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Human milk cholesterol is associated with lactation stage and
maternal plasma cholesterol in Chinese populations
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Bo Lénnerdal?, Jiangiang Lai' and Shian Yin'

BACKGROUND: Milk cholesterol concentrations throughout lactation were analyzed, and the relationship between maternal
plasma cholesterol and milk cholesterol in various Chinese populations was examined.

METHODS: A sub-sample of 1138 lactating women was randomly selected from a large cross-sectional study in China (n = 6481).
Milk cholesterol concentrations were determined by HPLC, and concentrations of maternal plasma lipids were determined by an

automated biochemical analyzer.

RESULTS: The mean cholesterol concentrations were 200, 171, and 126 mg/L for colostrum, transitional milk, and mature milk,
respectively. Cholesterol concentrations differed significantly between stages of lactation (colostrum vs. transitional milk, colostrum
vs. mature milk, transitional milk vs. mature milk, all p < 0.001). Concentrations of maternal plasma total cholesterol (TC) (p = 0.02)
and low-density lipoprotein cholesterol (LDL-C) (p = 0.03) were significantly associated with milk cholesterol. Milk cholesterol
concentrations varied among different ethnicities (Tibetan vs. Hui: 164 vs. 131 mg/L, p = 0.027) but not among different geographic

regions.

CONCLUSIONS: The concentration of cholesterol in human milk changes dynamically throughout lactation. Milk cholesterol
concentrations are significantly associated with maternal plasma concentrations of TC and LDL-C, and milk cholesterol

concentrations vary across ethnicities in China.

Pediatric Research (2022) 91:970-976; https://doi.org/10.1038/s41390-021-01440-7

IMPACT:

® Concentrations of milk cholesterol were measured in various Chinese populations.

® Cholesterol concentrations differ significantly between stages of lactation.

® Maternal plasma total cholesterol and low-density lipoprotein cholesterol are associated with milk cholesterol.
® Milk cholesterol concentrations vary across ethnicities in China.

INTRODUCTION

Cholesterol is a structural component of cell membranes and plays
critical roles in forming new tissues and organs, particularly the
brain. It is incorporated in significant amounts into myelin in the
nervous system during brain development in early life and serves
as the substrate for biosynthesis of bile acids, lipoproteins, vitamin
D, hormones, and oxysterols." It is known that dietary cholesterol
regulates synthesis and metabolism of endogenous cholesterol
and that dietary cholesterol intake is inversely associated with de
novo cholesterol biosynthesis by regulating enzymes, such as 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase, involved in
endogenous cholesterol synthesis.>*

Human milk contains significant amounts of cholesterol
(90-150 mg/L), which is the only exogenous source of cholesterol
for exclusively breast-fed infants.* By contrast, regular infant
formulas contain very little cholesterol (0-4 mg/L)* since bovine
milk fat is traditionally removed and replaced with vegetable oils
to simulate the human milk fatty acid composition.>® It has been

documented that the bovine milk fat globule membrane (MFGM)
has beneficial effects on infant development,®’ so MFGM has
been added to some infant formulas.® Since cholesterol is one of
the components of MFGM (~7.6mg/g in MFGM, Arla Foods
Ingredients, Viby, Denmark), some infant formulas may contain
higher concentrations of milk cholesterol than do regular infant
formulas. Accumulating evidence shows that milk cholesterol has
short- and long-term effects on cholesterol metabolism and the
lipid profile in the offspring. Compared to formula-fed infants,
breast-fed infants have higher plasma cholesterol and low-density
lipoprotein cholesterol (LDL-C) in early life®'® and lower plasma
cholesterol later in life.""”"* High plasma cholesterol in infancy
may contribute to early cognitive development,'® and lower
plasma cholesterol in adulthood may lead to reduced risk of
cardiovascular disease.'® Studies using animal models (mouse, rat,
and piglet) show that dietary cholesterol promotes brain
development in early life by increasing myelination,'” brain
weight, and brain cholesterol content.'®2°
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Human milk cholesterol changes dynamically during
lactation."*? In general, milk cholesterol concentration is highest
in colostrum and gradually decreases with lactation progression.
Additional factors reported to be related to differences in milk
cholesterol concentrations include geographic location,?*?* eth-
nicity,>> and diet.*® Cholesterol concentrations in mature human
milk human range from 101 to 233 mg/L in Australia, Europe, and
the USA?'#327731; the different milk cholesterol concentrations
may be caused by dietary, ethnic, or geographical differences and/
or analytical methods. It is known that dietary differences in the
proportion of lipid to carbohydrate and the amount of dietary fat
alter milk lipid composition.® In a rabbit study, severe maternal
hypercholesterolemia induced by dietary fat and cholesterol
resulted in increased milk cholesterol concentration and con-
sequent elevated cholesterol intake by the pups.? However,
dietary fat and cholesterol intake and plasma cholesterol levels
were not found to be associated with milk cholesterol concentra-
tions in a human study.?” Although maternal body weight was
negatively associated with breast milk cholesterol in a study,®
concentrations of human milk nutrients, such as milk protein,
carbohydrate, and minerals, were generally conserved across
populations regardless of nutrition status.>*** Breast milk from
Tibetan mothers contains higher fat concentrations compared to
other populations.?® Therefore, ethnicity could be a factor that
contributes to various milk cholesterol concentrations.

Milk cholesterol concentrations throughout lactation in Chinese
populations have not been previously studied. The objectives of
the present study were to examine the dynamic change in human
milk cholesterol throughout the course of lactation and to assess
the relationship between maternal plasma concentration of lipids
[total cholesterol (TC), high-density lipoprotein cholesterol (HDL-
Q), LDL-C, and triglycerides (TG)] and breast milk cholesterol
concentrations in Chinese populations.

MATERIALS AND METHODS

Study design

This investigation is part of a large-scale human milk composition
study in China, which has been described in detail previously.>* A
cross-sectional study was conducted in 11 provinces/autonomous
regions/municipalities (Beijing, Gansu, Guangdong, Guangxi,
Heilongjiang, Inner Mongolia, Shandong, Shanghai, Xinjiang,
Yunnan, and Zhejiang) across China between 2011 and 2013.
The study sites were located in northern, southern, western, and
eastern China. Both inland areas and coastal areas were included
in the study.

Subjects

Lactating women within 0-330 days postpartum and their infants
were recruited into the study. Some participants were enlisted at
birth centers, and the others were recruited from communities at
later lactation stages. Besides Han ethnicity, minor ethnicities (Bai,
Dai, Hui, Mongolian, Tibetan, Uyghur, and Zhuang) were included.
In total, 6481 dyads of self-reported healthy lactating mothers and
their infants were recruited in the original study. A subsample of
1138 was randomly sampled from the original study according to
lactation stage and study site (Supplementary Table 2). Colostrum,
transitional milk, and mature milk were defined as milk within
0-7 days postpartum, milk within 8-14 days postpartum, and milk
after 14 days postpartum, respectively. A structured questionnaire
was used to collect socio-economic status, demographic status,
lifestyle, gestational and parturition information, birth outcome,
breastfeeding information, and introduction of complementary
foods. A food frequency questionnaire was used to determine
food consumption prior to the study. The study followed the
principles of Declaration of Helsinki and was approved by the
Medical Ethics Committee of the National Institute for Nutrition
and Food Safety, Chinese Center for Disease Control and
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Prevention (CCDC). All study participants signed the consent form
before enrollment in the study. The study was registered at
Chinese Clinical Trial Registry as ChiCTR-EOC-16009016.

Human milk processing

Human milk was collected using a portable electric breast pump
(HNR/X-2108Z, Shantou, Guangdong, China) in the morning (9 a.
m. to 11 a.m.). One breast was emptied (full-breast milk) by
pumping into a feeding bottle. The milk sample was fully mixed,
aliquoted into 15 mL centrifuge tubes, and then stored at <—20°C
in a freezer in the field. Samples were subsequently transported to
a central laboratory at the National Institute for Nutrition and
Health, CCDC, in Beijing and stored in a —80°C freezer until
analysis.

Human milk cholesterol analysis

Human milk cholesterol was analyzed using a high-performance
liquid chromatography (HPLC) method, which is the Chinese
national standard method for determining cholesterol levels in
food items (GB/T 22220-2008: https://www.chinesestandard.net/
PDF/English.aspx/GBT22220-2008). In brief, saponification of milk
samples was conducted with absolute ethanol and potassium
hydroxide. Cholesterol was extracted from the mixture with
diethyl ether and petroleum ether. The solvent was then
evaporated, and cholesterol was dissolved in methanol for HPLC
analysis (Shimadzu LC-20A HPLC system, Shimadzu, Kyoto, Japan).
The minimum detection level of the method was 2.6 mg/100 g.
The coefficient of variation (CV) of quality control samples
was 7.5%.

Blood sample collection and determination of blood lipids

Fasting blood samples (5mL) were collected from lactating
women (n =402) 30-330 days postpartum in the morning using
vacutainer blood collection tubes (BD Diagnostics, Franklin Lakes,
NJ). Plasma lipids (TC, HDL-C, LDL-C, and TG) were analyzed with
an automated biochemical analyzer (Hitachi 7600, Hitachi, Tokyo,
Japan). The CVs of TC, HDL-C, LDL-C, and TG were 0.80%, 2.70%,
3.18%, and 1.53% for high-level quality control serum and 0.43%,
9.53%, 4.64%, and 3.51% for low-level quality control serum (Wako
Pure Chemical Industries, Ltd., Osaka, Japan), respectively.

Statistical analysis

Descriptive statistics were computed for both continuous variables
and categorical variables. All continuous variables [i.e., cholesterol
concentration, maternal age, and maternal body mass index (BMI)]
were tested for normality. Logarithmic transformation was applied
to non-normal distribution variables (i.e, milk cholesterol con-
centration) for bivariate and multivariate analyses. Mean and
standard deviation were used for symmetric variables after
excluding outliers. Analysis of variance was used for comparisons
of the mean cholesterol concentration of >3 groups. The Tukey
method was used for adjusting multiple comparisons. The general
linear model was used to examine the relationship between milk
cholesterol and other factors after controlling for the lactation
stage. All analyses were conducted with SAS 9.4 release (SAS Inc,,
Cary, NC) and GraphPad Prism 8.2.1 (GraphPad Software, San
Diego, CA).

RESULTS

Characteristics of subjects and samples

Experimental design and information regarding milk sample
collection are shown in Fig. 1. Available data and general
characteristics of subjects selected are shown in Table 1. Mean
maternal age of all subjects was 26.6 years, and mean pre-
pregnant maternal BMI was 22.8 kg/mz. About 14, 15, and 70% of
the milk samples were colostrum, transitional milk, and mature
milk, respectively. Length for age and weight for length of the
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Fig. 1

Flow diagram of study design. Sample collection and

sample size for human milk samples from three lactation stages are

shown.

Table 1.

Characteristics of the study subjects.

Characteristics

Mean + SD or proportion (%)

Maternal age (years)
Maternal BMI (kg/m?)
Birth weight of term infants (g)
Birth weight of preterm infants (g)
Infant’s gender (boy)
Preterm
Lactation stage
Colostrum
Transitional milk
Mature milk
C-section rate
Primiparous rate
Residential area
Urban
Rural region
Diarrhea during the previous 2 weeks

Respiratory diseases during the previous
2 weeks

Length-for-age Z score
Weight-for-age Z score

Weight-for-length Z score

26.6+4.2 (n=1132)
228+34 (n=1134)
3312+£440 (n=1038)
2954 +582 (n = 69)
54.3% (n=617)

6.1% (n = 69)

14.1% (n=161)
15.6% (n=177)
70.3% (n=799)
41.2% (n = 468)
74.6% (n = 848)

43.6% (n = 496)
56.4% (n = 641)
9.89% (n=112)
9.97% (n=113)

—0.10£1.24 (n=1111)
—0.12£1.15 (n = 1095)
—0.08 = 1.38 (n = 1064)

studied infants approached the World Health Organization growth
standard reference population, Z score of 0 (Table 1).

Milk cholesterol concentrations during lactation

The mean cholesterol concentration was 200, 171, and 126 mg/L
for colostrum, transitional milk, and mature milk, respectively. As
shown in Fig. 2a, cholesterol concentrations at the three stages of
lactation differed significantly from one another (colostrum vs.
transitional milk, colostrum vs. mature milk, transitional milk vs.
mature milk, all p <0.001). The cholesterol concentration declined
gradually over time from colostrum through the first month, and it
reached a plateau after the first month (Fig. 2b).

After controlling for lactation stage and ethnicity, milk
cholesterol concentration was negatively associated with
expressed full-breast milk volume (p<0.001). For every 10g
increase in milk amount, the cholesterol concentration decreased
by 1.98 mg/L.

Milk cholesterol concentration was not associated with pre-
pregnant BMI (p = 0.82), household income (p = 0.59), number of
pregnancy (p = 0.57), length of gestation (p = 0.74), consumption
of dietary meat or organ meat (p = 0.39), dairy consumption (p =
0.97), egg consumption (p = 0.52), or nut consumption (p = 0.10).
After adjusting for lactation stage and ethnicity, maternal
occupation (p=0.44), delivery mode (p=0.18), total time of
physical activity (p =0.22), and total time of sleeping (p = 0.45)
were also not related to milk cholesterol nor were preterm
delivery or infant sex associated with milk cholesterol (p =0.63
and p = 0.24, respectively).

Concentrations of maternal plasma lipids and relationship
between plasma lipid concentrations and milk cholesterol
concentrations

As shown in Fig. 3a, maternal plasma TC, HDL-C, LDL-C, and TG
were measured. Plasma TC (p =0.02) and LDL-C (p =0.03) are
significantly related to the concentration of mature milk
cholesterol (collected from 30 to 330 days postpartum). For every
100 mg/L that plasma TC increased and for every 100 mg/L that
plasma LDL-C increased, milk cholesterol concentration increased
by 1.01 times (Fig. 3b, c). The relationship between human milk
cholesterol and plasma TC was marginally significant for early
mature milk (30-180 days postpartum, beta = 0.001, p = 0.06) and
for late mature milk (180-330 days postpartum, beta =0.002, p =
0.06) (Supplementary Figs. 1 and 2). However, maternal plasma
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Fig. 2 Milk cholesterol concentration changes at various lactation stages in Chinese populations. a Concentrations of cholesterol at three
lactation stages. Colostrum (n = 161), transitional milk (n = 177), and mature milk (n = 799). b Milk cholesterol concentrations during lactation.
0-7 days (n = 161), 8-10 days (n = 80), 11-13 days (n = 72), 14-16 days (n = 83), 17-30 days (n = 125), 31-90 days (n = 177), 91-150 days (n =
157), 151-240 days (n = 152), and 241-330 days (n = 130). Bars without a common letter are significantly different (p < 0.05).
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Fig. 3 Maternal plasma lipid concentrations and association with milk cholesterol concentration. a Concentrations of maternal plasma
lipids (TC, LDL-C, HDL-C, and TG). b, ¢ Association of the maternal plasma lipid concentration and cholesterol concentration of mature milk
collected from 30 to 330 days postpartum. Data are shown as mean + SE. n = 402.

HDL-C (p =0.68) and TG (p = 0.42) were not associated with milk
cholesterol concentration.

Concentrations of maternal plasma TC, LCL-C, HDL-C, and TG
were measured in plasma samples collected from different
ethnicities (Fig. 4a, b) and geographical regions (Fig. 4c, d). Since
plasma samples were not collected in Xinjiang, where Uyghurs
mainly live, no results are available for Uyghurs. Concentrations of
plasma TC and LDL-C varied in samples collected from different
ethnicities and geographic regions (Fig. 4). Maternal plasma TC (p
<0.01), LDL-C (p<0.01), and HDL-C (p<0.01), but not TG (p=
0.66), were associated with ethnicity. Similarly, maternal plasma
lipid concentration TC (p <0.01), LDL-C (p < 0.01), and HDL-C (p =
0.02), but not TG (p =0.12), correlated with geographical region.

Milk cholesterol concentrations among ethnicities and
geographical regions in China

As shown in Fig. 5, milk from Tibetan mothers displayed the
highest concentration of milk cholesterol. After controlling for
lactation stage, expressed volume of full-breast milk, and ethnicity,
the cholesterol concentration was significantly greater in milk
from Tibetan mothers than that from Hui mothers (164 vs. 131
mg/L, p=0.027; Fig. 5). The milk cholesterol concentrations of
other populations did not differ, such as Han vs. Hui (145 vs. 129
mg/L, p=0.55) and Tibetan vs. Zhuang (164 vs. 137 mg/L, p =
0.29). The milk cholesterol difference between Tibetan and Hui
mothers was not caused by a difference in maternal serum lipids
since no differences in maternal lipid concentrations were found
between them (TC: Tibetan vs. Hui = 139.8 vs. 149.1, p > 0.99; LDL-
C: Tibetan vs. Hui = 89.1 vs. 95.8 mg/L, p > 0.99; HDL-C: Tibetan vs.
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Hui=50.8 vs. 559 mg/L, p>0.99; and TG: Tibetan vs. Hui = 57.1
vs. 74.6 mg/L, p > 0.99). In addition, geographical region was not
significantly related to milk cholesterol concentration (p = 0.33).

DISCUSSION

Milk cholesterol concentrations change dynamically throughout
lactation. The mean milk cholesterol concentration in these
Chinese populations was 200, 171, and 126 mg/L for colostrum,
transitional milk, and mature milk, respectively. Cholesterol
concentration decreased significantly during the first month
postpartum and reached a plateau after that, findings consistent
with previous studies.’’?® Most studies have found that milk
cholesterol decreases from colostrum to mature milk; one study
showed that milk cholesterol dropped by about 50% from
colostrum to mature milk (6 months).>' However, another study
found that the milk cholesterol level slightly increased from
2 months (88 milk samples) to 6 months (22 milk samples).>® Our
study showed that milk cholesterol concentration declined
significantly during the first month of lactation and that milk
cholesterol in mature milk is about 60% of that in colostrum. After
the first month postpartum, the milk cholesterol level tends to be
stable (Fig. 2b). Milk lipids are packaged and secreted by a unique
mechanism. The MFGM of the milk fat globule consists of a triple
phospholipid and cholesterol layer with incorporated proteins and
glycoproteins, which surrounds interior droplets of triacylglycerol.
As lactation stage progresses from colostrum to mature human
milk, globule triacylglycerol content increases,>” the globule
diameter increases (from 3.8 um in colostrum to 5.1 ym in mature
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Fig. 4 Maternal plasma TC and LDL-C concentrations. a, ¢ Maternal plasma TC concentrations. b, d Maternal plasma LDL-C concentrations.
Data are shown as mean + SE. n =402. Bars without a common letter are significantly different (p < 0.05). *Only the significant differences

between Guansu and other regions are indicated with letters.

300 —

c b
2
E ab
£ ab ab ab
e 200 — a ab
0 ~ ab
od ab
5 O
SE
8 100 -
o
L
©
=
=

0- T T T T T T

N N N N o O S
P T P N o\& 0’&0 »oé’@ (§Q &(\9
) SV 98
éo

Fig. 5 Milk cholesterol concentrations among various ethnicities
in China. Data are shown as mean £ SE. n=1137. Bars without a
common letter are significantly different (p < 0.05).

milk),®® and the number of globules decreases.>* Consequently, a
reduction in total globule surface area is accompanied by a
reduced level of cholesterol in breast milk with advancing
lactation. Results from the current study reflect this trend of milk
cholesterol (Fig. 2a). The endogenous cholesterol synthesis is
regulated by oral intake of dietary cholesterol,****' so the de
novo synthesis rate of cholesterol increases in breast-fed infants as
the milk cholesterol decreases with lactation progression
(4-11 months).** In summary, the impact of dietary (milk)
cholesterol on infant cholesterol intake and endogenous produc-
tion varies throughout lactation stages.

SPRINGERNATURE

Large variations of milk cholesterol concentrations have been
reported previously. Studies in Germany, Spain, the UK, and the USA
show cholesterol concentrations in colostrum ranging from 138 to
313mg/L3"* Cholesterol concentrations in mature milk vary
between 101 and 233mg/L in Australia, Germany, Italy, Poland,
Spain, and the USA:>'**2" Mean colostrum cholesterol and mean
mature milk cholesterol concentrations in the current study are
within these ranges but closer to lower end of these ranges. Across
these studies, cholesterol concentrations varied significantly; a 2-3-
fold difference was seen between the lower end and the upper end
of the range.?' Differences may result from variations in the analytical
techniques used in those studies?'?®*" Enzymatic spectrophoto-
metric and colorimetric assays, which are not as specific as
chromatographic methods, usually generate higher concentrations
of cholesterol than do chromatographic methods?**' A study
showed that the result from a HPLC method was 20% lower than
those from enzymatic-spectrophotometric methods.>'

The current study shows that maternal plasma TC and LDL-C are
positively correlated with milk cholesterol in Chinese populations.
Milk cholesterol is primarily from maternal serum and originates
from maternal preformed stores, maternal diet, or de novo
synthesis in either liver or mammary gland epithelial cells.** Some
studies have shown that maternal plasma cholesterol levels are
not correlated with milk cholesterol in normal subjects.?’*
However, one study found that hypercholesterolemic mothers
had higher levels of breast milk cholesterol.?® Different results may
be due to small variations in maternal plasma cholesterol and
small sample sizes (n = 10-14).2”*> Qur study had >400 samples
(n=402) and therefore offers an opportunity to assess the
relationship between variable plasma cholesterol and breast milk
cholesterol. Since no correlation was found between dietary

Pediatric Research (2022) 91:970-976



consumption of meat, organ meat, dairy products, and eggs, the
varying storage of cholesterol and endogenous cholesterol
biosynthesis likely contribute to the correlation between maternal
plasma TC and LDL-C levels and milk cholesterol in Chinese
populations.

Higher cholesterol was detected in milk from Tibetan mothers
compared with milk from Hui mothers, even though they live in
the same geographical region. Since no differences in maternal
plasma lipid concentrations were observed in Tibetan and Hui
mothers and diet was not correlated with milk cholesterol, Tibetan
mothers may have higher endogenous cholesterol biosynthesis
and more cholesterol storage than Hui mothers. Consistent with
our results, milk from Tibetan mothers contains a higher
concentration of fat compared to milk from mothers of other
ethnicities.”® Tibetans have lived in the Tibetan Plateau for
thousands of years where the partial pressure of oxygen is low
and ultraviolet radiation is high. To adjust to these extreme living
conditions, Tibetans have evolved unique gene polymorphisms, as
reported previously.*® Tibetans may have unique gene variants of
enzymes involved in de novo cholesterol biosynthesis, which may
lead to higher milk cholesterol. Similarly, in our previous study,
milk samples from Tibetan mothers contained the lowest
lactoferrin concentration compared to milk samples from mothers
in other populations.*” Compared to people living in other regions
in China, Tibetans may have higher consumption of butter due to
consumption of traditional Tibetan tsamba and butter/milk tea.*®
Although it has been reported that the profile of milk lipid and
fatty acids is altered by elevated dairy fat intake in lactating
4959 the current study did not find an association between
breast milk cholesterol levels and dairy consumption or meat
consumption (both p>0.9). The variation in milk cholesterol
concentrations may differently affect infant development. Thus a
follow-up study to investigate short- and long-term impact of
various milk cholesterol concentrations on infant development in
these Chinese populations would be valuable.

A limitation of the current study is the cross-sectional study
design, which may not provide a causal relationship for the
correlation between maternal serum cholesterol and breast milk
cholesterol. Although lactation stage was related to milk
cholesterol, this study cannot fully rule out inter-subject variation
since only one milk sample was available from each mother in the
cross-sectional design.

In summary, breast milk cholesterol decreased significantly from
colostrum through transitional milk to mature milk and was
relatively stable after 1 month of lactation. Maternal serum
cholesterol was positively correlated with breast milk cholesterol.
Different milk cholesterol concentrations may affect infant
development, particularly lipid metabolism and cognitive devel-
opment. Therefore, a follow-up study is needed to investigate the
effect of milk cholesterol on infant development.
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