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Abstract

Objective

To examine the importance of timing of gestational weight gain during three time periods: 1:
< 20 weeks gestation), 2: 21-29 weeks) and 3: > 30 weeks) on fetal growth and infant birth
size.

Methods

Study uses secondary data from the PRECONCEPT randomized controlled trial in Thai
Nguyen province, Vietnam (n = 1436). Prospective data were collected on women starting
pre-pregnancy through delivery. Maternal conditional weight gain (CWG) was defined as
window-specific weight gains, uncorrelated with pre-pregnancy body mass index and all
prior body weights. Fetal biometry, was assessed by ultrasound measurements of head and
abdomen circumferences, biparietal diameter, and femoral length throughout pregnancy.
Birth size outcomes included weight and length, and head, abdomen and mid upper arm cir-
cumferences as well as small for gestational age (SGA). Adjusted generalized linear and
logistic models were used to examine associations.

Results

Overall, three-quarters of women gained below the Institute of Medicine guidelines, and
these women were 2.5 times more likely to give birth to a SGA infant. Maternal CWG in the
first window (< 20 weeks), followed by 21—-29 weeks, had the greatest association on all
parameters of fetal growth (except abdomen circumference) and infant size at birth. For
birth weight, a 1 SD increase CWG in the first 20 weeks had 3 times the influence compared
to later CWG (> 30 weeks) (111 g vs. 39 g) and was associated with a 43% reduction in
SGA risk (OR (95% Cl): 0.57 (0.46-0.70).

Conclusion

There is a need to target women before or early in pregnancy to ensure adequate nutrition
to maximize impact on fetal growth and birth size.
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Introduction

Maternal undernutrition is a key determinant of poor fetal growth, low birthweight, and
increased infant morbidity and mortality [1]. Several studies have examined the association of
total gestational weight gain on adverse birth outcomes [2], however the evidence on the relative
importance of timing of gestational weight gain remains inconclusive [3-13]. While the major-
ity of weight gain occurs in the second and third trimesters, it is unclear whether small gains in
early pregnancy may be as important as larger gains later on. Few studies have high quality pro-
spective data from preconception to delivery to accurately capture early weight gain to address
this question. There is paucity of evidence on when maternal weight gain matters most and how
this corresponds with fetal growth in-utero and birth outcomes (many studies have focused
solely on birthweight [2]). A potential reason for the mixed results are the inherent methodolog-
ical limitations of modeling highly correlated weight measures across pregnancy. To assess tri-
mester specific influences on newborn outcomes advanced statistical methods are needed to
generate independent and window-specific measures of maternal weight gain.

Using prospective data starting pre-pregnancy through delivery from the PRECONCEPT
randomized controlled trial in Thai Nguyen, Vietnam, we have previously demonstrated simi-
lar and independent effects of maternal nutrition before and during pregnancy on birth out-
comes [14]. In the current study, our objective is to examine the relative importance of timing
of gestational weight gain during pregnancy on fetal growth and birth outcomes.

Materials and Methods
Data sources and study population

This study uses secondary data obtained from a randomized controlled trial, PRECONCEPT
study, evaluating the effects of preconception micronutrient supplementation on maternal and
child health outcomes [15]. The parent study was approved by the Ethical Committee of Insti-
tute of Social and Medicine Studies in Vietnam and Emory University’s Institutional Review
Board, Atlanta, Georgia, USA (ClinicalTrials.gov, NCT01665378) Written informed consent
was obtained from all study participants in accordance with approved ethics committes.

This trial was conducted in 20 rural communes in Thai Nguyen province, in North Vietnam.
Between October 2011- May 2012, a total of 5011 women of reproductive age were randomly
allocated to receive weekly supplements containing either multiple micronutrients, iron-folic
acid or folic acid only. These women were followed prospectively to monitor pregnancies and
birth outcomes. A total of 1,813 women conceived between 2012-2014 and 1,599 had live
births. The current analysis includes a sub-set of 1436 women who delivered singleton live
infants with available data on maternal anthropometry before and during pregnancy and off-
spring birth size (Fig 1). Of these women 1,412 women have ultrasound data contributing
2,200 ultrasound measurments; 738 women had 2-3 ultrasound measurements over the course
of pregnancy and 675 women had one measure.

Outcome measurements

Fetal size. Fetal measurements including head circumference (HC), biparietal diameter
(BPD), abdominal (AC) and femur length (FL) were obtained during three time periods 1:14 -
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Fig 1. Flow diagram of participant progress throughout the study.

doi:10.1371/journal.pone.0170192.9001

< 20 weeks, 2: 21-29 weeks) and 3: > 30 weeks) pregnancy at commune health clinics by
trained obstetricians, using real-time ultrasound on a portable machine (Prosound 2, Hitachi
Aloka, Japan). Details of the ultrasound examination techniques that were used have been
described elsewhere [16]. Briefly, HC were measured based on ellipse fitting on the outer bor-
der of the skull using standard techniques [17]. BPD was measured from the outer edge of the
proximal parietal bone to the outer edge of the distal parietal bone [17]. Femur length was
measured according to the method of O’Brien and Queenan [18]. Abdominal circumference
was measured either directly by tracing around the perimeter (for second trimester of preg-
nancy) or indirectly using the formula 7 (d1+ d2)/2 (for the third trimester of pregnancy),
where d1 and d2 are the transverse and antero- posterior diameters [19]. Duplicate measures
were obtained from separate scans and the averages were used for analyses. High levels of qual-
ity control were in place for the study including: careful and detailed in baseline training,
refresher training every 3 months as well as random supervisor check-up throughout the
course of the study.

Newborn measurements. Newborn anthropometric measurements, including weight
and length, and head, abdomen and mid upper arm circumferences, were measured within 7
days of delivery following standardized techniques [20]. Naked weight was measured using a
UNICEF Beam type scale. Recumbent length was measured using a wooden measuring board
and circumferences were measured with non-stretchable UNICEEF tape. The average of dupli-
cate anthropometric measurements were used for analyses.

Gestational age (GA) was assessed based on prospective data collection on last mentral
period (LMP) to estimate date of conception and on date of delivery; a modified LMP method
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superior to maternal recall of LMP during pregnancy or delivery [15]. Health workers visited
the homes of women every two weeks after preconception enrollment and were asked about
their menses. If women reported that their LMP was >5 weeks, urine pregnancy tests were
done at a local Commune Health Center. Thus, we were able to obtain highly accurate esti-
mates of GA as calculated by the number of days between LMP and delivery. Previous research
from our team have also established a high correlation between GA as estimated from prospec-
tively-collected LMP and ultrasound measurements [21, 22]. Small for gestational age (SGA)
was defined as a birthweight below the 10th percentile for GA based on the international new-
born standards from the INTERGROWTH-21st Project [23].

Predictor variables

Maternal pre-pregnancy weight and height were measured at enrollment by trained workers
using standard procedures [24]. Pre-pregnancy body mass index (PP-BMI) was calculated as
weight/height” (kg/ m?). Underweight was defined as BMI <18.5 kg/ m* and overweight was
defined >23 kg/ m?. [25] Gestational weight gain was calculated from maternal weight mea-
sured at delivery and pre-pregnancy weight. We compared the adequacy of gestational weight
gain in relation to Institute of Medicine (IOM) recommendations to define those above or
below IOM recommendation [2].

The conditional gestation weight (CWG) variable was developed to produce uncorrelated
gestation weight gain for specific windows of pregnancy. CWG is a derived variable and com-
puted as the studentized residuals in linear models in which the outcome variable is maternal
weight at any given time point during pregnancy; and the predictor variables are her own pre-
conception BMI and any prior pregnancy weights. Conditional gestational weight gain were
computed for 3 windows: 1: < 20 weeks, 2: 21-29 weeks and 3: > 30 weeks (these are the same
windows as described for fetal growth with the exception of window 1; for fetal growth the ear-
liest ultrasound is 14 weeks and for maternal weight gain the window begins at preconception
enrollment). Each conditional gestation weight measurement can be interpreted as weight
deviation from the expectant mothers own projected weight trajectory, and thus is an indicator
of relative speed of weight gain/loss within an interval of pregnancy, independent of her weight
at a previous time point(s). Such methods have been used by the COHORTS collaboration to
study relationships between growth from birth to adulthood and adult human capital and
health [26]. Conditional variables are necessary in examining the time-specific influence of
maternal weight gain changes on birth outcomes because measurements at each time point
during pregnancy are related to all prior ones and could be placed a single linear regression
without any inflated variances.

Confounders

Socio-demographic characteristics include maternal age, education, ethnicity and social eco-
nomic status (SES). The SES index was constructed using principal components analysis that
accounted for a variety of variables such as house and land ownership, household assets, and
access to services [27, 28], and used to categorize subjects into quintiles where higher scores
indicate wealthier participants. We also controlled for the treatment group (iron and folic
acid, multiple micronutrients or folic acid alone) of the PRECONCEPT randomized trial,
child gender, and time from enrolment to conception.

Statistical analysis

Descriptive analyses were used to report socio-demographic characteristics of the population.
Normality of the continuous outcome variables was assessed using the Kolmogorov-Smirnov
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test. Ultrasound measures of HC, BPD, AC, and FL were also converted to Z scores using the
reference values from the INTERGROWTH-21st Project [29]. Since each CWG measure is
independent of pregnancy BMI and weight gain in any prior window, we included multiple
measures of maternal weight in the same model to examine the independent effect of weight
gain in each window. To examine the association of maternal weight gain on fetal growth,
three separate models were built by regressing window specific maternal CWG (as the key pre-
dictor) against fetal growth outcomes (examined separately for biparietal diameter, head and
abdominal circumferences, and femur length, all in SD units while controlling for potential
confounding factors). Model 1 examined relations between maternal CWG in the first preg-
nancy window and fetal growth from ultrasounds 14 - < 20 weeks. Similarly model 2 looked at
the first two windows of weight gain and ultrasounds for 21-29 weeks, and the final model
looked at all 3 windows of weight gain and the final ultrasounds for > 30 weeks. For example
to predict late fetal growth, head circumference z-score = CWG < 20 weeks + CWG 21-29
weeks + CWG > 30 weeks + maternal prepregnancy BMI + Covariates (ethnicity, maternal
age, education, treatment group, child gender, household SES, time from enrolment to con-
ception and repeated measure). Likewise, we examined the relative importance for timing of
CWG on birth outcomes using generalized linear models, adjusting for potential confounding
factors at household, maternal and child level (described above). Statistical tests were 2-tailed
and differences were considered significant at P <0.05. SAS software, version 9.3 was used for
statistical analysis.

Results

Approximately one-third of women entered pregnancy underweight with a mean pre-preg-
nancy weight of 45.8 kg. The average gestational weight gain was 10 kg, with nearly three-quar-
ters of women gaining below the IOM recommended guidelines for weight gain during
pregnancy (Table 1). Mean birth weight was 3050g and 15.7% of infants were born small for
gestational age. Characteristics of those included in analysis are similar to the primary cohort
of women at enrollment (results not shown).

Associations between maternal CWG during the different time periods and various mea-
sures of fetal ultrasound growth (HC, BPD, AC and FL z-scores) throughout pregnancy are
shown in Table 2. The first time period of maternal weight gain (< 20 weeks) was significantly
associated with fetal ultrasound growth measures during early (BPD), mid and late pregnancy
(HC, BPD, FL). For example, a one standard deviation increase in maternal CWG in the first
20 weeks of pregnancy was associated with a 0.17 increase in BPD z-score as detected by ultra-
sound measures during the 14 - < 20 week visit (Table 2A). Maternal weight gain in the first
20 weeks of pregnancy compared to weight gain in the second window (21-29 weeks) had
nearly twice the influence on late fetal growth (Table 2C) for HC (a 1 SD increase in CWG was
associated with a 0.26 and 0.14 increase in HC z-score, respectively), BPD (0.29 vs. 0.15), and
FL (0.23 vs. 0.17) with the exception of AC in which CWG during 21-29 weeks had the great-
est association. Pregnancy weight gain during the last window (> 30 weeks) was not signifi-
cantly associated with fetal growth.

Similarly, maternal CWG during the first period had the greatest association on all infant
outcomes at birth (Table 3). A 1 standard deviation (SD) increased in CWG first 20 weeks of
pregnancy was associated with a 111 g increase in birth weight, 0.5 cm increase in length, 0.4
cm increase in head circumference, 0.2 cm increase in MUAC and a 0.5 cm increase in abdo-
men circumference. Maternal CWG during 21-29 weeks had the second largest association
while CWG in the last window of pregnancy (> 30 weeks) had the weakest association with
birth outcomes. For infant birth weight, a 1 SD increase in weight gain earlier in pregnancy
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Table 1. Maternal and newborn characteristics (n = 1436)'.

Characteristic
Maternal Indicators
Age at baseline (y)
Primiparous (%)
Pre-pregnancy Weight (kg)
Height (m)
Pre-pregnancy BMI (kg/m2)
BMI < 18.5 (%)
BMI > 23 (%)
Gestational Weight gain (kg)

Mean * SD or %

25.8+4.3
5.5
458+5.4

152.7 +5.1

19.6+2.0
31.1
5.9

10.0+4.0

Gained below IOM recommendation (%)
Gained at IOM recommendation (%)
Gained above IOM recommendation (%)

73.4
23.5
5.1

Newborn Indicators
Female (%)
Birth weight (g)
Birth length (cm)
Head circumference (cm)
MUAC (cm)
Abdominal circumference (cm)
Preterm birth (%)
SGA (%)

48.2

3050 + 396.6

49.0+2.8
32.3+2.5
11.0+1.7
31.1+£2.7
9.7
15.7

'BMI, body mass index; IOM, Institute of Medicine; MUAC, mid-upper-arm circumference; SGA, small for
gestational age based on INTERGROWTH-21 project.

doi:10.1371/journal.pone.0170192.t001

Table 2. Associations between maternal conditional weight gain and fetal growth during early (14 - < 20 weeks), mid (21-29 weeks) and late (> 30

weeks) pregnancy’.

Maternal Conditional Weight Gain;
Z-scores

Head circumference Z-
score

B (95% CI)

score

A. Model 1: pregnancy fetal growth during 14 - < 20 weeks; n = 479

CWG < 20 weeks

B. Model 2: pregnancy fetal growth during 21-29 weeks; n = 642

CWG < 20 weeks
CWG 21-29 weeks

Biparietal diameter Z-

B (95% Cl)

0.11 (-0.06,0.27)

0.24** (0.09,0.38)
0.17* (0.02,0.32)

C. Model 3: pregnancy fetal growth during > 30 weeks; n = 925

CWG < 20 weeks
CWG 21-29 weeks
CWG > 30 weeks

0.26***(0.17,0.36)
0.14%* (0.04,0.24)
0.01 (-0.09,0.10)

Cl, confidence interval; CWG, conditional weight gain
1 Significance level: *p<0.05 **p<0.01 ***p<0.001; Each model was run separately for each fetal growth outcome and for each time period (A. 14 - < 20
weeks, B. 21-29 weeks and C. > 30 weeks). Models adjusted for maternal prepregnancy BMI, ethnicity, maternal age, education, treatment group, child
gender, household SES, time from enrolment to conception and repeated measure; Conditional gestational weight gain during pregnancy: each window is
independent of pre-pregnancy BMI and independent of weight gain in any prior window. Units are in standardized z-scores to allow for relative comparisons
of a 1 SD average increase in weight gain for each window.

doi:10.1371/journal.pone.0170192.1002

0.17% (0.00,0.34)

0.21** (0.07,0.36)
0.12 (-0.03,0.26)

0.29%** (0.20,0.38)
0.15%* (0.06,0.24)
0.04 (-0.05,0.13)

Abdomen circumference Z-
score

B (95% CI)

0.1 (-0.09,0.29)

0.13 (-0.03,0.30)
0.20* (0.03,0.37)

0.07 (-0.03,0.17)
0.25%** (0.15,0.36)
0.04 (-0.06,0.14)

Femoral Length Z-
score

B (95% Cl)

0.09 (-0.08,0.26)

0.29%** (0.15,0.44)
0.17* (0.03,0.32)

0.23*** (0.12,0.33)
0.17%* (0.05,0.28)
-0.04 (-0.15,0.06)
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Table 3. Conditional weight gain during pregnancy and infant birth size' (n = 1436).

Maternal variables; Z-score
PP BMI
< 20 weeks CWG
21-29 weeks, CWG
> 30 weeks, CWG

Weight (g) Length (cm) Head (cm) MUAC (cm) Abdomen (cm)
B (95% CI) B (95% CI) B (95% CI) B (95% CI) B (95% CI)
88.65%*(64.5, 112.8) 0.28 (0.08, 0.49) 0.29%*(0.12, 0.46) 0.07(-0.03, 0.17) 0.24*(0.06, 0.42)
111.40%%(88.1, 134.7) 0.45%%(0.25, 0.64) 0.38%*%(0.22, 0.54) 0.20**(0.10, 0.30) 0.54%**(0.37,0.72)
71.17%*(47.0, 95.3) 0.30%(0.09, 0.50) 0.25%(0.08, 0.41) 0.13%*(0.03, 0.23) 0.26%*(0.07, 0.43)
38.94%(14.7, 63.1) 0.29%(0.09, 0.49) 0.09(-0.07, 0.26) 0.07(-0.03, 0.17) -0.04(-0.22, 0.147)

' Significance level: *p<0.05 **p<0.01; Model adjusted for maternal prepregnancy BMI z-score, ethnicity, maternal age, education, treatment group, child
gender, household SES, time from enrolment to conception and repeated measure; Conditional gestational weight gain during pregnancy: each window is
independent of pre-pregnancy (PP) BMI and of weight gain in any prior window. Units are in standardized z-scores to allow for relative comparisons of a 1
SD average increase in weight gain for each window. A 1 SD weight gain per woman for each period (< 20 wk, 21-29 wk and > 30 wk) is 2.4 kg, 2.3 kg and
2.9 kg respectively. MUAC, mid-upper-arm circumference; Cl, confidence interval; BMI, body mass index; CWG, conditional weight gain.

doi:10.1371/journal.pone.0170192.t003

(< 20 weeks) had nearly three times the influence compared to the same weight gain later
(> 30 weeks) in pregnancy (111 vs. 39 grams).

The influence of maternal weight gain during pregnancy on risk for giving birth to a SGA
infant is presented in Table 4. One standard deviation increase in CWG in the first 20 weeks of
pregnancy was associated with a 48% reduction in risk of SGA and had nearly twice the influ-
ence compared to later pregnancy weight gain, > 30 weeks (odds ratios 0.52 vs. 0.78). In terms
of total gestational weight gain, women who gained below the IOM recommended guidelines
were 2.5 times more likely to give birth to a SGA infant as compared to women who gained
within the IOM recommendations

Discussion

Novel data on the relative importance of timing of weight gain during pregnancy are presented
that support the need to target women before and early in pregnancy to improve birth out-
comes. This paper expands on our previous research demonstrating a similar and independent
impact of maternal nutrition before (pre-pregnancy weight) and during (total gestational
weight gain) pregnancy [14] and provides evidence that the timing of weight gain also matters.
By using advanced statistical methods the importance of conditional weight gain during three
time periods (< 20 wk, 21-29 wk and > 30 wk) pregnancy was examined. Weight gain in the

Table 4. Weight gain during pregnancy and risk for SGA'.

Odds Ratio (95% CI)
Conditional weight gain; Z-score (n = 1436)
< 20 weeks 0.52** (0.42, 0.66)
21-29 weeks 0.76** (0.61, 0.95)
> 30 weeks 0.78** (0.63, 0.97)
Total gestational weight gain
Gained below IOM recommendations (n = 1054, 73%) 2.54** (1.6, 4.0)

Cl, confidence interval; IOM, Institute of Medicine.

'Significance level: *p<0.05 **p<0.01 ***p<0.001. In comparison to 2009 Institute of Medicine weight gain
recommendations according to prepregnancy BMI (reference group: women who gained within guidelines).;
CWG: each window is independent of pre-pregnancy BMI and independent of weight gain in any prior
window; All models adjusted for pre-pregnancy BMI, gestational age, sex of child, age of mother, ethnicity,
education, SES, treatment group, time (first prenatal-baseline), ethnicity.

doi:10.1371/journal.pone.0170192.t004

PLOS ONE | DOI:10.1371/journal.pone.0170192 January 23, 2017 7/11



@° PLOS | ONE

Gestational Weight Gain and Birth Size

first 20 weeks of pregnancy was a particularly important window for fetal growth and infant
birth outcomes; having 2-3 times the influence as weight gained later in pregnancy. In our
population, three quarters of women gained below the IOM recommendations and these
women were 2.5 times more likely to give birth to a SGA baby. This research is consistent with
prior research confirming the importance of maternal nutrition during pregnancy [2, 14, 30].

The recent release of international standards for fetal growth INTERGROWTH -21* [23])
allows for examining patterns of fetal growth across pregnancy [16, 23]. Previous research in
our population has illustrated that fetal growth failure begins early in pregnancy and continues
throughout delivery, which places infants at risk for SGA [16]. In this study, we presented that
early CWG within first 20 weeks is an important predictor for fetal growth in utero and pre-
venting fetal growth restriction. All fetal ultrasounds measures, with the exception of abdomi-
nal circumference, were most strongly associated with CWG during the first 20 weeks of
pregnancy, compared to 21-29 weeks or weight gain after 30 weeks. We are not certain why
reationships with abdominal circumference differ. It is possible that differences in ultrasound
measurement technique using the Chitty et al., approach compared to the Villar et al approach
may have contributed to these difference. [19, 23] However, potential bias is minized since we
had trained obstetricians who were able to accurately measure AC (i.e. fit into the screen). Fur-
ther research is needed to understand the complex underlying mechanisms of early fetal pro-
gramming and the maternal/placental environment that may account for the importance of
early nutrition.

In addition, CWG during the first time period (< 20 weeks) had the largest association on a
range of infant birth outcomes as well. For example, a 1 SD deviation (2.4 kg) increase in
maternal CWG (< 20 weeks) was associated with 111.4 g increase in birth weight. This is in
line with prior US research, where one Kg of weight gain in the first trimester was associated
with a 31 g increase in birthweight, in the second trimester the same weight gain was associated
with a 26 g increase and third trimester was non-significant [5]. Research on the relative influ-
ence on gestional weight gain however remains mixed and some studies have suggested the
second trimester is the most influential [3, 7]. In addition to inherent statistical challenges of
examining correlated measurements of weight gain, the association between maternal nutri-
tion and birth outcomes is complex and is influenced by many biological, socioecomonic and
demographic factors [31], requiring examination to understand the differences among
populations.

There are several strengths and limitations to our study. First, our large prospective cohort
of women enrolled before conception allowed for accurate measures of gestational age and
enabled us to assess the influence of maternal weight gain during preconception to 20 weeks.
This critical early time period is typically missed as many women seek prenatal care after 20
weeks and pre-pregnancy weight is based on recall. In future research it would be interesting
to further divide the first period to understand the role of weight gain/loss in first trimester
alone. Another key strength is the availability of repeated fetal ultrasound data throughout
pregnancy to enable the examination of fetal growth compared to international standards.
However, we did not have sufficient data to examine fetal growth in the first trimester and the
earliest fetal ultrasounds were obtained at 14 weeks. Finally, while many studies focus solely on
birthweight, our study examined multiple measures of infant anthropometry at birth. The pri-
mary limitation of this study is the relatively homogenous population. The influence of timing
of weight gain on LGA, excess adiposity or C-section risk were not able to be assessed given
the overall low rates of overweight (BMI >23: 6%) and excessive weight gain (above IOM rec-
ommendation: 5%). While in our population insufficient weight gain and risk for SGA was the
primary concern; the growing obesity epidemic and dietary transition in many developing
countries cautions over weight gain is likewise important. In a study by Davenport et al.,
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women who gained excessively in the first half of pregnancy were more likely to give birth to
infants with elevated body fat [32]. In addition, in a Greece cohort weight gain in the first tri-
mester was associated with cardiometabolic risk and child obesity [33]. Thus, balanced inter-
ventions that target women early in pregnancy to gain appropriate weight given their pre-
pregnancy BMI are needed.

In conclusion, our results demonstrate that weight gain during the first 20 weeks pregnancy
has the greatest relative influence on fetal growth and risk of SGA. This research has implica-
tions for programs on the need to target nutrition counselling and support to women early in
pregnancy to optimize infant birth outcomes. Since many women do not seek prenatal care
until mid pregnancy (~20 weeks) in many resource poor settings alternative strategies for
reaching women before and in early in pregnancy may need to be considered and receive
support.

Supporting Information

S1 File. Vietnam Dataset_anonymized.xlsx Vietnam datasest.
(XLSX)

Acknowledgments

Funding for this research was provided by the Thrasher Research fund, Mathile Institute for
the Advancement of Human Nutrition and the Micronutrient Initiative.

We thank the dedicated efforts of the field staff and the women who participated in the
study.

Author Contributions

Conceptualization: MFY PHN OYA RM UR.

Formal analysis: MFY PHN OYA.

Funding acquisition: MFY PHN OYA RM UR.
Investigation: MFY PHN OYA HP SN RM UR.
Methodology: MFY PHN OYA RM UR.

Project administration: MFY PHN OYA HP SN RM UR.
Supervision: PHN HP SN.

Writing - original draft: MFY PHN.

Writing - review & editing: MFY PHN OYA HP SN RM UR.

References

1. Black RE, Victora CG, Walker SP, Bhutta ZA, Christian P, de Onis M, et al. Maternal and child undernu-
trition and overweight in low-income and middle-income countries. Lancet. 2013; 382(9890):427-51.
doi: 10.1016/S0140-6736(13)60937-X PMID: 23746772

2. IOM (Institute of Medicine) and NRC (National Research Council). Weight Gain During Pregnancy:
Reexamining the Guidelines. Washington, DC: The National Academies Press; 2009.

3. Abrams B and Selvin S. Maternal weight gain pattern and birth weight. Obstet Gynecol. 1995; 86
(2):163-9. PMID: 7617344

PLOS ONE | DOI:10.1371/journal.pone.0170192 January 23, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170192.s001
http://dx.doi.org/10.1016/S0140-6736(13)60937-X
http://www.ncbi.nlm.nih.gov/pubmed/23746772
http://www.ncbi.nlm.nih.gov/pubmed/7617344

@° PLOS | ONE

Gestational Weight Gain and Birth Size

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24,

25.

Ay L, Kruithof CJ, Bakker R, Steegers EA, Witteman JC, Moll HA, et al. Maternal anthropometrics are
associated with fetal size in different periods of pregnancy and at birth. The Generation R Study. BJOG.
2009; 116(7):953-63. doi: 10.1111/].1471-0528.2009.02143.x PMID: 19522798

Brown JE, Murtaugh MA, Jacobs DR Jr., Margellos HC. Variation in newborn size according to preg-
nancy weight change by trimester. Am J Clin Nutr. 2002; 76(1):205-9. PMID: 12081836

Hickey CA, Cliver SP, McNeal SF, Hoffman HJ, Goldenberg RL. Prenatal weight gain patterns and birth
weight among nonobese black and white women. Obstet Gynecol. 1996; 88(4 Pt 1):490-6.

Li RW, Haas JD, Habicht JP. Timing of the influence of maternal nutritional status during pregnancy on
fetal growth. Am J Hum Biol. 1998; 10(4):529-39.

Margerison-Zilko CE, Shrimali BP, Eskenazi B, Lahiff M, Lindquist AR, Abrams BF. Trimester of mater-
nal gestational weight gain and offspring body weight at birth and age five. Matern Child Health J. 2012;
16(6):1215-23. doi: 10.1007/s10995-011-0846-1 PMID: 21735140

Misra VK, Hobel CJ, Sing CF. The effects of maternal weight gain patterns on term birth weight in Afri-
can-American women. J Matern Fetal Neonatal Med. 2010; 23(8):842-9. doi: 10.3109/
14767050903387037 PMID: 20632908

Neufeld L, Pelletier DL, Haas JD. The timing of maternal weight gain during pregnancy and fetal growth.
Am J Hum Biol. 1999; 11(5):627-37. doi: 10.1002/(SICI)1520-6300(199909/10)11:5<627::AlD-
AJHB6>3.0.CO;2-X PMID: 11533981

Neufeld LM, Haas JD, Grajeda R, Martorell R. Changes in maternal weight from the first to second tri-
mester of pregnancy are associated with fetal growth and infant length at birth. The Am J Clin Nutr.
2004; 79(4):646-52. PMID: 15051610

Raje L and Ghugre P. Rate and pattern of weight gain in Indian women from the upper income group
during pregnancy and its effect on pregnancy outcome. J Dev Orig Health Dis. 2012; 3(5):387-92. doi:
10.1017/S2040174412000335 PMID: 25102268

Scholl TO, Hediger ML, Ances IG, Belsky DH, Salmon RW. Weight gain during pregnancy in adoles-
cence: predictive ability of early weight gain. Obstet Gynecol. 1990; 75(6):948-53. PMID: 2342743

Young MF, Nguyen PH, Addo OY, Hao W, Nguyen H, Pham H, et al. The relative influence of maternal
nutritional status before and during pregnancy on birth outcomes in Vietnam. Eur J Obstet Gynecol
Reprod Biol. 2015; 194:223—7. doi: 10.1016/j.ejogrb.2015.09.018 PMID: 26454228

Nguyen PH, Lowe AE, Martorell R, Nguyen H, Pham H, Nguyen S, et al. Rationale, design, methodol-
ogy and sample characteristics for the Vietnam pre-conceptual micronutrient supplementation trial
(PRECONCEPT): a randomized controlled study. BMC Public Health. 2012; 12(1):898.

Nguyen PH, Addo OY, Young M, Gonzalez-Casanova |, Pham H, Truong TV, et al. Patterns of fetal
growth based on ultrasound measurement and its relationship with small for gestational age at birth in
rural Vietnam. Paediatr Perinat Epidemiol. 2016; 30(3):256—66. doi: 10.1111/ppe.12276 PMID:
26848715

Meire H and Farrant P. Basic ultrasound. New York: Wiley; 1995.

O’Brien GD and Queenan JT. Growth of the ultrasound fetal femur length during normal pregnancy.
Part I. Am J Obstet Gynecol. 1981; 141(7):833-7. PMID: 7315909

Chitty LS, Altman DG, Henderson A, Campbell S. Charts of fetal size: 3. Abdominal measurements. Br
J Obstet Gynaecol. 1994; 101(2):125-31. PMID: 8305386

World Health Organizatin (WHO). Child growth standards: Training course and other tools. Accessed
29 August 2016 at http://www.who.int/childgrowth/training/en/.

Deputy NP, Nguyen P, Pham H, Nguyen S, Neufeld L, Martorell R, Ramakrishnan U. Estimating gesta-
tional age in Vietnam: Examining the validity of last menstrual period and farr neonatal examination esti-
mates compared with ultrasound estimates. Presented at the Society for Pediatric and Perinatal
Epidemiology Research Annual Meeting. Denver, CO; 2015.

Neufeld LM, Haas JD, Grajeda R, Martorell R. Last menstrual period provides the best estimate of ges-
tation length for women in rural Guatemala. Paediatr Perinat Epidemiol. 2006; 20(4):290-8. doi: 10.
1111/1.1365-3016.2006.00741.x PMID: 16879501

Villar J, Cheikh Ismail L, Victora CG, Ohuma EO, Bertino E, Altman DG, et al. International standards
for newborn weight, length, and head circumference by gestational age and sex: the Newborn Cross-
Sectional Study of the INTERGROWTH-21st Project. Lancet. 2014; 384(9946):857-68. doi: 10.1016/
S0140-6736(14)60932-6 PMID: 25209487

Lohman T, Roche A, Martorell R: Anthropometric Standardization Reference Manual. Champaign, IL:
Human Kinetics Publishers; 1988.

Consultation WHOE. Appropriate body-mass index for Asian populations and its implications for policy
and intervention strategies. Lancet. 2004; 363(9403):157—63. doi: 10.1016/S0140-6736(03)15268-3
PMID: 14726171

PLOS ONE | DOI:10.1371/journal.pone.0170192 January 23, 2017 10/11


http://dx.doi.org/10.1111/j.1471-0528.2009.02143.x
http://www.ncbi.nlm.nih.gov/pubmed/19522798
http://www.ncbi.nlm.nih.gov/pubmed/12081836
http://dx.doi.org/10.1007/s10995-011-0846-1
http://www.ncbi.nlm.nih.gov/pubmed/21735140
http://dx.doi.org/10.3109/14767050903387037
http://dx.doi.org/10.3109/14767050903387037
http://www.ncbi.nlm.nih.gov/pubmed/20632908
http://dx.doi.org/10.1002/(SICI)1520-6300(199909/10)11:5&lt;627::AID-AJHB6&gt;3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1520-6300(199909/10)11:5&lt;627::AID-AJHB6&gt;3.0.CO;2-X
http://www.ncbi.nlm.nih.gov/pubmed/11533981
http://www.ncbi.nlm.nih.gov/pubmed/15051610
http://dx.doi.org/10.1017/S2040174412000335
http://www.ncbi.nlm.nih.gov/pubmed/25102268
http://www.ncbi.nlm.nih.gov/pubmed/2342743
http://dx.doi.org/10.1016/j.ejogrb.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26454228
http://dx.doi.org/10.1111/ppe.12276
http://www.ncbi.nlm.nih.gov/pubmed/26848715
http://www.ncbi.nlm.nih.gov/pubmed/7315909
http://www.ncbi.nlm.nih.gov/pubmed/8305386
http://www.who.int/childgrowth/training/en/
http://dx.doi.org/10.1111/j.1365-3016.2006.00741.x
http://dx.doi.org/10.1111/j.1365-3016.2006.00741.x
http://www.ncbi.nlm.nih.gov/pubmed/16879501
http://dx.doi.org/10.1016/S0140-6736(14)60932-6
http://dx.doi.org/10.1016/S0140-6736(14)60932-6
http://www.ncbi.nlm.nih.gov/pubmed/25209487
http://dx.doi.org/10.1016/S0140-6736(03)15268-3
http://www.ncbi.nlm.nih.gov/pubmed/14726171

@° PLOS | ONE

Gestational Weight Gain and Birth Size

26.

27.

28.

29.

30.

31.

32.

33.

Adair LS, Fall CH, Osmond C, Stein AD, Martorell R, Ramirez-Zea M, et al. Associations of linear
growth and relative weight gain during early life with adult health and human capital in countries of low
and middle income: findings from five birth cohort studies. Lancet. 2013; 382(9891):525-34. doi: 10.
1016/S0140-6736(13)60103-8 PMID: 23541370

Gwatkin DR, Rutstein S, Johnson K, Suliman E, Wagstaff A, Amouzou A. Socio-economic differences
in health, nutrition, and population within developing countries: an overview. Niger J Clin Pract. 2007; 10
(4):272-82. PMID: 18293634

Vyas S and Kumaranayake L. Constructing socio-economic status indices: how to use principal compo-
nents analysis. Health Policy Plan. 2006; 21(6):459-68. doi: 10.1093/heapol/czI029 PMID: 17030551

Papageorghiou AT, Ohuma EO, Altman DG, Todros T, Cheikh Ismail L, Lambert A, et al. International
standards for fetal growth based on serial ultrasound measurements: the Fetal Growth Longitudinal
Study of the INTERGROWTH-21st Project. Lancet. 2014; 384(9946):869-79. doi: 10.1016/S0140-
6736(14)61490-2 PMID: 25209488

Siega-Riz AM, Viswanathan M, Moos MK, Deierlein A, Mumford S, Knaack J, et al. A systematic review
of outcomes of maternal weight gain according to the Institute of Medicine recommendations: birth-
weight, fetal growth, and postpartum weight retention. Am J Obstet Gynecol. 2009; 201(4):339 e1-14.

Abu-Saad K and Fraser D. Maternal nutrition and birth outcomes. Epidemiol Rev. 2010; 32:5-25. Epub
2010/03/20. doi: 10.1093/epirev/mxg001 PMID: 20237078

Davenport MH, Ruchat SM, Giroux |, Sopper MM, Mottola MF. Timing of excessive pregnancy-related
weight gain and offspring adiposity at birth. Obstet Gynecol. 2013; 122(2 Pt 1):255-61.

Karachaliou M, Georgiou V, Roumeliotaki T, Chalkiadaki G, Daraki V, Koinaki S, et al. Association of tri-
mester-specific gestational weight gain with fetal growth, offspring obesity, and cardiometabolic traits in
early childhood. Am J Obstet Gynecol. 2015; 212(4):502 e1-14.

PLOS ONE | DOI:10.1371/journal.pone.0170192 January 23, 2017 11/11


http://dx.doi.org/10.1016/S0140-6736(13)60103-8
http://dx.doi.org/10.1016/S0140-6736(13)60103-8
http://www.ncbi.nlm.nih.gov/pubmed/23541370
http://www.ncbi.nlm.nih.gov/pubmed/18293634
http://dx.doi.org/10.1093/heapol/czl029
http://www.ncbi.nlm.nih.gov/pubmed/17030551
http://dx.doi.org/10.1016/S0140-6736(14)61490-2
http://dx.doi.org/10.1016/S0140-6736(14)61490-2
http://www.ncbi.nlm.nih.gov/pubmed/25209488
http://dx.doi.org/10.1093/epirev/mxq001
http://www.ncbi.nlm.nih.gov/pubmed/20237078

