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ABSTRACT

Background: The relation between infant feeding and growth has
been extensively evaluated, but studies examining sex differences in
the influence of infant milk feeding on growth are limited.
Objective: We examined the interaction of infant feeding and sex in
relation to infant growth and compared growth trajectories in breastfed
and formula-fed boys and girls.

Design: In 932 infants in a Singapore mother—offspring cohort,
feeding practices in the first 6 mo were classified into the breast-
feeding group (BF), mixed feeding group (MF), and formula feed-
ing group (FF). Infant weight and length were measured and
converted to WHO standards for weight-for-age z scores (WAZs)
and length-for-age z scores (LAZs). Differences in WAZ and LAZ
from birth to 6 mo, 6 to 12 mo, and 12 to 24 mo of age were
calculated. Three-way interactions were examined between feeding
mode, sex, and age intervals for WAZ and LAZ changes, with adjust-
ment for confounders.

Results: The interaction between feeding mode, sex, and age in-
tervals was significant for LAZ changes (P = 0.003) but not WAZ
changes (P = 0.103) after adjustment for potential confounders.
Compared with BF girls, BF boys showed similar LAZ gain
(+0.28 compared with +0.39, P = 0.544) from 0 to 6 mo of age
but greater LAZ gain from 6 to 12 mo of age (+0.39 compared with
—0.10, P =0.008). From 0 to 6 mo of age, FF boys and girls showed
greater LAZ gains than their BF counterparts; from 6 to 12 mo of
age, FF girls showed higher LAZ gain (+0.25 compared with —0.10,
P =0.031) than BF girls, which was not seen in boys.
Conclusions: During infancy, there is a sexually dimorphic growth re-
sponse to the mode of infant milk feeding, raising questions about
whether formula feeding ought to remain sex neutral. However, further
investigations on sex-specific feeding and infant growth are warranted
before a conclusive message can be drawn based on our current findings.
This trial was registered at www.clinicaltrials.gov as NCT01174875.
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INTRODUCTION

Breast milk from healthy mothers is the best source of nour-
ishment for infants. The WHO recommends breast milk as a nu-
trition standard for infants in the first 6 mo of life (1). Breast milk
contains all the essential nutrients necessary for optimal growth and
neurodevelopment in the early stages of lactation. The caloric
density of breast milk also varies as the infant grows (2). The lower
energy content of colostrum (53.6 kcal/100 mL) is replaced by
transition milk (57.7 kcal/100 mL) from day 6, whereas mature
milk (65.2 kcal/100 mL) is produced only after 14 d of life (2).
From 30 to 120 d after birth, caloric density of breast milk produced
for boys continued to rise (67.8—77.6 kcal/100 mL) but not for girls
(62.6-64.0 kcal/100 mL) in a Singapore study (3). At 120 d, ca-
loric density of breast milk for boys was higher by 24% than that
for girls (3). These data indicate that breast milk is not only age-
dependent but also sex-specific. However, current infant formula
substitutes share constant energy content from birth to 6 mo of age
(67 kcal/100 mL) (2), without consideration for sex. As suggested
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in a meta-analysis, the higher energy content of formula milk may
expose formula-fed infants to energy-dense milk in early life,
which may affect subsequent growth outcomes (2). We speculate
that this causal process may be more apparent in formula-fed
girls.

In the past 2 decades, infant growth studies mainly focused on
assessing the differences between various feeding modes and
comparing growth to existing references and standards, such that
it is now well established that formula-fed infants gain more
weight than breastfed counterparts (2, 4-6). There is also rec-
ognition that healthy breastfed infants tend to grow more rapidly
than formula-fed peers in the first 2 mo of life and less rapidly
from 3 to 12 mo of age (7). However, differences in growth
trajectories between breastfed boys and girls are still unclear,
because few studies have addressed infant feeding mode and
growth interactions in sex subgroups. Moreover, it remains un-
certain whether the greater growth in formula-fed infants is sex
specific or whether it occurs in both sexes, because data from
previous studies are limited and inconsistent (5, 8, 9).

In this study, we hypothesized that there is a sexually di-
morphic infant growth response to mode of infant milk feeding.
We aimed to do the following: /) examine the interaction of
feeding mode and sex in relation to longitudinal infant growth,
2) describe and compare length and weight growth trajectories
in breastfed boys and girls, and 3) compare the growth of formula-
fed infants with infants fed breast milk.

METHODS

Study design and participants

Participants were taken from the Growing Up in Singapore
Toward healthy Outcomes (GUSTO)'® birth cohort study. The
GUSTO study was designed as a population-based observational
study to collect detailed information on pregnant women and
characteristics of their infants from birth onward in Singapore.
The study was established to investigate the effects of early life
events on the risk of developing metabolic diseases in later life.
Details of the GUSTO study are provided elsewhere (10).

A total of 1152 pregnant women aged =18 y and attending
antenatal clinics at a gestational age of <14 wk (based on ul-
trasound scan) were recruited from 2 major public maternity
units in Singapore, namely, KK Women’s and Children’s Hos-
pital and National University Hospital, between June 2009 and
September 2010. The recruited women were Singapore citizens
or permanent residents who were of Chinese, Malay, or Indian
ethnicity with homogeneous parental ethnic background.
Women who were on chemotherapy or psychotropic drugs or
who had type 1 diabetes mellitus were excluded from the study.
Written informed consent was obtained from each participant.

This study was approved by the Centralised Institutional
Review Board of SingHealth (reference 2009/280/D) and the
Domain Specific Review Board of the Singapore National
Healthcare Group (reference D/09/021).

'8 Abbreviations used: BF, breastfeeding group; FF, formula feeding
group; GUSTO, Growing Up in Singapore Toward healthy Outcomes;
LAZ, length-for-age z score; MF, mixed feeding group; MGRS, Multicentre
Growth Reference Study; WAZ, weight-for-age z score.
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Maternal and infant characteristics

Demographic characteristics and past medical history (e.g.,
diabetes mellitus and hypertension) of pregnant women were
recorded with the use of interviewer-administered questionnaires
at the recruitment visit and at 26-28 wk of gestation. An oral-
glucose-tolerance test (75 g) was performed at 26-28 wk of
gestation to diagnose gestational diabetes mellitus with the use
of WHO criteria (fasting glucose =7.0 mmol/L or 2-h glucose
=7.8 mmol/L) (11). Maternal weight before pregnancy was
based on self-reported data, whereas height was measured at 26—
28 wk of gestation with a stadiometer (Seca 206). The mother’s
BMI before pregnancy was computed from weight (kilograms)
divided by height (meters squared). After delivery, infant char-
acteristics such as sex and gestational age were obtained from
the hospital case notes by trained health personnel.

Infant feeding assessments

Infant feeding modes for the preceding 3 mo were ascertained at
ages 3 and 6 mo with the use of interviewer-administered ques-
tionnaires. Based on the WHO definition, infant feeding modes
were classified as follows: /) exclusive breastfeeding, in which the
infant received only breast milk and no other liquids or solids with
the exception of drops or syrups consisting of vitamins, mineral
supplements, or medicines (12); 2) predominant breastfeeding,
in which the infant received mainly breast milk and some water-
based drinks (12); 3) partial breastfeeding, in which the infant
received a combination of breast milk and formula milk (12);
and 4) formula feeding, in which the infant was fed exclusively
formula milk. Mothers were asked to classify their infant
feeding modes at ages 1, 2, and 3 mo during the 3-mo postnatal
visit, and their infant feeding modes at ages 4, 5, and 6 mo
during the 6-mo postnatal visit. All interviewers followed pro-
tocol by not providing any feeding advice to mothers throughout
the study period. The age of weaning (solid food introduction to
infants on a daily basis) was determined at the 9-mo interview.

Infant milk feeding classification

Because exclusive breastfeeding during the first 6 mo is ac-
cepted as the nutrition standard for infants (1), infants in the
current analysis were classified into the following groups: the
breastfeeding group (BF), representing infants fed with the use of
methods / and/or 2 for the entire first 6 mo of life; the formula
feeding group (FF), representing infants fed with the use of
method 4 for the entire first 6 mo of life; and the mixed feeding
group (MF), representing infants who were fed with the use of
method 3 only or methods / and/or 2 with 3 and/or 4 or methods
3 and 4 in the first 6 mo.

Infant anthropometric measurements

Infant anthropometric measurements were taken by 23 trained
staff on day 1 of life and at 6, 12, and 24 mo of age with the use of
standardized techniques (13). All infants were randomly assigned to
11 clinic staff members for all clinic visits but matched to 12 home
visitors based on participants’ preferred language for home visits.
Before the measurements could be conducted, all staff had received
rigorous training and had their technique calibrated against the gold
standard of an experienced anthropometrist who endorsed their
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competency. To ensure standardization of measuring techniques
throughout the study period, intra- and intermeasurer assessments
were also performed on a quarterly basis. Retraining was provided
for staff whose measurements did not meet standards.

Each infant’s anthropometric factors were measured by one staff
member who was not intentionally blinded to the infant feeding
mode. However, to minimize possible bias, standardized procedures
(13) were employed when conducting measurements. Weight at
birth and 6 and 12 mo of age was recorded to the nearest 0.001 kg
with the use of a SECA 334 Mobile Digital Baby Scale, and at 24
mo of age to the nearest 0.01 kg with the use of a SECA 803 Digital
Flat Scale. Recumbent crown-heel length at birth and 6, 12, and 24
mo of age were measured to the nearest 0.1 cm with the use of
a SECA 210 Mobile Measuring Mat. When length measurement at
24 mo of age was not possible, height was measured with the use of
a SECA 213 portable stadiometer and converted to length by adding
0.7 cm (n = 71) (14). All measuring equipment was calibrated on
a yearly basis according to the specific protocols (15).

Z scores and changes in z scores

Z scores rather than absolute measurements were computed to
allow comparison across age and sex, as well as to quantify
longitudinal changes in growth. Weight-for-age z score (WAZ)
and length-for-age z score (LAZ) were derived from infant
weight and length based on WHO Child Growth Standards 2006
with the use of WHO Anthro software (version 3.2.2). To assess
longitudinal growth, interval growth changes were determined
by obtaining the z score differences in WAZ and LAZ from birth
to 6 mo, 6 to 12 mo, and 12 to 24 mo of age.

Statistical analyses

Fisher’s exact tests for categorical variables and independent
sample ¢ tests for continuous variables were performed to ex-
plore differences in maternal and infant characteristics between
sexes and feeding mode (BF and MF against FF to understand
the impact of formula milk exposure).

To test the effect of feeding mode and sex on changes in WAZ and
LAZ, linear mixed-effect modeling was used to analyze repeated
measurements and adjust for potential confounders. The covariates
were ethnicity, maternal age, education, marital status, monthly
household income, active smoking before and/or during pregnancy,
passive smoking before and/or during pregnancy, diabetes mellitus,
hypertension, and WAZ or LAZ at birth. An additional covariate, the
mother’s BMI before pregnancy, was adjusted for in further anal-
ysis. Passive smoking was defined as daily cigarette smoke expo-
sure at work and/or at home. Diabetes mellitus included women
with pre-existing type 2 diabetes and gestational diabetes mellitus.
Hypertension referred to chronic hypertension, gestational hyper-
tension, preeclampsia, and eclampsia. WAZ or LAZ at birth was
included in the covariate adjustment, because rapid postnatal growth
has been associated with smaller size at birth (16). Continuous
covariates including maternal age and WAZ or LAZ at birth were
centered at their mean values in the multivariate model. The basic
model included feeding mode (BF, MF, or FF), sex, and age in-
tervals (0—6 mo, 612 mo, and 12-24 mo of age), and interactions
between feeding mode, sex, and age intervals. All P values were
2-tailed, with P < 0.05 considered to be statistically significant.
Statistical analyses were performed with the use of Stata 13.1.
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RESULTS

Study participants

For this study, only singleton infants with a known feeding
history in the first 6 mo of life were included. Based on the
inclusion criteria for this study, 932 infants were included in the
final analysis; this comprised 62 BF boys, 63 BF girls, 302 MF
boys, 276 MF girls, 120 FF boys, and 109 FF girls. Of 578 MF
infants, only 97 (16.8%) were exclusively and/or predominantly
breastfed from O to 3 mo of age.

Characteristics of mothers

The comparison of maternal characteristics by feeding mode
and sex is shown in Table 1. In the comparison by sex, there were
no differences in maternal characteristics for all 3 feeding groups.
With respect to feeding modes, FF boys and girls had mothers
with lower educational levels and family income compared with
both the BF and MF boys and girls; FF infants had greater ex-
posure to cigarette smoke before and/or during pregnancy.

Characteristics of infants

A comparison of infant characteristics by feeding modes and sex
is shown in Table 2. Overall, boys and girls in this study were
shorter and lighter at birth than the 2006 WHO Child Growth
Standards. FF boys were shorter and lighter at birth compared
with BF and MF boys, but these differences were not statistically
significant in girls. No significant difference between feeding
modes and sex was observed in the weaning age.

Overall growth patterns

Infants in all feeding mode and sex groups showed accelerated
growth over the first 6 mo in comparison with the WHO Child
Growth Standards. The greatest growth difference between sexes
based on feeding mode was observed in the 6-12-mo interval.
From 12 to 24 mo of age, WAZ and LAZ were stable in all
groups. These findings were similar after adjustment for co-
variates (Figure 1 and Table 3).

Interaction effect between feeding mode, sex, and age
intervals

The adjusted mean changes in WAZ and LAZ of infants are
shown in Table 3. Overall, 3-way interactions between feeding
mode, sex, and age intervals were significant for LAZ changes
(P = 0.003) but not WAZ changes (P = 0.103) after adjustment
for potential confounders. From O to 6 mo, BF boys and girls
showed similar LAZ gain (+0.28 compared with +0.39, P =
0.544). From 6 to 12 mo of age, BF boys had greater LAZ gain
than BF girls (+0.39 compared with —0.10; P = 0.008). From 12
to 24 mo of age, LAZ gain was stable in both BF boys and girls
(LAZ: +0.05 compared with +0.03, P = 0.919).

Growth differences between BF, MF, and FF infants were also
observed at different time intervals. In the first 6 mo of life, both
FF boys (+0.72 compared with +0.28, P = 0.006) and girls (+0.72
compared with +0.39, P = 0.038) showed greater LAZ gains
compared with their BF counterparts.

From 6 to 12 mo of age, FF girls showed higher LAZ gain (+0.25
compared with —0.10, P = 0.031) than BF girls, whereas FF boys
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FIGURE 1 Adjusted mean WAZ and LAZ of infants from birth to 24 mo of age for BF, MF, and FF groups. Analyses were performed with the use of
linear mixed-effect modeling and adjusted for ethnicity, maternal age, education, marital status, monthly household income, active smoking before and/or
during pregnancy, passive smoking before and/or during pregnancy, diabetes mellitus, hypertension, and WAZ or LAZ at birth. BF, breastfeeding; FF, formula
feeding; LAZ, length-for-age z-score; MF, mixed feeding; WAZ, weight-for-age z score.

tended to have less LAZ gain than BF boys, although this was not
statistically significant (+0.06 compared with +0.39, P = 0.055).
From 12 to 24 mo of age, boys and girls from both the BF and FF
showed similar changes in LAZ (boys: +0.05 compared with
—0.09, P = 0.435; girls: +0.03 compared with —0.01, P = 0.823).
To further understand the effect of formula milk exposure, MF and
FF infants were compared. Across all time intervals, no significant
differences in LAZ gains were observed between MF and FF in-
fants for boys and girls. All findings remained similar after further
adjustment for maternal BMI before pregnancy (Supplemental

TABLE 3
Adjusted mean changes in WAZs and LAZs of infants'

Table 1). When additional analysis was performed for weight-for-
length z scores, a significant 3-way interaction between feeding
mode, sex, and age intervals after adjustment for potential
confounders was found (P < 0.001) (Supplemental Table 2).

DISCUSSION

This study supports the hypothesis that there is a sexually
dimorphic infant growth response to the mode of infant milk
feeding. We observed a significant 3-way interaction for length

Age interval

WAZ change® (n = 824)

LAZ change® (n = 791)

Boy

Girl

Boy

Girl

Breastfeeding, mo

Birth-6 0.62 (0.43, 0.82)

6-12 —0.25 (—0.45, —0.04)

12-24 —0.03 (—0.24, 0.18)
Mixed feeding, mo

Birth-6 0.37 (0.26, 0.48)

6-12 —0.07 (—0.18, 0.04)

12-24 0.00 (—0.11, 0.11)
Formula feeding, mo

Birth-6 0.29 (0.13, 0.45)

6-12 —0.03 (—0.19, 0.14)

12-24 —0.02 (—0.20, 0.15)

0.32 (0.13, 0.51)
—0.16 (—0.34, 0.03)
—0.03 (—0.22, 0.17)

0.38 (0.28, 0.49)
0.01 (—0.10, 0.12)
—0.08 (—0.20, 0.03)

0.41 (0.25, 0.57)
0.08 (—0.08, 0.24)
0.00 (—0.17, 0.17)

0.28 (0.01, 0.54)*
0.39 (0.11, 0.68)**
0.05 (—0.23, 0.34)

0.58 (0.44, 0.72)
0.21 (0.07, 0.36)
0.11 (—0.04, 0.26)

0.72 (0.51, 0.93)
0.06 (—0.16, 0.28)

—0.09 (—0.32, 0.15)

0.39 (0.13, 0.64)*
—0.10 (—0.36, 0.15)*
0.03 (—0.23, 0.30)

0.78 (0.63, 0.92)
0.02 (—0.13, 0.17)
0.01 (—0.15, 0.17)

0.72 (0.51, 0.93)
0.25 (0.03, 0.47)
—0.01 (—0.24, 0.23)

'Values are means with 95% Cls in parentheses. Analyses were performed with the use of linear mixed-effect modeling
and adjusted for ethnicity, maternal age, education, marital status, monthly household income, active smoking before and/or
during pregnancy, passive smoking before and/or during pregnancy, diabetes mellitus, hypertension, and WAZ or LAZ at birth.
*Significantly different from formula-fed boys and girls at the same time interval (P < 0.05). **Significantly different from
breastfed girls at the same time interval (P < 0.05). LAZ, length-for-age z score; WAZ, weight-for-age z score.

*Three-way interaction: feeding practices X sex, age; P = 0.103.

3Significant 3-way interaction: feeding practices X sex, age; P = 0.003.
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but not weight changes in relation to mode of feeding, sex, and
age intervals, after adjustment for confounders. Boys compared
with girls who were exclusively/predominantly breastfed in the
first 6 mo had greater length gain from 6 to 12 mo. When
measurements from breastfed infants were used as a reference for
normal growth, we found greater length gain from 6 to 12 mo of
age in formula-fed girls compared with their breastfed coun-
terparts; however, such differences were not noted between
breastfed and formula-fed boys.

We highlight the importance of understanding sex differences
in growth even in breastfed infants, because the growth of
breastfed infants is used as a yardstick for normal growth. Sex
differences in this study are relative to the sex differences found
in the WHO growth standards. Our breastfed boys gained 1.64 cm
(adjusted mean 0.38 z score) more length than girls, whereas the
WHO Multicentre Growth Reference Study (MGRS) breastfed
boys gained 1.00 cm more in length than girls in the first 12 mo
of life (17). Greater length gain in boys than girls may be at-
tributable to substantially higher calories consumed by boys
than girls (18), as a result of a greater caloric density in human
milk for boys than girls that was reported in 2 previous studies
(3, 18). A Singapore study demonstrated that human milk for
boys compared with that for girls in the first 4 mo of life was
14.8 kcal/100 mL higher in caloric density (3), whereas a study
from Massachusetts showed that caloric density in human milk
for boys was 24.68 kcal/100 mL higher than that for girls be-
tween 2 and 5 mo of age, after adjustment for time since last
feeding (18). This difference in caloric density was contributed
by higher lipid content in human milk secreted for boys (3).
Such a sex difference in milk composition has been proposed to
be sufficient to account for differences in growth between boys
and girls in early life (2, 18). Additional evidence that the sex of
the offspring influences the quality of maternal milk can be
found in landmark animal studies (19, 20).

Our findings are consistent with a study that also demonstrated
greater growth in formula-fed girls than in boys (8). Whereas
a significant 3-way interaction between feeding mode, sex, and
time interval for weight gain was noted (8), our study showed
significant interaction for length gain instead. In contrast, other
studies reported that differences in weight and length gain be-
tween breastfed and formula-fed infants were more notable in
boys than in girls (5, 9). Comparing against National Center for
Health Statistics-WHO growth reference, an Italian study showed
that weight and length gains from birth to 4 mo of age between
breastfed (36 boys; 37 girls) and formula-fed (35 boys; 30 girls)
infants were significantly different in boys but comparable in girls
(5). Similarly, a Japanese study that used local references found
significantly greater growth in breastfed (n = 31) than in formula-
fed boys (n = 19) but little impact of feeding mode on the growth
of girls (9). The inconsistencies between these studies, including
ours, may be due to sample size and methodologic differences
such as the use of growth references rather than standards. We
compared our infants with WHO MGRS infants, because they
provide a single international standard that represents the best
description of physiologic growth for children aged 0-5 y with
the use of breastfed infants as the normative growth model.

This study showed that formula-fed infants gained more length
than those who were breastfed, which may be the result of higher
energy density (2), protein (21), and micronutrient content (22) in
formula than in breast milk. Rapid growth is of particular concern
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because it has been linked with increased risk of developing
obesity and chronic disease (23, 24). Although the infants in this
study were 0.53 z score shorter at birth than those in the WHO
MGRS, rapid growth in the context of shorter birth length can be
explained. First, shorter birth length is unlikely to be influenced
by maternal undernutrition, given Singapore’s affluent environ-
ment. Second, the mean height of Singaporean mothers was
158.2 cm compared with 161.0 cm in WHO MGRS, and the
positive association between maternal anthropometric mea-
surements and birth size in offspring is well known (25). Finally,
the effect of birth length on postnatal growth had been con-
trolled for in multivariate analysis. Therefore, these suggest
a postnatal nutritional explanation for the greater growth seen in
formula-fed infants.

Of particular interest is the observation that formula-fed girls but
not boys continued to gain more length compared with their
breastfed counterparts in the second 6 mo after accelerated length
gain from birth to 6 mo of age, which suggests that they may have
received comparatively greater nutrition from milk. Because the
reported caloric density in breast milk for girls remained at 62.6—
64.0 kcal/100 mL by 1 mo after birth (3), constantly feeding girls
with relatively higher calorie formula milk (67 kcal/100 mL) may
contribute to greater growth (18). In contrast with that for girls,
the caloric density of breast milk for boys (67.8-77.6 kcal/
100 mL) (3) is similar to or exceeds that in formula milk (2),
which may partly explain the comparable length gains between
breastfed and formula-fed boys in this cohort. Another explana-
tion for the greater growth in formula-fed girls may be related to
decreases in serum leptin (26). Because leptin is present in breast
milk but not formula milk, exclusive formula feeding can lead to
an increase in appetite and energy intake, leading to greater
growth (27, 28). Yet another possible explanation for our findings
relates to sex and feeding mode differences in the population of
gut microbes, which have been associated with obesity (29). We
recommend further investigations in these areas.

The strengths of this study include a large sample size, longi-
tudinal approach, and standardized measurements by trained and
regularly audited personnel, which lead to increased power of
analyses and precision of findings. Although data collection on
feeding mode and anthropometric measurements was not com-
pletely blinded, clinic staff and home visitors were blinded to group
assignment. The present findings, however, should be interpreted
cautiously. Reverse causality, that infant growth can influence the
choice and feeding mode by caregivers, has previously been de-
scribed (30) and may account for the reported observations. A total
of 220 (19.1%) participants were excluded from the analysis and
had different maternal and infant characteristics from those in-
cluded in the analysis; however, these variables were adjusted for in
the multivariable analyses. We were unable to compare changes in
total caloric intake and nutrient composition of infants throughout
the first 2 y of life, because both quality and quantity of breast milk
and formula milk were not examined in this study. In addition,
infant body composition was not serially measured from 0 to 24 mo
of age to consolidate our findings. Nonetheless, the continuous
follow-up of anthropometric measurements within a cohort study
allows us to better understand long-term growth and size changes in
relation to early feeding practices and sex.

In conclusion, our study found differential infant growth re-
sponses to feeding mode according to sex, raising questions about
whether formula feeding ought to remain sex neutral. Unlike
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boys, formula-fed girls had greater length gain than breastfed
girls from 6 to 12 mo of age, potentially exposing them to a higher
risk of future metabolic diseases. However, further investigations
on sex-specific feeding and infant growth are warranted before
a conclusive message can be drawn based on our current findings.
Whether the association between feeding mode, sex, and growth
will hold up in other populations remains to be seen. Further
investigations on the quality of breast milk across different
populations will inform whether sex differences in breast milk
composition are indeed universal.
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