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Summary

Background: Gestational weight gain (GWG) and anthropometric trajectories may
affect foetal programming and are potentially modifiable.

Obijectives: To assess concomitant patterns of change in weight, circumferences and
adiposity across gestation as an integrated prenatal exposure, and determine how
they relate to neonatal body composition.

Methods: Data are from a prospective cohort of singleton pregnancies (n = 2182)
enrolled in United States perinatal centres, 2009-2013. Overall and by prepregnancy
BMI group (overweight/obesity and healthy weight), joint latent trajectory models
were fit with prenatal weight, mid-upper arm circumference (MUAC), triceps (TSF)
and subscapular (SSF) skinfolds. Differences in neonatal body composition by trajec-

tory class were assessed via weighted least squares.

Abbreviations: FGS, Foetal Growth Studies; GWG, gestational weight gain; IOM, Institute of Medicine; MUAC, mid-upper arm circumference; SSF, subscapular skinfold thickness; TSF, triceps

skinfold thickness.
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1 | INTRODUCTION

Gestational weight gain (GWG) above the 2009 Institute of Medicine
(IOM, now the National Academies of Science, Engineering and Medi-
cine) guidelines is associated with an increased risk of adverse out-
comes for both pregnant people and their children.'? A majority of
pregnant people in the United States (US) gain in excess of the IOM
guidelines.® Interventions designed to support healthy GWG have
been only moderately successful at reducing total GWG to recom-
mended levels.*> This may be because of the need for more intensive
interventions to help pregnant people limit their daily energy intakes—
especially individuals with obesity, who can meet the guidelines with-
out an increase in energy intake.®~® More personalized guidance to
support pregnant people in optimizing their GWG is needed. Atten-
tion to the trajectory patterns of GWG, adipose tissue accretion and
other regional anthropometric changes might be one way to provide
such insight and guidance. Regional skinfold thickness—reflecting sub-
cutaneous adipose tissue and circumference changes in particular,
may reflect the location of adipose tissue depot changes—either
mobilization or deposition—across gestation, with shifts in the iliac
crest and subscapular region reflecting the more metabolically active
abdominal/trunk regions, whereas changes in the mid-thigh and arm
regions reflecting shifts in the limb region. Shifts in GWG and its com-
position reflect both the uterine milieu and the nutrient stores avail-
able to support foetal growth and development, and may offer insight
about developmental programming of offspring adiposity, and are fea-
sible to measure in clinical practice; yet, very few studies have exam-
ined how the composition and patterns of these weight changes
impact neonatal adiposity.”~*#

Neonatal fat mass is predominately subcutaneous, rather than

,Y> and is a more sensitive measure of adi-

intraabdominal or viscera
posity than weight or length-derived indices. Prenatal determinants of
neonatal and child adiposity, including GWG (total, pattern and com-
position) and the prenatal metabolic milieu, are of growing interest in

the research and clinical community.*® Previous research has

Results: Six trajectory patterns reflecting co-occurring changes in weight and MUAC,
SSF and TSF across pregnancy were identified overall and by body mass index (BMI)
group. Among people with a healthy weight BMI, some differences were observed
for neonatal subcutaneous adipose tissue, and among individuals with overweight/
obesity some differences in neonatal lean mass were found. Neonatal adiposity mea-

sures were higher among infants born to individuals with prepregnancy overweight/
Conclusions: Six integrated trajectory patterns of prenatal weight, subcutaneous adi-

pose tissue and circumferences were observed that were minimally associated with

neonatal body composition, suggesting a stronger influence of prepregnancy BMI.

adiposity, body composition, gestational weight gain, infancy, latent class analysis, pregnancy,

demonstrated that GWG above the IOM recommendations is associ-
ated with greater neonatal adiposity, particularly among people with

t” or a healthy BMI category,'® and further

prepregnancy overweigh
that the effects of high GWG have long term effects on child adipos-
ity.2%2° Although prior studies have evaluated associations between
GWG patterns and neonatal birthweight, very few have reported
associations between GWG patterns and/or prenatal adipose tissue
changes with neonatal adiposity. In a Colorado-based birth cohort,
high rates of GWG in early, mid and late gestation were positively
associated with neonatal adiposity.*? In a subset of participants with
prepregnancy healthy weight or overweight in the NICHD Fetal
Growth Study (FGS)—Singletons, weight change rates in the second
and third trimesters were positively associated with neonatal size and
body composition.*® Even modelled over time, however, GWG is still
a summary measure, and may have different biological effects
depending on where the adipose tissue is stored and mobilized across
gestation. No prior study has considered the nuanced and dynamic
features of concomitant weight, circumference and regional adipose
tissue accrual across pregnancy, and further, whether these changes
relate to neonatal adiposity.

To support the mechanistic understanding of the developmen-
tal origins of obesity and the development of evidence-based
guidelines and interventions supporting prenatal health, a more
dynamic understanding of anthropometric changes, adipose tissue
accrual and how they co-occur across pregnancy is needed. There-
fore, we jointly examined concomitant changes in pregnant peo-
ple's weight, subcutaneous adipose tissue and circumferences
across gestation and then evaluated how these change patterns,
as an integrated prenatal exposure, relate to neonatal body com-
position among the sizable and diverse cohort of pregnant people
followed prospectively in the NICHD-FGS-Singletons. We hypoth-
esized that patterns of change typified by higher GWG in early
and mid-pregnancy coupled with greater gains in skinfolds and
circumferences would be associated with greater neonatal size

and adiposity.
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2 | METHODS

This is a secondary analysis of data from the NICHD FGS—Single-
tons, which was designed to develop a national normative standard
for foetal growth in the US and has been previously described.?*??
Briefly, from July 2009 to January 2013, pregnant people who self-
identified as non-Hispanic White, non-Hispanic Black, Hispanic
and Asian or Pacific Islander were enrolled at 12 US clinical sites
(Clinical Registry: NCT00912132). Enrollment criteria included
singleton pregnancy at 8-13 weeks gestation at study entry, age
18-40 years, non-smoking, a body mass index (BMI) of 19.0-29.9
(non-obese group) or BMI 30.0-45.0 kg/m? (obese group) and no
major chronic disease. Among the non-obese group, additional
exclusion criteria included: history of gestational diabetes (GDM),
stillbirth, neonatal death, preterm delivery <34 weeks and off-
spring birthweight <2.5 kg or >4.5 kg. Written informed consent
was obtained from all participants.

Prenatal visits included a screening visit with ultrasound to
confirm gestational dating and up to five follow-up visits at regu-
larly staggered intervals between 16 and 41 weeks. Trained
research staff conducted anthropometric measurements using a
standardized protocol (training and protocol details are in the
Data S1 and $2).2° Prenatal study visit measurements (Mean: 5.3)
included: weight (beam balance or digital scale), height (Seca
214, Shorr Board or wall-mounted approved stadiometer),
mid-upper arm circumference (MUAC) with a non-stretchable tape
measure and triceps (TSF) and subscapular (SSF) skinfold thickness
with Lange callipers. Both study visit and clinical record abstracted
prenatal weights (Mean 18.1 + 3.2 per participant) were used in
analyses. Neonatal measures were conducted within 12-24 h after
birth?® and included: length with a recumbent length board
(Seca 416); weight with an infant-beam balance or digital scale;
MUAC with a non-stretchable tape measure; and triceps, subscap-
ular, anterior thigh and abdominal flank skinfold thicknesses with
Lange callipers. Birthweight and gestational age at delivery were
abstracted from delivery records.

Prepregnancy BMI was calculated from self-reported prepreg-
nancy weight, which was highly correlated with measured weight
at the first study visit (correlation coefficient r = 0.97, p < 0.001),
and measured height. Birthweight and gestational age at delivery
were used to categorize infants as large for gestational age (LGA,
>90% percentile) and small for gestational age (SGA, <10% percen-
tile) using newborn sex-specific references.?* Sex-specific neona-
tal BMIZ (BMI z-scores) from the World Health Organization
(WHO) were also calculated, as these predict obesity risk better
than weight-for-length.2>2® The sum of neonatal skinfolds
was calculated by adding the values for the abdominal flank,
anterior thigh, triceps and subscapular values. Neonatal fat mass
was estimated using a prediction equation (Catalano) with birth-
weight, birth length and abdominal flank skinfold thickness.?”
Neonatal lean mass was calculated as birthweight minus fat
mass, and percentage body fat was calculated as fat mass over
birthweight times 100.

S Wi LEY-_L 3%

21 | Statistical methods

Statistical analyses were conducted in R and are more extensively
described in the Data S1 and S2. To be included in this analysis, partici-
pants needed at least 4 prenatal weight measures and delivery on or
after 37 weeks. All analyses were conducted in steps for the overall sam-
ple and then also stratified by prepregnancy BMI into (1) healthy weight
BMI category and (2) overweight/obesity BMI categories; further stratifi-
cation into overweight or obesity categories was not possible due to
small cell sizes for some parity and race covariates in the trajectory class
groups, which would limit adjustment in our analyses. Step 1: Fitting joint
latent class model with prenatal weight and anthropometric measures
and determining the best model fit; Step 2: Using the latent classes iden-
tified in step one to compare participant characteristics between the
classes; Step 3: Using the latent classes to compare neonatal outcomes
by the latent classes pattern and Step 4: Sensitivity analyses.

First, GWG and regional anthropometric (MUAC, SSF and TSF)
change trajectories across gestation were jointly modelled using
a latent class model (LCM) using an expectation-maximization
(EM) algorithm that included prepregnancy BMI as a continuous vari-
able in the class membership component of the model specification,
analogous to BMI adjustment (Figure 1).28 Within each latent class,
changes in parameters over time were modelled for (1) weight changes
as a function of gestational age with low-rank thin-plate splines with
five knots at 0, 10, 20, 30 and 40 gestational weeks, class-specific error
variances and individual-specific random slopes, and (2) regional body
composition (MUAC, SSF and TSF) values (up to six per participant)
with quadratic polynomials for gestational age and individual random
intercepts. To select the model for use in subsequent analyses, we fit
models with four, five and six latent classes and used the Bayesian
Information Criterion (BIC) and the proportion of participants in each
class (25% per group) to guide the choice of the number of latent clas-
ses for use in subsequent steps. The six-class model was selected
because it had the lowest BIC of the three models overall and by BMI
category. Latent class membership was estimated using the posterior
probability of class membership and participants were assigned to the
class with the highest probability. Second, descriptive statistics for each
class were estimated overall and by BMI category. Third, we estimated
pairwise differences and bootstrap confidence intervals for each neona-
tal outcome by the pattern groups. For our sensitivity analyses, we
examined whether assigning participants to partial assignments (i.e.,
partial assignment to multiple latent classes) rather than to the highest
probability, changed the observed associations between the trajectories
and neonatal outcome measures. In addition, as GWG patterns before
and after GDM diagnosis may be different, we also refit the joint model
excluding GDM cases (n = 114) to examine whether inclusion of GDM

cases impacted model fit and the GWG curves.

3 | RESULTS

Of the 2762 participants in the FGS—Singletons, GWG trajectories
were estimated for 2182 pregnant people, while neonatal size data
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+3 | WILEY—GRESITED

Prenatal measurements across gestation

8-13 wk 16-22 wk 24-29 wk 30-33 wk 34-37 wk 38-41 wk
Skinfolds X X X X X X
Circumferences X X X X X X
Prenatal weights >

Latent Class Trajectory Model

Joint trajectories incorporating
Individual GWG & skinfold thicknesses & circumference measures

Weight TSF

Gestational age, wks Gestational age, wks
Class 1

Grou
P == w= == Class2

Six integrated trajectory patterns of change across gestation

Gestational weight gain, Ibs
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\
Triceps skinfold thckness, mm
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\
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FIGURE 1 Visual overview of prenatal data measurement timing and

integration into the joint latent trajectory model. Overview shows an

and example of the six latent trajectory change pattern estimates and 95% confidence intervals across pregnancy for the healthy weight BMI

category reflecting dynamic patterns of change for each of the measures.

were available for up to 2027 neonates depending on the specific
measurement (Figure 2). Pregnant people's baseline characteristics
between those included versus excluded from the analytic sample are
shown in Table S1. A larger portion of those included in the analysis
had greater than high school education, income greater than $50 000,
were married, and were Non-Hispanic white, Asian and Hispanic,
while fewer were Non-Hispanic Black. Overall, a majority of those in
the analytic sample were married, and over half had a prior pregnancy
and gained above the IOM GWG guidelines, while mean infant BMIZ
scores were lower than the WHO reference (Tables 1 and 2).

3.1 | Gestational weight gain, regional body
composition and anthropometric trajectory models

The best-fitting joint model identified six trajectory pattern groups of
GWG, subcutaneous adipose tissue and MUAC, both among the over-
all cohort and within each of the stratified by prepregnancy BMI
groups (Figure 3). These co-occurring patterns of change in weight,
MUAC, TSF and SSF across gestation show the composition of weight
shifting across gestation in different body regions. For example, those

with prepregnancy healthy weight in Class 6 (Figure 3, Panel B, pink)

showed very high initial weight gain in early pregnancy and then high
weight gain subsequently across gestation (top row of Figure), and
these changes were also seen in the higher starting values and earlier
pregnancy increases of MUAC, SSF and TSF that attenuated with
increasing gestational age (Figure 3, Panel E, H, K, pink). By contrast,
in those who showed weight loss initially during pregnancy and then
more rapid weight gain after 20 weeks gestation (Figure 3, Panel B,
Class 5, blue), MUAC was flat initially from 10 to 20 weeks, while SSF
and TSF both increased more rapidly initially and then subsequently
had a smaller increase as pregnancy progressed.

As shown in Figure 3, overall (Panel A) and when stratified by
BMI category (Panel B & C), two estimated GWG patterns showed
higher initial weight gains in early pregnancy (Class 6 and Class 2),
while two patterns had lower first trimester gains (Class 3 and Class
4). One pattern showed more weight stability in the first trimester
(Class 1) and one pattern showed weight loss in early pregnancy
(Class 5). To further contextualize the GWG patterns shown in
Figure 3, Table 2 (overall sample) and Table S2 (stratified by BMI cate-
gory) provide estimated weight gain rates by trimester as well as other
characteristics for each trajectory class group. Overall, all six patterns
showed weight gain in the second and third trimesters, with differing

weight change velocities (Table 2): The highest velocity was observed

85U80|7 SUOWLIOD 3ARea.D 8|qedl|dde aup Aq pausenob ae sejonie O ‘8sn Jo Sa|n. 10} Ariq1T8ulUO AB|IAN UO (SUOTPUCD-PpUR-SWBH WA 1M AReiq 1 Ul |Uo//:Sdny) SUORIPUOD Pue Swie | 8u1 8sS *[£20z/T0/0T] Uo AriqiTaulluo /(1M ‘sseiqiTsexs L JO AiseAun Aq #6621 odTTTT OT/I0p/W0d A8 1M Ak eul|uo//Sdny Wwolj papeojumoq ‘0 ‘0TEILY0Z



WIDEN ET AL

= RIS

FIGURE 2 Participant flow
diagram of the prenatal weight and
body composition trajectory and

NICHD Fetal Growth Study - Singletons Cohort
n=2762

neonatal body composition analysis,
NICHD Fetal Growth Studies.

Excluded*

<4 GWG measurements, n = 151
Missing maternal skinfold data, n = 208
Congenital anomaly, n = 75

Preterm, n =155
Missing gestational age at delivery
and no measurements after 37 weeks, n = 188

Maternal weight trajectories analysis
n=2182

Excluded

Missing BMIZ, n = 155
Missing sum of skinfolds, n = 175

Missing fat mass, n = 229
Missing lean mass, n = 229
Missing body fat percentage, n = 229
Missing gestational age at delivery, n =4

Neonatal outcomes analysis

BMIZ, n = 2027
Sum of skinfolds, n = 2003
Fat mass, n = 1949
Lean mass, n = 1949
Body fat percentage, n = 1949

in the Class 5 group in the second and third trimesters, whereas the
lowest velocity was seen in the Class 4 group in the second trimester,
and the Class 2 group in the third trimester. When stratified into
healthy and overweight/obesity categories, generally similar rate pat-
terns are observed with lower rates among those with prepregnancy
overweight/obesity compared to those with prepregnancy healthy
BMI values (Table S2).

Among the overall sample and by BMI category, Table S3 shows
MUAC, TSF and SSF estimates from the model by trajectory class
group. Initial regional body composition (MUAC, SSF and TSF) esti-
mates measured in early pregnancy (~10 weeks gestation) and changes
across pregnancy generally followed similar patterns to one another by
the trajectory group membership from the joint model overall (Figure 3,
Panels D-L). Overall, the highest estimated MUAC, SSF, TSF trajectories
were generally among those in Class 6, and the lowest were among
those in Class 1. For the groups with lower initial estimates for regional
measures (Class 1, Class 5, Class 3), each group showed some increases
in values over time with varying slopes, whereas for the groups with
higher initial estimates (Class 2, Class 4, Class 6), regional estimates
were relatively stable or even decreased over time. GWG patterns were
generally similar between the BMI categories (Healthy weight
vs. Overweight and obesity) (Figure 3, Panels B vs. C), while MUAC,
SSF and TSF showed more heterogeneous initial values and changes
over time in measures when stratified by BMI (Figure 3).

For the overall sample (Table 1), several prenatal characteristics

were similar across the trajectory class groups, including height and

gestational age at delivery, while age, education, parity, GDM preva-
lence and racial/ethnic group showed some differences by trajectory
class membership. When stratified by BMI category (Tables S4 and
S5), similar differences were observed by trajectory class membership.

3.2 | Neonatal size characteristics by gestational
weight gain and body composition trajectory group

Overall, the unadjusted mean neonatal BMIZ were all below 0, with
the lowest values among infants of mothers in Classes 1 and 4 and
the highest among infants of mothers in Classes 3 and 5 (Table 1).
Overall percentage body fat in the neonates was 12.4% with the low-
est values among Class 1 and highest among Class 4. When stratified
into healthy and overweight/obesity prepregnancy BMI categories,
mean neonatal BMIZ scores were lower among infants exposed to
prepregnancy healthy weight, with the lowest BMIZ among Class 5,
and average BMIZ were higher among those exposed to overweight/
obesity with the lowest BMIZ among Class 2.

Trajectory class-specific adjusted standardized estimates for neo-
natal body composition outcomes are shown in Table 3 for everyone
overall and by BMI category. Generally adjusted estimates are lower
among infants exposed to a healthy prepregnancy BMI and higher
among infants exposed to prepregnancy overweight or obesity. After
stratifying by BMI category, Class 4—with some initial GWG in early
pregnancy and then more moderate rates compared to the other
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TABLE 2 Characteristics of the six GWG-body composition trajectory classes among the overall sample, NICHD Fetal Growth Studies (n = 2182)

GWG-body composition trajectory class

All (n = 2182)Class 1 (n = 640) Class 2 (n = 293) Class 3 (n = 599) Class 4 (n = 258) Class 5 (n = 283) Class 6 (n = 109)
Proportion of participants - 29.3% 13.4% 27.5% 11.8% 13.0% 5.0%

Prepregnancy BMI, kg/m2 253+0.10 232+0.1 27.7 +0.3 24.0+0.2 292+04 25.4+0.3 284 +05
Prepregnancy BMI category, %
Healthy weight (18.5-24.9 kg/m?) 56.9 75.5 32.8 67.1 271 55.8 30.3
Overweight (25.0-29.9 kg/m?)  26.7 19.8 38.9 240 32.9 27.2 33.0
Obese (>30.0 kg/m?) 16.4 4.7 28.3 8.8 39.9 17.0 36.7
Adherence to IOM Guidelines?, %
Inadequate GWG 17.0 15.1 13.5 19.9 16.4 21.9 11.0
Excessive GWG 532 522 62.3 42.6 56.6 59.0 68.8
Total GWG, Ib 325+03 358%0.6 323+0.8 31.2+06 304 £0.9 37.0+09 369+14
Model estimated weekly weight change (Ib/wk) by trimester
1st Trimester - 0.20 0.97 0.44 0.36 -0.21 1.44
2nd Trimester - 1.18 0.80 1.03 0.64 1.25 0.67
3rd Trimester - 1.28 0.66 0.85 1.29 1.71 0.67
Overall anthropometry across gestation Intercept Slope Quadratic
MUAC, cm (Estimate (SE)) 28.7 (0.02) 1.3(0.4) 0.0(0.3)
TSF, mm (Estimate (SE)) 23.9 (0.4) 9.5(1.3) -6.1(1.1)
SSF, mm (Estimate (SE)) 20.1 (0.4) 8.1(1.2) —-3.1(1.0)

Note: Mean = SE all such values. Total GWG estimates by class derived from model estimates.
Abbreviations: BMI, body mass index; GWG, Gestational weight gain; MUAC, mid-upper arm circumference; SSF, subscapular skinfold thickness; TSF,

triceps skinfold thickness.

2lOM Guideline adherence calculated by using total weight gain with last measured weight prior to delivery in participants with last measured weights

within 3 week of delivery (n = 1944).

groups—had the lowest fat mass and percent body fat for both the
healthy and overweight/obesity prepregnancy BMI categories, while
Class 6 had the highest percent body fat among those infants whose
mothers had a healthy prepregnancy BMI and Class 1 had the highest
among infants whose mothers had prepregnancy overweight and obe-
sity. In our sensitivity analyses comparing (1) unadjusted and adjusted
and (2) weighted versus highest probability class assignment, neonatal
body composition estimates were fairly similar to our primary findings
(data not shown).

No significant pairwise differences in neonatal body
composition measures were observed overall by integrated prena-
tal trajectory class (Table S6). When stratified by BMI category,
among prepregnancy healthy weight (Table S6) significant
pairwise differences were observed for sum of skinfolds between
Classes 1 and 4 of >1.17 mm and also Classes 4 and 6 of
>1.55 mm, and among infants exposed to prepregnancy over-
weight/obesity, small pairwise differences in fat-free mass were
observed, especially between Classes 1 and 4 where a difference
of over 115 grams was observed and between Classes 1 and 2
where a difference in fat-free mass index of 0.25 kg/m? was
observed (Table Sé). Results were similar between the weighting

and highest probability estimates for pairwise differences, with

minor differences depending on the covariate adjustment sets

(data not shown).

3.3 | Gestational diabetes sensitivity analysis

A sensitivity analysis was also conducted to examine whether exclud-
ing people with gestational diabetes impacted the trajectory patterns
and model fit. The exclusion of people with GDM (n = 114) from the
analytic sample did not substantially change the overall shape or
trajectory patterns (Figure S1) and did not markedly change model
fit. However, there were tighter confidence intervals around the
estimates and some differences among certain trajectory groups in
regional anthropometric changes were observed. For GWG, estimated
first-trimester weight change patterns after exclusion of the GDM
cases were somewhat attenuated for Classes 2 and 3, while the veloc-
ity in later pregnancy was somewhat lower for Class 5; however, the
overall shapes were strikingly similar. For regional anthropometric
estimates across gestation, the exclusion of GDM cases resulted in
lower initial values for MUAC, SSF and TSF for Class 2, but the
patterns of change over time were not noticeably different compared

to the analytic sample that included participants with GDM.
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FIGURE 3 Estimated GWG and regional body composition trajectories across gestation and 95% confidence intervals overall and by
prepregnancy BMI category, NICHD Fetal Growth Studies (Overall n = 2182; Healthy weight n = 1242; Overweight/obesity BMI n = 940). GWG
and body composition trajectories were fit with a joint latent class model including prenatal weight, MUAC, SSF, TSF into an integrated model,
adjusting for prepregnancy BMI. MUAC, mid-upper arm circumference.
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TABLE 3 Adjusted GWG-body composition trajectory class-specific estimated neonatal size outcomes overall and by BMI category

GWG-body composition trajectory class

Class 1 Class 2
Everyone (n = 2027)
BMIZ —0.12 £ 0.05 —-0.17 £ 0.07
SSF, mm 20.5+0.2 20204
Fat mass, g 439 +8 428 + 11
Fat mass index, kg/m? 1.73 £0.03 1.69 £0.04
Lean mass, g 2949 + 12 2928 + 18
Lean mass index, kg/m2 11.61 £ 0.04 11.57 £ 0.05
% fat 12.6+0.2 12.5+0.3
Healthy BMI (h = 1150)
BMIZ —0.22 + 0.07 —0.25 +0.06
SSF, mm 20.2+0.3 19.0+0.3
Fat mass, g 417 £ 10 405+ 9
Fat mass index, kg/m2 1.66 + 0.04 1.62 £ 0.04
Lean mass, g 2915+ 20 2897 + 16
Lean mass index, kg/m2 11.58 £ 0.05 11.55 £ 0.05
Percent body fat, % 12.3+0.2 12.0+£0.2
Overweight or obesity prepregnancy BMI (n = 877)
BMIZ 0.05 +0.10 —0.15+£0.08
SSF, mm 21.1+0.5 21.3+04
Fat mass, g 478 + 15 441 + 13
Fat mass index, kg/m2 1.86 + 0.06 1.73 £ 0.05
Lean mass, g 3032+ 24 2934 £ 20
Lean mass index, kg/m? 11.77 £ 0.07 11.52 £ 0.06
Percent body fat, % 13.4+0.3 12.7 £ 0.3

Class 3 Class 4 Class 5 Class 6
—-0.15 £ 0.05 —-0.31+0.08 —0.11 £ 0.07 -0.27 £0.12
19.9+0.2 20.2+04 20.1+0.3 202+0.7
427 +7 430+ 14 442 + 10 408 + 20

1.68 + 0.03 1.69 + 0.05 1.73 +0.04 1.62 £ 0.08
2934 + 12 2908 + 22 2974 + 20 2890 + 35
11.57 £ 0.04 11.51 + 0.06 11.66 = 0.05 11.45 +0.09

124 +0.2 12.5+0.3 12.6 +0.2 12.1+0.5

—0.32 + 0.08 —0.33 £ 0.07 -0.21 £ 0.15 —0.36 £ 0.12
19.4+0.3 18.9 + 0.3 19.1+0.7 20.5+0.6

408 + 10 389 +9 418 + 20 431+ 17

1.59 + 0.04 1.56 + 0.04 1.65 + 0.09 1.68 + 0.07
2930+ 18 2875+ 16 2937 £ 31 2917 + 31
11.47 + 0.06 11.50 £ 0.05 11.61+0.10 11.41 £ 0.08

11.9+0.2 11.6 £0.2 122 +0.5 12.6 £ 0.4
—-0.09 + 0.07 -0.26 +0.11 0.13+0.15 -0.01+£0.12

20.6 +0.3 20.9 +0.5 21.0+0.6 209 £0.7

446 + 11 439 + 18 474 + 24 458 + 20

1.74 + 0.04 1.74 £ 0.07 1.83 +0.09 1.81 + 0.08
2960 + 17 2904 + 27 3032 + 50 2947 + 34
11.59 +0.05 11.53 +£0.08 11.82+0.11 11.62 +0.09

12.7+£0.2 12.7+£04 13.1+0.5 132+ 04

Note: Values are mean + SE. Standardized estimates are derived from weighted least squares for each class, adjusting for race, gestational age at delivery,
prepregnancy BMI and parity for all models and infant sex for all models other than BMI z-score. Each participant was assigned to the highest probability
class. Sum of skinfolds (SSF) includes the sum of abdominal flank, anterior thigh, triceps and subscapular skinfold thickness. BMIZ (n = 2027), SSF

(nh = 2007), Fat mass, lean mass & % fat (n = 1953).

4 | DISCUSSION

In the first integrative model of time varying changes in multiple mea-
sures of anthropometry and adiposity across gestation, we identified
six trajectory patterns of co-occurring changes in weight, MUAC, SSF
and TSF across gestation, which offers a more nuanced understanding
of how these metrics concomitantly change during pregnancy. GWG
was modelled jointly with time-varying indicators of subcutaneous
adipose tissue in the arm (TSF), overall upper arm size (MUAC) and
subcutaneous adipose tissue changes in the trunk region (SSF).
Despite reflecting overall weight changes and regional shifts in adi-
pose tissue depots and circumferences with our trajectory patterns,
only a few associations were observed between these trajectory pat-
terns and neonatal body composition measures.

Our best fitting model included six trajectory patterns for GWG
and body composition across gestation, with some curves showing
high initial GWG in the first trimester and others showing initial
weight loss, stability or low GWG, and then varying rates in the

second and third trimesters. The shapes of the GWG curves were rel-
atively similar across the BMI categories, with more marked differ-
ences between some groups earlier in pregnancy. As expected, there
was a lower overall GWG among those with overweight or obesity,
while MUAC, SSF and TSF by prenatal trajectory classes were more
overlapping with each among those with prepregnancy overweight or
obesity. The concomitant changes in weight and body composition
patterns as depicted show interesting relationships that appear to be
differential by prepregnancy BMI category. For example, for Class 5,
weight loss and then accelerated weight gain were observed among
both BMI groups, and this shift in weight is reflected in initial stability
and then increases in MUAC, and also increases and then a plateau in
both SSF and TSF among those with healthy weight, whereas the
body composition shifts among those with prepregnancy overweight
and obesity are much less striking for MUAC and TSF and only the
SSF seems to notably increase. For Class 4, the low GWG observed in
the first trimester among those with healthy prepregnancy BMl is also

observed among those with overweight and obesity, but remains low

85U80|7 SUOWLIOD 3ARea.D 8|qedl|dde aup Aq pausenob ae sejonie O ‘8sn Jo Sa|n. 10} Ariq1T8ulUO AB|IAN UO (SUOTPUCD-PpUR-SWBH WA 1M AReiq 1 Ul |Uo//:Sdny) SUORIPUOD Pue Swie | 8u1 8sS *[£20z/T0/0T] Uo AriqiTaulluo /(1M ‘sseiqiTsexs L JO AiseAun Aq #6621 odTTTT OT/I0p/W0d A8 1M Ak eul|uo//Sdny Wwolj papeojumoq ‘0 ‘0TEILY0Z



WIDEN ET AL.

10 of 13 Wl LEY—DOEE

well into the 2nd trimester. This difference is also reflected in the
body composition parameters; increases are seen for SSF and TSF
across pregnancy among those with healthy weight in Class 4, reflect-
ing adipose tissue deposition, while decreases in SSF and TSF across
gestation in Class 4 were observed among people with overweight or
obesity, reflecting mobilizing of adipose tissue.

It is unknown how each of the six integrated prenatal trajectory
groups reflect the uterine metabolic environment and nutritional avail-
ability to support foetal growth. We theorized that patterns character-
ized by high GWG and gains in skinfold thickness in the trunk region
(such as the subscapular) in early pregnancy may reflect a less favour-
able metabolic milieu and indicate greater fuel availability in early
pregnancy that may promote excessive adiposity accrual in the foetus,
particularly among people with obesity.142° Patterns characterized by
relatively low GWG or weight loss in early pregnancy—and smaller
increases, stability or decreases in skinfolds and MUAC—may reflect a
more favourable early pregnancy metabolic milieu; however, those
with higher adiposity levels in early pregnancy may still have insulin
resistance and elevated lipids/triglycerides despite showing lower
GWoG or even weight loss at this time.

Overall, despite our predictions, the prenatal trajectories were
not associated with pairwise differences between neonatal body com-
position outcomes. After stratifying by pregnancy BMI category, a
few differences between prenatal trajectory classes were observed
for skinfold thickness among those infants whose mothers had pre-
pregnancy normal weight and for fat-free mass among infants of
mothers with prepregnancy overweight/obesity, and no significant
pairwise differences were found for fat mass, BMIZ or percentage
body fat, in contrast to our hypothesis. This lack of differences in
most neonatal body composition measures suggests that GWG
patterns—even those with very rapid and high GWG and increases in
regional adipose tissue depots and circumferences—may not impact
neonatal body composition as strongly within similar prepregnancy
adiposity levels or when GWG modelling also incorporates prenatal
regional body composition changes. It also could be due to our rela-
tively healthy sample compared to the general population due to the
strict inclusion criteria for the FGS. Interestingly, significant pairwise
differences in both BMI strata were observed between Class 1 and
Class 4, but for different measures; higher values in Class 1 compared
to Class 4 were observed for skinfold thickness among infants of
mothers with healthy prepregnancy weight and for lean mass among
infants for infants in the overweight/obesity prepregnancy BMI cate-
gory. The differences in GWG and body composition between Classes
1 and 4 are apparent in the first trimester, where Class 1 has relative
weight stability and Class 4 shows low GWG, and then as pregnancy
progresses, more rapid increases in Class 1 in GWG and body compo-
sition measures, compared to Class 4, suggesting this period of rapid
GWG after weight stability may propagate higher subcutaneous adi-
pose tissue accumulation in infants born to individuals with prepreg-
nancy normal weight, while among infants born to individuals with
prepregnancy overweight/obesity, this may lead to greater neonatal
lean mass, but, interestingly, not greater fat mass. Previous reports
from the NICHD FGS in which low GWG and moderate-high GWG

trajectories were estimated with latent class analyses (i.e., proc traj in
SAS with polynomials to capture the shape of the curve over time)
and were positively associated with LGA, a crude indicator of larger
bodly size at birth,'* are in contrast to our limited pairwise differences
in neonatal body composition using the joint prenatal model. While
this approach was similar to our latent class analysis, we jointly mod-
elled weight with other measures of adiposity and body size changes,
used splines for curve estimation to capture the nuanced shape of the
changes, and examined neonatal body composition rather than using
large size-for-gestational age as a proxy of adiposity.

Our results are generally consistent with the prior literature
showing distinct patterns of GWG and body composition change
across pregnancy and further that some GWG trajectory patterns are
associated with neonatal size and body composition outcomes.
Although analyses incorporating GWG and body composition into a
joint trajectory model have not been fit previously, others have
reported on correlations or associations between individual prenatal
anthropometric measures with newborn anthropometry or fat mass
estimated with equations.*>* In one study, small positive correlations
between maternal fat mass with infant biceps, TSF, iliac crest and SSF
measures were observed.®° In another study from NICHD FGS partici-
pants with a BMI < 30 kg/m,? higher rates of change in maternal
MUAC and TSF were associated with lower lean mass, but not fat
mass.*®> We have previously reported on how the pattern of GWG by
trimester was associated with overall body composition changes
across pregnancy and also with neonatal birthweight in a 1990s New
York-based cohort. Among pregnant individuals (n = 156) with a pre-
dominately healthy weight and prepregnancy BMI (60.3%), higher
GWG rates were associated with greater overall fat mass gains across
pregnancy, and also with greater neonatal birthweight and length.?
Our findings build upon this work by showing concomitant shifts in
regional body composition measures along with GWG, and that high
GWG is reflected in these regional body composition changes. For
GWG patterns in relation to neonatal adiposity, in a Colorado-based
birth cohort (n = 752) in which about half of participants had
a healthy weight prepregnancy BMI (52%), a quarter had overweight
(25%) and a fifth had obesity (20%), high rates of GWG in early
(0-17 weeks), mid (17-27 weeks) and late gestation (>27 weeks)
estimated with multiple linear regression were positively associ-
ated with neonatal adiposity and percentage body fat assessed
with air-displacement plethysmography.? In this cohort, a 1-kg/week
increase in early, mid and late pregnancy GWG was associated with an
estimated 8.12, 9.1 and 6.2 g higher neonatal fat mass and 0.18, 0.21
and 0.13 higher neonatal percentage body fat, respectively.}? These
findings are in contrast to ours, as we found no associations between
integrated prenatal trajectories and neonatal adiposity measures other
than skinfold thickness for those with prepregnancy healthy weight;
this could be because we used a very different modelling approach with
our latent class analysis incorporating prenatal body composition and
weight, and different infant body composition measures (skinfolds/
anthropometry vs. air-displacement plethysmography).

Sensitivity analyses were conducted to examine whether the

exclusion of GDM cases markedly changed trajectory class shapes
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and model fit. The exclusion of GDM cases from the joint model did
not markedly change the shape of the GWG curves, which was not
surprising given our small sample size of GDM cases.

Due to the scope of the study, we were unable to assess over-
all body composition changes (i.e., fat and fat free mass) with a
multi-compartment method or with MRI in our pregnant partici-
pants and were only able to use regional assessments of adiposity
with skinfold thickness and anthropometric changes in weight and
MUAC. Although there do exist some equations for estimating pre-
natal fat mass change during pregnancy, we are unaware of an
equation that would be appropriate for estimating change in adi-
posity across pregnancy with data similar to ours, and further, use
of the absolute skinfold thickness values for examining data longi-
tudinally is preferred as it applies fewer assumptions to the data.®!
While neonatal body composition was estimated with validated
prediction equations using skinfold thickness and circumferences, it
was not measured with a multi-compartment model. Neonatal mea-
sures were conducted 12 to 24 h after birth, and water loss and
other body composition changes during this period could poten-
tially have impacted the accuracy of our measurements; however,
given that the infants in the NICHD FGS were all measured around
the same time window post-delivery and that we have not seen
other reports of prenatal weight and body composition changes
during pregnancy impacting these changes, we are unsure how this
would affect our findings. Compared to those not included in our
analysis, our analytic sample was of higher socio-economic status,
which may affect the generalizability of our findings. In addition,
our ability to detect associations and our generalizability are also
affected by the strict inclusion criteria for the NICHD-FGS, result-
ing in a healthier sample with no chronic disease among those with
a healthy and overweight prepregnancy BMI and less chronic dis-
eases among those with obesity compared to the general prenatal
population. However, we hypothesize that if this analysis were
repeated in a more general obstetric population, greater variance in
our neonatal body composition measurements would likely have
been observed and allowed for more discrimination among the pre-
natal trajectories. While infant BMIZ scores in our sample were
lower than the WHO reference population (i.e., values below 0),
our sample still had a high prevalence (53.2%) of those with exces-
sive GWG, which is in line with prevalence data from the
United States showing a range of excessive GWG from 38.2% to
54.7%, depending on the state.> Our prepregnancy BMI was calcu-
lated from self-reported prepregnancy weight, but was highly cor-
related with measured prepregnancy weights in the NICHD FGS
and has also been shown to be highly correlated in other popula-
tions.®2 Prenatal weights used in our trajectory modelling were
from both study visits and routine prenatal care, therefore, there
may be variability in the time of day and fasting status when mea-
surements were taken; pregnancy measures taken later in the day
or later in pregnancy may also be affected by water retention/
edema. In addition, we presented results with predicted probabili-
ties and also assigned participants to the trajectory class with the

highest probability, and noted more greater divergence of
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estimates between weighted versus highest class membership
assignment for the classes with smaller numbers. Despite these lim-
itations, this analysis is strengthened by the study design. The
NICHD FGS—Singletons is a contemporary, diverse longitudinal
cohort with repeated measurements of prenatal regional body com-
position measurements at up to six time points during pregnancy,
along with neonatal body composition anthropometric measure-

ments obtained by highly trained research personnel.

5 | CONCLUSIONS

Six trajectory patterns of prenatal weight, anthropometry and body
composition change across pregnancy were identified, allowing for a
more nuanced understanding of GWG and regional body composition
changes co-occurring across pregnancy. These patterns were mini-
mally associated with neonatal body composition, which was more
strongly linked to the prepregnancy BMI category. This paper pro-
vides an example of an analytic approach that integrates complex
time-varying data and multiple measures of adiposity across gestation
into a single exposure per individual. This type of analytic approach
can be used to integrate multiple measures to contextualize the uter-
ine environment in epidemiologic research to better predict risks and
also inform interventions. These types of dynamic integrative models
can also possibly be leveraged for future personalized interventions
designed to support healthy GWG and nutrition during pregnancy,
which could, for example, incorporate real-time assessment of weight
and body composition coupled with prenatal diet, activity and meta-
bolic measures in order to guide recommendations. Although few dif-
ferences in neonatal body composition by prenatal trajectory group
were observed, we did observe some small differences for skinfold
thickness and lean mass, and, moreover, observed differences in neo-
natal body composition by BMI strata, with higher values among
infants born to individuals with prepregnancy overweight or obesity.
Given that children's body composition may track across childhood
and into adulthood, supporting pregnant individuals and people plan-
ning pregnancy to have a healthy BMI along with appropriate GWG

may have lasting implications for offspring size and health.1>3334

ACKNOWLEDGEMENTS

Elizabeth M. Widen conceptualized, designed and led this study and
has primary responsibility for the content; Jagteshwar Grewal and
Cuilin Zhang are intramural Pls for the NICHD FGS; Ronald Wapner,
Deborah A. Wing, John Owen, Daniel W. Skupski, Angela C. Ranzini,
Roger Newman, William Grobman are site Pls for NICHD FGS study
sites; Chia-Ling Nhan-Chang provided didactic training to Elizabeth
M. Widen on foetal growth and body composition; Natalie Burns,
Michael J. Daniels and Elizabeth M. Widen developed the analytic
method; Natalie Burns, Grant Backlund, Michael J. Daniels conducted
data analyses; Elizabeth M. Widen, Natalie Burns, Amy R. Nichols,
Rachel Rickman, Saralyn Foster, Linda G. Kahn, Michael J. Daniels
interpreted the results. All authors contributed to the manuscript

drafting, editing and approve of the final manuscript. The authors also

85U80|7 SUOWLIOD 3ARea.D 8|qedl|dde aup Aq pausenob ae sejonie O ‘8sn Jo Sa|n. 10} Ariq1T8ulUO AB|IAN UO (SUOTPUCD-PpUR-SWBH WA 1M AReiq 1 Ul |Uo//:Sdny) SUORIPUOD Pue Swie | 8u1 8sS *[£20z/T0/0T] Uo AriqiTaulluo /(1M ‘sseiqiTsexs L JO AiseAun Aq #6621 odTTTT OT/I0p/W0d A8 1M Ak eul|uo//Sdny Wwolj papeojumoq ‘0 ‘0TEILY0Z



WIDEN ET AL.

12 of 13 Wl LEY—F())EE

thank Sara Dube at the University of Texas at Austin for her assis-

tance with the manuscript tables.

FUNDING INFORMATION

This study was supported by the following extramural grants or
contracts from the Eunice Kennedy Shriver National Institute of
Child Health and Human Development K99/RO0HD086304,
K99ES030403, P2CHD042849. This work was supported by intra-
mural funding from the Eunice Kennedy Shriver National Institute
of Child Health and Human Development as well as funding by
the American Recovery and Reinvestment Act (grant numbers
HHSN275200800013C, HHSN2752008000021, HHSN27500006,
HHSN275200800003IC, HHSN275200800014C, HHSN275200800012C,
HHSN275200800028C, HHSN275201000009C). The content is
solely the responsibility of the authors and does not necessarily repre-

sent the official views of the National Institutes of Health.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

ORCID

Elizabeth M. Widen "2 https://orcid.org/0000-0002-9574-6109

REFERENCES

1. Institute of Medicine. Weight Gain during Pregnancy: Reexamining the
Guidelines. National Academies Press; 2009.

2. Bouvier D, Forest JC, Dion-Buteau E, et al. Association of Maternal
Weight and Gestational Weight Gain with maternal and neonate out-
comes: a prospective cohort study. J Clin Med. 2019;8:2074. https://
doi.org/10.3390/jcm8122074.

3. Deputy NP, Sharma AJ, Kim SY. Gestational weight gain - United States,
2012 and 2013. MMWR Morb Mortal Wkly Rep. 2015;64:1215-1220.

4. Peaceman AM, Clifton RG, Phelan S, et al. Lifestyle interventions
limit gestational weight gain in women with overweight or obe-
sity: LIFE-moms prospective meta-analysis. Obesity (Silver Spring).
2018;26:1396-1404.

5. Shieh C, Cullen DL, Pike C, Pressler SJ. Intervention strategies for pre-
venting excessive gestational weight gain: systematic review and
meta-analysis. Obes Rev. 2018;19:1093-1109.

6. Most J, Dervis S, Haman F, Adamo KB, Redman LM. Energy intake
requirements in pregnancy. Nutrients. 2019;11:1812. https://doi.org/
10.3390/nu11081812.

7. Thomas DM, Navarro-Barrientos JE, Rivera DE, et al. Dynamic
energy-balance model predicting gestational weight gain. Am J Clin
Nutr. 2012;95:115-122.

8. Most J, Amant MS, Hsia DS, et al. Evidence-based recommendations
for energy intake in pregnant women with obesity. J Clin Invest. 2019;
129:4682-4690.

9. Widen EM, Factor-Litvak PR, Gallagher D, et al. The pattern of gesta-
tional weight gain is associated with changes in maternal body compo-
sition and neonatal size. Matern Child Health J. 2015;19:2286-2294.

10. Gaillard R, Steegers EA, Duijts L, et al. Childhood cardiometabolic out-
comes of maternal obesity during pregnancy: the Generation R Study.
Hypertension. 2014;63:683-691.

11. Pugh SJ, Albert PS, Kim S, et al. Patterns of gestational weight gain
and birthweight outcomes in the Eunice Kennedy Shriver National
Institute of Child Health and Human Development Fetal Growth
Studies-Singletons: a prospective study. Am J Obstet Gynecol. 2017;
217:346.€1-346.e11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Starling AP, Brinton JT, Glueck DH, et al. Associations of maternal
BMI and gestational weight gain with neonatal adiposity in the
Healthy Start study. Am J Clin Nutr. 2015;101:302-309.

Pugh SJ, Ortega-Villa AM, Grobman W, et al. Longitudinal changes in
maternal anthropometry in relation to neonatal anthropometry. Public
Health Nutr. 2019;22:797-804.

Nguyen G, Hayes L, Ngongalah L, et al. Association between maternal
adiposity measures and infant health outcomes: a systematic review
and meta-analysis. Obes Rev. 2022;23:13491.

Gallagher D, Andres A, Fields DA, et al. Body composition measure-
ments from birth through 5 years: challenges, gaps, and existing &
emerging technologies-a National Institutes of Health workshop.
Obes Rev. 2020;21:€13033.

Flanagan EW, Most J, Altazan AD, Boyle KE, Redman LM. A role for
the early pregnancy maternal milieu in the intergenerational transmis-
sion of obesity. Obesity (Silver Spring). 2021;29:1780-1786.

Hull HR, Thornton JC, Ji Y, et al. Higher infant body fat with excessive
gestational weight gain in overweight women. Am J Obstet Gynecol.
2011;205(211):e211-e217.

Henriksson P, Eriksson B, Forsum E, Lof M. Gestational weight gain
according to Institute of Medicine recommendations in relation to
infant size and body composition. Pediatr Obes. 2015;10:388-394.
Widen EM, Whyatt RM, Hoepner LA, et al. Gestational weight gain
and obesity, adiposity and body size in African-American and
Dominican children in the Bronx and northern Manhattan. Matern
Child Nutr. 2016;12:918-928.

Widen EM, Burns N, Daniels M, et al. Gestational weight change and
childhood body composition trajectories from pregnancy to early
adolescence. Obesity (Silver Spring). 2022;30:707-717.

Buck Louis GM, Grewal J, Albert PS, et al. Racial/ethnic standards for
fetal growth: the NICHD Fetal Growth Studies. Am J Obstet Gynecol.
2015;213:449.e441.

Grewal J, Grantz KL, Zhang C, et al. Cohort profile: NICHD Fetal
Growth Studies-singletons and twins. Int J Epidemiol. 2018;47:25-25I.
Wing DA, Ortega-Villa AM, Grobman WA, et al. Maternal stress and
neonatal anthropometry: the NICHD Fetal Growth Studies.
Am J Obstet Gynecol. 2017;217(82):82.e1-82.€7.

Duryea EL, Hawkins JS, Mcintire DD, Casey BM, Leveno KJ. A
revised birth weight reference for the United States. Obstet Gynecol.
2014;124:16-22.

Roy SM, Spivack JG, Faith MS, et al. Infant BMI or weight-for-length
and obesity risk in early childhood. Pediatrics. 2016;137:€20153492.
https://doi.org/10.1542/peds.2015-3492.

WHO Multicentre Growth Reference Study Group. WHO Child
Growth Standards: Length/Height-for-Age, Weight-for-Age, Weight-for-
Length, Weight-for-Height and Body Mass Index-for-Age: Methods and
Development. World Health Organization; 2006.

Catalano PM, Thomas AJ, Avallone DA, Amini SB. Anthropometric estimation
of neonatal body composition. Am J Obstet Gynecol. 1995;173:1176-1181.
Bartholomew DJ, Knott M, Moustaki I. Latent Variable Models and
Factor Analysis: a Unified Approach. 3rd ed. Wiley; 2011.

Barbour LA, Hernandez TL. Maternal lipids and fetal overgrowth:
making fat from fat. Clin Ther. 2018;40:1638-1647.

Thame M, Trotman H, Osmond C, Fletcher H, Antoine M. Body compo-
sition in pregnancies of adolescents and mature women and the
relationship to birth anthropometry. Eur J Clin Nutr. 2007;61:47-53.
Widen EM, Gallagher D. Body composition changes in pregnancy: mea-
surement, predictors and outcomes. Eur J Clin Nutr. 2014;68:643-652.
Hunt KJ, Ferguson PL, Neelon B, et al. The association between
maternal pre-pregnancy BMI, gestational weight gain and child adi-
posity: a racial-ethnically diverse cohort of children. Pediatr Obes.
2022;17:€12911. https://doi.org/10.1111/ijpo.12911.

Toro-Ramos T, Paley C, Pi-Sunyer FX, Gallagher D. Body composition
during fetal development and infancy through the age of 5 years. Eur
J Clin Nutr. 2015;69:1279-1289.

85U80|7 SUOWLIOD 3ARea.D 8|qedl|dde aup Aq pausenob ae sejonie O ‘8sn Jo Sa|n. 10} Ariq1T8ulUO AB|IAN UO (SUOTPUCD-PpUR-SWBH WA 1M AReiq 1 Ul |Uo//:Sdny) SUORIPUOD Pue Swie | 8u1 8sS *[£20z/T0/0T] Uo AriqiTaulluo /(1M ‘sseiqiTsexs L JO AiseAun Aq #6621 odTTTT OT/I0p/W0d A8 1M Ak eul|uo//Sdny Wwolj papeojumoq ‘0 ‘0TEILY0Z


https://orcid.org/0000-0002-9574-6109
https://orcid.org/0000-0002-9574-6109
https://doi.org/10.3390/jcm8122074
https://doi.org/10.3390/jcm8122074
https://doi.org/10.3390/nu11081812
https://doi.org/10.3390/nu11081812
https://doi.org/10.1542/peds.2015-3492
https://doi.org/10.1111/ijpo.12911

WIDEN ET AL

" WILEY_|2o1e

34. Rundle AG, Factor-Litvak P, Suglia SF, et al. Tracking of obesity in
childhood into adulthood: effects on body mass index and fat mass
index at age 50. Child Obes. 2020;16:226-233.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Widen EM, Burns N, Kahn LG, et al.
Prenatal weight and regional body composition trajectories
and neonatal body composition: The NICHD Foetal Growth
Studies. Pediatric Obesity. 2023;e12994. doi:10.1111/ijpo.
12994

95UB01 SUOWIWOD 9A 181D 3|qeot[dde ay) Aq peussnob ake saoie YO 9SO S9|nJ Joj AkeIgi8UlUQ AS]IA UO (SUONIPUCO-PUE-SWRIALIO™ A8 | 1M Aleq 1 jBul [UO//:SANL) SUONIPUOD PUe SWie | 8u1 89S *[£202/T0/0T] Uo AkeiqiTauliug A8|im ‘sseiqiisexs L JO AiseAun Ag #6621 0d I TTTT 0T/10p/uoo A8 im Arelqijpuluo//sdny woij pepeojumod ‘0 ‘0TEI.LY0Z


info:doi/10.1111/ijpo.12994
info:doi/10.1111/ijpo.12994

	Prenatal weight and regional body composition trajectories and neonatal body composition: The NICHD Foetal Growth Studies
	1  INTRODUCTION
	2  METHODS
	2.1  Statistical methods

	3  RESULTS
	3.1  Gestational weight gain, regional body composition and anthropometric trajectory models
	3.2  Neonatal size characteristics by gestational weight gain and body composition trajectory group
	3.3  Gestational diabetes sensitivity analysis

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


