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Neurodevelopment, nutrition, and growth until 12 mo of age in infants
fed a low-energy, low-protein formula supplemented with bovine milk
fat globule membranes: a randomized controlled trial1–3
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ABSTRACT
Background: Observational studies have indicated that differences
in the composition of human milk and infant formula yield benefits
in cognitive development and early growth for breastfed infants.
Objective: The objective was to test the hypothesis that feeding an
infant formula with reduced energy and protein densities and sup-
plemented with bovine milk fat globule membrane (MFGM) re-
duces differences in cognitive development and early growth
between formula-fed and breastfed infants.
Design: In a prospective, double-blind, randomized controlled trial,
160 infants ,2 mo of age were randomly assigned to be fed an
MFGM-supplemented, low-energy, low-protein experimental for-
mula (EF) or a standard formula (SF) until 6 mo of age. The energy
and protein contents of the EF and SF were 60 and 66 kcal/100 mL
and 1.20 and 1.27 g/100 mL, respectively. A breastfed reference
(BFR) group consisted of 80 infants.
Results: At 12 mo of age, the cognitive score (mean 6 SD) on
testing with the Bayley Scales of Infant and Toddler Development,
Third Edition, was significantly higher in the EF group than in the
SF group (105.8 6 9.2 compared with 101.8 6 8.0; P = 0.008) but
was not significantly different from that in the BFR group (106.4 6
9.5; P = 0.73). The EF group ingested larger volumes of formula
than did the SF group (864 6 174 compared with 797 6 165 mL/d;
P = 0.022), fully compensating for the lower energy density. No
significant differences in linear growth, weight gain, body mass
index, percentage body fat, or head circumference were found be-
tween the EF and SF groups.
Conclusions: MFGM supplementation to infant formula narrows
the gap in cognitive development between breastfed and formula-fed
infants. Between 2 and 6 mo of age, formula-fed term infants have the
capacity to upregulate their ingested volumes when the energy
density of formula is reduced from 66 to 60 kcal/100 mL. This
trial was registered at clinicaltrials.gov as NCT00624689. Am J
Clin Nutr 2014;99:860–8.

INTRODUCTION

According to the WHO, human milk is the optimal source of
nutrition during the first 6 mo of life for healthy growth and the
development of infants (1). Observational studies of infant
cognitive function have shown an advantage for breastfed infants
over formula-fed infants, even after control for socioeconomic
factors. This indicates that human milk components needed for
optimal neurodevelopment are lacking for infant formula (2)—
a finding further supported by one cluster-randomized breast-

feeding promotion study (3). The milk fat globule membrane
(MFGM)4 has gained interest as a biologically active milk
fraction with potential positive health effects (4). Several in-
dividual components of the MFGM have been shown to be es-
sential for brain development and are also known to be present
at lower concentrations in infant formulas than in human milk,
eg, sialic acid (5, 6), gangliosides (7–9), sphingomyelin (10–12),
choline (10, 13, 14), and cholesterol (15–17).

Compared with breastfed infants, formula-fed infants usually
have higher weight gains between 3 and 12 mo of age (18–20),
and this has been suggested to cause some of the observed long-
term disadvantages for formula-fed infants, eg, a higher risk of
obesity (21, 22), hypertension (23, 24), type 2 diabetes (25, 26),
and type 1 diabetes (27). The considerably higher protein intake
in formula-fed infants is an important reason for this difference
in growth (28), and, even after the trend of lowering the protein
content of infant formulas during the past decades, the protein
content is still 20–30% higher than in human milk, often re-
sulting in a 40–50% higher protein intake in formula-fed than in
breastfed infants (29, 30). Whether a lower energy density of
infant formula is safe and affects growth is still an open ques-
tion. The energy density of breast milk is variable (31) and
impossible to mimic in an infant formula. Virtually all currently
available infant formulas have an energy density of 67 kcal/100
mL, based on the assumption that this level equals the average
energy content of term human milk. With some allowance for
variation, different regulations state a minimum energy density
of 60 to 67 kcal/100 mL (32–36). However, several studies
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suggest that the metabolizable energy of human milk is possibly
overestimated by 10–30%; hence, considerably lower than in
infant formulas (37–39). Furthermore, formula-feeding and bottle-
feeding have been associated with a reduced self-regulation of
energy intake (40, 41).

The current study was a randomized controlled trial with the
aim to evaluate health effects on infants fed an experimental
formula (EF) with a reduced energy and protein content com-
bined with supplementation with a bovine MFGM fraction.
Primary outcomes were cognitive level at 12 mo and weight at
6 mo. Our main hypothesis was 2-tailed: 1) that the MFGM-
supplemented EF would result in enhanced neurodevelopment
and 2) that the infants receiving a low-energy, low-protein EF
would have less weight gain than those receiving standard for-
mula (SF).

SUBJECTS AND METHODS

Inclusion

From March 2008 to February 2012, 160 formula-fed infants
(80 girls and 80 boys) and a breastfed reference (BFR) group with
80 infants (40 girls and 40 boys), all born at Umeå University
Hospital, Umeå, Sweden, were recruited after inviting parents
by telephone. Inclusion criteria were ,2 mo of age, gestational
age at birth 37–42 wk, birth weight 2500–4500 g, absence of
chronic illness, and exclusive formula feeding, or, for the BFR
group, exclusive breastfeeding at inclusion and the mother’s
intention to exclusively breastfeed until 6 mo. Recommendations
of feeding only small amounts (taste portions) of complementary
foods between 4 and 6 mo of age were given to all parents. This
study was approved by the Regional Ethical Review Board in
Umeå. Complete oral and written information about the study was
given to the parents/caregivers, and written consent was obtained
from the parents or caregivers of all infants before inclusion.

Randomization and blinding

Formula-fed infants were stratified for sex and randomly
assigned, by using a computerized randomization tool in blocks
of 8, to receive a low-energy, low-protein MFGM-supplemented
EF or SF from inclusion until 6 mo of age. Twins were jointly
randomly assigned to the same intervention group. The in-
tervention was blinded both to parents and staff until all infants
had finished the intervention. Powdered formula was distributed
to families together with preparation instructions in identical
boxes marked with a code number, prepared at the manufacturing
site before sending them to the study site.

Formula composition

BabySemp 1 (Semper AB) was used as the SF, and the EF was
modified from this formula. The macronutrient and fatty acid
compositions of the formulas are shown in Table 1. Amino acid
contents were calculated from the protein composition (Table
2). The EF was supplemented with a bovine MFGM fraction
(Lacprodan MFGM-10; Arla Foods Ingredients). MFGM pro-
teins constituted 4% (wt:wt) of the total protein content in the
EF.

Assessment of cognitive function

At 12 mo of age, testing with the Bayley Scales of Infant and
Toddler Development, Third Edition (Bayley-III) (42) was per-
formed. The Bayley-III tests were performed by 3 trained psy-
chologist studentswhowere supervised by one senior psychologist.
All tests were videotaped and re-evaluated if there were any
uncertainties.

Assessment of growth

Visits were made at baseline (,2 mo) and at 4, 6, and 12 mo
of age. At each visit, weight (Seca 757; Seca), length (Seca 416;

TABLE 1

Macronutrient contents of the EF and SF per 100 mL1

EF SF

Energy (kcal) 60 66

Proteins (g) 1.20 1.27

Casein (g) 0.35 0.50

Whey (g) 0.85 0.80

Carbohydrates/lactose (g) 6.0 7.4

Lipids (g) 3.5 3.5

SFAs (g) 1.35 1.30

MUFAs (g) 1.35 1.40

PUFAs (g) 0.60 0.60

Linoleic acid (mg) 460 460

a-Linolenic acid (mg) 70 70

Arachidonic acid (mg) 15 15

DHA (mg) 9 9

Cholesterol (mg) 8 4

Phospholipids (mg) 70 30

1EF, experimental formula; SF, standard formula.

TABLE 2

Amino acid composition of the low-energy, low-protein EF and SF and

minimum levels according to the EU directives1

EF SF EU

Essential (mg/100 kcal)

Isoleucine 120 136 90

Leucine 210 212 166

Lysine 183 182 113

Methionine 43 45 23

Phenylalanine 82 83 83

Threonine 115 121 77

Tryptophan 38 38 32

Valine 123 129 88

Conditionally essential (mg/100 kcal)

Cysteine 42 64 38

Histidine 52 53 40

Tyrosine 82 76 76

Nonessential (mg/100 kcal)

Alanine 80 79 —

Arginine 58 68 —

Aspartic 213 206 —

Glutamic 357 371 —

Glycine 42 38 —

Proline 142 158 —

Serine 117 115 —

1Data are from reference 33. EF, experimental formula; EU, European

Union; SF, standard formula.
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Seca), and head circumference (Seca 212; Seca) were measured.
Weight was recorded with an accuracy of 5 g and length and
head circumference with an accuracy of 0.1 cm. At inclusion and
4 mo, percentage body fat was measured by using air-displacement
plethysmography (PeaPod; Cosmed). Age-adjusted z scores for
weight, length, head circumference, and BMI were calculated by
using the WHO growth standards (43, 44). Maternal and paternal
weight and height were measured at one visit, and maternal pre-
pregnancy weight was self-reported.

Blood samples and analyses

At each visit, venous blood samples were drawn.2 h after the
latest meal. Plasma insulin was analyzed immediately, and blood
urea nitrogen (BUN) was analyzed in frozen plasma in 3 batches
by using standard techniques. From each group (EF, SF, and
BFR), frozen plasma samples from 20 randomly selected infants
(10 girls and 10 boys) were analyzed for the plasma amino acid
pattern.

Dietary intake

Parents were asked to complete a 3-d food diary every month
from inclusion until 6 mo of age to assess intakes of formula and
any complementary foods. Volumes of each formula meal (EF
and SF groups) and volume or weight of all complementary foods
(EF, SF, and BFR groups) were measured and recorded by the
parents using their own personal household measures and kitchen
utilities. Macronutrient and energy intakes were calculated from
the Swedish National Food Agency Database in combination
with data from baby food manufacturers. Parents whose infants’
intervention or breastfeeding was interrupted before 6 mo of age
were asked to remain in the study for follow-up on an intent-to-
treat basis.

Statistical analysis

A prestudy power analysis showed that a sample size of 63 in
each group was needed to detect a difference of 0.5 SD in the
primary outcomes Bayley-III score and weight-for-age, with 80%
power at the significance level of 0.05. The expected dropout rate
was 25%; hence, 80 infants were included in each group. All
analyses are presented on an intent-to-treat basis, ie, cases were
included in the analysis irrespective of compliance with the
intervention, except for data on formula intake that are presented
per protocol. Cases with missing outcome data were excluded
from the analyses. Statistical calculations were made by using
IBM SPSS Statistics Version 19 (IBM 1989, 2010). Comparisons
of proportions were made by using a chi-square test or, when the
expected count in any cell was ,5, by Fisher’s exact test.
Comparisons of means were made by independent-samples
t test, after being checked for normal distribution. Variables that
were not normally distributed were log transformed before the
calculations were made and transformed back for presentation as
geometric means and 95% CIs. Longitudinal analyses of growth
outcomes were made by a linear mixed model. Differences in
concentrations of amino acids were compensated for multiple
comparisons by Bonferroni post hoc test.

Relevant covariates were adjusted for in a multivariate model
and presented as adjusted P values. For cognitive, motor, and
verbal scores, the multivariate model included psychosocial

background variables (maternal and paternal age, years of ed-
ucation, and smoking). For growth outcomes and blood analy-
ses, the multivariate model in comparisons between the EF and
SF groups included maternal weight gain during pregnancy,
gestational diabetes, and maternal and paternal BMI, smoking,
and chronic disease. For data on formula intake, baseline z
scores for weight and length were added to the model. For
growth outcomes and blood analyses, only unadjusted values are
presented in comparisons with the BFR group.

RESULTS

Background characteristics, compliance, and dropouts

Background characteristics are shown in Table 3. Rates of
dropout and noncompliance are shown in Figure 1. Of the in-
fants in the BFR group, 72 of 73 (99%) were partially or ex-
clusively breastfed at 4 mo of age, 64 of 72 (89%) were partially
or exclusively breastfed at 6 mo of age, and 57 of 72 (79%) had
no intake of formula until 6 mo of age.

Cognitive, motor, and verbal scores

Successful Bayley-III testing was performed at 12 mo of age in
71 of 73 (97%), 64 of 68 (94%), and 70 of 72 (97%) of the infants
in the EF, SF, and BFR groups, respectively. Of the 8 infants not
included in the analysis, 7 did not turn up for testing, and 1 infant
did not cooperate in the testing situation and was not possible to
assess. The cognitive score was 4.0 (95% CI: 1.1, 7.0) points
higher in the EF group than in the SF group (Table 4). No
significant differences in the motor or verbal domains were
found between the EF and SF groups. The BFR group performed
significantly better in the cognitive domain than did the SF
group, but not compared with the EF group. Furthermore,
mainly because of enhanced performance in the receptive verbal
subscale, the BFR group performed better in the verbal domain
than did both formula-fed groups, even after adjustment for
psychosocial background variables (Table 4).

Energy and macronutrient intakes

Of the infants who completed the intervention to 6 mo of age,
data on food intakes were available from 135 of 142 (95%).
During the intervention period between 2 and 6 mo of age, the
mean (6SD) daily intake of study formula was larger in the EF
group than in the SF group (876 6 148 compared with 810 6
146 mL/d; P = 0.010, adjusted P = 0.018), which resulted in
virtually the same mean (6SD) energy and protein intakes from
formula in the EF and SF groups: 525 6 89 compared with
535 6 96 kcal/d (P = 0.55, adjusted P = 0.63) and 10.5 6 1.8
compared with 10.3 6 1.9 g/d (P = 0.48, adjusted P = 0.49),
respectively. In contrast, mean (6SD) fat and carbohydrate in-
takes from formula differed between the EF and SF groups:
30.6 6 5.2 compared with 28.4 6 5.1 g/d (P = 0.010, adjusted
P = 0.018) and 52.5 6 8.9 compared with 60.0 6 10.8 g/d (P ,
0.001, adjusted P , 0.001), respectively. From 4 mo of age,
complementary foods were introduced to most of the infants on
their parents’ initiative. When data on intakes of complementary
foods were added, there were still no significant mean (6SD)
differences in energy or protein intakes between 4 and 6 mo of
age between the EF and SF groups: 604 6 82 compared with
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628 6 106 kcal/d (P = 0.14, adjusted P = 0.15) and 12.4 6 1.8
compared with 12.6 6 2.4 g/d (P = 0.46, adjusted P = 0.58),
respectively. All results on energy and macronutrient intakes
with regard to differences between the 2 intervention groups
remained in a per-protocol analysis (excluding infants who
discontinued the intervention before 6 mo of age). In the uni-
variate model, but not in the multivariate model, the mean
(6SD) formula meal size between 2 and 6 mo of age was larger
in the EF group than in the SF group: 166 6 34 compared with
154 6 34 mL/meal (P = 0.032, adjusted P = 0.12). Mean meal
sizes for each month of age during the intervention are shown in
Figure 2. The mean (6SD) number of daily meals between 2
and 6 mo of age did not differ significantly between the EF and
SF groups: 5.7 6 1.1 compared with 5.8 6 1.2 meals/d (P =
0.59, adjusted P = 0.86).

Growth and protein markers

No significant interaction was found between randomization
groups (EF compared with SF) and time on z scores for weight
(P = 0.88), length (P = 0.76), BMI (P = 0.92), or head cir-
cumference (P = 0.51) from baseline to 12 mo of age. Adding
maternal and paternal BMI, smoking and chronic disease, ma-
ternal weight gain during pregnancy, and gestational diabetes to
the model did not change the results. When groups were divided

into BFR compared with formula-fed groups (EF + SF), sig-
nificant interactions were found between group and time on z
scores for weight (P = 0.025) and length (P = 0.003). Growth

TABLE 3

Background characteristics of infants who completed 12 mo of follow-up in the EF, SF, and BFR groups1

P2

EF (n = 73) SF (n = 68) BFR (n = 72) EF compared with SF BFR compared with EF + SF

Maternal age (y) 29.9 6 5.53 29.2 6 5.5 31.4 6 4.0 0.48 0.012

Maternal education (y after 7 y) 13.6 6 2.7 13.4 6 2.2 15.9 6 2.6 0.67 ,0.001

Maternal smoking [n (%)] 8 (11) 7 (10) 1 (1) 0.90 0.015

Maternal chronic illness [n (%)]4 22 (30) 12 (18) 15 (21) 0.083 0.59

Maternal prepregnancy BMI (kg/m2) 24.8 6 4.7 25.3 6 5.3 23.7 6 3.2 0.57 0.040

Weight gain during pregnancy (%) 20.7 6 9.1 23.4 6 9.6 22.9 6 9.2 0.11 0.507

Gestational diabetes [n (%)] 6 (8) 0 (0) 0 (0) 0.029 0.099

Pregnancy hypertension [n (%)] 0 (0) 2 (3) 4 (6) 0.23 0.18

Other disease during pregnancy [n (%)] 7 (10) 2 (3) 4 (6) 0.17 1.0

Paternal age (y) 32.9 6 5.8 32.1 6 5.8 34.3 6 4.1 0.41 0.021

Paternal education (y after 7 y) 12.7 6 2.2 12.9 6 2.2 15.2 6 2.8 0.60 ,0.001

Paternal smoking [n (%)] 9 (13) 8 (12) 2 (3) 0.85 0.022

Paternal chronic illness [n (%)]4 15 (21) 14 (21) 12 (17) 0.94 0.47

Paternal BMI (kg/m2) 26.0 6 3.8 27.7 6 4.8 26.6 6 3.2 0.041 0.71

Cesarean delivery [n (%)] 15 (21) 12 (18) 6 (8) 0.66 0.039

Gestational age (wk) 39.6 6 1.4 39.7 6 1.3 40.0 6 1.2 0.85 0.033

Birth weight (kg) 3.53 6 0.40 3.44 6 0.47 3.61 6 0.37 0.26 0.036

Birth length (cm) 50.3 6 1.9 49.9 6 2.1 50.6 6 1.9 0.32 0.071

Birth head circumference (cm) 35.1 6 1.3 34.8 6 1.5 35.1 6 1.2 0.14 0.36

Twins [n (%)] 4 (5) 4 (6) 0 (0) 1.0 0.054

Any sibling [n (%)] 46 (63) 43 (63) 36 (50) 0.98 0.066

Duration of breastfeeding (d) 23 6 17 22 6 16 0.57

Any disease before inclusion [n (%)]5 11 (15) 9 (13) 4 (6) 0.76 0.060

Age at inclusion (d) 44 6 11 47 6 10 48 6 5 0.23 0.045

1BFR, breastfed reference; EF, experimental formula; SF, standard formula.
2Means were compared by independent-samples t test. Proportions were compared by chi-square test or Fisher’s exact test.
3Mean 6 SD (all such values).
4Most common diagnoses for maternal and paternal chronic disease: asthma/allergy (n = 37), endocrine disease including diabetes (n = 15), and

inflammatory disease (n = 10).
5Most common diagnoses for disease before inclusion: respiratory tract infection (n = 8), neonatal hypoglycemia (n = 6), neonatal respiratory distress

(n = 4), and neonatal infection (n = 3).

FIGURE 1. Dropout rates and compliance with intervention in the EF and
SF groups and dropout rates for the BFR group. The most common causes of
dropout were “no cause given” or “moved from study site” (n = 12) and
gastrointestinal symptoms (n = 6). The most common causes of discontinued
intervention were cow milk allergy (n = 3) and gastrointestinal symptoms
(n = 2). BFR, breastfed reference; EF, experimental formula; SF, standard
formula; PP, per protocol.
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velocity (mean DSDS 6 SD) was faster in the formula-fed
groups (EF + SF) than in the BFR group for weight and length
between inclusion and 6 mo of age [0.41 6 0.74 compared with
0.03 6 0.63 (P , 0.001) and 0.36 6 0.63 compared with
20.12 6 0.70 (P , 0.001), respectively], but not between 6 and
12 mo of age [0.33 6 0.42 compared with 0.24 6 0.53 (P =
0.18) and 0.03 6 0.48 compared with 20.10 6 0.52 (P =
0.077), respectively]. No difference in cross-sectional z scores
were found for weight, length, head circumference, or BMI be-
tween the EF and SF groups or between the formula-fed groups
(EF + SF) and the BFR group at 4, 6, and 12 mo (Figure 3).
Furthermore, no differences in percentage body fat were
found at baseline or 4 mo (Table 5). No differences in fasting
plasma insulin or BUN were found between the EF and SF
group; however, compared with the BFR group, the formula-
fed infants had higher plasma insulin concentrations at
baseline and 4 and 6 mo and higher BUN at baseline and 6 mo
(Table 5). The concentrations of plasma amino acids are
shown in Table 6.

DISCUSSION

We found that infants fed an MFGM-supplemented EF per-
formed better on cognitive testing at 12 mo than did infants fed
SF, and at a level not significantly different from the BFR group.
The size of the difference in cognitive scores between the EF and
SF groups—4.0 (95% CI: 1.1, 7.0) points—is well in line with
the calculated difference in cognitive function between normal-
birth-weight formula-fed and breastfed infants of 2.66 (95% CI:
2.15, 3.17) points after adjustment for socioeconomic con-
founders in the meta-analysis of observational studies by An-
derson et al (2).

To our knowledge, this was the first randomized controlled
trial that has shown such a large positive effect of any supple-
mentation to infant formula on cognitive function measured with
the Bayley Scales of Infant Development test in term infants. The
study was powered to detect a difference of 0.5 SD in the main
outcome—Bayley-III score at 12 mo. Nonetheless, the mean
difference between the groups of 4.0 points (0.44 SD) was sta-
tistically significant as a result of the low dropout rate and the
narrow distribution in our population. The SD of the cognitive
score in the current study was 9.1 points compared with the

expected SD of 15.0 (42). The narrow distribution, a phenome-
non also found in other studies of cognition in infancy (45, 46),
was probably a result of a selected healthy population with risk
infants excluded in combination with few examiners compared
with the Bayley normative sample.

The MFGM fraction has historically been discarded with the
milk fat in the manufacturing of infant formula, and its functional
role in human milk has not been clear. However, MFGM contains
several components that are essential for brain development, and
our interpretation is that MFGM-supplementation enhanced
cognitive development in the formula-fed infants. We speculate
that this could be a result of one single responsible factor [eg,
sialic acid; 5, 6), gangliosides (7–9), sphingomyelin (10–12),
choline (10, 13, 14) or cholesterol (15–17)], a combination of
2 or several factors, or possibly different limiting factors in
different infants. Supplementation with bovine MFGM to infants
,6 mo of age has never been studied before, but studies in older
infants and children have shown a beneficial effect of bovine
MFGM-supplementation to complementary food at 6–11 mo of
age on diarrhea (47) and beneficial effects of bovine MFGM-
formula to preschool children on febrile episodes and behavioral

TABLE 4

Results of testing with the Bayley Scales of Infant and Toddler Development, Third Edition, for the EF, SF, and BFR groups1

P (adjusted P)2

EF (n = 71) SF (n = 64) BFR (n = 70) EF compared with SF EF compared with BFR SF compared with BFR

Cognitive 105.8 6 9.23 101.8 6 8.0 106.4 6 9.5 0.008 (0.008) 0.73 (0.35) 0.003 (0.029)

Motor 98.6 6 9.3 98.2 6 9.0 100.2 6 7.2 0.81 (0.80) 0.25 (0.24) 0.16 (0.34)

Fine motor4 9,69 6 1.55 9.77 6 1.63 10.24 6 1.27 0.78 (0.93) 0.022 (0.20) 0.060 (0.37)

Gross motor4 9.72 6 2.39 9.58 6 1.93 9.76 6 1.92 0.71 (0.80) 0.92 (0.41) 0.59 (0.48)

Verbal 102.6 6 10.4 102.5 6 8.9 106.7 6 10.7 0.93 (0.92) 0.022 (0.025) 0.014 (0.029)

Receptive4 10.48 6 2.61 10.41 6 2.28 11.47 6 2.53 0.86 (0.88) 0.023 (0.029) 0.012 (0.017)

Expressive4 10.51 6 1.66 10.53 6 1.41 10.76 6 1.57 0.93 (0.97) 0.36 (0.26) 0.39 (0.48)

1BFR, breastfed reference; EF, experimental formula; SF, standard formula.
2Adjusted for maternal and paternal age, years of education, and smoking.
3Mean 6 SD (all such values).
4 Subscale with scaled score.

FIGURE 2. Mean (95% CI) ingested volumes per meal of study formula
in the EF and SF groups. *P , 0.05. EF, experimental formula; SF, standard
formula.
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problems (48). Furthermore, our results support a study that
showed that infants fed a formula supplemented with complex
lipids containing gangliosides had higher scores on hand and
eye coordination, performance intelligence quotient, and gen-
eral intelligence quotient on the Griffiths Mental Development
Scale at 6 mo of age than did infants fed an unsupplemented
formula (9).

Infants fed the EF fully compensated for the reduced energy
and protein densities and showed a growth pattern not different
from that of infants fed the SF. This did not confirm our original
hypothesis that infants fed the EF would gain less weight. The
precise self-regulation of the ingested formula volume shown by
the EF group was unexpected because previous studies have
shown that formula-feeding is associated with a reduced level of

FIGURE 3. Mean (95% CI) age-adjusted anthropometric data for the EF, SF, and BFR groups. *BFR significantly different from EF + SF, P , 0.05. BFR,
breastfed reference; EF, experimental formula; SF, standard formula.

TABLE 5

Outcomes for the EF, SF, and BFR groups1

P (adjusted P)2

EF

(n = 76–80)

SF

(n = 72–80)

BFR

(n = 72–80) EF compared with SF BFR compared with EF + SF

Percentage body fat (%)3

Baseline 20.6 6 4.54 21.2 6 4.3 21.6 6 4.1 0.43 (0.65) 0.26

4 mo 26.4 6 4.4 26.3 6 4.7 26.5 6 3.9 0.91 (0.64) 0.78

Insulin (mIU/L)5

Baseline 5.7 (4.9, 6.5) 5.8 (5.0, 6.7) 4.6 (4.2, 5.1) 0.84 (0.48) 0.008

4 mo 5.3 (4.6, 6.1) 5.0 (4.2, 6.1) 3.4 (2.9, 4.0) 0.66 (0.97) ,0.001

6 mo 4.3 (3.6, 5.0) 4.3 (3.5, 5.2) 2.6 (2.1, 3.2) 0.98 (0.53) ,0.001

Blood urea nitrogen (mg/dL)3

Baseline 11.0 6 4.4 10.0 6 2.9 8.6 6 2.7 0.12 (0.15) ,0.001

4 mo 9.9 6 3.7 9.1 6 2.8 8.6 6 3.7 0.18 (0.86) 0.09

6 mo 10.1 6 3.8 9.8 6 4.0 7.1 6 3.1 0.65 (0.45) ,0.001

1BFR, breastfed reference; EF, experimental formula; SF, standard formula.
2Adjusted for maternal and paternal BMI, smoking and chronic disease, maternal weight gain during pregnancy, and gestational diabetes.
3Comparisons by independent-samples t test.
4Mean 6 SD (all such values).
5Not normally distributed, presented as geometric means; 95% CIs in parentheses.
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self-regulation. It was shown by Fomon et al (49), in the 1970s,
that infants fed a formula with a very-low energy density (36 kcal/
100 mL) had higher formula intakes but still less weight gain
compared with infants fed an SF (67 kcal/100 mL). In another
study by the same group, it was shown that infants fed a formula
with very high energy density (100 kcal/100 mL) had lower
intakes but still higher weight gains than did infants fed a low-
energy formula (54 kcal/100 mL) (50). These studies show that
self-regulation exists but may not fully compensate for very-low
or very-high energy densities. Towhat degree formula-fed infants
can self-regulate intake to compensate for more modest differ-
ences in energy density (ie, from 66 to 60 kcal/100 mL), which is
in the range of human milk, has been unclear. Several studies
have suggested that bottle-fed infants, compared with breastfed
infants, have a different pattern of feeding and poor capacity of
self-regulation of intake (40, 41, 51–55).

Compared with the BFR group, the formula-fed infants had
faster weight and length gains between inclusion and 6 mo of age.
Note that all 3 groups had a linear growth and head circumference
slightly over theWHO standards, probably because of differences
in population characteristics compared with the WHO reference
population and in line with recently published Scandinavian data
(56). Many previous studies have shown faster weight gains in
formula-fed infants, more pronounced than in the current study,
than in breastfed infants, with higher weight apparent at 6 mo of
age (18, 19). More recent studies on formulas with a protein-
energy ratio reduced to 1.8 g/100 kcal have, in line with our
findings, shown more modest differences in growth patterns (57–
59), which supports the hypothesis that the protein-energy ratio
is crucial for weight gain. Plasma insulin and BUN concentra-

tions were higher in the formula-fed than in the breastfed in-
fants, which indicates a higher protein intake for formula-fed
infants, well in line with previous findings (60–62), which may
explain the small difference in growth pattern that still remains.
This suggests that there is still room for further reduction in the
protein-energy ratio, although such formulas need to be tested in
clinical trials.

The contents of essential and conditionally essential amino
acids in both the EF and SF groups met the directives of the
European Union (33). A slightly different amino acid compo-
sition in the EF group than in the SF group resulted in small but
statistically significant differences in plasma amino acid con-
centrations at 4 mo of age. Proline and glutamic acid were the
only amino acids that were lower in the EF group than in the BFR
group at 4 mo. They are both nonessential amino acids and share
a common carbon backbone and are metabolized via the same
pathway; hence, the plasma concentrations mirror a lower intake
of both glutamic acid and proline in the EF group.

Some differences between the formula-fed groups and the BFR
group (eg, in insulin and BUN concentrations), were observed
already at baseline. This was probably caused by the fact that all
infants in the EF and SF groups had a period of formula feeding
before inclusion. Because exclusive formula-feeding was an
inclusion criterion, to avoid affecting the duration of partial
breastfeeding in a negative way, only parents of infants who
already were exclusively formula-fed were asked to participate in
the study. Most parents in all 3 study groups chose to introduce
complementary foods between 4 and 6 mo. This dilution of the
intervention was a weakness of the study, which led to an un-
derestimation of the biological effect of the nutritional

TABLE 6

Mean concentrations of plasma amino acids in a randomized subsample from the EF, SF, and BFR groups1

Baseline 4 mo 6 mo

EF

(n = 20)

SF

(n = 20)

BFR

(n = 20)

EF

(n = 20)

SF

(n = 20)

BFR

(n = 20)

EF

(n = 20)

SF

(n = 20)

BFR

(n = 20)

mmol/mL mmol/mL mmol/mL

Essential

Isoleucine 0.76a,b 0.84a 0.66b 0.74a 0.90b 0.66a 0.76a 0.74a,b 0.61b

Leucine 0.121a 0.130a 0.122a 0.111a 0.130a 0.113a 0.119a 0.110ab 0.097b

Lysine 0.21a,b 0.22a 0.18b 0.19a 0.20a 0.16b 0.17a 0.17a 0.14b

Methionine 0.031a 0.032a 0.025b 0.025a 0.025a 0.018b 0.019a 0.018a 0.016a

Phenylalanine 0.057a,b 0.060a 0.051b 0.053a,b 0.057a 0.050b 0.056a 0.057a 0.052a

Threonine 0.23a 0.25a 0.14a 0.20a 0.22a 0.14b 0.17a 0.18a 0.13b

Tryptophan 0.123a 0.094a 0.114a 0.089a 0.110a 0.098a 0.096a 0.095a 0.081a

Valine 0.21a 0.22a 0.17b 0.19a 0.22b 0.17a 0.21a 0.20a,b 0.17b

Nonessential

Alanine 0.40a 0.45a 0.36a 0.40a 0.44b 0.39a 0.38a 0.38a 0.35a

Arginine 0.068a 0.083a 0.081a 0.079a 0.090a 0.082a 0.078a 0.095a 0.076a

Asparagine 0.26a 0.54a 0.22a 0.29a,b 0.32a 0.24b 0.26a 0.24a 0.21a

Aspartic 0.29a,b 0.33a 0.24b 0.23a 0.28b 0.22a 0.23a,b 0.28a 0.22b

Glutamic 0.44a 0.45a 0.55b 0.34a 0.36a,b 0.40b 0.31a 0.32a,b 0.37b

Glutamine 0.24a 0.20a 0.21a 0.46a 0.42a 0.49a 0.43a 0.38a 0.37a

Glycine 0.25a 0.25a 0.23a 0.23a 0.22a 0.21a 0.22a 0.21a 0.19a

Histidine 0.101a 0.099a 0.094a 0.089a 0.092a 0.088a 0.086a 0.081a 0.085a

Proline 0.20a 0.23a 0.20a 0.17a 0.22b 0.22b 0.18a 0.21a 0.20a

Serine 0.15a 0.17a 0.16a 0.16a 0.17a 0.18a 0.14a 0.15a 0.14a

Tyrosine 0.088a 0.091a 0.090a 0.083a 0.082a 0.076a 0.080a 0.076a,b 0.062b

1Comparisons were made by ANOVA; differences are considered significant at P , 0.05 after Bonferroni post hoc test for multiple comparisons. Values

with different superscript letters are significantly different. BFR, breastfed reference; EF, experimental formula; SF, standard formula.
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intervention, but, together with calculations on an intent-to-treat
basis, gives a picture of the effect in a population.

Another limitation of the study was the double intervention
with reductions in both protein and energy contents and sup-
plementation with MFGM, with 2 primary outcomes. The study
was designed as such for economical and resource reasons. We
predicted that any effect on growth would be caused by the
changed energy and protein contents and that any effect on
neurodevelopment would be caused by the MFGM supplemen-
tation. Because the EF group upregulated their ingested volumes,
resulting in similar energy and protein intakes for both formula
groups, the probability that the energy or protein intervention had
an effect on neurodevelopmental outcomes is low. We cannot,
however, exclude an effect of the MFGM on growth or intake.

In conclusion, we found a positive effect of MFGM supple-
mentation of infant formula on cognitive function. In our study
population, this nutritional intervention eradicated the gap in
cognitive performance between breastfed and formula-fed infants
at 12 mo of age. If confirmed by other studies, the results may be
of considerable importance for future improvements of infant
formulas. A long-term follow-up on cognitive function with
a new assessment close to school age would be desirable to find
out if the difference between the formula groups persists. Fur-
thermore, formula-fed infants had the capacity to compensate for
a reduction of energy density from 66 to 60 kcal/100 mL by
increasing ingested volumes. Irrespective of formula composi-
tion, insulin and BUN concentrations remained higher in the
formula-fed infants than in breastfed infants, which indicated
a higher total protein intake. Formula-fed infants also showed
slightly accelerated weight and length gains compared with the
BFR group until 6 mo of life. Long-term consequences of this are
unknown. A long-time follow-up of growth and metabolic status
is needed to further elucidate any later differences due to possible
programming effects of this nutritional intervention.
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contributing to the practical planning of the study and the development and

manufacturing of the study products.

The authors’ responsibilities were as follows—NT: designed the study,

was responsible for recruitment and data sampling, analyzed the data, per-

formed the statistical analyses, and drafted the manuscript; ED: designed the

neurodevelopmental part of the study, was responsible for the Bayley-III

testing, and critically revised the manuscript; OH: conceived the hypothesis,

designed the study, supervised NT in conducting the research, and critically

revised the manuscript; BL: conceived the hypothesis, designed the study,

was responsible for the amino acid and BUN analyses, and critically revised

the manuscript; and MD (Principal Investigator): designed the study, super-

vised NT in conducting the research, and critically revised the drafted man-

uscript. OH and BL are members of the Hero and Semper scientific advisory

boards. No conflicts of interest were declared by NT, ED, and MD.

REFERENCES
1. World Health Organization. Global strategy for infant and young child

feeding. Geneva, Switzerland: WHO, 2003.
2. Anderson JW, Johnstone BM, Remley DT. Breast-feeding and cogni-

tive development: a meta-analysis. Am J Clin Nutr 1999;70:525–35.
3. Kramer MS, Aboud F, Mironova E, Vanilovich I, Platt RW, Matush L,

Igumnov S, Fombonne E, Bogdanovich N, Ducruet T, et al. Breast-

feeding and child cognitive development: new evidence from a large
randomized trial. Arch Gen Psychiatry 2008;65:578–84.

4. Spitsberg VL. Invited review: bovine milk fat globule membrane as
a potential nutraceutical. J Dairy Sci 2005;88:2289–94.

5. Wang B, Brand-Miller J, McVeagh P, Petocz P. Concentration and
distribution of sialic acid in human milk and infant formulas. Am J
Clin Nutr 2001;74:510–5.

6. Wang B, Yu B, Karim M, Hu H, Sun Y, McGreevy P, Petocz P, Held S,
Brand-Miller J. Dietary sialic acid supplementation improves learning
and memory in piglets. Am J Clin Nutr 2007;85:561–9.

7. Pan XL, Izumi T. Variation of the ganglioside compositions of human
milk, cow’s milk and infant formulas. Early Hum Dev 2000;57:25–31.

8. McJarrow P, Schnell N, Jumpsen J, Clandinin T. Influence of dietary
gangliosides on neonatal brain development. Nutr Rev 2009;67:451–63.

9. Gurnida DA, Rowan AM, Idjradinata P, Muchtadi D, Sekarwana N.
Association of complex lipids containing gangliosides with cognitive
development of 6-month-old infants. Early Hum Dev 2012;88:595–
601.

10. Zeisel SH, Char D, Sheard NF. Choline, phosphatidylcholine and
sphingomyelin in human and bovine milk and infant formulas. J Nutr
1986;116:50–8.

11. Oshida K, Shimizu T, Takase M, Tamura Y, Yamashiro Y. Effects of
dietary sphingomyelin on central nervous system myelination in de-
veloping rats. Pediatr Res 2003;53:589–93.

12. Tanaka K, Hosozawa M, Kudo N, Yoshikawa N, Hisata K, Shoji H,
Shinohara K, Shimizu T. The pilot study: sphingomyelin-fortified milk
has a positive association with the neurobehavioural development of
very low birth weight infants during infancy, randomized control trial.
Brain Dev 2013;35:45–52.

13. Zeisel SH. The fetal origins of memory: the role of dietary choline in
optimal brain development. J Pediatr 2006;149:S131–6.

14. Wu BT, Dyer RA, King DJ, Richardson KJ, Innis SM. Early second
trimester maternal plasma choline and betaine are related to measures
of early cognitive development in term infants. PLoS ONE 2012;7:
e43448.

15. Wong WW, Hachey DL, Insull W, Opekun AR, Klein PD. Effect of
dietary cholesterol on cholesterol synthesis in breast-fed and formula-
fed infants. J Lipid Res 1993;34:1403–11.

16. Haque ZU, Mozaffar Z. Importance of dietary cholesterol for the
maturation of mouse brain myelin. Biosci Biotechnol Biochem 1992;
56:1351–4. (Published erratum appears in Biosci Biotechnol Biochem
1992;56:A21.)

17. Elias PK, Elias MF, D’Agostino RB, Sullivan LM, Wolf PA. Serum
cholesterol and cognitive performance in the Framingham Heart Study.
Psychosom Med 2005;67:24–30.

18. Baird J, Poole J, Robinson S, Marriott L, Godfrey K, Cooper C, Inskip
H, Law C. Milk feeding and dietary patterns predict weight and fat
gains in infancy. Paediatr Perinat Epidemiol 2008;22:575–86.

19. Dewey KG. Growth characteristics of breast-fed compared to formula-
fed infants. Biol Neonate 1998;74:94–105.

20. Singhal A, Lucas A. Early origins of cardiovascular disease: is there
a unifying hypothesis? Lancet 2004;363:1642–5.

21. Owen CG, Martin RM, Whincup PH, Smith GD, Cook DG. Effect of
infant feeding on the risk of obesity across the life course: a quantita-
tive review of published evidence. Pediatrics 2005;115:1367–77.

22. Baird J, Fisher D, Lucas P, Kleijnen J, Roberts H, Law C. Being big or
growing fast: systematic review of size and growth in infancy and later
obesity. BMJ 2005;331:929.

23. Owen CG, Whincup PH, Gilg JA, Cook DG. Effect of breast feeding in
infancy on blood pressure in later life: systematic review and meta-
analysis. BMJ 2003;327:1189–95.

24. Law CM, Shiell AW, Newsome CA, Syddall HE, Shinebourne EA,
Fayers PM, Martyn CN, de Swiet M. Fetal, infant, and childhood
growth and adult blood pressure: a longitudinal study from birth to 22
years of age. Circulation 2002;105:1088–92.

25. Owen CG, Martin RM, Whincup PH, Smith GD, Cook DG. Does
breastfeeding influence risk of type 2 diabetes in later life? A quanti-
tative analysis of published evidence. Am J Clin Nutr 2006;84:1043–54.

26. Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes melli-
tus: the thrifty phenotype hypothesis. Diabetologia 1992;35:595–601.

27. Knip M, Virtanen SM, Akerblom HK. Infant feeding and the risk of
type 1 diabetes. Am J Clin Nutr 2010;91(suppl):1506S–13S.

28. Koletzko B, Broekaert I, Demmelmair H, Franke J, Hannibal I, Oberle
D, Schiess S, Baumann BT, Verwied-Jorky S. Protein intake in the first

NEURODEVELOPMENT AND GROWTH IN FORMULA-FED INFANTS 867



year of life: a risk factor for later obesity? The E.U. childhood obesity
project. Adv Exp Med Biol 2005;569:69–79.

29. Heinig MJ, Nommsen LA, Peerson JM, Lönnerdal B, Dewey KG.
Energy and protein intakes of breast-fed and formula-fed infants during
the first year of life and their association with growth velocity: the
DARLING Study. Am J Clin Nutr 1993;58:152–61.

30. Alexy U, Kersting M, Sichert-Hellert W, Manz F, Schoch G. Macro-
nutrient intake of 3- to 36-month-old German infants and children:
results of the DONALD Study. Dortmund Nutritional and Anthropo-
metric Longitudinally Designed Study. Ann Nutr Metab 1999;43:
14–22.

31. Khan S, Prime DK, Hepworth AR, Lai CT, Trengove NJ, Hartmann
PE. Investigation of short-term variations in term breast milk compo-
sition during repeated breast expression sessions. J Hum Lact 2013;29:
196–204.

32. Koletzko B, Baker S, Cleghorn G, Neto UF, Gopalan S, Hernell O,
Hock QS, Jirapinyo P, Lönnerdal B, Pencharz P, et al. Global standard
for the composition of infant formula: recommendations of an ES-
PGHAN coordinated international expert group. J Pediatr Gastro-
enterol Nutr 2005;41:584–99.

33. The European Union. Commission Directive 2006/141/EC of 22 De-
cember 2006 on infant formulae and follow-on formulae and amending
Directive 1999/21/EC. Available from: http://eur-lex.europa.eu/Lex-
UriServ/LexUriServ.do?uri=CONSLEG:2006L0141:20081028:EN:
PD. (cited 1 April 2013) 2006:1–33.

34. Life Sciences Research Office Report. Assessment of nutrient re-
quirements for infant formulas. J Nutr 1998;128(suppl):2059S–93S.

35. World Health Organization, Food and Agriculture Organization of the
United Nations. Codex alimentarius: standard for infant formula and
formulas for special medical purposes intended for infants. 2011.
Available from: http://www.codexalimentarius.org/download/standards/
288/CXS_072e.pdf (cited 1 June 2013).

36. US Department of Agriculture, Food and Nutrition Service. The Spe-
cial Supplemental Nutrition Program for Women, Infants, and Chil-
dren (WIC). 2013. Available from: http://www.fns.usda.gov/wic/
lawsandregulations/WICRegulations-7CFR246.pdf (cited 20 June 2013).

37. Hester SN, Hustead DS, Mackey AD, Singhal A, Marriage BJ. Is the
macronutrient intake of formula-fed infants greater than breast-fed
infants in early infancy? J Nutr Metab 2012;2012:891201.

38. Garza C, Butte NF. Energy intakes of human milk-fed infants during
the first year. J Pediatr 1990;117:S124–31.

39. de Bruin NC, Degenhart HJ, Gal S, Westerterp KR, Stijnen T, Visser
HK. Energy utilization and growth in breast-fed and formula-fed in-
fants measured prospectively during the first year of life. Am J Clin
Nutr 1998;67:885–96.

40. Sievers E, Oldigs HD, Santer R, Schaub J. Feeding patterns in breast-
fed and formula-fed infants. Ann Nutr Metab 2002;46:243–8.

41. Li R, Fein SB, Grummer-Strawn LM. Do infants fed from bottles lack
self-regulation of milk intake compared with directly breastfed infants?
Pediatrics 2010;125:e1386–93.

42. Bayley N. Bayley scales of infant and toddler development. 3rd ed. San
Antonio, TX: Harcourt Assessment, 2006.

43. World Health Organization. WHO child growth standards: length/
height-for-age, weight-for-age, weight-for-length, weight-for-height
and body mass index-for-age: methods and development. Geneva,
Switzerland: World Health Organization, 2006.

44. World Health Organization. WHO child growth standards: head cir-
cumference-for-age, arm circumference-for-age, triceps skinfold-for-
age and subscapular skinfold-for-age: methods and development.
Geneva, Switzerland: World Health Organization, 2007.

45. Birch EE, Garfield S, Hoffman DR, Uauy R, Birch DG. A randomized
controlled trial of early dietary supply of long-chain polyunsaturated
fatty acids and mental development in term infants. Dev Med Child
Neurol 2000;42:174–81.

46. Auestad N, Halter R, Hall RT, Blatter M, Bogle ML, Burks W,
Erickson JR, Fitzgerald KM, Dobson V, Innis SM, et al. Growth and
development in term infants fed long-chain polyunsaturated fatty acids:
a double-masked, randomized, parallel, prospective, multivariate study.
Pediatrics 2001;108:372–81.

47. Zavaleta N, Kvistgaard AS, Graverholt G, Respicio G, Guija H,
Valencia N, Lönnerdal B. Efficacy of an MFGM-enriched comple-
mentary food in diarrhea, anemia, and micronutrient status in infants.
J Pediatr Gastroenterol Nutr 2011;53:561–8.

48. Veereman-Wauters G, Staelens S, Rombaut R, Dewettinck K, Deboutte
D, Brummer RJ, Boone M, Le Ruyet P. Milk fat globule membrane
(INPULSE) enriched formula milk decreases febrile episodes and may
improve behavioral regulation in young children. Nutrition 2012;28:
749–52.

49. Fomon SJ, Filer LJ, Ziegler EE, Bergmann KE, Bergmann RL. Skim
milk in infant feeding. Acta Paediatr Scand 1977;66:17–30.

50. Fomon SJ, Filmer LJ Jr, Thomas LN, Anderson TA, Nelson SE. In-
fluence of formula concentration on caloric intake and growth of
normal infants. Acta Paediatr Scand 1975;64:172–81.

51. Taveras EM, Scanlon KS, Birch L, Rifas-Shiman SL, Rich-Edwards
JW, Gillman MW. Association of breastfeeding with maternal control
of infant feeding at age 1 year. Pediatrics 2004;114:e577–83.

52. Taveras EM, Rifas-Shiman SL, Scanlon KS, Grummer-Strawn LM,
Sherry B, Gillman MW. To what extent is the protective effect of
breastfeeding on future overweight explained by decreased maternal
feeding restriction? Pediatrics 2006;118:2341–8.

53. Farrow C, Blissett J. Does maternal control during feeding moderate
early infant weight gain? Pediatrics 2006;118:e293–8.

54. Farrow C, Blissett J. Breast-feeding, maternal feeding practices and
mealtime negativity at one year. Appetite 2006;46:49–56.

55. Mizuno K, Ueda A. Changes in sucking performance from nonnutritive
sucking to nutritive sucking during breast- and bottle-feeding. Pediatr
Res 2006;59:728–31.
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