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Abstract
Objective—To determine how gestational weight gain (GWG), categorized using the 2009
Institute of Medicine recommendations, relates to changes in offspring weight-for-age (WAZ),
length-for-age (LAZ), and weight-for-length z-scores (WLZ) between early infancy and 3 years.

Methods—Women with singleton infants were recruited from the third cohort of the Pregnancy,
Infection, and Nutrition Study (2001-2005). Term infants with at least one weight or length
measurement during the study period were included (n=476). Multivariable linear mixed effects
regression models estimated longitudinal changes in WAZ, LAZ, and WLZ associated with GWG.

Results—In early infancy, compared to infants of women with adequate weight gain, those of
women with excessive weight gains had higher WAZ, LAZ, and WLZ. Excessive GWG≥200% of
the recommended amount was associated with faster rates of change in WAZ and LAZ and
noticeably higher predicted mean WAZ and WLZ that persisted across the study period.

Conclusions—GWG represents a modifiable behavioral factor that is associated with offspring
anthropometric outcomes. More longitudinal studies that utilize maternal and pediatric body
composition measures are necessary to understand the nature of this association.
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Introduction
Obesity continues to be a major health epidemic among children in the United States, and it
is being documented as early as infancy. Recent studies show that 9.5% of children younger
than 2 years have a weight-for-length at or above the 95th percentile (1). The prevalence of
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overweight/obesity (>=85th percentile) is 21.2% among children ages 2-5 years (1), and the
rates among low income preschoolers are increasing (2). Treatment of pediatric obesity is an
arduous task, encompassing behavioral, social, and environmental factors (3); therefore, the
identification of modifiable risk factors to prevent the development of overweight and
obesity during infancy and early childhood is of great importance.

Gestational weight gain (GWG) is a modifiable factor associated with offspring
anthropometric outcomes (4, 5); however, relatively few studies examine these associations
using longitudinal data. Li and colleagues examined the role of early life factors in
overweight (>=95th percentile) trajectories in children from ages 2 to 12 years. GWG
≥20.43 kg was associated with increased odds of early onset overweight (defined as a
consistent high probability of overweight status) but not late onset overweight (defined as an
initial high probability of overweight status at 2 years, low probability of overweight at ages
4-6 years, and high probability of overweight after age 8 years)(6). More recently, Crozier
and colleagues reported higher fat mass at birth, 4 years, and 6 years among offspring of
women with excessive versus adequate GWG (based on the 2009 Institute of Medicine
(IOM) recommendations) (7). These results suggest that GWG influences the development
of obesity early in life.

In this study, we used data from a recent prospective pregnancy cohort and categorized
GWG according to the 2009 IOM recommendations to further investigate the association of
GWG and offspring anthropometrics. The main objective was to determine how GWG
relates to offspring weight-for-age, length-for-age, and weight-for-length z-scores using
weight and length measurements collected from physicians’ records during the first year of
life and by research staff at 3 years of age. The use of longitudinal data allowed for an
examination of how the associations between GWG and the selected anthropometric
outcomes differed and changed over time.

Method
Study Participants

Participants were women with singleton births with no major birth defects from the third
cohort of the Pregnancy Infection and Nutrition (PIN 3) study, January 1, 2001- June 30,
2005. The recruitment protocols for the study were documented previously (8). In 2003, the
PIN Postpartum study recruited eligible women from PIN (n=1169) and followed the index
infant at 3 months (n=689) and 12 months (n=550) postpartum (9). The PIN Kids study
(beginning 2004) followed the index infant at 3 years (n=409). Mothers completed several
self-administered questionnaires and two phone interviews during the prenatal period, and
in-home interviews at 3 and 12 months and 3 years postpartum to provide details on health
and lifestyle behaviors for themselves and their infants. Details of the PIN studies are
available at the website: http://www.cpc.unc.edu/projects/pin/. The PIN study protocols
were reviewed and approved by the Institutional Review Board of the School of Medicine at
the University of North Carolina at Chapel Hill.

We used data from the 550 mother-child pairs who participated at 12 months postpartum.
Children with physician-diagnosed illnesses related to growth (n=3) and women with
missing GWG or prepregnancy BMI (n=3) were excluded. Preterm (gestational age <37
weeks) infants were also excluded (n=68) due to possible growth differences in early life.
The remaining 476 mother-child pairs had at least one anthropometric measurement (weight
or length) between birth and 3 years and were included in the analyses.

Distributions of selected baseline characteristics across the included (n=476) and excluded/
non-participating (n=693) mother-child pairs were examined. In comparison to included

Deierlein et al. Page 2

Pediatr Obes. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.cpc.unc.edu/projects/pin/


mothers, those who did not participate at 12 months were more likely to be <30 years at
conception, overweight/obese, black, not married, low education, low income, and smokers.
They were also more likely to have infants with lower mean birth weight and gestational
age. All other comparisons of characteristics were not significant.

Anthropometrics
Infant birthweight (n=474) and sex (n=476) were abstracted from delivery logs (birth length
was not available). Gestational age was calculated using an algorithm based on the first
ultrasound measurement performed prior to 22 weeks’ gestation. If no ultrasound was
performed prior to the start of week 22, then the date of last menstrual period was used
(n=7). Infants’ weights and lengths were recorded on study-provided doctor’s cards during
well-baby visits. These visits are recommended by the American Academy of Pediatrics at
1, 2, 4, 6, 9, and 12 months of age but the frequency and times of the visits varied among
infants. The difference between the recorded date of the visit and the birth date were used to
calculate the exact age of the infant at each measurement. We estimated age using the 15th

of the month for those infants missing the day of the visit (n=14) and we used the
pediatrician recorded age when both the month and day of the visit were missing (n=64). At
the 3-year home visit, children’s standing height and weight were measured by trained PIN
staff using stadiometers and scales according to National Health and Nutrition Examination
Surveys (NHANES) protocols (10).

Weight-for-age (WAZ), length/height-for-age (LAZ) and weight-for-length/height (WLZ) z-
scores were calculated using the 2000 Centers for Disease Control and Prevention/National
Center for Health Statistics growth charts (11). The use of z-scores accounts for sex
differences and for variation in the actual ages of the children at the time of each
measurement. Z-scores are also necessary to express relative weight (weight-for-length).
They were used as the unit of measurement for all outcomes to maintain consistency and
enable comparison of effect sizes across outcomes. Measurements that corresponded to z-
scores <-5 or >5 were considered implausible and not included in analyses (WAZ, n=0;
LAZ, n=8; WLZ, n=7). For the analyses, 476 children contributed 3050 WAZ measurements
(mean 6.4 measurements per child, range 1-11 measurements); 424 children contributing
2772 LAZ measurements (mean 6.5 measurements per child, range 1-11 measurements);
and 422 children contributing 2679 WLZ measurements (mean 6.3 measurements per child,
range 1-11 measurements).

Maternal Exposures
Maternal prepregnancy BMI (kg/m2) and total GWG were categorized according to the 2009
IOM recommendations: underweight (BMI<18.5), 28-40 lbs; normal weight (BMI
18.5-24.9), 25-35 lbs; overweight (BMI 25.0-29.9), 15-25 lbs; and obese (BMI ≥ 30), 11-20
lbs (12). Prepregnancy BMI was calculated using self-reported prepregnancy weight and
measured height. Implausible prepregnancy weights (n=15) were imputed based on the
measured first trimester weights (8). GWG was defined as the difference between self-
reported prepregnancy weight and the last weight measurement prior to delivery. The
median difference in weeks between the gestational age at delivery and the gestational age at
the last weight measurement was 0.3. There were 23 (4.8%) women with a difference
between the two measurements of >2 weeks, 18 (78%) of whom were categorized as having
inadequate or adequate GWG. An adequacy of GWG percentage (or ratio) was calculated by
dividing the total observed GWG by the expected GWG based on the 2009 IOM
recommendations (12) specific for a given prepregnancy BMI category and the trimester of
gestation, using previously described methodology (8). Briefly, expected GWG was
calculated based on the following formula: Expected First Trimester Total GWG +
[(Gestational Age at Time of Last Weight Measurement × 13 weeks) × Rate of GWG
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Expected for the Second and Third Trimesters]. The use of rates of weight gain adjusts for
the fact that not all women have a weight measurement at the time of delivery. Cutoffs to
determine inadequate, adequate, and excessive GWG were based on ranges of adequacy
percentages. Because so many women had excessive GWG, this category was further
dichotomized: Excessive I GWG (n=213) was defined as excessive GWG up to 199% of the
recommendations. Excessive II GWG (n=68) was defined as excessive GWG≥200% of the
recommended amount.

Covariates
Maternal prenatal smoking, household income (expressed as percent of the poverty line
using the 2001 U.S. Department of Health and Human Services Federal Poverty Guidelines
(13)), education, marital status, age at conception, race/ethnicity, pre-existing diabetes, and
parity were assessed during the prenatal period and categorized as shown in Table 1. Due to
small numbers of women who self-identified as a race/ethnicity other than white or black
(Hispanic, n=23; American Indian, n=2; Asian/Pacific Islander, n=15; Other, n=7), race/
ethnicity was dichotomized as White/Other and Black. Household income at the 3-month
interview was used if information was missing from the prenatal period (n=10). Glucose
tolerance was derived from universal screens during the second trimester (mean gestational
age ~27 weeks) on women without pre-existing diabetes mellitus. Women with abnormal
values on the screen had a 3-hour oral glucose tolerance test (OGTT) to confirm gestational
diabetes mellitus (GDM). GDM was defined as having two abnormal values (14) on the
OGTT or a GDM diagnosis by a physician listed on the medical record.

Statistical Analyses
Statistical analyses were performed using STATA 11 (College Station, TX). Means,
standard deviations (SD), and frequencies (%) were calculated for baseline characteristics in
the population. Potential effect measure modifiers and confounders were identified a priori
from a review of previous literature and causal diagrams (15, 16).

Child WAZ, LAZ, and WLZ were individually plotted between 0 and 3 years to visually
inspect the longitudinal pattern. The resulting graphs suggested linear relations for LAZ and
WLZ but a non-linear relation with age for WAZ. Addition of a child’s age2 term to the
model was significant (p<0.01) and, therefore, included in the WAZ models. Linear mixed
effects regression models (17-19) were fit using restricted maximum likelihood specified by
the xtmixed function in STATA 11. These models were used to determine how GWG related
to WAZ, LAZ, and WLZ between 0 and 3 years. The mixed effects model easily
accommodates these data since they account for unbalanced data (unequal numbers of
repeated measurements within children and irregular spacing of measurements across time
and across children) and correlations of measurements within children (20). We also
considered a spline approach to separately estimate changes in anthropometrics between 0
and 12 months and 12 and 36 months. The graphs produced from the mixed models and
splines were similar with the exception being that graphs for mixed models that included
polynomials had slight troughs (an artifact of the quadratic term) while those using splines
had a straight line; therefore, we opted to present statistical analyses using the mixed
models.

We included random intercepts and slopes to allow for child-specific intercepts and rates of
overall growth. Interactions were examined to determine whether associations between
offspring anthropometric outcomes and categories of GWG varied over time or whether the
effects of gestational age and child’s age varied overtime. We also tested for an interaction
between continuous and categorical measures of prepregnancy BMI and GWG. All fixed
effects interaction terms were tested using Wald tests with an a priori significance p-value

Deierlein et al. Page 4

Pediatr Obes. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of <0.15. Full models for GWG were adjusted for income (185-350% used as referent),
education (grades 13-16 used as referent), race (non-Black used as referent), smoking
(nonsmoker used as referent), pre-existing diabetes mellitus (no diagnosis used as referent),
and marital status (married used as referent) using the categories shown in Table 1 as well as
prepregnancy BMI (centered at 23 kg/m2), maternal height (centered at 1.65 meters) and
gestational age (centered at 40 weeks). Maternal glucose tolerance and pregnancy induced
hypertension were not considered as confounders and, therefore, were not included in the
full models.

Results
The mean (SD) prepregnancy BMI was 24.8 (6.3) kg/m2; approximately a third of the
women were overweight or obese. The mean (SD) GWG and adequacy of GWG were 15.69
(5.62) kg and 141.0 (64.0)%, respectively. Fifty-nine percent of women had excessive GWG
with 14.3% having GWG>=200% of the recommendations (Table 1). The frequency (%) of
inadequate, adequate, excessive I, and excessive II GWG across prepregnancy BMI
categories were: 16.7, 33.3, 50.0, and 0.0% among underweight women; 14.1, 35.0, 47.8,
and 3.0% among normal weight women; 2.4, 13.4, 50.0, and 34.1% among overweight
women; and 12.3, 20.5, 24.7, and 42.5% among obese women. The majority of women were
white, 25-34 years of age at conception, married, college educated, non-smokers, and from
high income households (Table 1). The mean (SD) birth weight and gestational age were
3435.9 (434.5) g and 39.2 (1.2) weeks, respectively.

Predicted mean values of WAZ, LAZ, and WLZ were lowest among children of women
with inadequate and adequate GWG and highest among children of women with excessive II
GWG (Figures 1-3). Significant differences in WAZ, LAZ, and WLZ in early infancy were
observed across categories of GWG (Table 2). Excessive II GWG was associated with
higher WAZ at birth and a significant rate of change in WAZ across the study period
(interaction of high excessive GWG and child’s age) compared to adequate GWG (Table 2).
Predicted mean WAZ for children of mothers with excessive II GWG was higher and
increased over time compared to children of mothers in the other GWG categories (Figure
1). Excessive I GWG was associated with higher LAZ in early infancy and excessive II
GWG was associated with a significant rate of change in LAZ across the study period (Table
2). Excessive II GWG was associated with higher predicted mean WLZ in early infancy
compared to adequate GWG but there were no significant interactions between GWG
categories and child’s age (Table 2). Predicted mean WLZ increased between 0 and 3 years
across the GWG categories with the highest values observed for children of women with
excessive II GWG (Figure 3). We did not find evidence of an interaction between
prepregnancy BMI and adequacy of GWG for WAZ, LAZ, or WLZ.

Discussion
In this study, we found significant differences in offspring anthropometrics in early infancy
that persisted to 3 years of age across categories of GWG. Compared to infants of women
with adequate GWG, those born to women with excessive GWG had higher WAZ, LAZ,
and WLZ in early infancy. Excessive GWG≥200% of the recommended amount was
associated with faster rates of change in WAZ and LAZ and persistently higher predicted
mean WAZ and WLZ. Mothers with excessive I GWG had infants with higher WAZ and
LAZ , and those with excessive II GWG had infants with higher WAZ and WLZ compared
to mothers with adequate GWG.

Our study must be interpreted within the context of several limitations. First, the majority of
infant measurements within the first year came from well-baby visits recorded on doctor’s

Deierlein et al. Page 5

Pediatr Obes. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cards by medical staff. These measurements, especially length (21), are subject to error
because they were collected at multiple clinic sites and medical staff was not trained to use a
standardized method. The number and timing of measurements also differed between
children, and no measurements were available between approximately 12 and 35 months.
Second, we lacked detailed information on offspring body composition, which limits our
ability to determine how adequacy of GWG relate to fat and fat-free mass development.
Third, though we adjusted for prenatal factors, such as prepregnancy BMI, maternal
smoking, and pre-gestational diabetes, we cannot discount the possibility of residual
confounding. Finally, the generalizability of the study population is limited because women
in the sample had to attend the participating prenatal clinics, meet eligibility criteria, and
complete several years of postpartum follow-up interviews along with their offspring. There
was also a disproportionate loss-to-follow-up of women among high risk groups. However,
the exposure-disease relationship is not expected to differ across many of these factors and
losses from high risk groups, such as those with prepregnancy obesity and excessive II
GWG.

Positive associations for GWG with infant weight, ponderal index, and length at birth (5), as
well as fat mass and percent fat (7, 22) have been reported. There is some evidence to
suggest that the association between GWG and infant body composition may vary by
prepregnancy BMI status (23, 24). GWG is correlated with neonatal percent body fat in
overweight/obese women (BMI>25 kg/m2) while it is correlated with neonatal lean body
mass in lean/average women (BMI<25 kg/m2) (24). In a recent study of healthy, term
neonates, those born to overweight or obese women with excessive GWG had greater
percent body fat and fat mass compared to those born to normal weight women with
excessive GWG(22). The greatest difference in neonatal fat mass was observed among
overweight women with excessive GWG compared to overweight women with adequate
GWG (22). In contrast, other studies have not reported a significant interaction (7, 25). In
the current study, we did not observe an interaction between continuous or categorical
measures of prepregnancy BMI and GWG (though we may have been underpowered to
detect one) and cannot comment on how our findings relate to infant body composition;
however, there were differences in GWG across pre-pregnancy BMI categories. Normal and
overweight women were most likely to have excessive I GWG whereas obese women were
most likely to have excessive II GWG. Even though analyses were adjusted for
prepregnancy BMI, it is possible that some of the observed differences in early infancy may
also be attributed to maternal overweight/obesity (26).

Significant interactions were observed between GWG and child’s age; children of mothers
with excessive II GWG had a faster rate of increase in WAZ and a slightly faster rate of
increase in LAZ between 0 and 3 years compared to children of mothers with adequate
GWG. The rate of change in WAZ exceeded that in LAZ resulting in higher predicted mean
WLZ from 0 to 3 years in comparison to the other GWG categories. We identified only two
other studies that examined the effects of GWG on offspring anthropometric outcomes in a
longitudinal nature. Li et.al.(6) demonstrated persistent effects of GWG >=20.43kg on risk
of early onset child overweight (>=95th percentile) from 2 through 12 years. Using the 2009
IOM recommendations, Crozier et.al.(7) observed higher fat mass at birth and at 4 and 6
years among children of women with excessive GWG compared to those of women with
adequate gain. Despite differences in methodology (Li et.al. did not base GWG on the IOM
guidelines and Crozier et.al. did not adjust for prepregnancy BMI in their analyses), our
results are consistent with these studies and suggest that the effects of GWG on child
anthropometrics begin in infancy and persist through the early preschool years.

Whether the current observations are attributable to increased fetal growth, an in utero
programming effect, an obesogenic postnatal environment, genetics, or an interaction of
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some or all of these factors is unknown. In comparison to children of mothers with
inadequate and adequate GWG, children of mothers with excessive GWG had higher WAZ,
LAZ, and WLZ in early infancy, which tended to track across the study period. This
suggests that anthropometrics in early infancyplay a role in determining anthropometrics in
the first years of life, such that infants who are born big tend to stay big (27, 28). We also
observed faster rates of growth in weight and length in children of mothers with excessive II
GWG compared to those of mothers with adequate GWG. This observation provides support
for an in utero programming effect beyond fetal growth (as assessed by early infant
anthropometrics). Results from animal studies show that excess maternal nutrient intakes
during gestation are associated with altered programming of appetite and metabolic
regulators, hyperphagia, and adiposity in the offspring (29) and in humans, GWG has been
linked to early childhood weight outcomes independent of birth weight (30).

Women with excessive GWG tended to be overweight or obese. In addition to a possible
genetic influence, maternal overweight/obesity is associated with factors, such as feeding
behaviors (31-34) that may result in an obesogenic postnatal environment. Similarly,
independent of maternal prepregnancy BMI status, women with excessive GWG may also
exhibit characteristics associated with an obesogenic postnatal environment (35). Lastly,
women who are genetically susceptible to weight gain may pass this susceptibility to their
children (36). More sophisticated research is necessary to tease apart the various pathways
that link GWG with offspring anthropometric outcomes and their contributions to the
association.

Our findings provide evidence for an influence of GWG, a potentially modifiable maternal
factor, on the development of offspring anthropometric outcomes and their persistence
throughout early life. This study highlights the need for future research to understand the
implications of fetal exposure to excessive GWG, especially GWG>=200% of the
recommended amount for infant and childhood body composition, growth, and possibly later
disease outcomes.
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Figure 1.
Predicted mean child weight-for-age z-scores from birth to 3 years associated with
gestational weight gain categories based on the 2009 IOM recommendations in the
Pregnancy, Infection, and Nutrition 3 Study (n=459).
Predicted mean child WAZ from birth (age 0 years) to 3 years are based on the adjusted
linear mixed model for WAZ displayed in Table 2. Categories of gestational weight gain
designated as I=inadequate; A=adequate; EI=excessive I; EII=excessive II.
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Figure 2.
Predicted mean child length-for-age z-scores from birth to 3 years associated with
gestational weight gain categories based on the 2009 IOM recommendations in the
Pregnancy, Infection, and Nutrition 3 Study (n=414).
Predicted mean child LAZ from birth (age 0 years) to 3 years are based on the adjusted
linear mixed model for LAZ displayed in Table 2. Categories of gestational weight gain
designated as I=inadequate; A=adequate; EI=excessive I; EII=excessive II.
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Figure 3.
Predicted mean child weight-for-length z-scores from birth to 3 years associated with
gestational weight gain categories based on the 2009 IOM recommendations in the
Pregnancy, Infection, and Nutrition 3 Study (n=412).
Predicted mean child WLZ from birth (age 0 years) to 3 years are based on the adjusted
linear mixed model for WLZ displayed in Table 2. Categories of gestational weight gain
designated as I=inadequate; A=adequate; EI=excessive I; EII=excessive II.
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Table 1

Distribution of Baseline Characteristics of Women and Children in the Pregnancy, Infection, and Nutrition 3
Study (n=476)

Variable n Mean(SD)/Frequency,%

Maternal age at conception (years) 476 30.0 (5.4)

Maternal age at conception (years) 476

16-24 78 16.4

25-29 133 27.9

30-34 176 37.0

35-47 89 18.7

Prepregnancy BMI (kg/m2) 476 24.8 (6.3)

Prepregnancy BMI Category 476

Underweight 24 5.0

Normal Weight 297 62.4

Overweight 82 17.2

Obese 73 15.3

Maternal Height (meters) 476 1.7 (0.07)

Gestational Weight Gain (kg) 476 15.7 (5.6)

IOM Gestational Weight Gain Category 476

Inadequate 57 12.0

Adequate 138 29.0

Excessive I 213 44.8

Excessive II 68 14.3

Race 476

White/Other 423 88.9

Black 53 11.1

Marital Status 476

Married 399 83.8

Other 77 16.2

Education 476

≤ Grade 12 63 13.2

Grades 13 -16 226 47.5

≥ Grade 17 187 39.3

Household Income (% Poverty) 475

<185% 73 15.4

185-350% 94 19.8

>350% 308 64.8

GDM (excludes pre-existing diabetes
mellitus) 457

No 437 95.6

Yes 20 4.4

Pre-existing Diabetes Mellitus 476

No 457 96.0
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Variable n Mean(SD)/Frequency,%

Yes 19 4.0

Parity 476

Nulliparous 232 48.7

1 or More Births 244 51.3

Smoking in Months 1-6 of Pregnancy 460

No 428 93.0

Yes 32 7.0

Infant Sex 476

Male 247 51.9

Female 229 48.1

Gestational Age (weeks) 476 39.2 (1.2)
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