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abstractOBJECTIVES: To explore the longitudinal association of neonatal adiposity (fat mass percentage)
with BMI trajectories and childhood overweight and obesity from ages 2 to 6 years.

METHODS: We studied 979 children from the Healthy Start cohort. Air displacement
plethysmography was used to estimate fat mass percentage. Child weight and recumbent
length or standing height were abstracted from medical records. Overweight and obesity were
defined as BMI levels $85th percentile for age and sex. Mixed-effects models were used to
examine the association between neonatal fat mass percentage and BMI trajectories from age
2 to 6 years. We tested for effect modification by sex, race and/or ethnicity, and breastfeeding
duration. We estimated the proportion of children classified as overweight or obese at specific
levels of neonatal fat mass percentage (mean 6 SD).

RESULTS: The mean neonatal adiposity level was 9.1% 6 4.0%. Child BMI levels differed by
neonatal adiposity. Each SD increase in neonatal adiposity resulted in a 0.12 higher overall
BMI level between ages 2 to 6 years (95% confidence interval: 0.03 to 0.20; P , .01), and this
association was not modified by offspring sex, race and/or ethnicity, or breastfeeding
duration. Increasing neonatal adiposity was associated with an increasing proportion of
childhood overweight and obesity by age 5 years (P = .02).

CONCLUSIONS: We provide novel evidence that higher neonatal adiposity is significantly
associated with higher overall BMI levels and an increased likelihood of overweight or obesity
from ages 2 to 6 years. Because various prenatal exposures may specifically influence
offspring fat accretion, neonatal adiposity may be a useful surrogate end point for prenatal
interventions aimed at reducing future childhood overweight and obesity.

WHAT’S KNOWN ON THIS SUBJECT: Higher birth
weight is associated with increased childhood BMI
levels. However, in no previous studies have
researchers examined the longitudinal association
between neonatal adiposity (fat mass percentage) and
childhood BMI or overweight and obesity status at age
2 to 6 years.

WHAT THIS STUDY ADDS: Higher neonatal adiposity
predicts higher BMI and overweight and obesity in
childhood. Because certain prenatal factors have
specific effects on neonatal adiposity without
influencing birth weight, neonatal adiposity may be
a useful surrogate end point for prenatal interventions
aimed at reducing childhood overweight and obesity.
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Obesity and metabolic disorders
among children have become
increasingly common. Despite various
public health initiatives in the United
States, the prevalence of childhood
overweight and obesity has increased
steadily since 1988.1 Estimates from
the 2015 to 2016 NHANES indicate
that 1 in 3 children have overweight
or obesity.2 The increasing
proportion of obesity is closely
tracked by a similar rise in the
prevalence of metabolic diseases
among children.3

Pregnancy may be an ideal time for
prevention because obesity and
metabolic diseases are primed during
fetal development.4 Numerous trials
have been focused on providing
dietary and physical activity
counseling to pregnant women
classified as overweight or obese,5–7

with offspring birth weight as one of
the main end points. Although the
risk of macrosomia was reduced in
one trial,6 most had no effects on
birth weight.5,7 Although birth weight
is generally associated with having
obesity later in life,8 it may not
capture more specific effects of
prenatal exposures on offspring fat
accretion. For example, in the Healthy
Start cohort, we found that both
maternal diet9 and third trimester
energy expenditure10 had specific
effects on neonatal fat mass but did
not influence neonatal fat-free mass
or birth weight. However, there are
limited data on whether neonatal
adiposity is in fact associated with
childhood BMI later in life. In an
Ethiopian population, Admassu et al11

used air displacement
plethysmography to directly measure
fat mass at birth and at 4 years of age.
Increased fat mass at birth was
associated with an increased fat mass
index at 4 years of age.11 There is
a need to conduct a longitudinal
analysis of the relationship between
neonatal adiposity and childhood BMI
trajectories.12 In addition, childhood
BMI growth differs by sex and race
and/or ethnicity of the child13 and

modifiable factors, such as
breastfeeding duration.14 The
association between neonatal
adiposity and childhood BMI growth
may vary across subgroups, but this
has yet to be explored.

We assessed the longitudinal
associations between neonatal
adiposity (defined as the proportion
of the fat mass divided by total
mass) and childhood BMI levels
between 2 and 6 years of age as
well as the prevalence of
overweight and obesity in an
ethnically diverse prebirth cohort
in Colorado.

METHODS

Study Population

The Healthy Start Study recruited
1410 pregnant women aged
$16 years with singleton pregnancies
before 24 weeks’ gestation from the
obstetrics clinics at the University of
Colorado Hospital between 2010 and
2014. Enrolled women had no history
of previous stillbirth or extremely
preterm birth (,25 weeks’ gestation)
and no self-reported diagnosis of
diabetes, cancer, asthma managed
with steroids, or psychiatric illness.
Participants completed 2 research
visits during pregnancy (median of
17 and 27 weeks’ gestation) and at
delivery (median of 1-day
postdelivery). Approximately 1297
offspring are now being followed.
Participants were eligible for the
current analysis if they had complete
body composition measures at birth
and had $3 length and height and
weight measurements from well-child
visits from age 2 to 6 years. The
Healthy Start Study protocol was
approved by the Colorado Multiple
Institutional Review Board. All
women provided written informed
consent before the first study visit.
The Healthy Start Study was
registered as an observational study
at www.clinicaltrials.gov as
NCT02273297.

Neonatal Size and Body Composition

Fat mass and fat-free mass were
measured by using whole-body air
displacement plethysmography (PEA
POD; COSMED, Rome, Italy) within
72 hours of delivery. PEA POD is used
to measure body mass and volume,
calculate body density, and then
estimate fat mass (grams) and fat-
free mass (grams). Neonatal adiposity
(fat mass percentage) was calculated
as a proportion of the fat mass
divided by total mass.
Plethysmography has excellent
validity and reliability in infants.15–17

Trained research personnel measured
fat mass and fat-free mass twice, with
a third measurement taken when the
percent of fat mass differed by
.2.0%. The average of the 2 closest
readings was used for analysis.

Growth Data

We abstracted weight, recumbent
length (generally until 24 months),
and standing height (generally after
24 months) from medical records at
pediatric visits. These measurements
were generally recorded at well-child
visits, which occur at 24, 30, 36, 48,
60, and 72 months of age. BMI was
calculated by dividing the weight in
kilograms by height in meters
squared. BMI-for-age z scores were
calculated by using the 2006 World
Health Organization (WHO) growth
charts.18 Overweight or obesity was
defined as having a BMI $85th
percentile for age and sex.

Demographic Data

Household income, maternal
education, maternal race and/or
ethnicity, and active smoking during
pregnancy were self-reported via
study questionnaires. Maternal age at
delivery was calculated by
subtracting the participant’s date of
birth from the date of delivery.
Maternal height was measured by
using a stadiometer during the first
pregnancy research visit.
Prepregnancy weight was obtained
from medical records (91%) or self-

2 MOORE et al

http://www.clinicaltrials.gov


reported at the first pregnancy
research visit (9%). Prepregnancy
BMI was calculated as prepregnancy
weight (kilograms) divided by height
squared (square meters). Gestational
weight gain was calculated as the
difference between the last available
weight measurement during
pregnancy (measured by research
staff or medical personnel) and
prepregnancy weight.

Data Preparation

Before our analyses, we removed
implausible values of the longitudinal
data. We used WHO growth
standards19,20 to calculate z scores
for BMI, length, weight, and weight-
for-length by sex and age. If an
observation exceeded a WHO defined
extreme z score (weight: ,26 or .5;
length: ,26 or .6; weight-for-
length:,25 or.5; and BMI:,25 or
.5), it was removed from the data
set. We then removed observations in
which childhood height appeared to
be retained across pediatric visits or
decreased over time or childhood
weight increased or decreased by
15 kg in 1 year (a threshold we based
on the 2000 Centers for Disease
Control and Prevention growth
charts).21 Finally, we developed an
anomaly algorithm that was used to
identify paired peaks and dips in
height or weight across time. The
algorithm was used to determine if
a peak or dip was an outlying value.
Identified outliers were then
removed.

Statistical Analysis

Mixed-effects models were used to
assess whether neonatal adiposity
was associated with childhood BMI
trajectories, from ages 2 to 6 years.
Because the relationship between age
and BMI is not linear,12 we used
a polynomial approach to model
childhood BMI trajectory as
a function of age. On the basis of the
deviance information criteria,22 the
best-fit trajectory included
a quadratic term in age. Normality
assumptions were verified via

examination of the Jackknifed-
studentized residuals. We used Wald
tests with Kenward-Roger degrees of
freedom and an a level of .05 to
assess the significance of the
association between the neonatal
adiposity and childhood BMI over
time.23,24 Age, age squared, neonatal
adiposity, and sex were included as
predictors in the first model. We
tested whether the association
between neonatal adiposity and
childhood BMI changed over time by
introducing a product term with age
into the mixed-effects model. The
interaction term was not statistically
significant (P = .27), suggesting that
the relationship between neonatal
adiposity and childhood BMI was
constant over time. We also tested for
interactions of neonatal adiposity
with child sex, maternal race and/or
ethnicity (non-Hispanic white, non-
Hispanic Black, Hispanic, or other),
and duration of exclusive

breastfeeding (,6 or $6 months) by
introducing product terms into
separate models and found no
evidence of effect modification.
Therefore, we adjusted for child sex,
maternal race and/or ethnicity (non-
Hispanic white, non-Hispanic Black,
Hispanic, or other), maternal
education (less than high school, high
school diploma, or some college), and,
in the final model, the duration of
exclusive breastfeeding (,6 or $6
months) to control for these potential
confounders.

We estimated the proportion of
children who were classified as
overweight or obese by level of
neonatal adiposity (mean 6 SD). We
calculated the respective proportions
at ages 2 to 3, 3 to 4, 4 to 5, and 5 to
6 years.

All statistical analyses were
performed by using SAS version 9.4
(SAS Institute, Inc, Cary, NC).

TABLE 1 Characteristics of Participants in the Healthy Start Study (n = 979)

Mean 6 SD or Proportion

Maternal Characteristics
Maternal age, y, mean 6 SD 28 6 6
Gestational wt gain, kg, mean 6 SD 14 6 6
Prepregnancy BMI, mean 6 SD 26 6 6
Gestational age at birth, wk, mean 6 SD 39 6 1
Maternal race and/or ethnicity, %
Non-Hispanic white 54
Non-Hispanic Black 16
Hispanic 24
Other 6

Household income, %
,$40 000 28
$40 001–$70 000 18
.$70 000 34
Do not know 20

Mother’s highest level of education, %
,12 y 13
High school degree 18
College classes or college degree 68

Maternal smoking during pregnancy, %
Yes 8
No 92

Child characteristics, mean 6 SD
Birth wt, g 3230 6 482
Fat mass (n = 946), g 293 6 150
Fat-free mass (n = 946), g 2829 6 348
Adiposity (n = 946), % fat mass 9.1 6 4.0
Birth wt category, %
Low birth wt (,2500 g) 6
Normal birth wt (2500–4000 g) 89
Macrosomia (.4000 g) 5
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RESULTS

Of the 1297 children being followed,
979 children had at least 2 weight
and length and height measurements
abstracted from medical records
between ages 2 and 6 years. Of these
children, 946 had fat mass and fat-
free mass measured at birth. There
were no substantial differences in
maternal or child characteristics for
the analytic sample included in this
report compared with the entire
cohort (Supplemental Table 4).
Participants had an average of 4.1
BMI measurements between the ages
of 2 and 6 years (range: 1–14), with
an average of 1.7 BMI measurements
each year (range: 1–7).

The maternal and child
characteristics of participants
included in this report are shown in
Table 1. Fifty-four percent of the
participants were non-Hispanic
white, 16% were non-Hispanic Black,
24% were Hispanic, and 6% were
other. At the time of birth, mothers
were, on average 28 years of age (SD:
6). Mothers had a prepregnancy BMI
of 26 (SD: 6) and gained 14 kg during
pregnancy (SD: 6 kg). The mean
gestational age at birth was 39 weeks
(SD: 1 week). Less than 4% were

born before 37 weeks’ gestation. The
mean birth weight was 32 380 6 482
g, mean neonatal fat mass was 293 6
150 g, mean fat-free mass was
2829 6 348 g, and mean percent fat
mass was 9.1% 6 4.0%.
Approximately 6% of children were
born at a low birth weight (,2500 g),
and 5% were born macrosomic
(.4000 g). In total, 40 women were
diagnosed with gestational diabetes.

The indicators of neonatal body
composition were correlated. The
strongest correlation was between fat
mass and adiposity (Pearson
correlation coefficient of 0.96). Birth
weight was strongly associated with
fat-free mass (Pearson correlation
coefficient of 0.93) and moderately
correlated with fat mass and
adiposity (Pearson correlation
coefficients of 0.66 and 0.49,
respectively). Fat-free mass was
weakly correlated with fat mass and
adiposity (Pearson correlation
coefficients of 0.45 and 0.24,
respectively).

The mixed-effects models indicated
that neonatal adiposity was
significantly associated with higher
overall BMI levels from ages 2 to
6 years (Table 2). Model 1 shows that

each SD increase in neonatal
adiposity was associated with 0.12
higher BMI between ages 2 and
6 years (95% confidence interval [CI]:
0.03 to 0.20; P , .01). This
association persisted after further
adjustment for maternal race and/or
ethnicity and education (Model 2;
adjusted b-coefficient: 0.10; 95% CI:
0.2 to 0.19; P = .02) and duration of
exclusive breastfeeding (Model 3;
adjusted b-coefficient: 0.12; 95% CI:
0.03 to 0.22; P , .01). Figure 1
depicts the predicted BMI levels from
ages 2 to 7 years by neonatal
adiposity among girls and boys. At
age 2 years, the predicted BMI levels
among girls were at their highest
(Fig 1A; 15.9 within the low neonatal
adiposity group, 16.0 within the mean
adiposity group, and 16.1 within the
high neonatal adiposity group). BMI
then declined until age 4.7 years,
when the BMI trajectory changed
direction. By age 7 years, the
predicted BMI levels were
approaching the predicted levels at
age 2 years. The growth pattern was
similar among boys, although boys
had higher overall BMI levels
(Fig 1B).

Table 3 presents the proportion of
overweight and obesity by levels of
neonatal adiposity (mean 6 SD; 9.1%
6 4.0%). In general, increased
neonatal adiposity was associated
with an increase in the proportion of
children having overweight or
obesity. For instance, at age 2 to
3 years, overweight or obesity was
noted in 15% (95% CI: 9% to 21%) of
the children born with 5.1% neonatal
adiposity (mean 2 1 SD), 18% (95%
CI: 15% to 21%) of the children born
with 9.1% neonatal adiposity, and
23% (95% CI: 15% to 30%) of the
children born with 13.1% neonatal
adiposity (mean 1 1 SD). By age 5 to
6 years, overweight or obesity was
observed in only 3% (95% CI: 0% to
8%) of the children born with 5.1%
neonatal adiposity, 15% (95% CI: 9%
to 21%) of the children born at 9.1%
neonatal adiposity and 23% (95% CI:

TABLE 2 The Association Between Neonatal Adiposity and Childhood BMI From Sequentially Adjusted
Mixed-Effects Regression Models

Adjusted b (95% CI) P

Model 1
Age, y 20.60 (20.73 to 20.46) ,.01
Age squared 0.06 (0.04 to 0.08) ,.01
Neonatal adiposity, SD increase 0.12 (0.03 to 0.20) ,.01
Sex, male 0.32 (0.14 to 0.49) ,.01

Model 2
Age, y 20.60 (20.73 to 20.47) ,.01
Age squared 0.06 (0.05 to 0.08) ,.01
Neonatal adiposity, SD increase 0.10 (0.02 to 0.19) .02
Sex, male 0.34 (0.17 to 0.51) ,.01
Maternal education 20.22 (20.30 to 20.15) ,.01
Race and/or ethnicity 20.25 (20.30 to 20.33) ,.01

Model 3
Age, y 20.50 (20.73 to 20.47) ,.01
Age squared 0.05 (0.03 to 0.07) ,.01
Neonatal adiposity, SD increase 0.12 (0.03 to 0.22) ,.01
Sex, male 0.34 (0.17 to 0.53) ,.01
Maternal education 20.21 (20.30 to 20.12) ,.01
Race and/or ethnicity 20.21 (20.32 to 20.10) ,.01
Exclusive breastfeeding 20.02 (20.01 to 0.02) .34
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9% to 39%) of the children born with
13.1% neonatal adiposity.

DISCUSSION

Higher neonatal adiposity is
associated with higher overall BMI
levels and higher prevalence of
overweight and obesity. This
association was similar in boys and
girls and across racial and ethnic
groups and did not differ according to

breastfeeding duration. These
findings are important because
various prenatal exposures, such as
maternal diet and physical activity
during pregnancy, may have specific
effects on offspring fat accretion that
are not identified by simply
measuring birth weight.9,10 Thus, our
results suggest that neonatal
adiposity is a potentially useful
surrogate end point for prenatal
trials, designed to reduce future risk

of child overweight and obesity.
Furthermore, our data may help to
identify at-risk children, particularly
those born macrosomic or to mothers
with diabetes, who could benefit from
proven obesity interventions.

Our study is the first to conduct
a longitudinal analysis of neonatal
adiposity and childhood BMI
trajectories. Exploring childhood BMI
trajectories is important because
single estimates of BMI may not
capture complex growth patterns.12

Yet, our study demonstrates
a constant relationship between
neonatal adiposity and childhood BMI
through age 6 years, in which the
relationship did not change over time.
We observed that each SD increase in
neonatal adiposity resulted in a 0.12
higher overall BMI between ages 2
and 6 years. Although this association
is modest, a 0.12 increase in BMI
represents a 2% to 4% increase in

FIGURE 1
Predicted BMI levels according to neonatal adiposity.

TABLE 3 Proportion of Children by Age Who Were Classified as Overweight or Obese According to
Neonatal Adiposity

Neonatal Adiposity 2–3 y 3–4 y 4–5 y 5–6 y

n Percent (95%
CI)

n Percent (95%
CI)

n Percent (95%
CI)

n Percent (95%
CI)

5.1% (mean 2 1
SD)

132 15 (9 to 21) 87 13 (6 to 20) 82 10 (3 to 16) 36 3 (0 to 8)

9.1% (mean) 527 18 (15 to 21) 362 19 (15 to 23) 386 17 (13 to 21) 136 15 (9 to 21)
13.1% (mean 1 1
SD)

120 23 (15 to 30) 69 22 (12 to 32) 97 14 (7 to 21) 30 23 (9 to 39)

P for trend — P = .08 — P = .08 — P = .26 — P = .02

—, not applicable.
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BMI percentile on the basis of the
Centers for Disease Control and
Prevention BMI-for-age growth charts
for boys and girls.21 The implications
of our findings are important because
even small increases in childhood
percentiles could significantly
contribute to early systemic
inflammation and subsequent
cardiometabolic diseases.25

The association between neonatal
adiposity and BMI did not vary by
subgroups. Although a shorter
duration of breastfeeding is
associated with rapid BMI growth in
early childhood,14 we did not detect
an interaction between neonatal
adiposity and breastfeeding duration
on BMI trajectories. Although there
are many reasons for promoting
breastfeeding exclusivity for at least 6
months,26 our results do not indicate
that breastfeeding duration modifies
the association between neonatal
adiposity and childhood BMI levels.
Similarly, we did not observe that sex
or race and/or ethnicity modified this
association, despite their individual
effects on BMI growth patterns.13

Increased neonatal adiposity was
associated with an increased
proportion of childhood overweight
and obesity across early childhood.
These associations tended to be
stronger between the ages of 2 to 3
and 5 to 6 years. Conversely, at ages 4
to 5 years, the highest proportion of
childhood overweight and obesity
was present among children with
mean neonatal adiposity levels. It is
unclear why the association between
neonatal adiposity and childhood
overweight and obesity was not
sequential at this age. One possible
explanation is that growth may have

shifted slightly upwards among the
mean neonatal adiposity group
during BMI rebound (when the BMI
trajectory changed direction), which
occurred at 4.7 years.

This study had some limitations. The
quality of the weight and height
measures abstracted from medical
records is an important
consideration. However, we
developed a sophisticated technique
for removing statistical anomalies,
which likely reduced measurement
errors. After removing statistical
anomalies, our final data set included
height and weight data from 979
participants, with between 1 to 7
pediatric visits per year (mean: 1.7).

A second limitation is the extent to
which findings are generalizable to
other populations. The mean neonatal
adiposity (9.1% 6 4.0%) in our study
is comparable to that elsewhere in
the United States,27,28 United
Kingdom,29 and Australia,30 although
slightly higher than what has been
reported in an Ethiopian
population.31 Furthermore, our
cohort was relatively well educated,
with a household income exceeding
$40000. Thus, our results may be
generalizable but only to other
populations with similar distributions
of neonatal adiposity, maternal
education, household income, race
and/or ethnicity, and other early-life
factors, such as the duration of
exclusive breastfeeding.

Finally, the use of BMI to approximate
childhood adiposity is an inherent
limitation. BMI is a crude
approximation of excess fat mass32

and may contribute to
misclassification of overweight or

obesity. For instance, large BMI
values in childhood may be a result of
large amounts of fat-free mass, rather
than fat mass.33 Conversely,
childhood BMI values within the
“normal” range may fail to detect
excess fat mass for size, particularly if
fat-free mass is low.34 Despite the
potential for misclassification, BMI is
strongly correlated with adiposity33

and is used to identify children at
future risk of adverse cardiometabolic
outcomes as well as fat mass.34 Thus,
BMI continues to be a useful tool for
screening children at risk for excess
adiposity,33 which further supports
the clinical utility of our results.

CONCLUSIONS

Childhood overweight and obesity is
linked to many adverse outcomes,
including metabolic syndrome and
type 2 diabetes.35 Obesity is primed
during prenatal development,
beginning as early as midgestation,36

which suggests that pregnancy may
be an ideal time to intervene. In the
current study, we provide novel
evidence that higher neonatal
adiposity is associated with a higher
BMI and increased likelihood of
overweight or obesity from ages 2 to
6 years. Because prenatal factors may
have a specific effect on offspring fat
accretion,9,10 our results suggest that
neonatal adiposity may be a useful
surrogate end point for prenatal trials
designed to reduce future child
overweight and obesity.
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