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Introduction
Infants are born with a sterile gut but quickly acquire their 
initial colonizing microbes from their environment.1,2 

In infants delivered vaginally, the initial inoculum comes 
mainly from the birth canal.2–4 By contrast, infants who 
are born by cesarean acquire their colonizing strains 
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Abstract: The gut microbiota of infants is shaped by both the mode of delivery and the type of feeding. The gut of vaginally and cesarean-delivered 
infants is colonized at different rates and with different bacterial species, leading to differences in the gut microbial composition, which may persist up to 
6 months. In a multicenter, randomized, controlled, double-blind trial conducted in South Africa, we tested the effect of a formula supplemented with a 
prebiotic (a mixture of bovine milk-derived oligosaccharides [BMOS] generated from whey permeate and containing galactooligosaccharides and milk 
oligosaccharides such as 3′- and 6′-sialyllactose) and the probiotic Bifidobacterium animalis subsp. lactis (B. lactis) strain CNCM I-3446 on the bifidobacteria 
levels in the gut of infants born vaginally or via cesarean section in early life. Additionally, the safety of the new formulation was evaluated. A total of 430 
healthy, full-term infants born to HIV-positive mothers who had elected to feed their child beginning from birth (#3 days old) exclusively with formula 
were randomized into this multicenter trial of four parallel groups. A total of 421 infants who had any study formula intake were included in the full analysis 
set (FAS). The first two groups consisted of cesarean-delivered infants assigned to the Test formula (n = 92) (a starter infant formula [IF] containing BMOS 
at a total oligosaccharide concentration of 5.8 ± 1.0 g/100 g of powder formula [8 g/L in the reconstituted formula] + B. lactis [1 × 107 colony-forming units 
{cfu}/g]) or a Control IF (n = 101); the second two groups consisted of vaginally delivered infants randomized to the same Test (n = 115) or Control (n = 113) 
formulas from the time of enrollment to 6 months. The primary efficacy outcome was fecal bifidobacteria count at 10 days, and the primary safety outcome 
was daily weight gain (g/d) between 10 days and 4 months. At 10 days, fecal bifidobacteria counts were significantly higher in the Test formula than in the 
Control formula group among infants with cesarean birth (median [range] log: 9.41 [6.30–10.94] cfu/g versus 6.30 [6.30–10.51] cfu/g; P = 0.002) but not 
among those with vaginal birth (median [range] log: 10.06 [5.93–10.77] cfu/g versus 9.85 [6.15–10.79] cfu/g; P = 0.126). The lower bound of the two-sided 
95% confidence interval of the difference in the mean daily weight gain between the Test and Control formula groups was more than –3 g/d in both the 
vaginally and cesarean-delivered infants, indicating that growth in the Test formula-fed infants was not inferior to that of Control formula-fed infants. 
At 10 days and 4 weeks, the fecal pH of infants fed the Test formula was significantly lower than in those fed the Control formula, irrespective of mode 
of delivery: for vaginal delivery: 4.93 versus 5.59; P , 0.001 (10 days) and 5.01 versus 5.71; P , 0.001 (4 weeks); for cesarean delivery: 5.14 versus 5.65, 
P = 0.009 (10 days) and 5.06 versus 5.75, P , 0.001 (4 weeks). At 3 months, this acidification effect only persisted among cesarean-born infants. IF supple-
mented with the prebiotic BMOS and probiotic B. lactis induced a strong bifidogenic effect in both delivering modes, but more explicitly correcting the low 
bifidobacteria level found in cesarean-born infants from birth. The supplemented IF lowered the fecal pH and improved the fecal microbiota in both normal 
and cesarean-delivered infants. The use of bifidobacteria as a probiotic even in infants who are immunologically at risk is safe and well tolerated.
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primarily from their mother’s skin and the environment.4 
Dominguez-Bello et  al found that infants born vaginally 
had a microbiota dominated by Lactobacillus, Prevotella, 
or Sneathia spp., whereas those delivered by cesarean had 
predominantly Staphylococcus, Corynebacterium, and Pro-
pionibacterium spp., which are typical skin colonizers.4 
Other investigators have reported that vaginally delivered 
infants are colonized by bifidobacteria and lactobacilli 
within 2–3  days of birth, whereas in cesarean-delivered 
infants, colonization with these species is delayed until 
about 10 days.2,3,5 Differences in gut microbial composition 
between vaginally and cesarean-delivered infants can per-
sist up to 6 months.3 However, by the first year of life, the 
characteristic infant microbiota in both groups of infants 
gives way to a more adult-like gut microbiota.2,6

These initial differences in early colonization have been 
implicated in the health differences observed between vagi-
nally and cesarean-delivered infants. Cesarean birth has been 
associated with increased incidence of allergic sensitization 
or allergy in the first years of life7–9 and with increased risk 
for gastrointestinal infections.10,11 After birth, development 
of infants’ gut microbiota is largely influenced by the type of 
feeding, with breast-fed infants exhibiting bifidobacteria- and 
lactobacilli-predominant microbiota. Formula-fed infants, 
on the other hand, have a more diversified microbiota that 
includes Clostridium perfringens, streptococci, and staphylo-
cocci.2,12 Bifidobacteria and lactobacilli have been associated 
with health benefits, such as reduced infection rates and a 
reduced propensity for allergies.13–16

Human milk contains bioactive components that are 
thought to contribute to its beneficial health effects. Among 
these are the relatively large quantities of diverse oligosaccha-
rides found in human milk.17 These oligosaccharides include 
nondigestible oligosaccharides, which influence the gut micro-
biota composition by stimulating bifidobacteria growth.17–20 
The nondigestible oligosaccharides also help protect against 
pathogens by inhibiting pathogen binding to host cells and by 
creating an acidic environment (through their fermentation 
in the colon) that inhibits pathogen growth.17 These proper-
ties may partly explain the reduced infection rate observed in 
breast-fed infants. These nondigestible oligosaccharides are 
also present in cow milk, albeit at much lower concentrations 
than in human milk.21

We have previously reported on the development and 
safety of infant formulas (IFs) supplemented with a prebiotic, 
which is a mixture of bovine milk-derived oligosaccharides 
(BMOS) generated from whey permeate (containing galac-
tooligosaccharides and milk oligosaccharides such as 3′- and 
6′-sialyllactose).22 In the current study, the primary aim was to 
evaluate the effect of a Test formula supplemented with both 
BMOS prebiotic and the probiotic Bifidobacterium animalis ssp 
lactis (B. lactis)25 on the early onset of bifidobacteria coloni-
zation in the gut of newborn infants delivered via vaginal or 
cesarean mode and to evaluate the safety of this new formula.

Study Population and Methods
Study design. This was a randomized, controlled, 

double-blind, multicenter trial conducted between October 
2008 and October 2013 at three sites in South Africa affili-
ated to the University of Witwatersrand: Charlotte Maxeke 
Johannesburg Academic Hospital, Rahima Moosa Mother 
and Child Hospital, and Chris Hani Baragwanath Academic 
Hospital. Infants were enrolled at birth and followed up until 
they were 1 year old.

The study was conducted in accordance with the 
Declaration of Helsinki and its subsequent amendments. It 
conformed to the International Conference on Harmoniza-
tion Guidelines for Good Clinical Practice and adhered to the 
applicable regulatory and legal requirements. The study pro-
tocol and informed consent form were reviewed and approved 
by the Human Research Ethics Committee of the University 
of the Witwatersrand for each site.

The study has been registered under ClinicalTrials.gov 
registry number NCT01880970.

All aspects of participation in the study were explained 
to the parents or legally acceptable representatives, and they 
voluntarily signed the informed consent forms; none of the 
infants received the study formulas before parents/legal repre-
sentatives gave their signed consent.

Study population. Healthy, full-term, newborn infants 
were recruited from human immunodeficiency virus (HIV)-
positive mothers who had elected to feed their child exclu-
sively with formula beginning from birth. Inclusion criteria 
were being a full-term baby (between 37 weeks and 42 weeks 
gestation), #3 days old, weighing between 2500 g and 4500 g, 
and being a singleton birth. Infants were excluded if they had 
a congenital illness or malformation that might affect normal 
growth, had a significant perinatal disease, had received anti-
biotics during the first 3 days of life, had caregivers who could 
have difficulties complying with the study protocol, or if they 
were currently participating in another clinical trial.

Study formulas and blinding. Both Test and Control for-
mulas contained sufficient amounts of proteins (1.8 g/100 kcal, 
whey/casein ratio of 70:30), carbohydrates, fats, vitamins, and 
minerals to support the normal growth of healthy infants 
from birth to 6 months of age. The Test formula was addi-
tionally supplemented with a mixture of BMOS generated 
from whey permeate (containing galactooligosaccharides and 
milk oligosaccharides such as 3′- and 6′-sialyllactose) at a 
total oligosaccharide concentration of 5.8 ± 1.0  g/100  g of 
powder formula (8 g/L in the reconstituted formula) and a 
probiotic (B. lactis strain CNCM-I-3446 with 1 × 107 cfu/g 
of powder formula).

All study subjects received a follow-up formula from 
6 months to 12 months of age without pre- and probiotics. 
Introduction of complementary food progressively started 
between 4 months and 6 months of age. Formulas were manu-
factured by the sponsor (Nestlé Product Technology Center, 
Konolfingen, Switzerland), who also coded the formula cans 
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with a single-letter code. Parents (caregivers), investigators, 
study support staff, and the clinical project managers were 
blinded to the identity of the products.

Outcome measures. The primary efficacy outcome was 
fecal bifidobacteria count at 10 days, and the primary safety 
outcome was daily weight gain (g/d) between 10  days and 
4  months. Secondary outcomes were fecal bifidobacterial 
and total bacterial counts at 3 days, 4 weeks, and 3 months 
and total bacterial counts at 10 days of age; detectable fecal 
B. lactis, Lactobacillus, Bacteroides, Clostridium, Staphylococcus, 
and enterobacteria (including Escherichia coli and Klebsiella) 
from 3 days to 3 months of age; anthropometric measurements 
from 3 days to 12 months of age; fecal pH between 3 days 
and 3 months of age; lean mass, fat mass, and bone mineral 
content (BMC) at 4 months and 12 months of age; digestive 
tolerance from 10  days to 4  months of age; immune para
meters (fecal secretory immunoglobulin A [sIgA] from 3 days 
to 3 months and blood anti-hepatitis B vaccine IgG levels at 6 
weeks, 4 months, and 12 months of age); HIV infection status 
at 6 weeks, 4 months, and 6 months of age; and the frequency 
of morbidity episodes, including infections, during the study.

Study conduct. Upon enrollment (#3 days of age), eli-
gible infants were randomized to the Test or Control formula 
groups. Infants were exclusively fed their assigned formulas ad 
libitum from enrollment until 6 months of age. Infants who 
were not enrolled directly after birth received the regular non-
acidified hospital formula, which did not contain any pre- or 
probiotics (for a maximum of 3 days).

At the time the study was started (2008), most women who 
were HIV negative commenced breast-feeding. The national 
policy at that time, in accordance with World Health Orga-
nization (WHO) recommendations, was that HIV-positive 
mothers be counseled during pregnancy or immediately after 
birth regarding the risks and benefits of breast-feeding versus 
formula feeding. Pregnant mothers could be started on anti-
retroviral therapy if they had a low cluster of differentiation 4 
(CD4) count. National policy was that those who chose not to 
breast-feed be provided with free formula for 6 months after 
birth. Only mothers who had already chosen not to breast-
feed were approached regarding enrollment into this study. 
The national policy changed in August 2011 in line with the 
new WHO recommendations, and pregnant mothers testing 
positive for HIV were started on full antiretroviral therapy 
during pregnancy, which continued after birth. Breast-feeding 
was now advocated as national policy for all babies born to 
HIV-positive mothers. This policy change happened toward 
the end of recruitment (362 of the final 430 subjects had been 
enrolled) for this study, but some HIV-positive mother still 
chose to formula feed. Thus, the study was at all times con-
ducted in accordance with WHO and South African national 
guidelines with respect to feeding of babies born to HIV-
positive mothers.

Between 4  months and 6  months, infants progres-
sively received weaning foods alongside their assigned study 

formulas, and starting at 6  months, all infants received the 
same follow-on formula without pre- or probiotics. All 
mothers and infants received antiretroviral medication to 
prevent mother-to-child HIV transmission (beginning at the 
time of labor for the mother).

Baseline anthropometric measurements and demographic 
data were recorded at enrollment, before any study formula 
intake. Thereafter, visits to the study center took place at 10 ± 
2 days, 4 weeks ± 3 days, 6 weeks ± 3 days, 3 months ± 3 days, 
4 months ± 3 days, 6 months ± 3 days, 9 months ± 14 days, 
and 12  months ± 14  days. Mothers/caregivers were given 
3-day diaries in which they recorded the formula intake and 
digestive tolerance (stool characteristics, occurrences of flatu-
lence, spitting up and vomiting, and infants’ behavior [crying, 
fussing, or colic]) for the 3  days preceding each visit up to 
4 months. Mothers/caregivers also recorded any incidence or 
episode of illness in infants between visits.

At each visit, investigators took anthropometric measure-
ments and assessed morbidity. Infants were weighed nude to 
the nearest 10 g on the same well-calibrated electronic scales. 
Recumbent length was measured to the nearest 1 mm with 
the body fully extended and feet flexed. Head circumference 
was measured approximately 2.5 cm above the eyebrows using 
a standard measuring tape.

Body composition was measured at 4 months ± 14 days 
and 12 months ± 14 days using a dual energy x-ray absorpti-
ometry (DEXA) (Hologic) scanner.

Fecal samples were collected at 3 days, 10 days, 4 weeks, 
and 3  months. Fecal B. lactis CNCM I-3446, Staphylococ-
cus, enterobacteria, Escherichia coli, and Klebsiella counts were 
determined using plating methods and polymerase chain 
reaction (PCR) (Advanced Analytical Technologies). Total 
bacterial counts, bifidobacteria, lactobacilli, Bacteroides, and 
Clostridium (Clostridium and Eubacterium) were determined 
using Fluorescent in situ hybridization (FISH) (Biovisible).

Fecal sIgA was quantified using a commercial kit 
(Bethyl), and the sIgA value of each sample was normal-
ized for total proteins as described previously.23 Fecal pH was 
measured at each fecal sample collection using a Consort pH 
meter (model 561).

At 6 weeks, 4 months, and 12 months, blood (2–2.5 mL) 
was drawn 1.5 hours after the infant’s previous meal to evalu-
ate IgG titers against the hepatitis B vaccine and to run the 
HIV PCR test. Regarding the latter, for ambiguous results, 
additional tests were performed at 6  months, and the viral 
load at this time point was considered definitive.

Digestive tolerance was assessed by the investigators 
based on the 3-day diaries in which infants’ stool characteris-
tics, occurrences of flatulence, spitting up and vomiting, and 
infants’ behavior (crying, fussing, or colic) had been recorded by 
the caregivers. Stool characteristics consisted of its frequency 
in 24 hours and its consistency. The frequency of flatulence was 
recorded as never, sometimes, or often, and the frequency of 
spitting up ranged from never to very much. Behavior patterns 
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were assessed based on crying, fussing (being unsettled or 
irritable), or being colic. Colic was recorded as being present 
or absent and identified using Wessel’s criteria.

Adverse events (AEs). At each visit, investigators specif-
ically recorded any occurrences of respiratory tract infections 
(including bronchiolitis and otitis media), gastrointestinal 
conditions, and whether or not infants had been hospitalized 
between visits or had received medication.

In addition, episodes of diarrhea, constipation, cough, 
fever, respiratory symptoms, and skin rashes occurring between 
visits were documented. Diarrhea was defined as $3 loose or 
watery stools in 24 hours. An episode of diarrhea was consid-
ered to have ended once there were two consecutive nonwatery 
stools or no stools for 24 hours. Atopic eczema was graded on a 
scale of 0 to 3: 0, absent; 1, mild; 2, moderate; and 3, severe.

AEs were coded using the WHO adverse drug reaction 
terminology (WHO-ART). Investigators assessed AEs for 
seriousness and relation to study formulas.

Randomization and allocation concealment. Infants 
were randomized using the delivery mode and sex as the strat-
ification factors. The randomization was performed using the 
in-house TrialSys software.

Statistical methods. Sample size calculation was based 
on showing superiority of mean bifidobacteria counts in the 
Test formula group relative to the Control formula group. 
A  difference of 0.7 log cfu/g was considered clinically rele-
vant.24 Using an estimated standard deviation (SD) of 1.23 
log cfu/g, a significance level of 2.5% (due to two indepen-
dent analyses in the two delivery groups) and a power of 80%, 
240 infants (120 per formula group) were required. Account-
ing for a 30% dropout rate and 10% exclusion rate due to HIV 
infection, a total of 400 infants had to be recruited into the 
study. This number of infants was also sufficient to demon-
strate noninferiority in daily weight gain using a 3 g/d margin 
and an estimated SD of 6.1 g/d.

All analyses were performed separately in infants deliv-
ered vaginally and by cesarean section. For primary analyses, 
P-values , 0.025 were considered significant due to multiple 
testing (in the two delivery groups).

Primary analyses were performed in both the full analysis 
set (FAS) and the per protocol (PP) population. The FAS was 
defined as all infants who were randomized into one of the 
study formula groups and who had any intake of the study for-
mula. The PP population excluded infants who had any major 
protocol deviations, which were defined prior to unblinding 
the study. Major protocol deviations for the efficacy analysis 
were the following: absence of fecal samples at 10 days, receiv-
ing antibiotics before collection of the 10-day fecal sample, 
date of last study formula intake being before the 10-day 
fecal sample, any interruption of the study formula intake 
before the 10-day fecal sample, introduction of complemen-
tary food before 10 days, and testing positive for HIV. Major 
protocol deviations for the safety analysis were the following: 
$7 days interruption of study formula intake before the age of 

4 months, last visit occurring before 10 days, date of last study 
formula intake at #115 days of age, testing positive for HIV, 
and a serious AE (SAE) occurring within 1 week before any 
of the visits during the first 4 months.

Bifidobacteria counts on Day 10 were nonnormally dis-
tributed even after log transformation. Thus, treatment effect 
was estimated using the Wilcoxon nonparametric analysis. 
The Test formula was compared with the Control formula 
in the vaginally and cesarean-delivered infants separately, 
and the Test formula was considered to be superior to the Con-
trol formula at a P-value of 0.025. Bifidobacteria counts that 
were below the detection limit were imputed to the (value of 
the) detection limit.

Primary safety outcome was compared using analysis of 
variance within a mixed-model setting, which provided a use-
ful strategy for analyzing longitudinal data with dropouts. The 
treatment difference and the two-sided 95% confidence inter-
vals (CIs) were estimated using a mixed model for repeated 
measures using all available body weight measurements 
obtained between 10 days and 4 months in order to analyze 
parabolic growth accounting for age, sex, and treatment. 
Mean daily weight gain in the Test formula group was consid-
ered non-inferior to the Control formula group, if the lower 
margin of the two-sided 95% CI of the difference in weight 
gain lied to the right of –3 g/d. P-value , 0.025 was consid-
ered significant. Growth curves for each treatment group and 
the delivery mode were compared with WHO reference data 
(http://www.who.int/childgrowth/software/en/).

Secondary analyses were performed in the FAS, and 
no adjustments for multiple testing were made. Bifidobac-
teria and total fecal bacteria counts were compared between 
groups using the same nonparametric model described for the 
primary outcome.

Any detection of the various microbial species above the 
detection limit was considered positive and was modeled for 
both vaginal and cesarean delivery using logistic regression at 
each visit. For the 3-day visit in infants born by vaginal deliv-
ery, the Fisher’s exact test was used because logistic regression 
could not be applied for the 0% detection values obtained in 
the Control formula group.

Fecal pH was analyzed using a mixed model as described 
for body weight analysis. Fecal sIgA was analyzed at each visit 
using nonparametric models.

Body weight was compared between formula groups 
using a model for repeated measures adjusted for baseline value 
and sex. The treatment effect was compared at each visit for 
each delivery group, and P-values and two-sided 95% CIs are 
presented. Body weights measured outside the windows for 
the various visits (refer the section on “Study conduct”) were 
excluded from this analysis. Other anthropometric data were 
analyzed as described for body weight. In addition, weight-for-
length, length-for-age, body mass index (BMI)-for-age, and 
head circumference-for-age Z-scores were estimated for each 
subject and visit based on the WHO infant growth standards.
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Body composition parameters measured by DEXA (fat 
mass, lean mass,  Bone Mineral Content (BMC) mass, and cor-
responding percentages) were analyzed as described for body 
weight, except that adjustment for baseline was not performed 
because DEXA measurements were not performed at baseline.

Daily stool count was computed by summing all stools 
reported from 10  days until 6  months and dividing it by 
the number of days where tolerance record was completed. 
The percentage of days with a specific stool consistency was 
calculated by dividing the number of days during which 
stools of a given consistency were reported by the number 
of days during which any stool consistency was reported 
(thus, multiple stool consistencies may be present on any 
given day).

The percentage of days in which the various gastroin-
testinal symptoms (flatulence, spitting up, vomiting, crying, 
fussing, and colic) occurred was calculated for the 10-day 
to the 4-month visits. All fecal characteristics and gastroin-
testinal symptoms were compared between groups using a 
two-sided superiority testing for treatment differences using 
Poisson regression.

The percentages of infants with a positive IgG response 
to the hepatitis B vaccine or to the HIV test were analyzed as 

categorical data, and comparisons between groups were made 
using the exact chi-square test. Similarly, the percentages of 
infants who had $1 SAEs and nonserious AEs were com-
pared between groups using the exact chi-square test.

All statistical analyses were conducted using the Statisti-
cal Analysis System (SAS, version 9.1) software.

Results
Study population. Four hundred and thirty infants were 

randomized into the study. Nine (2.1%) infants were lost to 
follow-up after randomization but before starting the study 
formulas. Of the remaining 421 who started taking the study 
formulas, 228 were born vaginally and 193 by cesarean section. 
In total, eight infants were found to be HIV infected, seven at 
the 4-week visit (v2) and one became positive at 6 months (v5). 
The proportion of HIV-infected infants was not significantly 
different between the two formula groups regardless of the 
mode of delivery.

Among those, three infants died and one discontinued 
the study. The remaining four stayed in the study but their 
data were not included in the data analysis, as mentioned in 
the study protocol. The flow of infants in each formula group 
during the study is shown in Figure 1.

Figure 1. CONSORT diagram for the four randomized groups by delivery mode and formula type. 
Notes: Visits were numerated as follows: V0, enrollment date: 0–3 days of life; V1, 10 ± 2 days; V2, 4 weeks ± 3 days; V3, 6 weeks ± 3 days; V4, 3 months 
± 3 days; V5, 4 months ± 3 days; V6, 6 months ± 3 days; V7, 9 months ± 14 days; and V8, 12 months ± 14 days. 
Abbreviations: FAS, full analysis data set (FASE for Efficacy, FASS for Safety); PP, per protocol data set (PPE for efficacy, and PPS for safety).
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For the primary efficacy outcome (fecal bifidobacteria 
counts at 10 days), 177  infants were included in the FAS 
for efficacy (FASE): 108 were born vaginally (59 received 
the Test formula and 49 received the Control formula) 
and 69 were born by cesarean section (36 received the Test 
formula and 33 received the Control formula; Fig. 1). The 
PP population for efficacy (PPE) included 168  infants: 
100  had vaginal birth (54 received the Test formula and 
46 received the Control formula) and 68 had cesarean birth 
(36 received the Test formula and 32 received the Control 
formula; Fig. 1).

The primary safety outcome (mean daily weight gain) 
at 4  months of age included data from 323  infants in the 
FAS population (FASS). Of these, 179 had vaginal birth 
(93 received the Test formula and 86 received the Control for-
mula) and 144 had cesarean birth (72 received the Test for-
mula and 72 the Control formula; Fig. 1). The PP population 
for safety (PPS) included 290  infants: 161 had vaginal birth 
(83 received the Test formula and 78 received the Control for-
mula) and 129 had cesarean birth (65 received the Test for-
mula and 64 received the Control formula; Fig. 1).

Infants delivered by cesarean section were slightly 
older and more likely to be male than those born vaginally 
(Table  1). Within each delivery group, demographic data 

Table 2. Fecal bifidobacteria counts (log cfu/g) at 10 days of age, full analysis set.

Vaginal Delivery Cesarean Delivery

Test Formula
(n = 115)

Control formula
(n = 113)

Test Formula
(n = 92)

Control formula
(n = 101)

Number of infants (%) available for analysis 59 (51.3) 49 (43.4) 36 (39.1) 33 (32.7)

Mean (SD) 9.60 (1.09) 9.28 (1.37) 8.99 (1.44) 7.71 (1.68)

Median (min – max) 10.06 (5.93–10.77) 9.85 (6.15–10.79) 9.41 (6.30–10.94) 6.30 (6.30–10.51)

Treatment effect P value* 0.126 0.002

Notes: *Nonparametric Wilcoxon test for Test infant formula versus Control infant formula. 
Abbreviations: cfu, colony-forming units; SD, standard deviation; min, minimum; max, maximum.

Table 1. Demographic data and baseline characteristics, full analysis set.

Vaginal Delivery Cesarean Delivery

Test Formula
(n = 115)

Control Formula
(n = 113)

Test formula
(n = 92)

Control Formula
(n = 101)

Characteristics mean (SD) or n (%)

Age at randomization (days) 0.9 (0.7) 0.8 (0.5) 1.5 (0.8) 1.5 (0.7)

Male, n 55 (47.8) 51 (45.1) 54 (58.7) 59 (58.4)

Gestational age (weeks) 39.1 (1.5) 38.9 (1.3) 39.0 (1.3) 39.1 (1.5)

Body weight at birth (kg) 3.10 (0.31) 3.08 (0.32) 3.18 (0.38) 3.15 (0.37)

Body length at birth (cm) 50.5 (2.7) 50.1 (2.1) 50.6 (2.5) 50.4 (2.6)

BMI at birth (kg/m2) 12.2 (1.4) 12.3 (1.2) 12.4 (1.5) 12.5 (1.6)

Head circumference at birth (cm) 34.4 (1.3) 34.4 (1.4) 35.4 (1.2) 35.1 (1.5)

HIV treatment during pregnancy, n 100 (87) 94 (83.2) 80 (87) 84 (83.2)

Abbreviations: SD, standard deviation; BMI, body mass index; HIV, human immunodeficiency virus.

and baseline characteristics were balanced between treatment 
groups  (Table 1).

Fecal microbial counts and pH. Approximately 30%–
50% of infants had fecal data available for primary outcome 
analysis (Table 2). Bifidobacteria counts at 10 days (the pri-
mary efficacy outcome) were significantly higher in the Test 
formula group, compared with the Control formula group, 
among infants with cesarean birth but not among those with 
vaginal birth (Table 2). PP analysis was consistent with these 
results, with significant difference between formula groups 
among infants delivered by cesarean section (median [range] 
log bifidobacteria counts: 9.41 [6.30–10.94] cfu/g and 6.30 
[6.30–10.51] cfu/g in the Test and Control formula groups, 
respectively; P  =  0.002). Among vaginally born infants, 
bifidobacteria counts in the PP population were not signifi-
cantly different between formula groups (median [range] 
log bifidobacteria counts: 10.04 [5.93–10.77] cfu/g and 9.86 
[6.15–10.79] cfu/g in the Test and Control formula groups, 
respectively; P = 0.197).

In the FAS population, bifidobacteria counts at 28 days 
and 3 months (84 days) were also significantly higher in the 
Test formula group, compared to the Control formula group, 
in cesarean-born infants (squares in Fig. 2). Then, at 28 days, 
the median (range) log bifidobacteria counts were 10.15 
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(6.30–10.96) cfu/g and 9.00 (6.30–10.77) cfu/g in the Test and 
Control formula groups, respectively (P = 0.001). At 84 days, 
the median (range) log bifidobacteria counts were 10.40 
(6.50–10.79) cfu/g and 9.67 (6.30–10.50) cfu/g in the Test and 
Control formula groups, respectively (P , 0.001).

Among the vaginal-born infants (triangles in Fig.  2), 
the Test formula group also had significantly increased bifi-
dobacteria counts at 28  days and 84  days compared to the 
Control formula group. At 28 days, median (range) log bifi-
dobacteria counts were 10.25 (6.75–10.98) cfu/g and 9.66 
(6.30–10.31) cfu/g in the Test and Control formula groups, 
respectively (P , 0.001). At 84 days, the median (range) log 
bifidobacteria counts were 10.45 (8.22–10.96) cfu/g and 9.95 
(6.30–10.17) cfu/g in the Test and Control formula groups, 
respectively (P , 0.001).

Total bacterial counts at 3  days and 10  days were not 
significantly different between the Test and Control for-
mula groups among infants with either delivery mode (data 
not shown). However, at 4 weeks, total bacterial counts were 
higher in the Test formula groups in both delivery groups, and 
at 3 months, they were higher in the Test formula group only 
among vaginally delivered infants (data not shown).

A higher proportion of infants in the Test formula groups 
had detectable bifidobacteria species compared with Control 
formula groups up to 4 weeks (Fig. 3). Lactobacillus species 
were detectable in a higher proportion of infants at 4 weeks 
and 3 months in respectively cesarean and vaginally delivered 
infants in the Test formula groups compared to those in the 
Control formula groups. At 10 days, 4 weeks, and 3 months, 
B. lactis was detected in a significantly higher proportion of 

infants in the Test formula groups compared with those 
in the Control formula groups (Fig.  3). Escherichia coli and 
Staphylococcus, enterobacteria, and Klebsiella sp. were detected 
in a significantly higher proportion of infants in the Control 
formula group compared with the Test formula group (Fig. 3).

Fecal pH at 3 days was not significantly different between 
formula groups in either vaginally or cesarean-delivered infants 
(Fig.  4). At 10  days and 4 weeks, it was lower in the Test 
formula groups compared with the Control formula groups 
among both the vaginally and cesarean-delivered infants, 
but at 3 months, it was lower only in the cesarean-delivered 
group (Fig. 4).

Growth and body composition measurements. Mean 
daily weight gains (the primary safety outcome) were similar 
between the formula groups among infants with both deliv-
ery modes (Table 3). The lower bound of the two-sided 95% 
CIs of the difference in the mean daily weight gain between 
the Test and Control formula groups was more than –3 g/d in 
both the vaginally and cesarean-delivered infants in both the 
FAS and PP populations (Table 3). This indicates that weight 
gain in the Test formula group was statistically not inferior 
to that in the Control formula group based on the preset 
noninferiority margin.

Mean weight-for-age, length-for-age, and head 
circumference-for-age Z-scores (relative to WHO standards) 
were not significantly different between the formula groups 
among infants in either delivery group (Fig. 5).

The fat mass (g) and percentage mean fat mass (measured 
by DEXA in a subset of infants) at 4 months and 12 months 
were not significantly different between the formula groups 
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(data not shown). However, among infants born by normal 
vaginal delivery, those consuming the Test formula had a sig-
nificantly greater percentage BMC at 4 months (Test formula: 
1.78% versus Control formula: 1.69%; P = 0.005), and a signif-
icantly greater adjusted mean lean mass (grams) at 12 months 
(Test: 7531 versus Control: 6881 g; P = 0.002) compared to 
those consuming the Control formula.

Cesarean-delivered infants showed no difference in these 
measurements between the formula groups at any time (data 
not shown).

Immune measurements. The type of formula intake did 
not have any effect on the immune measures assessed: fecal 
sIgA concentrations were not significantly different between 
the infants in the two formula groups at any time point. More-
over, 65% of infants in both Test formula groups and 55% 

(cesarean-delivered) and 62% (vaginal-delivered) of infants 
in the Control formula groups had positive anti-hepatitis B 
IgG antibody response. These response rates were not signifi-
cantly different (data not shown).

Digestive tolerance. Among the days tested (3 days’ diary 
before the visits), infants in all groups had an approximate fre-
quency of four daily stools, and this was not significantly different 
between vaginally and cesarean-delivered infants. The propor-
tion of days in which hard stool was reported was lower in the 
Test formula group than in the Control formula group among 
both vaginally (mean % ± SD, 4.1% ± 8.5 versus 10.8% ± 17.2; 
P = 0.002) and cesarean-delivered infants (6.3% ± 15.4 versus 
16.9% ± 22.8; P = 0.001) up to 6 months of age.

The proportion of days with formed stools was also 
greater in the Control formula group than in the Test formula 
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Figure 5. (A) Weight-for-age, (B) Length-for-age, (C) BMI-for-age, and (D) head circumference-for-age z-scores relative to WHO standards from birth to 
12 months of age.

Table 3. Comparison of daily weight gain between 10 days and 4 months of age.

Full Analysis Set Vaginal Delivery Cesarean Delivery

Test Formula
(n = 93)

Control formula
(n = 86)

Test Formula
(n = 72)

Control formula
(n = 72)

Mean (SE) daily weight gain (g/day) 28.1 (0.8) 28.2 (0.8) 29.6 (0.9) 29.6 (0.9)

Treatment effect (1-sided 97.5% CI) −0.129 (−2.267 to infinity) −0.049 (−2.532 to infinity)

Non-inferiority P-value* 0.004 0.010

Per Protocol (n = 83) (n = 78) (n = 65) (n = 64)

Mean (SE) daily weight gain (g/day) 29.2 (0.7) 28.6 (0.8) 30.0 (0.9) 30.2 (0.9)

Treatment effect (1-sided 97.5% CI), 0.595 (−1.429 to infinity) −0.209 (−2.654 to infinity)

Non-inferiority P-value* P , 0.001 P = 0.013

Abbreviations: *ANOVA, analysis of variance; CI, confidence interval; SE, standard error.
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group among infants delivered by cesarean section (22.5% 
versus 15.3%; P = 0.045) and among those delivered vaginally 
(23.5% versus 14.0%; P = 0.055). Liquid stools were more fre-
quent in the Test formula group compared with the Control 
formula group only among cesarean-delivered infants (13.3% 
versus 5.7%; P , 0.001) (Fig. 6).

The frequencies of flatulence, spitting up, vomiting, cry-
ing, fussing, or colic were not significantly different between 
the formula groups among infants with either delivery mode 
(data not shown).

Adverse events. Among vaginally delivered infants, 
72.2% of those receiving the Test formula and 63.7% of those 
receiving the Control formula (P = 0.202) had at least one AE 
(serious and nonserious) during the 12-month study period. 
Among those delivered by cesarean section, these figures were 
65.2% and 61.4%, respectively (chi-square test, P  =  0.182). 
During the same period, SAEs occurred in 15% of Test for-
mula and 13.3% of the Control formula groups among vagi-
nally delivered infants and in 9.8% of the Test formula group 
and 11.9% in the Control formula group among cesarean-
delivered infants. Overall, and regardless of delivery mode, 

the number of SAEs was equivalent in the Control and the 
Test formula groups: 31 versus 32. The number of SAEs in 
the HIV-positive infants subgroup was two in the Control 
formula group and six in the Test formula group. Among the 
seven baby deaths, three were in the Control formula group 
and four belonged to the Test formula group. Within this sub-
group of seven infants, three were HIV+, and among those, 
two belonged to the Test formula group and one belonged to 
the Control formula group. Per assessment of the investiga-
tors, no SAEs were attributable to the study intervention.

For the AEs, ie, respiratory infections/symptoms, diar-
rhea, gastrointestinal conditions, and skin disorders, the fre-
quency of occurrence was not significantly different between 
the formula groups among either vaginally or cesarean-
delivered infants (data not shown).

Discussion
In the current study, we have shown that supplementing IFs 
with BMOS and B. lactis significantly increased the intes-
tinal bifidobacteria counts in infants delivered by cesarean 
section at 10 days, 28 days, and 84 days after birth compared 
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to the cesarean Control formula group. Additionally, a higher 
proportion of infants in the Test formula group (90.7%) had 
detectable Bifidobacterium sp. compared with the Control for-
mula group (67.4%) at 4 weeks. By 3 months, this difference 
was no longer statistically significant.

Similarly, in the vaginally delivered infants, the bifido-
bacteria counts became significantly higher at 4 weeks and 
3 months in the Test formula group compared to the Control 
formula group. The lower bifidobacteria counts at 3 days of life 
and lower proportion of infants with Bifidobacterium sp. among 
the cesarean-born infants can be restored by supplementation 
of IF with BMOS and B. lactis when provided from early life 
onward within a week, as shown by the data presented.

These results are consistent with previous studies show-
ing delays in bifidobacteria colonization in cesarean-delivered 
infants compared with those vaginally delivered.3 Because 
vaginally delivered newborns have higher numbers of bifido-
bacteria compared with those delivered by cesarean section, 
an effect on bifidobacteria counts by supplementing IF with 
prebiotics (BMOS) and probiotics (B. lactis) is more likely to 
be detected in infants who do not already have a sizable bifi-
dobacteria population, which may explain why a significant 
effect was observed in cesarean-delivered infants early in life.

Having said that, the effect of IF supplementation on the 
vaginal-born infants, as tested in this study, was measurable at 
4 weeks and 3 months of life in terms of bifidobacteria counts 
and at 3  months by the presence of Lactobacillus sp. Addi-
tionally, Simeoni et al.25 showed that the prebiotic (BMOS) 
stimulated a marked shift to a bifidobacterium-dominated 
fecal microbiota via increases in endogenous bifidobacteria in 
healthy term infants from birth.

This study further supports the observations by show-
ing the early effect on bifidobacterial counts in cesarean-
born infants (,10  days) after feeding the supplemented IF. 
As would be expected, B. lactis counts were significantly 
higher in Test formula-fed infants in both the vaginally and 
cesarean-delivered infants. This difference was already appar-
ent at 3 days among vaginally delivered infants and at 10 days 
in cesarean-delivered infants, and it remained significantly 
higher in both groups until 3 months, when infants were still 
exclusively fed the study formulas.

Interestingly, fecal pH remained low until 1  month in 
infants receiving the Test formula independent of delivery 
mode, while fecal pH increased in Control formula-fed infants 
at 10 days and 1 month. In cesarean-section-born infants, this 
difference between Test and Control formula groups contin-
ued up to 3 months.

The intestinal microbiota of infants receiving the supple-
mented IF (Test) likely produced more acid metabolites than 
the microbiota of the Control group. For the cesarean-born 
infants receiving the Test formula, the acidification of the gut 
milieu was even stronger, as reflected by the persistence of 
a low pH of the stool up to 3 months of age. It is possible that 
other bacterial species benefit from the acidic metabolism and 

help to maintain the lower pH. Breast-fed infants also have 
a low stool pH.25 In both vaginal-and cesarean-born infants, 
the lower pH is thought to be linked to the composition of 
the gut microbiota. A dominant lactic acid bacteria flora from 
early life onward is known to affect the stool pH.

The consumption of the Test formula supplemented with 
BMOS over the first 6 months of life resulted in an overall soft-
ening of the stool consistency in both vaginal- and cesarean-
born infants. This was already observed in a previous study by 
Simeoni et al.25, in which infants fed the same supplemented 
formula expressed stool consistency closer to the one observed 
in breast-fed infants.

Finally, no differences in morbidity incidence rates were 
found between the supplemented formula compared to the 
Control formula in cesarean-born infants, indicating that 
the use of bifidobacteria as a probiotic even in infants who are 
immunologically at risk is safe and well tolerated. The study 
was not designed to measure differences in morbidity, and 
infants were not followed up for more than 1 year. Additional 
studies will be needed to further investigate the long-term 
health effects in cesarean-born infants.

The current study showed that the IF formula supple-
mented with BMOS in combination with B. lactis was safe, 
as shown by both weight gain and anthropometric measure-
ments relative to WHO standards. Infants grew normally in 
both formula groups and showed no differences in anthropo-
metric measurements between groups. A 2009 meta-analysis 
of five studies of IFs supplemented with B. lactis concluded 
that infants of HIV-negative mothers fed these formulas had 
similar weight gain compared with those fed control, non-
supplemented formulas.26 Among these five studies, two 
studies tested acidified formulas in HIV-negative infants of 
HIV-positive mothers and showed an effect of B. lactis sup-
plementation on weight gain per day.26 The reason why this 
study did not show a difference in weight gain is not clear. 
However, because antiretroviral therapy was commenced dur-
ing pregnancy in many mothers in this study, which was not 
the case in the earlier studies, the general health of the infants 
in this study at birth was probably better than those in the 
earlier studies and was thus more comparable to the studies on 
infants born to HIV-negative mothers.

In conclusion, the current study shows that, consistent 
with previous studies, BMOS as well as B. lactis are safe to add 
to infant starter formulas. The BMOS prebiotic in combination 
with B. lactis probiotic stimulated the growth of bifidobacteria 
in infants born by cesarean delivery at early life (within the 
first 10 days) when the gut colonization with bifidobacteria is 
delayed compared to vaginally born infants, suggesting a pos-
sible beneficial effect for these infants.
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