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ABSTRACT
Aim: Human milk-based fortifiers (HMBFs) have been adopted in neonatal care despite limited efficacy data. Our objective 
was to conduct a Bayesian re-analysis of the current evidence on the protective effect of HMBF against necrotising enterocolitis 
(NEC, stage II-III).
Methods: We searched for randomised controlled trials (RCTs) comparing HMBF versus bovine milk-based fortifier (BMBF) 
in infants with gestational age < 32 weeks or birthweight < 1500 g. Bayesian model-averaged (BMA) meta-analysis was used to 
calculate Bayes factors (BFs). The BF10 is the ratio of the probability of the data under the alternative hypothesis (H1, presence of 
effect) over the probability of the data under the null hypothesis (H0, absence of effect).
Results: We included 3 RCTs (405 infants). The BMA analysis did not show conclusive evidence in favour of H1 (BF10 > 3) or in 
favour of H0 (BF10 < 1/3) for NEC (BF10 = 0.86), mortality (BF10 = 1.07), late onset sepsis (BF10 = 0.69), bronchopulmonary dyspla-
sia (BPD, BF10 = 0.92), or severe retinopathy of prematurity (ROP, BF10 = 0.75).
Conclusions: The extant corpus of RCTs does not provide sufficient evidence to either confirm or exclude a potential effect of 
HMBF compared with BMBF on the risk of NEC, mortality, sepsis, BPD, or severe ROP.

1   |   Introduction

Mother's own milk is the first choice for feeding preterm infants, 
according to the recommendations of the European Society for 
Paediatric Gastroenterology Hepatology and Nutrition and the 
American Academy of Paediatrics [1–3]. When mother's own 
milk is not available, pasteurised donor human milk should 

be used [1–3]. However, neither mother's own milk nor donor 
human milk provides sufficient amounts of nutrients for very 
preterm and very low birth weight infants when fed at usual 
feeding volumes. Therefore, nutrient fortification of mother's 
own milk and donor human milk is necessary to prevent post-
natal growth retardation. This condition has been associated 
with the risk of neurocognitive impairment and other adverse 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). Acta Paediatrica published by John Wiley & Sons Ltd on behalf of Foundation Acta Paediatrica.

Abbreviations: BF, Bayes factor; Bovine MBF, Bovine milk-based fortifier; H0, Null hypothesis; H1, Alternative hypothesis; Human MBF, Human milk-based fortifier; 
NEC, necrotising enterocolitis; RR, Risk ratio.

https://doi.org/10.1111/apa.70260
https://doi.org/10.1111/apa.70260
https://orcid.org/0000-0002-0018-5573
https://orcid.org/0000-0002-4921-1437
mailto:
https://orcid.org/0000-0003-1949-9123
mailto:e.villamor@mumc.nl
http://creativecommons.org/licenses/by-nc-nd/4.0/


3310 Acta Paediatrica, 2025

outcomes such as retinopathy of prematurity and bronchopul-
monary dysplasia [4–6].

Current formulations of human milk fortifiers are predomi-
nantly derived from bovine milk and based on estimates of the 
nutrient content of human milk and the recommended intake of 
macro and micronutrients for the preterm infant [4, 5, 7]. The 
increasing use of donor human milk as the preferred alterna-
tive to preterm formula has led to the consideration of avoiding 
bovine milk-based products completely in the most vulnerable 
preterm infants. Human milk-based fortifiers (human MBFs) 
are commercially available and have been adopted in neonatal 
care despite their high cost and limited efficacy data [4, 7–10].

The main theoretical advantage of human MBF over bovine 
MBF has been extrapolated from the studies demonstrating the 
association between preterm formula and increased incidence of 
necrotising enterocolitis (NEC) [11]. However, the evidence sup-
porting the use of human MBF in preterm infants has been lim-
ited. Several meta-analyses have been conducted in recent years 
that have attempted to synthesise this evidence [12–14]. Some of 
these meta-analyses have shown positive results for the use of 
human MBF in outcomes such as NEC, bronchopulmonary dys-
plasia, or mortality [13, 14]. Nevertheless, these meta-analyses 
differed in the inclusion criteria of studies, and some of them 
included trials with formula-fed infants in the control group, or 
studies that were not randomised controlled trials.

The aim of the present study was to update previous meta-
analyses of randomised controlled trials on the potential protec-
tive effect of human MBF against NEC compared with bovine 
MBF. In addition, the results were reanalyzed using a Bayesian 
approach. Meta-analyses are frequently based on a very small 
number of randomised controlled trials, which may also have 
modest sample sizes [15, 16]. Consequently, the reported ef-
fects are frequently deemed non-significant, as defined by a 
p-value above 0.05 in frequentist null hypothesis significance 
testing. However, it is challenging to discern whether these non-
significant results support the null hypothesis (H0), yielding ev-
idence for the absence of an effect, or are simply not informative 
[17–21]. In contrast to frequentist H0 significance testing, which 
focuses exclusively on H0, Bayesian hypothesis testing aims to 
quantify the relative plausibility of the alternative hypothesis 
(H1) and H0 [17–21]. Bayes factors (BFs) are values that indicate 
the strength of evidence in the data that favour one hypothesis 

over another, by comparing the probability of one hypothesis 
being true over the probability of the other being true, given the 
observed data  [17–21]. This allows for more nuanced conclu-
sions rather than all-or-none, significant versus non-significant, 
conclusions and can help distinguish between evidence of ab-
sence and absence of evidence [17, 18, 22].

2   |   Methods

2.1   |   Research Question and Literature Search

This study was an update and reanalysis of previous meta-
analyses on the use of human MBF in infants with gestational 
age below 32 weeks and/or birth weight below 1500 g. The pro-
tocol was registered in PROSPERO international prospective 
register of systematic reviews (CRD42023490856). The primary 
outcome was NEC (Bell stage II-III). Secondary outcomes were 
mortality, late-onset sepsis (> 72 h), moderate-to-severe bron-
chopulmonary dysplasia, defined as supplemental oxygen or 
respiratory support at 36 weeks of postmenstrual age, and reti-
nopathy of prematurity. The research question was constructed 
based on the Population Intervention Control Outcome (PICO) 
principle: in very preterm (gestational age < 32 weeks) or very 
low birth weight (birth weight < 1500 g) infants, does human 
MBF reduce the risk of developing NEC compared to bovine 
MBF? We conducted a search using the terms (human milk 
fort*) AND (meta-analysis) in PubMed, Web of Science, Google 
Scholar and the Cochrane Database of Systematic Reviews. 
The search was conducted from the inception of the databases 
to May 30, 2024. We selected the meta-analyses that answered 
our research question and reviewed the original studies that 
had been included in each meta-analysis. Each study was re-
evaluated for inclusion in the updated analysis. The inclusion 
criteria were as follows: (1) Only randomised controlled trials, 
(2) gestational age < 32 weeks and/or birth weight < 1500 g, (3) 
the intervention group received mothers' own milk and/or donor 
human milk fortified with commercially available human MBF, 
(4) the control group received mothers' own milk and/or donor 
human milk fortified with bovine MBF, and (5) NEC or any of 
the secondary outcomes were reported. Randomised controlled 
trials in which the infants in the control group received any 
amount of preterm formula were excluded.

In order to include randomised controlled trials published after 
the publication date of the meta-analyses, we conducted an ad-
ditional search in the above databases using the search terms 
((“human milk-based”) OR (“human milk-derived”)) AND (ran-
domised controlled trial). The search was complemented by the 
so-called snowballing technique, whereby the reference lists 
(backward snowballing) and/or citations (forward snowballing) 
of meta-analyses and randomised controlled trials already in-
cluded in the review were examined [23].

2.2   |   Data Extraction and Risk of Bias Assessment

Two authors (E.V., M.J.H.) screened all the potential studies, 
identified and included the articles that met the inclusion cri-
teria, conducted the data extraction, and undertook risk of 
bias assessment, using the revised Cochrane risk of bias tool 

Summary

•	 Human milk-based fortifiers have been adopted in ne-
onatal care despite their high cost and limited efficacy 
data.

•	 Bayesian statistical inference allows one to distin-
guish between the presence of an effect, the absence 
of an effect (evidence of absence), or insufficient data 
(absence of evidence).

•	 This Bayesian meta-analysis of three randomised con-
trolled trials showed an absence of evidence of bene-
ficial effects of human milk-based fortifiers compared 
with bovine milk-based fortifiers.
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for randomised trials (RoB-2) [24]. Two authors (G.V., M.L.G.) 
reviewed the included and excluded articles, the data for ac-
curacy and completeness, and the risk of bias assessment. 
Disagreements on any of these items were resolved by consensus 
among the reviewers.

2.3   |   Statistical Analysis

The logarithm of the risk ratio (RR) and the corresponding 
standard errors of each individual study were calculated using 
Comprehensive Meta-analysis V4.0 software (Biostat Inc., New 
Jersey, USA). The results were further pooled and analysed by a 
Bayesian model-averaged meta-analysis [17, 18]. We performed 
the Bayesian model-averaged meta-analysis in JASP, which uti-
lises the freely available metaBMA R package (https://​CRAN.​
R-​proje​ct.​org/​packa​ge=​metaBMA) [25, 26]. Bayesian model-
averaged analysis employs BFs and Bayesian model-averaging 
to evaluate the likelihood of the data under the combination 
of models assuming the presence vs. the absence of the meta-
analytic effect and heterogeneity [17, 18]. The BF10 is the ratio of 
the probability of the data under H1 over the probability of the 
data under H0. The BF10 was interpreted using the evidence cat-
egories suggested by Lee and Wagenmakers [27]. The evidence 
in favour of H1 (BF10 > 1) was categorised as weak/inconclusive 
(1 < BF10 < 3), moderate (3 < BF10 < 10), strong (10 < BF10 < 30), 
very strong (30 < BF10 < 100), and extreme (BF10 > 100). The 
evidence in favour of H0 (BF10 < 1) was categorised as weak/in-
conclusive (1/3 < BF10 < 1), moderate (1/10 < BF10 < 1/3), strong 
(1/30 < BF10 < 1/10), very strong (1/100 < BF10 < 1/30), and ex-
treme (BF10 < 1/100). The BFrf (random/fixed) is the ratio of the 
probability of the data under the random effects model over the 
probability of the data under the fixed effect model. We used 
robust Bayesian meta-analysis to assess the robustness of the 
results to the potential presence of publication bias, which was 
expressed as BFbias [28]. The categories of strength of the evi-
dence in favour of the random effects (BFrf > 1) or the fixed effect 
(BFrf < 1), and for presence vs. absence of publication bias (BFbias 
> 1 vs. BFbias < 1) were similar to those described above for the 
BF10. We also calculated the BF10 for each individual study with 
approximate normal BFs for logRR [29, 30].

For all the calculations, we used the empirical prior distribu-
tions based on the Cochrane Database of Systematic Reviews 
for logRR; logRR–Student-t (μ = 0, σ = 0.32, ν = 3), tau = Inverse-
Gamma (k = 1.51, θ = 0.23) [18, 31].

3   |   Results

We found five meta-analyses [12, 13, 32–34] that investigated 
the use of human MBF and these included seven randomised 
controlled trials [35–41]. When we applied our inclusion and ex-
clusion criteria to these trials, only two studies met the criteria 
[37, 41]. The reason for exclusion of two studies was the use of 
preterm formula in the control group [35, 36]. Three other stud-
ies were excluded because they used a human MBF that was not 
commercially available [38–40].

Our additional search for randomised controlled trials not in-
cluded in the meta-analyses yielded four trials [42–45]. One of 

these trials [42] met our inclusion criteria, and three [43–45] were 
excluded because the control group also received preterm for-
mula. Therefore, three randomised controlled trials were finally 
included in the Bayesian meta-analysis [37, 41, 42]. Although the 
study by Sullivan et al. [35] was excluded, the meta-analysis by 
Galis et al. included a subset of this study in which infants who 
had received preterm formula were excluded [14]. This subset 
did not meet the criteria of a randomised controlled trial and 
therefore was not included in our meta-analysis. However, we 
conducted a complementary analysis in order to assess the im-
pact of including this subset in the meta-analysis (Table S1).

The characteristics of the included trials are shown in Table 1. 
The characteristics of the five studies that employed commer-
cially available human MBF but were excluded from the analysis 
are shown in Table S2. The assessment of risk of bias is shown in 
Table S3. The intervention was not blinded in two trials [41, 42]. 
Therefore, the studies of Jensen et al. [41] and Kotha et al. [42] 
were rated as having some concerns in the domain of bias due 
to deviations from intended interventions. The study of Kotha 
et al. [42] was also rated as having some concerns in the domain 
of bias in measurement of the outcome.

The results of the Bayesian model-averaged analysis are shown 
in Figures 1 and 2. Results are expressed as RR and 95% credible 
interval. For both the primary outcome (NEC, Figure 1A) and 
the secondary outcomes (Figures 1B and 2), the Bayesian model-
averaged analysis did not show conclusive evidence in favour of 
H0 (BF10 < 1/3) or in favour of H1 (BF10 > 3). In addition, none of 
the individual studies provided conclusive evidence in favour of 
H0 or H1 (Figures 1 and 2). The evidence in favour of high or low 
heterogeneity was also inconclusive (1/3 < BFrf < 3). Detailed 
heterogeneity data are provided in Table  S4. Robust Bayesian 
meta-analysis found no conclusive evidence for publication bias 
(BFbias < 3, Table S5). The study of Jensen et al. [41] was the only 
one that reported on surgical NEC. The evidence for this out-
come was also inconclusive (RR 0.98, 95% credible interval 0.25 
to 3.83, BF10 = 0.99).

Although the Kotha et al. study [42] met the criterion of includ-
ing infants with birth weight < 1500 g, it included infants with 
a higher gestational age than the other two trials. Therefore, a 
subgroup analysis was performed combining the O'Connor et al. 
[37] and Jensen et al. [41] studies separately from the Kotha et al. 
study. As shown in Figures 1 and 2, the BF values were also in-
conclusive when only these two trials were analysed.

4   |   Discussion

Randomised controlled trials and meta-analyses that evalu-
ate interventions in neonatology are generally analysed using 
frequentist statistics. However, interpretations of frequentist 
analyses might conflate indeterminate and truly negative re-
sults. This can lead to the abandonment of therapies for which 
clinical benefit has not been ruled out [46]. By estimating the 
probability of intervention effect rather than the probability 
of obtaining the observed effect or greater under H0, Bayesian 
analysis provides a more direct assessment of the strength of 
the evidence for or against an intervention [46]. None of the 4 
randomised controlled trials s included in this meta-analysis 

https://cran.r-project.org/package=metaBMA
https://cran.r-project.org/package=metaBMA
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found a statistically significant effect (p < 0.05) of human MBF 
for any of the outcomes analysed. Furthermore, no statisti-
cally significant results were observed when the trials were 
pooled in the meta-analysis. The Bayesian approach enables 
the assessment of whether these non-significant results indi-
cate evidence of no effect or absence of evidence. In the first 
case, the null hypothesis of no effect should be accepted. In 
the second case, evidence is insufficient to accept or exclude 
the effect of the intervention. In the present Bayesian meta-
analysis, the BF10 values for both NEC and the other outcomes 
analysed have been around 1. This allowed us to state that 
the current evidence on the protective effect of human MBF 
is inconclusive. Therefore, the extant corpus of research did 
not provide sufficient evidence to either confirm or exclude 
a potential effect of human MBF compared to bovine MBF 
on the risk of NEC, mortality, late onset sepsis, moderate-to-
severe bronchopulmonary dysplasia, or severe retinopathy of 
prematurity.

It is often the case that studies are adequately powered for 
their own primary outcomes but are underpowered for the 
outcome of the meta-analysis [47]. Studies on NEC require 
large sample sizes to achieve adequate power [48]. If we take 
as an example the study of Jensen et al., which is the included 
trial with the largest sample size, the incidence of NEC stage 
II-III in the control group that received bovine MBF was 8% 
[41]. If the primary outcome had been NEC, the sample size 
required to demonstrate a risk reduction from 8% to 4%, with 
80% power and alpha of 0.05, would be 552 infants in each 
group. It is noteworthy that the sample size of the present 
meta-analysis, 405 infants, was far less than the sample size 
required to demonstrate an effect of human MBF on NEC. It 
is therefore not surprising that the evidence from this meta-
analysis was inconclusive.

Jensen's sample size was calculated for a composite outcome 
of NEC, sepsis, or mortality [41]. Composite outcomes are 
frequently utilised in randomised controlled trials involving 
extreme preterm infants to ascertain clinically meaningful 
outcomes while increasing the statistical power of the study 
[49]. For this adequately powered composite outcome, Jensen 
et al. found no statistically significant effect of the intervention 
(p = 0.860). Interestingly, Bayesian analysis showed that the ev-
idence for this composite outcome was inconclusive for both H0 
and H1 (BF10 = 0.64). Therefore, there is an absence of evidence 
for this composite outcome as well as for each of the individual 
components of the outcome.

Two previous meta-analyses employing a frequentist approach 
have found a protective effect of human MBF against NEC [13] 
and mortality [14]. Grace et al. [13] pooled O'Connor's study 
[37], which was included in our meta-analysis, and Sullivan's 
study [37], which was excluded from our meta-analysis. The 
reason for excluding Sullivan's trial was that part of the bo-
vine MBF group also received bovine milk-based preterm 
formula. Therefore, the increased risk of NEC stage II-III 
in the bovine MBF group could be related to this factor. In 
another meta-analysis, Galis et al. used a subset of Sullivan's 
study that excluded infants who received preterm formula 
[14]. When this subset was combined with the O'Connor et al. 
and Jensen et al. studies, the RR for NEC stage II-III was not T
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statistically significant (RR 0.50, 95% confidence interval 0.25 
to 0.97, p = 0.250). However, they found a statistically signifi-
cant reduction in mortality risk in the group receiving human 
MBF (RR 0.50, 95% confidence interval 0.25 to 0.97, p = 0.04) 
[14]. Notably, when we performed a Bayesian reanalysis of the 
mortality results of Galis et al., we obtained a RR of 0.79 (95% 
credible interval 0.44 to 1.74, BF10 = 0.89) (Table  S1). Thus, 
even after including the subset of Sullivan's study in the meta-
analysis, the evidence for a beneficial effect of human MBF 
remains inconclusive.

In addition to the use of composite outcomes, several strat-
egies have been proposed to address the unique challenges of 
studying interventions in extremely preterm infants, for whom 
the number of eligible patients is limited, and the incidence of 
outcomes is low [50–53]. One approach is to use bundle-of-care 
randomised controlled trials. This technique investigates com-
binations of interventions that target a common outcome rather 
than single interventions [50]. This increases effect sizes and 
statistical power, which can reduce the required sample size. 
Another alternative is cluster or crossover cluster randomised 
controlled trials, which enable the evaluation of interventions at 
the clinical center level [51]. Although before-and-after studies 
may be utilised when randomised controlled trials are not fea-
sible, their findings should be interpreted with caution because 
they are highly susceptible to multiple sources of bias. These 
biases include confounding by secular trends, regression to the 
mean, and other time-related factors that may coincide with the 
intervention but are unrelated to it [52, 53].

Non-inferiority trials can serve as an alternative to traditional 
superiority randomised controlled trials [54]. However, they do 
not inherently reduce the number of patients required for inclu-
sion unless the non-inferiority margin is set wide, which may 
compromise clinical relevance. In addition, non-inferiority tri-
als are valuable when the intervention is expected to be equally 
effective as the standard treatment and offers a significant re-
duction in adverse effects, procedural complications, or cost 
[54]. The claim of lower cost is not applicable to human MBFs, as 
they are significantly more expensive than bovine MBFs [10, 55]. 
Consequently, the cost-effectiveness of human MBFs is con-
tingent upon conclusive evidence that they provide protection 
against high-cost conditions, such as NEC [56]. Furthermore, 
there are ethical concerns regarding the potential harms as-
sociated with the commercialization of products derived from 
human milk. One major concern is that babies of disadvan-
taged mothers may be deprived of their own mother's milk. 
Additionally, the significant volumes of human milk used in 
the production of fortifiers by for-profit companies could result 
in a reduced supply of milk donors for non-profit milk banks. 
This, in turn, could hinder equitable access to pasteurised donor 
human milk [55, 57–59].

5   |   Strengths and Limitations

As thoroughly discussed in the preceding sections, the primary 
strength of our study was the utilisation of Bayesian inference. 
This approach enabled us to differentiate between evidence of 

FIGURE 1    |    Bayesian model average meta-analysis of randomised controlled trials comparing the effect of human milk-based fortifier vs. bovine 
milk-based fortifier on the risk of necrotising enterocolitis (A) and mortality (B). BF10, Ratio of the probability of the data under H1 over the probabili-
ty of the data under H0; BFrf, Ratio of the probability of the data under the random effects model over the probability of the data under the fixed effect 
model; CrI, Credible interval; GA, Gestational age. RR < 1 denotes decreased risk of the outcome in infants receiving human milk-based fortifier.
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absence and absence of evidence. The main limitation was the 
modest sample size, which precluded the attainment of conclu-
sive evidence.

6   |   Conclusion

In conclusion, while fortification of human milk is essential 
for meeting the nutritional needs of preterm infants, current 
evidence does not support the advantage of human MBF over 
bovine MBF in the prevention of adverse outcomes, including 
NEC, mortality, late-onset sepsis, moderate-to-severe broncho-
pulmonary dysplasia, and severe retinopathy of prematurity. 
A definitive conclusion regarding the clinical effectiveness of 

human MBF can only be ascertained through the execution of 
adequately powered randomised controlled trials.
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