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There is growing evidence supporting the benefit of human milk oligosaccharides

(HMOs) on reducing risk of illnesses and improving immune function in newborn

infants, but evidence in pre-term infants is lacking. This randomized, double-blind,

placebo-controlled trial (NCT03607942) of pre-term infants evaluated the effects of HMO

supplementation on feeding tolerance, growth, and safety in 7 neonatal units in France.

Pre-term infants (27–33 weeks’ gestation, birth weight <1,700 g) were randomized early

after birth to receive HMO supplement (n = 43) [2
′

-fucosyllactose (2
′

FL) and lacto-N-

neotetraose (LNnT) in a 10:1 ratio (0.374 g/kg body weight/day)] or an isocaloric placebo

(n = 43) consisting of only glucose (0.140 g/kg/day) until discharge from the neonatal

unit. Anthropometric z-scores were calculated using Fenton growth standards. Primary

outcome was feeding tolerance, measured by non-inferiority (NI) in days to reach full

enteral feeding (FEF) from birth in HMO vs. placebo group (NI margin = 4+ days).

Mean number of days on intervention prior to FEF was 8.9 and 10.3 days in HMO

and placebo, respectively. Non-inferiority in time to reach FEF in HMO (vs. placebo) was

achieved [LS mean difference (95% CI) = −2.16 (−5.33, 1.00); upper bound of 95%

CI < NI margin] in full analysis set and similar for per protocol. Adjusted mean time to

reach FEF from birth was 2 days shorter in HMO (12.2) vs. placebo (14.3), although not

statistically significant (p = 0.177). There was no difference in weight-for-age z-scores

between groups throughout the FEF period until discharge. Length-for-age z-scores

were higher in HMO at FEF day 14 [0.29 (0.02, 0.56), p = 0.037] and 21 [0.31 (0.02,

0.61), p = 0.037]. Head circumference-for-age z-score was higher in HMO vs. placebo

at discharge [0.42 (0.12, 0.71), p = 0.007]. Occurrence of adverse events (AEs) was

similar in both groups and relatively common in this population, whereas 2.3 and 14.3%,

respectively, experienced investigator-confirmed, related AEs. HMO supplementation is

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://doi.org/10.3389/fped.2022.858380
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2022.858380&domain=pdf&date_stamp=2022-04-25
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:claude.billeaud@wanadoo.fr
https://doi.org/10.3389/fped.2022.858380
https://www.frontiersin.org/articles/10.3389/fped.2022.858380/full


Hascoët et al. HMO Supplementation in Pre-term Infants

safe and well-tolerated in pre-term infants. After 9 days of supplementation, the HMO

group reached FEF 2 days earlier vs. placebo, although the difference was not statistically

significant. In addition, HMO supplementation supports early postnatal growth, which

may have a positive impact on long-term growth and developmental outcomes.

Keywords: pre-term, human milk oligosaccharides (HMOs), time to full enteral feeding, growth, nutrition,

supplement

INTRODUCTION

Pre-term birth is a major risk factor for neonatal sepsis and
many other comorbidities (1). The current standard of care to
treat infections in pre-term infants is with antibiotics upon the
initial signs of risk, yet early prophylactic antibiotic usage has
been found to cause an imbalance in the microbial population
of the infant gut, which can lead to downstream complications
(2). Prebiotics and probiotics promote the colonization of
beneficial microbiota (3–6) and maybe a promising approach
to prevent infections in pre-term infants (7, 8). Human milk
oligosaccharides (HMOs) act as prebiotics and represent the
third largest solid component in human milk after lactose and
lipids (9–12). Breast milk frommothers who delivered premature
infants contains approximately 9–23 g/L HMOs comprising
more than 100 different known structures (9), and HMOs have
been shown to prevent infection through multiple mechanisms,
including aiding in the development of the immune system,
binding of pathogens and toxins to prevent their uptake in the
gut, enhancing the epithelial barrier function of the gut, and
promoting the colonization of beneficial bacteria (11, 13–15).

Observational cohort studies have suggested reduced risk
of illness or reduced mortality associated with specific HMOs
in breast milk (2, 16–19). In pre-term infants, selective HMO
such as disialyllacto-N-tetraose (DSLNT) has been found to be
protective of necrotizing enterocolitis (NEC) (20, 21). There are
only a few clinical studies to date, but two growth and safety
clinical trials examining HMOs showed age-appropriate infant
growth as well as a trend toward improved immune parameters
(22) and lower illness incidence (23). However, since these trials
were conducted in term infants, information on gastrointestinal
(GI) tolerance outcomes that are specifically of interest in the
pre-term population, such as time to reach full enteral feeding
(FEF), is not available. Preclinical data in pre-term animal models
have shown that different HMOsmay confer benefit in pathology
scores, incidence of NEC, and improving intestinal perfusion (24,
25). Collectively, these findings suggest plausible mechanisms by
which HMOs may be beneficial for pre-term infants who are
especially vulnerable to many illnesses.

Abbreviations: HMOs, human milk oligosaccharides; disialyllacto-N-tetraose

(DSLNT); GI, gastrointestinal; FEF, full enteral feeding; NEC, necrotizing

enterocolitis; 2
′

FL, 2
′

-fucosyllactose; LNnT, lacto-N-neotetraose; MOM, mother’s

own milk; DHM, donor human milk; HMF, human milk fortifier; FEF, full enteral

feeding; CA, corrected age; AE, adverse events; SOC, system organ class; PT,

preferred term; PPS, per protocol set; FAS, full analysis set; ITT, intention to treat;

SAF, safety analysis set; SD, standard deviation; GA, gestational age; SAE, serious

AEs; HC, head circumference WAZ, weight-for-age z-score; LAZ, length-for-age

z-score; HCAZ, head circumference-for-age z-score.

There has not been an established consensus on the effect of
HMOs on pre-term infant growth (26). However, it has been
speculated that HMOs can have an effect on infant growth
and development through multiple mechanisms, including
directly on epithelial cell responses in the gut (27–30), through
systemic effects after being absorbed into the blood stream
(31–33), or in ways mediated by the gut microbiota (34–36).
HMOs resist degradation in the small intestines and remain
relatively intact until they reach the colon, where specific HMOs
serve as substrates for microbes and help to shape the gut
microbiome. Select microbiota patterns have been associated
with alterations in energy harvest, influencing growth (34, 37,
38). Individual HMOs exhibit structure-function properties,
where their chemical makeup helps to define different roles on
infant health and development. As HMO supplementation has
never been tested clinically among pre-term infants, the primary
objective of this intervention trial was to establish safety and
tolerance of HMO supplementation in pre-term infants. We also
aimed to test the potential benefits of early supplementation in
the initial period after birth when feeding is gradually advancing.
During this critical period, pre-term infants are not receiving
maximal levels of nutrients or bioactive components from
their feeding to facilitate catch-up growth and healthy physical
development. We hypothesized that HMO supplementation
starting early after birth would confer developmental and overall
health benefits to pre-term infants.

MATERIALS AND METHODS

This was a prospective, randomized, double-blind, controlled
trial comparing a dietary supplement containing two HMOs to
a placebo. The study was conducted at 7 neonatal units in France.
Clinically stable (defined as not receiving any invasive respiratory
support, absence of open ductus arteriosus requiring treatment,
has not experienced early-onset sepsis or severe intrauterine
growth retardation at birth and currently not using vasopressive
drugs to support hemodynamics), pre-term infants born between
27 and 32 weeks of gestational age (GA), with birth weight
< 1,700 g, and younger than 7 days of age were enrolled into
the study. Infants were excluded if they were receiving ongoing
prophylactic antifungal therapies or experiencing early-onset
sepsis or liver failure prior to enrollment.

Study Products
The experimental product was a liquid supplement containing 2

specific HMOs [2
′

-fucosyllactose (2
′

FL) and lacto-N-neotetraose
(LNnT)] in a 10:1 ratio (0.340 and 0.034 g/kg body weight/day,
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respectively) equally distributed into 3 portions per day. The
control product was a liquid placebo containing only glucose
(0.140 g/kg body weight/day) matched to the HMO supplement
with regard to energy content and comparable in color, odor, and
viscosity, also equally distributed into 3 portions per day. The
HMO and placebo products were blinded to both study staff and
participants. The osmolalities of the HMO and placebo products
were 275 and 240mOsm/kg, respectively, which is very close to or
meeting the range reported for human milk (279–297 mOsm/kg)
(39). The energy content for both the HMO and placebo products
was 22 kcal/100 ml.

Study Design
Infants were randomized to receive either HMO supplement
or placebo, with dosage computed each day according to each
infant’s daily weight. Both products were delivered in a sterile
solution and given three times a day via syringe directly into the
mouth or by enteral tube before feeding. Administration started
as soon as 24 h of trophic feeding was possible but within 7
days of birth until discharge from the neonatal unit. Permitted
dietary intakes during the supplementation period included
human milk [either mother’s own milk (MOM) or donor human
milk (DHM)], human milk fortifier (HMF), and pre-term infant
formula. Pre-term infant formula was only allowed after 1,500–
1,800 g of body weight was reached as per the feeding protocol
at the study sites. There were no restrictions on any specific
type of HMF or pre-term formula, including all brands that were
routinely used at the neonatal unit.

The study comprised three distinct periods, namely, pre-full
enteral feeding (pre-FEF), FEF, and post-discharge follow-up
until 24 months of corrected age (CA). The pre-FEF period began
on the first day of product administration and lasted until the
first day of FEF, hence, duration of the pre-FEF period varied by
subject. FEF, defined as aminimal enteral intake of 150ml/kg/day
without parenteral nutrition, continued until discharge. Product
administration ended on the day of discharge. There is a follow-
up studymonitoring the post-discharge follow-up period of these
infants consisting of additional study visits at 2-, 12-, 18-, and
24-month CA. The results from the follow-up study are not
presented here.

Outcomes
The primary outcome of interest was time to FEF, which was
a safety and potential efficacy end point. Secondary outcomes
of interest within the neonatal unit period were anthropometric
measures and associated z-scores, GI tolerance, and incidence
and severity of all adverse events (AE). Anthropometric
measures included weight, length, head circumference (HC),
as well as gains in each anthropometric measure. Infants
were weighed without diapers on calibrated electronic weighing
scales (Baby Scale 727, Seca, Semur-en-Auxois, France) and
with measurements recorded to the nearest 1 g. Recumbent
length was measured with a calibrated pediatric length board
(Measuring Board 417, Seca, Semur-en_auxois, France) by at
least two trained examiners and recorded to the nearest 0.5 cm.
HC was measured using a standard pediatric measurement
tape (Measuring Tape 212, Seca, Semur-en-Auxois, France) by

locating the maximum circumference of the head and recorded
to the nearest 0.1 cm. Corresponding z-scores were computed
according to the commonly used intrauterine-based Fenton
growth standards (40). GI tolerancemeasures included volume of
gastric residuals, duration of parenteral feeding, stool frequency,
and stool consistency. Stool consistency was measured on a
validated, pictorial, 5-point scale (1 = watery, 2 = runny, 3
= mushy soft, 4 = formed, 5 = hard) for every stool passed
using a GI Tolerance and Symptoms diary. Additional intake
data collected during hospitalization included number of missed
feedings and types and amount of milk consumed from MOM,
DHM, and infant formula. Both GI tolerance and intake data
were reported daily by investigators from pre-FEF day 1 until
FEF day 1, and for three consecutive days prior to FEF days 7,
14, 21, and finally at discharge. AEs were monitored throughout
the study and were classified by system organ class (SOC) (41)
and preferred term using MedDRA version 20.0.

Statistical Analyses
Summary statistics were computed for infant demographics,
baseline characteristics, treatment exposure, GI symptoms, and
AEs. Sample size was calculated based on non-inferior testing
of the primary outcome, which was the number of days from
birth to reach FEF in the HMO supplement vs. placebo group.
The non-inferiority margin was defined as ≤+4 days, which was
based on a large observational study conducted from 2011 to
2014 comparing time to reach FEF between hospital with limited
access to human milk and other sites with predominantly human
milk feeding (42). The upper end of the 95% CI of the treatment
difference was 17.8 days, and based on the US Food and Drug
Administration-recommended method (43, 44), it is prudent to
use a conservative estimation of the minimum effect set at 25%
of the upper boundary of the 95% CI, leading to a statistically
justified non-inferiority margin of +4 days. As shorter time to
reach enteral feeding is more ideal, non-inferiority margin is an
indication of the highest tolerated difference in time to reach
enteral feeding that we can allow, which will still be deemed to be
safe clinically in regard to GI tolerance of pre-term infants. With
an overall type I error of 5 and 80% power, the number of subjects
to be included in the per protocol set (PPS) per group was 30. The
non-inclusion rate from enrollment to PPS was assumed to be
∼30%, resulting in a total of 43 infants per group to be enrolled.
Major protocol deviations that exclude subjects from PPS include
wrong dose administrations, violations of inclusion/exclusion
criteria, and suspension of investigational product due to AEs.

Analyses regarding the primary outcome were done in a
hierarchical manner to control for the experiment-wise false-
positive rate. First, time to FEF was analyzed for non-inferiority
on PPS, then full analysis set (45). FAS included all the subjects
who have measurements for the primary outcome of time to
reach FEF. After non-inferiority had been achieved on both
datasets, superiority analysis would be conducted on FAS. Time
to FEF was modeled using analysis of covariance (ANCOVA)
adjusting for birth weight, study center, and sex of the infant.
Group differences in weight, length and HC gains, and associated
z-score changes were modeled using mixed effects models on the
intention-to-treat (ITT) analysis set, adjusting for each respective
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measure at baseline, as well as study center, sex, and mode of
delivery. ITT analysis set included all infants randomly assigned
to one of the two treatment groups who are administered at least
one feeding of the study formula and who have their birth date
and date of reaching FEF (150 ml/kg/day and discontinuation of
parenteral nutrition) recorded. Group differences were calculated
for each timepoint and for overall effect over the entire study
period. GI tolerance analyses were performed on the ITT analysis
set and presented for each individual study period. Prior to
FEF, GI tolerance measures were calculated using the average of
daily estimates. After FEF, GI tolerance measures were calculated
at weekly intervals based on the assumption that the data
captured in 3-day diaries are approximately representative of
the patterns over the entire week after FEF had been reached.

Daily mean gastric residual volumes (in ml/kg) were computed
as the sum of reported gastric residual volumes (in ml) divided
by the number of incidences linked to the visit and by the
infant weight at the visit. Stool frequency was described as the
number of stools linked to the visit divided by the number
of days. Stool consistency linked to the visit was calculated
as the arithmetic mean of all recorded consistencies during
all days linked to the visit. Group differences in all the GI
tolerance measures were tested using ANCOVA model adjusting
for birth weight, center, and sex. Incidence of AEs was compared
between randomized groups on the safety analysis set (SAF)
using logistic regression correcting for birth weight, GA, and
center, or Fisher’s exact test if logistic regression models did
not converge. Tests of differences between groups for all the

FIGURE 1 | Subject disposition.
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outcomes were 2-sided with alpha = 0.05. All analyses were
conducted using SAS 9.4.

RESULTS

There were 86 infants randomized and included in the ITT
population (HMO, n = 43; placebo, n = 43). One subject was
randomized to placebo but actually received HMO, thus the SAF
population included 44 and 42 subjects in the HMO and placebo
groups, respectively. A total of 7 and 8 infants experienced
premature discontinuation from the trial in the HMO group (due
to investigator decision, n = 1; without any explanation, n = 2;
parents’ decision, n = 4; due to AE, n = 1) and placebo group
(due to investigator decision, n = 1; without any explanation, n
= 1; parents’ decision, n = 3; due to AE, n = 2), respectively.
A total of 71 infants completed the study treatment through
the discharge visit, and 78 infants were included in the FAS
(Figure 1). After consideration of major protocol deviations, 73
infants were included in the PPS (HMO, n= 35; placebo, n= 38).

Infant demographics and baseline measures are summarized
in Table 1. Approximately half of the infants were of male
gender (57%), and the majority of them were of Caucasian
descent (86%), with mean (SD) chronological age at enrollment
of 6.3 (1.3) and 6.2 (1.4) days in the HMO and placebo groups,
respectively. At birth, infants had a mean GA of 29 weeks + 5.2
days in HMO and 30 weeks + 1.5 days in the placebo group.
Approximately 4.7 and 9.3% of infants in the HMO and placebo
groups, respectively, were very pre-term (GA < 28 weeks). The
percentage of very low birth weight (<1,500 g) was 86% and 91%
in HMO and placebo arms, respectively. In the ITT population,
during the pre-FEF period (baseline to FEF day 1), the mean
number of days of intervention was 8.9 (SD 5.2, range 2–28) in
the HMO and 10.3 (SD 10.0, range 2–66) in the placebo group
(p = 0.16) (data not shown), while in the FEF period, the mean
number of days of intervention was 35.5 (SD 17.3, range 4–
66) in the HMO group and 33.1 (SD 26.9, range 0–127) in the
placebo group (p = 0.62). During the pre-FEF period, the mean
proportions of MOM, DHM, and infant formula received from
enteral feeding were 41.9 vs. 42.9% for MOM, 58.1 vs. 54.8% for
DHM, and 0 vs. 2.4% for infant formula in the HMO vs. placebo
groups, respectively. The proportion of infant formula increased
during the FEF period such that by FEF day 21 the proportions of
MOM, DHM, and infant formula in the HMO vs. placebo groups
were 57.1 vs. 33.3% for MOM, 27.3 vs. 54.5% for DHM, and 9.5
vs. 18.2% for infant formula, respectively. The mean intake rates
for each type of feeding are summarized in Table 2.

Time to FEF
Adjusted mean time to FEF (Table 3) was 12.15 (9.50, 14.81)
days in the HMO and 14.32 (11.71, 16.92) days in the placebo
group. Non-inferiority was well-demonstrated; the adjusted
mean difference was −2.16 days (95% CI: −5.33, 1.00, p <

0.001) for non-inferiority analysis in FAS and −1.95 days (95%
CI: −5.27, 1.37, p < 0.001) in PPS. Infants in the HMO group
(vs. placebo) reached FEF faster by 2 days after 9 days of
intervention in the pre-FEF period, although the difference was

TABLE 1 | Infant characteristics by study arm, ITT population (N = 86).

HMO N = 43 Placebo

N = 43

Sex, n (%)

Male 18 (41.9) 19 (44.2)

Female 25 (58.1) 24 (55.8)

Ethnicity, n (%)

Asian 1 (2.3) 0 (0.0)

Black 4 (9.3) 1 (2.3)

White 36 (83.7) 38 (88.4)

Other 2 (4.7) 4 (9.3)

Chronological age (days) at enrollment,

mean (SD)

6.3 (1.3) 6.2 (1.4)

Gestational age (weeks + days) at birth,

mean (SD)

29w + 5.2 d

(1w + 2.5 d)

30w + 1.5 d

(1w + 2.9 d)

Mode of delivery, n (%)

Vaginal 15 (34.9) 18 (41.9)

Cesarean 28 (65.1) 25 (58.1)

Birth weight-for-age Z-score, mean (SD) −0.37 (0.72) −0.56 (0.76)

Birth length-for-age Z-score, mean (SD) −0.42 (0.98) −0.46 (0.91)

Birth head circumference-for-age Z-score,

mean (SD)

−0.44 (0.91) −0.27 (1.14)

Extremely low birth weight (<1,000 g) 21% 19%

Small for gestational age (birth weight

z-score <-1.28)

9.3% 20.9%

not statistically significant (p = 0.177 for superiority analysis
in FAS).

Anthropometrics
Adjusted mean z-scores for weight, length, and HC from FEF
day 1 until discharge are shown in Figure 2. Overall, weight gain
(g/day) from baseline to discharge was similar between groups
with adjusted mean difference between HMO and placebo of
−0.98 g/day (95% CI: −3.89, 1.93; p = 0.50). Weight gain rates
steadily increased in both groups over the study period (data
not shown). Adjusted mean rates ranged from 18.5 g/day at
FEF day 1 to 26.0 g/day at discharge in the HMO group and
20.2 g/day at FEF day 1 to 26.2 g/day in the placebo group.
Weight-for-age z-score (WAZ) was also similar between groups
with an adjusted overall mean difference of 0.03 (95% CI: −0.13,
0.20; p = 0.68). Length gains in cm/week were not statistically
significantly different between groups throughout the FEF period
(overall treatment difference 0.09, 95% CI:−0.14, 0.33; p= 0.42),
while length-for-age z-score (LAZ) was significantly higher in
the HMO group compared to placebo at FEF days 14 and 21
with mean z-score differences of 0.29 (95% CI: 0.02, 0.56; p =

0.037) and 0.31 (95% CI: 0.02, 0.61; p = 0.037), respectively.
Adjusted mean length gains increased over the FEF period in
both groups, reaching greatest gains of 0.95 and 0.80 cm/week
in the HMO and placebo groups, respectively, on FEF day 14,
and sustained rates at 0.92 and 0.77 cm/week in the HMO and
placebo groups, respectively, on FEF day 21. HC gain in cm/week
was not significantly different between the groups over the FEF
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period (adjusted mean difference of 0.11, 95% CI: −0.08, 0.30;
p = 0.243), but mean HC gain (cm/week) in the HMO group
was borderline significantly greater than in the placebo group
at FEF day 21 (adjusted mean difference 0.14, 95% CI: −0.01,
0.28; p = 0.059) and at discharge (adjusted mean difference 0.12,
95% CI: −0.01, 0.25; p = 0.060). In addition, mean gains in HC
followed similar patterns as weight and length, where the gains
progressively increased during the FEF period, reaching greatest
gains of 0.93 and 0.80 cm/week in the HMO and placebo groups,
respectively, at FEF day 21. By discharge, HC gain was sustained
at 0.92 and 0.79 cm/week in the HMO and placebo groups,

TABLE 2 | Types of milk intake.

HMO group

(mL/kg/day)

N = 43

Placebo group

(mL/kg/day) N = 43

Pre-FEF period

Mother’s own milk

(MOM)

41.29 ± 47.57 38.35 ± 42.24

Donor human milk

(DHM)

62.18 ± 52.08 63.52 ± 49.29

Infant formula (IF) 1.45 ± 6.66 4.36 ± 28.24

FEF day 7

MOM 69.43 ± 64.97 82.13 ± 74.01

DHM 56.60 ± 64.22 58.73 ± 72.08

IF 6.05 ± 29.28 1.78 ± 6.89

FEF day 14

MOM 56.60 ± 64.22 58.73 ± 72.08

DHM 44.03 ± 65.06 46.34 ± 67.05

IF 13.36 ± 40.32 7.5 ± 25.42

FEF day 21

MOM 61.01 ± 70.71 40.46 ± 58.90

DHM 30.61 ± 55.48 56.02 ± 57.78

IF 8.21 ± 26.32 18.77 ± 36.93

Hospital discharge

MOM 13.20 ± 38.07 0

DHM 2.69 ± 13.44 0

IF 21.84 ± 69.60 52.26 ± 126.13

Mean estimates ± SD are presented.

respectively. Head circumference-for-age z-score (HCAZ) was
similar between groups early in the FEF period but showed
steady increases in the HMO group starting at FEF day 21 with
significantly greater scores in HMO at discharge by 0.42 SD (95%
CI: 0.12, 0.71; p= 0.007).

GI Tolerance
Gastric residual volume was low in both groups, with daily means
ranging from 0.05 to 3.03 ml/kg/day in the HMO group and
0.07–3.26 ml/kg/day in the placebo group from pre-FEF period
to discharge. Daily mean stool frequencies ranged from 3.09
to 4.17 stools/day in HMO and from 3.11 to 4.20 stools/day
in placebo from pre-FEF period to discharge. There were no
significant differences between the HMO and placebo groups in
stool frequency during any weekly intervals except from FEF
day 1–day 7, where the HMO group (vs. placebo) had slightly
lower stool frequency (adjusted mean difference−0.54 stool/day,
95% CI: −1.07, −0.01; p = 0.046). Mean daily stool consistency
ranged 2.97–3.11 (HMO) and 2.91–3.19 (placebo) from the pre-
FEF period to discharge, falling approximately in the “mushy
soft” category on the consistency scale at all timepoints.

Adverse Events
A total of 40 (90.9%) and 36 (85.7%) subjects experienced
an AE in the HMO and placebo groups, respectively, over
the study period. A total of 7 (15.9%) and 2 (4.8%) subjects
experienced serious AEs (SAEs) in the HMO and placebo
groups, all distributed within GI disorders, General disorders
and administration site conditions, and respiratory, thoracic, and
mediastinal disorders SOC categories. Among all the AEs, 1
(2.3%) and 6 (14.3%) subjects in the HMO and placebo groups,
respectively, experienced AEs that were assessed by the study
investigator to be related to the study intervention, and only 1
SAE (NEC) in the placebo group was considered to be related
to the study intervention. A total of 4 SAEs led to withdrawal
of the study product (2 each in the HMO and placebo groups
or 4.5 and 4.8%, respectively). Illnesses and infections from
baseline to discharge are summarized in Table 4. There were no
significant differences in occurrences of illness and infection AEs
between groups.

TABLE 3 | Time to reach full enteral feeding (FEF) by study arm, FAS, and PP populations.

HMO Placebo Adjusted mean treatment

differencea HMO—Placebo

FAS (n = 38) PP (n = 35) FAS (n = 40) PP (n = 38) FAS PP

Time from birth

to FEF (days), LS

means (95% CI)

12.15 (9.50, 14.81) 11.91 (9.14, 14.69) 14.32 (11.71, 16.92) 13.86 (11.12, 16.60) −2.16* (−5.33, 1.00) −1.95* (−5.27, 1.37)

Min, Max 7, 30 7, 30 5, 70 5, 70 – –

Q1, Q3 9, 14 9, 14 8.5, 15.5 8, 14 – –

aAdjusted estimates are based on an ANCOVA model adjusting for birth weight, study site, and sex of infant.

*p < 0.001 for noninferiority analysis (i.e., upper bound of 95% CI < 4 + days) in both FAS and PPS.
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FIGURE 2 | Adjusted mean anthropometric z-scores for weight (A), length (B), and head circumference (C) by randomized group. Circles (and whiskers) in graph

indicate LS means (±1 SE), which were derived from mixed model with repeated measures, adjusting for measure at birth, measure at baseline, study center, sex, and

mode of delivery. FEF, full enteral feeding. †p = 0.037; ‡p = 0.007.

Frontiers in Pediatrics | www.frontiersin.org 7 April 2022 | Volume 10 | Article 858380

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Hascoët et al. HMO Supplementation in Pre-term Infants

TABLE 4 | Incidence of infant illnesses and infections from baseline to discharge.

Selected illnesses

(by preferred terms)

HMO (N = 43) Placebo

(N = 43)

Odds ratio [95% CI]

or Fisher’s Exact

p-valuea

Necrotizing

enterocolitis

3 (7.9%) 2 (5.0%) p = 0.67

Late onset sepsis 0 (0.0%) 2 (5.0%) p = 0.49

Bronchopulmonary

dysplasia

10 (23.3%) 13 (30.2%) 0.58 [0.19; 1.77]

Gram-positive/negative

bacterial and fungal

sepsis

11 (25.6%) 9 (20.9%) p = 0.80

Mortality 0 (0.0%) 0 (0.0%) na

GI and urinary tract

infections

0 (0.0%) 2 (4.7%) p = 0.49

Retinopathy of

pre-maturity

3 (7.0%) 2 (4.7%) p > 0.99

Intraventricular

hemorrhage

3 (7.0%) 3 (7.0%) p > 0.99

Periventricular

leukomalacia

1 (2.3%) 0 (0.0%) p > 0.99

Neonatal inflammatory

response syndrome

0 (0.0%) 0 (0.0%) na

Alteration of liver

function

1 (2.3%) 1 (2.3%) p > 0.99

aFor all group comparisons of adverse events, logistic regression models were used

correcting for birth weight, GA, and center. If the model did not converge, Fisher’s exact

test was used to compare between groups the proportion of subjects experiencing the

AE. No models converged with the exception of bronchopulmonary dysplasia.

DISCUSSION

This is the first trial to demonstrate that an HMO supplement
specifically for pre-term infants is safe, well-tolerated, and
associated with improved growth patterns in length and HC.
The primary outcome of this study, time to FEF, was selected
because it is a reliable indicator of feeding tolerance. Feeding
tolerance is an important clinical outcome for pre-term infants
as it reflects the efficiency of nutrient metabolism and any
risk factors for morbidities such as NEC. While this was the
first study to examine time to FEF in human milk-fed pre-
term infants receiving HMOs as a prebiotic supplement, a
2010 trial by Modi et al. examined time to FEF in infants
randomized to receive either a standard formula or a formula
supplemented with prebiotic galacto-oligosaccharides (GOS) and
fructooligosaccharides (FOS), in a dosage to make up any
shortfall of MOM. The median time to FEF was longer in the
supplemented group by 1 day but was not statistically significant
(46). There are several other studies examining the effect of
probiotics on time to FEF. In a meta-analysis examining the
effects of probiotics on time to FEF in pre-term, very-low-
birth-weight infants according to feeding type (human milk
vs. formula), Aceti et al. found a reduction of 3 days in time
to FEF among 5 studies of human milk-fed infants receiving
probiotics compared to those receiving placebo; only two studies
of formula-fed infants were identified and neither demonstrated
any difference in time to FEF between the probiotic and control
groups (47). We found a reduction of time to FEF by 2

days with HMO supplement when compared to the placebo,
after just 9 days of intervention. However, this difference did
not reach statistical significance. This was expected since the
trial was powered to detect a larger effect (4 days). However,
clinicians may consider this difference to be clinically relevant in
certain situations.

In vitro studies have also offered valuable insights into the

possible mechanisms by which the two HMOs 2
′

FL and LNnT

might improve time to FEF in pre-term infants. Both 2
′

FL and
LNnT have been found in vitro to enhance fermentation of
synbiotic mutualistic microbiota, as evidenced by significantly
increased amounts of known metabolites of beneficial bacteria
such as lactate and short-chain fatty acids (48). Supplementation

of in vitro cultures with 2
′

FL promoted growth and metabolic
activity of beneficial Bifidobacteria and inhibited the pathological
Campylobacter, Campylobacter jejuni and Escherichia coli (49–
52). In addition to conferring benefits to the microbiota

composition and metabolism, 2
′

FL also improved immune
function by diminishing insults from E. coli by quenching
proinflammatory cytokines and reduced food allergy symptoms
in mouse models (53, 54). There is limited preclinical work
in pre-term animal models, but Autran et al. compared NEC
pathology scores among neonatal rats receiving only formula,
an HMO blend (10 mg/ml), GOS (8 mg/ml), sialylated GOS

(0.4 mg/ml), or 2
′

FL (2 mg/ml) and demonstrated that 2
′

FL
alone significantly improved pathology scores when compared
with the formula-only and GOS-only groups (24). Another study

examined the efficacy of 2
′

FL in neonatal mice induced with
NEC and found that the administration of 0.25 mg/g body

weight of 2
′

FL once daily significantly reduced the severity of
NEC compared with mice receiving only a standard formula,

and further, the 2
′

FL-supplemented mice experienced restored
intestinal perfusion to a level more comparable to that of
breastfed mice and significantly different from that seen in the
standard formula-fed group (25). A third preclinical animal
study found that an HMO cocktail, including LNnT fed to
pre-term piglets, tended to improve NEC resistance after 11
days (55). Overall, the available clinical and preclinical research
done with mostly formula-fed subjects elucidates mechanisms by
which HMOs may improve intestinal integrity and immunity,
supporting the improvement of GI tolerance as measured by time
to FEF that was observed in this study. The shorter time to reach
FEF has been found to be associated with cognitive function in a
follow-up study of pre-term infants who had experienced NEC in
early neonatal life (56), and in other studies pre-term infants who
had shorter time to reach FEF also had shorter time to hospital
discharge (57), reduced feeding interruption and episodes of
feeding intolerance (58, 59), and better weight gain (58).

A more striking finding of this study was the moderate

but significant improvement in length and HC by discharge.
Notably, we found that the HMO group had a higher value

of 0.3 SD in LAZ by FEF day 14, which persisted until day

21. Moreover, the HMO group also had a higher value of

0.4 SD in HCAZ by discharge. This effect on HC slowly
increased over the FEF period but became most apparent and
significant at discharge. The effects that we observed on length
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and HC are clinically meaningful as HMO supplementation
was seen to influence growth outcomes beyond infant weight.
Less attention has been paid to linear stunting in spite of the
relationship between linear growth and organ development and
promotion of cellular differentiation during the early neonatal
period (60). Improved linear growth in the absence of accelerated
weight gain is thus indicative of lean body mass gain in
this study.

Several published studies have documented the link between
quality of growth, specifically in length and HC status, and
infant development. An observational study conducted in the
US among 62 low-birth-weight infants who were appropriate
for GA found that length z-score at discharge and 4-month CA
were negatively associated with days of oxygen, days of steroids,
days to FEF, and days of antibiotics and inpatient caloric deficit
(61). In addition, even after adjustment of weight and HC z-
scores, length z-score at discharge was positively associated with
Bayley speech scores while 4- and 12-month CA length z-scores
were positively associated with Bayley cognitive scores. Another
large cohort study conducted in the US with 613 pre-term infants
born at <33 weeks’ GA revealed that head growth between first
week of birth and term was positively associated with Bayley
cognitive scores at 18-month CA (45). Other studies have found
similar results. At 3-month CA, head size was a significant
predictor of neurodevelopmental delay at 12 and 24 months of
CA among a group of 538 Austrian pre-term infants born <32
weeks GA (62). This effect persisted until 5-year CA in the long-
term follow-up (63). Moreover, the associations between head
z-scores and cognitive scores at 12- and 24-month CA became
weaker when compared to the 3-month data (62), indicating
that early neonatal growth may have a long-lasting programming
effect even if there is an eventual growth normalization. In a
review on long-term growth and general health for the smallest
or most immature infants, Roberts and Cheong pointed out that
early growth has a significant influence on final height, which
is related to overall health and self-esteem in prematurely born
adolescents (64). Despite improved clinical management of pre-
term infants over the past decade, postnatal extrauterine growth
retardation during the neonatal period remains to be an issue
in premature neonates. Zhao et al. showed that 37% of 691
premature neonates, eutrophic at birth, presented extrauterine
growth retardation at discharge (65). Thus, an intervention
allowing even a moderate improvement in growth parameters is
beneficial for these infants.

To the best of our knowledge, there is no study evaluating
the effect of HMOs on pre-term infant growth. There exists only
limited data among undernourished population. For instance, in

a rural Gambian population, 3
′

SL levels in human milk from
4 to 20 weeks of lactation have been found to be positively
correlated with WAZ at 20 weeks of age (66). Similarly, Lacto-N-
fucopentaose I (LNPF I) I was positively correlated with HCAZ
at 20 weeks. In the same study, it was observed that LNFP I was
higher in milk samples of infants who did not have any sick days,
and the authors alluded to a potential immune benefit of LNFP
I supporting growth by sparing resources that would otherwise
be spent fighting off infection (66). Another study involving
Malawian infants and mother dyads at 6-month postpartum

found that 2
′

FL and LNFP I are the two fucosylated HMOs
most discriminatory for infant growth (67). Similar to LNFP

I, 2
′

FL is also an α(1, 2) fucosylated structure. We saw in this
study the effect of HMOs on growth parameters among pre-
term infants, which is consistent with available literature studying
undernourished populations.

This first interventional trial studying the effect of HMO
supplementation pre-term infants pioneers the way forward for
adoption of these innovative ingredients in the neonatal unit .
The HMOs selected in this clinical trial are reflective of the two
HMOs with the most sufficient safety data in term infants and
pre-term preclinical models since HMOs have not been clinically
tested before in pre-term infants. The ratio of the product tested
is also reflective of the natural abundance of 2

′

FL and LNnT
found in pre-term milk samples (68). Strengths of this trial
include the adherence to local feeding and nutrition guidelines
of each neonatal unit, which resulted in the infants receiving a
variety of feeding regimens, including MOM, DHM, and pre-
term infant formula. This increases the generalizability of study
results since the feeding practice and protocol are similar to
most NICUs worldwide. This landmark study tested a unique
supplementation regimen adapted to the daily weight of pre-
term infants, ensuring that safety and efficacy could be captured
with an adjustable dose of HMOs to mimic natural milk intake.
With respect to safety, the subjects were exposed to the study
intervention for a significant amount of time even after reaching
FEF (mean of>30 days in both groups), which provides the safety
assurance HMO supplementation for an extended period of time.
There were some limitations. To prevent a selection bias with
regard to the primary outcome of interest, infants were included
only when they were clinically stable and generally healthy. In
addition, infants who presented with early-onset sepsis or severe
intrauterine growth retardation at birth were excluded. Given the
potential benefits we saw on feeding tolerance and growth, amore
vulnerable population of pre-term infants could have benefited
more from the study intervention. In addition, Gabrielli et al. (9)

showed that there is a 40% higher level of 2
′

FL in the colostrum
than that of mature milk, suggesting that this prebiotic may have
a priming effect. Therefore, one might speculate that a mean
postnatal age of 7 days might have already been too late with
regard to the physiology of these compounds. Thus, the effect of
the intervention may have been reduced in the study. Achieving
early supplementation of HMOs is critical since the pre-term
infant is not receiving maximal enteral feeding during this time
frame prior to FEF.

In conclusion, a pre-term infant supplement with the HMOs
2
′

FL and LNnT was shown to be safe and well-tolerated among
pre-term infants. When given shortly after birth, the HMO
supplement was associated with improved growth parameters in
length and HC during the hospitalization period.
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