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ABSTRACT

Objectives Accelerated gain in fat mass (FM) in early life increases the risk for adult diseases. 
Longitudinal data on infant body composition are crucial for clinical and research use, but 
very difficult to obtain due to limited measurement tools and unsuccessful measurements 
between age 6–24 months. We compared FM% by dual-energy X-ray absorptiometry (DXA), 
with cushion to reduce movement artifacts, with FM% by air-displacement plethysmography 
(ADP) and evaluated the reliability of this cushion during DXA by comparing FM% with and 
without cushion. Subsequently, we constructed sex-specific longitudinal body composition 
charts from 1–24 months.

Methods In 692 healthy, term-born infants (Sophia Pluto Cohort), FM% was measured by 
ADP from 1–6 months and DXA with cushion from 6–24 months. At 6 months, FM% was 
measured in triplicate by ADP and DXA with and without cushion (n=278), later on in smaller 
numbers.

Results At 6 months, mean FM% by DXA with cushion was 24.1 and by ADP 25.0, mean dif-
ference of 0.9% (Bland–Altman p=0.321, no proportional bias). Mean FM% by DXA without 
cushion was 12.5% higher compared to ADP (Bland–Altman p<0.001). DXA without cushion 
showed higher mean FM% compared to DXA with cushion (+11.6%, p<0.001) at 6 months. 
Longitudinally, FM% increased between 1–6 months and decreased from 6–24 months (both 
p<0.001).

Conclusions In infants, DXA scan with cushion limits movement artifacts and shows reli-
able FM%, comparable to ADP. This allowed us to construct longitudinal body composition 
charts until 24 months. Our study shows that FM% increases from 1–6 months and gradually 
declines until 24 months.
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INTRODUCTION

The first 1000 days window, from conception until 24 months, is an important period for 
body and brain development and hence an optimal time for early obesity prevention (1). 
Determining sex-specific changes in longitudinal body composition, i.e., fat mass (FM) and 
fat-free mass (FFM), during this period is crucial for clinical and research use, but challeng-
ing due to movement artifacts when infants become older and stronger and to the limited 
measurement tools between the age of 6 months and 2 years.

Earlier studies focused mainly on longitudinal anthropometric outcomes, such as weight-for-
length, body mass index, and skinfolds as a proxy for infant adiposity (2). We and others dem-
onstrated that rapid weight gain in infancy, and specifically in the first 3 months, was strongly 
associated with determinants of cardiovascular disease, type 2 diabetes, and overweight in 
early adulthood (3-6). It is essential to obtain longitudinal data on body composition in early 
life, as we previously showed that infants with similar weight and weight-for-length standard 
deviation scores (SDS) might have different fat mass percentage (FM%) (7).

Nowadays, methods exist to assess detailed body composition in infants (8). Techniques 
to determine body composition by the multi-component model for quantifying fat, water, 
mineral, and protein or by magnetic resonance imaging have been applied in infancy and 
childhood (9-11). However, these methods are laborious, expensive, and cannot be applied 
routinely in larger study settings. Air-displacement plethysmography (ADP) is a noninvasive, 
fast, and accurate technique for measuring longitudinal body composition in infants from 
birth until the upper limit of 8 kg (PEA POD) (12-15) and from ~2–3 years onward (BOD POD, 
pediatric option) (16), but there are no ADP systems for children between 6 months and 2 
years (12, 17).

Dual-energy X-ray absorptiometry (DXA) is an alternative measurement technique (15, 18-
20), but reference values exist only from age 4 years onward (21). Also, it has been reported 
that DXA overestimates FM (22). DXA has good reproducibility in infants in case of a suc-
cessful scan (18), but successful measurements are extremely difficult to obtain in infants 
due to movement artifacts (8, 22, 23). Unsuccessful scans are reported in newborns up to 
69% (19, 24), which could be higher when infants become older and stronger. The use of a 
vacuum cushion prevents movement in infants during DXA, but the effect on body composi-
tion measurement was unknown.

Two studies compared ADP and DXA in infancy, with conflicting results and performed 
in small populations (23, 25). Since both have different measurement techniques, it is 
important to determine whether measurements are comparable at the transition point at 
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age 6 months. Combining measurements of ADP and DXA would allow the construction of 
longitudinal data on body composition during the first 2 years of life, which is essential for 
the clinical and research use.

We hypothesized that infant body composition measured by DXA with vacuum cushion 
would be comparable with ADP measurements at the age of 6 months, because DXA mea-
surements with vacuum cushion provide more reliable FM%, due to less movement arti-
facts, compared to DXA measurements without vacuum cushion. Consecutively, we wanted 
to construct sex-specific longitudinal body composition charts from age 1 until 24 months, 
based on our large group of healthy, term-born boys and girls.

MATERIALS AND METHODS

Study settings and subjects

The study population consisted of 692 healthy, term-born infants, participating in the Sophia 
Pluto Study, a birth cohort study in Rotterdam area (The Netherlands; Supplemental Fig. 1). 
Between January 2013 and October 2018, infants were recruited to obtain detailed data on 
body composition and growth during early life. The Medical Ethics Committee of Erasmus 
Medical Center approved the Sophia Pluto Study (MEC-2012-164) and parental written 
informed consent was obtained (13). All participants fulfilled the following inclusion criteria: 
term born (≥37 weeks of gestation), age < 28 days, uncomplicated neonatal period without 
signs of severe asphyxia (defined as an Apgar score < 3 after 5 min), sepsis, or long-term 
complication of respiratory ventilation. Infants were excluded if they had known congenital 
or postnatal diseases, confirmed intrauterine infection, maternal use of corticosteroids dur-
ing pregnancy, or a significant maternal medical condition that could interfere with the study 
results.

Data collection and measurements

Outpatient clinic visits were scheduled at the age of 1, 3, 6, 9, 12, 18, and 24 months (Table 
1). Pregnancy and birth data were obtained from midwife and hospital records. Measure-
ments were performed by trained staff.

Anthropometrics

Weight was measured to the nearest 5 g by using an electronic infant scale (SECA 717, 
Hamburg, Germany). Length was measured twice by two-person technique to the nearest 
0.1 cm using an infantometer (SECA 416) and head circumference was measured twice as 
the widest frontal–occipital circumference, to the nearest 0.1 cm using a measuring tape 
(SECA 201).
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Body composition measurements

Until the age of 6 months, body composition was assessed by ADP (ADP by PEA POD, 
COSMED, Italy). ADP assesses FM, fat mass percentage (FM%), fat-free mass (FFM), and 
fat-free mass percentage (FFM%) by direct measurements of body mass and body volume, 
based on the whole-body densitometric principle (26). Body mass was measured on the 
integrated scale of the PEA POD and body volume was measured inside the closed test 
chamber by applying pertinent gas laws that relate pressure changes to volumes of air. The 
PEA POD was calibrated every day, according to the protocol recommended by the supplier. 
At the age of 6 months, body composition was assessed in triplicate in 278 infants. Once by 
PEA POD and twice by DXA (Lunar Prodigy, GE Healthcare, UK): once with a vacuum cushion 
(465 75100, Schmidt, Germany) to prevent movement and once without. During all DXA 
scans, infants were wearing only a disposable diaper and were swaddled in a cotton blanket.

From 6 months onward, DXA with vacuum cushion to prevent movement was used in all 
infants at every visit. All DXA scans were performed with the same machine with daily qual-
ity controls. We used enCORE software version 14.1 and for analysis the enhanced analysis 
algorithm (27). FM% was calculated as total FM (gram) divided by total weight (gram) × 100 
[FM/weight × 100]. As dependent on the position of the infant, a variable part of the vacuum 
cushion is considered as FFM by DXA. FFM was calculated by subtracting total FM (gram) 
from total weight (gram). Fat mass index (FMI) was determined by dividing FM (kg) by height 
squared (m2) and fat-free mass index (FFMI) by dividing FFM (kg) by height squared (m2).

Table 1. Clinical characteristics.

Gender 1 month 3 months 6 months 9 months 12 months 18 months 24 months

N Total 692 617 550 505 473 396 346

M 375 342 300 281 260 225 200

F 317 275 250 224 213 171 146

Weight 
(kg)

M 4.42
[4.03 – 4.77]

6.19
[5.81 – 6.72]

7.90
[7.39 – 8.55]

9.15
[8.51 – 9.81]

9.98
[9.20 – 10.76]

11.48
[10.53 – 12.30]

12.83
[11.70 – 13.80]

F 4.08
[3.67 – 4.42]

5.72
[5.20 – 6.18]

7.33
[6.83 – 7.87]

8.44
[7.83 – 9.06]

9.35
[8.74 – 9.99]

10.80
[10.10 – 11.46]

12.06
[11.30 – 12.85]

Length 
(cm)

M 55.0
[53.6 – 56.5]

62.2
[60.5 – 63.5]

69.0
[67.0 – 70.5]

73.2
[71.9 – 74.9]

77.0
[75.0 – 79.0]

83.9
[81.5 – 86.0]

90.0
[87.5 – 91.9]

F 54.0
[52.4 – 55.3]

60.5
[59.0 – 61.5]

67.0
[65.5 – 68.4]

71.3
[69.6 – 72.6]

75.0
[73.5 – 76.5]

82.0
[79.8 – 83.4]

88.0
[85.9 – 90.0]

Head 
circum-
ference 
(cm)

M 37.5
[36.5 – 38.2]

40.5
[40.0 – 41.3]

43.5
[42.7 – 44.3]

45.3
[44.5 – 46.2]

46.3
[45.5 – 47.2]

48.0
[47.0 – 48.5]

48.6
[47.5 – 49.8]

F 36.4
[35.7 – 37.2]

39.5
[38.6 – 40.2]

42.0
[41.5 – 43.0]

44.0
[43.2 – 44.5]

45.0
[44.2 – 45.5]

46.3
[45.5 – 47.0]

47.5
[46.5 – 48.0]

Data expressed as median [IQR] for male and female.
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Statistical analysis

Clinical characteristics are expressed as median and interquartile range [IQR]. Differences in 
clinical characteristics were determined by independent Student’s t-test or Mann–Whitney U 
test for non-parametric parameters. Correlations were determined by Pearson’s correlation 
coefficient, or Spearman for non-parametric parameters. Related Samples Wilcoxon signed-
rank test was used to compare median FM% by ADP and DXA. Bland–Altman analysis was 
used for the level of agreement between PEA POD and DXA measurements. SPSS statistical 
package version 24 (SPSS Inc. Chicago, Illinois) was used. P values <0.05 were considered 
statistically significant. For the creation of sex-specific curves for FM%, FM, FMI, FFM, and 
FFMI, generalized additive models for location, scale, and shape (28) were used. To fit the 
parameters of kurtosis, a four parameter (μ, σ, ν, and τ) Box–Cox power exponential distribu-
tion was applied to construct the final curves (29). The distribution expresses the mean (μ), 
variance (σ), skewness (ν), and kurtosis (τ) that change as a function of age.

RESULTS

Clinical characteristics of the subjects are presented in Table 1. Fifty-four percent of the 
infants was male and 69.2% had Caucasian ethnicity. Median [IQR] birthweight was 3.37 
[3.06–3.71] kg at a gestational age of 39.9 [38.9–40.7] weeks in the total group, and 3.46 
[3.13–3.77] kg at 39.7 [38.9–40.6] weeks in boys and 3.29 [2.97–3.65] kg at 39.9 [39.0–40.7] 
weeks in girls.

ADP versus DXA with and without cushion at age 6 months in 278 infants

Mean FM% was 24.1 by ADP and 25.0 by DXA with cushion, with a mean difference of 
0.9% between both measurements (p=0.004; Fig. 1). Bland–Altman analysis did not show 
a significant correlation (p=0.321) for the difference in FM% with the mean in FM% (Fig. 2), 
indicating that there is no proportional bias. Mean FM% was 24.1 by ADP and 36.6 by DXA 
without cushion, showing a much higher mean difference of 12.5% between both measure-
ments (p<0.001). Bland–Altman analysis showed a significant correlation (p<0.001) for the 
difference in FM% with the mean in FM% (Fig. 2), indicating proportional bias.

DXA with versus without cushion at 6, 9, 12, 18, and 24 months

At age 6 months, measurements of FM% by DXA with and without cushion in 278 infants 
were significantly different (p<0.001), with a much higher mean FM% of +11.6% measured 
by DXA without cushion compared to DXA with cushion. Bland–Altman analysis showed a 
significant correlation (p=0.01) for the difference in FM% with the mean in FM%, indicating 
proportional bias. After the age 6 months, it proved extremely difficult to perform reliable 
DXA measurements in duplicate (with and without cushion) as it was almost impossible to 
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acquire reliable results of DXA without cushion due to movement artifacts. Movement arti-
fact were present in ~70% of DXA without cushion compared to ~15% of DXA with cushion at 
age 9, 12, 18, and 24 months. Mean FM% measured by DXA without a cushion was, in infants 
with successful scans, 13.3% higher compared to DXA with cushion at age 9 months (n=8), 
10.8% at age 12 months (n=5), 14.1% at 18 months (n=3), and 13.9% at age 24 months (n=4). 
It was not possible to perform Bland–Altman analyses due to the small group of infants with 
duplicate measurements after the age of 6 months.

Figure 1. FM% by ADP versus DXA at 6 months of age.
Mean and 95% prediction interval for FM% a) ADP versus DXA with cushion R=0.659, p<0.001 and b) ADP 
versus DXA without cushion R=0.711, p<0.001.

Figure 2. Bland-Altman analyses between ADP and DXA at 6 months of age, n=278.
The middle dashed line represents the mean difference between ADP and DXA. The upper and lower dashed 
lines represent ± 2 SD and the solid line represents the regression line. FM% by a) ADP versus DXA with cush-
ion with R=0.061, p=0.321, and b) ADP versus DXA without cushion with R=0.227, p<0.001.
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Figure 3. Longitudinal values of FM% (fat mass percentage), FM (fat mass), FMI (fat mass index), FFM (fat-free 
mass) and FFMI (fat-free mass index) for male and female.
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Table 2. Longitudinal values of FM%, FM, FMI, FFM and FFMI.

Male Female

-2 SD -1 SD 0 SD +1 SD +2 SD -2 SD -1 SD 0 SD +1 SD +2 SD

FM%

1 month 8.1 13.0 16.8 20.4 24.8 8.7 12.8 17.1 21.3 25.2

3 months 11.2 16.5 21.5 26.4 31.7 12.1 17.2 22.5 27.4 31.8

6 months 13.2 17.9 23.3 29.0 34.5 14.4 19.9 25.4 30.4 34.9

9 months 12.9 16.6 21.5 26.9 32.0 14.4 18.9 23.8 28.7 33.2

12 months 12.0 14.9 19.1 24.1 28.8 13.4 17.1 21.5 26.3 31.4

18 months 11.3 13.6 17.1 21.7 26.9 11.4 14.4 18.2 23.2 29.2

24 months 11.1 13.3 16.3 20.7 27.3 11.3 13.9 17.3 21.6 26.9

FM (kg)

1 month 0.32 0.53 0.73 0.95 1.25 0.28 0.47 0.69 0.94 1.20

3 months 0.63 0.98 1.35 1.76 2.30 0.59 0.91 1.28 1.71 2.18

6 months 0.92 1.34 1.82 2.40 3.10 0.94 1.34 1.83 2.39 3.01

9 months 1.03 1.41 1.93 2.57 3.31 1.08 1.49 1.99 2.58 3.26

12 months 1.04 1.39 1.90 2.57 3.34 1.09 1.49 1.98 2.57 3.30

18 months 1.11 1.44 1.94 2.66 3.63 1.08 1.48 1.97 2.60 3.47

24 months 1.24 1.56 2.05 2.81 4.03 1.18 1.58 2.08 2.77 3.83

FMI (kg/m2)

1 month 1.06 1.79 2.43 3.10 3.96 1.05 1.68 2.38 3.13 3.94

3 months 1.61 2.55 3.45 4.43 5.69 1.68 2.54 3.50 4.56 5.71

6 months 2.01 2.90 3.91 5.10 6.56 2.19 3.11 4.17 5.36 6.69

9 months 2.01 2.69 3.62 4.80 6.16 2.18 3.00 3.97 5.08 6.35

12 months 1.84 2.37 3.17 4.25 5.51 1.97 2.67 3.52 4.54 5.72

18 months 1.65 2.11 2.77 3.72 5.03 1.66 2.23 2.97 3.91 5.09

24 months 1.57 2.00 2.60 3.47 4.84 1.57 2.05 2.70 3.58 4.76

FFM (kg)

1 month 2.91 3.30 3.70 4.10 4.45 2.57 3.01 3.39 3.77 4.17

3 months 3.86 4.31 4.80 5.27 5.69 3.45 3.92 4.34 4.76 5.19

6 months 4.98 5.50 6.07 6.63 7.12 4.47 4.99 5.47 5.95 6.44

9 months 5.86 6.48 7.17 7.84 8.43 5.23 5.86 6.44 7.02 7.62

12 months 6.54 7.25 8.06 8.86 9.55 5.92 6.63 7.31 7.98 8.67

18 months 7.68 8.48 9.42 10.36 11.18 7.21 7.99 8.75 9.51 10.27

24 months 8.50 9.43 10.52 11.64 12.61 8.25 9.10 9.97 10.84 11.70

FFMI (kg/m2)

1 month 10.46 11.28 12.15 13.05 13.94 9.91 10.83 11.65 12.52 13.63

3 months 10.75 11.59 12.48 13.40 14.31 10.21 11.14 11.97 12.83 13.94

6 months 11.15 12.01 12.93 13.88 14.82 10.57 11.48 12.31 13.18 14.24

9 months 11.47 12.35 13.29 14.26 15.22 11.02 11.84 12.72 13.62 14.57

12 months 11.67 12.57 13.52 14.50 15.47 11.37 12.10 13.00 13.93 14.76

18 months 11.69 12.58 13.52 14.49 15.45 11.55 12.24 13.09 13.96 14.72

24 months 11.44 12.30 13.21 14.14 15.07 11.41 12.14 12.89 13.65 14.42

Data expressed as median, ± 1 and ± 2 SD scores for male and female for FM% (fat mass percentage), FM (fat 
mass), FMI (fat mass index), FFM (fat-free mass) and FFMI (fat-free mass index), obtained by ADP (1, 3 and 6 
months) and DXA with vacuum cushion (9, 12, 18 and 24 months). Comparison of triplicate measurements 
(ADP and DXA with versus without vacuum cushion) at age 6 months is described in the results section.
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Longitudinal body composition measurements

Since FM% measured by DXA with cushion was comparable to FM% by ADP, all infants were 
measured by DXA with cushion from age 6 to 24 months. Table 2 presents the longitudinal 
values for FM and FFM as median ±1 and ±2 SD scores for boys and girls from age 1 to 24 
months. Figure 3 shows the sex-specific longitudinal values for FM%, FM, FMI, FFM, and 
FFMI. Girls had a higher median FM% at age 6, 9, 12, and 18 months (p-values <0.001, 
<0.001, <0.001 and 0.009, respectively) and lower median FFM (p<0.001, all time points) 
than boys. In the total group, FM% was highest at age 6 months, with highest increment 
between 1 and 3 months of age. After 6 months, FM% decreased gradually until 24 months 
(Table 2, Fig. 3). We found a significant increase in FM% between 1 and 3 months (p<0.001), 
and 3 and 6 months (p<0.001), which were similar in boys and girls. Between 6 and 24 
months, there was a significant decrease in FM% (p<0.001) in boys and girls alike.

DISCUSSION

To our knowledge, this is the first study to describe the use of a vacuum cushion in infants to 
prevent movement during DXA scan, showing reliable results for FM% comparable to FM% 
measured by ADP. This allowed us to construct longitudinal charts on body composition 
in infants from 1 until 24 months of age, which addresses an important topic and gap in 
research due to limited measurement options. We found a significant increase in FM% in 
the first 6 months after birth, followed by a gradual decline until 24 months, in both sexes.

Longitudinal data on body composition in infants are essential for clinical and research use, 
but very difficult to construct as ADP is available from birth until the upper limit of 8 kg 
(PEA POD) and from ~2–3 years of age onward (BOD POD, pediatric option) (17, 30). DXA 
reference data are only available from 4 years onward [21]. DXA scans can be performed in 
infants and have good reproducibility for total FM (intraclass correlation coefficient (ICC) 
0.94 (0.89–0.97)) between DXA measurements in infants with successful scans (18), but 
reliable results are extremely difficult to obtain in infancy with a very high proportion of 
unusable scans due to movement artifacts (19, 24).

Since ADP and DXA measure body composition with a different technique, it is important 
to investigate whether body composition results of these two techniques are comparable 
at the transition point of 6 months. Previously, this comparison between ADP and DXA was 
determined in small groups and results were contradictory (23, 25). Fields et al. (23) showed 
that body composition measurements by DXA and ADP were highly correlated in 84 infants 
at age 6 months, but DXA measurements showed significantly higher FM%, which we also 
found when FM% was measured by DXA without cushion. However, the opposite was found 
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in a South African study in 92 infants at 2 weeks of age, with DXA measurements having 
lower FM% compared to ADP (25). Both studies measured FM% by DXA without vacuum 
cushion.

From age 6 months to 2 years, most children do not want to be held in place and it is impos-
sible to swaddle them only in a cotton blanket and then obtain a reliable DXA scan without 
movement artifacts. The use of a vacuum cushion prevents infants from movement. Our 
study shows that at the age of 6 months, FM% measured by DXA with a vacuum cushion 
provides comparable FM% results as FM% measured by ADP, in contrast to DXA without 
cushion. Unfortunately, we were only able to determine the difference in FM measured by 
DXA with versus without vacuum cushion at ages after 6 months in a small group of infants, 
because of a high percentage (70%) of unsuccessful DXA scans without cushion due to move-
ments artifacts, which is a limitation of the study. However, this indicates the difficulties in 
obtaining reliable DXA scans without cushion, as was previously described in other studies, 
where only 9 out of 578 newborns had reliable duplicate measurements without cushion 
(24) and also high percentages of unsuccessful scans without cushion were reported (19, 
24).

With increasing strength when infants become older, it is even more difficult at later ages. 
We found that measurements with cushion are more successful (85%) than those without 
(30%) and were able to determine the correction factors between DXA measurements with 
and without cushion at age 9, 12, 18, and 24 months with the same DXA machine, software, 
and cushion, which need to be interpreted with caution. It is important to investigate if this 
factor remains stable in a larger group and is similar if other DXA machines, software, and 
cushions are used.

Strengths of this study are the large number of boys and girls with detailed body compo-
sition measurements and duplicate measurements at the transition point at 6 months in 
278 infants, given the lack of a true gold standard suitable for longitudinal studies in young 
infants. Furthermore, a consistent approach was used by measuring body composition with 
the same DXA machine, software, and cushion in all infants.

We did not start the study directly after birth, but at age 1 month, because the neonates had 
to visit the hospital for the body composition measurements. This was too much of a burden 
for the infants and mothers in the first days after birth.

Our longitudinal data show a significant increase in FM% during the first 6 months and a 
gradual decrease in FM% from the age of 6 to 24 months. Similar to our findings, some 
studies reported a longitudinal increase in FM% during the first 6 months of life (31-34). The 
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decline in FM% after 6 months of age might, at least partially, be explained by the increase in 
physical activity from ~6 months onward when infants start to roll over, crawl, and walk. We 
also found that girls had higher FM and lower FFM than boys, as found previously at birth 
and until 6 months (35-37).

In conclusion, the use of a vacuum cushion to prevent movements during DXA scan in in-
fants, provides reliable measurements of body composition and results are comparable to 
ADP measurements. This allows longitudinal measurements of body composition in infants 
until 2 years of age, which addresses a gap in research. We found that FM% increases during 
the first 6 months and gradually declines until 24 months.

Acknowledgements

We thank all infants and their parents for participating in the Sophia Pluto Study. Further-
more, we greatly acknowledge Ms. J. van Nieuwkasteele, Mrs. M. Huibregtse-Schouten, Mrs. 
C. Bruinings-Vroombout, Mrs. E. Lems, Ms. N. Khieroe, Mrs. S. Besteman-Voortman, Mrs. J. 
Bontenbal-van de Wege, research nurses, for their assistance with data collection.

12 Erasmus Medical Center Rotterdam



REFERENCES

 1. Pietrobelli A, Agosti M, MeNu G. Nutrition in the First 1000 Days: Ten Practices to Minimize Obesity 
Emerging from Published Science. Int. J. Environ. Res. Public Health. 2017;14(12):1491.

 2. Roy SM, Spivack JG, Faith MS, et al. Infant BMI or Weight-for-Length and Obesity Risk in Early Child-
hood. Pediatrics. 2016;137(5).

 3. Leunissen RW, Kerkhof GF, Stijnen T, Hokken-Koelega A. Timing and tempo of first-year rapid growth 
in relation to cardiovascular and metabolic risk profile in early adulthood. JAMA. 2009;301(21):2234-
2242.

 4. Odegaard AO, Choh AC, Nahhas RW, Towne B, Czerwinski SA, Demerath EW. Systematic examina-
tion of infant size and growth metrics as risk factors for overweight in young adulthood. PLoS One. 
2013;8(6):e66994.

 5. Ay L, Hokken-Koelega ACS, Mook-Kanamori DO, et al. Tracking and determinants of subcutaneous fat 
mass in early childhood: the Generation R Study. International Journal Of Obesity. 2008;32:1050.

 6. Wells JCK. Body composition in infants: Evidence for developmental programming and techniques for 
measurement. Reviews in Endocrine and Metabolic Disorders. 2012;13(2):93-101.

 7. Breij LM, Steegers-Theunissen RPM, Briceno D, Hokken-Koelega ACS. Maternal and Fetal Determi-
nants of Neonatal Body Composition. Horm. Res. Paediatr. 2015;84(6):388-395.

 8. Demerath EW, Fields DA. Body composition assessment in the infant. Am J Hum Biol. 2014;26(3):291-
304.

 9. Butte NF, Hopkinson JM, Wong WW, Smith EO, Ellis KJ. Body composition during the first 2 years of life: 
an updated reference. Pediatr Res. 2000;47(5):578-585.

 10. Fomon SJ, Haschke F, Ziegler EE, Nelson SE. Body composition of reference children from birth to age 
10 years. Am J Clin Nutr. 1982;35(5 Suppl):1169-1175.

 11. Harrington TA, Thomas EL, Frost G, Modi N, Bell JD. Distribution of adipose tissue in the newborn. 
Pediatr Res. 2004;55(3):437-441.

 12. Mazahery H, von Hurst PR, McKinlay CJD, Cormack BE, Conlon CA. Air displacement plethysmography 
(pea pod) in full-term and pre-term infants: a comprehensive review of accuracy, reproducibility, and 
practical challenges. Matern Health Neonatol Perinatol. 2018;4:12.

 13. Breij Laura M, Kerkhof Gerthe F, De Lucia Rolfe E, et al. Longitudinal fat mass and visceral fat during 
the first 6 months after birth in healthy infants: support for a critical window for adiposity in early life. 
Pediatric Obesity. 2017;12(4):286-294.

 14. Breij LM, Abrahamse-Berkeveld M, Acton D, De Lucia Rolfe E, Ong KK, Hokken-Koelega ACS. Impact 
of Early Infant Growth, Duration of Breastfeeding and Maternal Factors on Total Body Fat Mass and 
Visceral Fat at 3 and 6 Months of Age. Ann. Nutr. Metab. 2017;71(3-4):203-210.

 15. Zanini RdV, Santos IS, Chrestani MAD, Gigante DP. Body Fat in Children Measured by DXA, Air-
Displacement Plethysmography, TBW and Multicomponent Models: A Systematic Review. Maternal 
and Child Health Journal. 2015;19(7):1567-1573.

 16. COSMED. Bod Pod Brochure ENGLISH
 17. Fields DA, Gunatilake R, Kalaitzoglou E. Air displacement plethysmography: cradle to grave. Nutr. Clin. 

Pract. 2015;30(2):219-226.
 18. Godang K, Qvigstad E, Voldner N, et al. Assessing body composition in healthy newborn infants: reli-

ability of dual-energy x-ray absorptiometry. J. Clin. Densitom. 2010;13(2):151-160.
 19. de Knegt VE, Carlsen EM, Bech Jensen JE, Lade Rasmussen AM, Pryds O. DXA performance in a pe-

diatric population: precision of body composition measurements in healthy term-born infants using 
dual-energy X-ray absorptiometry. J. Clin. Densitom. 2015;18(1):117-123.

Longitudinal body composition in term-born infants 13



 20. Koo WW, Walters JC, Hockman EM. Body composition in human infants at birth and postnatally. J Nutr. 
2000;130(9):2188-2194.

 21. van der Sluis IM, de Ridder MA, Boot AM, Krenning EP, de Muinck Keizer-Schrama SM. Reference data 
for bone density and body composition measured with dual energy x ray absorptiometry in white 
children and young adults. Arch Dis Child. 2002;87(4):341-347; discussion 341-347.

 22. IAEA. Body composition assessment from birth to two years of age. International Atomic Energy 
Agency. Human Health Series. Vienna, Austria. 2013;22.

 23. Fields David A, Demerath Ellen W, Pietrobelli A, Chandler-Laney Paula C. Body Composition at 6 
months of Life: Comparison Of Air Displacement Plethysmography and Dual-Energy X-Ray Absorpti-
ometry. Obesity. 2012;20(11):2302-2306.

 24. Shepherd JA, Sommer MJ, Fan B, et al. Advanced Analysis Techniques Improve Infant Bone and Body 
Composition Measures by Dual-Energy X-Ray Absorptiometry. J Pediatr. 2017;181:248-253 e243.

 25. Wrottesley SV, Pisa PT, Micklesfield LK, Pettifor JM, Norris SA. A comparison of body composition 
estimates using dual-energy X-ray absorptiometry and air-displacement plethysmography in South 
African neonates. European Journal Of Clinical Nutrition. 2016;70:1254.

 26. COSMED. Pea Pod Brochure ENGLISH
 27. Healthcare G. Frequently Asked Questions; Advanced body composition application overview. 2012.
 28. Rigby RA, Stasinopoulos DM. Generalized additive models for location, scale and shape. Journal of the 

Royal Statistical Society: Series C (Applied Statistics). 2005;54(3):507-554.
 29. Rigby RA, Stasinopoulos DM. Smooth centile curves for skew and kurtotic data modelled using the 

Box–Cox power exponential distribution. Stat. Med. 2004;23(19):3053-3076.
 30. Ma G, Yao M, Liu Y, et al. Validation of a new pediatric air-displacement plethysmograph for assessing 

body composition in infants. Am J Clin Nutr. 2004;79(4):653-660.
 31. Carberry AE, Colditz PB, Lingwood BE. Body Composition From Birth to 4.5 Months in Infants Born to 

Non-Obese Women. Pediatric Research. 2010;68:84.
 32. Fields DA, Gilchrist JM, Catalano PM, Gianni ML, Roggero PM, Mosca F. Longitudinal body composition 

data in exclusively breast-fed infants: a multicenter study. Obesity (Silver Spring). 2011;19(9):1887-
1891.

 33. Andersen GS, Girma T, Wells JC, et al. Body composition from birth to 6 mo of age in Ethiopian infants: 
reference data obtained by air-displacement plethysmography. Am J Clin Nutr. 2013;98(4):885-894.

 34. Sauder KA, Kaar JL, Starling AP, Ringham BM, Glueck DH, Dabelea D. Predictors of Infant Body Compo-
sition at 5 Months of Age: The Healthy Start Study. The Journal of pediatrics. 2017;183:94-99.e91.

 35. Fields DA, Krishnan S, Wisniewski AB. Sex differences in body composition early in life. Gend. Med. 
2009;6(2):369-375.

 36. Hawkes CP, Hourihane JOB, Kenny LC, Irvine AD, Kiely M, Murray DM. Gender- and Gestational Age–
Specific Body Fat Percentage at Birth. Pediatrics. 2011;128(3):e645-e651.

 37. Ay L, Van Houten VA, Steegers EA, et al. Fetal and postnatal growth and body composition at 6 months 
of age. J Clin Endocrinol Metab. 2009;94(6):2023-2030.

14 Erasmus Medical Center Rotterdam


