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Abstract

IMPORTANCE The effect of using an exclusive human milk diet compared with one that uses bovine
products in preterm infants is uncertain, but some studies demonstrate lower rates of key neonatal
morbidities. A potential mediating pathway is the gut microbiome.

OBJECTIVE To determine the effect of an exclusive human milk diet on gut bacterial richness, diversity,
and proportions of specific taxa in preterm infants from enrollment to 34 weeks’ postmenstrual age.

DESIGN, SETTING, AND PARTICIPANTS In this randomized clinical trial conducted at 4 neonatal
intensive care units in the United Kingdom from 2017 to 2020, microbiome analyses were blind to
group. Infants less than 30 weeks’ gestation who had only received own mother’s milk were recruited
before 72 hours of age. Statistical analysis was performed from July 2019 to September 2021.

INTERVENTIONS Exclusive human milk diet using pasteurized human milk for any shortfall in
mother’s own milk supply and human milk–derived fortifiers (intervention) compared with bovine
formula and bovine-derived fortifier (control) until 34 weeks’ postmenstrual age. Fortifier
commenced less than 48 hours of tolerating 150 mL/kg per day.

MAIN OUTCOMES AND MEASURES Gut microbiome profile including alpha and beta diversity, and
presence of specific bacterial taxa.

RESULTS Of 126 preterm infants enrolled in the study, 63 were randomized to control (median [IQR]
gestation: 27.0 weeks [26.0-28.1 weeks]; median [IQR] birthweight: 910 g [704-1054 g]; 32 [51%]
male) and 63 were randomized to intervention (median [IQR] gestation: 27.1 weeks [25.7-28.1 weeks];
median [IQR] birthweight: 930 g [733-1095 g]; 38 [60%] male); 472 stool samples from 116 infants
were analyzed. There were no differences in bacterial richness or Shannon diversity over time, or at
34 weeks between trial groups. The exclusive human milk diet group had reduced relative abundance
of Lactobacillus after adjustment for confounders (coefficient estimate, 0.056; P = .03), but not after
false discovery rate adjustment. There were no differences in time to full feeds, necrotizing
enterocolitis, or other key neonatal morbidities.

CONCLUSIONS AND RELEVANCE In this randomized clinical trial in preterm infants using human
milk–derived formula and/or fortifier to enable an exclusive human milk diet, there were no effects on
overall measures of gut bacterial diversity but there were effects on specific bacterial taxa previously
associated with human milk receipt. These findings suggest that the clinical impact of human milk–
derived products is not modulated via microbiomic mechanisms.

TRIAL REGISTRATION ISRCTN trial registry identifier: ISRCTN16799022
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Key Points
Question What is the effect of an

exclusive human milk diet on gut

microbiota and clinical outcomes in

preterm infants?

Findings In this randomized clinical trial

of 126 preterm infants, there were no

significant differences in measures of

gut microbial diversity in infants who

only received human milk products

compared with those receiving bovine

milk formula or fortifiers. There were no

differences in clinical outcomes.

Meaning These findings suggest that

human milk products given to preterm

infants to supplement a shortfall in

mother’s own milk does not affect

clinical outcomes via microbial

mechanisms.
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Introduction

Receipt of mother’s own breast milk (MOM) is associated with lower rates of neonatal morbidities in
preterm infants1-4 and improved long-term metabolic and neurocognitive outcomes.5-8 However,
many experience a shortfall in MOM supply necessitating the use of either bovine formula or
pasteurized human milk from donor milk banks or commercial suppliers.9,10

Only a small number of randomized clinical trials (RCTs) have explored the optimal strategy
when there is a shortfall of MOM.3 Although none of these trials were individually powered to
determine a reduction in NEC, a meta-analysis showed lower rates of NEC where donor human milk
(DHM) compared with formula milk was used as sole diet,3 but not significant in studies where DHM
or formula milk was used to make up any shortfall. In the 2 largest RCTs, one showed a lower rate of
NEC with DHM11 whereas another showed no difference.9 However, neither was powered to detect a
clinically important difference in surgical NEC.

Despite support from several professional organizations, practices toward the use of DHM in
neonatal intensive care units (NICU) vary. Data show DHM use in United Kingdom (UK) neonatal
networks ranges from less than 5% to greater than 30% of very preterm infants12,13 and many require
higher macronutrient intakes than are provided from unfortified human milk to enable growth.14

Clinical practice varies with some NICUs routinely using breast milk fortifiers whereas others may
never use fortifiers. Meta-analysis of the benefits of using fortifiers suggests faster growth but there
are no high-quality data on longer term functional outcomes and most used fortifiers of bovine
origin.15 An RCT showed significantly lower rates of NEC when an exclusive human milk diet
compared with a diet containing bovine-derived products was used,16 and a small RCT of commercial
human milk compared with formula milk as sole diet showed lower rates of NEC.17

The mechanisms of pasteurized human milk in reducing NEC may include reduced exposure to
bovine antigens, or the effects of functional components such as lactoferrin and human milk
oligosaccharides (HMOs)18-21 which may act via effects on gut microbiota. Studies have shown
differences in gut microbiota associated with dietary exposures, as well as differences prior to the
onset of NEC and sepsis, both major contributors to long-term outcomes.20,22-26 However, these
studies are observational and may be subject to residual confounding. We aimed to determine the
effect of an exclusive human milk diet to one containing bovine-derived products on gut microbiota
in very preterm infants in a randomized clinical trial. We hypothesized that gut bacterial diversity and
proportions of specific bacterial taxa would differ between trial groups as part of the mechanism by
which exclusive human milk diets benefits preterm infants. We also aimed to collect a range of
secondary clinical outcomes potentially affected by human milk compared with bovine milk.

Methods

In this randomized clinical trial we recruited preterm infants in the first 72 hours of life (born less than
30 weeks of gestation) who had not received any milk other than MOM from one of 4 NICUs in the
UK. We followed the Consolidated Standards of Reporting Trials (CONSORT) reporting guideline and
provide the study protocol (Supplement 1) and CONSORT flow diagram (eFigure 1 in Supplement 2).
We excluded infants with major congenital or life-threatening abnormalities, or where study
continuation to 34 weeks’ postmenstrual age (PMA) was considered unlikely due to hospital transfer.
Based on previous work, we planned to recruit sufficient infants to have microbiome data from at
least 40 infants per group at 34 weeks’ PMA and anticipated recruitment of at least 100 infants to
allow for nonsurvivors, incomplete sample collection, or unanticipated hospital transfer. Where
infants were transferred to another hospital, we collected clinical outcomes but no further samples.
The study received approval from the Northeast, Tyne and Wear South, Research Ethics Committee
and was registered prospectively (ISRCTN16799022).

Parents had a discussion with a research team member, were given a Parent Information Sheet,
and provided written informed consent. We established a Study Steering Committee with an
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independent clinical chair and additional members including a parent. The following amendments to
the original protocol were implemented following Study Steering and Ethics Committee approval:
(1) April 2018 after 25 recruits, approval to extend eligibility from less than 29 weeks’ gestation and
less than 48 hours age to less than 30 weeks’ gestation and less than 72 hours age; (2) August 2018,
addition of 2 further hospital sites; (3) April 2019, enrollment of more than 100 infants within original
study time window of 24 months to ensure sufficient infants with samples at 34 weeks’ PMA (see
Supplement 1).

Following parental consent, infants were randomized to standard (control) or exclusive human
milk diet (intervention) using a secure online web randomization program (Sealed Envelope [Sealed
Envelope Ltd]) with a 30% chance of simple random allocation and including 3 strata: (1) hospital
site; (2) less than 25 weeks’ gestation at birth; (3) singleton vs multiple birth status. Twins were
randomized independently. Feeding guidelines followed standard practice for the NICU with infants
commencing parenteral nutrition shortly after birth, use of buccal colostrum and early MOM,
multivitamin and iron supplements, and increases in milk feeds according to the attending clinical
team (Supplement 1).

The control group consisted of feeding with MOM and the use of preterm formula milk to make
up any shortfall MOM supply. The intervention group consisted of MOM with the use of a ready-to-
feed pasteurized human milk product (RTF 26, Prolacta Biosciences, Los Angeles, California) to make
up any shortfall in MOM. We used a breast-milk fortifier and aimed to start within 48 hours of
achieving a milk intake of 150 mL/kg per day. Infants in the control group received commercially
available, bovine-derived fortifier (Nutriprem [Nutricia Ltd] or SMA Fortifier [SMA Nutrition UK]) and
infants in the intervention group received a pasteurized human milk–derived fortifier (P+6, Prolacta
Biosciences). Two study sites used probiotics routinely and two did not. Infants remained on their
assigned diet until 34 weeks’ PMA but data on weight gain and morbidities were collected until
hospital discharge.

We recorded demographic and outcome data using the National Neonatal Research Database
and local medical records (Supplement 1) including gestation, birthweight, survival, cause of death,
intensive and high-dependency care days, age and weight at discharge, dietary exposures, days of
antibiotics, treated retinopathy of prematurity, chronic lung disease, NEC requiring surgery, and late
onset sepsis confirmed on blood culture. We planned to collect daily stool samples from the diaper,
labeled and immediately frozen on the NICU before frozen courier transfer after 2 to 4 months to a
−80 °C freezer for longer-term storage. We planned stool analysis at the following points: (A) baseline
(first sample after enrolment), (B) day of life (DOL) 10 (anticipated to be before ‘full’ feeds), (C) at full
feeds, (D) DOL 21-28, and (E) final sample collected before stopping dietary intervention at 34
weeks’ PMA.

There were 472 stool samples that underwent DNA extraction and sequencing27,28 using 100
mg of stool and the QIAGEN DNeasy PowerLyzer PowerSoil Kit. V4 16S rRNA gene sequencing was
performed by NU-OMICS using the 2x250 protocol on the Illumina MiSeq.29 Raw data processing
was performed as previously described where merging allowed zero mismatches and a minimum
overlap of 50 bases, and merged reads were trimmed at the first base with a q less than or equal to
5. Samples were rarefied at 2000 reads per sample.

Statistical Analysis
Statistical analysis was conducted from July 2019 to September 2021 in R version 3.6.2 (R Project for
Statistical Computing) and all visualizations were plotted using the ggplot2 package V.3.3.2.30

Shannon diversity and richness were calculated for each sample using the vegan package V.2.5-7. To
determine which covariates were associated with metagenome profiles at each time point, multiple
cross-sectional analyses using the adonis function from the vegan package were performed based
on Bray-Curtis dissimilarity. Each test was performed in a stepwise manner and subsequent P values
were adjusted for multiple comparisons using false discovery rate (FDR) adjustment (Benjamini-
Hochberg procedure).31 Linear mixed models (LMMs) were fit to the data using the lme4 package
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with subject ID included as a random group intercept. The Multivariate Association with Linear
models 2 (MaAsLin2) package V.1.2.032 was used to determine significant genera associated with
covariates, while adjusting for potential confounders.33 All covariates used in the adonis analysis plus
DOL were included as fixed effects in the analysis, and subject ID was included as a random effect.
The arcsin square root transformation was performed on relative abundance data and default
MaAsLin2 parameters were used, with reporting based on P < .05 and q values provided in eTable 2
in Supplement 2. All other P values were adjusted for multiple comparisons using FDR adjustment
(Benjamini-Hochberg procedure), where adjusted P<.05 was considered significant.

Results

We enrolled 126 preterm infants, of which 63 were randomized to control (median [IQR] gestation:
27.0 weeks [26.0-28.1 weeks]; median [IQR] birthweight: 910 g [704-1054 g]; 32 [51%] male) and 63
were randomized to intervention (median [IQR] gestation: 27.1 weeks [25.7-28.1 weeks]; median
[IQR] birthweight: 930 g [733-1095 g]; 38 [60%] male) between September 2017 and September
2019 (eFigure 1 in Supplement 2). Demographic data are provided in Table 1. There were 86 infants
(68%) born at less than 28 weeks’ gestation and 76 (60%) had a birthweight less than 1000 g.

There were no significant group differences in prespecified clinical outcomes (Table 2). Twelve
infants died (4 in the control group and 8 in the intervention group) at a median (IQR) postnatal age
of 25 days (14-60 days) and 15 days (10-23 days), respectively (eTable 1 in Supplement 2). In the
infants who died, formula or ready-to-feed human milk represented less than 1% and 1% of all fluid
intake (including parenteral nutrition), respectively; and the median (range) proportion of all enteral
intake that formula and ready-to-feed represented in the control group was 1% (0%-100%) and 24%
(0%-99%) in the intervention group. None of the infants who died had NEC as the primary cause,
although surgical NEC affected 1 baby who died from each group. There was one serious adverse
event not prespecified in the protocol of a 23-week gestation female infant in the intervention group
diagnosed with late onset vitamin K deficiency bleeding on DOL 73. She received additional vitamin
K but did not develop serious sequelae and has normal development at 2 years.

We selected and analyzed 526 stool samples from 119 infants. Following raw data processing
and rarefaction at 2000 reads, a total of 472 stool samples from 116 preterm infants (n = 58
intervention; n = 58 control) remained in the analysis. The number of samples included at each time
point was as follows: 92 at time point A (median [IQR] DOL, 5 [4-7]), 89 at time point B (median [IQR]
DOL, 10 [10-11]), 96 at time point C (median [IQR] DOL, 15 [14-20]), 98 at time point D (median [IQR]
DOL, 25 [24-28]); 97 at time point E (median [IQR] DOL, 44 [36-52]) (eFigure 2 in Supplement 2).

Table 1. Baseline Characteristics of Recruited Infants by Study Group

Characteristic

Infants, No. (%)

Control (n = 63) Intervention (n = 63)
Gestation, median (IQR), wk 27.0 (26.0 to 28.1) 27.14 (25.7 to 28.1)

Birthweight, median (IQR), g 910 (704 to 1054) 930 (733 to 1095)

SDS birthweight, median (IQR) −0.43 (−1.10 to 0.14) −0.42 (−0.85 to 0.17)

Multiple 15 (24) 15 (24)

Sex

Male 32 (51) 38 (60)

Female 31 (49) 25 (40)

Weight, g

<1000 40 (63) 36 (57)

>1250 5 (9) 8 (13)

Cesarean delivery 35 (56) 37 (59)

Antenatal steroids (any) 56 (88) 57 (90)
Abbreviation: SDS, standard deviation score.
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We first sought to understand what demographic or outcome factors had the strongest
associations with the overall developing gut microbiome profiles through each time point. This
analysis found that NICU site, and the use of probiotics were the only covariates that had a
statistically significant association with the bacterial profiles at more than one time point, observed
from time points C to E, but not before (Figure 1). Sex was associated with bacterial profiles at time
point E only. Trial group was not found to be associated with bacterial profiles at any time point.
Because samples predominantly clustered by probiotic use in the NICU (eFigure 3 in Supplement 2),
we stratified analysis by probiotic use and focused on time point E (34 weeks’ PMA, study
completion). This stratified analysis based on unweighted UniFrac (ie, bacterial presence or absence)
showed a significant difference in trial group within NICUs using probiotics (R2 = 0.0791; P = .001),
but not nonprobiotic NICUs (R2 = 0.0573; P = .09) (Figure 2A). Weighted UniFrac (ie, considers
relative abundance) showed no association between trial group and bacterial profiles within
probiotic (R2 = 0.006; P = .76) and nonprobiotic (R2 = 0.056; P = .14) sites (Figure 2B).

We then used a generalized linear mixed model to explore longitudinal alpha diversity while
accounting for repeated measures, and included all samples, with adjustment for all covariates listed
in Figure 2A, showing that trial group (control vs intervention) was not associated with a difference
in the bacterial richness (coefficient estimate, −0.951; P = .23) or Shannon diversity (coefficient
estimate, –0.094; P = .06). Analysis of samples collected at time point E only showed both richness
(7 vs 6; P = .02) and Shannon diversity (1.2 vs 0.9; P = .04) were significantly associated with trial
group at study completion (eFigure 4A and 4B in Supplement 2). Further stratified analysis showed
the difference was primarily driven by NICUs using probiotics (eFigure 4C and 4D in Supplement 2).

The relative abundance of bacterial genera was explored using MaAsLin2 (Microbiome
Multivariable Association with Linear Models), which included all samples and time points, while
adjusting for covariates and controlling for repeated measures. In accordance with previous
work,18,27,34 Staphylococcus (coefficient estimate −0.173; P < .001) and Corynebacterium (coefficient
estimate, −0.006; P = .01) were negatively correlated with infant DOL, whereas Enterobacter
(coefficient estimate, 0.125; P < .001), Veillonella (coefficient estimate, 0.034; P < .001), Clostridium
(coefficient estimate, 0.0184; P < .001), Escherichia (coefficient estimate, 0.050; P < .001),
Bifidobacterium (coefficient estimate, 0.042; P < .001) were positively correlated with DOL (eTable 2
in Supplement 2). In addition to DOL, Bifidobacterium was higher in relative abundance in NICUs
using probiotics (coefficient estimate, 0.285; P < .001), as well as positively correlated with days of
MOM (P = .01) and negatively correlated with the number of days of antibiotics (coefficient estimate,
−0.044; P = .02) (eTable 2 in Supplement 2). The intervention trial group was significantly associated

Table 2. Clinical Outcomes for Recruited Infants by Study Groupa

Variable

Infants, No. (%)

P valueControl (n = 63) Intervention (n = 63)
Days of PN, median (IQR)b 13 (9 to 18) 11 (9 to 20) .67

Days of MOM intake, median (IQR)b 56 (33 to 76) 45 (21 to 74) .47

Any MOM intake at 34 wc 41 (68) 36 (65) .26

Days of antibiotics, median (IQR)b 11 (6.5 to 19) 12 (6 to 19.5) .92

Blood culture positive LOSb 8 (13) 6 (10) .78

Surgical NECb 2 (3) 1 (2) >.99

ROP requiring treatmentc 2 (3) 2 (3) >.99

Chronic lung diseasec 40 (67) 37 (67) >.99

Diedb 4 (6) 8 (13) .23

PMA at hospital discharge, median (IQR), wkc 38.7 (37.3 to 40.9) 38.6 (36.9 to 40.1) .39

Intensive care + high dependency days,
median (IQR)b

47 (26 to 81) 46 (20 to 78) .80

Change in weight SDS, mean (SD)c

Birth to 34 weeks −0.83 (0.59) −0.88 (0.60) .63

Birth to discharge −0.81 (0.95) −0.94 (0.97) .48

Abbreviations: LOS, late onset sepsis; MOM, mother’s
own milk; NEC, necrotizing enterocolitis; PMA,
postmenstrual age; PN, parenteral nutrition; ROP,
retinopathy of prematurity; SDS standard
deviation score.
a Data that are median (IQR) were analyzed using

Mann-Whitney U test, mean (SD) were analyzed
using t tests, and No. (%) were analyzed using Fisher
exact test.

b All 126 infants.
c Excludes deaths prior to outcome.
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Figure 1. Significance and Explained Variance (R2) of Covariates at Each Time Point
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with a reduced relative abundance of Lactobacillus, (coefficient estimate, 0.056; P = .03) (eTable 2
in Supplement 2).

Discussion

We conducted an RCT in preterm infants exploring the effect of an exclusive human milk diet, with
prospective stool sampling and gut microbiota analyses. Exploration of the microbiome is complex,
and no single measure fully reflects the microbial community. We found that trial group had no
overall effect on gut microbiome richness or Shannon diversity, although infants randomized to
exclusive human milk had different unweighted microbiome profiles, but not in weighted analysis.
This suggests that the exclusive human milk diet has a greater effect on the low abundance taxa (ie,
those with low weighting in a weighted analysis). This is consistent with the finding that
Lactobacillus, a relatively low abundance genera was the only significant genera that differed
between trial groups, being lower in infants receiving the exclusive human milk diet. Lactobacillus
spp have previously been shown to be increased in breast-fed infants,35 although whether this is via
direct transfer of breast milk microbiome, or metabolism of breast milk–derived substrates is not
understood. Although the group difference in Lactobacillus was significant after adjustment for
confounders, this was no longer significant after FDR adjustment. Thus, the finding of lower
Lactobacillus relative abundance in the exclusive human milk diet differs to existing work and is
unlikely to be explained by human milk processing. Furthermore, our findings differ to a similar trial
that showed lower microbial diversity and higher relative abundances of Enterobacteriaceae and
lower abundances of Clostridium senus strictu in preterm infants also receiving an exclusive human
milk diet.36

Figure 2. Bacterial Profiles Between Trial Group at Time Point E (Study Completion) Only, Stratified by Probiotic Use on the NICU
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Bifidobacterium spp are enriched in the gut microbiome of term infants receiving breast milk
compared with formula, thought to be due to the provision of HMOs. In the current study,
Bifidobacterium relative abundance was not associated with an exclusive human milk diet. However,
all infants received substantial intakes of MOM which may have minimized differences between the
2 groups in terms of intakes of bioactive components.

Supplemental probiotics received by some infants in the study also exert major effects on the
gut microbiota,33 but analyses adjusting for probiotic use, as well as analyses focused on the study
completion time point stratified by probiotic site showed no differences.

There were no important group differences in key neonatal morbidities, weight gain, or length
of stay. Although the liquid fortifier used in the trial intervention group contributed 30% of intake
volume, there was no difference in days of MOM exposure or the number of infants still receiving
MOM at the end of the trial.

Strengths and Limitations
This study had some strengths and limitations. The strengths of this study are the RCT study design
with robust data collection and blinding of the analyses to group. Nonsurvival and unanticipated
hospital transfer prior to 34 weeks’ PMA was higher than anticipated so we made protocol
modifications to ensure we reached target recruitment within the 24-month window. We recruited
infants from 4 tertiary level NICUs representative of UK neonatal practice but acknowledge that
NICU-site has a large effect on gut microbiota and there may have been small differences in feeding
protocols. Microbiomic analysis used 16S rRNA gene sequencing but may not detect differences at
species level which require metagenomic approaches; metabolomic analysis may provide additional
insights. Changes in stool microbiota may not reflect microbiota in the small intestine where NEC
usually occurs. Additionally, although we had analyzed around half of our samples by February 2020,
our sequencing facilities became unavailable for the remainder of 2020 due to the COVID-19
pandemic during which all samples were stored at −80 °C.

Conclusions

The mechanisms of action of human milk in reducing NEC or other morbidities are poorly understood
but this study suggests that pasteurized human milk (or products derived from human milk) do not
exert a major impact on gut bacteria when used in addition to MOM, in contrast to observational data
in term infants where MOM exposure explains the largest differences in microbial patterns.35

However, in settings where MOM usage is low the impact may differ. It is possible that diet exerts
effects on health or disease without changes in gut microbiota, for example effects on the gut
epithelium. However, observational data from our group showed significant differences in the
exposure to specific HMOs in MOM between preterm infants who developed NEC associated with
changes in gut microbiota.18 Furthermore, we also demonstrated that gut microbiota in preterm
infants is rapidly changing, is NICU-specific and while differences exist before NEC, the sensitivity and
specificity of individual microbiomic parameters for subsequent disease is poor.24,26 Studies
exploring metabolomic correlates of the diet may provide further insights although adequately
powered RCTs are needed to determine the optimal clinical approach.23,37,38
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