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Abstract

Background: During pregnancy, a variety of factors can influence fetal growth and development. Intrauterine
growth may impact on later life and health. Neonatal body composition may be a more sensitive marker for the
intrauterine environment than established anthropometric parameters at birth.

Methods: To study neonatal body composition determined by air displacement plethysmography in healthy, term
singletons as national reference data, and to establish factors impacting on neonatal body composition in this
population. This prospective cross-sectional observational study included 271 healthy, full-term, singletons born
between June 2014 and July 2015. Body composition was measured within 96 h of birth using air displacement
plethysmography.

Results: Median (Q1, Q2) fat mass / total body mass (BF%) in German singletons was 10.8% (7.7–13.4) and fat free
mass (FFM) 2843 g (2606–3099). Female infants had significantly increased BF% compared to male infants (11.2%
(8.7–14.0) vs. 9.6% (7.2–12.1)). On multiple regression analysis, BF% and fat mass increased with female gender,
maternal pre-pregnancy body mass index, non-smoking mother and parity, whereas FFM increased with male
gender and increasing gestational age at birth. Gestational weight gain category, birth mode, and postnatal age at
measurement were not associated with BF%, FFM or fat mass.

Conclusions: We generated BF% and FFM centiles for healthy, term, singletons born in Germany; these are similar
to those found in other European countries. Infant body composition at birth was associated with modifiable (pre-
pregnancy body mass index, smoking), and given factors (gender, gestational age at birth, parity).
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Background
The incidence of obesity in children is rising worldwide.
Currently, 17.0% of children in the United States are
obese and the prevalence of extreme obesity is 5.8% [1].
In a recent study on German children and adolescents
aged 3 to 19 years studied in 2014–2017, the prevalence
of overweight was 15.4% and of obesity 5.9%, both in-
creased with age [2]. Obesity in children is relevant for
public health, because obese children already have

elevated blood pressure and abnormal fasting glucose
concentrations [3]. Furthermore, obese children are
likely to become obese adults with increased risk of
obesity-related complications (e.g., type II diabetes and
cardiovascular disease) and mortality [4–6].
Epidemiological studies suggest that inadequate intra-

uterine supply of nutrients may impact on metabolic
health in adulthood [7, 8]. Most studies investigating the
relationship between intrauterine growth and later meta-
bolic risk used birth weight alone. It is conceivable, how-
ever, that the determination of body composition might
be a more sensitive marker for in utero environment
and increased neonatal fat mass. It may also be a better
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indicator of later metabolic risk, as there is considerable
variability of neonatal body composition parameters
such as fat mass (FM), fat-free mass (FFM) and the pro-
portion of FM divided by total body mass (BF%) in new-
borns of similar weight and length [9, 10].
There are different methods to determine neonatal

body composition (e.g. dual energy x-ray absorptiometry,
magnetic resonance imaging or isotope dilution). For
about 15 years, air displacement plethysmography (ADP)
has been available as a method for rapid, non-invasive,
pain-free determination of body composition at relative
low cost, providing immediate results without ionizing
radiation; thereby making body composition measure-
ments in healthy children acceptable for parents and
ethics committees. It has been shown that these mea-
surements are highly reproducible and accurate and
therefore suitable even for large epidemiological studies
[11, 12]. ADP calculates BF%, FM and FFM according to
the two compartment model based on measurements of
the infants’ weight and volume.
Reference data for healthy newborns are important as

a basis to identify deviations in body composition from
the reference standard in special patient groups (e.g.,
small for gestational age or preterm infants) and to plan
intervention studies aiming at improving modifiable pre-
and postnatal factors affecting long-term health. For ex-
ample, the aim of nutritional care of preterm infants is
to achieve similar growth as in utero. Due to improve-
ments in nutritional care of preterm infants, weight-gain
as in utero is now often achieved [13], but body compos-
ition at term equivalent age continues to differ from
values found in term-born infants [14]
Differences in body composition between populations

of different ethnic and/or socioeconomic background
have been reported in adults and children [15, 16] and
neonates [12, 17].
We aimed to generate reference data for German

Caucasian population for BF%, FM and FFM at birth in
healthy, term, singleton infants and to investigate factors in-
fluencing body composition.

Methods
Participants
This was a prospective, cross-sectional study in a con-
venience sample of healthy, singleton, term infants (≥37
0/7 weeks gestation) born between June 2014 and July
2015 at Tuebingen University Women’s and Children’s
Hospital, Germany. Infants were recruited postnatally by
the study team on the puerperal ward if they fulfilled in-
clusion criteria. Parents were approached preferentially
on the day after birth, to enable recuperation from birth.
The aim was to address as many parents as possible, re-
stricted by limited availability of the study team. Infants
with major congenital anomalies (e.g. congenital heart

defects, diaphragmatic hernia, and chromosomal aberra-
tions) or severe diseases (e.g. severe perinatal acidosis,
meconium aspiration syndrome) and those born to
mothers with pre-gestational or gestational diabetes mel-
litus were excluded.
Maternal pre-pregnancy body mass index (BMI) (in

kg/m2) was calculated as pre-pregnancy weight divided
by height squared. The following BMI categories were
used: underweight (< 18.5); normal weight (18.5–24.9);
overweight (25.0–29.9) and obese (> 30) [18].
The Institute of Medicine (IOM) recommendations

concerning the recommended gestational weight gain for
singleton pregnancies depending on the maternal pre-
pregnancy BMI were used to classify weight gain during
pregnancy: underweight mothers (recommended gesta-
tional weight gain: 12.5–18.0 kg); normal weight mothers
(11.5–16.0 kg); overweight mothers (7.0–11.5 kg) and
obese mothers (5.0–9.0 kg) [18]. Gestational weight gain
below, within or above the recommended range according
to maternal pre-pregnancy BMI was classified as “insuffi-
cient”, “adequate” and “excessive”, respectively.

Ethics
The Institutional Review Board approved the study
protocol and written informed parental consent was
obtained.

Clinical data collection
Data were collected from maternal health passports and
medical records of the mother and her newborn, and
parents were asked to fill in a questionnaire. Medical
data included age, pre-pregnancy body mass index
(BMI), parity, gestational weight gain, smoking during
pregnancy and antenatal medical history. Paternal data
included age and BMI. Neonatal data included age, sex,
birth weight, length and head circumference.

Anthropometric measures and body composition
The PeaPod Infant body composition system (COSMED,
Rome, Italy) is an air displacement plethysmograph and
can determine the body composition for infants between
1 and 8 kg body mass. Neonatal anthropometric mea-
sures and body composition were determined within 96
h of birth. After weighing, the naked infant was placed
in the heated measuring chamber to determine his/her
volume. The determination of body volume takes 2 min.
BF%, FM, and FFM were calculated by the system as
previously described [11, 19]. Body mass was measured
to the nearest 0.1 g using the digital scales of the PEA-
POD, length to the nearest 0.1 mm using a recumbent,
digital infant length board (Ulmer Stadiometer, Busse,
Ulm, Germany) and head circumference to the nearest
1 mm using a non-stretchable tape measure.
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Calculation of standard deviation scores (SDS) for weight,
length and head circumference
These parameters were computed using LMSgrowth (ver-
sion 2.14; http://www.healthforallchildren.com/?product=
lmsgrowth). The reference population was the British
1990 growth reference (20, 21) fitted by maximum penal-
ized likelihood as described before [20].

Statistical analyses
Data are presented as mean (standard deviation, SD) if nor-
mally distributed, or as median and interquartile range if
not. In case that within a table a minority of parameters
were normally distributed, the data was nevertheless pre-
sented as median (Interquartile range) to improve clarity of
presentation. Between group comparisons were performed
using a two-sided t-test or ANOVA and post hoc Tukey’s
multiple comparison test for normally distributed variables
or a Wilcoxon test in non-normally distributed data and a
Fisher’s exact test in categorical outcomes. Correlation
between normally distributed continuous variables was
assessed by linear regression and Pearson correlation coeffi-
cient. Associations of potential explanatory variables (gen-
der, parity, maternal smoking, maternal BMI, gestational
weight gain category, postnatal age at measurement) with
body composition parameters were assessed by multiple
linear regression analysis with (manual) backward elimin-
ation. Shapiro-Wilk test was used for assessment of normal
distribution of data (before ANOVA and t-test) and resid-
uals (for multiple linear regression analyses). Analyses were
performed with GraphPad Prism® 8.1.0 (GraphPad Soft-
ware, San Diego, CA, USA) and the level of significance
was p < 0.05.

Results
Participants
There were 3170 deliveries during the 1-year study
period at Tuebingen University Women’s Hospital,

Germany; 2649/3170 (83.6%) infants were born with ges-
tational age > 37 weeks, 8/2649 (0.3%) of these died soon
after birth or were stillbirths, 80/2649 (3%) infants were
twins, 49/2649 (1.9%) infants had severe congenital
anomalies and 16/2649 (0.6%) had severe diseases. Of
the remaining 2496 singleton, healthy, term infants, 901
(36.1%) families were approached by the study team and
498/901 (55.2%) of these agreed to participate. Thus,
20.0% of eligible infants could be recruited.
In 133 of 498 infants recruited, body composition was

not determined due to scheduling difficulties because of
early hospital discharge (within 48 h of birth) and un-
availability of study personnel on sporadic days. Forty-
nine infants were excluded because of a maternal history
of pre-gestational or gestational diabetes mellitus, and
45 were excluded for other reasons (e.g., measurement
> 96 h after birth (n = 20), use of a pacifier or blanket in
the test chamber (n = 14), or discontinuation of meas-
urement because of agitation or crying (n = 3), gesta-
tional age at birth < 37 weeks (n = 7) or twin pregnancy
(n = 1)).
Complete body composition measurements were avail-

able for 271 term infants (females n = 153).
Demographic data of the study population are shown

in Table 1. There was no significant difference in an-
thropometric parameters between infants born during
the study period and not included in the study in com-
parison with the study population. The admission rate of
infants to neonatology was lower in the study group due
to recruitment for the study being carried out on the
puerperal ward. Furthermore, there was a higher propor-
tion of females in the study and the duration of hospital
stay in infants included was slightly longer.
Maternal and paternal characteristics are displayed in

Table 2.
Median (Q1, Q3) BF% in our population was 10.8%

(7.7–13.4) and FFM was 2843 g (2606–3099). For a

Table 1 Characteristics of all singleton, term infants born in Tuebingen during the study period and the study population

All singleton infants > 37 weeks n = 2225* Study population n = 271

Female n (%) 1099 (49.4%) 153 (56.5%)**

Gestational age at birth (weeks) Mean (SD) 39.6 (1.2) 39.7 (1.1)

Birth weight (g) Mean (SD) 3384 (467) 3389 (440)

Birth length (cm) Mean (SD) 51.0 (2.3) 50.9 (2.3)

Birth head circumference (cm) Mean (SD) 35.0 (1.6) 34.9 (1.3)

Admission to Neonatology n (%) 415 (18.7%) 27 (10.0%)**

Duration hospital stay (days) Median

All Infants (Q1, Q3) 3.0 (2.2–3.9) 3.3 (2.4–3.9)

Admission to Neonatology 4.0 (3.2–5.0) 3.7 (3.3–4.6)

Without Admission to Neonatology 2.7 (2.0–3.6) 3.2 (2.4–3.8)**

* All singleton, healthy, term infants > 37 weeks excluding study participants n = 2225. Data retrospectively extracted without identifiers from the hospital quality
assurance database
** Significantly different from population of infants not-included in the study (p < 0.05 by Chi-square and t-test, respectively)
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detailed description of the distribution of the parameters
of body composition see Table 3.

Univariate analyses
Association with gender
Girls had higher BF% and tended to have higher FM
than boys, whereas birth weight and FFM was higher in
boys (Table 4).

Gestational age at birth
Birth weight (r2 = 0.17, p < 0.0001), FM (r2 = 0.026, p =
0.076), and FFM (r2 = 0.19, p < 0.0001) increased with in-
creasing gestational age on linear regression. For com-
parisons between subgroups of different gestational ages
see also Table 4.

Postnatal age
201 of 271 (74.2%) infants were measured between 24 h
and 72 h after birth with a median (Q1-Q3) postnatal
age of 42 h (29–56). Day of measurement was not associ-
ated with changes in BF%, FM or FFM (Table 4).

Pre-pregnancy BMI and gestational weight gain
Maternal BMI at the beginning of pregnancy and infants’
BF% showed a minor but statistically significant correl-
ation (r2 = 0.05; p = 0.0003) and with each maternal BMI
point, the offspring’s BF% increased by 0.2%. There was
no correlation between absolute maternal weight gain in
kg during pregnancy and body composition in linear re-
gression. When the observed gestational weight gain was
classified according to the 2009 IOM recommendations
taking the pre-pregnancy BMI into account, 20.3% of
participants’ mothers gained insufficient weight overall,
36.9% gained adequate weight, and 42.8% gained exces-
sive weight. Excessive weight gain was associated with
increased birth weight, BF%, FFM and FM (for between-

group comparisons of gestational weight gain classes
also see Table 4).

Smoking during pregnancy
There were only eight infants (3%) with a history of mater-
nal smoking during pregnancy. Smoking during preg-
nancy was associated with lower birth weight, lower birth
weight SDS (− 0.6 (− 1.5- -0.2) vs. 0.0 (− 0.6–0.6)), lower
FM and trends towards lower BF% and FFM (Table 4).

Parity and type of delivery
BF% and FM tended to be higher with higher parity
(Table 4): first-born infants had a lower BF% than
higher-born infants. There was a trend towards higher
BF% in infants born by Cesarean section.

Multivariate analyses
Multiple linear regression analyses indicated that gen-
der, parity, pre-pregnancy BMI, and smoking were as-
sociated with BF% and FM (where FM additionally
increased with higher gestational age) whereas FFM
was associated with gender and gestational age only
(Table 5). In this cohort, measured on day 1 through
4, body composition parameters were not associated
with postnatal age.

Discussion
The aims of this cross-sectional observational study were
to establish reference data for body composition by air
displacement plethysmography in healthy term single-
tons for Germany and to investigate various factors po-
tentially influencing body composition.
The infants studied here showed values for median

BF% (10.8%) similar to those from other European coun-
tries such as Portugal (11.3%) [22], the Netherlands
(10.3%) [23], and Ireland (11.1%) [24], but higher values

Table 2 Maternal and paternal demographic data

Demographic Characteristics Mothers
n = 271

Fathers
n = 181

Age at delivery (years) Mean (SD) 32.5 (5.2) 34.9 (6.4)

Pre-pregnancy weight (kg) Mean (SD) 65.7 (13.0) 83.7 (12.7)

Height (m) Mean (SD) 1.67 (0.06) 1.81 (0.07)

Pre-pregnancy BMI (kg/m2) Mean (SD) 23.5 (4.5) 25.1 (4.6)

Gestational weight gain (kg) Mean (SD) 14.9 (5.2)

Parity Mean (SD) 1.6 (0.8)

Vaginal Delivery n (%) 175 (64%)

Pregnancy-induced hypertension n (%) 7 (3%)

Familial predisposition for hypertension or diabetes mellitus n (%) 45 (17%)

Smoking during pregnancy n (%) 8 (3%)

Infertility treatment (ICSI or IVF) n (%) 14 (5%)

Abbreviations: BMI Body mass index, SD Standard deviation, ICSI Intracytoplasmic sperm injection, IVF In vitro fertilization
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than infants from Australia (BF% 9.2) [12] and Ethiopia
(BF% 7.8) [9]. Differences in total body fat between pop-
ulations of different ethnic background have already
been reported in adults and children [15, 16], but little
data based on air displacement plethysmography exist in
neonates. Furthermore, an Australian study reported
that infants of Caucasian mothers showed higher BF%
and birthweight in comparison to infants of Asian
mothers [12]. While it remains unclear whether the ob-
served differences are truly ethnic (i.e., genetic) or rather
economic or nutritional, these factors seem to have an
influence on neonatal body composition.
In our study population a significantly higher median

BF% (11.2% vs. 9.6%) and lower median FFM (2786 g vs.
2977 g) were found in female infants compared to male
infants, and gender was significantly associated with
BF%, FM and FFM on multiple regression analysis. Con-
sistent with this, the SCOPE pregnancy study, a large
population-based study in Ireland, including 786 term
infants confirmed differences in body composition be-
tween female and male neonates with girls having a
higher BF% and lower FFM [25]. In a cross-sectional
Australian study including 599 term infants, gender
showed the strongest association with neonatal BF%,
followed by maternal ethnicity [12]. Gender is known to
be a major determinant of body composition throughout
life; girls and adult women also have a higher BF% and
lower FFM than their male counterparts [26, 27].
Besides ethnic factors and gender, increasing gestational

age is associated with differences in body composition:
Hawkes et al. described a significant and linear increase in
BF% with increasing gestational age [25], but this was not
confirmed in this German population. In this cohort of
term infants, we found that BF% showed no significant
difference between gestational age groups, and gestational
age was only significantly associated with FM and FFM on
multivariate analysis.
In our study with measurement of body composition

within the first 96 h, postnatal age at measurement was
not associated with BF%, FM or FFM. In agreement with

our results, there was no association of BF% with post-
natal age in the SCOPE study [25], whereas Roggero
et al. [28] in a longitudinal study on 28 breastfed, term
infants described a higher loss of BF% during the initial
weight loss period of the first 5 days after birth com-
pared to the FFM.
BF% and FM were significantly associated with pre-

pregnancy maternal BMI. Our results are consistent with
previous studies using ADP. In a large pre-birth cohort
study, the Healthy Start study (Colorado, USA), Starling
et al. showed positive and independent associations of pre-
pregnancy BMI with neonatal adiposity measures [29].
Pereira-da-Silva et al. also found that pre-pregnancy over-
weight was positively associated with offspring weight, BMI
and FFM; additionally in male infants also with fat mass
[22]. Contrary to this, Eriksson et al. could not find any
change in body composition in relation to pre-pregnancy
BMI, but weight and BMI of the infants correlated with
maternal BMI before pregnancy.
In our study, there was no correlation between absolute

maternal gestational weight gain and body composition but
a positive association between excessive weight gain by IOM
recommendations and neonatal BF%. Additionally, inappro-
priately low weight gain was associated with decreased FFM
in this German cohort. An altered body composition in in-
fants born to mothers with excessive gestational weight gain
was also found in the Healthy Start study [29]: gestational
weight gain exceeding recommendations was associated
with higher neonatal FM and FFM but not BF% compared
to adequate weight gain during pregnancy [29].
The association of body composition parameters with

pre-pregnancy BMI and gestational weight gain category
reflect the impact of intrauterine environment on off-
spring obesity risk.
There is evidence that obese infants and children are

more likely to become obese adults, with an increased
risk of characteristic complications (e.g. diabetes and
cardiovascular disease) and increased mortality [4–6].
Body composition shortly after birth is not influenced by
postnatal factors (i.e., nutritional) and may therefore

Table 3 Body composition and characteristics related to body composition measurements

Body Compostion n = 271 Min P 2.5 P 10 P 25 Median P 75 P 90 P97.5 Max

Fat mass (g) 24 88 161 226 333 443 557 677 894

Fat mass / total body mass (%) 1.0 3.3 5.7 7.7 10.8 13.4 15.8 18.5 21.9

Fat-free mass (g) 1992 2302 2446 2606 2843 3099 3246 3471 4062

Infant Characteristics at BC
measurement n = 271

Postnatal age at BC
measurement (h)

7.4 11.8 20.0 29.2 42.0 56.0 74.7 82.7 94.1

Weight loss since birth (g) −23 29 76 132 185 247 298 367 438

Weight at BC measurement (g) 2136 2481 2666 2887 3218 3488 3731 4009 4629

Abbreviations: BC Body composition
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Table 4 Summary of Univariate Analyses of Potential Influencing Factors
n Birth weight,

g Mean (SD)
p* BF%, % Mean (SD) p* FFM, g Mean (SD) p* FM, g Mean (SD) p*

All 271 3389 (440) 10.6 (4.0) 2857 (330) 347 (157)

Gender 0.0045 0.0012 < 0.0001 0.053

Male 118 3475 (446) 9.7 (3.8) 2957 (328) 326 (149)

Female 153 3322 (426) 11.3 (4.0) 2780 (311) 363 (161)

Gestational age (weeks) < 0.001 0.2276 < 0.0001 0.0116

37.0–37.9 13 2915 (314) 9.5 (3.4) 2471 (162) 266 (121)

38.0–38.9 51 3140 (407) 10.4 (3.6) 2661 (297) 316 (133)

39.0–39.9 78 3410 (391) 11.0 (4.5) 2849 (272) 362 (171)

40.0–40.9 93 3470 (419) 10.1 (3.8) 2949 (327) 336 (148)

> 41.0 36 3656 (401) 11.6 (3.8) 3054 (291) 412 (167)

Postnatal age at BC measurement (h) 0.331 0.7539 0.161 0.976

< 24 38 3438 (482) 10.4 (4.2) 2966 (372) 352 (171)

24.0–47.9 125 3424 (446) 10.4 (4.0) 2883 (316) 346 (159)

48.0–71.9 76 3345 (415) 10.7 (4.0) 2805 (323) 342 (155)

72.0–95.9 32 3297 (421) 11.2 (3.7) 2749 (308) 355 (140)

Pre-pregnangcy BMI (kg/m2) 0.0006 0.0089 0.0169 0.0007

< 18.5 7 2939 (413) 8.7 (3.9) 2563 (272) 251 (132)

18.5–24.9 193 3372 (413) 10.3 (3.8) 2853 (324) 335 (146)

25.0–29.9 46 3383 (498) 10.7 (4.0) 2842 (361) 351 (155)

> 30.0 25 3657 (413) 13.0 (4.6) 2996 (271) 459 (197)

GWG IOM Recommendation 0.013 0.0258 0.0233 0.0102

Insufficient 55 3289 (463) 10.3 (4.2) 2794 (349) 327 (164)

Adequate 100 3342 (423) 9.9 (3.9) 2832 (314) 319 (145)

Excessive 116 3477 (432) 11.3 (3.8) 2908 (328) 380 (157)

Smoking during Pregnancy 0.0014 0.1133 0.0112 0.047

No 255** 3404 (435) 10.7 (4.0) 2866 (328) 351 (157)

Yes 8 2900 (421) 8.4 (4.1) 2537 (307) 240 (131)

Parity 0.1111 0.0632 0.2341 0.0413

1 149 3356 (419) 10.1 (3.7) 2845 (324) 325 (145)

2 82 3473 (425) 11.3 (4.0) 2903 (317) 377 (154)

≥ 3 40 3339 (529) 11.1 (4.4) 2808 (372) 365 (191)

Type of delivery 0.4376 0.0563 0.0903 0.2500

Vaginal 175 3404 (423) 10.2 (4.0) 2892 (325) 339 (158)

Caesarean section 96 3361 (472) 11.2 (3.8) 2793 (331) 361 (153)

Abbreviations: BC Body composition, BMI Body mass index, BF% Proportion of fat mass/total body, FM Fat mass, FFM Fat free Mass, GWG Gestational weight gain, IOM
Institute of Medicine
* p-values by t-test or ANOVA if normally distributed or Wilcoxon-test if not normally distributed
On Tukey multiple comparison post hoc test the following statistically significant differences on multi-group comparison were identified:
Gestational Age (GA, weeks)
Birth weight: GA 37–38 vs. GA 39–40 (p = 0.0005), GA 37–38 vs. GA 40–41 (p < 0.0001), GA37–38 vs. GA > 41 (p < 0.001), GA 38–39 vs. GA 39–40 (p = 0.0022), GA 38–39 vs.
GA 40–41 (p < 0.0001), GA 38–39 vs. GA > 41 (p < 0.0001), GA 39–40 vs. GA > 41 (p = 0.0221)
FFM: GA 37–38 vs. GA 39–40 (p = 0.0002), GA 37–38 vs. 40–41 (p < 0.0001), GA 37–38 vs. > 41 (p < 0.0001), GA 38–39 vs. GA 39–40 (p = 0.0014), GA 38–39 vs.40–41 (p <
0.0001), GA 38–39 vs.GA > 41 (p < 0.0001)
FM: GA 37–38 vs. GA > 41 (p = 0.0309)
Pre-pregnancy BMI category (< 18.5, 18.5–24.9, 25.0–29.9, > 30):
Birth weight: < 18.5 vs. 18.5–24.9 (p = 0.0449), < 18.5 vs. > 30 (p = 0.0007), 18.5–24.9 vs. > 30 (p = 0.0104)
BF%:18.5–24.9 vs. > 30 (p = 0.0091)
FFM: < 18.5 vs. > 30 (p = 0.011)
FM: < 18.5 vs. > 30 (p = 0.0089), 18.5–24.9 vs. > 30 (p = 0.0009), 25.0–29.9 (p = 0.0246)
Gestational weight gain category (insufficient, adequate, excessive):
Birth weight: insufficient vs. excessive (p = 0.0235)
BF%: adequate vs. excessive (p = 0.0234)
FFM: insufficient vs. excessive (p = 0.0224)
FM: adequate vs. excessive (p = 0.0127)
Parity (1,2, ≥3):
FM: 1vs.2 (p = 0.0445)
**no smoking status data available in n = 8
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enables to study the effects of intrauterine environment
and targeted interventions (e.g. maternal diet or physical
activity before and during pregnancy).
In this study, only 3% (n = 8) of mothers reported

smoking during pregnancy, nevertheless multivariate
analyses showed a significant association with lower BF%
and FM, the magnitude of the effect of smoking exceed-
ing that of gender. The apparent lack of impact on FFM
may be due to the small numbers. The KiGGS Wave 2
study reported that 10.9% of German mothers smoked
during pregnancy and that the proportion of pregnant
women who smoke has declined over the last two de-
cades [30]. Furthermore, they found a distinct social gra-
dient in maternal smoking: the higher the social status,
the less likely are pregnant women to smoke (1.6% in
high social status vs. 27.2% in low social status) [30]. Un-
fortunately, socio-economic status is difficult to assess
reliably and was not documented in this study, however
the population of Tuebingen, a town dominated by its
university, is generally characterized by a high educa-
tional level. It is well known that prenatal smoking in-
creases the risk of intrauterine growth restriction and
thus possibly also body composition. The Healthy Start
study found a significant effect of exposure to prenatal
smoking with a lower FM and FFM at delivery. In that
study, 7% of mothers reported smoking during preg-
nancy [31] and the exposure to prenatal smoking was
also associated with a significantly more rapid postnatal

growth and increased FFM in the first 5 months of life,
possibly explaining the increased risk of metabolic dis-
ease in exposed infants.
Strengths of this study are the rather large sample size

which was representative for all neonates born during
the study period, and the recruitment rate was 55%,
which is within the usual range for studies in neonates
shortly after birth. Furthermore, inclusion criteria for the
study aimed to minimize confounding factors by investi-
gating singleton, healthy, term newborn infants. Using
ADP, a reliable, validated and non-invasive method was
used for measuring body composition. Based on our ex-
perience with participants in neonatal clinical studies at
our institution, we assume that a relatively homogeneous
population in terms of socioeconomic, ethnic, and cul-
tural background was studied, but it is a weakness of our
study that this was not well documented.
In retrospect, additional information on maternal diet-

ary intake, maternal physical activity during pregnancy,
as well as placental weight would have been helpful to
further identify important factors associated with body
composition at birth.

Conclusions
This cross-sectional study on body composition of
healthy term singletons indicates a median (Q1-Q3) BF%
of 10.8% (7.7–13.4%) as reference for contemporary neo-
nates for a German Caucasian population. These data

Table 5 Final models of multiple linear regression analyses

Fat Mass [g]

Influencing Factor Parameter Estimate 95% Confidence Interval p r2 final model

Intercept − 956.9 − 1640 - -273.7 0.0062 0.146

Gender[male = 0, female = 1] 51.46 15.55–87.38 0.0051

Gestational age [weeks] 25.94 8.970–42.91 0.0029

Parity[n] 34.76 9.461–60.07 0.0073

Pre-pregnancy BMI[kg/m2] 8.189 4.162–12.22 < 0.0001

Smoking[no = 0, yes = 1] −99.49 − 185.3 - -13.71 0.0232

Fat Free Mass [g]

Intercept − 2084 − 3438 - -730 0.027 0.260

Gender[male = 0, female = 1] − 175 − 248.5 - -101.4 < 0.0001

Gestational age [weeks] 130 96.4 to 164 < 0.0001

Gestational weight gain category
[0 = normal or excessive vs. 1 = insufficient]

− 105 − 195.5 - -14.35 0.0233

Fat Mass / Total Body Mass (BF%) [%]

Intercept 4.018 1.423–6.612 0.0025 0.122

Gender[male = 0, female = 1] 1.778 0.8609–2.695 0.0002

Parity[n] 0.6411 0.0066–1.276 0.0477

Pre-pregnancy BMI[kg/m2] 0.1973 0.0945–0.300 0.0002

Smoking[no = 0, yes = 1] −2.344 −4.536 - -0.1512 0.0363
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are thus similar to those reported for other European
countries. Factors associated with body composition in
this study were gender, parity, smoking during preg-
nancy, pre-pregnancy BMI, gestational age at birth and
gestational weight gain category, this information will be
helpful for the design of future studies.

Abbreviations
ADP: Air displacement plethysmography; BC: Body composition;
BF%: Proportion of fat mass/total body; BMI: Body mass index; FFM: Fat free
mass; FM: Fat mass; GWG: Gestational weight gain; N/A: Not available;
SD: Standard deviation; SDS: Standard deviation score

Acknowledgements
We are grateful to the families who participated in this study and we
acknowledge support of nurses, midwives and doctors from the
departments of Neonatology and Obstetrics & Gynaecology. In particular, we
would like to thank Dr. Ingo Müller-Hansen for allowing the PEAPOD to
occupy space in between his medical devices and Dr. Jörg Arand for his
help to extract Data from the hospital quality assurance database.

Clinical Trail registration
Trail was initiated prior to the ICMJE requirement for trial registration of
observational studies.

Authors’ contributions
CW conceptualized and designed the study, drafted the initial manuscript,
and reviewed and revised the manuscript. SK, LB, RW, VA designed the data
collection instruments, collected data, carried out the initial analyses, and
reviewed, and revised the manuscript. CM, MH, HP, AF contributed to
conception and design of the study and revising the article critically for
important intellectual content. J P-F made a substantial constribution to the
acquisition of data and revising the article critically for important intellectual
content. CFP supervised the project as the head of department and critically
reviewed the manuscript. ARF conceptualized and designed the study to-
gether with CW, coordinated and supervised data collection, and critically
reviewed the manuscript for important intellectual content. All authors ap-
proved the final manuscript as submitted and agree to be accountable for
all aspects of the work.

Funding
Supported by grants from the Deutsche Forschungsgemeinschaft (SFB 654)
and from the German Federal Ministry of Education and Research (BMBF) to
the German Center for Diabetes Research (DZD e.V.; 01GI0925) and Open
Access Publishing Fund of University of Tuebingen.
The Funding agency did not have any impact on the design of the study
and collection, analysis, and interpretation of data and in writing the
manuscript. Publication of this manuscript was supported by Deutsche
Forschungsgemeinschaft (DFG) and the Open Access Publishing Fund of the
University of Tuebingen.

Availability of data and materials
De-identified individual data will not be made available, because trial
subjects have not been asked to consent.

Ethics approval and consent to participate
Ethics approval for the study was given by the Ethics committee of the
Medical Faculty of the University of Tuebingen (Project number: 034/2014
BO1, Ethik Kommission, Eberhard Karls University, Gartenstraße 47, 72074
Tuebingen, Germany) and written informed parental consent was obtained.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Neonatology, University Children’s Hospital, Eberhard Karls
University, Tuebingen, Calwerstr. 7, 72076 Tuebingen, Germany. 2Center for

Pediatric Clinical Studies, University Children’s Hospital, Eberhard Karls
University, Tuebingen, Germany. 3Department of Obstetrics and Gynecology,
University Hospital, Eberhard Karls University, Tuebingen, Germany. 4Institute
for Medical Psychology and Behavioural Neurobiology, Eberhard Karls
University, Tuebingen, Germany. 5German Center for Diabetes Research,
Eberhard Karls University, Tuebingen, Germany. 6Institute for Diabetes
Research and Metabolic Diseases of the Helmholtz Center Munich at the
Eberhard Karls University, Tuebingen, Germany. 7Department of Internal
Medicine IV, Eberhard Karls University, Tuebingen, Germany.

Received: 29 May 2019 Accepted: 15 November 2019

References
1. Ogden CL, Carroll MD, Lawman HG, Fryar CD, Kruszon-Moran D, Kit BK, et al.

Trends in obesity prevalence among children and adolescents in the United
States, 1988-1994 through 2013-2014. JAMA. 2016;315(21):2292–9.

2. Schienkiewitz A. DS, Schaffrath Rosario a. prevalence of underweight,
overweight and obesity among children and adolescents in Germany.
KiGGS wave 2 results according to international reference systems. J Health
Monit. 2018;3(3):56–68.

3. Barlow SE, Expert C. Expert committee recommendations regarding the
prevention, assessment, and treatment of child and adolescent overweight
and obesity: summary report. Pediatrics. 2007;120(Suppl 4):S164–92.

4. Whitaker RC, Wright JA, Pepe MS, Seidel KD, Dietz WH. Predicting obesity in
young adulthood from childhood and parental obesity. N Engl J Med. 1997;
337(13):869–73.

5. Singh AS, Mulder C, Twisk JW, van Mechelen W, Chinapaw MJ. Tracking of
childhood overweight into adulthood: a systematic review of the literature.
Obes Rev. 2008;9(5):474–88.

6. Flegal KM, Kit BK, Orpana H, Graubard BI. Association of all-cause mortality
with overweight and obesity using standard body mass index categories: a
systematic review and meta-analysis. JAMA. 2013;309(1):71–82.

7. Eriksson JG, Forsen T, Tuomilehto J, Winter PD, Osmond C, Barker DJ. Catch-
up growth in childhood and death from coronary heart disease:
longitudinal study. Bmj. 1999;318(7181):427–31.

8. Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS.
Fetal nutrition and cardiovascular disease in adult life. Lancet. 1993;
341(8850):938–41.

9. Andersen GS, Girma T, Wells JC, Kaestel P, Michaelsen KF, Friis H. Fat and
fat-free mass at birth: air displacement plethysmography measurements on
350 Ethiopian newborns. Pediatr Res. 2011;70(5):501–6.

10. Yajnik CS, Fall CH, Coyaji KJ, Hirve SS, Rao S, Barker DJ, et al. Neonatal
anthropometry: the thin-fat Indian baby. The Pune maternal nutrition study.
Int J Obes Relat Metab Disord. 2003;27(2):173–80.

11. Ellis KJ, Yao M, Shypailo RJ, Urlando A, Wong WW, Heird WC. Body-
composition assessment in infancy: air-displacement plethysmography
compared with a reference 4-compartment model. Am J Clin Nutr. 2007;
85(1):90–5.

12. Au CP, Raynes-Greenow CH, Turner RM, Carberry AE, Jeffery H. Fetal and
maternal factors associated with neonatal adiposity as measured by air
displacement plethysmography: a large cross-sectional study. Early Hum
Dev. 2013;89(10):839–43.

13. Maas C, Wiechers C, Bernhard W, Poets CF, Franz AR. Early feeding of
fortified breast milk and in-hospital-growth in very premature infants: a
retrospective cohort analysis. BMC Pediatr. 2013;13:178.

14. Johnson MJ, Wootton SA, Leaf AA, Jackson AA. Preterm birth and body
composition at term equivalent age: a systematic review and meta-analysis.
Pediatrics. 2012;130(3):e640–9.

15. Stanfield KM, Wells JC, Fewtrell MS, Frost C, Leon DA. Differences in body
composition between infants of south Asian and European ancestry: the
London mother and baby study. Int J Epidemiol. 2012;41(5):1409–18.

16. Shaw NJ, Crabtree NJ, Kibirige MS, Fordham JN. Ethnic and gender
differences in body fat in British schoolchildren as measured by DXA. Arch
Dis Child. 2007;92(10):872–5.

17. Paley C, Hull H, Ji Y, Toro-Ramos T, Thornton J, Bauer J, et al. Body fat
differences by self-reported race/ethnicity in healthy term newborns. Pediatr
Obes. 2016;11(5):361–8.

18. IOM. Weight Gain During Pregnancy: Reexamining the Guidelines. nstitute
of Medicine (US) and National Research Council (US) and Committee to
Reexamine IOM Pregnancy Weight Guidelines. 2009.

Wiechers et al. BMC Pediatrics          (2019) 19:488 Page 8 of 9



19. Eriksson B, Lof M, Forsum E. Body composition in full-term healthy infants
measured with air displacement plethysmography at 1 and 12 weeks of
age. Acta Paediatr. 2010;99(4):563–8.

20. Cole TJ, Freeman JV, Preece MA. British 1990 growth reference centiles for
weight, height, body mass index and head circumference fitted by
maximum penalized likelihood. Stat Med. 1998;17(4):407–29.

21. Freeman JV, Cole TJ, Chinn S, Jones PR, White EM, Preece MA. Cross
sectional stature and weight reference curves for the UK, 1990. Arch Dis
Child. 1995;73(1):17–24.

22. Pereira-da-Silva L, Cabo C, Moreira AC, Virella D, Guerra T, Camoes T, et al.
The adjusted effect of maternal body mass index, energy and
macronutrient intakes during pregnancy, and gestational weight gain on
body composition of full-term neonates. Am J Perinatol. 2014;31(10):875–82.

23. Breij LM, Steegers-Theunissen RP, Briceno D, Hokken-Koelega AC. Maternal
and fetal determinants of neonatal body composition. Horm Res Paediatr.
2015;84(6):388–95.

24. Hawkes CP, Zemel BS, Kiely M, Irvine AD, Kenny LC. J OBH, et al. body
composition within the first 3 months: optimized correction for length and
correlation with BMI at 2 years. Horm Res Paediatr. 2016;86(3):178–87.

25. Hawkes CP, Hourihane JO, Kenny LC, Irvine AD, Kiely M, Murray DM.
Gender- and gestational age-specific body fat percentage at birth.
Pediatrics. 2011;128(3):e645–51.

26. Abernathy RP, Black DR. Healthy body weights: an alternative perspective.
Am J Clin Nutr. 1996;63(3 Suppl):448S–51S.

27. Taylor RW, Gold E, Manning P, Goulding A. Gender differences in body fat
content are present well before puberty. Int J Obes Relat Metab Disord.
1997;21(11):1082–4.

28. Roggero P, Gianni ML, Orsi A, Piemontese P, Amato O, Moioli C, et al.
Neonatal period: body composition changes in breast-fed full-term
newborns. Neonatology. 2010;97(2):139–43.

29. Starling AP, Brinton JT, Glueck DH, Shapiro AL, Harrod CS, Lynch AM, et al.
Associations of maternal BMI and gestational weight gain with neonatal
adiposity in the healthy start study. Am J Clin Nutr. 2015;101(2):302–9.

30. Kuntz BZJ, Starker A, Prütz F, Lampert T. Smoking during pregnancy. Results
of the cross-sectional KiGGS wave 2 study and trends. J Health Monit. 2018;
3(1):45–50.

31. Harrod CS, Fingerlin TE, Chasan-Taber L, Reynolds RM, Glueck DH, Dabelea
D. Exposure to prenatal smoking and early-life body composition: the
healthy start study. Obesity. 2015;23(1):234–41.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Wiechers et al. BMC Pediatrics          (2019) 19:488 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Participants
	Ethics
	Clinical data collection
	Anthropometric measures and body composition
	Calculation of standard deviation scores (SDS) for weight, length and head circumference
	Statistical analyses

	Results
	Participants
	Univariate analyses
	Association with gender
	Gestational age at birth
	Postnatal age
	Pre-pregnancy BMI and gestational weight gain
	Smoking during pregnancy
	Parity and type of delivery
	Multivariate analyses


	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Clinical Trail registration
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

