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Ziekenhuis, Brussel, Belgium; 11 Erasmus University Medical Centre/Sophia Children’s Hospital, Rotterdam, the Netherlands
A B S T R A C T

Background: Human milk comprises large fat globules enveloped by a native phospholipid membrane, whereas infant formulas contain small, protein-
coated lipid droplets. Previous experimental studies indicated that mimicking the architecture of human milk lipid droplets in infant milk formula (IMF)
alters lipid metabolism with lasting beneficial impact on later metabolic health.
Objectives: To evaluate in a follow-up (FU) study of a randomized, controlled trial whether a Concept IMF with large, milk phospholipid-coated lipid
droplets enriched with dairy lipids beneficially impacts long-term body mass index (BMI in kg/m2) trajectories and blood pressure at school age.
Methods: Fully formula-fed infants were randomly assigned to Concept IMF (n ¼ 115) or Control IMF with conventional, small lipid droplets containing
vegetable oils (n ¼ 108) for the first 4 mo of age. A group of 88 breastfed infants served as a reference. During FU, anthropometrics were collected at 1, 3,
4, and 5 y of age, and blood pressure only at the last visit.
Results: Compared to Control, Concept group children had consistently lower mean BMI values during FU, with the most marked difference at 1 y of age
(difference in means –0.71 kg/m2, 95% confidence interval (CI): –1.13, –0.29; P ¼ 0.001); mean values were close to the breastfed group (P > 0.05).
Contrary, the mean BMI values of the Control group were higher compared with the breastfed group during FU from 1 to 5 y of age (differences in means
from 0.59 to 0.96 kg/m2, respectively; P < 0.02). At 5 y of age, the Concept group had a lower mean diastolic and arterial blood pressure compared with
the Control group; –4.3mm Hg (95% CI: –7.3, –1.3; P ¼ 0.005) and –3.7 mm Hg (95% CI: –6.5, –0.9; P ¼ 0.01), respectively.
Conclusions: Early life feeding of an innovative IMF with large, milk phospholipid-coated lipid droplets enriched with dairy lipids results in a BMI
trajectory closer to breastfed infants and a lower blood pressure at school age.
This trial was registered at the Dutch Trial Register as NTR3683 and NTR5538.

Keywords: infant nutrition, dietary lipid quality, growth trajectories, nutritional programming, milk fat globule membrane (MFGM), metabolic health,
childhood
Abbreviations: ABP, arterial blood pressure; ANCOVA, analysis of covariance; CHOP, European childhood obesity project; DBP, diastolic blood pressure; FFM, fat-free mass;
FM, fat mass; FMI, fat mass index; FU, follow-up; IMF, infant milk formula; ITT, intention-to-treat; MMRM, a linear mixed effects model for repeated measurements; PP, per
protocol; SBP, systolic blood pressure.
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Introduction

The global prevalence of overweight and obesity has rapidly
increased over the past decades, reaching epidemic proportions, and is
therefore considered a major public health threat [1]. An early onset of
overweight and obesity is paralleled by early signs of metabolic syn-
drome [2,3] and is associated with increased metabolic and cardio-
vascular disease risks throughout childhood and adulthood [4,5].
Accelerated weight gain during early infancy is associated with
increased childhood overweight risk [6,7] and cardiovascular disease
risk in early adulthood [8]. This underlines the relevance of early
excess weight gain prevention as a strategy to counteract this emerging
public health threat.

Exclusive human milk is the preferred feeding for infants and
provides a complete supply of nutrients to support infant development.
Compared with formula feeding, human milk feeding is associated
with dissimilar growth and adiposity patterns during infancy [9–11]
and may have a protective effect on childhood overweight and adverse
metabolic health outcomes [12–14]. Given the complexity of human
milk, the mechanism is most likely multifactorial [15–17], and the
causal factors and biological mechanisms for this long-term health
impact are still to be unraveled [18].

One specific contributing factor could be the distinct differences in
the supramolecular structure of the lipid droplets between human milk,
consisting of large fat globules enveloped by a tri-layered, native
phospholipid membrane, and infant milk formula (IMF), containing
small lipid droplets primarily coated by proteins [19,20]. A concept
IMF was developed with large, milk phospholipid-coated lipid drop-
lets, more closely mimicking the characteristics of human milk fat
globules [21]. In our previous experimental studies, we confirmed that
introducing large, milk phospholipid-coated lipid droplets alters the
physiologic response to IMF, i.e., altered digestion kinetics, lipid
metabolism, and nutritional programming effects on metabolic and
cognitive outcomes [22–25]. Consequently, we postulated that this
concept of IMF could also exert a beneficial programming impact on
infant growth and adiposity outcomes, further narrowing the gap in
(long-term) metabolic health outcomes between formula-fed and
breastfed infants.

Originally, the Mercurius study, a multicenter, randomized
controlled equivalence trial designed to confirm the nutritional ade-
quacy and safety of the Concept IMF, demonstrated that the concept
IMF with large, milk phospholipid-coated lipid droplets enriched with
dairy lipids provided during the first months of age, was safe and well-
tolerated with an equivalent daily weight gain (primary outcome), daily
length gain and daily head circumference gain from baseline to 4 mo of
age compared to a Control IMF [26]. The present research reports in the
follow-up (FU) of the Mercurius study with a particular interest on later
(infancy) weight gain and BMI outcomes until 5 y of age and blood
pressure at school age as potential biomarkers for a metabolically
healthier trajectory. Since standard infant formulas are typically asso-
ciated with greater infant weight gains, growth outcomes of the
included breastfed reference group and the WHO growth standards
were considered indicators of optimal growth patterns.

Study design
From October 2012 to January 2014, a total of 17 study centers

from 4 countries (Netherlands, Belgium, France, and Singapore)
participated in the Mercurius study: a multicenter, double-blind, ran-
domized controlled clinical equivalence trial to evaluate the safety and
tolerance of a concept IMF. The details of the design, as well as
88
primary, safety, and tolerance study outcomes were reported previously
[26]. In short, formula-fed infants were enrolled �5 wk of age and
randomly assigned to receive either Concept (n ¼ 115) or Control IMF
(n¼ 108) until 4 mo of age. A group of fully breastfed infants (n¼ 88)
was included as a reference. After initiation and before completion of
subject enrolment of the Mercurius study, it was decided to amend the
protocol and to include an additional (optional) visit at 12 mo of age in
the study design, requiring additional informed consent from the par-
ents. Subsequently, the present Mercurius (FU) study was initiated,
inviting the participants who at least completed the Mercurius study
until the end of the intervention period at 4 mo of age to attend study
visits at 3, 4, and 5 y of age. A total of 10 study centers from 3 countries
agreed to participate in this FU study, in which subjects were enrolled
between January 2016 and August 2018: the Netherlands (Erasmus
University Medical Centre/Sophia Children’s Hospital, Rotterdam;
Albert Schweitzer Ziekenhuis, Dordrecht; Amphia Ziekenhuis, Breda;
Isala Klinieken Zwolle, Zwolle; Medisch Spectrum Twente,
Enschede), Belgium (Algemeen Stedelijk Ziekenhuis, Aalst; Uni-
versitair Ziekenhuis, Brussel; Clinique et Maternit�e Sainte-Elisabeth,
Namur; Centre Hospitalier R�egional de la Citadelle, Li�ege) and
Singapore (KK Women’s and Children’s Hospital, Singapore). All
participating centers obtained approval from the relevant ethical review
board. The Mercurius study and its FU were conducted according to the
International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use-Good Clinical Practice principles, in
compliance with the principles of the Declaration of Helsinki and with
the local laws and regulations of the countries where the study was
performed. The original 4-mo intervention study, including the
optional visit at 12 mo, was registered in the Dutch Trial Register
(Mercurius study; https://trialresearch.who.int) as NTR3683. The
Mercurius FU study from 3 to 5 y of age was registered in the Dutch
Trial Register as NTR5538. Written informed consent was obtained
from all parents/guardians before enrolment into both studies.
Subjects
Healthy, term-born infants, either fully formula-fed or fully

breastfed, were eligible for participation in the intervention study if
they had a gestational age between 37 and 42 wk, postnatal age �35 d,
a birth weight between the 10th and 90th percentiles according to the
Dutch Growth Charts [27] and a head circumference within the normal
range for age and sex (within 2 SDs according to WHO Growth
Standard [28]). Infants with illnesses that could interfere with the study,
special dietary needs, a mother diagnosed with hepatitis B or HIV,
participation in any other study, or having parents who might not be
able to comply with the protocol requirements were excluded from
participation in the original study. Enrolled formula-fed infants were
randomly assigned to 1 of the 2 intervention formulas with sex,
continent (Europe or Asia), and age at randomization (�14 d or>14 d)
as strata. The intervention formulas were provided from baseline to 4
mo of age. IMFs were coded by the sponsor as letter codes (A, B, C, or
D) and provided in otherwise identical tins; investigators and parents
were blinded to the formulas. The database was unblinded after the
database lock of the Mercurius study (the last subject completed the last
visit at 12 mo of age). However, to secure (single) blinding during the
Mercurius FU study, only information on the group level was shared
with the investigators and parents. All subjects of the participating
study centers that took part in the Mercurius study until 4 mo of age
were eligible for participation in the FU study until 5 y of age. No
further in- or exclusion criteria were defined for participation in the FU
study. To facilitate enrolment, parents who were not reachable when

https://trialresearch.who.int
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their child turned 3 (or 4) y of age could start participating when the
child turned 4 (or 5) y of age.
Intervention
The randomly assigned formula-fed infants received 1 of the 2

study formulas, manufactured by Danone Nutricia Research per good
manufacturing practices (ISO 22000) and compliant with Directive
2006/141/EC, during the intervention period from randomization until
4 mo of age. The intervention formulas differed in the size and coating
of their lipid droplets and the origin of their lipid sources but were iso-
caloric, i.e., containing a similar amount of protein, lipids, and fatty
acid profile, carbohydrates as well as the specific prebiotic mixture of
short-chain galacto-oligosaccharides and long-chain fructo-oligosac-
charides (ratio of 9:1) (Supplemental Table 1). Like most conventional
IMFs, the lipid droplets in the Control IMF comprised vegetable oil and
had a volume-based mode diameter of 0.5 μm and proteins as main
emulsifiers. In contrast, the lipid droplets in the Concept IMF contained
a mixture of vegetable (52%) and milk fat (48%) and had a volume-
based mode diameter of 3–5 μm with an interface predominantly
composed of milk phospholipids that are generated within an innova-
tive production process [21] (Nuturis, patent EP2825062A1).

Parents were instructed to provide the study formulas ad libitum and
as the sole source of nutrition until the end of the intervention period at 4
mo. Lactating mothers were asked to fully breastfeed (or provide
expressed milk) until �3 mo of age. Indeed, in the original Mercurius
study, ~75% of the lactating mothers continued exclusive human milk
feeding until 3 mo of age. The median duration of exclusive human milk
feedingwas 127 d (interquartile range 92.5–135d of age) for the breastfed
reference group.

Methods

Demographic data and infant characteristics were collected via
interview using a questionnaire at the enrolment visit of the original
Mercurius study. Weight, length (height as from 3 y of age), and head
circumference were measured at randomization (baseline), monthly�4
mo of age, and thereafter at 12 mo, and at 3, 4, and 5 y of age. Early
infancy rapid weight gain, a risk factor for childhood overweight and
adverse metabolic outcomes, was defined as an increase in weight SD
score of �0.67 SD from baseline to 4 mo of age. Anthropometric data
were converted to (normalized) z-scores using the macro provided by
the WHO growth standards [28]. Overweight and obese were defined
as having a BMI-for-age z-score�85th percentile and�97th percentile
of the WHO Growth standards, respectively.

Starting at 3 mo of age, supra-iliac, subscapular, biceps, and triceps
skin folds were measured at each visit. The percentage of fat mass (%
FM) was derived from the skinfold thicknesses using the Slaughter
equation formulated for fatness predictions in children [29]. This %FM
was used to derive the total fat mass (FM in kg; weight (kg) multiplied
by %FM), which was used to define FM Index (FMI, kg/m2, FM (kg)
divided by height (m) squared). Similarly, the fat-free mass (FFM, kg)
was calculated based on weight minus FM, and subsequently, the %
FFM and FFM index were calculated. Waist circumference was
measured at 3, 4, and 5 y of age. Each planned study visit had to take
place within a �5 d window for the monthly visits, within �14 d win-
dow at the 12mo visit, andwithin�60 dwindow for all later time points.
All measurements were taken twice, and in case of substantial differ-
ences between the measurements (as specified in the protocol), a third
measurement was obtained; themean of the 2 closest measurements was
89
used as the outcome value for the anthropometrical parameter at a time
point.

Systolic (SBP) and diastolic (DBP) blood pressure outcomes were
measured at the right brachial artery, 4 times at 1-min intervals, using a
sphygmomanometer while the subject was in a sitting position after
5 min of rest. The mean of the 4 measurements was used as the
outcome value. Arterial blood pressure (ABP) was defined based on
SBP and DBP as follows: ABP ¼ (1/3 * SBP) þ (2/3 * DBP). Ac-
cording to the AAP Clinical Practice Guidelines, blood pressure out-
comes were defined according to age-, sex-, and height-standardized
SBP and DBP values as normal (SBP and DBP <90th percentile),
elevated (SBP or DBP values � 90th and � 95th percentile) or hy-
pertensive (SBP or DBP �95th percentile) [30].

All measurements were performed by trained study personnel using
calibrated equipment and according to standard protocols.
Statistical analysis
We hypothesized that children in the Concept group would have

growth patterns persistently closer to the breastfed group, resulting in a
lower weight gain during infancy (0–12 mo) and lower BMI values up
to 5 y of age than the Control group. As such, we defined the weight
gain during infancy (0–12mo) as a key secondary outcome parameter of
the Mercurius study. Given the nature of the Mercurius FU study, no
primary or secondary outcomes were defined for this FU study. How-
ever, growth outcomes were considered as key parameters, with BMI as
1 of the main key outcome parameters of interest, whereas SBP and
DBP outcomes were considered as exploratory outcome parameters.

In the Mercurius FU study (until 5 y), for the evaluation of differ-
ences between Concept and Control groups in BMI and the anthro-
pometric z-scores at time points as well as between time points, a linear
mixed effects model for repeated measurements (MMRM) was applied
with 1) fixed effects for visit, sex, age at study entry (�14 d, >14 d),
continent (Europe, Asia), birthweight and treatment; 2) fixed effects
interaction terms of: sex by visit, treatment by visit and birthweight by
visit; and 3) unstructured covariance matrix for the repeated mea-
surements within subjects. For the evaluation of differences in growth
outcomes between either formula groups with the breastfed group, the
model was extended with additional terms: 1) fixed effects for smoking
during pregnancy (yes/no), education of the mother (none/primary,
high/trade school, at least university) and maternal prepregnancy BMI;
and 2) fixed effects interaction terms of these additional terms by visit.

Given the strong impact of maternal BMI on offspring growth out-
comes, a stratified analysis of BMI-for-age z-score was done for infants
born from mothers with a normal weight or underweight before preg-
nancy (BMI �25 kg/m2) compared with mothers with overweight or
obesity (BMI >25 kg/m2; with 23 kg/m2 as cut-off used for the popu-
lation from the Asian continent). For the evaluation of between-group
differences, the MMRM model was extended with additional terms of
maternal weight category (normal weight or underweight, overweight or
obese), its interaction with treatment, with visit, and with treatment by
visit (stratified MMRM).

Potential differences in incidences of overweight or obesity in in-
fants between intervention formula groups were analyzed by Firth’s
penalized likelihood logistic regression method, with group, sex,
continent, age at study entry, and weight at birth as covariates. For
comparing the formula groups to the breastfed reference group, the
same model was used with the addition of maternal education, maternal
BMI, and maternal smoking as covariates.

For the evaluation of differences between Concept and Control
groups in weight, length, and head circumference, a linear mixed
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effects model was applied with 1) fixed effects for sex, age at study
entry (�14 d, >14 d), continent (Europe and Asia), birthweight,
treatment, age, and age squared until 4 mo of age and thereafter piece-
wise linear (from 4 mo to 12 mo, from 12 mo to 3 y, from 3 to 4 y and
from 4 to 5 y of age); 2) fixed effects interaction terms of sex by (each
of the) age terms, treatment by age terms, and birthweight by age terms;
and 3) random effects for (each of the) age terms with the unstructured
covariance matrix. For the evaluation of differences in growth out-
comes between either formula groups with the breastfed group, the
model was extended with additional terms: 1) fixed effects for smoking
during pregnancy (yes/no), education of the mother (none/primary,
high/trade school, at least university) and maternal prepregnancy BMI;
and 2) fixed effects interaction terms of these additional terms by age-
related fixed effects. Differences in the incidence of early infancy rapid
weight gain from baseline to 4 mo of age or incidence of overweight
and obesity were evaluated using a logistic regression model with terms
for sex, age at study entry, continent, treatment, and birthweight for all
comparisons, and for the comparison with the breastfed group, addi-
tionally education of the mother (none/primary, high/trade school, at
least university) and maternal prepregnancy BMI.

For the evaluation of differences between the groups in blood
pressure outcomes at 5 y (SBP, DBP, and ABP), an analysis of
covariance (ANCOVA) was used with terms for the treatment group,
maternal education, continent, maternal prepregnancy BMI, sex, child
BMI at 5 y; to evaluate group differences for boys and girls, this model
was additionally extended with the group by sex interaction. For the
evaluation of differences between the groups in prevalence of elevated
blood pressure (including hypertensive, i.e., SBP or DBP �90th
percentile), a Firth’s penalized likelihood logistic regression model was
used, with the same factors as used for the ANCOVA analyses except
for sex by group interaction.

For the evaluation differences between the formula groups in FMI
and %FM, an ANCOVAwas used per year, with terms for sex, age at
study entry (�14 d, >14 d), continent (Europe and Asia), birth weight,
FIGURE 1. Flow chart of subjects enrolled in Mercurius and M
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and treatment. For the evaluation of differences between the formula
groups and the breastfeeding reference, the ANCOVA model addi-
tionally adjusted for smoking during pregnancy (yes/no), education of
the mother (none/primary, high/trade school, at least university), and
maternal prepregnancy BMI. These analyses were performed on a log-
transformed FMI and %FM.

Although the intention-to-treat (ITT) population was defined as the
leading population, we also evaluated the outcomes for the per-
protocol (PP) population as a supportive analysis. The PP popula-
tion was primarily defined for the equivalence analyses of the primary
parameter in the Mercurius study (daily weight gain from randomi-
zation to 4 mo of age); thus, subjects with major protocol violation
before the first postbaseline visit were excluded; for others, only data
collected during visits after a major violation (e.g., other IMFs or solid
food consumption) were excluded. Subjects included in the PP pop-
ulation until 4 mo of age were included in the PP dataset for all
attended visits thereafter (12 mo until 5 y).

After fitting each model, residual diagnostics were reviewed. A
sensitivity analysis was performed, excluding subjects who were
identified as outliers or influential during statistical evaluation. For the
longitudinal linear mixed effects model, subjects with scaled residuals
outside [–4, þ4] were identified as outliers, and the ones with large
Cook’s D and Covariance Ratio statistics as influential.

The sample size of the original 4-mo intervention study was based
on the primary parameter defined on (growth) data�17 wk of age. The
FU study was not powered to detect any particular differences in the
explored parameters (at various time points and time intervals). The
analyses were considered to be a hypothesis-generating nature, with the
main focus on estimating the between-group differences rather than on
statistical significance testing. However, for completeness, unadjusted
P values were provided without multiplicity adjustments performed.
All statistical analyses were performed using SAS (SAS version
9.4_TS1M3 or higher in SAS Life Science Analytics Framework
version 4.7.3 or higher) for LIN X64 (SAS Institute Inc).
ercurius FU study. IMF, infant milk formula; FU, follow-up.
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Results

Study population
A total of 237 (76%) of the 311 infants enrolled in theMercurius study

completed the last visit of the intervention period at 4 mo of age, and 176
infants attended the optional FUvisit at 12moof age (Figure 1).A total of
97 originally enrolled subjects were not eligible for participation in the
FU study, of which 74 subjects did not complete theMercurius study�4
mo of age, and for 23 subjects, their respective study site did not
participate in the FU study. Hence, a total of 214 children were eligible
for participation in theMercurius FU study, ofwhich 3 quarters (n¼ 161)
consented to be enrolled. Upon enrolment in the FU study, a remarkably
high retention rate was accomplished until 5 y of age (149 subjects
attended the 5 y visit; 7.45% drop out; Figure 1). Twelve subjects
terminated the FU study early (4 subjects in the Concept group, 5 in the
Control group, 3 in the breastfed group), all because of parental lack of
time or interest. The participation rate in the FU study across countries
was as follows: in the Netherlands, 74 subjects were recruited by 5 sites
(1 site from the original study did not participate in the FU); in Belgium,
68 subjects were recruited in 4 sites (3 sites did not participate), in
Singapore 19 subjects were recruited by 1 site, in France none of the 3
sites participated in the FU study.

Demographic data recorded at enrolment into the original Mercu-
rius study for the subjects participating in the FU study were not
apparently different between both formula groups (Table 1). Compared
to both formula groups, infants in the breastfed group were older at
enrolment into the original study [mean (SD) age of 10.0 (9.4) and 12.1
(10.1) d of age compared with 19.8 (10.9) d of age], had a higher
percentage of mothers with a university degree and the group included
a higher percentage of subjects from the Asian continent (Table 1). The
infant population of the FU study had more infants older than 14 d of
TABLE 1
Demographic characteristics collected at enrolment in the original Mercurius study

Statistic Co
(N

Sex
Male n (%) 27
Female n (%) 26

Continent
Asia n (%) 3 (
Europe n (%) 50

Age at baseline (d)
Age �14 n (%) 34
Age ˃14 n (%) 19

Birth characteristics
Weight (g) Median (Q1,Q3) 33
Length (cm) Median (Q1,Q3) 50
Head circumference (cm) Median (Q1,Q3) 34
Vaginal delivery n (%) 33
Cesarean section n (%) 20
Gestational age (wk) Median (Q1,Q3) 39

Parental characteristics
Maternal age (y) Median (Q1,Q3) 31
Maternal university education n (%) 22
Maternal prepregnancy BMI (kg/m2) Median (Q1,Q3) 23
Paternal BMI (kg/m2) Median (Q1,Q3) 24

Maternal weight status
Underweight n (%) 4 (
Normal n (%) 26
Overweight n (%) 12
Obese n (%) 11

1 Demographic data was collected at the enrolment visit from the original Merc
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age at enrolment compared with the full infant population that partic-
ipated in the original study in the formula groups (32% in FU compared
with 24% in the original study) as well as in the breastfed group (71%
in FU compared with 61% in the original study) (Supplemental
Table 2). The circumstance that 7 European study sites did not
participate in the FU study and the very successful retention of subjects
enrolled in Singapore (from 21 subjects, only 2 subjects from the
Concept group did not participate in the FU) resulted in a relatively
increased contribution of infants from the Asian continent in the FU
study, particularly in the breastfed group (from 4.1% to 6.4% for the
randomly assigned groups and from 13.6% to 23.1% in the breastfed
group). In the breastfed group, the percentage of mothers with a normal
prepregnancy BMI increased from 50% to 62% for the FU compared to
the original study. None of the other demographic characteristics of the
participants in the FU study were apparently different from the original
equivalence study population (Table 1 and Supplemental Table 2).
Demographics of the PP population of the FU study participants were
highly similar to those of the ITT population (Supplemental Table 3).
Weight and BMI gain during infancy
The estimated mean weight-for-age z-score change during the full

first year of life, from baseline to 12 mo of age, was comparable for
Concept compared with the Control group but higher in both formula
groups compared to the breastfed group (P ¼ 0.073 for Concept and P
¼ 0.019 for Control group; Supplemental Table 4 and Figure 2).
Moreover, the current research shows that the incidence of early in-
fancy rapid weight gain (�0.67 SD) between baseline and 4 mo of age,
a risk factor for childhood overweight and adverse metabolic outcomes,
was 23.3% (n ¼ 20) in the Concept and 28.8% (n ¼ 23) in the Control
group and 20.3% (n ¼ 14) for the breastfed group. The estimated odds
ratios (ORs) for all pairwise comparisons lay between 0.92 and 0.97 (P
of infants participating in the follow-up study (intention-to-treat population)1

ncept group
¼ 53)

Control group
(N ¼ 56)

Breastfed group
(N ¼ 52)

(51) 28 (50) 24 (46)
(49) 28 (50) 28 (54)

6) 4 (7) 12 (23)
(94) 52 (93) 40 (77)

(64) 40 (71) 15 (29)
(36) 16 (29) 37 (71)

50 (3100, 3562) 3380 (3020, 3545) 3370 (3135, 3654)
.0 (49.0, 50.0) 49.0 (48.0, 51.0) 50.0 (49.0, 51.0)
.5 (33.8, 35.0) 35.0 (34.0, 35.5) 34.0 (33.0, 35.0)
(62) 40 (71) 36 (69)
(38) 16 (29) 16 (31)
.4 (38.4, 40.4) 39.5 (38.4, 39.9) 39.6 (38.7, 40.9)

.0 (29.0, 35.0) 30.5 (27.0, 34.5) 31.5 (29.0, 35.0)
(42) 23 (41) 31 (60)
.4 (21.2, 28.7) 23.8 (21.4, 27.2) 22.4 (21.0, 25.6)
.3 (22.6, 27.7) 25.9 (23.1, 28.5) 24.8 (22.9, 26.3)

7.5) 1 (1.8) 2 (3.8)
(49.1) 38 (67.9) 32 (61.5)
(22.6) 12 (21.4) 13 (25.0)
(20.8) 5 (8.9) 5 (9.6)

urius study (0–35 d of age).



(caption on next column)

M. Abrahamse-Berkeveld et al. The American Journal of Clinical Nutrition 119 (2024) 87–99

92
> 0.05) after adjustment for sex, age at study entry, continent, and
birthweight for the comparison of Concept compared with Control and
additional adjustment for maternal education and maternal prepreg-
nancy BMI for the comparison of each intervention group compared
with the breastfed group.

In addition to weight gain, measures of proportionate growth such
as weight-for-length or BMI-for-age z-score and their gains are
considered (more) appropriate outcomes to assess adiposity during
infancy [31]. Interestingly, although the BMI-for-age z-score increased
from baseline to 12 mo of age in both formula groups, the estimated
mean increase for the Concept was markedly smaller than the Control
group (P ¼ 0.001; Supplemental Table 4 and Figure 2). Moreover,
compared to the breastfed group, the mean BMI-for-age z-score change
from baseline to 12 mo of age was higher in the Control group (P <

0.001; Supplemental Table 4 and Figure 2). Contrary, the mean
BMI-for-age z-score change from baseline to 12 mo of age in the
Concept group was close to that in the breastfed group (Supplemental
Table 4 and Figure 2).

The described findings for BMI-for-age z-score and weight-for-age
z-score changes were confirmed for the PP population and after the
exclusion of influential subjects (data not shown).

Longitudinal anthropometric measurements ≤5 y of age
Throughout the study and its FU, a consistently lower BMI and

BMI-for-age z-score was observed in the Concept compared to the
Control group (Figure 2 and Table 2), reaching statistical significance
with a mean estimated difference [95% confidence interval (CI)] of
–0.71 kg/m2 (–1.13, –0.29; P ¼ 0.001), and –0.49 SD score (–0.77,
–0.21; P < 0.001) at 12 mo of age. Notably, in the PP population, the
difference between the Concept and Control groups in BMI and BMI-
for-age z-score development was even more apparent and statistically
significant at 4 mo, 1, 4, and 5 y of age (Supplemental Table 5 and
Supplemental Figure 1). During sensitivity analysis, the exclusion of
3–4 influential subjects from the Control group in this PP population
resulted in smaller estimated mean differences in BMI and BMI-for-age
FIGURE 2. Mean z-score (with 95% CIs) for weight-for-age, length-for-
age, BMI-for-age, and head circumference-for-age per intervention group and
in the breastfed reference group of the ITT population from baseline to 5 y of
age. Control IF (black line): intervention with standard infant formula from
start to 4 mo of age. Concept IF (blue line): intervention with infant formula
containing large, milk phospholipid-coated lipid droplets and dairy lipids
from start to 4 mo of age. Breastfed reference (green dotted line): infants that
were exclusively breastfed at enrolment from mothers with the intention to
continue full human milk feeding for at least up to 3 mo of age. A linear
mixed effects model for repeated measurements was applied with 1) fixed
effects for a visit, sex, age at study entry (�14 d, >14 d), continent (Europe
and Asia), birth weight, and treatment; 2) fixed effects interaction terms of:
sex by visit, treatment by visit and birthweight by visit; and 3) unstructured
covariance matrix for the repeated measurements within subjects. For the
evaluation of differences in growth outcomes between either formula groups
with the breastfed group, the model was extended with additional terms: 1)
fixed effects for smoking during pregnancy (yes/no), education of the mother
(none/primary, high/trade school, at least university) and maternal prepreg-
nancy BMI; and 2) fixed effects interaction terms of these additional terms by
visit. Interaction effect for treatment by visit for weight-for-age P < 0.0001;
length-for-age P ¼ 0.0727; BMI-for-age P ¼ 0.0002; head circumference-
for-age P ¼ 0.0987. In case P values <0.05, the specific P value is pro-
vided for group comparisons at specific time points and for the time intervals
baseline-12 mo, 1–3 y, and 3–5 y. #P < 0.05 between Concept and Control
group. *P < 0.05 between the Control and breastfed reference group.
Abbreviations: CI, confidence interval; ITT, intention-to-treat; IF, in-
fant formula.



TABLE 2
Mean anthropometric measures (SD) and estimated LS mean differences (95% confidence interval) between the groups of the intention-to-treat population

Measure Timepoint Concept
group
(N ¼ 115)
Mean (SD)

Control
group
(N ¼ 107)
Mean (SD)

Breastfed
group
(N ¼ 77) Mean (SD)

Estimated difference for
concept vs. control1

LS mean (95% CI), P value

Estimated difference for
concept vs. breastfed
2 LS Mean (95% CI) P value

Estimated difference for
control vs. breastfed
2 LS Mean (95% CI),
P value

Weight (kg) Baseline 3.35 (0.36) 3.30 (0.37) 3.38 (0.36) –0.00 (–0.04, 0.03) P ¼ 0.788 –0.08 (–0.14, –0.02) P ¼ 0.013 –0.07 (–0.13, –0.01) P ¼ 0.026
4 mo 6.58 (0.67) 6.60 (0.67) 6.64 (0.77) –0.06 (–0.22, 0.10) P ¼ 0.446 –0.06 (–0.25, 0.13) P ¼ 0.533 0.01 (–0.18, 0.20) P ¼ 0.938
12 mo 9.52 (1.10) 9.74 (1.19) 9.46 (0.87) –0.17 (–0.47, 0.14) P ¼ 0.285 0.07 (–0.25, 0.39) P ¼ 0.683 0.24 (–0.09, 0.56) P ¼ 0.152
3 y 14.59 (1.45) 14.89 (1.57) 14.67 (1.44) –0.18 (–0.69, 0.32) P ¼ 0.477 0.04 (–0.51, 0.58) P ¼ 0.895 0.23 (–0.31, 0.78) P ¼ 0.402
4 y 16.52 (1.80) 16.99 (2.18) 16.47 (1.82) –0.29 (–0.96, 0.38) P ¼ 0.402 0.01 (–0.68, 0.69) P ¼ 0.988 0.35 (–0.34, 1.03) P ¼ 0.323
5 y 18.44 (1.71) 18.94 (2.25) 18.60 (2.04) –0.40 (–1.18, 0.38) P ¼ 0.315 –0.21 (–0.99, 0.58) P ¼ 0.604 0.28 (–0.51, 1.07) P ¼ 0.486

Length (cm) Baseline 50.82 (2.31) 50.73 (2.22) 52.35 (2.70) –0.08 (–0.41, 0.26) P ¼ 0.656 –0.31 (–0.71, 0.08) P ¼ 0.122 –0.21 (–0.61, 0.19) P ¼ 0.304
4 mo 62.97 (2.06) 62.73 (2.33) 63.14 (2.05) 0.08 (–0.43, 0.59) P ¼ 0.754 0.05 (–0.50, 0.61) P ¼ 0.851 –0.07 (–0.63, 0.49) P ¼ 0.804
1 y 75.50 (3.42) 74.68 (3.16) 75.28 (2.66) 0.93 (0.04, 1.81) P ¼ 0.041 0.54 (–0.38, 1.47) P ¼ 0.245 –0.41 (–1.34, 0.52) P ¼ 0.387
3 y 95.67 (4.38) 95.76 (4.30) 96.02 (3.91) 0.23 (–1.17, 1.63) P ¼ 0.751 0.53 (–0.91, 1.98) P ¼ 0.467 0.15 (–1.30, 1.60) P ¼ 0.843
4 y 102.85 (4.84) 103.01 (4.56) 102.82 (3.89) 0.30 (–1.21, 1.81) P ¼ 0.699 0.36 (–1.17, 1.89) P ¼ 0.647 –0.04 (–1.58, 1.50) P ¼ 0.960
5 y 109.34 (4.96) 109.39 (4.22) 110.09 (4.38) 0.42 (–1.18, 2.03) P ¼ 0.605 0.06 (–1.59, 1.71) P ¼ 0.940 –0.47 (–2.13, 1.18) P ¼ 0.574

BMI (kg/m2) Baseline 13.16 (1.14) 13.03 (1.11) 13.86 (1.45) 0.02 (–0.20, 0.24) P ¼ 0.869 –0.42 (–0.70, –0.13) P ¼ 0.005 –0.42 (–0.72, –0.13) P ¼ 0.005

4 mo 16.57 (1.29) 16.74 (1.12) 16.63 (1.56) –0.24 (–0.60, 0.11) P ¼ 0.179 0.13 (–0.29, 0.55) P ¼ 0.542 0.34 (–0.09, 0.77) P ¼ 0.119
1 y 16.68 (1.31) 17.41 (1.24) 16.67 (1.09) –0.71 (–1.13, –0.29) P ¼ 0.001 0.24 (–0.21, 0.70) P ¼ 0.296 0.96 (0.49, 1.42) P < 0.001
3 y 15.94 (1.29) 16.24 (1.36) 15.90 (0.97) –0.28 (–0.75, 0.19) P ¼ 0.238 0.26 (–0.23, 0.75) P ¼ 0.293 0.59 (0.10, 1.08) P ¼ 0.018
4 y 15.60 (0.99) 15.98 (1.46) 15.55 (1.10) –0.36 (–0.81, 0.09) P ¼ 0.114 0.26 (–0.21, 0.74) P ¼ 0.271 0.68 (0.20, 1.15) P ¼ 0.005
5 y 15.44 (1.17) 15.81 (1.50) 15.31 (1.00) –0.41 (–0.93, 0.10) P ¼ 0.114 0.23 (–0.28, 0.74) P ¼ 0.369 0.73 (0.22, 1.24) P ¼ 0.005

Data are presented as means (SD).
Abbreviations: CI, confidence interval; SD, standard deviation; LS, least squares.
1 Derived for weight and length from a linear mixed effects model with 1) fixed effects for sex, age at study entry (�14 d,>14 d), continent (Europe and Asia), birthweight, treatment, age, and age squared until 4

mo of age and thereafter piece-wise linear (from 4 mo to 12 mo, from 12 mo to 3 y, from 3 to 4 y and from 4 to 5 y of age); 2) fixed effects interaction terms of: sex by (each of the) age terms, treatment by age terms
and birthweight by age terms; and 3) random effects for (each of the) age terms with unstructured covariance matrix and for BMI – from a linear mixed effects model for repeated measurements with 1) fixed effects
for a visit, sex, age at study entry (�14 d, >14 d), continent (Europe and Asia), birthweight and treatment; 2) fixed effects interaction terms of: sex by visit, treatment by visit and birthweight by visit; and 3)
unstructured covariance matrix for the repeated measurements within subjects.
2 For the comparison to the breastfed reference group, the models as listed1 were extended with additional terms, fixed effects for maternal smoking during pregnancy, prepregnancy BMI, and education level, as

well as their interaction with age-related fixed effect terms (for weight and length) and with visit (for BMI); The P value for the treatment by visit interaction for the BMI outcomes was P ¼ 0.0003. The 95% CIs in
parentheses, followed by the P value.
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z-scores for Concept compared to the Control group; P < 0.05 at 4 mo
and 1 y of age only (Supplemental Table 5).

Strikingly, throughout the study, mean BMI values and BMI-for-
age z-scores observed in the Concept group were much closer to the
breastfed group. In contrast, from 12 mo of age onwards, the Control
group had consistently higher mean absolute BMI and BMI-for-age z-
scores compared to the breastfed group in the ITT (Figure 2 and
Table 2) as well as in the PP population (Supplemental Figure 1 and
Supplemental Table 5). During sensitivity analysis, the exclusion of
3–4 influential subjects from the Control group in the PP population did
not affect the findings on absolute BMI outcomes, but for the BMI-for-
age z-scores, only the differences in means at 1 y remained significant
(Supplemental Table 5).

Throughout the study period until 5 y of age, the weight-for-age and
head circumference-for-age z-scores were not statistically significantly
different at any time point between any of the study groups (in pairwise
comparisons; Figure 2). In parallel to the change in weight-for-age z-
scores, a notable change in head circumference-for-age z-score was
FIGURE 3. Mean (95% CI) BMI z-score per intervention group stratified accordi
Control group. No statistical comparisons with the breastfed reference group are pr
normal/underweight (BMI <25) and overweight/obese (BMI �25). Maternal weig
<23) and overweight/obese (BMI �23). At baseline, the number of infants from m
for the Concept, 77 and 29 for the Control, and 47 and 41 for the breastfed referenc
31 and 18 for each of these groups, respectively. Abbreviations: CI, confidence i

94
observed in the first year of life for the Control compared to the
breastfed reference group (P ¼ 0.048; Figure 2). Interestingly, a tran-
sient higher mean length-for-age z-score was observed in the Concept
compared to the Control group, with the most marked difference at 12
mo of age (estimated difference in mean length-for-age z-score of 0.37
SD, P ¼ 0.042; Figure 2). The breastfed group had intermediate length
outcomes. No apparent differences in waist circumference at 3, 4, and 5
y of age or in skinfolds from 3 mo to 5 y of age or their derived pa-
rameters, i.e., sum of skinfolds, calculated %FM or FMI, were
observed between any of the study groups (Supplemental Table 6).
Moreover, no remarkable differences in child overweight or obesity
incidences were observed at the time points from 1 to 5 y of age be-
tween any of the study groups (Supplemental Table 7).

BMI development in infants at risk for childhood
overweight

Given the known substantial impact of maternal BMI on offspring
growth trajectories, a stratified analysis was performed on BMI-for-
ng to maternal BMI status (ITT population). #P < 0.05 between Concept and
ovided. Maternal weight categories for mothers from the European continent:
ht categories for mothers from the Asian continent: normal/underweight (BMI
others with normal weight compared with overweight/obesity was 70 and 44
e group. At 5 y of age, these numbers decreased to 26 and 22, 36 and 14, and
nterval; ITT, intention-to-treat population.



TABLE 3
Blood pressure outcomes at 5 y of age per study group of the intention-to-treat population population1

Blood pressure
(mm Hg)

Concept group
(N ¼ 47)

Control group
(N ¼ 46)

Breastfed group
(N ¼ 47)

Estimated difference for
concept vs. control

Estimated
difference for
concept vs.
breastfed

Estimated
difference for
control vs.
breastfed

Diastolic blood pressure 57.9 (6.0) 61.7 (6.9) 59.5 (8.8) –4.2 (–7.1, –1.3)
P ¼ 0.0062

–4.3 (–7.3, –1.3)
P ¼ 0.0053

–2.6 (–5.6, 0.4)
P ¼ 0.0942

–2.6 (–5.6, 0.4)
P ¼0.0933

1.6 (–1.4, 4.6)
P ¼ 0.2982

1.7 (–1.4, 4.8)
P ¼ 0.2763

Systolic blood pressure 95.5 (7.3) 98.0 (10.0) 97.5 (8.8) –2.8 (–6.1, 0.5) P ¼ 0.0982

–2.4 (–5.7, 0.9) P ¼ 0.1543
–4.8 (–8.2,
–1.4) P ¼
0.0062

–4.7 (–8.1,
–1.3) P¼0.0073

–2.0 (–5.4, 1.4)
P ¼ 0.2492

–2.3 (–5.7, 1.1)
P ¼ 0.1863

Arterial blood pressure 70.4 (5.7) 73.8 (7.2) 72.2 (8.0) –3.7 (–6.5, –1.0)
P ¼ 0.0082

–3.7 (–6.5, –0.9)
P ¼ 0.0103

–3.3 (–6.1,
–0.5)

P ¼ 0.0222

–3.3 (–6.1,
–0.5)

P ¼ 0.0233

0.4 (–2.4, 3.2)
P ¼ 0.7782

0.4 (–2.5, 3.2)
P ¼ 0.8013

Abbreviations: ANCOVA, analysis of covariance; CI, confidence interval; SD, standard deviation.
1 Limited to the subjects with blood pressure measurement at 5 y of age. Data are presented as means (SD).
2 Derived from an ANCOVA model with maternal education, continent, prepregnancy maternal BMI, and sex as covariates.
3 Derived from an ANCOVA model with maternal education, continent, prepregnancy maternal BMI, sex, and child BMI at 5 y as covariates; 95% CIs in

parentheses, followed by the P value.
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age z-score patterns. Interestingly, in offspring from mothers with
overweight or obesity, a substantially lower mean BMI-for-age z-score
was observed for the Concept group compared to the Control group
from 4 mo onwards (estimated difference in means ranging from
–0.43 to –0.81 SD, P < 0.05; Figure 3). In contrast, in offspring from
mothers with a normal weight or underweight, only a markedly lower
mean BMI-for-age z-score in the Concept group was observed at 12
mo of age (estimated difference in means of –0.53 SD, P ¼ 0.004;
Figure 3) but not at later time points.
Blood pressure at 5 y
Blood pressure measurements were collected in the vast majority of

subjects completing the final visit at 5 y of age, with only 2 subjects out
of 49 in the Concept, 5 out of 51 in the Control, and 2 out of 49 in the
breastfed group lacking measurements. No apparent differences were
found in the demographic data of subjects with blood pressure as-
sessments at 5 y of age compared to the overall ITT population of the
Mercurius FU study (data not shown).

Mean DBP was lower in the Concept group than in the Control
group (estimated mean difference of –4.3 mm Hg; 95% CI: –7.3, –1.3);
P ¼ 0.005, Table 3). Mean SBP was also lower, but with a smaller
(absolute) estimated difference in means between Concept compared
with Control group (–2.4 mm Hg; 95% CI: –5.7, 0.9); P¼ 0.154). As a
result, the mean ABP was lower in the Concept group compared to the
Control group (difference in means –3.7 mm Hg 95% CI: –6.5, –0.9;
P ¼ 0.010; Table 3). Compared to the breastfed group, the mean blood
pressure parameters were lower in the Concept group (P < 0.05 for
SBP and ABP; Table 3), whereas for the Control group, the mean SBP
was lower, but the DBP was slightly higher (P > 0.05 for all estimated
differences in blood pressure outcomes for Control compared with the
breastfed group; Table 3). Although the interaction of sex by inter-
vention group was not statistically significant, our analysis suggested
that the treatment effect on DBP and ABP may have been more
95
pronounced in girls (difference in estimated means of –5.7 mm Hg;
95% CI: –10.1, –1.4); P ¼ 0.010 and –4.8 mm Hg 95% CI: –8.9, –0.8;
P ¼ 0.020) compared to boys (difference in estimated means of –3.0
mm Hg; 95% CI: –7.2, 1.2; P ¼ 0.159 and –2.6 mm Hg 95% CI: –6.5,
1.3); P ¼ 0.184), respectively.

Subjects with elevated blood pressure or hypertension were iden-
tified across all 3 study groups (9 in Concept, 17 in Control, and 14 in
breastfed group). In the Concept group, the prevalence of elevated
blood pressure (including hypertension) tended to be lower than in the
Control group (OR: 0.38; 95% CI: 0.13, 1.07; P ¼ 0.066) and in the
breastfed group (OR: 0.34; 95% CI: 0.12, 0.99; P ¼ 0.049). No rele-
vant differences in the prevalence of elevated blood pressure were
observed when comparing the Control and breastfed group (OR: 0.91;
95% CI: 0.35, 2.38; P ¼ 0.855).

Discussion

The current research provides the first clinical investigation of the
potential long-term programming impact of lipid droplet characteristics
in IMF on BMI patterns and childhood blood pressure. This FU of a
randomized, controlled trial suggests that infants consuming an inno-
vative IMF with large, milk phospholipid-coated lipid droplets
enriched with dairy lipids in early life have a differential BMI trajectory
up to school age, particularly if their mother had overweight or obesity,
with values closer to those observed in fully breastfed infants. More-
over, a lower childhood blood pressure was observed at 5 y of age.

Compared to human milk feeding, formula-fed infants typically
display a higher infant weight gain and adiposity during later infancy
and, as such, a higher obesity risk in later life [32–35]. Based on our
previous experimental research [22–25], we hypothesized that bringing
the lipid quality of IMF closer to human milk fat globules could
optimize growth patterns of formula-fed infants, considering the
breastfed reference group and the WHO growth standards as indicators
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of optimal growth patterns. Indeed, in our current research, during the
infancy period, a significantly lower mean gain in BMI-for-age z-score
was observed in the Concept group compared to the Control group,
with values close to the breastfed group. Length growth appeared to be
the strongest contributor to these observed differences in BMI, with a
remarkably higher gain in mean length-for-age z-score in the Concept
compared to the Control group. Body length (gain) has been shown to
be the most dominant predictor of lean body mass during infancy [36]
and has been positively associated with bone mass in childhood and
adolescence [37,38], postulating that the observed differences in length
gain may be reflective of higher lean body growth.

FM and BMI outcomes during infancy have been shown to be
closely related to their respective values in childhood [39]. Accord-
ingly, in the current research, the differential pattern in infant BMI with
a markedly lower value for the Concept group at 12 m (P < 0.001)
remained during the FU from 3 to 5 y of age, although the effect size
was smaller. These group differences were even more apparent in the
PP population, suggesting that these can be (partly) attributed to early
life exposure to the intervention formula. Remarkably, and in line with
our hypothesis, the BMI (z-score) trajectory of the Concept group was
much closer to the breastfed group. Previous studies evaluating milk fat
globule membrane enriched IMFs have confirmed their nutritional
adequacy [40,41] but did not result in differential growth outcomes in
the first 12–18 mo of life [42–47]. Moreover, the presence of palm oil,
palm olein, or sn-2 palmitate in formulas did not seem to influence the
anthropometric measures of infants strongly [48]. Our findings are
compatible with previous experimental studies, which demonstrated
that early life exposure of mice to an IMF diet containing large, milk
phospholipid-coated lipid droplets prevented excessive fat accumula-
tion and adverse metabolic outcomes in later life [22,49,50], whereas
the mere addition of milk fat globule membrane did not [51]. Thus, it is
plausible that the supramolecular structure of the lipid droplets of the
Concept formula may have had a definable impact on infant growth
trajectories in the current research. Although one could speculate on
potential mechanisms for the observed impact, i.e., differential diges-
tion and postprandial lipid kinetics impacting metabolic regulation, fate
of nutrients, or energetic efficiency [23,24,52], the precise mode of
action remains to be elucidated.

Interestingly, the early life BMI outcomes in the current research
equated to reported findings in an intervention study evaluating the impact
of a high protein intake level during the first year of life on infant growth
[European Childhood Obesity Project (CHOP) study], which ultimately
led to a 2.43 times higher risk of obesity during school age [34,53]. Of
note, both the Concept and Control formula used in the current research
has a protein concentration (1.97 g/100 kcal) quite in range with the lower
protein formula (1.77 g/100 kcal) rather than, the higher protein formula
(2.9 g/100 kcal) of this CHOP study. Although the difference in z-scores
for BMI at 5 y of age between the intervention groups of the current
research were highly comparable to those reported at 6 y in the CHOP
study (0.30; 95% CI: 0.09, 0.52), we did not confirm their associated
difference in obesity risk at school age neither for the intervention groups
nor for the comparisonwith the breastfed group.As afinal consideration of
the potential clinical relevance of any of the aforementioned group dif-
ferences, allmean values for bodyweight, length, head circumference, and
BMI remained within the adequate growth ranges of the WHO standards.

Interestingly, in the current research, the observed intervention
effect on the BMI trajectory was much more pronounced in the
offspring of mothers with overweight or obesity compared to
offspring of mothers with a normal weight (with differences for
96
mean BMI-for-age z-scores between 0.4 SD and 0.8 SD) and per-
sisting from early infancy onwards. Previously, both the impact of
early protein intake [53] and maternal BMI [54,55] have been re-
ported to be more pronounced in infants with higher BMI z-scores. It
is plausible that certain subgroups, such as children from mothers
with overweight or children with a high BMI z-score, might be more
sensitive to nutritional interventions.

Although the reported blood pressure measurements were within
reference ranges for all groups, the Concept group had a substantially
lower mean blood pressure at 5 y of age than the Control and breastfed
reference group. One limitation in the interpretation of these outcomes
is the potential challenge of obtaining appropriate and accurate blood
pressure measurements in children at the age of 5 y, especially when
performed during a clinic visit [56]. Although this setting may have
influenced the validity of the measurements, despite the usage of
calibrated equipment and standard protocols by trained study personnel
in the current research, it seems highly unlikely that this has led to the
observed effect sizes between both randomly assigned formula groups.
The reported effect size in our research is in line with the beneficial
impact reported for consuming long-chain PUFA-supplemented for-
mula during infancy on childhood blood pressure [57]. Interestingly, in
the current research, erythrocyte long-chain PUFA concentrations were
higher in the Concept compared with the Control group [58] despite
their similar content in the IMFs, potentially indicating differences in
lipid bioavailability. Since elevated blood pressure during childhood
may magnify over time, it is considered a cardiovascular disease risk
factor, and as such, early intervention is key [59]. Hence, the findings in
the current FU study are considered clinically relevant, although further
studies and confirmation are warranted.

The key strengths of the current research were the stringent trial
design, including the randomization, multi-country setting, and pro-
spective, long-term FU. During the execution of the trial, all in-
vestigators received training and strict manuals for the assessments.
Despite the exploratory nature of the FU study, key outcome parame-
ters and their statistical analyses were predefined. Close to 3-quarter of
the study population with a completed visit at the end of the inter-
vention period at 4 mo agreed to participate in the FU study, with only
15% dropouts between 1 and 5 y of age. No marked differences in
demographics were observed between the participants of the original
and FU study, even though only about half of the infants enrolled in the
original study participated. Moreover, potentially of even greater
importance, no apparent differences in demographic characteristics
were observed between the randomly assigned formula groups of the
FU study. Hence, we did not find any indication of bias related to the
reduced study population size over time. A group of breastfed infants
was included as a reference in the current research, and despite the
inclusion of influential variables such as maternal smoking, education
level, and prepregnancy BMI during statistical evaluation, residual
confounding may have existed in comparison with the randomly
assigned formula groups. Inspired by human milk composition, the
lipid moiety of the Concept formula differed in multiple aspects from
the Control formula. Consequently, the findings of the current research
cannot be specifically attributed to either the lipid droplet structure or
lipid composition per se. Moreover, another limitation of the current
study is that we did not adequately collect data on foods consumed in
the postintervention period, which may have influenced the anthro-
pometric status of the children during the FU until 5 y of age. Lastly, it
is important to emphasize that the current research is a FU of a ran-
domized, controlled trial, which was, as such, not a priori designed or



M. Abrahamse-Berkeveld et al. The American Journal of Clinical Nutrition 119 (2024) 87–99
powered to evaluate the potential long-term impact of the nutritional
interventions applied during the infancy period.

In conclusion, the current exploratory FU study suggests that the
presence of large, milk phospholipid-coated lipid droplets enriched
with dairy lipids in IMF may have a lasting beneficial impact on BMI
trajectories and childhood blood pressure at 5 y of age. This new
dimension of lipid quality in IMF may further narrow the gap in
functional health outcomes compared to breastfed infants. Future
longitudinal, larger-scaled clinical studies are required to confirm this
potential programming impact on growth, body composition, and
metabolic health outcomes.
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