* Model 2°

B (95%CI)° vaIPue B (95%CI)° P value
Prepregnancy BMI
Underweight -0.35 (-0.75, 0.05) 0.09 -0.34 (-00.03) 0.07
Normal Weight Reference Reference
Overweight 0.14 (-0.14, 0.41) 0.33 0.05 (-0.2220.3 0.71
Obese 0.02 (-0.29, 0.32) 0.92 -0.02 (-0.34,0.29) .890
Gestational Weight Gain
Inadequate 0.19 (-0.08, 0.47) 0.16 0.18 (-0.0%)0.4 0.19
Adequate Reference Reference
Excessive | 0.30 (0.07, 0.52) 0.01 0.20 (-0.032p.4 0.08
Excessive || 0.45 (0.06, 0.83) 0.02 0.31 (-0.068D. 0.09

*Model 1 adjusted for gestational age, maternaltiteigaternal race/ethnicity, marital status, prahat
smoking, household income, and education. For tilestd weight gain models, additional adjustmenéseav
made for prepregnancy BMI and prepregnancy diabagdhtus.

®Model 2 adjusted for Model 1 and birthweight z-scor

°B, coefficient from linear regression; 95% Cl, 95%nfidence Interval
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Table5. Differencein weight-for-length z-scores at 6 months associated with categories of mater nal
prepregnancy BMI status and gestational weight gain according to the 2009 |OM Guidelines (n=346)

Model 1° Model 2°

B (95%CI)° vaIPue B (95%CI)° P value
Prepregnancy BMI
Underweight 0.07 (-0.36, 0.50) 0.76 0.09 (-0.353D. 0.67
Normal Weight Reference Reference
Overweight 0.34 (-0.01, 0.69) 0.05 0.24 (-0.0869.5 0.15
Obese 0.39 (0.02, 0.76) 0.04 0.34 (-0.04, 0.71) 80.
Gestational Weight Gain
Inadequate -0.14 (-0.55, 0.26) 0.49 -0.13 (-0.5270 0.53
Adequate Reference Reference
Excessive | 0.10 (-0.20, 0.40) 0.51 0.03 (-0.289.3 0.83
Excessive |l 0.43 (0.04, 0.82) 0.03 0.30 (-0.087D. 0.13

®Model 1 adjusted for gestational age, maternaltieigaternal race/ethnicity, marital status, prahat
smoking, household income, and education. For giestd weight gain models, additional adjustmenésav
made for prepregnancy BMI and prepregnancy diaba#dktus.

®Model 2 adjusted for Model 1 and birthweight z-gcor

“B, coefficient from linear regression; 95% Cl, 95%n@dence Interval

72



Table 6. Risk of rapid infant weight gain between birth and 6 months associated with categories of

maternal prepregnancy BM| status and gestational weight gain according to the 2009 |OM Guidelines
(n=354)

Model 1* Model 2°

IRR (95%CI)° P value IRR (95%CI)° P value
Prepregnancy BMI
Underweight 0.47 (0.16, 1.41) 0.18 0.47 (0.16,1.36 0.16
Normal Weight 1.00 (Reference) 1.00 (Reference)
Overweight 1.18 (0.74, 1.68) 0.59 1.23(0.84,1.80) 0.30
Obese 1.41 (0.90, 2.20) 0.14 1.40 (0.95, 2.07) 0.
Gestational Weight Gain
Inadequate 0.94 (0.53, 1.67) 0.82 0.97 (0.56, 1.68) 0.92
Adequate 1.00 (Reference) 1.00 (Reference)
Excessive | 1.11 (0.74, 1.65) 0.61 1.28(0.89,1.84 0.19
Excessive | 1.29 (0.76, 2.18) 0.34 1.61 (1.000P.6 0.05

*Model 1 adjusted for gestational age, maternaltiteigaternal race/ethnicity, marital status, prahat
smoking, household income, and education. For giestd weight gain models, additional adjustmenésav
made for prepregnancy BMI and prepregnancy diaba#dktus.

®Model 2 adjusted for Model 1 and birthweight z-scor

“IRR, Incidence Risk Ratio from modified Poissonresgion; 95% Cl, 95% Confidence Interval
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CHAPTER YV
THE EFFECTS OF MATERNAL PREPREGNANCY BODY MASS INDEX AND

GESTATIONAL WEIGHT GAIN ON CHILD BODY MASS INDEX AT 3 YEARS

Abstract
Objective:To determine how maternal prepregnancy body mass index @idIpestational

weight gain relate to child BMI and risk of overweight/obesity at 3 years

Subjects and MethodSubjects were recruited from a recent pregnancy cohort and fdllowe
through 36 months postpartum (n=325). Linear regression estimated associdti@es ibe
maternal exposures and continuous child BMI z-scores. Modified Poisgpasssn

estimated incidence risk ratios of child BMB5" and>95" percentile.

Results:Maternal prepregnancy BMI and gestational weight gain wesdively associated
with child BMI z-scores and risks overweight/obesity at 36 months.p@oed to children of
normal weight mothers, children of overweight and obese mothers W& €95%CI: 1.02-
2.91) and 2.21 (95%Cl: 1.34-3.64) times more likely to-88" percentile and 3.66 (95%Cl:
1.18-11.34) and 8.42 (95%Cl: 2.88-24.62) times more likely to>B8" percentile,
respectively. Each 10.0% increase in adequacy of gestational vggightwas associated
with 0.03 (95%CI: 0.01-0.05) unit increase in child BMI z-score. Risk<BMf>85"

percentile increased across categories of gestational wgaghtout none were significant.



Risk of BM>95" percentile was 2.94 (95%CI: 1.19-7.27) times greater among wuitien
excessive gains200% of the recommendations. Additional adjustment for birthweight and
infant feeding behaviors tended to attenuate estimates but did notsfhirthieir significance

in most instances.

Conclusions: Maternal prepregnancy BMI and gestational weight gain @ositively

associated with child BMI z-score and risk of overweight/obedit§ gears. Prevention
efforts to reach women during their reproductive years, prior torbmg pregnant, are
necessary to decrease fetal exposure to maternal obesity eesbieg gestational weight

gains.

Introduction

Recent pediatric obesity prevention efforts have switched floeus from the
postnatal to the prenatal period, emphasizing the perceived impoofamoelifiable prenatal
risk factors, such as prepregnancy body mass index (BMI) andigestateight gain, for
weight development in the offspring. Results from animal modedgesi that maternal
overnutrition, both prior to and during gestation, influences the developmaeritspfing
metabolic and appetite regulating systems leading to iremeasliposity later in life.
Previous studies demonstrate that maternal BMI is positivelygcaged with adiposity in
childrer™® but not all of them evaluated maternal BMI prior to pregndricyhere are
relatively fewer studies and less consistent evidence to suppassatiation between

gestational weight gain and offspring weight status, with stushesving both positive and
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no associations for various weight outcomes. It is also not cleather the effect of
gestational weight gain on offspring adiposity varies by prepregnancysgitlis.

In the current study, we utilize data from a recent prospedbingitudinal pregnancy
cohort to investigate the independent effects of prepregnancy Bdbestational weight
gain, defined by the 2009 Institute of Medicine recommendations, on affsBiMI at 3
years. The results from this research can be used to informugshel greconceptional, as

well as pediatric obesity, intervention efforts.

Methods
Study Population

Subjects were recruited from the third cohort of the Pregnancy InfectioNu#ntion
study (PIN3), January 1, 2001- June 30, 2005, and followed through 3 years postpartum
the PIN Postpartum (3 and 12 months postpartum) and PIN Pediatrga8 postpartum)
studies. The recruitment protocols were documented previdisiyhe PIN study protocols
were approved by the Institutional Review Boards of the School ofdihedat UNC Chapel
Hill and Wake Medical Center.

A total of 2,006 pregnant women agreed to participate in PIN3hafhwi,169 were
eligible for the PIN Postpartum study; 480 were excluded from (n=@98)fused (n=187)
to participate in the study (Figure 2). There were 689 andrbéher-child pairs who
completed the 3 and 12-month postpartum interviews, respectively. FRyuisplays
participant retention and the reasons for exclusions across thePthtestudies. There were
409 children who completed the PIN Pediatric study. Three childrem exetuded due to a

physician diagnosed growth-related illness. Anthropometrigsomements were missing for
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81 (20.0%) children, mostly because other data was collected by pivenvew rather than
home visit (n=58) or the child was unavailable, such as napping, durimgnhe interview.
The remaining 325 children were included in the current study.

Distributions of selected baseline characteristics betweerlifible mother-child
pairs who participated in PIN Pediatric (n=406), PIN Postiparpairs not included in PIN
Pediatric (n=283), and eligible PIN3 pairs not included in PIN Pdsipatn=480) were
examined. In comparison to mothers in PIN Pediatric, those not incladeoth PIN3 and
PIN Postpartum were significantly younger and had infants withrlovean birthweight and
gestational age. They were more likely to be obese, black, unmdessdeducated, and
from low income households. Additionally, a higher percentage of PIN Pustpanothers
not included in PIN Pediatric smoked during pregnancy. All other cosgreni of
characteristics were not significant. There were no significéfferences in the baseline
characteristics of the PIN Pediatric samples with (n=325) aitdowt (n=81) child
anthropometric measurements with the exception that a highenfzgeeof mothers in the
sample missing measurements had gestational diabetes m@ilidi¥) or impaired glucose

tolerance (IGT) compared to those with measurements.

Study Variables

At the 3 year home visit, children’s heights and weights wesasured by trained
PIN staff using stadiometers and scales, respectively, dingoto National Health and
Nutrition Examination Surveys (NHANES) protocdfsChild BMI (kg/nt) was converted to
age- and sex-specific BMI z-scores (continuous) and percerddésgpries) using the 2000
Centers for Disease Control and Prevention/National Center faltiH8tatistics growth

charts!® Risk of overweight/obesity was defined as B®B" percentile (reference, <85
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percentile) and risk of obesity was defined as BO&" percentile (reference, <85
percentile).

Prepregnancy BMI was calculated using self-reported pyeprey weight and
measured height. Weight measurements at the first prenatglwtsin 15 weeks’ gestation)
were compared to self-reported prepregnancy weights and biolggirgilausible values
(n=9) were imputed following previously published methtids.BMI was categorized
following the 2009 I0OM recommendatidfisunderweight <18.5kg/fm normal weight 18.5
to 24.9kg/m:; overweight 25.0 to 29.9kg/mand obese30.0kg/nf.

Gestational weight gain was defined as the difference betweerself-reported
prepregnancy weight and last measured weight prior to delivEmng 2009 IOM
recommendatior8 for total gain are: 12.5-18.0kg for underweight women; 11.5-16.0kg for
normal weight women; 7.0-11.5kg for overweight women; and 5.0-9.0kg for obesemwvom
An adequacy of gestational weight gain ratio (adequacy rati®)calaulated by dividing the
observed weight gain by the expected weight gain based o®Madcommendations, as
described previousf§#*>!"*® Cutoffs to determine inadequate, adequate, and excessive
weight gains were based on ranges of adequacy ratios. Due tardgleedistribution of
adequacy ratios within the excessive weight gain category, ssxeeweight gain was
dichotomized at an adequacy ratio of 2.00, or 200%, to examine the effeztsessive
weight gain within the upper adequacy ratios. Excessive | weight(gal51) was defined
as an adequacy ratio greater than the upper value of the BMlis@a@juate weight gain

range to 1.99. Excessive Il weight gain (n=53) was defined aslequacy ratia2.00 (or

>200% of the recommended amount).
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Maternal prenatal smoking (months 1-6 of pregnancy), household inedoastion,
marital status, age at conception, race/ethnicity, pre-existiagetes, and parity were
collected from interviews during the prenatal period and categbmas shown in Table 1.
Household income was expressed as percent of the poverty line aunlhtedlasing the
2001 U.S. Department of Health and Human Services Federal PoverdgliGes®; a
percentagecl85% is the cut-off for the Special Supplemental Nutrition Pragoa Women,
Infants, and Children. Household income at the 3-month postpartum interaswsed for
missing information from the prenatal period (n=8).

Infant sex and birthweight were abstracted from medicatdsec&estational age was
calculated from ultrasound measurements conducted prior to 22 weskatign (up to 21
weeks, 6 days). If no ultrasound was performed or if it wap@dbrmed prior to the start of
the 22 week then the date of the last menstrual period was usedaStxestational age
adjusted birthweight z-scores were based on US national refetatd® Maternal glucose
tolerance status was derived from universal screens adminidigiad the second trimester
(mean gestational age ~27 weeks) on women without pre-existingtelsa(n=305). Normal
and IGT were defined as blood glucose <140 atdOmg/dl on the universal screen,
respectively. GDM was defined as having two abnormal values orahglocose tolerance
test or a physician diagnosis. Exclusive breast feeding dordthonths) and the age
(months) at introduction of solids (any food/beverage other thanthmatks formula, or

water) was collected at 3 and 12-months postpartum.
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Statistical Analysis

We used multiple imputation techniques using SAS 9.2 (SAS Institute, Cary, NC) and
SAS PROC MI to estimate values of the missing covariate fdatthe sample of children
with anthropometric data (n=325): prepregnancy BMI (n=1), gestatiosightvgain (n=1),
glucose tolerance (n=3), prenatal smoking (n=10), and birthweighj. (A#2f the pre- and
postnatal variables discussed in the previous section were inchutiezlmultiple imputation
models. We generated ten imputed data sets that were combinead isihgle set of
parameter estimates for the final regression mddéfsRegression analyses using the
imputed data were not different from those using the complete case data.

Other statistical analyses were performed using STATA U@ Station, TX).
Potential effect measure modifiers, confounders, and mediatonseoést were identified a
priori from a literature review and causal diagr&ifs. The interaction of maternal
prepregnancy BMI and adequacy ratios was tested in a crude modginisraction terms
and Wald tests with an a priori significance p-value of <0.15. thatdilly, full models were
individually adjusted for maternal glucose status, birthweightorescexclusive breast
feeding duration, and age at introduction to solids. Although these ‘eidlal not satisfy
criteria for being confounders, they have been identified axglbelated to the selected
maternal exposures as well as independent predictors of the offspring outcomes.

T-tests of means, Fisher’s exact tests, and analyses aricaexamined distributions
of baseline characteristics. Multivariable linear regresegimated associations between the
selected maternal exposures and continuous child BMI z-scoresvafialtile modified
Poisson regression (Poisson regression with a robust error varestioedted incidence risk

ratios (IRR) of child overweight/obesity and obe$R§® All regression analyses were
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adjusted for clustering at the individual 1/&f since there were 6 women with more than

one child included in the 3 year follow-up.

Results

The mean (SD) prepregnancy BMI was 25.0 (6.7) kpapproximately 34.0% of the
women were overweight or obese. The mean (SD) gestational weightvas 15.8 (6.2) kg;
63.0% had excessive weight gains. The distribution (n) of inadequatpiadeeexcessive I,
and excessive Il weight gains across prepregnancy BMI aagsgwere: 3, 5, 8, and 0
among underweight women; 26, 56, 106, and 10 among normal weight women; 2, 10, 28,
and 21 among overweight women; and 9, 9, 9, and 22 among obese women, regpectivel
The mean (SD) birthweight and gestational age was 3329.6g (551.1) and 3Bs7(vég
respectively. At 36 months, 71 (21.8%) of the children were overweight/@mes26 (8.0%)
were obese, with a mean (SD) BMI z-score of 0.3 (1.1).

Table 7 shows the distributions of selected characteristicgdieg to mean child
BMI z-score and overweight/obesity status. Mean BMI z-scosrs Wighest among mothers
who were obese, excessive gainers, black, not married, low edyaatd smokers, as well
as among infants with birthweightgl000g and introduced to solids at <4 months. Similar
patterns were observed for distributions of overweight/obesity statitl significant
differences found across categories of prepregnancy BMI, thomiey, marital status,
education, pre-existing diabetes, prenatal smoking, and age at introduction of solids.

Prepregnancy BMI was positively associated with BMI z-scaaed risks of
overweight/obesity. Each kgfrincrease in prepregnancy BMI was associated with a 0.4 unit

increase in BMI z-score (Table 8) and a 4.0% and 8.0% increasskiof >85" and >95"

87



percentile, respectively (Table 9). Underweight women hadremlwith significantly lower
BMI z-scores while overweight and obese women had children with signifidagtigr BMI
z-scores compared to those of normal weight women.

There were no underweight women with overweight/obese children. Cednpar
children of normal weight mothers, children of overweight and obeskensowere 1.7 and
2.2 times more likely to be85" percentile and 3.7 and 8.4 times more likely to>p8&"
percentile, respectively, compared to children of normal weigbthers (Table 10).
Adjustment for maternal glucose status or birthweight z-scoredatidlter the magnitude or
significance of the effect estimates in most instancdsa (u@ shown). Adjustment for infant
feeding behaviors attenuated effect estimates among overwaightobese women. In
general, age at introduction to solids attenuated estimates maorexclusive breast feeding
duration (data not shown).

Adequacy ratios were not linearly associated with child BMctares; instead there
was a slight U-shaped distribution, which became linear afli@stanent for prepregnancy
BMI. Each 0.10 (10.0%) increase in adequacy ratio was associated @i03 unit increase
in BMI z-score (Table 8). Compared to adequate, excessive | @edsaxe Il weight gains
were associated with higher BMI z-scores of 0.4 and 0.5 units, ctesge. Risks of
overweight/obesity increased across categories of gestatimght gain but none were
significant (Table 9). The risk of BMI95" percentile was nearly three times greater among
women with excessive Il weight gain compared to women with insategand adequate
weight gains (Table 10).

Overall, adjustment for birthweight z-score and infant feedinigawers slightly

attenuated effect estimates; however, the significance ofsb@ciations was not altered
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(data not shown). There was no evidence for an interaction between contyastaisonal

weight gain adequacy ratios and prepregnancy BMI.

Discussion

Our results suggest that both prepregnancy BMI and adequacy ofayesdtateight
gain are modifiable prenatal risk factors for child BMBayears. Prepregnancy overweight
and obesity were associated with increased BMI z-scores &sdofiBMI>85" and>95"
percentiles. Excessive gestational weight gains were assdavith increased BMI z-scores
and risk of BMp95" percentile. Maternal glucose status, birthweight z-score, dadtin
feeding behaviors did not fully explain the observed associations.

Observational studies demonstrate that prepregnancy BMI is linkexffqpring
adiposity during infancy}, childhood®>"*? adolescence® and adulthood**® Studies
focusing on early childhood BMI show similar associations to thosetegpbere. Whitakeér
found significantly higher odds of child obesity at ages 2-4 yeasging from
approximately 1.4-4.3, across maternal BMI (measured duringr8tdrfmester) categories
of overweight, obesity, and morbid obesity compared to normal weiglgbe3gl and
Reagah reported that, compared to children of normal weight mothers, thosbese
mothers were 1.37 (95%CI: 1.02-1.84) times more likely to be obese at 2-3 years.

Our results suggest that prepregnancy BMI>25kgim a prenatal factor that
contributes to early childhood overweight/obesity. This associatiqraridy explained by
infant feeding behaviors but not maternal glucose status or birthtvzigcore. This is in
contrast to a previous stulywhich reported that approximately 34% and 17% of the effect

of prepregnancy BMI on infant weight and BMI, respectively, at 14 months wasredlay
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birthweight, sex, and gestational age while adjustment for bfeeding duration did not
have an effect. The difference in findings may be attributed tairttie of measurement of
the offspring outcomes and the ages at which the measurements were attaamdeMents
taken at earlier ages may be more influenced by birthweidtile vmeasurements taken at
later ages are more influenced by environmental factors, sugedisg. This is supported
by our finding that infant feeding behaviors, especially age abduattion to solids,
attenuated the observed effect estimates for the associatiereeberepregnancy BMI and
child BMI.

There is less consistent evidence for an association betweeatiayed weight gain
and offspring adiposity. Previous studies reveal posti/é®*? and nulf®3>4344
associations. Two studies examined child BMI at 36 months usingtygoespective
pregnancy cohorts. Oken et’alreported a positive association between gestational weight
gain and child BMI z-score, each 5kg of weight gain was &ssocwith an increase in BMI
z-score of 0.13 (95%CI:0.08,0.19) units. Using the 1990 IOM recommendations, compared
to children of women with inadequate weight gains, children of womenaadligigquate and
excessive gains had higher BMI z-scores, 0.47 (95%CI: 0.37,0.57) and 0.52 (95%CI:
0.44,0.61), respectively, and were approximately four times more lix&ig=t95" percentile
(reference, <50 percentile). There was no evidence of an interaction betweertigesta
weight gain and prepregnancy BMI. In contrast, Olson &f@ind no association between
net gestational weight gain (total gestational weight gain thvia@ight) and odds of child
overweight (>85 percentile) but found a significant positive interaction with prepaagy

BMI using an equation developed from a logistic regression model.
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Our findings of positive associations between gestational weightaga child BMI
z-scores as well as risk of obesity are consistent with thb&ken et.af® however, we
only found a significant risk of child obesity among women with estgesweight gains
>200% of the recommended amount compared to women with inadequate/adegiate g
Birthweight z-scores slightly attenuated the observed associaBsnshown in previous
studies®®*"*?|nfant feeding behaviors also tended to attenuate effectasstnbut did not
alter their significance, suggesting that none of these varifildlgsexplains the observed
associations between gestational weight gain and child BMI. Thaugh difficult to
compare our results with those from previous studies due to differenogeasurements and
statistical methodology; collectively, they suggest an independent effgestational weight
gain on offspring weight development.

For the present study, we aimed to improve upon shortcomings ipréveous
literature by using recent data that reflects national trémdsxcessive weight gain and
maternal and pediatric obesity. The adequacy ratio is an optimasure of gestational
weight gain because it accounts for gestational age andsadwvan evaluation of the 2009
IOM recommendations. The outcome of child BMI at 3 years islikesly to be influenced
by environmental and growth factors (such as the adiposity rebound antyptheen BMI
measured later in childhood and adolescénezhildhood overweight during the preschool
years is a predictor of later obesity that may track aglolescence and adultho8die also
included important potential confounding variables identified from the literature.

A main limitation is loss to follow-up between birth and 3 yeafscwresulted in a
disproportionate loss of women from high risk groups and may have welakenebserved

associations. Other limitations are due to our measurements trnada and child
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anthropometrics. Women of reproductive ages tend to underestimatevéigit’, which
may have underestimated prepregnancy BMI and overestimatediayedtaveight gain.
Child BMI status is not a direct measure of adiposity butabrselated (r=.75) with percent
body fat in children ages 3-8 ye&PsLastly, it is likely that the observed associations
between maternal prenatal factors and child BMI partlyeceflhe effects of environmental
factors (such as child diet and physical activity) related to matBiMbabnd health behaviors

in the postnatal period, which we were unable to consider in our causal model.

Conclusions

We found that both prepregnancy BMI and gestational weight gaording to the
2009 IOM recommendations are modifiable prenatal exposures that indeihemntuence
child BMI status. Prevention efforts to reach women during tlegiroductive years, prior to
pregnancy are necessary to decrease fetal exposure tanahateerweight/obesity and
excessive gestational weight gains. Future studies that ctdegitudinal data prior to
pregnancy through early childhood and include sophisticated measurekl aidiposity are

needed.
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Table 7. Baseline Distributions of Population Characteristics according to child BMI z-score and child
overweight/obesity (>85th percentile) status at 3 yearsin the Pregnancy, I nfection, and Nutrition Study

(n=325)

Erequenc M ean child Child  Child

Variable N eg/) Y BMI z-score p? BMI  BMI p°
0 (SD) <85th  >85th

Age (years) 325
16-24 54 16.6 0.39 (0.99) 15.4 211
25-29 93 28.6 0.34 (1.01) 0.91 29.1 26.8 0.39
30-34 117 36.0 0.29 (1.12) 37.8 29.6
35-47 61 18.8 0.39 (1.09) 17.7 22.5
Prepregnancy BMI
Category (ka/m?)
Underweight 16 4.9 -0.25 (0.65) 6.3 0
Normal Weight 198 61.1 0.15 (0.93) <0.001 65.6 45.1 <0.001
Overweight 61 18.8 0.61 (1.04) 16.6 26.8
Obese 49 15.1 0.87 (1.38) 11.5 28.2
Gedstational Weight Gain
Inadequate 40 12.3 0.08 (0.98) 13.8 7.0
Adequate 80 24.7 -0.002 (1.06) <0.001 26.3 19.7 0.02
Excessive | 151 46.6 0.39 (0.93) 46.9 45.1
Excessive Il 53 16.4 0.84 (1.21) 13.1 28.2
Race/Ethnicity
Non-Black 289 88.9 0.28 (1.04) 0.01 90.6 83.1 0.09
Black 36 11.1 0.74 (1.16) 9.5 16.9
Marital Status 325
Married 278 85.5 0.27 (1.06) 0.004 88.2 76.1 0.01
Other 47 14.5 0.75(0.97) 11.8 239
Education 325
< Grade 12 42 12.9 0.64 (1.23) 11.0 19.7
Grades 13 -16 168 51.7 0.40 (1.06) 0.01 50.0 57.8 0.02
> Grade 17 115 71.4 0.13 (0.96) 39.0 225
Household Income 324
<185% 49 15.1 0.61(1.08) 0.11 12.6 183 0.32
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185-350%
>350%

Glucose Tolerance

Normal
Impaired Glucose
Tolerance

Gestational Diabetes

Pr epregnancy Diabetes
No
Yes

Parity
Nulliparous

1 or More Births

Smokingin Months 1-6
of Pregnancy
Yes

No

Infant Sex
Male
Female

Birthweight (q)
<3000

3000-<3500
3500-<4000
>4000

Age (months) at

introduction of solids
<4
4-5
>6

Exclusive breast feeding
duration (months)

0

61
214

273

22
10

305
20

155
170

292
24

178
147

68
146
79

30

64
163
98

68

18.8
66.1

89.5

7.2
3.3

93.8

6.2

47.7
52.3

92.4
7.6

54.8
45.2

21.1
45.2
24.5
9.3

19.7
50.2
30.1

22.7

0.37 (1.21)
0.27 (1.00)

0.30 (1.01)

0.45 (0.92) 981

0.30 (1.10)

0.31 (1.02)
0.64 (1.54)

0.18

0.32 (1.02)
0.36 (1.10)

0.73

0.29 (1.04)
0.97 (1.11)

0.003

0.41 (1.05)
0.26 (1.06)

0.20

0.19 (1.11)
0.31(1.13) 0.004
0.22 (0.87)
0.97 (0.87)

1.07 (1.19)
0.18 (0.94)
0.10 (0.95)

<0.001

0.45 (1.19)

94

19.7
67.7

90.1

6.2
3.7

95.3
4.7

48.0
52.0

5.7
94.3

54.7
45.3

23.3

43.9

25.3
7.5

13.8
53.2
33.1

22.0

22.5
59.2

87.3

111
1.6

88.7
11.3

46.5
53.5

14.3
85.7

54.9
45.1

12.9
50.0
21.4
15.7

40.9
39.4
19.7

25.4

0.38

0.05

0.89

0.04

1.00

0.06

<0.q
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>0 to <4 72 24.0 0.33 (1.16) 0.15 22.0 32.2 0.48
4-<6 98 32.7 0.17 (0.84) 34.4 25.4
6 or more 62 20.7 0.07 (0.94) 21.6 17.0

SANOVA, F statistic

PFisher's Exact Test.

95



Table 8. Differencein child BMI z-score at 3 year s associated with mater nal prepregnancy BMI and
adequacy of gestational weight gain ratio (N=325)

Model 12 Model 2°

b 95% CI p b 95% CI p
Prepregnancy BMI
(per kg/n) 0.05 (0.03,0.07) <0.001 0.04 (0.02,0.07) <0.091
Underweight -0.41 (-0.74,-0.07) 0.02 -0.43 (-0.088) 0.02
Overweight 0.45 (0.16,0.75) 0.003 0.34 (0.03,0.65) 0.03
Obese 0.72 (0.31,1.12) 0.001 0.62 (0.21,1.02) 0.0p3
Adequacy Ratio (per
0.10) 0.03 (0.01,0.05) 0.001 0.03 (0.01,0.05) 0.002
Inadequate -0.02 (-0.41,0.37) 0.92 -0.01 (-0.480.3 0.94
Excessive | 0.43 (0.16,0.70) 0.002 0.40 (0.12,0.67) 0.01
Excessive 0.55 (0.16,0.95) 0.01 0.50 (0.11,0.88) 0.01

®Model 1: Prepregnancy BMI models are adjustedyéstational age. Gestational weight gain models

adjusted for prepregnancy BMI and gestational age.

®Model 2: Prepregnancy BMI models adjusted for Mddehd maternal race/ethnicity, household

income, prenatal smoking, education, marital staBestational weight gain models adjusted for

Model 1 and maternal race/ethnicity, householdrimeoprenatal smoking, education, marital status,

prepregnancy diabetes.
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Table 9. Risk of child overweight/obesity (BM1>85th percentile) at 3 years associated with mater nal
prepregnancy BM I and adequacy of gestational weight gain ratio (N=325)

Model 1 Model 2°
IRR 95% CI p IRR 95% CI p
Prepregnancy BMI (per kgfin  1.05  (1.03,1.07) <0.001 1.04 (1.02,1.06) <0.001
Overweight 192 (1.17,3.17) 0.01 1.72 (1.02,2.91) 0.04
Obesé 2,53 (1.58,4.05) <0.001 221 (1.34,3.64) 0.002
Adequacy Ratio (per 0.10) 1.02 (1.00,1.04) 0.02 1.02 (1.00,1.04) 0.02
Inadequate 0.62 (0.24,1.70) 0.37 0.64 (0.24,1.74) 0.39
Excessive | 1.33 (0.76,2.30) 0.32 1.27 (0.74,2.21) 0.39
Excessive | 1.65 (0.92,2.94) 0.09 1.54 (0.86,2.74) 0.15

IRR, incidence risk ratio

®Model 1: Prepregnancy BMI models are adjusted éstafional age. Gestational weight gain models

adjusted for prepregnancy BMI and gestational age.

®Model 2: Prepregnancy BMI models adjusted for Madahd maternal race/ethnicity, household

income, prenatal smoking, education, marital staBestational weight gain models adjusted for Mddel

and maternal race/ethnicity, household income,giedsmoking, education, marital status, prepregynan

diabetes.

‘Reference is normal weight. There were no undeteigmen with obese children.
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Table 10. Risk of child obesity (BM 1>95th per centil€) at 3 year s associated with maternal
repregnancy BM | and adequacy of gestational weight gain ratio (N=325)

Model 1% Model 2°
IRR 95% CI p IRR 95% CI p

Prepregnancy BMI (per

kg/n") 1.10 (1.07,1.12) <0.001 1.08 (1.04,1.12) <0.001
Overweight 4.53 (1.49,13.82) 0.01 3.66 (1.18,11.34) 0.03
Obesé 11.32 (4.27,29.99) <0.001 8.42 (2.88,24.62) <0.001
Adequacy Ratio (per 0.10) 1.04 (1.01,1.07) 0.02 1.04 (1.01,1.07) 0.02
Excessived 1.63 (0.55,4.80) 0.38 1.71 (0.53,5.56) 0.37
Excessive fl 3.08 (1.28,7.39) 0.01 2.94 (1.19,7.27) 0.02

IRR, incidence risk ratio

®Model 1: Prepregnancy BMI models are adjusted éstafional age. Gestational weight gain models
adjusted for prepregnancy BMI and gestational age.

®Model 2: Prepregnancy BMI models adjusted for Mddehd maternal race/ethnicity, household income,
prenatal smoking, education, marital status. Giestalt weight gain models adjusted for Model 1 and
maternal race/ethnicity, household income, prersatalking, education, marital status, prepregnancy
diabetes.

‘Reference is normal weight, there were no undetwaigmen with obese children.

‘Reference is inadequate/adequate weight gain becali 2 and 4 inadequate and adequate gainers,

respectively, had obese children.
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CHAPTER VI
INFLUENCE OF PREPREGNANCY BODY MASS INDEX AND GESTATIONAL

WEIGHT GAIN ON POSTNATAL GROWTH FROM BIRTH TO 3 YEARS

Abstract
Objective: To determine how prepregnancy BMI and gestational weight gaate red
changes in offspring weight-for-age (WAZ), length-for-agaZ), and weight-for-length

z-scores (WLZ) measured from birth to 3 years.

Subjects and Method#other-infant pairs were recruited from the Pregnancy, lidiect
and Nutrition Study, a prospective pregnancy cohort (2001-2005). inéanmts with at
least one measurement (weight or length) between birth andar3 yeere included
(n=476). Linear mixed effects regression models were used toagstchanges in child
WAZ, LAZ, and WLZ between birth and 3 years associated with pgeprey BMI and

gestational weight gain defined by the 2009 Institute of Medicine recommendations

Results:There were no significant differences in WAZ or LAZ at birth acrosgyoaites
of prepregnhancy BMI; however, prepregnancy obesity was associatea sughificant
change in WAZ and prepregnancy overweight was associated with a sigrefieaigie in
LAZ between birth and 3 years. Prepregnancy overweight was associttéxgiver

WLZ at birth and prepregnancy obesity was associated with a significargechaWLZ



across the study period. Significant differences in WAZ, LAZ, and WLZrdt iere
observed across categories of gestational weight gain. Excessive gegt?00% of

the recommended amount was associated with higher WAZ and WLZ at birth and
significant changes in WAZ and LAZ across the study period compared to s&lequa

weight gain.

ConclusionsPrepregnancy BMI and gestational weight gain differentially infted the
selected anthropometric outcomes at birth and their rates of changerbbitleand 3

years. Compared to lower categories of prepregnancy BMI and gedtatesght gain,
prepregnancy overweight and obesity and excessive weight=g@&o% of the

recommended amount were associated with higher predicted mean WAZ and WLZ that

persisted across the study period.

Introduction

Pediatric obesity continues to be a major health epidemic among children in the
United States and it is being documented as early as infancy. Recent studidsashiogy t
prevalence of95" percentile of weight-for-recumbent length is 9.5% among infants and
toddlers from birth to 2 yeafsThe prevalence of overweight/obesityd5" percentile)
is 21.2% among children ages 2-5 yéarsd the rates among low income preschoolers
are increasing.Treatment of pediatric obesity is an arduous task, encompassing
behavioral, social, and environmental faclptiserefore, the identification of modifiable
risk factors to prevent the development of overweight and obesity during infancy and

early childhood is of great importance.

104



Maternal prepregnancy body mass index (BMI) and gestational weight gain
represent modifiable behavioral factors that are associated with offsprinropometric
outcome$® however, there are relatively few studies that examine these aissuiat
using longitudinal data. Li et.8lexamined the role of early life factors on developmental
overweight £95" percentile) trajectories in children from ages 2 to 12 years. Maternal
overweight and obesity were associated with increased odds of both early onset
overweight (defined as a consistent high probability of overweight seatddpate onset
overweight (defined as an initial high probability of overweight status aag&sylow
probability of overweight at 4-6 years, and high probability of overweight aftea&)
gestational weight gain20.43 kg was only associated with increased odds of early onset
overweight. These results suggest that there are potentially differentyumgl@dthways
for the development of pediatric obesity associated with these maternaliegos

In the current study, we used data from a recent prospective pregnancyacahort
categorized prepregnancy BMI and gestational weight gain according 2009
Institute of Medicine guidelines. Our goal was to determine how prepregnaficarial
gestational weight gain relate to offspring weight-for-age (WAZ), lefigt-age (LAZ),
and weight-for-length z-scores (WLZ) from birth to 3 years of age. Thefus
longitudinal data allowed for an examination of how the associations between the
selected maternal exposures and anthropometric outcomes differed and changed ove

time.
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Methods

Study Population

Study subjects were women with singleton births who participatetia third
cohort of the Pregnancy Infection and Nutrition study (PIN3), JanLia2p01- June 30,
2005. The recruitment protocols for the study have been documented pre¥iBrisily,
pregnant women who were at least 16 years of age at conceptioishEspgaking, prior
to 20 weeks’ gestation at recruitment, and receiving prenatafroangpublic and private
clinics at the University of North Carolina (UNC) Hospitals reveeligible for
participation. Data collection throughout the prenatal period included-demographic
characteristics, health behaviors, biological specimens, and melaralabstraction for
pre-existing and pregnancy complications as well as other outcomes.

In 2003, the PIN Postpartum study recruited eligible women frow3 Pi=1169)
and followed-up the index infant at 3 months (n=689) and 12 months (n=550)
postpartunt. PIN Pediatric (beginning 2004) followed-up the index infant ateary
(n=409). Data collected at the 3-month, 12-month, and 3-year homewaséssimilar to
that collected during the prenatal period. Information on child anthrepmm
measurements was collected at the 12-month and 3 year visdde@é the following
section). The PIN study protocols were reviewed and approved by tteitiosal
Review Boards of the School of Medicine at the University of IN@arolina at Chapel
Hill and Wake Medical Center.

We used data from the 550 mother-child pairs who participated at 12hsnont
postpartum. Children with physician-diagnosed illnesses relategtawth (n=3) and

women with missing gestational weight gain or prepregnancy [B¥3) were excluded.
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Due to potential differences in early growth patterns betweeerprefgestational age
<37 weeks) and term infants (gestational a§& weeks), preterm infants were also
excluded (n=68). The remaining 476 mother-child pairs had at leashtme@ometric
measurement (weight or length) between birth and 3 years andinvetwnded in the
analyses.

We examined the distributions of selected baseline charsiceasross mother-
child pairs who were not included (n=693, pairs that were eligiblebéd did not
participate in PIN Postpartum or excluded from the current asplgsd included
(n=476) in the current analysis. In comparison to included mothers, thusevere not
included were more likely to be <30 years at conception, overweigist#olblack, not
married, low education, low income, and smokers. They were also ikeletb have
excessive gestational weight gai¥r¥00% of the recommended amount and have infants
with lower mean birthweight and gestational age. All other compartsfoetsaracteristics

were not significant.

Anthropometric Outcomes

Offspring anthropometric outcomes were weight-for-age (WA&)gth/height-
for-age (LAZ), and weight-for-length/height z-scores (WLZ)wetn birth and 3 years.
Infant birthweight (n=474) and sex (n=476) were abstracted frdimede logs (birth
length was not available). Gestational age at birth was e#dcllfrom ultrasound
measurements conducted prior to 22 weeks’ gestation (up to 21 weekss)6Idap
ultrasound was performed or if it was not performed prior to the stahe 22¢ week

then the date of the last menstrual period was used. Other svaigghtiengths, with the

107



exception of the 3-year home visit measurements, were mdasak recorded on
doctor’s cards during well-baby visits. Doctor’'s cards were pexvito mothers by the
PIN study staff. Mothers brought these cards to each pediatvisiaiand the date of the
visit and weight and length of the infant were recorded by rakdiaff. These cards
were collected by the PIN staff at the 12-month home visit.éKaet age of the infant at
the time of each measurement was calculated by subtralegrigfant’s birth date from
the date of the visit. We used thé"& the month for infant measurements missing the
day of the visit (n=14). We used the pediatrician recorded agaffmt measurements
when both the month and day of the visit were missing (n=64). At thar3hgene visit,
children’s heights and weights were measured by trained RINusting stadiometers
and scales, respectively, according to National Health and iNotEkamination Surveys
(NHANES) protocol$.

All weights and lengths/heights were used to generate seXisp§éZ, LAZ,
and WLZ based on the 2000 Centers for Disease Control and PreveniiomaN&enter
for Health Statistics growth chart&AZ includes children’s length-for-age z-scores from
recumbent length measurements from doctor’'s cards and heiglgefar-acores from
height measurements at the 3-year home visit. Similarly, Viicfudes children’s
weight-for-length z-scores and weight-for-height z-scores.children (n=476) had at
least one measurement (weight or length) between birth and'S ¥easurements that
corresponded to z-scores <-5 or >5 were considered implausible amadcluoled in
analyses (WAZ, n=0; LAZ, n=8; WLZ, n=7). There were 476 childremtributing 3050
WAZ measurements (mean 6.4 measurements per child, range 1-ddreneents); 424

children contributing 2772 LAZ measurements (mean 6.5 measuremeiwtslgerange
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1-11 measurements); and 422 children contributing 2679 WLZ measuremeats §3

measurements per child, range 1-11 measurements).

Maternal Exposures

Maternal prepregnancy BMI (kgfin was calculated using self-reported
prepregnancy weight and measured height. For quality assuranght measurements
at the first prenatal clinic visit (within 15 weeks’ gesia)i were compared to the self-
reported prepregnancy weights to identify biologically implaesie¢ight gains. Women
with implausible values (n=14) had their prepregnancy weights edptllowing
previously published method®™ BMI was classified by the 2009 IOM
recommendatio underweight <18.5 kg/m normal weight 18.5 to 24.9 kgfm
overweight 25.0 to 29.9 kgfmand obese30.0 kg/nf.

Gestational weight gain was defined as the difference bettheeself-reported
prepregnancy weight and last measured weight prior to delivery. ZD08 IOM
recommendatiorté for total gain are: 12.5-18.0kg for underweight women; 11.5-16.0kg
for normal weight women; 7.0-11.5kg for overweight women; and 5.0-9.0kg foe obes
women. An adequacy of gestational weight gain ratio (adequtioy waas calculated by
dividing the observed weight gain by the expected weight gaiar@iag to the IOM
recommendations, as described previotsty:*>1*

Based on the 2009 IOM report we interpreted expected totatrfirstster weight
gains as 2.0, 1.5, 1.0, and 0.5 kg for underweight, normal weight, overweight, aad obes
women, respectively. Mean expected rates of weight gain for tendeand third

trimesters are 0.49, 0.45, 0.30, and 0.24 kg/week for underweight, normal ,weight

109



overweight, and obese women, respectively. The use of rates of \gaighadjusts for

the fact that not all women have a weight measurement atrtbeofidelivery. Cutoffs to
determine inadequate, adequate, and excessive weight gains weateobasmges of
adequacy ratios using the 2009 I0M total weight gain recommendatas described
previously'**!* The range of adequacy ratios defined as adequate weight again f
underweight, normal weight, overweight, and obese women were 0.82 to 1.18, 0.84 to
1.16, 0.76 to 1.24, and 0.71 to 1.29, respectively. Ratios below the lower value of the
range were defined as inadequate weight gain and ratios abouppée value of the
range were defined as excessive weight gain. Due to thedafgiution of adequacy
ratios within the excessive weight gain category, excessive wgaghtvas dichotomized

at an adequacy ratio of 2.00, or 200%, to examine the effecte$sxe weight gain
within the upper adequacy ratios. Excessive | weight gain (n=218)deBned as an

adequacy ratio greater than the upper value of the BMI-speciéquate range to 1.99.
Excessive Il weight gain (n=68) was defined as an adequaioy>2.00 (or>200% of

the recommended amount).

Other Variables

Data concerning maternal prenatal smoking, household income, education,
marital status, age at conception, race/ethnicity, pre-exislimigetes, and parity were
collected from interviews during the prenatal period and categoageshown in Table
11. Household income was expressed as percent of the poverty lind@natead using
the 2001 U.S. Department of Health and Human Services FederatyP@uédelined> a

percentage<185% is the household income cut-off for the Special Supplemental
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Nutrition Program for Women, Infants, and Children (WIC). Household iecatrthe 3
month interview was used for women who were missing this infoomdtiom the
prenatal period (n=10).

Maternal glucose tolerance status was derived from uaivecseens that were
conducted during the second trimester (mean gestational age ~27 weekswomen
without pre-existing diabetes mellitus. Women with abnormal vaduethe screen were
administered a 3-hour oral glucose tolerance test (OGTTortfirim gestational diabetes
(GDM). For this analysis, normal and impaired glucose tolerag&€) (lvere defined as
blood glucose <140 mg/dl arell40 on the universal screen, respectively. GDM was
defined as having two abnormal valtfesn the OGTT or a GDM diagnosis by a

physician listed on the medical record.

Statistical Analysis

Statistical analyses were performed using STATA 11 (Collsgsion, TX).
Means (standard deviations, SD) and frequencies were calcufatedbaseline
characteristics in the population. Potential effect measure madiind confounders
were identified a priori from a review of previous literature and causalaiegf

For longitudinal data analysis, child WAZ, LAZ, and WLZ were wudiially
plotted over time between birth and 3 years to visually inspecotigtlidinal pattern.
The resulting graphs suggested a non-linear relation for WAZ bearlirelations for
LAZ and WLZ. Therefore, a quadratic term for child’s ageilfl's agé) was included in

the WAZ models.
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Linear mixed effects regression mod&fs were fit using maximum restricted
likelihood specified by thetmixedfunction with an unstructured covariance pattern in
STATA 11 (College Station, TX). These models were used to deterthe effects of
prepregnancy BMI and adequacy of gestational weight gain on changbdd WAZ,
LAZ, and WLZ between birth and 3 years. The use of mixed modsisuats for
unbalanced data (unequal numbers of repeated measurements witdnencland
irregular measurement times across children) and correladbfongeasurements within
children. We included random intercepts and slopes for child’s aggchtmeasurement
in the models to allow for child-specific intercepts and radésoverall growth.
Interactions between the maternal exposures (prepregnancy BMbtegdacy of weight
gain) with child’'s age were examined to determine whethercadgms between
offspring anthropometric measurements and categories of maggpusures varied over
time. Due to potential differences in weight and length developmegestational age,
we tested for an interaction between gestational age and child’s agds®ested for an
interaction between prepregnancy BMI and weight gain adequacyfixatl effects
interaction terms were tested using Wald tests with anaai ignificance p-value of
<0.15. Full models for prepregnancy BMI and adequacy of gestatiaight\gain were
adjusted for income (185-350% used as referent), education (grade®s dsed as
referent), race (non-black used as referent), smoking (nonsmokeasiseterent), and
marital status (married used as referent) using the cadsgshiown in Table 11 and
maternal height (centered at 65 inches) and gestational agerddenate40 weeks).
Gestational weight gain models were also adjusted for prepregnancediaisdlitus (no

diagnosis used as referent) and prepregnancy BMI (centered at 3. kg/m
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Results

The mean (SD) prepregnancy BMI was 24.8 (6.3) kgapproximately, 32% of
the women were overweight or obese. The mean (SD) gestational weight gain and
adequacy of gestational weight gain ratio were 15.69 (5.62) kg and 1.41 (0.64),
respectively. Fifty-nine percent of women had excessive gestatiergiitvgains with
14.3% having weight gains that wet200% of the recommended amount (Table 11).
The majority of women were white, 25-34 years of age at conception, hawikege
educated, non-smokers, and from high income households (Table 11). The mean (SD)
infant birthweight and gestational age were 3435.9 (434.5) g and 39.2 (1.2) weeks,

respectively.

Prepregnancy BMI and child anthropometric outcomes

Overall, children of underweight mothers had the lowest predicted mean WAZ,
LAZ, and WLZ while children of overweight and obese mothers had the highest
predicted mean values between birth and 3 years (Figures 3-5). There werafioast
differences in WAZ or LAZ at birth across categories of prepregnBM; however,
prepregnancy obesity was associated with a significant change in WA&Gton of
prepregnancy obesity and child’s age) and prepregnancy overweightseamtesl with
a significant change in LAZ (interaction of prepregnancy overweight andihge)
across the study period (Table 12). Beginning in early infancy through 3 pesdgted
mean WAZ increased among infants of obese mothers and higher values were observed
for infants of overweight and obese mothers across the study period (Figured&ted

mean LAZ increased among infants of overweight mothers compared to infantsaf nor
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weight mothers (Figure 4). Predicted mean WLZ increased between birth aau 3 ye
across prepregnancy BMI categories (Figure 5). Prepregnancyesgktwas associated
with higher WLZ at birth and prepregnancy obesity was associated with gcsighi
change in WLZ across the study period (interaction of prepregnancy obesithidd’s
age) (Table 12). Consistent with mean predicted WAZ (Figure 3), infants & obes
mothers had higher mean predicted WLZ beginning in early infancy that iedreasr

time despite having similar WLZ at birth as infants of normal weight motRegarg 5).

Gestational weight gain and child anthropometric outcomes

Predicted mean values of WAZ, LAZ, and WLZ were lowest among children of
women with inadequate and adequate weight gain and highest among children of women
with excessive Il weight gain (Figures 6-8). Significant differencd¥AZ, LAZ, and
WLZ at birth were observed across categories of gestational weighiTgdie (3).
Excessive Il weight gain was associated with higher WAZ at birdheasignificant
change in WAZ across the study period (interaction of high excessive waiglargl
child’s age) compared to adequate weight gain (Table 13). Predicted meafoWA
children of mothers with excessive Il weight gain were higher and iretteagr time
compared to children of mothers in the other weight gain categories (Figure €3skzec
gestational weight gain was associated with higher LAZ at birth andsxed| weight
gain was associated with a significant change in LAZ across the studg fEable 13).
Predicted mean LAZ were highest and increased over time for children ofrenaitie
excessive Il weight gain (Figure 7). Excessive Il weight gais aggsociated with higher

WLZ at birth compared to adequate weight gain (Table 13). There were nocsighifi
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interactions between gestational weight gain categories and child’s agetdfedean
WLZ increased between birth and 3 years across the gestational wengtatggories
with the highest values observed for children of women with excessivaghtvgain

(Figure 8). We did not find evidence of an interaction between prepregnancgrisivii

adequacy of gestational weight gain for WAZ, LAZ, or WLZ.

Discussion
In this study we utilized longitudinal data analysis to determine how
prepregnancy BMI and gestational weight gain relate to child anthropometraras
of WAZ, LAZ, and WLZ between birth and 3 years. We found that prepregnancy BMI
and gestational weight gain differentially influence the selected anthropomgcomes
at birth and their rates of change between birth and 3 years. Compared todimgeries
of prepregnancy BMI and gestational weight gain, prepregnancy overweight asity obe
and excessive weight ga200% of the recommended amount were associated with
higher predicted mean WAZ and WLZ that persisted across the study period.
Positive associations for gestational weight gain with infant birthweight, pande
index, and lengthand for prepregnancy BMI with infant birthweight and ponderal
indexX**have been reported. Infants of obese mothers have greater adiposity compared
to those of normal BMI mothe?s* and this relationship may vary by gestational weight
gain® In a study by Sewell et.&, observed increases in infant birthweight among
overweight/obese women (BM25 kg/nf) were due to increases in infant fat mass but
not lean body mass. Gestational weight gain was correlated with infant percefatood

in overweight/obese women while it was correlated with infant lean body masstbut
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percent body fat in lean/average women (BMI<25 Ky/in the current study, WAZ,
LAZ, and WLZ at birth were similar across categories of prepregnandy(\Bith the
exception of higher WLZ among infants of overweight women) but differed across
categories of gestational weight gain. WAZ and LAZ at birth weyeifstantly higher
among infants of women with excessive | weight gain and WAZ and WLZ were
significantly higher among infants of women with excessive Il weight gompared to
infants of women with adequate weight gain. Though we did not find an interaction
between prepregnancy BMI and gestational weight gain and we cannot coomineny
our findings relate to differences in infant body composition, they suggest that
prepregnancy BMI and gestational weight gain have distinctive influences oaiatiee
size of infants at birth.

We also observed differences in rates of change of WAZ, LAZ, and WLZ from
birth to 3 years between the maternal exposures. Prepregnancy obesisso@ated
with greater rates of increase in WAZ and WLZ from birth to 3 years coohpareormal
prepregnancy BMI such that these children had higher predicted mean WAZ and WLZ
beginning in early infancy and across the study period. Excessiveghtggin was
associated with greater rates of increase in WAZ and LAZ from bi3hyears
compared to adequate weight gain. The rate of increase in WAZ exceedead tha
resulting in higher predicted mean WLZ from birth to 3 years in comparison tahre ot
weight gain categories. Li et and Salsberry and Reag&demonstrated persistent
effects of prepregnancy B#® and gestational weight gait20.43kd on risk of obesity

at 2 years and continuing throughout childhood. In this study, we show that the effects of
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prepregnancy BMI and gestational weight gain on child anthropometrics begiannynf
and persist through the early preschool years.

Previous studies revealed positive associations of prepregnancy BMI viyth ea
childhood weight outcom&8&>?*put there are fewer studies and less consistent evidence
for associations of gestational weight gain with these outcOf1€%.In the current
study, predicted mean WLZ increased between birth and 3 years acrossestagor
prepregnancy BMI and gestational weight gain. However, compared to the lower
categories of prepregnancy BMI and gestational weight gain, prepreyg
overweight/obesity and excessive Il weight gain were associatedlisitnctly higher
predicted mean WAZ and WLZ across the study period, with predicted mean WLZ
approaching 1.5 at 3 years. Interestingly, excessive Il weight gain emegnancy
obesity appear to have different underlying pathways for the observed highetguredi
mean WLZ. Excessive Il weight gain but not prepregnancy obesity wasaissgogith
higher WAZ and WLZ at birth. Excessive Il weight gain was also assdaaatk
changes in weight and length while prepregnancy obesity was associatedtionly w
changes in weight across the study period. Previous studies show that birthsveight i
positively associated with BMI later in life but this association isastlpartly accounted
for by changes in height and lean body mass rather than adiff@$ityis not clear
whether this observation relates to differences in prepregnancy isMjestational
weight gain exposures; further investigation is necessary to understand hanamate
exposures correspond to distributions of fat and fat-free mass at birth and over time

There is a growing amount of research dedicated to examining the effects of

utero exposures to overnutrition; in animal studies, prenatal maternal obesicass e
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nutrient intakes during pregnancy are linked to altered programming of eppetit
metabolic regulators, obesity, and chronic disease risk factors in theraffSpt’ In
humans, fetuses of obese women have increased levels of proinflammatory ¥h&rkers
cord blood leptin, and insulin resistance and infants have lower energy expefftitndes
higher energy intak&5compared to those of normal weight women. Whether the current
observations are attributable to an in utero programming effect, increasepidetn
and adiposity, and/or an obesogenic postnatal environment is unknown. Adiposity at
birth*>, WLZ at birth and at 6 montfs taller stature following rapid weight gain during
infancy*’, and child heigf are identified risk factors for later obesity. The current study
and previous revieWs provide evidence for associations of some of these factors with
prepregnancy BMI and/or gestational weight gain.

Our study must be interpreted within the context of several recognizedibmsta
First, the majority of the assessments of infant and child anthropometiscirasents
came from well-baby visits recorded on doctor’s cards by medical st&$eTh
measurements are subject to the inherent errors of clinical data beeuseté
collected at multiple clinic sites and medical staffs were not trained asstandardized
method. The number and timing of measurements also differed between children and we
did not have measurements between ~18-35 months, which may have affected our ability
to accurately model the changes in anthropometric outcomes over time. Second, as
mentioned, WAZ, LAZ, and WLZ do not provide information on body composition,
which limits our ability to determine how prepregnancy BMI and adequacy of weight
gain relate to fat and fat-free mass development between birth and 3 ye=llg, the

generalizability of the study population is limited because women in thelesiad to
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attend the participating prenatal clinics, meet eligibility datesind complete several
years of postpartum follow-up interviews along with their offspring. Thar®also a
disproportionate loss-to-follow-up of women among high risk groups. However, the
exposure-disease relationship is not expected to differ across manyeofiaitiess and
losses from high risk groups, such as prepregnancy obesity and extessight gain,
would likely have weakened the observed associations reported here.

Despite these limitations, our findings provide evidence for an influence of
modifiable maternal factors on the development of offspring anthropometric outoomes
early life. This study highlights the need for future research to understand the
implications of fetal exposure to prepregnancy obesity and excessiveapedtatight
gain>200% of the recommended amount for infant and childhood body composition,

growth, and possibly later disease outcomes.
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Table 11. Distribution of Baseline Char acteristics of Women and
Children in the Pregnancy, I nfection, and Nutrition Study (n=476)

Variable N M ean(SD?/Frequency,%
Adge (vears 476 30.04 (5.37)
Age(years 476
16-24 78 16.39
25-29 133 27.94
30-34 176 36.97
35-47 89 18.70
Prepregnancy BM1 (kg/m?) 476 24.80 (6.30)
Prepregnancy BM | Category (ka/m?) 476
Underweight 24 5.04
Normal Weight 297 62.39
Overweight 82 17.23
Obese 73 15.34
Gestational Weight Gain (kq) 476 15.69 (5.62)
Adequacy of Gestational Weight Ratio 476 1.41 (0.64)
IOM Gestational Weight Gain Category 476
Inadequate 57 11.97
Adequate 138 28.99
Excessive | 213 44.75
Excessive I 68 14.29
Race 476
White/other 423 88.87
Black 53 11.13
Marital Status 476
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Married
Other

Education

< Grade 12
Grades 13 -16
> Grade 17

Family Income (% Poverty)
<185%

185-350%

>350%

Glucose Toler ance (excludes GDM and

pre-DM)

Glucose Tolerance

Normal
Impaired Glucose Tolerance
Gestational Diabetes

Pre-existing Diabetes M ellitus
No
Yes

Parity
Nulliparous
1 or More Births

Smoking in Months 1-6 of Pregnancy

Yes
No

Infant Sex
Male

Female

Infant Birthweight

399
77

476
63
226

187

475
73
94
308

431

454

393
38
20

476
457
19

476
232
244

460
32
428

476
247
229

474

121

83.82
16.18

13.24
47.48
39.29

15.37
19.79
64.84

104.06 (25.13)

87.14
8.43
4.43

96.01
3.99

48.74
51.26

6.96
93.04

51.89
48.11

3435.85 (434.51)




I nfant Birthweight ()

474

<2500 6 1.27
2500-<3000 54 11.39
3000-<3500 228 48.1
3500-<4000 136 28.69
>4000 50 10.55
Gestational Age (weeks) 476 39.18 (1.17)

aSD, standard deviation
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Table 12. Full®linear mixed models of the association between categories of maternal prepregnancy BMI and
offspring weight-for-age (WAZ), length-for-age (LAZ), and weight-for-length z-scores (WL Z) between birth
and 3 yearsin the Pregnancy, Infection, and Nutrition Study.

Underweight x Child's Age
Overweight x Child's Age
Obese x Child's Age

Child's Agé
Underweight x Child's Ade
Overweight x Child's Age

Obese x Child's Ade
Gestational Age

Gestational Adgéx Child's Age
Gestational Agéx Child's Agé

-0.36..02 0.31 0.29
0.240.16 0.65 0.24
0.7®.28 1.18 0.001

0.20 0.14 0.26 <0.001
0.10 -0.10 0.30 0.32
-0.05-0.17 0.07 0.42
-0.19-0.32-0.06 0.005

0.25 0.19 0.31 <0.001 0.21 0.14 0.27 <0.001 -0.01-0.090.06 0.70
-0.06-0.10-0.03 <0.001

-0.330.46-0.20 <0.001
0.09 0.05 0.12 <0.001

WAZ (n=459) LAZ (n=414) WL Z (n=412)
B 95%Cl p B 9%Cl p B 95%Cl p
Intercept 0.13-0.18 0.44 0.42 0.26-0.09 0.61 0.14 -0.08-0.500.34 0.72
Underweight -0.160.49 0.17 0.35 -0.05-0.38 0.28 0.77 -0.09-0.520.34 0.70
Overweight 0.16-0.04 0.36 0.12 -0.13-0.33 0.08 0.23 0.330.06 0.60 0.02
Obese -0.020.24 0.20 0.85 -0.02-0.27 0.22 0.86 -0.03-0.350.29 0.84
Child's Age -0.61-:0.81 -0.40 <0.001 -0.09-0.15-0.04 <0.001 0.24 0.18 0.30 <0.001

-0.05-0.21 0.12 0.59
0.130.03 0.23 0.01
0.04-0.08 0.15 0.52

-0.18-0.390.03 0.09
0.03-0.100.16 0.96
0.210.06 0.36 0.01

®Full models are adjusted for variables listed bigaas well as income, education, race, smokingitahatatus, and
maternal height (centered at 65 inches). Referengermal prepregnancy BMI.
Gestational age is centered at 40 weeks.
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Table 13. Full®linear mixed models of the association between categories of adequacy of gestational weight
gain and offspring weight-for-age (WAZ), length-for-age (LAZ), and weight-for-length z-scores (WL Z)
between birth and 3 yearsin the Pregnancy, I nfection, and Nutrition Study.

WAZ (n=459) LAZ (n=414) WLZ (n=412)

B 95% CI p B 95% CI p B 95% ClI p
Intercept -0.09 -0.5%.36 0.70 0.32-0.180.82 0.21 -0.49-1.090.12 0.12
Inadequate -0.08 -0.32.16 0.50 0.09-0.160.33 0.49 -0.130.410.36 0.38
Excessive | 0.17 0.0®.34 0.05 0.190.02 0.37 0.03 0.160.040.36 0.11
Excessive I 0.28 0.040.53 0.02 0.16-0.100.41 0.23 0.500.200.80 0.001
Child's Age -0.72  -1.060.44<0.001 -0.11-0.18-0.04<0.001 0.24 0.180.30<0.001
Inadequate x Child's Age 0.17 -0.8%8 0.50 0.03-0.100.16 064 — — — —
Excessive | x Child's Age 0.29 -0.@x64 0.11 0.04-0.050.33 0.37 — — — —
Excessive Il x Child's Age 0.62 0.1210 0.01 0.130.01025 003 — — — —
Child's Agé 0.23 0.150.31<0.001 — — — — — — — —
Inadequate x Child's Age -0.03 -0.180.12 069 — — — — - - = =
Excessive | x Child's Ade -0.08 -0.180.03 0.4 — — — — - - = =
Excessive Il x Child's Ade -0.16 -0.300.02 003 — — — — - - = =
Gestational Age 0.26 0.190.32<0.001 0.21 0.14 0.27<0.001 -0.01-0.090.06 0.70
Gestational Adgéx Child's Age -0.33 -0.460.20<0.001 -0.06-0.10-0.03<0.001 — — — —
Gestational Agéx Child's Agé 0.09 0.050.12<0.001 — — — — — — — —

®Full models are adjusted for variables listed bieaas well as income, education, race, smokingitahatatus,
prepregnancy diabetes mellitus, prepregnancy Bettgred at 23 kg/fy and maternal height (centered at 65
inches). Reference is Adequate weight gain.

PGestational age is centered at 40 weeks.
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Figure 3. Predicted mean child weight-for-age z-scores (WAZ) from birth to 3year
associated with prepregnancy BMI categories based on the 2009 IOM recomomsndat
in the Pregnancy, Infection, and Nutrition Study (n=459).
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Legend: UW=underweight; NW=normal weight; OW=overweight; OB=obese
*Predicted mean child WAZ from birth (age 0 years) to 3 years are basedfolh the
linear mixed model for WAZ displayed in Table 12.

Figure 4. Predicted mean child length-for-age z-scores (LAZ) from birth to 3 years
associated with prepregnancy BMI categories based on the 2009 IOM recomaomsndat
in the Pregnancy, Infection, and Nutrition Study (n=414).
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Legend: UW=underweight; NW=normal weight; OW=overweight; OB=0obese
®Predicted mean child LAZ from birth (age 0 years) to 3 years are baskee i tinear
mixed model for LAZ displayed in Table 12.
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Figure 5. Predicted mean child weight-for-length z-scores (WLZ) from birth to 3year
associated with prepregnancy BMI categories based on the 2009 IOM recomomsndat
in the Pregnancy, Infection, and Nutrition Study (n=412).
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Legend: UW=underweight; NW=normal weight; OW=overweight; OB=0obese
®Predicted mean child WLZ from birth (age 0 years) to 3 years are based oh lihedr
mixed model for WLZ displayed in Table 12.

Figure 6. Predicted mean child weight-for-age z-scores (WAZ) from birth to 3year
associated with gestational weight gain categories based on the 2009 IOM
recommendations in the Pregnancy, Infection, and Nutrition Study (n2459).
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Legend: I=inadequate; A=adequate; El=excessive [; Ell=excel$sive
®Predicted mean child WAZ from birth (age 0 years) to 3 years are basedfolh the
linear mixed model for WAZ displayed in Table 13.
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Figure7. Predicted mean child length-for-age z-scores (LAZ) from birth to 3 years
associated with gestational weight gain categories based on the 2009 IOM
recommendations in the Pregnancy, Infection, and Nutrition Study (n2414).
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Legend: I=inadequate; A=adequate; El=excessive [; Ell=excel$sive
®Predicted mean child LAZ from birth (age 0 years) to 3 years are baskee i tinear
mixed model for LAZ displayed in Table 13.

Figure 8. Predicted mean child weight-for-length z-scores (WLZ) from birth to 3year
associated with gestational weight gain categories based on the 2009 IOM
recommendations in the Pregnancy, Infection, and Nutrition Study (n2412).
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Legend: I=inadequate; A=adequate; El=excessive [; Ell=excel$sive
®Predicted mean child WLZ from birth (age O years) to 3 years are based ah lihedr
mixed model for WLZ displayed in Table 13.
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CHAPTER VII

CONCLUSION

The purpose of the current research was to determine how the modifiable
maternal behavioral factors of prepregnancy BMI and gestationahingagn influence
offspring anthropometric outcomes between birth and 3 years. Our speusievare to
determine how prepregnancy BMI and adequacy of gestational weight igéntoe 1)
infant WAZ, LAZ, and WLZ at 6 months and rapid infant weight gain between birth and
6 months; 2) child BMI z-scores and risk of overweight/obesity at 3 yearhjl8)WAZ,
LAZ, and WLZ from birth to 3 years.

The following sections review the findings from this research and acknowledge
its strengths and limitations. Public health implications and directions foefreésearch

are discussed.

Summary of Key Findings

Taken collectively, our findings suggest that prepregnancy BMI aridtgesl
weight gain, based on the 2009 IOM guidelines, are positively associated wyhragff
anthropometric outcomes measured within the first 3 years of life. The relauitgied
three key findings: 1) Prepregnancy BMI and gestational weight gainedfifielly
influence child WAZ, LAZ, and WLZ at birth and at 6 months, and their rates of change

from birth to 3 years. 2) Children of overweight and obese mothers have higher WAZ and



WLZ beginning in infancy through 3 years and are at greater risk of beingeyght or
obese at 3 years compared to children of women with normal BMI. 3) Excessive
gestational weight gain is associated with changes in WAZ, LAZ, and \WIoZ thirth to

3 years. Children of mothers with excessive weight gain (that does not exceed 200% of
the recommendations) have higher WAZ and LAZ at birth and at 6 months and higher
BMI z-scores at 3 years compared to children of women with adequate wergHilga
changes in weight and length appear to be proportional. Children of mothers with
excessive weight gar200% of the recommendations have changes in weight that
exceed those in length; they have higher WAZ and WLZ from birth through 3ayers

are at greater risk of obesity at 3 years compared to children of motheede@gduate

weight gain.

Review of Aims

In Chapter IV we examined the associations between infant WAZ, laid
WLZ at 6 months as well as rapid infant weight gain betweeh aintl 6 months with the
selected maternal exposures. We found that while both prepregnandyaBi
gestational weight gain were positively associated with WAZy geistational weight
gain was associated with LAZ at 6 months. Prepregnancy overwaighbbesity and
excessive weight gair200% of the IOM recommended amount were associated with
increased WLZ. These results suggest that the relative bodgfsizants at 6 months
differs by maternal exposure. Risk estimates for rapid infagw gain, a measure of
infant growth rate, increased across maternal exposure daggbut none were

statistically significant in the full models.
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In Chapter V, we examined the associations between child BMI at 3 years and the
selected maternal exposures. Prepregnancy overweight and obesity weisessvith
higher child BMI z-scores and increased risks of B8&" and>95" percentiles
compared to normal prepregnancy BMI. Excessive gestational weightvgaias
associated with higher child BMI z-scores but only excessive weightg880P6 of the
IOM recommendations was associated with an increased risk gf@&i{ipercentile
compared to inadequate/adequate weight gain.

Lastly in Chapter VI, we utilized longitudinal data analysis to examine the
influence of prepregnancy BMI and gestational weight gain on child WAZ, la~d
WLZ between birth and 3 years. Our results suggest that prepregnancy@Ml a
gestational weight gain differentially influence the selected anthraperoetcomes and
their rate of change from birth to 3 years. At birth, regression estimi®s82, LAZ,
and WLZ were similar across categories of prepregnancy BMI (with tleptan of
higher WLZ among neonates of overweight women) whereas, WAZ and LAZ were
higher among women with excessive weight gain and WAZ and WLZ were sagnijic
higher among women with excessive weight g&l80% of the recommendations
compared to women with adequate weight gain. Prepregnancy obesity waatagdsoc
with greater rates of increase in WAZ and WLZ from birth to 3 years coohpareormal
prepregnancy BMI. Excessive weight gaZ00% of the recommendations was
associated with greater rates of increase in WAZ and LAZ from bi3hyears
compared to adequate weight gain. Compared to the lower categories of prepregnan

BMI and gestational weight gain, prepregnancy overweight and obesity eessase
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weight gain>200% of the recommendations were associated with distinctly higher mean

predicted values of WAZ and WLZ that persisted across the study period.

Study Strengths

The PIN study is a contemporary, prospective, longitudinal pregnancy cohort that
reflects recent trends in pediatric and maternal obesity and excgsstational weight
gains. The study collected measurements of gestational weight gain ahaeilgihts
and lengths/heights at various time points between birth and 3 years. It Aldednc
collection of key covariates such as sociodemographic characteristiciapsemaking,
maternal glucose tolerance status, and infant feeding behaviors, whighdfor
appropriate adjustment for confounders in the statistical models.

There is limited research that examines and contrasts the relatiooships
prepregnancy BMI and gestational weight gain with infant postnatal growtlngr us
longitudinal measurements; therefore, our studies are valuable contribatibes t
current literature. Prepregnancy BMI and gestational weight gain wiagociaed using
the most recent IOM guidelines released in May 2009, which are specifiafemal
prepregnancy BMI. These guidelines are used by healthcare professicadisse
women about appropriate gestational weight gains. Our research evaluaéed the
guidelines with respect to child anthropometric development and provides clinictans wi
results that they can easily interpret and communicate to their patients

We examined the effects of prepregnancy BMI and gestational weightgai
anthropometric outcomes at various time points between birth and 3 years. The age

interval of birth to 6 months has been identified as a critical window in infancy akesbci
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with an increased risk of future overweight/obesity developfifertd high systolic

blood pressure at 3 yearddditionally, childhood overweight during the preschool years
is a predictor of later obesity that tracks into adolescence and adultBtild. BMI z-
score>95" percentile has a sensitivity of 88% and a specificity of 94% to predict high
body fat percentagend BMI z-score-85" percentile is useful for identifying excess fat

in childrerf as well as predicting future weight status and disease risk.

Study Limitations

There are several recognized limitations of this research, many di wire
discussed in the previous chapters and are reviewed here. First, the gdnisabtthe
PIN study population is narrow given the fact that women in the sample haeierec
care from the participating prenatal clinics, meet eligibility oatéor the PIN Study, and
complete several years of postpartum follow-up interviews along withatiggring. In
a prospective cohort design, the greatest concern is selective loss toup!fowith bias
resulting if those who remain in the study experience a different exposure-eutcom
relationship than those who are lost. Although it is unlikely that the relationshipsbetwe
child anthropometric outcomes and prepregnancy BMI or gestational weighte@n w
modified by unknown factors related to inclusion in the study, we were able tacthdire
evaluate this by comparing the baseline characteristics between thelodexcluded
mother-offspring pairs across the PIN studies. Losses from high risk groupsssuc
obese or women with excessive weight gé200% of the recommendations may have

weakened the observed associations reported here.
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Second, with the exception of birthweight and the 3 year measurements, infant
anthropometric measurements came from well-baby visits recorded on doatdss’ ¢
which mothers returned to study staff at the 12-month visit. These measuraments
subject to the inherent errors related to measurements made in the clitiglssece
they were collected at multiple clinic sites and medical staffs n&réained using a
standardized measurement method. Additionally, birth length was not collected, the
number of measurements and ages at which they were assessed différedHddten,
and many mothers did not return the cards.

Third, anthropometric measurements are not direct measures of adiposity. WAZ
LAZ, and WLZ provide estimates of infant body size relative to the U.Serefer
population. Child BMI is a measure of excess weight rather than excesgéat. Di
measurements, such as dual-energy x-ray absorpiometry, are preferred.

Fourth, despite the fact that women were enrolled in PIN 3 during early
pregnancy, enroliment within the first month of pregnancy is rare and theredelfe a
reported measure of prepregnancy weight was used in the analyses. Siregmpregyr
weight is used in the calculation of prepregnancy BMI (height was mesure
gestational weight gain, misclassification of women with regards to theealtitomes
may have occurred. Women of reproductive ages have a tendency to under-estimate thei
weights and overestimate their heigHthis type of error would result in an
underestimation of prepregnancy BMI and an overestimation of total gestateght
gain.

Lastly, due to the observational nature of our data, we cannot entirely exclude the

possibility that important unknown confounders were neglected in the data colleation a
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analysis or that adjustment for confounders was incomplete, which is a carrcaltn f

observational studies.

Public Health Implications

Pediatric obesity is a national health epidemic with nearly one third of ahildre
and adolescents being overweight or odé§ecently, First Lady Michelle Obama
launched a multi-faceted nationwide campaign, which focuses on healthy eating a
physical activity, to eliminate pediatric obesity in one generation. Hawemailts from
animal and human studies suggest that the prenatal environment, specificallyexposur
increased maternal nutrition via prepregnancy obesity and/or excessatntages
during gestation, plays an important role in the development of overweight and obesity
beginning in utero. In the current research, we found that prepregnancy BMI and
gestational weight gain, based on the 2009 IOM guidelines, are positivelyassdatith
postnatal growth measured within the first 3 years of life. We also found ttedsaxe
gestational weight gaimn200% of the recommendations and prepregnancy
overweight/obesity similarly influenced child WAZ and WLZ between birth ancaBsye
and risk of obesity at 3 years.

Our results emphasize the need for preconceptional counseling and intervention
efforts that target lowering BMI before women begin trying to get pregarahtnform
women about the importance of achieving adequate gestational weight gains during
pregnancy. Such interventions may also have the added benefit of improving the
postnatal environment by altering maternal behaviors related to pediasitypbe

including infant/child nutrition, sleeping, and physical activity/screen{wiadc
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behaviors:> Considering that nearly half of pregnancies are unpldfiaed many

women do not obtain prenatal care within the first trimé&st&rintervention efforts may
be challenged in their ability to target prepregnancy BMI, espeaailyng high-risk
populations; however, our research suggests that promotion of adequate gestational
weight gains, regardless of prepregnancy BMI, during the prenatal peridd is s
important for preventing pediatric obesity.

Besides organized interventions within communities and health care
organizations, women’s health care providers play a central role in monitoring
prepregnancy BMI status and educating women about appropriate gestatiohal weig
gains. Due to their consistent contact with women before, during, and after pregnancy
health care providers are in the unique position to provide women with guidance and
resources regarding physical activity, nutrition, and psychological counseliviges.
Programs and strategies to inform health care providers about the importance of
implementing the 2009 IOM guidelines for normal prepregnancy BMI and adequate

gestational weight gain in their daily practices are necessary.

Directionsfor Future Research
Further investigation is necessary to better understand the influencecohahat
prepregnancy BMI and gestational weight gain on the development of overweight and
obesity, as well as chronic disease risk factors, in infants and children. Wi&addour
directions for future research:
1) Precise measurements of gestational weight.daestational weight gain reflects

maternal tissue, fat, and fluid expansion as well as fetal and placensal mas
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2)

Previous studies reported positive associations for birthweight with mabechal
water”’, fat-free mas$, and pattern of gestational weight g&iff.o understand

the underlying biology of the association between gestational weight gain and
offspring anthropometric outcomes, it is necessary to have precise meagsreme
of the components of gestational weight gain. Gestational weight gain is also
reflective of energy intakes and expenditure during pregnancy. Evidence from
animal and human studies suggests that maternal diet macronutrient composition
may be associated with offspring anthropometric and disease outtbthes.
Considering that food sources and dietary patterns in the United States have
changed over the past several decadésfuture studies should also address the
effects of maternal diet on offspring outcomes and determine how theytcelat
gestational weight gain.

Precise measurements of infant/child body composifidre majority of studies

that investigated associations between child anthropometric outcomes and
maternal exposures, including the current studies, did not have information on
infant/child body composition. As mentioned, anthropometric measurements are
not direct measures of adiposity. We reported differential influences of
prepregnancy BMI and gestational weight gain on WAZ, LAZ, and WLZ between
birth and 3 years. Gestational weight gain was associated with WAZ and LAZ
while prepregnancy BMI was associated only with WAZ; however, excessive
weight gairr200% of the recommendations and prepregnancy overweight/obesity
were associated with higher WAZ and WLZ between birth and 3 years and

increased risk of obesity at 3 years. Precise measurements of fat fied fagss
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3)

4)

are needed to understand how they relate to our findings for WAZ, LAZ, and
WLZ at birth and over time.

Distinction of prenatal vs. postnatal exposui@sr research addressed the total
effects of prepregnancy BMI and gestational weight gain on offspring oatcom
Previous research indicates that prepregnancy BMI and gestational gadight
may be associated with offspring anthropometric outcomes due to influences on
fetal growth and body composition; metabolic, appetite, and hormonal
programming; and the postnatal environment. Since prepregnancy BMI is likely
to be highly correlated with BMI in the postnatal period, the observed
associations between prepregnancy BMI and child anthropometrics migty part
reflect the effects of maternal BMI and its related environmentarfia¢such as
child diet and physical activity) in the postnatal period. Similarly, although
gestational weight gain models were adjusted for prepregnancy BMI, itsbigos
that maternal behaviors related to gestational weight gain remain in thetplostna
period as well. In our causal models, we were able to adjust for many prenatal
confounders that would pervade into the postnatal period, such as household
income and education. We also performed additional analyses with adjustments
for birthweight z-scores and infant feeding behaviors. However, longitudinal
analyses that include data collection prior to pregnancy throughout early
childhood are needed to help distinguish prenatal and postnatal effects.
Utilization of recent cohorts that reflect current trends in maternal and pediatric
obesity as well as excessive gestational weight gAmsgiscussed in the

Background and Significansection, there is a need for studies that examine the
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associations between maternal exposures and offspring anthropometricgfadipos
using recent cohorts. Previous studies that used historical cohorts may have
lacked adequate variation or power in their study populations to detect siginifica
associations. In our pregnancy cohort using data collected 2001-2008,
approximately 30% of women were overweight or obese, 14% of women had
excessive weight gair200% of the recommendations, and 22% of children were
overweight/obese at 3 years. These high percentages of maternal andcpediatri
obesity as well as excessive weight gaid0% of the recommendations highlight
the need for studies that examine associations within higher classes tf abdsi
over ranges of excessive weight gain.

There is also a need for more research on this topic in general, notably for
gestational weight gain exposure. We identified four studies that examined the
relationship between gestational weight gain and offspring weight outcomes
during infancy or the preschool yedfs* Only one of these studies reported a
positive association; Oken etAffound that compared to children of women with
inadequate weight gains, children of women with adequate and excessive gains
had significantly higher BMI z-scores and were more likely to be ob@& (
percentile) at 3 years. We did not replicate this finding in our research; however
we did find that excessive weight gaR00% of the IOM recommendations is
associated with risk of obesity at 3 years.

We also found that excessive weight ga?®0% of the recommendations
but not excessive weight gain below this threshold is associated with

disproportionately higher WAZ than LAZ, resulting in higher WLZ between birth
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and 3 years. This suggests that lumping women with excessive weight gains into a
single category for statistical analyses may be problematictforasg

associations of gestational weight gain and offspring anthropometriesjabp

risks of child overweight and obesity. Considering the suggested implications of
gestational weight gain for infant and child outcomes and the fact that it is a
modifiable behavior, future studies using improved methodology are required to
confirm our results as well as inform preconception/prenatal intervention and

policy efforts.
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Table 1. Comparison of distributions of selected baseline characteristics of PIN 3 mother-infant pairswho

were dligible but did not participatein PIN Postpartum (n=480) and those who participated in PIN

Postpartum (n=689).

Eligible but did not

participatein PIN Participated in PIN (480 vs.
Postpartum (n=480) Postpartum (n=689) 689)
Variable N Mean (SD)/ N Mean (SD)/ P value

Frequency Frequency
Age (years 480 28.7 (5.8) 689 29.5 (5.5) 0.02
Age (years 480 689
16-24 118 24.6 132 19.2
25-29 136 28.3 195 28.3 0.10
30-34 148 30.8 250 36.3
35-47 78 16.3 112 16.3
Prepregnancy BM1 (kg/m?) 469 26.4 (7.4) 687 25.36 (6.8) 0.01
Prepregnancy BM | Category (ka/m?)
Underweight 25 5.3 33 4.8
Normal Weight 229 48.8 399 58.1 0.01
Overweight 97 20.7 133 19.4
Obese 118 25.2 122 17.8
Gestational Weight Gain (kq) 467 14.78 (6.3) 684 15.45 (6.0) 0.07
Adequacy of Gestational Weight Gain 467 1.47 (0.8) 684 1.46 (0.7) 0.76
Gestational Weight Gain 467 684
Inadequate 63 13.5 83 12.1
Adequate 111 23.8 180 26.3 0.56
Excessive | 206 44.1 306 44.7
Excessive I 87 18.6 115 16.8
Race 480 688
Non-Black 358 74.6 586 85.2 <0.001
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Black

Marital Status
Married
Other

Education

< Grade 12
Grades 13 -16
> Grade 17

Family Income (% Poverty)
<185%

185-350%

>350%

Glucose Tolerance

Glucose Tolerance

Normal
Impaired Glucose Tolerance
Gestational Diabetes

Pre-existing Diabetes M ellitus
No
Yes

Parity
Nulliparous
1 or More Births

Smoking in M onths 1-6 of Pregnancy
No

Yes

122

480
329
151

480
115
228
137

455
117
88
250

423

442

388
38
16

479
460
19

480
221
259

424
362
62

25.4

68.5
31.5

24.0
47.5
28.5

25.7
19.3
55.0

103.5 (1.2)

87.8
8.6
3.6

96.0
4.0

46.0
54.0

85.4
14.6

149

102

689
554
135

689
118
323
248

667
123
136
408

608

640
559
51
30

687
656
31

689
334
355

653
601
52

14.8

80.4
19.6

171
46.9
36.0

18.4
20.4
61.2

104.4 (1.0)

87.3
8.0
4.7

95.5
4.5

48.5
51.5

92.0
8.0

<0.001

0.00

0.01

0.54

0.6

0.77

0.44

0.001




Infant Sex
Male
Female

Infant Birthweight

[nfant Birthweight ()
<2500

2500-<3000
3000-<3500
3500-<4000

> 4000

Gestational Age (weeks)

Term Birth
Term

Preterm

480
237
243

480

480
47
85
173
132
43

480

480

410
70

49.4
50.6

3280.3 (780.2)

9.8
17.7
36.0
27.5
9.0

38.2 (2.4)

85.4
14.6

689
371
318

689

689
49
103
290
180
67

689

689

602
87

53.8
46.2

3332.6 (677.5)

7.1
15.0
42.1
26.1
9.7

38.6 (2.2)

87.4
12.6

0.14

0.23

0.15

0.02

0.34
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Table 2. Comparison of distributions of selected baseline characteristics of PIN Postpartum mother-infant
pairswho participated in PIN Pediatric (n=409) and those who wer e eligible but did not participatein PIN

Pediatric (n=280).

Participated in

Participated at 36 PINPost (3 or 12m)

151

months (n=409) but did not at 36 (409 vs.
months (n=280) 280)
. M ean(SD)/ M ean (SD)/
Variable N Frequency,% Freguency,% P
Age (Vears 409 30.2 (5.2) 280 28.4 (5.8) <0.001
Aqge(years 409 280
16-24 60 14.7 72 25.7 0.002
25-29 124 30.3 71 25.4
30-34 149 36.4 101 36.1
35-47 76 18.6 36 12.9
Prepregnancy BM1 (kg/m?) 408 25.0 (6.7) 279 25.90 (7.0) 0.09
Prepregnancy BM | Category (ka/m?) 408 279
Underweight 18 4.4 15 5.4
Normal Weight 256 62.8 143 51.3 0.02
Overweight 73 17.9 60 21.5
Obese 61 15.0 61 21.9
Gestational Weight Gain (kqg) 408 15.8 (6.2) 276 15.0 (5.8) 0.11
Adequacy of Gestational Weight Gain 408 1.5(0.8) 276 1.5(0.7) 0.67
Gestational Weight Gain (IOM
Category) 408 276




Inadequate
Adequate
Excessive |

Excessive |l

Race
White/other

Black

Marital Status
Married

Other

Education
< Grade 12
Grades 13 -16

> Grade 17

Family Income (% Poverty)

<185%
185-350%

>350%

Glucose Tolerance

Glucose Tolerance

Normal

53 13.0 30
105 25.7 75
186 45.6 120
64 15.7 51

408 280
366 89.7 220
42 10.3 60

409 280
355 86.8 199
54 13.2 81

409 280
47 11.5 71
208 50.9 115

154 37.7 94

401 266
53 13.2 70
76 19.0 60
272 67.8 136

381  107.68 (26.9) 254

385 255
336 87.3 223

152

10.8
27.2
25.2

18.5

78.6

21.4

71.1

28.9

25.4
41.1

33.6

26.3
22.6

51.1

104.96 (27.0)

87.5

0.69

<0.00

<0.001]

<0.0(

<0.00

0.2




Impaired Glucose Tolerance

Gestational Diabetes

Pre-existing Diabetes M ellitus

No

Yes

Parity
Nulliparous

1 or More Births

Smoking in Months 1-6 of Pregnancy

Yes

No

Infant Sex

Male

Female

Infant Birthweight

I nfant Birthweight ()

<2500

2500-<3000
3000-<3500
3500-<4000

> 4000

32

17

409

388

21

409

202

207

399

370

29

409

221

188

409  3358.8 (720.5)

24
61
186
93

45

153

8.3

4.4

94.9

5.1

49.4

50.6

92.7

7.3

54.0

46.0

59

14.9

455

22.7

11.0

19

13

278

268

10

280

132

148

254

231

23

280

150

130

280

25

42

104

87

22

7.5

5.1

96.4

3.6

47.1

52.9

90.9

9.1

53.6

46.4

3294.3 (608.6)

8.9

15.0
37.1
31.1

7.9

0.8

0.45

0.59

0.46

0.94

0.22

0.03




Gestational Age (weeks) 409 38.6 (2.1) 280 38.4 (2.3) 0.16

Term Birth 409 280
Term 359 87.8 243 86.8 0.73
Preterm 50 12.2 37 13.2
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