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Abstract: Breastfeeding has been implicated in the establishment of infant appetite regulation, feeding
patterns and body composition (BC). A holistic approach is required to elucidate relationships
between infant and maternal BC and contributing factors, such as breastfeeding parameters.
Associations between maternal and breastfed term infant BC (n = 20) and feeding parameters during
first 12 months of lactation were investigated. BC was measured at 2, 5, 9 and/or 12 months
postpartum with ultrasound skinfolds (US; infants only) and bioimpedance spectroscopy (infants
and mothers). 24-h milk intake (MI) and feeding frequency (FFQ) were measured. Higher FFQ was
associated with larger 24-h MI (p ≤ 0.003). Higher 24-h MI was associated with larger infant fat mass
(FM) (US: p ≤ 0.002), greater percentage FM (US: p ≤ 0.008), greater FM index (FMI) (US: p ≤ 0.001)
and lower fat-free mass index (FFMI) (US: p = 0.015). Lower FFQ was associated with both larger FFM
(US: p ≤ 0.001) and FFMI (US: p < 0.001). Greater maternal adiposity was associated with smaller
infant FFM measured with US (BMI: p < 0.010; %FM: p = 0.004; FMI: p < 0.011). Maternal BC was not
associated with FFQ or 24-h MI. These results reinforce that early life is a critical window for infant
programming and that breastfeeding may influence risk of later disease via modulation of BC.

Keywords: human milk; breastfed infants; body composition; anthropometrics; milk intake;
bioelectrical impedance spectroscopy; ultrasound skinfolds; maternal factors

1. Introduction

The importance of lactocrine programming has been highlighted recently, with breastfeeding
identified as one of the most economical preventative measures for non-communicable diseases (NCD)
including obesity later in life [1–5]. The development of body composition (BC) in early life is known
to play an important role in the programming of these health outcomes [6]. This reduction in risk may
be a result of multiple mechanisms associated not only with composition of human milk (HM) but
also with infant breastfeeding patterns and behavior [7–9], all of which may influence the growth and
development of breastfed infants. Differences in the weight and BC between breastfed and formula-fed
infants have been attributed to the stark compositional differences of HM and formula [10,11]. Despite
the evidence that volume of HM is a main driver of growth [11–13], a major focus of at present limited
research on infant growth and BC development has been on the composition of HM and maternal

Nutrients 2018, 10, 45; doi:10.3390/nu10010045 www.mdpi.com/journal/nutrients

http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0001-6841-2958
http://dx.doi.org/10.3390/nu10010045
http://www.mdpi.com/journal/nutrients


Nutrients 2018, 10, 45 2 of 26

pre-pregnancy body mass index (BMI), and to a lesser extent on the effect of the volume of HM and
maternal adiposity. Although these findings suggest a dose-dependent effect of breastfeeding on
development of infant BC, the pathways of this effect are not fully understood.

Indeed, in utero maternal influences are apparent in obese women who generally deliver heavier
infants with greater adiposity [14] thus maternal weight is a major predictor of infant birth weight
(BW) [15,16]. However, recent studies have shown the infant BW is not associated with increased
maternal BMI in women with BMI above 24 kg/m2 [17]. To further complicate our understanding,
overweight women deliver infants with higher adiposity [18] but not fat-free mass (FFM) [19,20].
Unfortunately, the majority of the studies have analyzed maternal pre-pregnancy BMI or gestational
weight gain (parameters that are often self-reported and potentially misleading) as measures of
adiposity. Considering that HM composition is influenced by the current maternal BC [21] rather than
pre-pregnancy BMI, longitudinal studies with multiple measures of both maternal and breastfed infant
BC are necessary [22] to elucidate the positive mechanistic effects of breastfeeding.

In a few recent studies, maternal BC was measured during pregnancy and a positive association
between maternal BC and infant BW was found [23–26], showing maternal FFM or total body water,
but not fat mass (FM) are the strongest predictors. Interestingly, longer duration of breastfeeding is
shown to attenuate the adverse effects of BW and early weight gain on infant FM gain [27]. Further,
the majority of participants are either newborns or children between 2 and 11 years of age, and infant
adiposity (fat mass (FM) and percentage FM (%FM)) has been measured rather than FFM, yet the
metabolic rate is largely determined by the FFM [28,29]. Furthermore, despite 24-h milk intake (MI)
having a strong positive relationship with infant weight gain [12,13,30], there has been no investigation
of the effect of either 24-h MI or feeding frequency (FFQ) on infant BC, yet these factors are highly
variable between infants [31]. Our recent research of gastric emptying in term breastfed infants
indicated that shorter, smaller and leaner infants fed more frequently (maternal self-report) [32],
highlighting the need to connect not only maternal and infant BC, but also contributing factors, such
as milk production and composition, infant MI and FFQ and, in turn, the development of the breastfed
infant BC (Figure 1).
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It is important to understand the mechanisms by which maternal BC, breastfeeding and HM
components may influence infant BC, as this will allow for more targeted interventions that may
potentially reduce both infant and adult overweight and obesity. Therefore, the aim of this longitudinal
study was to investigate relationships between maternal and infant BC during the first 12 months of
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lactation. Further, exploration of relationships of infant 24-h MI and FFQ with maternal and infant BC
was carried out.

2. Materials and Methods

2.1. Study Participants

Breastfed infants (n = 20; 10 males, 10 females) of English-speaking, predominantly Caucasian,
mothers of higher social-economic status from a developed country were recruited from the
community, primarily from the West Australian branch of the Australian Breastfeeding Association.
Inclusion criteria were: healthy singletons, gestational age ≥37 weeks, exclusively breastfed [33]
at 2 and 5 months, and maternal intention to breastfeed until 12 months. Exclusion criteria were:
infant factors that could potentially influence growth and development of BC, maternal smoking,
and low milk supply. All mothers provided written informed consent to participate in the study,
which was approved by The University of Western Australia Human Research Ethics Committee
(RA/1/4253, RA/4/1/2639) and registered with the Australian New Zealand Clinical Trials Registry
(ACTRN12616000368437).

2.2. Study Session

Measurements were made when the infants were 2 and/or 5, 9 and 12 months of age. Participants
visited our laboratory at King Edward Memorial Hospital for Women (Subiaco, Perth, WA, Australia)
for up to four monitored breastfeeding sessions between March 2013 and September 2015. At each
study session, the infant was weighed pre-feed, and then the mother breastfed her infant. Infant
bioelectrical impedance spectroscopy (BIS) measurements were made pre-feed, unless impractical,
then they were made post-feed [34]. Ultrasound skinfold (US) and anthropometric measurements
were made post-feed. This combination of methods for measuring infant BC was used to ensure safe,
non-invasive and accurate assessment, and to avoid the inherent limitations of a singular technique [35].
Clothing was removed for the measurements except for a dry diaper and a singlet.

Maternal weight, height and BIS measurements were recorded. Current FFQ of the infants was
self-reported by mothers.

2.3. Anthropometric Measurements

Infants weight was determined before breastfeeding using Medela Electronic Baby Weigh Scales
(±2.0 g; Medela Inc., McHenry, IL, USA). Infant crown-heel length was measured once to the nearest
0.1 cm using non-stretch tape and a headpiece and a footpiece, both applied perpendicularly to a hard
surface. Infant head circumference was measured with a non-stretch tape to the nearest 0.1 cm.

Maternal weight was measured using an electronic scale (±0.1 kg; Seca, Chino, CA, USA). Height
was self-reported by participants or measured against a calibrated marked wall (accuracy ± 0.1 cm).

Infant and maternal BMI were calculated as kg/m2.

2.4. Body Composition with Bioelectrical Impedance Spectroscopy

Whole body bioimpedance (wrist to ankle) of infants and mothers was measured using the
Impedimed SFB7 bioelectrical impedance analyzer (ImpediMed, Brisbane, QLD, Australia) according
to the manufacturer’s instructions.

Mothers were measured in supine position on a non-conductive surface. A series of ten consecutive
measurements (fat mass (FM), percentage fat mass (%FM) and fat-free mass (FFM)) were taken within
1–2 min and averaged for data analysis. The within participant coefficient of variation (CV) for
maternal %FM was 0.21% [21].

Infants were measured by applying an adult protocol as used previously in infants but with data
analyzed using settings customized for infants [35,36]. Resistance (ohm) at 50 kHz (R50) was determined
from the curve of best fit, averaged for analysis purposes and used in the Lingwood et al. [36]
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age-matched (3 and 4.5 month-old infants) BIS equations for FFM of 2 and 5 month-old infants
respectively, and Bocage [37] total body water (TBW) equations for 9 and 12 month-old infants:

TBW = (0.418 × Weight (kg) + 1936/R50 + 0.8649) × Length (cm)/100 (1)

FFM was further determined using sex and age-appropriate hydration factors (HF) calculated
from Butte et al. [38]:

FFM = TBW/HF. (2)

%FM was calculated as follows:

%FM = 100 × (Weight (kg) − FFM (kg))/Weight (kg). (3)

Within participant CV for infant R50 was 1.5% [34].

2.5. Ultrasound Skinfold Measurements

Infant skinfolds were measured using the Aplio XG (Toshiba, Tokyo, Japan) US machine with
a 14–8 MHz transducer (PLT-1204BX) and sterile water-based ultrasonic gel (Parker Laboratories
Inc., Fairfield, NJ, USA) as described previously [35]. Single US scans of four anatomical sites
(biceps, subscapular, suprailiac and triceps) were performed on the left side of the body with
minimal compression. Subcutaneous tissue thickness (skin thickness and the skin-fat interface to
fat-muscle interface distance) was measured directly from images on the screen using electronic
calipers. One experienced sonographer with good interrater reliability [39] performed all of the
measurements. US measurements were doubled [40] for use in skinfold equations developed for
subcutaneous tissue thickness measurement with skinfold calipers. At all time points, infant %FM with
2-skinfolds (US 2SF: triceps, subscapular; Slaughter et al. [41]) and density (d; kg/L) with 4-skinfolds
(US 4SF: biceps, subscapular, suprailiac and triceps; Brook [42]) were calculated with %FM further
determined using Lohman equation [43]:

%FM = 100 × (5.28/d − 4.89). (4)

2.6. Body Composition Indices

The indices of height-normalized BC were calculated for mothers and infants: fat mass index
(FMI) was calculated as FM/length2, and fat-free mass index (FFMI) was calculated as FFM/length2;
both expressed as kg/m2 [44].

2.7. 24-H Milk Intake and Feeding Frequency

Infant MI was measured by mothers using the 24-h milk production (MP) protocol, weighing
infants at home with the Medela Electronic Baby Weigh Scales pre- and post each breastfeed during
a 24-h period plus one breastfeeding, and recording amounts of HM (g) consumed by the infant
(including expressed HM if any) [45]. 24-h MI was determined as previously described with potential
underestimation of 3–10% [45] and FFQ (meals per day) was recorded [31]. 24-h MI was measured at
three time points: between 2 and 5 (4.0 ± 1.3) months, when MI is shown to be stable [31], and within
two weeks of 9 (9.4 ± 0.3) and 12 (12.2 ± 0.4) months. Given that measuring 24-h MI is not always
practical, particularly at the later stages of lactation, mothers were also asked how frequently the infant
fed, and self-reported the typical time between the feeds (e.g., each 2 h) during the week prior to the
study session as a proxy measure of FFQ.

2.8. Statistical Analyses

Statistical analysis was performed in R 3.1.2 for Mac OSX [46]. Additional packages were used for
linear mixed effects models (nlme, lme4 and car) [47–49], intra-class correlations (irr) [50], Tukey’s all
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pair comparisons (multcomp) [51] and graphics (ggplot2) [52]. Descriptive statistics are reported as
mean ± standard deviation (SD) (range); model parameters as estimate ± SE (standard error).

During this longitudinal study infants were measured at four time points (2 and/or 5, 9
and 12 months). An approximate sample size was calculated using the ‘F tests–Linear multiple
regression: Fixed model: R2 increase’ option in G*Power [53] as if this was a cross-sectional study
with equal numbers at each time. Allowing four predictors (3 for age comparisons), α = 0.05 and
14 participants (56 sample points = 14 participants × 4 time points) gave the study power of 0.80
to detect an effect size of 0.15. This approach was selected, as there is no closed form expression
suitable for the calculation of sample sizes for this research design [54], with the consideration that
longitudinal study design is more powerful. Recruitment of participants at the 5 months point was
introduced, as many mothers would not commit to a study that required breastfeeding to 12 months,
when approached at 2 months (n = 8). As a result, required number of participants was increased to
20 in order to maintain predicted power; this also addressed issues relating to missed visits. Missing
data was dealt with using available case analysis.

Maternal BC was analysed using an intercept only linear mixed effects model for the calculation
of CV for maternal %FM measurements (n = 10, 10 measurements each).

Infant BC was analysed using linear mixed effects models with random intercept per participant
to determine whether BC measurements (%FM, FM, FMI, FFM and FFMI) differed systematically by
age, measurement method (US 2SF, US 4SF and BIS) and infant sex. As interactions between sex and
methods were non-significant (p > 0.52), reported associations are for pooled data. Months after birth
were accounted for in all models; results reported account for this, regardless of significance.

Survey responses relating to FFQ were analysed using a one-way intra-class correlation for
agreement of single measures.

The analyses for systematic differences in all measured parameters (maternal characteristics,
infant characteristics and breastfeeding characteristics) at different months after birth and between
different measurement methods used general linear hypothesis tests (Tukey’s all pair comparisons).

Relationships between infant BW and maternal and infant BC at four time points after birth were
analysed using linear regression models accounting for gestational age and sex, which were identified
as significant covariates using a stepwise regression analysis. Since major postpartum weight/adiposity
loss happens during the first 4 to 6 months in women of high social-economic status [55,56], maternal
BC at 5, 9 and 12 months was considered instead of unavailable pre-pregnancy BMI.

Relationships between: (a) infant BC and breastfeeding characteristics; (b) breastfeeding
characteristics and maternal BC; and (c) infant and maternal BC were analysed using linear mixed
effects models. Each breastfeeding characteristic or infant BC measure/index was considered
separately as the response variable, and each model contained fixed effects of infant age (months),
a predictor (breastfeeding measure or maternal BC measure/index) and an interaction between infant
age and predictor, as well as a random intercept per participant.

Owing to the large number of comparisons, a false discovery rate adjustment [57] was performed
on associated subgroupings of results. p-values were considered to be significant below 0.018 for
associations between infant BW and maternal BC; below 0.047 for associations between infant BW
and infant BC; below 0.018 for associations between infant FFM and maternal BC; below 0.038 for
associations between infant FFMI and maternal BC; below 0.029 for associations between infant BC and
MI; below 0.040 for associations between infant BC and self-reported FFQ; below 0.05 for associations
between infant BC and 24-h MP FFQ; below 0.0004 for associations between infant BC changes between
the time points and 24-h MI; below 0.001 for associations between infant BC changes between the time
points and self-reported FFQ; below 0.004 for associations between infant BC changes between the
time points and 24-h MP FFQ; below 0.009 for associations between maternal BC changes between
time points and 24-h MI; below 0.014 for associations between maternal BC changes between time
points and self-reported FFQ; and below 0.05 for associations between maternal BC changes between
time points and 24-h MP FFQ. The significance was set at the 5% level otherwise.
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3. Results

3.1. Subjects

Twenty-two infants were recruited; 2 infants (1 male, 1 female) were excluded from the study
after the 2-month visit (starting supplementation with formula; personal circumstances). One female
infant started supplementation with formula/weaning at 6 months and was excluded from further
analysis. Nineteen remaining infants were breastfed at 2, 5 and 9 months. Seventeen infants (94%)
continued to breastfeed at 12 months, but one male was too sick to attend the last session. Out of
18 infants measured at 12 months 16 infants (89%) still continued to breastfeed. One male infant ceased
breastfeeding 2 weeks before the 12-month appointment and one female infant stopped at 10 months
after birth. Both infants and their mothers were measured at 12 months.

Some sessions were not attended by some participants leading to incomplete data. Five infants
did not start at 2 months, two did not attend at 9 months and two at 12 months. Overall 80 measures
were expected, however some were missing, specifically: infant weight (n = 9); infant %FM, FM, FMI,
FFM and FFMI measured with US 2SF, and maternal age, weight, height, BMI, %FM, FM, FMI, FFM
and FFMI (n = 10); infant head circumference (n = 11); infant length, BMI and %FM, FM, FMI, FFM
and FFMI measured with US 4SF (n = 12); infant %FM, FM, FMI, FFM and FFMI measured with BIS
(n = 13); self-reported FFQ (n = 20). Missing data also occurred due to difficulties with conducting 24-h
MI measurements at later stages of lactation. The following measurements from the 60 expected were
missing: FFQ from 24-h MP (n = 26) and 24-h MI (n = 27). Missing data were spread across the time
points (Table 1).

Breastfeeding characteristics, infant and maternal demographics and anthropometrics as well
as maternal BC measures at the four study sessions are presented in Table 1. Mean maternal age at
the start of the study was 33.3 ± 4.7 (24–44) years, mean height was 167.4 ± 7.4 (150–181) cm and
mean parity was 2.3 ± 0.9 (1–4). Infant male/female ratio was 10/10, mean BW was 3.486 ± 0.498
(2.660–4.455) kg and mean gestational age was 39.4 (37.6–43) weeks. After accounting for infant age
males were heavier (0.85 [0.12, 1.57], p = 0.025) and had larger head circumferences than females
(1.89 [0.81, 2.96], p = 0.002), while no significant difference between sexes was seen for either length
(1.68 [−0.24, 3.59], p = 0.083) or BMI (1.09 [−0.15, 2.32], p = 0.081).

Table 1. Participant anthropometric and breastfeeding characteristics.

Characteristic

2 Months a 5 Months b 9 Months c 12 Months d

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

(Range) (Range) (Range) (Range)

Mothers

Weight (kg)
78.8 ± 19.3 70.1 ± 17.8 63.0 ± 10.0 64.2 ± 17.3

(57.5–116.2) (53.7–115.3) (50.4–121.9) (51.4–121.9)

BMI (kg/m2)
27.2 ± 5.5 24.8 ± 5.0 22.7 ± 3.9 23.9 ± 5.9

(20.4–35.5) (19.0–35.2) (17.9–37.2) (18.2–37.2)

Fat-free Mass e (kg)
49.5 ± 8.2 45.4 ± 6.6 44.1 ± 4.1 45.4 ± 6.7

(38.2–66.2) (37.4–60.9) (35.1–68.5) (35.9–67.7)

Fat Mass e (kg)
29.3 ± 11.8 24.6 ± 12.0 18.9 ± 7.4 18.8 ± 11.0

(15.2–50.0) (13.9–54.4) (11.4–53.4) (10.0–54.3)

Fat Mass e (%)
36.0 ± 6.4 33.8 ± 7.0 29.2 ± 6.7 27.7 ± 7.9

(25.7–44.7) (23.2–47.2) (20.0–44.3) (19.4–44.5)

FFMI e (kg/m2)
16.8 ± 2.1 16.2 ± 1.9 16.1 ± 2.3 16.4 ± 2.4

(13.7–20.2) (13.2–20.0) (12.4–20.9) (12.7–20.7)
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Table 1. Cont.

Characteristic

2 Months a 5 Months b 9 Months c 12 Months d

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

(Range) (Range) (Range) (Range)

Mothers

FMI e (kg/m2)
9.5 ± 3.3 8.4 ± 3.3 7.9 ± 3.5 7.5 ± 3.5

(6.2–15.3) (4.8–16.6) (3.9–16.3) (3.6–16.6)

Infants

Sex (M/F) 9M/6F 10M/10F 10M/9F 9M/9F

Age (months)
2.04 ± 0.14 5.16 ± 0.22 9.22 ± 0.27 12.26 ± 0.28

(1.87–2.33) (4.77–5.47) (8.83–9.77) (11.63–12.67)

Length (cm)
58.1 ± 1.9 64.8 ± 2.3 71.7 ± 1.9 73.6 ± 3.2

(54.2–60.0) (60.5–69.5) (66.0–74.0) (69.0–78.5)

Weight (kg)
5.630 ± 0.660 7.431 ± 1.134 8.836 ± 0.975 9.650 ± 0.618

(4.420–7.400) (5.808–9.510) (6.675–10.095) (7.165–11.085)

BMI (kg/m2)
16.6 ± 1.2 17.6 ± 1.9 17.7 ± 1.7 17.8 ± 0.9

(14.5–18.1) (14.9–20.4) (14.2–20.2) (13.7–19.2)

Head circumference (cm)
39.7 ± 1.6 42.1 ± 1.5 45.6 ± 1.7 46.6 ± 1.7

(37.0–42.0) (40.0–45.9) (43.0–48.5) (44.2–49.5)

Breastfeeding characteristics

24-h milk intake (g) n/a f 818.8 ± 204.9 502.3 ± 157.8 445.5 ± 200.4

(498–1185) (300–775) (255–795)

24-h feeding frequency (MP) n/a f 8.1 ± 1.4 5.4 ± 1.2 4.4 ± 1.9

(6–11) (4–7) (2–8)

Feeding frequency (SR)
2.3 ± 0.4 g 2.8 ± 0.8 3.7 ± 1.2 5.4 ± 2.9

(1.5–3.0) (1.5–4.0) (2.0–6.0) (2.2–12.0)

Data are mean ± SD and ranges. a n = 15; b n = 20; c n = 19; d n = 18. e Maternal body composition as measured
with bioelectrical impedance spectroscopy. f Milk intake and feeding frequency as meals per 24-h was determined
from 24-h milk production (MP) measured between 2 and 5 months (presented at 5 months here, n = 17) and within
2 weeks of 9 (n = 8) and 12 months (n = 9 for feeding frequency, n = 8 for milk intake). g Maternal self-report (SR) of
feeding frequency at the time of the visit as a typical time between feeds (e.g., each 2 h) (n = 11, n = 19, n = 17, n = 13
at 2, 5, 9 and 12 months respectively). BMI—body mass index; FFMI—fat-free mass index; FMI—fat mass index,
n/a—not applicable.

3.2. Maternal Body Composition

Maternal BC is presented in Table 1. At the session attended at 5 months postpartum none of the
participants were classified as being underweight (BMI < 18.5; %FM < 21). They were classified as:
normal weight (BMI 18.5–24.9, 65%, n = 13; %FM 21–32.9, 55%, n = 11), overweight (BMI 25–29.9, 20%,
n = 4; %FM 33–38.9, 30%, n = 6) or obese (BMI > 30, 15%, n = 3; %FM > 39, 15%, n = 3) [58].

3.3. Infant Body Composition

Infant BC measured with three measurement techniques (BIS, US 2SF and US 4SF) is presented in
Table S1.

Male infants were compared to female infants using all three measurement techniques. FFM was
significantly greater in males overall (0.66 [0.19, 1.14] kg, p = 0.009) and when the methods were
considered separately (US 2SF: 0.55 [0.07, 1.03] kg, p = 0.027; US 4SF: 0.70 [0.20, 1.20] kg, p = 0.009;
BIS: 0.74 [0.25, 1.22] kg, p = 0.005). FFMI was significantly higher in males overall (0.95 [0.21, 1.69] kg,
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p = 0.015) and when determined with US 4SF and BIS (US 4SF: 1.01 [0.29, 1.73] kg, p = 0.009; BIS:
1.09 [0.37, 1.81] kg, p = 0.005) but not with US 2SF (0.70 [−0.12, 1.52] kg, p = 0.089).

Differences were not seen for %FM, FM and FMI overall (males %FM: −0.38 [−3.02, 2.26] %,
p = 0.77; FM: 0.19 [−0.17, 0.55] kg, p = 0.27; FMI: 0.16 [−0.52, 0.85] kg/m2, p = 0.62) or when the
methods were considered separately (%FM: p ≥ 0.30; FM: p ≥ 0.095; FMI: p ≥ 0.25).

A comparison of measurement methods showed no difference for %FM (p ≥ 0.074), FM (p ≥ 0.11),
FMI (p ≥ 0.077) and FFM (p ≥ 0.15). Overall FFMI determined with BIS was significantly higher
compared with US 2SF (0.24 ± 0.10, p > 0.039) with no further differences between the methods
(p ≥ 0.24).

3.4. Infant Birth Weight and Maternal and Infant Body Composition

After accounting for infant sex and gestational age no significant associations between BW and
any maternal BC parameter were seen at any time point after birth after adjusting for the false discovery
rate (p ≥ 0.018) (the raw p-values for negative associations between maternal adiposity/BC indices at 5,
9 and 12 months postpartum and infant BW before the adjustment were: %FM (5 months: −0.03 ± 0.01,
p = 0.026; 9 months: −0.03 ± 0.01, p = 0.021; 12 months: −0.03 ± 0.01, p = 0.018), BMI (5 months:
−0.04 ± 0.02, p = 0.024; 9 months: −0.03 ± 0.02, p = 0.046; 12 months: −0.04 ± 0.02, p = 0.019), FMI
(5 months: −0.06 ± 0.02, p = 0.032; 9 months: −0.05 ± 0.02, p = 0.038; 12 months: −0.06 ± 0.02,
p = 0.023), and FFMI (5 months: −0.10 ± 0.04, p = 0.042; 12 months: −0.09 ± 0.04, p = 0.032)).

After accounting for infant sex and gestational age and adjusting for the false discovery rate
(p ≥ 0.047) larger BW was associated with larger infant FFM measured at all-time points and with all
three methods (2 months: US 2SF, 0.81 ± 0.17, p = 0.001; US 4SF, 0.95 ± 0.23, p = 0.004; BIS, 0.75 ± 0.22,
p = 0.010; 5 months: US 2SF, 1.03 ± 0.30, p = 0.004; US 4SF, 1.24 ± 0.29, p < 0.001; BIS, 0.87 ± 0.17,
p < 0.001; 9 months: US 2SF, 1.20 ± 0.32, p = 0.002; US 4SF, 1.17 ± 0.33, p = 0.004; BIS, 1.37 ± 0.39,
p = 0.004; 12 months: US 2SF, 1.46 ± 0.32, p < 0.001; US 4SF, 1.55 ± 0.32, p < 0.001; BIS, 1.42 ± 0.42,
p = 0.006). Also, larger BW was associated with larger FM only at 5 months and only when measured
with BIS (0.70 ± 0.25, p = 0.014).

3.5. 24-H Milk Intake and Feeding Frequency

A moderate level of agreement (ICC = 0.602 [0.339, 0.779], p < 0.001) was seen between FFQ
measured with 24-h MP as meals per 24-h and FFQ self-reported by mothers as hours between meals.
Short intervals between feeds were associated with higher self-reported values than 24-h MP values;
this effect was not seen with longer intervals between feeds.

FFQ and 24-h MI did not differ by infant sex (p ≥ 0.54). Greater FFQ was associated with larger
24-h MI (24-h MP FFQ: 81.1 ± 18.5, p < 0.001; self-reported FFQ: −50.6 ± 13.3, p = 0.003).

3.6. Longitudinal Changes in Maternal, Breastfeeding and Infant Characteristics

Maternal weight, BMI, %FM, FM and FMI decreased significantly between 2 and 12 months
(Table S2), while FFM and FFMI did not differ (FFM: p = 0.10; FFMI: p = 0.076). Over the first year of
lactation, maternal adiposity decreased (Figure 2) (%FM: −2.03% ± 0.59, p = 0.001, month of lactation:
p < 0.001; BMI: −0.78 ± 0.24, p = 0.002, month of lactation: p < 0.001; FMI: −0.64 ± 0.18, p < 0.001,
month of lactation: p = 0.001), after accounting for the month of lactation as a factor.

FFQ and 24-h MI decreased significantly across the lactation (Table S2).
Infant anthropometrics and both FM and FFM measured with all methods increased significantly

as age increased (Table S3). BMI, FFMI determined with US 4SF, FMI determined with US 2SF and
FM determined with BIS initially increased and then plateaued, while %FM and FMI measured with
BIS initially increased and then decreased (Figure 3). %FM measured with US skinfolds and FFMI
determined with US 2 SF did not differ significantly (%FM US 2SF: p = 0.56; %FM US 4 SF: p = 0.11;
FFMI US 2SF: p = 0.13).
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Figure 2. Longitudinal changes in: (a) maternal body mass index (BMI); (b) maternal percentage fat
mass, (c) fat-free mass index and (d) fat mass index measured with bioelectrical impedance spectroscopy
from 2 to 12 months of lactation. Blue line represents local regression smoother (LOESS), grey areas
represent ± confidence interval, (n = 14, n = 20, n = 18, n = 18 at 2, 5, 9 and 12 months respectively).
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Figure 3. Longitudinal changes in: (a) infant body mass index (BMI); (b) percentage fat mass, (c) infant
fat-free mass index and (d) infant fat mass index from 2 to 12 months after birth measured with
bioelectrical impedance spectroscopy. Blue line represents local regression smoother (LOESS), grey
areas represent ± confidence interval, (n = 14, n = 20, n = 18, n = 18 at 2, 5, 9 and 12 months respectively).
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3.7. Relationships between Infant and Maternal Body Composition

Significant negative associations between infant FFM and maternal adiposity were seen after
accounting for month after birth and interaction between month after birth and maternal characteristic
(Table A1). After adjusting for the false discovery rate, higher maternal BMI was associated with smaller
infant FFM measured with both US 2SF (p = 0.007) and US 4SF (p = 0.010) (Figure 4a); greater maternal
FM was associated with smaller infant FFM measured with US 2SF (p = 0.004) (Figure 4b); and greater
maternal FMI was associated with smaller infant FFM measured with both US 2SF (p = 0.005) and
US 4SF (p = 0.011). There were no other significant associations between the measured maternal and
infant BC parameters. No significant interactions between month after birth and maternal predictors
were seen.
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Figure 4. Significant negative associations between: (a) maternal body mass index and infant fat-free
mass measured with ultrasound (2 skinfolds; US 2SF); (b) maternal percentage fat mass (%FM) and
infant fat-free mass measured with US 2SF. Lines represent linear regression, one line for each time
point (n = 14, n = 20, n = 18, n = 18 at 2, 5, 9 and 12 months respectively).

3.8. Infant Body Composition and Breastfeeding Parameters

Significant associations between infant BC and feeding parameters (FFQ, 24-h MI) were seen after
accounting for the month after birth and interaction between month after birth and feeding parameters
(Table A2).

After adjusting for false discovery rate, higher 24-h MI was associated with greater infant FM
measured with both US 2SF (p = 0.004) and US 4SF (p = 0.002), greater %FM measured with both
US 2SF (p = 0.008) and US 4SF (p < 0.001), greater FMI measured with US 2SF (p = 0.001) and US 4SF
(p < 0.001) and lower FFMI measured with US 4SF (p = 0.015) (Table A2, Figure 5).

After adjusting for false discovery rate, longer intervals between feeds (self-reported FFQ) were
associated with larger infant FFM (US 2SF: p = 0.001; US 4SF: p < 0.001; BIS: p = 0.019) and FFMI
(US 2SF: p = 0.013; US 4SF: p < 0.001; BIS: p = 0.017) (Table A2, Figure 6). No significant associations
were seen for 24-h MP FFQ (meals per 24 h).

Significant interactions between breastfeeding parameters and the month after birth were seen for
infant BC characteristics (Table A2). 24-h MI and the month after birth: the slope for infant BMI changes
from positive (5 months) to flat (9 months) and then negative (12 months) (p = 0.018) indicating that
associations between 24-h MI and infant BMI weakens over the first 12 months of lactation; the slope
for infant FFMI measured with US 4SF changes from flat (5 and 9 months) to negative (12 months)
(p = 0.024) indicating that associations between 24-h MI and infant FFMI strengthens over the first 12
months of lactation. 24-h MP FFQ and the month after birth: the slope for infant FM measured with
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US 2 SF changes from negative (5 months) to positive (9 and 12 months) (p = 0.014) indicating that
associations between FFQ and infant FM strengthens over the first 12 months of lactation.Nutrients 2018, 10, 45 11 of 25 
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Figure 6. Significant positive associations between: (a) self-reported feeding frequency (hours between
feeds) and infant fat-free mass measured with ultrasound (2 skinfolds; US 2SF) (n = 11, n = 19, n = 16,
n = 13 at 2, 5, 9 and 12 months respectively); (b) self-reported feeding frequency and infant fat-free
mass index measured with ultrasound (4 skinfolds; US 4SF) (n = 10, n = 18, n = 16, n = 12 at 2, 5, 9 and
12 months respectively). Lines represent linear regression, one line for each time point.

After adjusting for false discovery rate, no associations were seen between changes in infant BC
and either 24-h MI (p ≥ 0.0004) or FFQ (p ≥ 0.001 for self-reported FFQ, and p ≥ 0.004 for 24-h MP
FFQ) at any practical time points (Tables A3 and A4).
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3.9. Maternal Body Composition and Breastfeeding Parameters

No associations were seen between maternal BC and 24-h MI and both FFQ (24-h MP and
self-reported) (BMI: p ≥ 0.45; FFM: p ≥ 0.51; FFMI: p ≥ 0.13; FM: p ≥ 0.82; FMI: p ≥ 0.69; %FM:
p ≥ 0.67) after accounting for the month after birth (p < 0.001 for all) and interaction between month
after birth and maternal characteristics.

Significant interaction was seen between maternal BMI and the month after birth (2 months:
reference; 5 months: −0.03 ± 0.07; 9 months: 0.01 ± 0.07; 12 months: 0.76 ± 0.17, p < 0.001; month
after birth: p < 0.001) and maternal FFMI and the month after birth (2 months: reference; 5 months:
−0.13 ± 0.16; 9 months: 0.11 ± 0.16; 12 months: 1.18 ± 0.22, p < 0.001; month after birth: p < 0.001) for
self-reported FFQ indicating that the association between both, BMI and FFMI, and self-reported FFQ
(hours between feeds) strengthens over the first 12 months of lactation. No significant interaction with
month after birth was seen for other maternal characteristics.

After adjusting for the false discovery rate, no associations were seen between decrease in
maternal BMI, FFM, FFMI, FM, %FM and FMI and either 24-h MI (p ≥ 0.009) or FFQ (self-reported
FFQ: p ≥ 0.014; 24-h MP FFQ: p ≥ 0.068) at any practical time points (Table A5).

4. Discussion

The life period spanning from pre-conception to early life is a critical period when appetite control
and BC are programmed and is the greatest window of opportunity for intervention to significantly
improve infant outcome. This period is influenced by the maternal factors and early nutrition [5]
and breastfeeding can have long-term beneficial health effects at both the individual and population
levels [4]. Furthermore, longer duration of breastfeeding is shown to reduce risk for rapid growth
patterns in early childhood [59] and attenuate the adverse effects of BW and early weight gain on
infant FM gain [27], suggesting dose-dependent effect of breastfeeding on development of infant BC,
but the mechanisms of this effect are not fully understood. Our study expands previous research,
identifies specific risk factors and critical periods and sheds new light on the mechanisms by which
breastfeeding influences infant BC. FFQ and 24-h MI are implicated in development of infant FM while
maternal BC is associated with infant FFM, all of these emphasizing the critical role of breastfeeding in
programming growth in the first 12 months of life (Figure 7).Nutrients 2018, 10, 45 13 of 25 
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Milk intake is a major driver of infant growth and here we show a link between infant
breastfeeding behavior, as in FFQ, where more frequent feeders consumed more milk and subsequently
had greater adiposity (FM, %FM, FMI) and less lean mass (FFM, FFMI) over the first 12 months of life.
This supports a study, in which 24-h MI had no associations with infant weight, but was positively
associated with both weight-for-length and weight-for-age [60], suggesting infant BC rather than
weight drives this relationship [61]. The lack of association between FFQ and infant 24h-MI in previous
studies of the exclusive breastfeeding period is likely due to no consensus on definitions of a breastfeed
or meal and non-compliance to demand feeding [31,62]. One cross-sectional study has reported a
positive association between FFQ and 24-h MI, however, not all mothers exclusively breastfed for
6 months and study did not account for FFQ in early life [63], which is known to reduce in established
lactation [64]. In our study, the association between FFQ and infant adiposity strengthened with
duration of lactation, similar to the study, which found that the later breastfeeding was discontinued the
more infant %FM was observed at 6 months [65], further highlighting the importance of breastfeeding
in the weaning period during the gradual introduction of food.

It is not fully understood what influences infant FFQ, which generally declines with the duration
of lactation [62,64]. We have previously reported that smaller, shorter and leaner (less %FM), but not
younger infants fed more frequently in a cohort of 2 and 5 month-old fully breastfed infants [32] and
we have now extended this relationship to FFM, although it is not clear which comes first: are smaller
infants in greater demand for nutrients, or is higher FFQ/MI provide more HM components that may
regulate/slow down the growth? The results of this study were not uniform between self-reported
FFQ and 24-h MP FFQ. This could be explained by the fact that both methods of measuring FFQ have
some limitations: self-reported FFQ was shown to be biased towards reporting higher numbers of
feeds in frequent feeders compared with 24-h MP FFQ, which itself is limited to one measure at the
time point of data collection. Nevertheless, the associations between infant BC and both FFQ and 24-h
MI indicate that, with more comprehensive investigation, these provide a window for adjustment of
infant growth rate, during both, exclusive breastfeeding period and specifically from 9 to 12 months,
where HM could potentially make a greater contribution to optimal infant growth rate and adiposity
(Figure 1).

Previous studies based on maternal BMI [14,15] or BC measured during pregnancy [23–26,66]
reported a positive relationship with infant BW. Our study showed no relationship of BW with either
maternal BMI or BC, although none of our mothers were categorised as underweight and only 15%
were obese, and correction for multiple comparisons eliminated statistical significance. However,
we did find that increased maternal adiposity was related to lower infant FFM over the course of the
first year of life whereas only one previous cross-sectional study has found this at 5 to 35 days of life [67].
Therefore, this sustained relationship suggests maintenance of healthy maternal pre-pregnancy and
possibly lactational adiposity is beneficial for the development of infant lean body mass. Optimal
lean body mass is desirable, since development of obesity is associated with increased FFM [68] and
compositional changes of the lean tissue [69]. Further, we show in breastfed infants increased BW is
associated with increased FFM throughout the first year of life, which further emphasizes the necessity
for maternal BC to remain within the normal range. Interestingly, FFM at birth has also been shown to
explain most of the variability in BW [70–72], although this finding is not consistent [19,73].

Previous studies also have linked maternal pre-pregnancy BMI or gestational weight gain to
increased infant FM or %FM either very early in life (birth to 4 months) or later in childhood
(2–11 years) [19,20,67,74,75]. Mechanistic studies have not been attempted to understand how
breastfeeding in early life is related to development of infant adiposity. Similar to one recent
longitudinal study that showed no relationship between pre-pregnancy BMI and infant postpartum
%FM during first 6 months [76], we found no relationship of estimated pre-pregnancy/current
maternal BC and infant FM, leading us to speculate that breastfeeding may modulate infant FM
development, contributing in part to protection against obesity. Further, other studies have not
measured breastfeeding parameters and have included formula-fed infants, this combined with the
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historic cohorts including mothers with BMI significantly lower than current cohorts [77] may have
influenced their findings.

BW is not a reliable predictor of newborn adiposity [78]. We found no association between
BW and infant FM during the first 12 months of life, with the exception of a positive association at
5 months, when measured with BIS only. Similarly, Chomtho et al. have reported positive association
between BW and infant FM measured with stable isotope at 3 months [73]. The emergence of positive
associations of BW with infant FM only at 3 months [73] and 5 months (our study) in the first year
of life might be explained by relative proximity of the measures to the peaking of infant adiposity at
around 6–7 months [38,79] and a reduction in the adverse effect of BW and early infant weight gain
on FM later in infancy with increased duration of breastfeeding [27,80]. Our findings therefore point
to maternal BC being implicated in lean tissue development rather than fat accrual in the infant post
birth, while breastfeeding parameters appear to be involved in development of adipose tissue.

Higher FM in infants is usually considered as a negative result [81], however some studies
observed %FM to be consistently higher due to lower FFM in breastfed infants compared to
formula-fed [82] which may be related to the neurodevelopmental and cognitive differences between
these two groups [83]. Curiously, duration of breastfeeding has been found to associate positively with
infant subcutaneous but not visceral fat [76], indicating that breastfeeding may ensure a beneficial
adipose phenotype, associated with a reduced risk of NCD and obesity [76,84]. It will be necessary to
study the development of visceral fat in breastfed infants over time, since it cannot be extrapolated to
%FM [76].

Infant BC also influenced by the infant sex. In our recent cross-sectional study of 2, 5, 9 and
12 months old infants we showed that %FM was lower in males than in females [35]. Similar to some
longitudinal studies [85,86] and contrary to others [38,87,88], we have seen no difference in adiposity
between sexes in this study, although, as expected, we observed that lean mass in males was greater
(FFM and FFMI). Larger sample sizes will allow for more robust findings with respect to sex and BC of
breastfeeding infants.

Given the evidence confirming that obese mothers experience greater physical difficulties in
breastfeeding as well as being at higher risk of not producing adequate volumes of milk [60,61,89–91],
one might expect maternal BC to influence breastfeeding parameters. Our study, however, did not find
any associations between maternal BC or indicators of milk production (24-h MI) and breastfeeding
behaviour (FFQ). This may be because all of our mothers produced enough milk for their infants [31]
and that only 15% of our mothers were obese. Furthermore, infants in our study displayed appropriate
patterns of growth according to WHO growth standards [92], with 18 out of 20 infants residing between
15th and 97th weight-for-age centiles over the first year of life, and only three infants crossing two
major centiles in downward and one in upward trend from birth to 12 months. Before correction for
multiple comparisons however, we found that the reduction in maternal adiposity was associated
with higher 24-h MI in the later stages of lactation, these findings are further supported by significant
interaction between maternal BMI and the month after birth, which indicated the strengthening of the
association between BMI and FFQ at the later stages of lactation. It is biologically plausible that higher
FFQ and MI at the later stages of lactation/during weaning may contribute to greater reduction in
maternal adiposity due to the energetic demand of lactation. Indeed, exclusive breastfeeding promotes
greater maternal %FM loss than mixed feeding during the early postpartum period [93], and at the
later stages of lactation [56,94], with more frequent feeding associating with greater fat reduction at
6 months postpartum [94]. One must be cautious, as FFQ is also related to 24-h MI. These findings
support the limited data that suggests that duration of lactation is associated with protection against
incidence of obesity, CVD, type 2 diabetes and prevalence of the metabolic syndrome [95], enabled by
the mobilization of the stored fat and persisting beyond weaning.

The strength of this proof-of-concept study is the wide variation of adiposity levels among the
mothers and that measurements were performed on breastfeeding dyads feeding on demand over a
wide period of lactation, from 2 to 12 months. The limitations are the small number of 24-h MP at the
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later stages of lactation and the modest number of participants as a result of time constraints associated
with multiple measurement time points. Our population was predominantly Caucasian term healthy
fully breastfed singletons from mothers of higher social-economic status therefore, the results may
not be applicable to dyads from other backgrounds. Further analysis including a holistic approach is
required to understand multiple levels of breastfeeding programing and regulatory effects. Elucidation
of the effect of maternal BC on infant BC via both composition and the quantity of HM will help
to understand the intergenerational nature of obesity allowing for the possibility of interventions.
These interventions would include maintaining/achieving healthy maternal BC pre-conception and
during pregnancy and lactation, as well as supporting breastfeeding from 9 to 12 months and beyond,
as outlined in the NHMRC [96] and WHO infant feeding guidelines [97], to improve the outcomes
for breastfeeding dyads. An example of an ‘intervention’ is Norway’s promotion of breastfeeding
(and extended breastfeeding), which is deployed by overweight/obese mothers as a weight loss
strategy, since Norwegian women with greater pre-pregnancy weight concerns are more likely to
initiate breastfeeding and breastfeed for longer [98].

5. Conclusions

This study found that infant BC was associated with both maternal adiposity and breastfeeding
patterns over the first 12 months of lactation. These results confirm that the first year of life is a critical
window of infant developmental programming that has the potential for intervention to improve
outcomes for the infant, and emphasise the importance of including quantitative measures in order to
elucidate the mechanisms by which breastfeeding affects infant BC (Figure 1).

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/10/1/45/s1,
Table S1: Body composition of breastfed infants aged 2 to 12 months calculated with ultrasound skinfolds and
bioelectrical impedance equations, Table S2: Significant differences by lactation duration within measured maternal
and breastfeeding characteristics, Table S3: Significant differences by age within measured infant characteristics.
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Appendix A

Table A1. Significant associations between infant body composition and maternal body composition.

Predictor
2 Months 5 Months 9 Months 12 Months p-Value

Intercept
(SE) Slope (SE) Intercept

(SE) Slope (SE) Intercept
(SE) Slope (SE) Intercept

(SE) Slope (SE) Predictor Infant Age
(Months) Interaction

Infant fat-free mass with ultrasound 2 skinfolds (kg)

Maternal BMI d (kg/m2) 5.62 (0.79) a −0.06 (0.03) 6.81 (0.69) −0.06 (0.03) 7.78 (0.61) −0.06 (0.03) 8.55 (0.60) −0.06 (0.03) 0.007 b <0.001 c 0.99 c

Maternal FM d (%) 5.30 (0.84) −0.03 (0.02) 6.22 (0.63) −0.03 (0.02) 7.87 (0.57) −0.05 (0.02) 8.68 (0.55) −0.05 (0.02) 0.004 <0.001 0.40
Maternal FM (kg) 4.79 (0.40) −0.03 (0.02) 5.81 (0.32) −0.02 (0.01) 6.99 (0.31) −0.03 (0.01) 7.72 (0.29) −0.03 (0.01) 0.018 <0.001 0.62

Maternal FMI d (kg/m2) 4.91 (0.43) −0.09 (0.05) 5.98 (0.35) −0.07 (0.04) 7.15 (0.32) −0.09 (0.04) 7.87 (0.31) −0.11 (0.04) 0.005 <0.001 0.72

Infant fat-free mass with ultrasound 4 skinfolds (kg)

Maternal BMI 5.90 (0.84) −0.07 (0.03) 7.05 (0.74) −0.07 (0.03) 7.82 (0.66) −0.06 (0.03) 8.84 (0.65) −0.07 (0.03) 0.010 <0.001 0.93
Maternal FM (%) 5.01 (0.88) −0.03 (0.03) 6.06 (0.67) −0.02 (0.02) 7.75 (0.63) −0.04 (0.02) 8.74 (0.60) −0.05 (0.02) 0.024 <0.001 0.29
Maternal FM (kg) 4.82 (0.43) −0.03 (0.02) 5.86 (0.35) −0.02 (0.01) 7.01 (0.33) −0.02 (0.01) 7.90 (0.32) −0.03 (0.01) 0.033 <0.001 0.54

Maternal FMI d (kg/m2) 4.93 (0.46) −0.09 (0.05) 6.03 (0.38) −0.07 (0.04) 7.17 (0.35) −0.09 (0.04) 8.05 (0.33) −0.11 (0.04) 0.011 <0.001 0.71

Infant fat-free mass with bioelectrical impedance spectroscopy (kg)

Maternal BMI 5.76 (0.89) −0.06 (0.03) 6.54 (0.76) −0.05 (0.03) 7.85 (0.68) −0.06 (0.03) 8.32 (0.68) −0.05 (0.03) 0.030 <0.001 0.99
Maternal FMI d (kg/m2) 4.93 (0.48) −0.07 (0.05) 5.73 (0.39) −0.05 (0.04) 7.16 (0.36) −0.09 (0.04) 7.72 (0.36) −0.08 (0.04) 0.037 <0.001 0.79

Infant fat-free mass index with ultrasound 2 skinfolds (kg/m2)

Maternal FM d (%) 13.90 (1.56) −0.04 (0.05) 14.10 (1.14) −0.04 (0.03) 15.10 (1.04) −0.07 (0.03) 14.50 (1.00) −0.06 (0.03) 0.038 0.12 0.85
a Data are parameter estimate ± SE; effects of predictors taken from linear mixed effects models that accounted for infant age and an interaction between infant age and predictor. b Results
are presented only for predictors with p < 0.05; after the false discovery rate adjustment, the predictor p-values were considered to be significant at <0.018 for infant fat-free mass measures
(indicated by the bold text) and at <0.038 for fat-free mass index (none are significant). c Significant results for month after birth and the interaction between predictor and month after birth
(p < 0.05, indicated by the bold text). d BMI—body mass index; FM—fat mass; FMI—fat mass index; %FM—percentage fat mass.
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Table A2. Significant associations between infant body composition and feeding characteristics.

Predictor
2 Months 5 Months 9 Months 12 Months p-Value

Intercept
(SE) Slope (SE) Intercept

(SE) Slope (SE) Intercept
(SE) Slope (SE) Intercept

(SE) Slope (SE) Predictor Infant Age
(Months) Interaction

Infant body mass index (kg/m2)

24-h milk intake (g) c n/a c n/a c 15.20 (1.16) a 0.003 (0.001) 17.7 (1.25) 0.001 (0.002) 18.90 (0.90) −0.003 (0.002) 0.40 b 0.61 0.018 b

Infant fat mass with ultrasound 2 skinfolds (%)

24-h milk intake (g) n/a n/a 17.20 (3.45) a 0.01 (0.004) 29.5 (4.72) −0.005 (0.01) 21.50 (3.03) 0.01 (0.006) 0.008 0.30 0.20

Infant fat mass with ultrasound 4 skinfolds (%)

Feeding frequency
SR d 18.40 (5.71) 3.06 (2.42) 25.40 (2.91) 0.32 (1.01) 30.50 (2.73) −1.21 (1.01) 27.00 (2.01) −0.64 (0.32) 0.040 0.34 0.26

Feeding frequency
MP n/a n/a 24.30 (5.49) 0.29 (0.66) 18.9 (6.50) 1.53 (1.17) 16.60 (3.17) 1.52 (0.69) 0.029 0.16 0.38

24-h milk intake (g) n/a n/a 15.20 (3.30) 0.01 (0.004) 28.2 (4.46) −0.002 (0.01) 18.90 (2.87) 0.01 (0.006) <0.001 0.043 0.20

Infant fat mass with ultrasound 2 skinfolds (kg)

24-h milk intake (g) n/a n/a 0.93 (0.37) 0.001 (0.0004) 2.53 (0.43) −0.0002 (0.001) 2.10 (0.28) 0.001 (0.001) 0.004 <0.001 0.18

Feeding frequency
MP n/a n/a 2.89 (0.57) −0.11 (0.07) 2.00 (0.56) 0.08 (0.10) 1.94 (0.30) 0.12 (0.06) 0.63 0.036 0.014

Infant fat mass with ultrasound 4 skinfolds (kg)

24-h milk intake (g) n/a n/a 0.81 (0.37) 0.001 (0.0004) 2.37 (0.45) 0.0001 (0.001) 1.88 (0.29) 0.001 (0.001) 0.002 <0.001 0.28

Infant fat mass with bioelectrical impedance spectroscopy (kg)

24-h milk intake (g) n/a n/a 1.20 (0.44) 0.001 (0.001) 1.79 (0.57) 0.001 (0.001) 2.22 (0.41) 0.0004 (0.001) 0.045 0.030 0.65

Infant fat mass index with ultrasound 2 skinfolds (kg/m2)

24-h milk intake (g) n/a n/a 2.17 (0.79) 0.003 (0.001) 4.88 (1.0) 0.0001 (0.002) 3.57 (0.72) 0.002 (0.001) 0.001 0.060 0.25

Feeding frequency
MP n/a n/a 4.39 (1.28) 0.04 (0.16) 2.90 (1.57) 0.35 (0.28) 2.55 (0.82) 0.37 (0.17) 0.046 0.42 0.32

Infant fat mass index with ultrasound 4 skinfolds (kg/m2)

Feeding frequency
MP n/a n/a 3.81 (1.34) 0.12 (0.16) 2.82 (1.58) 0.39 (0.28) 2.36 (0.82) 0.36 (0.17) 0.025 0.14 0.52

24-h milk intake (g) n/a n/a 1.78 (0.77) 0.004 (0.001) 4.76 (1.03) 0.0003 (0.002) 2.91 (0.74) 0.002 (0.002) <0.001 0.022 0.23
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Table A2. Cont.

Predictor
2 Months 5 Months 9 Months 12 Months p-Value

Intercept
(SE) Slope (SE) Intercept

(SE) Slope (SE) Intercept
(SE) Slope (SE) Intercept

(SE) Slope (SE) Predictor Infant Age
(Months) Interaction

Infant fat mas index with bioelectrical impedance spectroscopy (kg/m2)

24-h milk intake (g) n/a n/a 2.71 (0.92) 0.003 (0.001) 3.56 (1.18) 0.001 (0.002) 4.37 (0.85) 0.00003 (0.002) 0.029 0.75 0.31

Infant fat-free mass with ultrasound 2 skinfolds (kg)

Feeding frequency
SR 4.41 (0.61) −0.09 (0.25) 4.94 (0.32) 0.17 (0.11) 5.82 (0.31) 0.16 (0.11) 6.58 (0.24) 0.10 (0.03) 0.001 <0.001 0.67

Infant fat-free mass with ultrasound 4 skinfolds (kg)

Feeding frequency
SR 4.14 (0.51) 0.04 (0.21) 5.19 (0.28) 0.09 (0.09) 5.56 (0.27) 0.24 (0.09) 6.58 (0.22) 0.13 (0.03) <0.001 <0.001 0.25

Infant fat-free mass with bioelectrical impedance spectroscopy (kg)

Feeding frequency
SR 4.37 (0.75) −0.001 (0.32) 5.14 (0.41) 0.06 (0.14) 5.69 (0.37) 0.22 (0.14) 6.74 (0.29) 0.08 (0.04) 0.019 <0.001 0.48

Infant fat-free mass index with ultrasound 2 skinfolds (kg/m2)

Feeding frequency
SR 12.10 (1.26) 0.19 (0.53) 13.10 (0.67) −0.07 (0.23) 12.80 (0.61) 0.08 (0.23) 11.90 (0.46) 0.19 (0.07) 0.013 0.20 0.68

Infant fat-free mass index with ultrasound 4 skinfolds (kg/m2)

Feeding frequency
SR 11.50 (1.01) 0.44 (0.43) 13.40 (0.57) −0.13 (0.19) 12.20 (0.51) 0.26 (0.19) 11.90 (0.39) 0.25 (0.06) <0.001 0.031 0.25

24-h milk intake (g) n/a n/a 13.60 (0.80) −0.001 (0.001) 13.30 (0.82) −0.001 (0.002) 15.40 (0.60) −0.004 (0.001) 0.015 0.057 0.024

Infant fat-free mass index with bioelectrical impedance spectroscopy (kg/m2)

Feeding frequency
SR 12.20 (1.15) 0.30 (0.49) 13.10 (0.62) −0.15 (0.21) 12.40 (0.57) 0.21 (0.21) 12.20 (0.44) 0.15 (0.06) 0.017 0.16 0.49

a Data are parameter estimate ± SE; effects of predictors taken from linear mixed effects models that accounted for infant age and an interaction between infant age and predictor. b Results
are presented only for interactions (indicated by the bold text) or predictors with p < 0.05; after the false discovery rate adjustment, the predictor p-values were considered to be significant
at <0.029 for 24-h milk intake, at <0.040 for self-reported feeding frequency (indicated by the bold text) and at <0.05 for 24-h milk production feeding frequency (none are significant). c 24-h
milk intake and feeding frequency as meals per 24-h (MP) were measured between 2 and 5 months (n = 17; presented here at 5 months) and within 2 weeks of 9 (n = 8) and 12 months
(n = 9 for feeding frequency, n = 8 for milk intake). d Feeding frequency was self-reported by mothers (SR) at the time of the visit as a typical time between feeds (e.g., each 2 h) (n = 11,
n = 19, n = 17, n = 13 at 2, 5, 9 and 12 months respectively). n/a—not applicable.
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Table A3. Associations between 24-h milk intake at given time points and infant body composition
changes between time points.

Changes in Infant
Characteristic

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

24-h milk intake between 2 and 5 months e

BMI d (kg/m2)
0.014 a,c

0.003 ± 0.001 b
0.54

0.001 ± 0.002
0.94

0.0002 ± 0.002
0.55

−0.001 ± 0.001
0.29

−0.002 ± 0.002
0.35

−0.001 ± 0.001

Fat-free mass US 2SF d

(kg)
0.65

−0.004 ± 0.001
0.013

0.002 ± 0.001
0.10

0.002 ± 0.001
0.56

0.004 ± 0.001
0.56

0.004 ± 0.001
0.88

0.0 ± 0.0

Fat-free mass US 4SF d

(kg)
0.35

0.001 ± 0.001
0.004

0.003 ± 0.001
0.007

0.003 ± 0.001
0.38

0.001 ± 0.001
0.29

0.001 ± 0.001
0.26

0.0004 ± 0.003

Fat-free mass BIS d (kg)
0.096

0.001 ± 0.0003
0.14

0.002 ± 0.001
0.009

0.003 ± 0.001
0.46

0.001 ± 0.001
0.20

0.001 ± 0.001
0.23

0.001 ± 0.001

Fat-free mass index
US 4SF (kg/m2)

0.068
0.003 ± 0.001

0.092
0.003 ± 0.001

0.035
0.005 ± 0.002

0.63
0.001 ± 0.001

0.84
0.0003 ± 0.001

0.91
0.0001 ± 0.001

Fat-free mass index BIS
(kg/m2)

0.031
0.002 ± 0.001

0.47
0.001 ± 0.002

0.37
0.002 ± 0.002

0.68
0.001 ± 0.001

0.92
0.0001 ± 0.001

0.68
0.001 ± 0.001

Fat mass US 2SF (kg) 0.037
0.002 ± 0.001

0.46
0.001 ± 0.001

0.47
0.001 ± 0.001

0.77
−0.0002 ± 0.001

0.60
−0.0003 ± 0.001

0.97
0.0 ± 0.0

Fat mass index US 2SF
(kg/m2)

0.033
0.004 ± 0.002

0.98
0.0 ± 0.0

0.87
−0.0004 ± 0.002

0.50
−0.001 ± 0.001

0.25
−0.002 ± 0.001

0.39
−0.001 ± 0.001

Fat mass index US 4SF
(kg/m2)

0.47
0.001 ± 0.001

0.23
−0.003 ± 0.002

0.19
−0.004 ± 0.003

0.38
−0.001 ± 0.001

0.074
−0.002 ± 0.001

0.047
−0.001 ± 0.001

Fat mass index BIS
(kg/m2)

0.065
0.002 ± 0.001

0.97
0.0 ± 0.0

0.46
−0.001 ± 0.001

0.37
−0.001 ± 0.001

0.034
−0.003 ± 0.001

0.21
−0.002 ± 0.001

24-h milk intake at 12 months e

Fat-free mass index US
2SF (kg/m2) n/a f n/a f 0.14

−0.005 ± 0.002 n/a f 0.003
−0.006 ± 0.001

0.064
−0.003 ± 0.001

Fat-free mass index US
4SF (kg/m2) n/a n/a 0.31

−0.005 ± 0.004 n/a 0.0004
−0.005 ± 0.0004

0.18
−0.003 ± 0.002

Fat mass US 2SF (kg) n/a n/a 0.023
0.002 ± 0.001 n/a 0.17

0.001 ± 0.001
0.41

0.0003 ± 0.0004

Fat mass US 2SF (%) n/a n/a 0.049
0.029 ± 0.009 n/a 0.11

0.013 ± 0.007
0.60

0.003 ± 0.006
a p-values, b parameter estimates and standard errors of estimate for significant associations between feeding
frequency at given time points and the changes in measured variables between different months after birth. c Results
are presented only for variables with at least one significant raw p-value (p < 0.05, indicated by the bold text); after
the false discovery rate adjustment, the predictor p-values were considered to be significant at <0.0004 for 24-h milk
intake (none are significant). d BIS—bioimpedance spectroscopy; BMI—body mass index; US 2SF—ultrasound
2-skinfolds; US 4SF—ultrasound 4-skinfolds. e 24-h milk intake was measured at 24-h milk production between
2 and 5 months (n = 17) and within 2 weeks of 9 (n = 8) and 12 months (n = 8). f Results are not presented for
impractical combinations, n/a—not applicable.

Table A4. Associations between feeding frequency at given time points and infant body composition
changes between time points.

Changes in Infant
Characteristic

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

Self-reported feeding frequency at 2 months e

BMI d (kg/m2)
0.83 a

0.14 ± 064 b
0.067

−1.95 ± 0.92
0.42

−0.99 ± 1.15
0.013 c

−2.09 ± 0.66
0.25

−1.13 ± 0.87
0.027

1.03 ± 0.37

Fat mass US 4SF d

(%)
0.55

1.34 ± 2.14
0.058

−7.19 ± 3.25
0.25

−4.67 ± 3.79
0.027

−9.11 ± 3.37
0.13

−5.80 ± 3.40
0.28

3.20 ± 2.74

Fat mass US 4SF
(kg)

0.37
0.14 ± 0.15

0.12
−0.59 ± 0.34

0.23
−0.44 ± 0.33

0.028
−0.76 ± 0.28

0.076
−0.56 ± 0.28

0.42
0.17 ± 0.20

Fat mass index
US 4SF (kg/m2)

0.28
0.40 ± 0.35

0.039
−1.73 ± 0.70

0.27
−0.97 ± 0.81

0.009
−2.13 ± 0.62

0.094
−1.35 ± 0.70

0.14
0.83 ± 0.49
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Table A4. Cont.

Changes in Infant
Characteristic

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

Self-reported feeding frequency at 9 months e

Fat-free mass
US 4SF (kg) n/a g 0.055

0.21 ± 0.10
0.25

0.21 ± 0.17
0.003

0.25 ± 0.07
0.13

0.18 ± 0.11
0.93

−0.01 ± 0.09

Fat-free mass index
US 4SF (kg/m2) n/a 0.10

0.29 ± 0.16
0.37

0.29 ± 0.31
0.014

0.36 ± 0.13
0.025

0.48 ± 0.19
0.49

0.13 ± 0.18

Self-reported feeding frequency at 12 months e

BMI (kg/m2) n/a g n/a g 0.45
0.15 ± 0.18 n/a g 0.12

0.21 ± 0.12
0.044

0.14 ± 0.06

Fat-free mass
US 2SF d (kg) n/a n/a 0.031

0.13 ± 0.04 n/a 0.022
0.12 ± 0.05

0.43
0.03 ± 0.03

Fat-free mass
US 4SF (kg) n/a n/a 0.047

0.15 ± 0.06 n/a 0.001
0.15 ± 0.03

0.21
0.04 ± 0.03

Fat-free mass index
US 2SF (kg/m2) n/a n/a 0.024

0.24 ± 0.07 n/a 0.020
0.24 ± 0.09

0.052
0.12 ± 0.06

Fat-free mass index
US 4SF (kg/m2) n/a n/a 0.043

0.31 ± 0.10 n/a 0.003
0.27 ± 0.07

0.073
0.15 ± 0.08

Fat-free mass index
BIS d (kg/m2) n/a n/a 0.051

0.25 ± 0.09 n/a 0.030
0.16 ± 0.06

0.37
0.07 ± 0.07

Fat mass US 4SF (%) n/a n/a 0.043
−1.05 ± 0.39 n/a 0.11

−0.67 ± 0.38
0.44

−0.26 ± 0.32

24-h MP feeding frequency between 2 and 5 months f

Fat-free mass index
US 2SF (kg/m2)

0.028
0.45 ± 0.17

0.16
−0.27 ± 0.17

0.52
−0.17 ± 0.25

0.13
−0.28 ± 0.17

0.29
−0.21 ± 0.19

0.64
0.06 ± 0.12

Fat-free mass index
US 4SF (kg/m2)

0.012
0.45 ± 0.13

0.51
−0.16 ± 0.23

0.80
−0.09 ± 0.36

0.065
−0.25 ± 0.12

0.63
−0.09 ± 0.18

0.46
0.11 ± 0.15

Fat mass US 2SF (%) 0.39
−1.60 ± 1.75

0.24
1.20 ± 0.94

0.48
1.34 ± 1.81

0.012
2.23 ± 0.78

0.068
1.70 ± 0.86

0.21
−0.51 ± 0.38

Fat mass US 4SF (%) 0.23
−0.96 ± 0.73

0.53
0.93 ± 1.38

0.62
0.90 ± 1.73

0.010
2.09 ± 0.69

0.12
1.26 ± 0.77

0.086
−0.76 ± 0.41

Fat mass US 2SF
(kg)

0.62
−0.08 ± 0.15

0.23
0.14 ±0.10

0.48
0.13 ± 0.17

0.007
0.21 ± 0.07

0.033
0.17 ± 0.07

0.34
−0.04 ± 0.04

Fat mass US 4SF
(kg)

0.81
−0.01 ± 0.05

0.24
0.14 ± 0.11

0.38
0.12 ± 0.13

0.006
0.21 ± 0.06

0.054
0.14 ± 0.07

0.17
−0.05 ± 0.04

Fat mass index US
2SF (kg/m2)

0.64
−0.16 ± 0.32

0.40
0.20 ± 0.23

0.40
0.30 ± 0.34

0.016
0.44 ± 0.16

0.11
0.33 ± 0.19

0.22
−0.11 ± 0.08

Fat mass index US
4SF (kg/m2)

0.81
−0.03 ± 0.13

0.53
0.19 ± 0.28

0.60
0.20 ± 0.36

0.023
0.42 ± 0.16

0.17
0.26 ± 0.18

0.053
−0.16 ± 0.08
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Table A4. Cont.

Changes in Infant
Characteristic

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

24-h MP feeding frequency at 9 months f

Fat-free mass US
2SF (kg) n/a g 0.030

−0.28 ± 0.05
0.33

−0.32 ± 0.28
0.013

−0.33 ± 0.09
0.16

−0.33 ± 0.20
0.85

−0.03 ± 0.15

Fat-free mass index
US 4SF (kg/m2) n/a 0.33

−0.45 ± 0.35
0.43

−0.55 ± 0.57
0.14

−0.35 ± 0.19
0.044

−0.68 ± 0.23
0.15

−0.35 ± 0.20

24-h MP feeding frequency at 12 months f

Fat-free mass US
2SF (kg) n/a g n/a g 0.029

−0.23 ± 0.06 n/a g 0.097
−0.20 ± 0.11

0.55
−0.05 ± 0.07

Fat-free mass index
US 2SF (kg/m2) n/a n/a 0.070

−0.41 ± 0.12 n/a 0.037
−0.48 ± 0.18

0.45
−0.13 ± 0.15

Fat mass US 2SF (%) n/a n/a 0.13
2.00 ± 0.97 n/a 0.004

2.12 ± 0.52
0.96

0.03 ± 0.61

Fat mass US 2SF
(kg) n/a n/a 0.090

0.15 ± 0.06 n/a 0.009
0.19 ± 0.05

0.90
0.01 ± 0.04

Fat mass index US
2SF (kg/m2) n/a n/a 0.30

0.24 ± 0.17 n/a 0.015
0.41 ± 0.12

0.75
−0.04 ± 0.11

a p-values, b parameter estimates and standard errors of estimate for significant associations between feeding
frequency at given time points and the changes in measured variables between different months after birth.
c Results are presented only for variables with at least one significant raw p-value (p < 0.05, indicated by the bold
text); after the false discovery rate adjustment, the predictor p-values were considered to be significant at <0.001
for self-reported feeding frequency, and <0.004 for 24-h milk production feeding frequency (none are significant).
d BIS—bioimpedance spectroscopy; BMI—body mass index; MP—milk production; US 2SF—ultrasound 2-skinfolds;
US 4SF—ultrasound 4-skinfolds. e Feeding frequency was self-reported by mothers at the time of the visit as a
typical time between feeds (e.g., each 2 h) (n = 11, n = 19, n = 17, n = 13 at 2, 5, 9 and 12 months respectively).
f Feeding frequency as meals per 24-h was measured at 24-h milk production between 2 and 5 months (presented
at 5 months here, n = 17) and within 2 weeks of 9 (n = 8) and 12 months (n = 9). g Results are not presented for
impractical combinations, n/a—not applicable.

Table A5. Associations between breastfeeding parameters at given time points and maternal body
composition changes between time points.

Changes in Maternal
Characteristic

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

24-h milk intake at 9 months e

Fat mass BIS d (%) n/a g 0.075 a

0.04 ± 0.01 b
0.33

0.01 ± 0.01
0.042 c

−0.01 ± 0.004
0.013

−0.02 ± 0.005
0.16

−0.007 ± 0.004

Fat mass BIS (kg) n/a 0.026
0.04 ± 0.01

0.28
0.01 ± 0.01

0.10
−0.006 ± 0.003

0.011
−0.01 ± 0.003

0.16
−0.005 ± 0.003

Fat mass index BIS
(kg/m2) n/a 0.020

0.02 ± 0.002
0.26

0.003 ± 0.002
0.11

−0.002 ± 0.001
0.009

−0.004 ± 0.001
0.15

−0.002 ± 0.001
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Table A5. Cont.

Changes in Maternal
Characteristic

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

Self-reported feeding frequency at 12 months f

BMI d (kg/m2) n/a g n/a g 0.025
0.15 ± 0.05 n/a g 0.96

−0.003 ± 0.05
0.74

0.02 ± 0.05

Fat mass BIS (%) n/a n/a 0.048
0.38 ± 0.15 n/a 0.83

0.07 ± 0.32
0.63

0.10 ± 0.20

Fat mass BIS (kg) n/a n/a 0.020
0.38 ± 0.11 n/a 0.71

0.08 ± 0.20
0.59

0.08 ± 0.15

Fat mass index BIS
(kg/m2) n/a n/a 0.014

0.12 ± 0.03 n/a 0.78
0.02 ± 0.07

0.58
0.03 ± 0.05

a p-values, b parameter estimates and standard errors of estimate for significant associations between breastfeeding
parameters at given time points and the changes in measured variables between different months after birth.
c Results are presented only for variables with at least one significant raw p-value (p < 0.05; indicated by the bold
text; none were significant for 24-h milk production feeding frequency); after the false discovery rate adjustment,
the predictor p-values were considered to be significant at <0.009 for 24-h milk intake and <0.014 for self-reported
feeding frequency (none are significant). d BIS—bioimpedance spectroscopy; BMI—body mass index. e 24-h milk
intake was measured at 24-h milk production between 2 and 5 months (n = 17) and within 2 weeks of 9 (n = 8) and
12 months (n = 8). f Feeding frequency was self-reported by mothers at the time of the visit as a typical time between
feeds (e.g., each 2 h) (n = 11, n = 19, n = 17, n = 13 at 2, 5, 9 and 12 months respectively). g Results are not presented
for impractical combinations, n/a—not applicable.

References

1. Geddes, D.; Prescott, S. Developmental origins of health and disease: The role of human milk in preventing
disease in the 21(st) century. J. Hum. Lact. 2013, 29, 123–127. [CrossRef] [PubMed]

2. Prescott, S.L. Early nutrition as a major determinant of ‘immune health’: Implications for allergy, obesity
and other noncommunicable diseases. In Preventive Aspects of Early Nutrition; Fewtrell, M.S., Haschke, F.,
Prescott, S.L., Eds.; Vevey/S. Kager AG: Basel, Switzerland, 2016; Volume 85, pp. 1–17.

3. Socha, P.; Hellmuth, C.; Gruszfeld, D.; Demmelmair, H.; Rzehak, P.; Grote, V.; Weber, M.; Escribano, J.;
Closa-Monasterolo, R.; Dain, E.; et al. Endocrine and metabolic biomarkers predicting early childhood
obesity risk. In Preventive Aspects of Early Nutrition; Fewtrell, M.S., Haschke, F., Prescott, S.L., Eds.; Vevey/S.
Kager AG: Basel, Switzerland, 2016; Volume 85, pp. 81–88.

4. Kelishadi, R.; Farajian, S. The protective effects of breastfeeding on chronic non-communicable diseases in
adulthood: A review of evidence. Adv. Biomed. Res. 2014, 3, 3:1–3:5. [CrossRef] [PubMed]

5. Godfrey, K.M.; Costello, P.M.; Lillycrop, K.A. Development, epigenetics and metabolic programming.
In Preventive Aspects of Early Nutrition; Fewtrell, M.S., Haschke, F., Prescott, S.L., Eds.; Vevey/S. Kager AG:
Basel, Switzerland, 2016; Volume 85, pp. 71–80.

6. Wells, J.C.; Chomoto, S.; Fewtrell, M.S. Programming of body composition by early growth and nutrition.
Proc. Nutr. Soc. 2007, 66, 423–434. [CrossRef] [PubMed]

7. Sievers, E.; Oldigs, H.D.; Santer, R.; Schaub, J. Feeding patterns in breast-fed and formula-fed infants.
Ann. Nutr. Metab. 2002, 46, 243–248. [CrossRef] [PubMed]

8. Savino, F.; Liguori, S.A.; Fissore, M.F.; Oggero, R. Breast milk hormones and their protective effect on obesity.
Int. J. Pediatr. Endocrinol. 2009, 2009, 327505:1–327505:8. [CrossRef]

9. Bartok, C. Babies fed breastmilk by breast versus by bottle: A pilot study evaluating early growth patterns.
Breastfeed. Med. 2011, 6, 117–124. [CrossRef] [PubMed]

10. Luque, V.; Closa-Monasterolo, R.; Escribano, J.; Ferre, N. Early programming by protein intake: The effect of
protein on adiposity development and the growth and functionality of vital organs. Nutr. Metab. Insights
2015, 8, 49–56. [CrossRef] [PubMed]

11. Butte, N.; Wong, W.; Hopkinson, J.; Smith, E.; Ellis, K. Infant feeding mode affects early growth and body
composition. Pediatrics 2000, 16, 1355–1366. [CrossRef]

12. Kent, J.; Mitoulas, L.; Cox, D.B.; Owens, R.; Hartmann, P. Breast volume and milk production during
extended lactation in women. Exp. Physiol. 1999, 84, 435–447. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/0890334412474371
http://www.ncbi.nlm.nih.gov/pubmed/23382596
http://dx.doi.org/10.4103/2277-9175.124629
http://www.ncbi.nlm.nih.gov/pubmed/24600594
http://dx.doi.org/10.1017/S0029665107005691
http://www.ncbi.nlm.nih.gov/pubmed/17637095
http://dx.doi.org/10.1159/000066498
http://www.ncbi.nlm.nih.gov/pubmed/12464723
http://dx.doi.org/10.1186/1687-9856-2009-327505
http://dx.doi.org/10.1089/bfm.2010.0055
http://www.ncbi.nlm.nih.gov/pubmed/21133764
http://dx.doi.org/10.4137/NMI.S29525
http://www.ncbi.nlm.nih.gov/pubmed/27013888
http://dx.doi.org/10.1542/peds.106.6.1355
http://dx.doi.org/10.1111/j.1469-445X.1999.01808.x
http://www.ncbi.nlm.nih.gov/pubmed/10226183


Nutrients 2018, 10, 45 23 of 26

13. Mitoulas, L.R.; Kent, J.C.; Cox, D.B.; Owens, R.A.; Sherriff, J.L.; Hartmann, P.E. Variation in fat, lactose and
protein in human milk over 24 h and throughout the first year of lactation. Br. J. Nutr. 2002, 88, 29–37.
[CrossRef] [PubMed]

14. Leddy, M.A.; Power, M.L.; Schulkin, J. The impact of maternal obesity on maternal and fetal health.
Rev. Obstet. Gynecol. 2008, 1, 170–178. [PubMed]

15. Nahar, S.; Mascie-Taylor, C.G.; Begum, H.A. Maternal anthropometry as a predictor of birth weight. Public
Health Nutr. 2007, 10, 965–970. [CrossRef] [PubMed]

16. Yu, Z.; Han, S.; Zhu, J.; Sun, X.; Ji, C.; Guo, X. Pre-pregnancy body mass index in relation to infant birth
weight and offspring overweight/obesity: A systematic review and meta-analysis. PLoS ONE 2013, 8, e61627.
[CrossRef] [PubMed]

17. Rossner, S.; Ohlin, A. Maternal body weight and relation to birth weight. Acta Obstet. Gynaecol Scand. 1990,
69, 475–478. [CrossRef]

18. Moussa, H.N.; Alrais, M.A.; Leon, M.G.; Abbas, E.L.; Sibai, B.M. Obesity epidemic: Impact from
preconception to postpartum. Future Sci. OA 2016, 2, FSO137:1–FSO137:12. [CrossRef] [PubMed]

19. Sewell, M.F.; Huston-Presley, L.; Super, D.M.; Catalano, P. Increased neonatal fat mass, not lean body mass,
is associated with maternal obesity. Am. J. Obstet. Gynecol. 2006, 195, 1100–1103. [CrossRef] [PubMed]

20. Castillo-Laura, H.; Santos, I.S.; Quadros, L.C.M.; Matijasevich, A. Maternal obesity and offspring body
composition by indirect methods: A systematic review and meta-analysis. Cad. Saude Publica 2015, 31,
2073–2092. [CrossRef] [PubMed]

21. Kugananthan, S.; Gridneva, Z.; Lai, C.T.; Hepworth, A.R.; Mark, P.J.; Kakulas, F.; Geddes, D.T. Associations
between maternal body composition and appetite hormones and macronutrients in human milk. Nutrients
2017, 9, 252. [CrossRef] [PubMed]

22. Fields, D.A.; Schneider, C.R.; Pavela, G. A narrative review of the associations between six bioactive
components in breast milk and infant adiposity. Obesity 2016, 24, 1213–1221. [CrossRef] [PubMed]

23. Kent, E.; O’Dwyer, V.; Fattah, C.; Farah, N.; O’Connor, C.; Turner, M.J. Correlation between birth weight and
maternal body composition. Obstet. Gynecol. 2013, 121, 46–50. [CrossRef] [PubMed]

24. O’Connor, C.; O’Higgins, A.; Segurado, R.; Turner, M.J.; Stuart, B.; Kennelly, M.M. Maternal body
composition and birth weight. Prenat. Diagn. 2014, 34, 605–607. [PubMed]

25. Larciprete, G.; Valensise, H.; Vasapollo, B.; Di Pierro, G.; Menghini, S.; Magnani, F.; De Lorenzo, A.;
Arduini, D. Maternal body composition at term gestation and birth weight: Is there a link? Acta Diabetol.
2003, 40, 222–224. [CrossRef] [PubMed]

26. Sanin Aguirre, L.H.; Reza-Lopez, S.; Levario-Carrillo, M. Relation between maternal body composition and
birth weight. Biol. Neonate 2004, 86, 55–62. [CrossRef] [PubMed]

27. Ejlerskov, K.T.; Christensen, L.B.; Ritz, C.; Jensen, S.M.; Molgaard, C.; Michaelsen, K.F. The impact of early
growth patterns and infant feeding on body composition at 3 years of age. Br. J. Nutr. 2015, 114, 316–327.
[CrossRef] [PubMed]

28. Holliday, M.A. Metabolic rate and organ size during growth from infancy to maturity and during late
gestation and early infancy. Pediatrics 1971, 47, 169–179.

29. Elia, M. Organ and tissue contribution to metabolic rate. In Energy Metabolism. Tissue Determinants and
Cellular Corollaries; Kinney, J.M., Tucker, H.N., Eds.; Raven: New York, NY, USA, 1992; pp. 61–79.

30. Dewey, K.; Heinig, M.; Nommsen, L.; Lonnerdal, B. Maternal versus infant factors related to breast milk
intake and residual milk volume: The DARLING study. Pediatrics 1991, 87, 829–837. [PubMed]

31. Kent, J.C.; Mitoulas, L.R.; Cregan, M.D.; Ramsay, D.T.; Doherty, D.A.; Hartmann, P.E. Volume and frequency
of breastfeedings and fat content of breast milk throughout the day. Pediatrics 2006, 117, e387–e395. [CrossRef]
[PubMed]

32. Gridneva, Z.; Kugananthan, S.; Hepworth, A.R.; Tie, W.J.; Lai, C.T.; Ward, L.C.; Hartmann, P.E.; Geddes, D.T.
Effect of human milk appetite hormones, macronutrients, and infant characteristics on gastric emptying and
breastfeeding patterns of term fully breastfed infants. Nutrients 2017, 9, 15. [CrossRef] [PubMed]

33. Binns, C.W.; Fraser, M.L.; Lee, A.H.; Scott, J. Defining exclusive breastfeeding in Australia. J. Paediatr. Child
Health 2009, 45, 174–180. [CrossRef] [PubMed]

34. Gridneva, Z.; Hepworth, A.; Ward, L.; Lai, C.T.; Hartmann, P.; Geddes, D.T. Bioimpedance spectroscopy
in the infant: Effect of milk intake and extracellular fluid reservoirs on resistance measurements in term
breastfed infants. Eur. J. Clin. Nutr. 2016, 70, 843–851. [CrossRef] [PubMed]

http://dx.doi.org/10.1079/BJN2002579
http://www.ncbi.nlm.nih.gov/pubmed/12117425
http://www.ncbi.nlm.nih.gov/pubmed/19173021
http://dx.doi.org/10.1017/S1368980007217975
http://www.ncbi.nlm.nih.gov/pubmed/17686192
http://dx.doi.org/10.1371/journal.pone.0061627
http://www.ncbi.nlm.nih.gov/pubmed/23613888
http://dx.doi.org/10.3109/00016349009013321
http://dx.doi.org/10.4155/fsoa-2016-0035
http://www.ncbi.nlm.nih.gov/pubmed/28031980
http://dx.doi.org/10.1016/j.ajog.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/16875645
http://dx.doi.org/10.1590/0102-311X00159914
http://www.ncbi.nlm.nih.gov/pubmed/26735376
http://dx.doi.org/10.3390/nu9030252
http://www.ncbi.nlm.nih.gov/pubmed/28282925
http://dx.doi.org/10.1002/oby.21519
http://www.ncbi.nlm.nih.gov/pubmed/27151491
http://dx.doi.org/10.1097/AOG.0b013e31827a0052
http://www.ncbi.nlm.nih.gov/pubmed/23232753
http://www.ncbi.nlm.nih.gov/pubmed/24464313
http://dx.doi.org/10.1007/s00592-003-0071-5
http://www.ncbi.nlm.nih.gov/pubmed/14618478
http://dx.doi.org/10.1159/000077586
http://www.ncbi.nlm.nih.gov/pubmed/15057023
http://dx.doi.org/10.1017/S0007114515001427
http://www.ncbi.nlm.nih.gov/pubmed/26131962
http://www.ncbi.nlm.nih.gov/pubmed/2034486
http://dx.doi.org/10.1542/peds.2005-1417
http://www.ncbi.nlm.nih.gov/pubmed/16510619
http://dx.doi.org/10.3390/nu9010015
http://www.ncbi.nlm.nih.gov/pubmed/28036041
http://dx.doi.org/10.1111/j.1440-1754.2009.01478.x
http://www.ncbi.nlm.nih.gov/pubmed/19426375
http://dx.doi.org/10.1038/ejcn.2016.26
http://www.ncbi.nlm.nih.gov/pubmed/27026428


Nutrients 2018, 10, 45 24 of 26

35. Gridneva, Z.; Hepworth, A.R.; Ward, L.C.; Lai, C.T.; Hartmann, P.E.; Geddes, D.T. Determinants of body
composition in breastfed infants using bioimpedance spectroscopy and ultrasound skinfolds—Methods
comparison. Pediatr. Res. 2016, 81, 423–433. [CrossRef] [PubMed]

36. Lingwood, B.E.; van Leeuwen, A.M.S.; Carberry, A.E.; Fitzgerald, E.C.; Callaway, L.K.; Colditz, P.B.;
Ward, L.C. Prediction of fat-free mass and percentage of body fat in neonates using biolelectrical impedance
analysis and anthropometric measures: Validation against Pea Pod. Br. J. Nutr. 2012, 107, 1545–1552.
[CrossRef] [PubMed]

37. Bocage, C. Impedance Measurements of Body Composition in Children. Master’s Thesis, University of West
Indies, Kingston, Jamaica, 1988.

38. Butte, N.; Hopkinson, J.; Wong, W.; Smith, E.; Ellis, K. Body composition during the first 2 years of life:
An updated reference. Pediatr. Res. 2000, 47, 578–585. [CrossRef] [PubMed]

39. McLeod, G.; Geddes, D.; Nathan, E.; Sherriff, J.; Simmer, K.; Hartmann, P. Feasibility of using ultrasound to
measure preterm body composition and to assess macronutrient influences on tissue accretion rates. Early
Hum. Dev. 2013, 89, 577–582. [CrossRef] [PubMed]

40. Ulbricht, L.; Neves, E.; Ripka, W.; Romaneli, E. Comparison between Body Fat Measurements Obtained
by Portable Ultrasound and Caliper in Young Adults. In Proceedings of the 2012 Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBS), San Diego, CA, USA,
28 August–1 September 2012; pp. 1952–1955.

41. Slaughter, M.; Lohman, T.; Boileau, R.; Horswill, C.; Stillman, R.; Van Loan, M.; Bemben, D. Skinfold
equations for estimation of body fatness in children and youth. Hum. Biol. 1988, 60, 709–723. [PubMed]

42. Brook, C. Determination of body composition of children from skinfold measurements. Arch. Dis. Child.
1971, 46, 182–184. [CrossRef] [PubMed]

43. Lohman, T. Body composition in children and youth. In Advances in Pediatric Sport Sciences; Boileau, R.A.,
Ed.; Human Kinetics Publishers: Champaign, IL, USA, 1984; pp. 29–57.

44. Van Itallie, T.B.; Yang, M.U.; Heymsfield, S.B.; Funk, R.C.; Boileau, R.A. Height-normalized indices of the
body’s fat-free mass and fat mass: Potentially useful indicators of nutritional status. Am. J. Clin. Nutr. 1990,
52, 953–959.

45. Arthur, P.; Hartmann, P.; Smith, M. Measurement of the milk intake of breast-fed infants. J. Pediatr.
Gastroenterol. Nutr. 1987, 6, 758–763. [CrossRef] [PubMed]

46. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2017.

47. Pinheiro, J.B.; Bates, D.; DebRoy, S.; Sarkar, D.; R Development Core Team. nlme: Linear and Nonlinear Mixed
Effects Models; R Package Version 3.1–131; R Foundation for Statistical Computing: Vienna, Austria, 2017.

48. Bates, D.; Maechler, M.; Bolker, B.; Walker, S. Lme4: Linear Mixed-Efects Models Using Eigen and S4; R Package
Version 1.1–7; R Foundation for Statistical Computing: Vienna, Austria, 2014.

49. Fox, J.; Weisberg, S. An R Companion to Applied Regression; Sage: Thousand Oaks, CA, USA, 2011.
50. Gamer, M.; Lemon, J.; Fellows, I.; Singh, P. Various Coefficients of Interrater Reliability and Agreement; R Package

Version 0.84; R Foundation for Statistical Computing: Vienna, Austria, 2012.
51. Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous inference in general parametric models. Biom. J. 2008, 50,

346–363. [CrossRef] [PubMed]
52. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2009.
53. Faul, F.; Erdfelder, E.; Buchner, A.; Lang, A.-G. Statistical power analyses using G*Power 3.1: Tests for

correlation and regression analyses. Behav. Res. Methods 2009, 41, 1149–1160. [CrossRef] [PubMed]
54. Diggle, P.J.; Heagerty, P.J.; Liang, K.-Y.; Zeger, S.L. Analysis of Longitudinal Data; Oxford University Press Inc.:

New York, NY, USA, 2002.
55. Institute of Medicine; Subcommittee on Nutrition During Lactation. Nutrition During Lactation; National

Academy Press: Washington, DC, USA, 1991.
56. Nommsen, L.A.; Lovelady, C.A.; Heinig, M.; Lonnerdal, B.; Dewey, K.G. Determinants of energy, protein,

lipid, and lactose concentrations in human milk during the first 12 mo of lactation: The DARLING study.
Am. J. Clin. Nutr. 1991, 53, 457–465. [PubMed]

57. Curran-Everett, D. Multiple comparisons: Philosophies and illustrations. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2000, 279, R1–R8. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/pr.2016.235
http://www.ncbi.nlm.nih.gov/pubmed/27828939
http://dx.doi.org/10.1017/S0007114511004624
http://www.ncbi.nlm.nih.gov/pubmed/21917194
http://dx.doi.org/10.1203/00006450-200005000-00004
http://www.ncbi.nlm.nih.gov/pubmed/10813580
http://dx.doi.org/10.1016/j.earlhumdev.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23535172
http://www.ncbi.nlm.nih.gov/pubmed/3224965
http://dx.doi.org/10.1136/adc.46.246.182
http://www.ncbi.nlm.nih.gov/pubmed/5576028
http://dx.doi.org/10.1097/00005176-198709000-00017
http://www.ncbi.nlm.nih.gov/pubmed/3694369
http://dx.doi.org/10.1002/bimj.200810425
http://www.ncbi.nlm.nih.gov/pubmed/18481363
http://dx.doi.org/10.3758/BRM.41.4.1149
http://www.ncbi.nlm.nih.gov/pubmed/19897823
http://www.ncbi.nlm.nih.gov/pubmed/1989413
http://dx.doi.org/10.1152/ajpregu.2000.279.1.R1
http://www.ncbi.nlm.nih.gov/pubmed/10896857


Nutrients 2018, 10, 45 25 of 26

58. Gallagher, D.; Heymsfield, S.B.; Heo, M.; Jebb, S.A.; Murgatroyd, P.R.; Sakamoto, Y. Healthy percentage body
fat ranges: An approach for developing guidelines based on body mass index. Am. J. Clin. Nutr. 2000, 72,
694–701. [PubMed]

59. Rzehak, P.; Oddy, W.H.; Mearin, M.L.; Grote, V.; Mori, T.A.; Szajewska, H.; Shamir, R.; Koletzko, S.; Weber, M.;
Beilin, L.J.; et al. Infant feeding and growth trajectory patterns in childhood and body composition in young
adulthood. Am. J. Clin. Nutr. 2017, 106, 568–580. [CrossRef] [PubMed]

60. Nazlee, N.; Bilal, R.; Latif, Z.; Bluck, L. Maternal body composition and its relationship to infant breast milk
intake in rural Pakistan. Food Nutr. Sci. 2011, 2, 932–937. [CrossRef] [PubMed]

61. Galpin, L.; Thakwalakwa, C.; Phuka, J.; Ashorn, P.; Maleta, K.; Wong, W.W.; Manary, M.J. Breast milk intake
is not reduced more by the introduction of energy dense complementary food than by typical infant porridge.
J. Nutr. 2007, 137, 1828–1833. [PubMed]

62. Butte, N.F.; Wills, C.; Jean, C.A.; Smith, E.O.; Garza, C. Feeding patterns of exclusively breast-fed infants
during the first four months of life. Early Hum. Dev. 1985, 12, 291–300. [CrossRef]

63. Rattigan, S.; Ghisalberti, A.V.; Hartmann, P.E. Breast-milk production in Australian women. Br. J. Nutr. 1981,
45, 243–249. [CrossRef] [PubMed]

64. Kent, J.; Hepworth, A.; Sherriff, J.; Cox, D.; Mitoulas, L.; Hartmann, P. Longitudinal changes in breastfeeding
patterns from 1 to 6 months of lactation. Breastfeed. Med. 2013, 8, 401–407. [CrossRef] [PubMed]

65. Ay, L.; Van Houten, V.A.; Steegers, E.A.; Hofman, A.; Witteman, J.C.; Jaddoe, V.W.; Hokken-Koelega, A.C.
Fetal and postnatal growth and body composition at 6 months of age. J. Clin. Endocrinol. Metab. 2009, 94,
2023–2030. [CrossRef] [PubMed]

66. Forsum, E.; Lof, M.; Olausson, H.; Olhager, E. Maternal body composition in relation to infant birth weight
and subcutaneous adipose tissue. Br. J. Nutr. 2006, 96, 408–414. [CrossRef] [PubMed]

67. Hull, H.R.; Dinger, M.K.; Knehans, A.W.; Thompson, D.M.; Fields, D.A. Impact of maternal body mass
index on neonate birthweight and body composition. Am. J. Obstet. Gynecol. 2008, 198, 416.e411–416.e416.
[CrossRef] [PubMed]

68. Dulloo, A.G.; Jacquet, J.; Miles-Chan, J.L.; Schutz, Y. Passive and active roles of fat-free mass in the control of
energy intake and body composition regulation. Eur. J. Clin. Nutr. 2017, 71, 353–357. [CrossRef] [PubMed]

69. Haroun, D.; Wells, J.C.K.; Williams, J.E.; Fuller, N.J.; Fewtrell, M.S.; Lawson, M.S. Composition of the fat-free
mass in obese and nonobese children: Matched case-control analyses. Int. J. Obes. 2005, 29, 29–36. [CrossRef]
[PubMed]

70. Catalano, P.M.; Tyzbir, E.D.; Allen, S.R.; McBean, J.H.; McAuliffe, T.L. Evaluation of fetal growth by estimation
of neonatal body composition. Obstet. Gynecol. 1992, 79, 46–50. [PubMed]

71. Singh, K.A.; Huston-Presley, L.P.; Mencin, P.; Thomas, A.; Amini, S.B.; Catalano, P.M. Birth weight and body
composition of neonates born to Caucasian compared with African-American mothers. Obstet. Gynecol. 2010,
115, 998–1002. [CrossRef] [PubMed]

72. Andersen, G.S.; Girma, T.; Wells, J.C.K.; Kastel, P.; Michaelsen, K.F.; Friis, H. Fat and fat-free mass at birth: Air
displacement plethysmography measurements on 350 Ethiopian newborns. Pediatr. Res. 2011, 70, 501–506.
[CrossRef] [PubMed]

73. Chomtho, S.; Wells, J.C.K.; Davies, P.S.; Lucas, A.; Fewtrell, M.S. Early growth and body composition in
infancy. In Early Nutrition Programming and Health Outcomes in Later Life. Advances in Experimental Medicine
and Biology; Koletzko, B., Decsi, T., Molnar, D., de la Hunty, A., Eds.; Springer: Dordrecht, The Netherlands,
2009; Volume 646, pp. 165–168.

74. Andres, A.; Hull, H.R.; Shankar, K.; Casey, P.H.; Cleves, M.A.; Badger, T.M. Longitudinal body composition
of children born to mothers with normal weight, overweight, and obesity. Obesity 2015, 23, 1252–1258.
[CrossRef] [PubMed]

75. Silliman, K.; Kretchmer, N. Maternal obesity and body composition of the neonate. Biol. Neonate 1995, 68,
384–393. [CrossRef] [PubMed]

76. Breij, L.M.; Abrahamse-Berkeveld, M.; Acton, D.; De Lucia Rolfe, E.; Ong, K.K.; Hokken-Koelega, A.C.S.
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, 203–210. [CrossRef] [PubMed]

77. Badon, S.E.; Dyer, A.R.; Josefson, J.L.; HAPO Study Coopwrative Research Group. Gestational weight gain
and neonatal adiposity in the hyperglycemia and adverse pregnancy outcome study—North American
region. Obesity 2014, 22, 1731–1738. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10966886
http://dx.doi.org/10.3945/ajcn.116.140962
http://www.ncbi.nlm.nih.gov/pubmed/28659295
http://dx.doi.org/10.4236/fns.2011.29127
http://www.ncbi.nlm.nih.gov/pubmed/22984646
http://www.ncbi.nlm.nih.gov/pubmed/17585038
http://dx.doi.org/10.1016/0378-3782(85)90151-3
http://dx.doi.org/10.1079/BJN19810100
http://www.ncbi.nlm.nih.gov/pubmed/7213579
http://dx.doi.org/10.1089/bfm.2012.0141
http://www.ncbi.nlm.nih.gov/pubmed/23560450
http://dx.doi.org/10.1210/jc.2008-2045
http://www.ncbi.nlm.nih.gov/pubmed/19293269
http://dx.doi.org/10.1079/BJN20061828
http://www.ncbi.nlm.nih.gov/pubmed/16923238
http://dx.doi.org/10.1016/j.ajog.2007.10.796
http://www.ncbi.nlm.nih.gov/pubmed/18279830
http://dx.doi.org/10.1038/ejcn.2016.256
http://www.ncbi.nlm.nih.gov/pubmed/27966570
http://dx.doi.org/10.1038/sj.ijo.0802834
http://www.ncbi.nlm.nih.gov/pubmed/15520827
http://www.ncbi.nlm.nih.gov/pubmed/1727584
http://dx.doi.org/10.1097/AOG.0b013e3181da901a
http://www.ncbi.nlm.nih.gov/pubmed/20410774
http://dx.doi.org/10.1203/PDR.0b013e31822d7470
http://www.ncbi.nlm.nih.gov/pubmed/21772228
http://dx.doi.org/10.1002/oby.21078
http://www.ncbi.nlm.nih.gov/pubmed/25960251
http://dx.doi.org/10.1159/000244260
http://www.ncbi.nlm.nih.gov/pubmed/8721881
http://dx.doi.org/10.1159/000481539
http://www.ncbi.nlm.nih.gov/pubmed/29136614
http://dx.doi.org/10.1002/oby.20742
http://www.ncbi.nlm.nih.gov/pubmed/24634400


Nutrients 2018, 10, 45 26 of 26

78. Anne, D.; O’Higgins, A.; O’Connor, C.; Mullaney, L.; Bennet, A.M.; Sheridan-Pereira, M.; Turner, M.J. PS-275
The relationship between infant birth weight and neonatal body composition. Arch. Dis. Child. 2014, 99, A211.
[CrossRef]

79. Fomon, S.; Nelson, S. Body composition of the male and female reference infants. Ann. Rev. Nutr. 2002, 22,
1–17. [CrossRef] [PubMed]

80. Jensen, S.M.; Ritz, C.; Ejlerskov, K.; Molgaard, C.; Michaelsen, K.F. Infant BMI peak, breastfeeding, and body
composition at age 3 years. Am. J. Clin. Nutr. 2015, 101, 319–325. [CrossRef] [PubMed]

81. Roy, S.M.; Spivack, J.G.; Faith, M.S.; Chesi, A.; Mitchell, J.A.; Kelly, A.; Grant, S.F.; McCormack, S.E.;
Zemel, B.S. Infant BMI or weight-for-length and obesity risk in early childhood. Pediatrics 2016, 137,
e20153492:1–e20153492:9. [CrossRef] [PubMed]

82. Gale, C.; Logan, K.; Santhakumaran, S.; Parkinson, J.; Hyde, M.; Modi, N. Effect of breastfeeding compared
with formula feeding on infant body composition: A systematic review and meta-analysis. Am. J. Clin. Nutr.
2012, 95, 656–669. [CrossRef] [PubMed]

83. Lee, H.; Park, H.; Ha, E.; Hong, Y.-C.; Ha, M.; Park, H.; Kim, B.-N.; Lee, B.; Lee, S.-J.; Lee, K.Y.; et al. Effect of
breastfeeding duration on cognitive development in infants: 3-year follow-up study. J. Korean Med. Sci. 2016,
31, 579–584. [CrossRef] [PubMed]

84. Booth, A.; Magnuson, A.; Foster, M. Detrimental and protective fat: Body fat distribution and its relation to
metabolic disease. Horm. Mol. Biol. Clin. Investig. 2014, 17, 13–27. [CrossRef] [PubMed]

85. Roggero, P.; Gianni, M.; Orsi, A.; Piemontese, P.; Amato, O.; Liotto, N.; Morlacchi, L.; Taroni, F.; Fields, D.;
Catalano, P.; et al. Quality of growth in exclusively breast-fed infants in the first six months of life: An Italian
study. Pediatr. Res. 2010, 68, 542–544. [CrossRef] [PubMed]

86. Gilchrist, J. Body Composition Reference Data for Exclusively Breast-Fed Infants. In Proceedings of the
Pediatric Academic Society Annual Meeting, Toronto, ON, Canada, 5–7 May 2007.

87. Carberry, A.; Golditz, P.; Lingwood, B. Body composition from birth to 4.5 months in infants born to
non-obese women. Pediatr. Res. 2010, 68, 84–88. [CrossRef] [PubMed]

88. Gilchrist, J.; Andres, A.; Badger, T. Body composition of infants fed breast-milk, milk-based formula or
soy-based formula during the first 6 months of life. Obesity 2008, 16, 434.

89. Twigger, A.J.; Hepworth, A.R.; Lai, C.T.; Chetwynd, E.; Stuebe, A.M.; Blancafort, P.; Hartmann, P.E.;
Geddes, D.T.; Kakulas, F. Gene expression in breastmilk cells is associated with maternal and infant
characteristics. Sci. Rep. 2015, 5, 12933:1–12933:14. [CrossRef] [PubMed]

90. Lepe, M.; Bacardi Gascon, M.; Castaneda-Gonzalez, L.M.; Perez Morales, M.E.; Jimenez Cruz, A. Effect of
maternal obesity on lactation: Systematic review. Nutr. Hosp. 2011, 26, 1266–1269. [PubMed]

91. Villalpando, S.F.; Butte, N.F.; Wong, W.W.; Flores-Huerta, S.; Hernandez-Beltran, M.J.; Smith, E.O.; Garza, C.
Lactation performance of rural Mesoamerindians. Eur. J. Clin. Nutr. 1992, 46, 337–348. [PubMed]

92. World Health Organization. Child Growth Standards: Weight-for-Age Pecentiles. Available online: http:
//www.who.int/childgrowth/standards/weight_for_age/en/ (accessed on 21 December 2017).

93. Hatsu, I.E.; McDougald, D.M.; Anderson, A.K. Effect of infant feeding on maternal body composition.
Int. Breastfeed. J. 2008, 3, 18:1–18:8. [CrossRef] [PubMed]

94. Quandt, S.A. Changes in maternal postpartum adiposity and infant feeding patterns. Am. J. Phys. Anthropol.
1983, 60, 455–461. [CrossRef] [PubMed]

95. Stuebe, A.M.; Rich-Edwards, J.W. The reset hypothesis: Lactation and maternal metabolism. Am. J. Perinatol.
2009, 26, 81–88. [CrossRef] [PubMed]

96. National Health and Medical Research Council. Infant Feeding Guidelines Information for Health Workers;
National Health and Medical Research Council: Canberra, Australia, 2012.

97. World Health Organization. Planning Guide for National Implementation of the Global Strategy for Infant and
Young Child Feeding; World Health Organization: Geneva, Switzerland, 2007.

98. Han, S.-Y.; Brewis, A.A. Influence of weight concerns on breastfeeding: Evidence from the Norwegian
mother and child cohort study. Am. J. Hum. Biol. 2017, e23086:1–e23086:4. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1136/archdischild-2014-307384.573
http://dx.doi.org/10.1146/annurev.nutr.22.111401.145049
http://www.ncbi.nlm.nih.gov/pubmed/12055335
http://dx.doi.org/10.3945/ajcn.114.092957
http://www.ncbi.nlm.nih.gov/pubmed/25646329
http://dx.doi.org/10.1542/peds.2015-3492
http://www.ncbi.nlm.nih.gov/pubmed/27244803
http://dx.doi.org/10.3945/ajcn.111.027284
http://www.ncbi.nlm.nih.gov/pubmed/22301930
http://dx.doi.org/10.3346/jkms.2016.31.4.579
http://www.ncbi.nlm.nih.gov/pubmed/27051242
http://dx.doi.org/10.1515/hmbci-2014-0009
http://www.ncbi.nlm.nih.gov/pubmed/25372727
http://dx.doi.org/10.1203/PDR.0b013e3181f85a20
http://www.ncbi.nlm.nih.gov/pubmed/20736880
http://dx.doi.org/10.1203/PDR.0b013e3181df5421
http://www.ncbi.nlm.nih.gov/pubmed/20351656
http://dx.doi.org/10.1038/srep12933
http://www.ncbi.nlm.nih.gov/pubmed/26255679
http://www.ncbi.nlm.nih.gov/pubmed/22411371
http://www.ncbi.nlm.nih.gov/pubmed/1600932
http://www.who.int/childgrowth/standards/weight_for_age/en/
http://www.who.int/childgrowth/standards/weight_for_age/en/
http://dx.doi.org/10.1186/1746-4358-3-18
http://www.ncbi.nlm.nih.gov/pubmed/18684325
http://dx.doi.org/10.1002/ajpa.1330600407
http://www.ncbi.nlm.nih.gov/pubmed/6846516
http://dx.doi.org/10.1055/s-0028-1103034
http://www.ncbi.nlm.nih.gov/pubmed/19031350
http://dx.doi.org/10.1002/ajhb.23086
http://www.ncbi.nlm.nih.gov/pubmed/29193610
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Participants 
	Study Session 
	Anthropometric Measurements 
	Body Composition with Bioelectrical Impedance Spectroscopy 
	Ultrasound Skinfold Measurements 
	Body Composition Indices 
	24-H Milk Intake and Feeding Frequency 
	Statistical Analyses 

	Results 
	Subjects 
	Maternal Body Composition 
	Infant Body Composition 
	Infant Birth Weight and Maternal and Infant Body Composition 
	24-H Milk Intake and Feeding Frequency 
	Longitudinal Changes in Maternal, Breastfeeding and Infant Characteristics 
	Relationships between Infant and Maternal Body Composition 
	Infant Body Composition and Breastfeeding Parameters 
	Maternal Body Composition and Breastfeeding Parameters 

	Discussion 
	Conclusions 
	
	References

