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Original Research

Association of Overweight and Obesity
Development Between Pregnancies With
Stillbirth and Infant Mortality in a Cohort of
Multiparous Women

Ya-Hui Yu, PhD, MS, Lisa M. Bodnar, PhD, RD, Katherine P. Himes, MD, Maria M. Brooks, PhD,
and Ashley I. Naimi, PhD

OBJECTIVE: To identify the association of newly devel-

oped prepregnancy overweight and obesity with still-

birth and infant mortality.

METHODS: We studied subsequent pregnancies of

mothers who were normal weight at fertilization of their

first identified pregnancy, from a population-based

cohort that linked birth registry with death records in

Pennsylvania, 2003–2013. Women with newly developed

prepregnancy overweight and obesity were defined as

those whose body mass index (BMI) before second preg-

nancy was between 25 and 29.9 or 30 or higher, respec-

tively. Our main outcomes of interest were stillbirth

(intrauterine death at 20 weeks of gestation or greater),

infant mortality (less than 365 days after birth), neonatal

death (less than 28 days after birth) and postneonatal

death (29–365 days after birth). Associations of both

prepregnancy BMI categories and continuous BMI with

each outcome were estimated by nonparametric

targeted minimum loss-based estimation and inverse-

probability weighted dose–response curves, respec-

tively, adjusting for race–ethnicity, smoking, and other

confounders (eg, age, education).

RESULTS: A cohort of 212,889 women were included for

infant mortality analysis (192,941 women for stillbirth

analysis). The crude rate of stillbirth and infant mortality

in these final analytic cohorts were 3.3 per 1,000

pregnancies and 2.9 per 1,000 live births, respectively.

Compared with women who stayed at a normal weight

in their second pregnancies, those becoming overweight

had 1.4 (95% CI 0.6–2.1) excess stillbirths per 1,000 preg-

nancies. Those becoming obese had 3.6 (95% CI 1.3–5.9)

excess stillbirths per 1,000 pregnancies and 2.4 (95% CI

0.4–4.4) excess neonatal deaths per 1,000 live births.

There was a dose–response relationship between pre-

pregnancy BMI increases of more than 2 units and

increased risk of stillbirth and infant mortality. In addi-

tion, BMI increases were associated with higher risks of

infant mortality among women with shorter interpreg-

nancy intervals (less than 18 months) compared with

longer intervals.

CONCLUSION: Transitioning from normal weight to

overweight or obese between pregnancies was associ-

ated with an increased risk of stillbirth and neonatal

mortality.

(Obstet Gynecol 2020;135:634–43)

DOI: 10.1097/AOG.0000000000003677

T
he obesity epidemic has affected millions of peo-
ple worldwide, including 30% of adults in the

United States.1 Importantly, obesity is more prevalent
in women of childbearing age compared with general
population estimates. From 2007–2008 to 2015–2016,
the prevalence of obesity among women aged 20–39
years increased from 31% to 36%.2 Prepregnancy

From the Department of Epidemiology, Graduate School of Public Health, and
the Department of Obstetrics, Gynecology, and Reproductive Sciences, School of
Medicine, University of Pittsburgh, and the Magee-Womens Research Institute,
Pittsburgh, Pennsylvania.

Supported by NIH/NICHD (R21 HD065807, PI: L Bodnar).

Presented at the annual meeting of Society for Pediatric and Perinatal Epidemi-
ologic Research, June 17–18, 2019, Minneapolis, Minnesota.

The authors thank Sara Parisi and Melissa Mangini for data management and
the computing resources provided by the University of Pittsburgh Center for
Research Computing.

Each author has confirmed compliance with the journal’s requirements for
authorship.

Corresponding author: Ashley I. Naimi, PhD, Department of Epidemiology,
University of Pittsburgh, Pittsburgh, PA; email: ashley.naimi@pitt.edu.

Financial Disclosure

The authors did not report any potential conflicts of interest.

© 2020 by the American College of Obstetricians and Gynecologists. Published
by Wolters Kluwer Health, Inc. All rights reserved.

ISSN: 0029-7844/20

© 2020 by the American College of Obstetricians
and Gynecologists. Published by Wolters Kluwer Health, Inc.

Unauthorized reproduction of this article is prohibited.

634 VOL. 135, NO. 3, MARCH 2020 OBSTETRICS & GYNECOLOGY

mailto:ashley.naimi@pitt.edu


obesity is a common high-risk obstetric condition with
wide-ranging health effects,3 including stillbirth4 and
infant death.5

Obesity is often defined through body mass index
(BMI, calculated as weight in kilograms divided by
height in meters squared), which is correlated with
body fat percentage in women before fertilization.6

However, obesity is a complex and heterogeneous
disorder presenting with multiple subphenotypes.
The effect of obesity subphenotypes such as with or
without metabolic syndromes or other comorbidities,
on adverse pregnancy outcomes can vary.7,8 The
duration that a woman is exposed to the obese phe-
notype may also affect her risk for obstetric and peri-
natal complications. For example, longer duration
and greater severity of obesity are associated with
higher cardiometabolic risk.9,10 To date, however,
there is little information regarding the timing of obe-
sity onset relative to pregnancy outcomes.11 Given
this, we evaluated newly developed prepregnancy
overweight and obesity as well as the change in
BMI in relation to stillbirth and infant mortality.

METHODS
The Penn MOMS study, which included fetal death
records and linked birth–infant death records in
Pennsylvania from 2003 to 2013 (n51,551,919 sin-
gleton pregnancies), was used to construct our analytic
cohort. Unique identifiers were used to link preg-
nancies from the same women. In Pennsylvania, fetal
death records before 2006 did not contain information
to calculate BMI; therefore, women with stillbirth
before 2006 (4,001 women; 5,168 pregnancies) were
excluded. Details on data cleaning and linkage pro-
cesses have been published previously.12,13

We established our analytic cohort by including
women who had at least two pregnancies during the
study period 2003–2013 and were a normal weight at
the start of the first identified pregnancy (Fig. 1).
Women with questionable data (illogical age or inter-
pregnancy intervals) or prior twin gestations were
excluded. We then limited our analytic sample to
these women’s second pregnancies. Overall, there
were 212,889 pregnancies for the infant mortality
analysis (2003–2013), and 192,941 pregnancies for
the stillbirth analysis (2006–2013). This study was
approved by the institutional review board at the Uni-
versity of Pittsburgh.

Outcomes of interest were stillbirth, which was
defined as intrauterine death at 20 weeks of gestation
or greater, and infant mortality, defined as the death
of nonanomalous liveborn infants at less than 365
days. We further divided infant mortality into two

groups based on the timing of death: neonatal death
(less than 28 days) and postneonatal death (28 to less
than 365 days).

Prepregnancy BMI was computed by using
weight (kg) and divided by height (m) squared. Both
weight and height were obtained from interviewing
mothers before discharge from the hospital. We
categorized BMI as underweight (less than 18.5),
normal weight (BMI between 18.5 and 24.9), over-
weight (BMI between 25 and 29.9) or obese (30 or
greater).14 Women who were normal weight in the
first-identified pregnancy in our cohort and became
overweight or obese in their second pregnancy were
considered to have newly developed overweight or
obesity. Interpregnancy BMI changes were calculated
as the difference in prepregnancy BMI units of first
and second pregnancy.

We used causal diagrams to identify confounders
(Appendix 1, available online at http://links.lww.
com/AOG/B691).15 We adjusted for maternal height
and race–ethnicity, parity, as well as other character-
istics during prior and current pregnancies including
inter-pregnancy interval, maternal education, urban
residence, percentage of black residents in census
tract, prepregnancy diabetes, prepregnancy hyperten-
sion, smoking status, marital status, and payer status.
In addition, we adjusted for prior pregnancy charac-
teristics including gestational diabetes, gestational
hypertension, smoking status during pregnancy, gesta-
tional age, birth weight, birth facility level of neonatal
care, neonatal intensive care units admission, use of the
Special Supplemental Program for Women, Infants,
and Children, breast feeding, mode of delivery, Apgar
score, stillbirth, and infant death. Inter-pregnancy inter-
val, maternal height, gestational age, and birthweight
were treated as continuous variables. Other confound-
ers were categorized based on the groups listed in
Table 1 and Appendix 2 (Appendix 2 is available on-
line at http://links.lww.com/AOG/B691).

Information on maternal characteristics (race–
ethnicity, age, education, marital status, smoking
status), delivery payment insurance, prepregnancy
diabetes or hypertension, gestational age at delivery,
and level of neonatal care available in the birth facility
were acquired from hospital discharge records.
Neighborhood socioeconomic status (urbanity and
the proportion of black residents) were computed
based on the county-level federal information process-
ing standards codes of the primary residence address.
Inter-pregnancy interval was calculated as the number
of months between delivery date of previous preg-
nancy and estimated fertilization date of current preg-
nancy. Roughly 20% of pregnancies were missing data
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on variables of interest, which were imputed using
a Markov chain Monte Carlo approach.16 Details on
variable collection and imputation have been previ-
ously provided.12,13

Our primary analysis aimed to determine the
association between newly developed (or “incident”)
overweight and obesity before pregnancy and the risk
of stillbirth and infant mortality. Nonparametric
targeted minimum loss-based estimation17 was used
to estimate risk differences and risk ratios for the rela-
tion between categorical prepregnancy BMI (becom-
ing underweight, becoming overweight, or becoming

obese compared with remaining normal weight) and
our outcomes of interest. We opted for targeted
minimum loss-based estimation rather than standard
regression because targeted minimum loss-based esti-
mation is a “doubly robust” approach in that it com-
bines a propensity score model for the exposure (BMI
category) with a regression model for the outcome
(stillbirth, infant mortality), thus providing two chan-
ces to adjust for potential confounding.18 Further-
more, unlike standard regression, targeted minimum
loss-based estimation enables use of nonparametric
machine learning techniques that do not rely on

Fig. 1. Flow chart of analytic sample
selection. IPI, interpregnancy inter-
val.

Yu. Becoming Obese Before Pregnancy
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unverifiable modeling assumptions (eg, linearity,
additivity, no interaction) made in parametric regres-
sion. In our analyses, we used stacking19,20 to com-
bine several machine learning algorithms into one.
We included the arithmetic mean, neural networks,

multivariate adaptive regression splines, least absolute
shrinkage and selection operator, generalized additive
models, random forests, and gradient-boosted ma-
chines. These algorithms were used to estimate both
the propensity score model for BMI category, and the

Table 1. Characteristics of Mothers Who Remained Normal Weight or Became Underweight, Overweight,
or Obese in Their Second Pregnancy for Infant Mortality Analysis, Pennsylvania Birth Records,
2003–2013 (N5212,889)

Maternal Characteristics

Became
Underweight
(n55,451)

Remained Normal Weight
(n5160,001)

Became Overweight
(n539,011)

Became Obese
(n58,426)

Race–ethnicity
Non-Hispanic white 3,948 (72) 125,246 (78) 27,068 (69) 5,288 (63)
Non-Hispanic black 652 (12) 15,527 (9.7) 6,163 (16) 1,834 (22)
Hispanic 483 (8.9) 11,089 (6.9) 4,151 (11) 1,051 (13)
Others 368 (6.8) 8,139 (5.1) 1,629 (4.2) 250 (3.0)

Age (y)
Younger than 20 389 (7.1) 6,024 (3.8) 1,772 (4.5) 461 (5.5)
20–29 3,211 (59) 74,788 (47) 21,379 (55) 5,303 (63)
Older than 29 1,851 (34) 79,189 (50) 15,860 (41) 2,662 (32)

Education
Less than high school 1,167 (21) 19,750 (12.3) 5,996 (15) 1,739 (21)
High school or

equivalent
1,581 (29) 35,196 (22) 11,428 (29) 3,027 (36)

Some college 1,202 (22) 37,649 (24) 10,934 (28) 2,421 (29)
College graduate 1,501 (28) 67,406 (42) 10,653 (27) 1,239 (15)

Metropolitan area (no. of
residents)

More than 1 million 2,865 (53) 85,355 (53) 20,246 (52) 4,296 (51)
250,000–1 million 1,521 (28) 46,115 (29) 11,406 (29) 2,454 (29)
Less than 250,000 1,065 (20) 28,531 (18) 7,359 (19) 1,676 (20)

% black residents in
neighborhood (tertile)

Lowest (less than 1%) 1,874 (34) 57,283 (36) 12,728 (33) 2,459 (29)
Middle (1–7%) 1,781 (33) 59,299 (37) 12,668 (33) 2,376 (28)
Highest (greater than 7%) 1,796 (33) 43,419 (27) 13,615 (35) 3,591 (43)

Prepregnancy diabetes
No 5,439 (99.8) 159,547 (99.7) 38,828 (99.5) 8,373 (99.4)
Yes 12 (0.2) 454 (0.3) 183 (0.5) 53 (0.6)

Prepregnancy hypertension
No 5,431 (99.6) 159,187 (99.5) 38,653 (99.1) 8,234 (97.7)
Yes 20 (0.4) 814 (0.5) 358 (0.9) 192 (2.3)

Prepregnancy smoking
(cigarettes/d)

0 3,767 (69.1) 131,100 (82) 30,592 (78) 6,282 (75)
Less than 10 430 (7.9) 7,852 (4.9) 2,495 (6.4) 612 (7.3)
10–20 456 (8.4) 8,639 (5.4) 2,505 (6.4) 616 (7.3)
More than 20 798 (15) 12,510 (7.8) 3,419 (8.8) 916 (11)

Insurance
Nonprivate 2,698 (50) 53,279 (33) 16,849 (43) 4,734 (56)
Private 2,753 (50) 106,722 (67) 22,162 (57) 3,692 (44)

Marital status
Unmarried 2,423 (44) 45,542 (29) 15,342 (39) 4,349 (52)
Married 3,028 (56) 114,459 (72) 23,669 (61) 4,077 (48)

Interpregnancy interval (mo)
Less than 18 3,341 (61) 101,450 (63) 26,480 (68) 6,145 (73)
18 or greater 2,110 (39) 58,551 (37) 12,531 (32) 2,281 (27)

Data are n (%).

© 2020 by the American College of Obstetricians
and Gynecologists. Published by Wolters Kluwer Health, Inc.

Unauthorized reproduction of this article is prohibited.

VOL. 135, NO. 3, MARCH 2020 Yu et al Becoming Obese Before Pregnancy and Stillbirth 637



outcome models for stillbirth and infant mortality. To
further triangulate this relationship between newly
developed overweight and obesity before the preg-
nancy and risk of stillbirth and infant mortality, we
conducted propensity score matching analysis
(Appendix 3, available online at http://links.lww.
com/AOG/B691). In brief, propensity score was esti-
mated by fitting logistic regression with the same set
of confounders aforementioned. Resulting propensity
scores were used in 1:1 nearest neighbor matching
within a caliper of 0.1 SDs of the logit propensity
scores with replacement. Risk difference and risk
ratios of the outcomes were estimated by generalized
estimating equations accounting for matched pairs.
All analyses were performed with the Matching and
geepack packages in R. To examine the dose–
response relation between the continuous interpreg-
nancy BMI change and the risk of stillbirth and infant
mortality, we further modeled interpregnancy BMI
change using restricted cubic splines with four knots,
and weighted by inverse of the propensity score to
adjust for confounding.21 We could not employ
targeted minimum loss-based estimation because soft-
ware routines are not currently available for continu-
ous exposures. Knots for the restricted cubic splines
were located at the 20th, 40th, 60th, and 80th percen-
tiles of the distribution of BMI among the events.22

These curves were also stratified by interpregnancy
interval length. We adopted the commonly used cut-
points of less than 18 months to define short inter-
pregnancy interval.23

RESULTS
Among 212,889 women who were normal weight in
their initial pregnancy, most (75%) remained normal
weight; 3%, 18%, and 4% became underweight, over-
weight, or obese, respectively, in their next preg-
nancy. The median interpregnancy interval was
roughly 23 months (interquartile range: 24). Mothers
with incident prepregnancy overweight or obesity
were more likely than women who remained normal
weight to be non-Hispanic black, younger, without
college education, with prepregnancy diabetes and
hypertension, smokers, and living in neighborhoods
with higher percentages of black residents (Table 1).
Women with incident overweight or obesity were
more likely to have nonprivate insurance, shorter in-
terpregnancy intervals, and be unmarried. Similar dif-
ferences were observed in the smaller stillbirth cohort
(Appendix 4, available online at http://links.lww.
com/AOG/B691). During their previous pregnancy,
women who became overweight or obese experi-
enced more adverse pregnancy outcomes, had higher

gestational weight gain, and lower prevalence of
breast feeding (Appendices 2 and 5, available online
at http://links.lww.com/AOG/B691).

The confounder adjusted association between BMI
category change and the risk of stillbirth is provided in
Table 2. Compared with women who remained nor-
mal weight in their second pregnancy, those who
became underweight, overweight, or obese had 2.9
(95% CI 0.5–5.3), 1.4 (95% CI 0.6–2.1), or 3.6 (95%
CI 1.3–5.9) excess stillbirth per 1,000 pregnancies,
respectively. We did not find strong associations between
changing prepregnancy BMI category and infant mortal-
ity or postneonatal mortality. However, women with
newly developed obesity had 2.4 (95% CI 0.4–4.4)
excess neonatal mortality events per 1,000 births com-
pared with those women whomaintained normal weight.
A similar pattern was observed for risk ratios. Results
from a matched PS analysis provided estimates that
were similar to or larger than those obtained from
targeted minimum loss-based estimation (Appendix 6,
available online at http://links.lww.com/AOG/B691).

There was a U-shaped relation between interpreg-
nancy BMI change for the risks of stillbirth and infant
death, with the lowest risks at BMI change of 0–2 units
(Fig. 2A and B). Risks of both outcomes rose sharply as
BMI increased beyond 2-kg/m2 (equivalent to an aver-
age interpregnancy weight gain of 5 kg for women with
160 cm height). These risks also increased when BMI
decreased between two pregnancies. Although there
were no meaningful differences in the stillbirth risk
curve according to interpregnancy interval (Fig. 2C),
the infant mortality risk curve varied according to in-
terpregnancy interval (Fig. 2D). The association
between BMI change and risk of infant death was
slightly stronger for women with short interpregnancy
intervals compared with those with a longer interpreg-
nancy interval. For example, among women with short
interpregnancy intervals, the risk of infant mortality
increases by 2 per 1,000 live births with BMI changes
of 2–6 units (from 5.8 [95% CI 4.9–6.9] to 7.8 [95% CI
6.5–9.4] per 1,000 live births). However, among
women with long interpregnancy intervals, the risk of
infant mortality increases by 1 per 1,000 live births with
BMI changes of 2–6 units (from 3.7 [95% CI 3.1–4.4] to
4.7 [95% CI 3.9–5.6] per 1,000 live births). The curves
for neonatal mortality showed similar patterns as the
infant mortality curves, but no association was
observed between interpregnancy BMI changes and
postneonatal mortality (Fig. 3).

DISCUSSION
We found women at normal weight at initial pregnancy
fertilization who became underweight, overweight, or
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obese before fertilization of the subsequent pregnancy
had higher stillbirth and neonatal mortality rates than
women who remained normal weight. We identified
a U-shaped relation between interpregnancy BMI
changes and risk of stillbirth and infant mortality. This
association between BMI changes and infant mortality
was stronger among the subgroup of women with short
interpregnancy intervals than those with longer inter-
vals. Our results suggest that becoming obese within an
average of 2 years after pregnancy is associated with
higher risk of stillbirth and neonatal mortality than
remaining at a normal weight.

Three studies24–26 examined maternal BMI in
relation to stillbirth and infant mortality across multi-
ple pregnancies. One study using Missouri vital re-
cords25 found that compared with mothers staying at
normal weight, normal weight mothers becoming
overweight or obese had risks of stillbirth around
20% and 50% greater, respectively. The magnitudes
of these associations are smaller than in our study.
This difference may be explained by their adjustment

for several variables (including preeclampsia and ges-
tational diabetes in the second pregnancy) that are
affected by prepregnancy BMI. Controlling for inter-
mediates can result in overadjustment bias,27 leading
to potentially misleading estimates. Two other studies
using a Swedish population-based cohort attempted to
answer questions about interpregnancy weight
change. Villamor et al24 found an association between
BMI changes and stillbirth in the overall analysis but
not in the subgroup of women with BMIs less than 25
at first pregnancy. Cnattingius et al26 found that
among women whose BMI was less than 25 at first
pregnancy, gaining more than 2 units of BMI
increased risk of stillbirth, infant mortality, neonatal
mortality, and postneonatal mortality. We had similar
findings except for postneonatal mortality. Compared
with their study, we adjusted for additional confound-
ers (eg, characteristics from the prior pregnancy)
which may provide less biased results. Our study also
did not include women who were underweight in their
first pregnancy. Although the literature does not

Table 2. Risk Difference and Ratios of Stillbirth and Infant Mortality by Prepregnancy Body Mass Index
Category

BMI Category* Event Population at Risk Unadjusted Risk†
Risk Difference

(95% CI)‡§ Risk Ratio (95% CI)§

Stillbirth
Became underweight 28 4,891 5.7 2.9 (0.5–5.3) 2.0 (1.3–3.1)
Remained normal weight 388 144,366 2.7 Reference Reference
Became overweight 160 35,834 4.5 1.4 (0.6–2.1) 1.5 (1.2–1.8)
Became obese 60 7,850 7.6 3.6 (1.3–5.9) 2.3 (1.6–3.3)

Infant mortality
Became underweight 30 5,451 5.5 20.3 (22.0 to 2.0) 1.0 (0.7–1.5)
Remained normal weight 719 160,001 4.5 Reference Reference
Became overweight 189 39,011 4.8 20.2 (20.9 to 0.6) 1.0 (0.8–1.1)
Became obese 64 8,426 7.6 2.0 (20.2 to 4.1) 1.4 (1.0–2.0)

Neonatal mortality
Became underweight 19 5,451 3.5 0.4 (21.3 to 2.2) 1.2 (0.7–2.0)
Remained normal weight 436 160,001 2.7 Reference Reference
Became overweight 115 39,011 2.9 20.7 (20.7 to 0.5) 1.0 (0.8–1.2)
Became obese 48 8,426 5.7 2.4 (0.4–4.4) 1.8 (1.3–2.7)

Postneonatal mortality
Became underweight 11 5,432 2.0 20.4 (21.5 to 0.6) 0.8 (0.4–1.6)
Remained normal weight 283 159,565 1.8 Reference Reference
Became overweight 74 38,896 1.9 20.7 (20.6 to 0.4) 1.0 (0.7–1.3)
Became obese 16 8,378 1.9 20.4 (21.3 to 0.6) 0.8 (0.4–1.5)

BMI, body mass index.
* BMI category (kg/m2): underweight (less than 18.5), normal weight (BMI between 18.5 and 24.9), overweight (BMI between 25 and 29.9),

obese (30 or higher).
† Risk: per 1,000 live births (or pregnancies).
‡ Risk difference: per 1,000 live births (or pregnancies).
§ Covariates adjusted in the model: maternal race–ethnicity, height, parity, interpregnancy interval between current and previous pregnancy;

variables of prior and current pregnancies: maternal age, education, urban residence, percentage of black residents, prepregnancy
diabetes, prepregnancy hypertension, smoking status, marital status and insurance of current and prior pregnancy; variables of prior
pregnancy: gestational diabetes, gestational hypertension, smoking status during pregnancy, gestational age, birth weight, birth facility
level of neonatal care, neonatal intensive care unit admission, Women, Infants, and Children program usage, breast feeding, mode of
delivery, Apgar score, stillbirth, and infant death.
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examine underlying mechanisms of newly developed
obesity, cumulative evidence in prepregnancy obesity
suggests several plausible explanations including pla-
cental dysfunction, inflammation, and metabolic
abnormalities.28,29

Contrary to previous literature,24–26 we found
increased risk of stillbirth among women who became
underweight after being normal weight in a previous
pregnancy. The plausible mechanisms remain
unclear. Interpregnancy weight loss may affect
changes in placental function—there is evidence
suggesting a relation with lower placental weight.30

However, these findings may also be affected by
unmeasured risk factors such as underlying illness or
psychosocial factors.

We found that interpregnancy interval modified
the association between BMI increase and risk of
infant death. Studies show that women start to gain
weight 1 year after delivery31 and late postpartum
weight gain is not associated with gestational weight
gain of prior pregnancy.32 It is plausible that BMI
increase among women with shorter interpregnancy
intervals represents postpartum weight retention,
whereas BMI increase among those with longer

Fig. 2. Dose–response curve of interpregnancy body mass index (BMI) change with risk of stillbirth and infant mortality.
Curve fitted by restricted cubic splines, with 4 knot and pointwise confidence bands constructed by bootstrap method. Risk
presented as per 1,000 pregnancies (live births). Short interpregnancy interval (IPI) defined as IPI less than 18 months. Long
IPI defined as IPI 18 months or more. Interpregnancy BMI change and risk of stillbirth (A), interpregnancy BMI change and
risk of infant mortality (B), interpregnancy BMI change and risk of stillbirth by IPI (C), and interpregnancy BMI change and
risk of infant mortality by IPI (D).
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interpregnancy intervals represents postpartum
weight gain. These reasons for BMI changes may dif-
ferentially affect the risk of infant death.

Our findings should be interpreted considering
key limitations. Body mass index calculated from self-
reported height and weight may result in misclassifi-
cation.33 However, previous studies analyzing this
cohort showed that after accounting for misclassifica-
tion, the relations between prepregnancy obesity and
infant mortality were not meaningfully different.12 In
addition, BMI measurements were only available at

the start of each pregnancy. We could not account for
a history of high BMI in the women who were normal
weight at first pregnancy nor understand whether
weight change between pregnancies was because of
postpartum weight retention or postpartum weight
gain. Furthermore, to identify newly developed over-
weight or obesity, we restricted our analysis to women
with two pregnancies and were normal weight before
the first pregnancy. Therefore, our results estimated
among multiparous women should be carefully gen-
eralized to other populations (eg, nulliparous women).

Fig. 3. Dose–response curve of interpregnancy body mass index (BMI) change with risk of neonatal and postneonatal
mortality. Curve fitted by restricted cubic splines, with 4 knot and pointwise confidence bands constructed by bootstrap
method. Risk presented as per 1,000 live births. Short interpregnancy interval (IPI) defined as IPI less than 18 months. Long
IPI defined as IPI 18 months or more. Interpregnancy BMI change and risk of neonatal mortality (A), interpregnancy BMI
change and risk of postneonatal mortality (B), interpregnancy BMI change and risk of neonatal mortality by IPI (C), and
interpregnancy BMI change and risk of postneonatal mortality by IPI (D).
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Reproductive history plays an important role in sub-
sequent pregnancies, affecting both exposure and out-
comes of interest.34 Therefore, we adopted
a reproductive life-based approach,35 which considers
potential effects from prior pregnancies. Unlike pre-
vious studies restricting analyses to women without
adverse events in the first pregnancy,24–26 we adjusted
for pregnancy outcome and other characteristics of
the prior pregnancy. Thus, we accounted for con-
founding of reproductive history without introducing
selection bias.27 In addition, we avoided adjusting for
obstetric complications or any variables on the path-
way from prepregnancy BMI to stillbirth or infant
mortality of the second pregnancy.

Postpartum weight retention is a common reason
for women to become overweight or obese; around
13–20% of women retain 5 kg or more of their pre-
pregnancy weight 1 year after delivery.36 Health care
providers should inform women throughout preg-
nancy the importance of adequate gestational weight
gain37 and returning to prepregnancy weight. The
intervention efforts may be best targeted to women
whose BMI is at the upper limit of normal weight,38

eg, optimizing diet during pregnancy.39 Pregnancy
presents a motivating opportunity for a healthy life-
style; however, major physical and social role changes
complicate potential interventions. It is important to
consider how to tailor interventions to meet personal
needs and how to translate results of trials into formal
clinical guidelines.40,41

Different approaches for weight maintenance
likely have different effects on reducing risk of
adverse pregnancy outcomes. To develop effective
interventions for weight maintenance to prevent
stillbirth and infant mortality, future studies focusing
on understanding the reasons for becoming obese are
warranted.

REFERENCES
1. BRFSS prevalence & trends data: explore by topicjDPHjCDC.

Available at: https://goo.gl/v7n6Sv. Retrieved May 28, 2018.

2. Hales CM, Fryar CD, Carroll MD, Freedman DS, Ogden CL.
Trends in obesity and severe obesity prevalence in US youth
and adults by sex and age, 2007–2008 to 2015–2016. JAMA
2018;319:1723–5.

3. Catalano PM, Shankar K. Obesity and pregnancy: mechanisms
of short term and long term adverse consequences for mother
and child. BMJ 2017;356:j1.

4. Aune D, Saugstad OD, Henriksen T, Tonstad S. Maternal body
mass index and the risk of fetal death, stillbirth, and infant
death: a systematic review and meta-analysis. JAMA 2014;
311:1536–46.

5. Meehan S, Beck CR, Mair-Jenkins J, Leonardi-Bee J, Puleston
R. Maternal obesity and infant mortality: a meta-analysis. Pedi-
atrics 2014;133:863–71.

6. Lindsay CA, Huston L, Amini SB, Catalano PM. Longitudinal
changes in the relationship between body mass index and per-
cent body fat in pregnancy. Obstet Gynecol 1997;89:377–82.

7. Kim SS, Zhu Y, Grantz KL, Hinkle SN, Chen Z, Wallace ME,
et al. Obstetric and neonatal risks among obese women without
chronic disease. Obstet Gynecol 2016;128:104–12.

8. Catalano PM, McIntyre HD, Cruickshank JK, McCance DR,
Dyer AR, Metzger BE, et al. The hyperglycemia and adverse
pregnancy outcome study: associations of GDM and obesity
with pregnancy outcomes. Diabetes Care 2012;35:780–6.

9. Mongraw-Chaffin M, Foster MC, Kalyani RR, Vaidya D,
Burke GL, Woodward M, et al. Obesity severity and duration
are associated with incident metabolic syndrome: evidence
against metabolically healthy obesity from the multi-ethnic
study of atherosclerosis. J Clin Endocrinol Metab 2016;101:
4117–24.

10. Mongraw-Chaffin M, Foster MC, Anderson CAM, Burke GL,
Haq N, Kalyani RR, et al. Metabolically healthy obesity, tran-
sition to metabolic syndrome, and cardiovascular risk. J Am
Coll Cardiol 2018;71:1857–65.

11. Elizondo-Montemayor L, Hernández-Escobar C, Lara-Torre E,
Nieblas B, Gómez-Carmona M. Gynecologic and obstetric con-
sequences of obesity in adolescent girls. J Pediatr Adolesc Gy-
necol 2017;30:156–68.

12. Bodnar LM, Siminerio LL, Himes KP, Hutcheon JA, Lash TL,
Parisi SM, et al. Maternal obesity and gestational weight gain
are risk factors for infant death: pregnancy weight gain, obesity,
and infant death. Obesity 2016;24:490–8.

13. Lemon LS, Naimi AI, Abrams B, Kaufman JS, Bodnar LM.
Prepregnancy obesity and the racial disparity in infant mortality:
race, Obesity, and Infant Mortality. Obesity 2016;24:2578–84.

14. WHO Consultation on Obesity. Obesity: preventing and man-
aging the global epidemic. Geneva, Switzerland: World Health
Organization; 2000.

15. Shrier I, Platt RW. Reducing bias through directed acyclic
graphs. BMC Med Res Methodol 2008;8:70.

16. Royston P. Multiple imputation of missing values: further
update of ICE, with an emphasis on categorical variables. Stata
J 2009;9:466–77.

17. van der Laan MJ, Rose S. Targeted learning: causal inference
for observational and experimental data. Berlin, Germany:
Springer-Verlag; 2011.

18. Luque-Fernandez MA, Schomaker M, Rachet B, Schnitzer ME.
Targeted maximum likelihood estimation for a binary treat-
ment: a tutorial. Stat Med 2018;37:2530–46.

19. van der Laan MJ, Polley EC, Hubbard AE. Super learner. Stat
Appl Genet Mol Biol 2007;6:Article 25.

20. Naimi AI, Balzer LB Stacked generalization: an introduction to
super learning. Eur J Epidemiol 2018;33:459–64.

21. Naimi AI, Moodie EEM, Auger N, Kaufman JS. Constructing
inverse probability weights for continuous exposures: a compar-
ison of methods. Epidemiology 2014;25;292–9.

22. Howe CJ, Cole SR, Westreich DJ, Greenland S, Napravnik S,
Eron JJ Jr. Splines for trend analysis and continuous con-
founder control. Epidemiology 2011;22:874–5.

23. Conde-Agudelo A, Rosas-Bermúdez A, Kafury-Goeta AC.
Birth spacing and risk of adverse perinatal outcomes: a meta-
analysis. JAMA 2006;295:1809–23.

24. Villamor E, Cnattingius S. Interpregnancy weight change and
risk of adverse pregnancy outcomes: a population-based study.
Lancet 2006;368:1164–70.

© 2020 by the American College of Obstetricians
and Gynecologists. Published by Wolters Kluwer Health, Inc.

Unauthorized reproduction of this article is prohibited.

642 Yu et al Becoming Obese Before Pregnancy and Stillbirth OBSTETRICS & GYNECOLOGY

https://goo.gl/v7n6Sv


25. Whiteman VE, Crisan L, McIntosh C, Alio AP, Duan J, Marty
PJ, et al. Interpregnancy body mass index changes and risk of
stillbirth. Gynecol Obstet Invest 2011;72:192–5.

26. Cnattingius S, Villamor E. Weight change between successive
pregnancies and risks of stillbirth and infant mortality: a nation-
wide cohort study. Lancet 2016;387:558–65.

27. Howards PP, Schisterman EF, Heagerty PJ. Potential confound-
ing by exposure history and prior outcomes: an example from
perinatal epidemiology. Epidemiology 2007;18:544–51.

28. Woolner AM, Bhattacharya S. Obesity and stillbirth. Best Pract
Res Clin Obstet Gynaecol 2015;29:415–26.

29. Bodnar LM, Parks WT, Perkins K, Pugh SJ, Platt RW, Feghali
M, et al. Maternal prepregnancy obesity and cause-specific still-
birth. Am J Clin Nutr 2015;102:858–64.

30. Wallace JM, Bhattacharya S, Campbell DM, Horgan GW.
Inter-pregnancy weight change impacts placental weight and
is associated with the risk of adverse pregnancy outcomes in
the second pregnancy. BMC Pregnancy Childbirth 2014;14:40.

31. Schmitt NM, Nicholson WK, Schmitt J. The association of
pregnancy and the development of obesity—results of a system-
atic review and meta-analysis on the natural history of postpar-
tum weight retention. Int J Obes (Lond) 2007;31:1642–51.

32. Lipsky LM, Strawderman MS, Olson CM. Maternal weight
change between 1 and 2 years postpartum: the importance of
1 year weight retention. Obesity (Silver Spring) 2012;20:1496–
502.

33. Bodnar LM, Abrams B, Bertolet M, Gernand AD, Parisi SM,
Himes KP, et al. Validity of birth certificate-derived maternal
weight data. Paediatr Perinat Epidemiol 2014;28:203–12.

34. Malacova E, Regan A, Nassar N, Raynes-Greenow C, Leonard
H, Srinivasjois R, et al. Risk of stillbirth, preterm delivery, and
fetal growth restriction following exposure in a previous birth:
systematic review and meta-analysis. BJOG 2018;125:183–92.

35. Hutcheon JA, Platt RW. The impact of past pregnancy experi-
ence on subsequent perinatal outcomes. Paediatr Perinat Epi-
demiol 2008;22:400–8.

36. Gunderson EP. Childbearing and obesity in women: weight
before, during, and after pregnancy. Obstet Gynecol Clin
North Am 2009;36:317–ix.

37. Nehring I, Schmoll S, Beyerlein A, Hauner H, von Kries R.
Gestational weight gain and long-term postpartum weight
retention: a meta-analysis. Am J Clin Nutr 2011;94:1225–31.

38. Linné Y, Dye L, Barkeling B, Rössner S. Weight development
over time in parous women—the SPAWN study—15 years fol-
low-up. Int J Obes Relat Metab Disord 2003;27:1516–22.

39. Bodnar LM, Himes KP. Maternal nutrition. In: Resnik R, Lock-
wood CJ, Moore TR, Greene MF, Copel JA, Silver RM, edi-
tors. Creasy and Resnik’s maternal-fetal medicine: principles
and practice. 8th ed. Philadelphia, PA: Elsevier Health Sciences;
2018.

40. McKinley MC, Allen-Walker V, McGirr C, Rooney C, Wood-
side JV. Weight loss after pregnancy: challenges and opportu-
nities. Nutr Res Rev 2018;31:225–38.

41. Lim S, Liang X, Hill B, Teede H, Moran LJ, O’Reilly S. A
systematic review and meta-analysis of intervention character-
istics in postpartum weight management using the TIDieR
framework: a summary of evidence to inform implementation.
Obes Rev 2019;20:1045–56.

PEER REVIEW HISTORY
Received July 21, 2019. Received in revised form October 1, 2019.
Accepted November 14, 2019. Peer reviews and author correspon-
dence are available at http://links.lww.com/AOG/B692.

© 2020 by the American College of Obstetricians
and Gynecologists. Published by Wolters Kluwer Health, Inc.

Unauthorized reproduction of this article is prohibited.

VOL. 135, NO. 3, MARCH 2020 Yu et al Becoming Obese Before Pregnancy and Stillbirth 643

http://links.lww.com/AOG/B692

