
Longitudinal changes in maternal anthropometry in relation to
neonatal anthropometry

Sarah J Pugh1, Ana M Ortega-Villa2, William Grobman3, Stefanie N Hinkle1,
Roger B Newman4, Mary Hediger1, Jagteshwar Grewal1, Deborah A Wing5,6,
Paul S Albert2 and Katherine L Grantz1,*
1Epidemiology Branch Division of Intramural Population Health Research, Eunice Kennedy Shriver National Institute
of Child Health and Human Development, 6710B Rockledge Drive, MSC 7004, Bethesda, MD 20817, USA:
2Biostatistics Branch, Division of Cancer Epidemiology and Genetics, National Cancer Institute, Rockville, MD, USA:
3Department of Obstetrics and Gynecology, Feinberg School of Medicine, Northwestern University, Chicago, IL,
USA: 4Department of Obstetrics and Gynecology, Medical University of South Carolina, Charleston, SC, USA:
5Division of Maternal–Fetal Medicine, Department of Obstetrics–Gynecology, University of California, Irvine, School
of Medicine, Orange, CA, USA: 6Miller Childrens Hospital/Long Beach Memorial Medical Center, Long Beach, CA,
USA

Submitted 3 January 2018: Final revision received 24 October 2018: Accepted 27 November 2018: First published online 11 February 2019

Abstract
Objective: To characterize the association of longitudinal changes in maternal
anthropometric measures with neonatal anthropometry and to assess to what
extent late-gestational changes in maternal anthropometry are associated with
neonatal body composition.
Design: In a prospective cohort of pregnant women, maternal anthropometry was
measured at six study visits across pregnancy and after birth, neonates were
measured and fat and lean mass calculated. We estimated maternal anthropo-
metric trajectories and separately assessed rate of change in the second
(15–28 weeks) and third trimester (28–39 weeks) in relation to neonatal
anthropometry. We investigated the extent to which tertiles of third-trimester
maternal anthropometry change were associated with neonatal outcomes.
Setting: Women were recruited from twelve US sites (2009–2013).
Participants: Non-obese women with singleton pregnancies (n 2334).
Results: A higher rate of increase in gestational weight gain was associated with
larger-birth-weight infants with greater lean and fat mass. In contrast, higher rates
of increase in maternal anthropometry measures were not associated with infant
birth weight but were associated with decreased neonatal lean mass. In the third
trimester, women in the tertile of lowest change in triceps skinfold (−0·57 to
−0·06mm per week) had neonates with 35·8 g more lean mass than neonates of
mothers in the middle tertile of rate of change (−0·05 to 0·06mm per week).
Conclusions: The rate of change in third-trimester maternal anthropometry
measures may be related to neonatal lean and fat mass yet have a negligible
impact on infant birth weight, indicating that neonatal anthropometry may provide
additional information over birth weight alone.
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The relationship between gestational weight gain (GWG)
and infant birth weight is well documented(1–3). In
underweight, normal-weight and overweight women,
GWG below recommendations is associated with small-
for-gestational-age birth weight while excess GWG is
associated with large-for-gestational-age birth weight(1,4).
However, both GWG and birth weight are non-specific
measures of maternal nutritional status and fetal size. They
provide little insight into the extent to which the

composition of maternal gains is associated with neonatal
size and body composition. For example, GWG does not
distinguish gains in maternal lean mass from gains in fat
mass, each of which may be differentially associated with
fetal growth and body composition(5). Similarly, birth
weight does not adequately distinguish between neonatal
fat and lean mass. As small- and large-for-gestational-age
infants are at increased risk for short- and long-term risks
of obesity, metabolic disorders(6,7) and cognitive health(8),
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understanding whether specific parameters of maternal
weight gain impact neonatal body composition is impor-
tant to inform future clinical guidance to prevent adverse
birth weight and longer-term outcomes.

Some investigators have studied relationships of the
total change in maternal fat and lean mass with birth
weight(9–11) or of GWG with neonatal lean and fat
mass(5,11,12), but the association of readily assessable
longitudinal changes in maternal body composition with
neonatal body composition is unknown. Longitudinal
changes may provide additional insight beyond total GWG
alone based on the timing of maternal anthropometric
changes. Maternal fat mass typically increases in mid-
gestation with increased insulin sensitivity(13), then
decreases late in gestation with a slowing insulin
response(14,15). The decreased insulin sensitivity is hypo-
thesized to occur to mobilize maternal fat stores to support
rapid fetal growth towards the end of gestation, when
maternal nutritional intake alone would be insufficient(11).
Diverging from this process may impact the appropriate
accumulation of fetal fat and fat-free mass(7). Therefore,
components of GWG may provide a more sensitive and
specific marker of infants at risk for inadequate or exces-
sive birth weight.

Our objectives were to estimate the association of
longitudinal changes in maternal anthropometric mea-
sures with neonatal body composition and birth weight,
and to assess to what extent late-gestational changes in
maternal anthropometry are associated with neonatal
body composition and size.

Methods

The Eunice Kennedy Shriver National Institute of Child
Health and Human Development (NICHD) Fetal Growth
Studies–Singletons was a prospective cohort study of 2334
non-obese pregnant women aged 18–40 years recruited
from twelve US sites between July 2009 and January 2013.
Low-risk, non-obese healthy women with spontaneously
conceived pregnancies of <14 weeks’ gestation who were
at no obvious risk for fetal growth restriction or over-
growth were selected for inclusion. Additional exclusion
criteria included smoking, pre-gestational diabetes,
chronic renal disease under medical supervision, auto-
immune disease, psychiatric disorders, cancer and HIV/
AIDS(16,17).

At enrolment between 8 weeks 0 d and 13 weeks 6 d,
research nurses conducted in-person interviews to
obtain detailed demographic and health characteristics.
Women were randomized into one of four follow-up
schedules starting at 15 weeks to capture weekly data
without subjecting each woman to weekly follow-up
visits(16). Ultrasound examinations were performed to
collect fetal biometric measurements, including head
circumference, abdominal circumference and femur

length, that were then used to calculate estimated fetal
weight(18).

GWG was calculated as the difference between mater-
nal weight and self-reported pre-pregnancy weight.
Maternal weight was measured at each study visit without
shoes or excessive clothing using a beam balance or
digital scale. Antenatal weights from clinical visits were
also abstracted from prenatal records. We included all
weights (i.e. those measured at both routine prenatal and
study visits) to increase the number of weight measure-
ments per woman for improved precision of maternal
weight gain estimates and trajectories. We plotted indivi-
dual women’s weight change trajectory using all weights
to ensure abstracted weights fell within plausible ranges
when plotted with study-visit weights. If a chart-abstracted
and study-visit measured weight occurred on the same
day, we included only the measured weight (n 2169
duplicate weights out of 45 540, 4·7%). Height was mea-
sured using a portable stadiometer (Seca Corporation,
Hanover, MD, USA) and along with self-reported pre-
pregnancy weight was used to calculate pre-pregnancy
BMI (kg/m2).

Research staff also collected additional maternal
anthropometric measures at each of the five study visits.
Mid-upper arm circumference was measured using a non-
stretchable linen tape to the nearest 0·1 cm. The triceps
skinfold was measured at the point of the mid-upper arm
circumference and subscapular skinfold was measured at
a 45° incline at the site inferior to the inferior angle of the
scapula using the Lange skinfold calliper (Beta Technol-
ogy, Inc., Santa Cruz, CA, USA).

Neonatal measurements were collected after delivery.
Length was measured using a Seca 416 infantometer and
weight was measured using an infant beam-balance scale
or an infant electronic (digital) scale. Neonatal abdominal
flank skinfold was measured at midaxillary line just above
the crest of the right ilium using a Lange skinfold calliper
(Beta Technology, Inc.). We calculated neonatal lean and
fat mass using the following validated equations(19):

Fat mass= 0�39055 ´ birth weight ðkgÞ
+ 0�0453 ´ abdominal flank ðcmÞ
�0�03237 ´ length ðcmÞ + 0�5465;

Lean mass= birth weight ðkgÞ�fat mass ðkgÞ
and

Fat percentage=
fat mass ðkgÞ

birth weight ðkgÞ ´ 100:

All maternal and neonatal anthropometric sites were
measured in duplicate and average readings were used for
analysis. If the second measure differed by a pre-specified
value(20,21), specific to each anthropometric measure, a
third measure was performed and the average of the two
closest measurements was used.
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Statistical analysis
In our analytic sample of 2334 women, we excluded a
total of 423 (18·1%) observations due to the following
reasons: loss to follow-up (n 157, 6·7%), use of non-study
approved callipers (n 160, 6·8%; one site), miscarriage or
termination (n 12, 0·51%), stillbirth (n 11, 0·47%), con-
genital malformations (n 63, 2·6%), birth weight <2000 g
(n 11, 0·47%) and implausible neonatal length values (n 9,
0·39%). The final sample included 1911 women. The
relationships of longitudinal changes in maternal mid-
upper arm circumference, subscapular skinfold, triceps
skinfold, arm muscle and arm fat areas with neonatal lean
mass, fat mass, fat percentage and birth weight were
analysed in two steps. In the first step, longitudinal tra-
jectories of maternal anthropometry were assessed by fit-
ting separate linear mixed models to each measure. We
included terms for fixed and random effects to allow for
estimation of the overall mean and individual trajectories,
respectively, across gestation. For both the fixed and
random effects, all linear mixed models included a quad-
ratic term for gestational age to allow for model flexibility,
selected based on the lowest Bayesian information criter-
ion indicating model fit. We estimated individual anthro-
pometric measures at 15, 28 and 40 weeks, and calculated
the rate of change in each measure for the second (15–
28 weeks) and third (28–40 weeks) trimesters. The cut-off
point of 15 weeks was selected since there were no study
visits at 14 weeks. Also, we divided the third-trimester
rates of gain into tertiles (<33rd and ≥66th percentiles) to
assess to what extent rates of change in the lower or upper
tertile were associated with neonatal size and body com-
position. In the second step, we used linear regression to
assess the change in maternal anthropometry estimated at
specific gestational ages based on the above model in
relation to neonatal lean mass, fat mass, fat percentage and
birth weight. We adjusted for maternal race, infant sex,
parity, age, height, pre-pregnancy BMI, income, educa-
tion, gestational age at delivery, baseline maternal
anthropometry value and the number days after delivery
neonates were measured.

Separate trajectories for GWG were calculated using
linear mixed models, as described above, to provide a
comparison for individual anthropometric measures.
Estimated fetal weight trajectories were also calculated
using linear mixed models. In a secondary analysis, we
eliminated part of the inherent correlation between GWG
and fetal size by subtracting estimated fetal weight from
maternal weight for a measure of net GWG. In an effort to
isolate the association between maternal anthropometry
and neonatal fat mass, independent of birth weight, we
conducted sensitivity analyses accounting for neonatal
size (i.e. birth weight). Due to the high correlation
between birth weight and neonatal fat mass (0·84), we
performed the regression of birth weight v. fat mass to
obtain the residuals and used the residuals as the out-
come in analyses with maternal anthropometry. Analyses

were repeated after removing births <39 weeks’ gestation
to determine if the trajectories were biased by earlier
deliveries. To ensure that the observed relationships
were not a function of the equations used to calculate
neonatal lean and fat mass, we repeated the analyses
using individual neonatal measures (length and abdom-
inal flank skinfold). We tested for differences in the
association between the rate of change in maternal
anthropometry and neonatal anthropometry by maternal
pre-pregnancy BMI, race and the second-trimester rate of
change (third-trimester models only). Analyses were
conducted using the statistical software packages SAS
version 9.4 and Stata version 13.0.

Results

The majority of women were married, had an income
> $US 50 000, 49·5% were nulliparous and 50·3% were
20–29 years of age. The racial/ethnic distribution included
28·8% non-Hispanic White, 29·8% Hispanic, and 21·4 and
20·0% of non-Hispanic Black and Asian women, respec-
tively (Table 1).

Figure 1 depicts the estimated trajectories for each
maternal anthropometric measure. Mid-upper arm cir-
cumference, subscapular skinfold and triceps skinfold all

Table 1 Demographic characteristics of study participants;
non-obese women with singleton pregnancies (n 1911) from twelve
US sites, Eunice Kennedy Shriver National Institute of Child Health
and Human Development (NICHD) Fetal Growth Studies–Singletons
cohort (2009–2013)

n %

Maternal age (years)
<20 86 4·50
20–29 962 50·3
30–39 849 44·4
40–44 14 0·80

Race/ethnicity
Non-Hispanic White 550 28·8
Non-Hispanic Black 409 21·4
Hispanic 570 29·8
Asian and Pacific Islander 382 20·0

Marital status
Never married 351 18·4
Married 1506 78·8
Divorced/widowed 52 2·80

Income
<$US 30000 363 19·0
$US 30000–39999 149 7·80
$US 40000–49999 139 7·27
$US 50000–74999 218 11·4
$US 75000–99999 244 12·8
≥$US 100000 523 27·4

Parity
0 945 49·5
1 659 34·5
≥2 307 16·0

Timing of neonatal
measurements (days from
delivery), median and IQR

1 1, 2

IQR, interquartile range.
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increased from 15 to 28 weeks. From 28 to 40 weeks, the
trajectory for mid-upper arm circumference increased
slightly (median (interquartile range) total change= 0·39

(0·12, 0·64) cm; Table 2), while triceps skinfold increased
only until about 28 weeks (median (interquartile range)
change= 1·02 (0·21, 1·91) cm), then had a plateau that was
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Fig. 1 Trajectories estimated using linear mixed models for maternal (a) mid-upper arm circumference, (b) subscapular skinfold, (c)
triceps skinfold and (d) weight, from 15 to 40 weeks’ gestation, in non-obese women with singleton pregnancies (n 1911) from
twelve US sites, Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Fetal Growth
Studies–Singletons cohort (2009–2013). ——— indicates the estimated average trajectory and – – – – – indicate the 95%
confidence interval

Table 2 Distribution of the total change in maternal anthropometry measures by the second trimester and late gestation, and of neonatal
anthropometry measures at birth, in non-obese women with singleton pregnancies (n 1911) from twelve US sites, Eunice Kennedy Shriver
National Institute of Child Health and Human Development (NICHD) Fetal Growth Studies–Singletons cohort (2009–2013)

Second trimester (15–28 weeks) Third trimester (28–40 weeks) At birth

Total change
Rate of change

(per week) Total change
Rate of change

(per week) Absolute size

Median IQR Median IQR Median IQR Median IQR Median IQR

Maternal anthropometry
Mid-upper arm circumference

(cm)
0·83 0·53, 1·14 0·06 0·04, 0·08 0·39 0·12, 0·64 0·03 0·01, 0·05

Subscapular skinfold (mm) 2·29 1·99, 2·61 0·15 0·13, 0·17 0·97 0·53, 1·44 0·08 0·04, 0·12
Triceps skinfold (mm) 1·02 0·21, 1·91 0·08 0·02, 0·15 −0·03 −0·91, 0·92 −0·003 −0·08, 0·08
Maternal weight change (kg) 5·78 4·65, 6·94 0·44 0·36, 0·53 7·43 5·71, 9·18 0·61 0·47, 0·76

Neonatal anthropometry
Abdominal flank (cm) 40 30, 50
Length (cm) 50 48, 52
Fat mass (g)† 395 302, 508
Lean mass‡ 2895 2698, 3106
Percentage body fat (%)§ 12·1 9·6, 14·3
Birth weight 3290 3030, 3600
Measurement days,

postnatal
1 1, 2

†Fat mass= 0·39055× birth weight (kg) + 0·0453×abdominal flank (cm)− 0·03237× length (cm) + 0·5465.
‡Lean mass= birth weight (kg)− fat mass (kg).
§Fat percentage= fat mass (kg) / birth weight (kg) × 100.
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followed by a slight decrease until 40 weeks (median
(interquartile range) change= − 0·003 (−0·08, 0·08) cm).

The rate of change of various maternal anthropometric
measures in the second (15 to 28 weeks) and third

trimesters (28 to 40 weeks) were differentially associated
with neonatal body composition (Table 3). Changes in
maternal mid-upper arm circumference and triceps skin-
fold, but not subscapular skinfold, were associated with

Table 3 Association between the rate of change in maternal anthropometry and neonatal anthropometry† in non-obese women with
singleton pregnancies (n 1911) recruited from twelve US sites, Eunice Kennedy Shriver National Institute of Child Health and Human
Development (NICHD) Fetal Growth Studies–Singletons cohort (2009–2013)

Neonatal anthropometry

Lean mass (g) Fat mass (g) Fat percentage (%) Birth weight (g)

Maternal anthropometry β 95% CI β 95% CI β 95% CI β 95% CI

Mid-upper arm circumference (per 1mm change/week)
Second trimester (15–<28 weeks) −25·8 −54·0, 2·35 9·64 −7·71, 26·4 0·33 −0·06, 0·73 −13·61 −53·4, 26·2
Third trimester (28–40 weeks) −28·1* −60·2, −4·13 15·07 −4·06, 34·2 0·48* 0·03, 0·93 −13·7 −59·4, 31·9

Subscapular skinfold (per 0·1mm change/week)
Second trimester (15–<28 weeks) −36·3 −79·0, 6·33 −10·75 −36·3, 14·76 −0·21 −0·80, 0·39 −39·1 −99·3, 21·2
Third trimester (28–40 weeks) −22·4 −46·9, 2·24 −6·29 −21·0, 8·49 −0·12 −0·46, 0·23 −24·5 −59·3, 10·3

Triceps skinfold (per 0·1mm change/week)
Second trimester (15–<28 weeks) −15·9* −27·1, −4·74 −0·51 −7·18, 6·16 −0·041 −0·12, 0·19 −13·7 −29·5, 2·10
Third trimester (28–40 weeks) −13·1* −22·7, −3·37 −2·65 −8·45, 3·14 −0·028 −0·16, 0·11 −13·3 −27·1, 0·35

Maternal weight change (per 0·1 kg change/week)
Second trimester (15–<28 weeks) 31·8* 23·2, 40·5 21·3* 16·2, 26·5 0·44* 0·32, 0·56 54·5* 42·3, 66·6
Third trimester (28–40 weeks) 12·9* 7·60, 18·4 9·42* 6·22, 12·6 0·19* 0·12, 0·26 22·7* 15·2, 30·3

Net weight change‡ (per 0·1 kg change/week)
Second trimester (15–<28 weeks) 24·6* 18·1, 31·2 16·7* 12·8, 20·6 0·34* 0·25, 0·44 42·4* 33·3, 51·6
Third trimester (28–40 weeks) 7·43* 2·85, 12·01 6·06* 3·33, 8·79 0·12* 0·06, 0·18 13·8* 7·37, 20·3

*P< 0·05.
†Values are beta coefficients and 95% CI; adjusted for race, infant sex, parity, age, height, pre-pregnancy BMI, gestational age at delivery, neonatal
measurement date and baseline anthropometry value; neonatal lean mass, fat mass and fat percentage (n 1698), birth weight (n 1759).
‡Calculated as the difference between maternal weight and estimated fetal weight.

Table 4 Association between the tertile of rate of change in maternal anthropometry in the third trimester (28–40 weeks) and neonatal
anthropometry† in non-obese women with singleton pregnancies (n 1911) recruited from twelve US sites, Eunice Kennedy Shriver National
Institute of Child Health and Human Development (NICHD) Fetal Growth Studies–Singletons cohort (2009–2013)

Neonatal anthropometry

Lean mass (g) Fat mass (g) Fat percentage (%) Birth weight (g)

Maternal anthropometry β 95% CI β 95% CI β 95% CI β 95% CI

Mid-upper arm circumference (mm/week)
−2·37 to 0·22 16·0 −14·6, 46·6 −9·05 −27·2, 9·17 −0·21 −0·63, 0·23 12·6 −30·6, 55·7
0·22 to 0·56 Reference Reference Reference Reference
0·57 to 3·276 −22·8 −53·0, 7·46 −8·72 −26·7, 9·26 −0·13 −0·56, 0·29 −26·7 −69·4, 15·8

Subscapular skinfold (mm/week)
−0·17 to 0·06 25·5 −5·82, 56·9 6·75 −12·0, 25·5 0·15 −0·29, 0·59 33·9 −10·3, 78·3
0·07 to 0·12 Reference Reference Reference Reference
0·13 to 0·54 4·54 −27·7, 36·8 2·21 −17·1, 21·5 0·03 −0·42, 0·48 12·8 −32·8, 58·5

Triceps skinfold (mm/week)
−0·57 to −0·06 35·8* 5·64, 65·9 10·02 −8·00, 28·1 0·18 −0·24, 0·61 35·9 −6·66, 78·6
0·05 to 0·06 Reference Reference Reference Reference
0·07 to 0·63 −4·78 −35·3, 25·7 0·34 −17·9, 18·5 0·09 −0·33, 0·52 −7·52 −50·8, 35·7

Weight change (kg/week)
−0·37 to 0·52 −54·1* −84·8, −23·5 −36·4* −54·6, −18·2 −0·77* −1·20, −0·34 −85·6* −128·1, −42·7
0·51 to 0·71 Reference Reference Reference Reference
0·72 to 1·73 25·1 −5·00, 55·2 23·6* 5·70, 41·5 0·45* 0·03, 0·87 54·5* 12·1, 97·0

Net weight change‡ (kg/week)
−0·06 to 0·04 −14·7 −45·5, 16·1 −14·8 −33·2, 3·59 −0·30* −0·73, −0·13 −25·3 −68·7, 18·1
0·041 to 0·06 Reference Reference Reference Reference
0·061 to 0·18 15·1 −15·4, 45·3 19·4* 1·30, 37·5 0·42 −0·004, 0·85 40·8 −2·05, 83·7

*P< 0·05.
†Values are beta coefficients and 95% CI; adjusted for race, infant sex, parity, age, height, pre-pregnancy BMI, gestational age at delivery and neonatal
measurement date, and baseline anthropometry value; neonatal lean mass, fat mass and fat percentage (n 1698), birth weight (n 1759).
‡Calculated as the difference between maternal weight and estimated fetal weight.
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neonatal anthropometry. Specifically, a faster rate of
increase in triceps skinfold in both the second (β= − 15·9,
95% CI −27·1, −4·74 g) and third trimester (β= − 13·1, 95%
CI −22·7, −3·37 g) was associated with decreased neonatal
lean mass. In the third trimester, a faster rate of increase in
mid-upper arm circumference (β= − 28·1, 95% CI −60·2,
−4·13 g) was also associated with decreased neonatal lean
mass. In comparison, an increase in the rate of change in
maternal weight was consistently associated with an
increase in all of the neonatal anthropometric measures
including lean mass, fat mass and birth weight, although
the magnitude of the association was slightly reduced after
fetal size was subtracted from maternal weight (net GWG
change).

Since late-gestational changes in maternal anthropo-
metric measures may indicate the mobilization of nutrient
stores for fetal growth, we investigated the extent to which
tertiles of change in the third trimester may be related to
neonatal outcomes (Table 4). Women in the first tertile for
triceps skinfold, with a rate of change between −0·57 and
−0·06mm per week, had neonates that had 35·8 g more
lean mass than neonates of mothers in the middle tertile
(rate of change= − 0·05 to 0·06mm per week), although
there was no significant overall association with birth
weight. The remaining individual components of maternal
anthropometry were not significantly associated with
neonatal anthropometry. In contrast, a rate of change in
the first tertile (−0·37 to 0·52 kg/week) of third-trimester
maternal weight gain compared with the middle tertile was
associated with a −85·6 (95% CI −128·1, −42·7) g decrease
in birth weight.

In sensitivity analyses accounting for birth weight, our
results remained in a similar direction, but were now
significant for mid-upper arm circumference and triceps
skinfold. A faster rate of increase in maternal mid-upper
arm circumference in both the second (β= 14·4, 95% CI
4·89, 23·9 g) and third trimester (β= 17·1, 95% CI 4·05,
30·1 g) and of triceps skinfold in the second trimester
(β= 4·65, 95% CI 0·89, 8·42 g) was associated with
increased neonatal fat mass independent of birth weight
(see online supplementary material, Supplemental
Table 1). When assessing tertiles of change using the
residual method, the lowest tertile of change in maternal
mid-upper arm circumference was associated with
decreased neonatal fat mass independent of birth weight
(β= −10·5, 95% CI −20·8, −0·27 g; Supplemental Table 2).

Our results remained the same after limiting our analysis
only to neonates born at gestational age ≥39 weeks (the
mean gestational age at delivery), providing confidence
that the modelled maternal anthropometric trajectories
were not biased by the inclusion of earlier deliveries. Our
findings were consistent in analyses that included only
individual neonatal anthropometric measures (length and
abdominal flank skinfold used to calculate neonatal lean
and fat mass, confirming the application of equations for
calculating neonatal lean and fat mass for this population;

data available on request). The association of maternal
anthropometry with neonatal anthropometry did not differ
by the second-trimester rate of change (third-trimester
models only).

Discussion

Our study has demonstrated that the rate of change in
maternal anthropometry may be related to neonatal lean
and fat mass yet has a negligible impact on infant birth
weight, indicating that neonatal anthropometry provides
additional information over birth weight alone. Increase in
maternal triceps skinfold thickness across the second and
third trimesters, an indicator of an increase in maternal fat,
was associated with decreased neonatal lean mass. As
evidence suggests decreased lean mass is associated with
an increased risk of a poorer metabolic profile later in
life(5,8), our findings support the important insight into
neonatal health provided by maternal anthropometric
measures beyond total GWG alone.

The skinfold trajectories that we observed are similar to
those documented in previous studies that described
maternal skinfold changes in lean(22,23), white(24) and
homogeneous ethnic populations(9). Our study, which has
documented an increase in neonatal lean and fat mass
with an increased rate of GWG in the second and third
trimester, is similar to studies that reported increased
neonatal fat mass with excessive GWG in mid-late gesta-
tion(25) and at delivery(26), but differs from other studies
that reported increased neonatal fat and not lean mass
with high maternal GWG only in the first half of
pregnancy(12,27).

The change in maternal fat skinfolds demonstrates the
complex and dynamic state of pregnancy. Lipid metabo-
lism is altered early in pregnancy to promote the storage of
maternal fat, while later in pregnancy an increase in
plasma fatty acid and glycerol concentrations corresponds
to fat mobilization(14). Deviating from this expected pat-
tern may reflect disrupted lipid metabolism or placental
insufficiency(14,28), ultimately limiting fetal gains. While we
hypothesize that the lack of mobilization of maternal fat
stores limits fetal lean mass acquisition, the exact
mechanism and clinical importance of this relationship
remain unclear and should be investigated in future stu-
dies. Furthermore, it is unclear why decreases in neonatal
lean mass at birth were not reflected in birth weight, as
reported in previous studies(29), although previous studies
have not been limited to normal and overweight women.
One explanation may be the increase in birth weight due
to neonatal fat mass, as indicated in our sensitivity ana-
lyses using the residual method, where an increased rate
of maternal fat mass, particularly in the second trimester,
was associated with increased neonatal fat mass inde-
pendent of birth weight. The lack of significance may be
also explained by potential error in neonatal
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anthropometric equations estimating body composition,
although there was a trend in directionality towards
decreasing birth weight associated with increasing mater-
nal fat mass.

However, the existing evidence to support the biologi-
cal link between decreasing maternal skinfolds and fetal
size is conflicting. Some studies report lower birth weight
with increased triceps skinfold at 14 weeks’ gestation(9,30)

and at delivery(31,32), while others report no difference in
birth weight with increased maternal fat mass in the first
half of pregnancy(33,34). These variable findings may be
explained by differences in techniques for measuring
maternal fat mass or in the timing of skinfold measure-
ments. Skinfolds measured at a single time point(9,30) do
not indicate the change in fat mass while measures of total
pregnancy change(33,34) will underestimate the associa-
tions seen with decreasing fat at the end of pregnancy.

Our findings should be considered within the context of
limitations. The accuracy of skinfold measures may be
affected by skin compressibility and maternal characteristics.
To limit this type of measurement error in the NICHD Fetal
Growth Study, study personnel underwent training and
followed a standardized protocol. Neonatal body composi-
tions were not measured, but instead were calculated using
validated equations(19). Applying these equations to a study
with different population characteristics may induce error.
However, recent evidence on the validity of anthropometric
equations suggests low precision and accuracy of equations
at birth, other than the one used in the present study(19), due
to rapid infant growth and individual variability(35). Still, our
findings should be interpreted with caution and replicated
using more accurate body composition equipment. Due to
the observational nature of the study, we cannot make
causal assumptions about the association between the
mobilization of fat stores in late gestation and fetal growth.

The present study was strengthened by the longitudinal
design. Repeated skinfold measures enhanced the pre-
diction of maternal anthropometric trajectories in a con-
temporary, diverse cohort. The multistage analytical
approach enabled us to assess specific time periods of
change in relation to fetal development. An additional
strength was the neonatal skinfold measures at birth to
assess the composition of birth weight.

Conclusion

In conclusion, our findings suggest that the maternal
components of GWG may provide additional insight about
fetal growth and composition at birth beyond that sup-
plied by GWG alone. However, future studies should aim
to validate these findings using more accurate measures of
body composition to determine if changes in maternal
anthropometric measures would provide a more sensitive
and specific predictor of fetal growth composition.
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