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A B S T R A C T

The composition of total protein and free amino acids (FAA) in preterm human milk (HM) is crucial for optimizing infant growth and
development. The objective of this systematic review and meta-analysis is to quantify the amount of true, crude, and unspecified protein and
FAA in preterm HM. EBSCO, PubMed, and Scopus databases were searched up to July 2023 measuring total protein and FAA in preterm HM.
Two reviewers, working independently, screened all titles and abstracts using Covidence software to identify studies meeting inclusion
criteria [preterm <37 wk; Human Development Index >0.8; cross-sectional, case-controlled (n > 1), prospective cohort, and randomized
clinical trials; English language]. Random-effects models were used to estimate mean protein and FAA content across studies. Data were
aggregated for studies reporting multiple estimates (e.g. across time). Heterogeneity was estimated using I2 and publication bias using
Kendall tau rank correlation coefficient. Of the 884 articles identified, a total of 66 original studies were included for the meta-analysis
comprising an estimated 30,421 preterm HM samples. Preterm colostrum (<4 d) contained the highest mean (95% confidence interval)
true protein at 2. 32 (1. 96, 2. 68) g/100 mL, followed by transition preterm HM (5–14 d) mean true protein of 1. 77 (1. 60, 1.93) g/100 mL.
Mature (>14 d) preterm HM had the lowest mean true protein content at 1.46 (1.34, 1.59) g/100 mL. Glutamate was the most prevalent
FAA reported. This systematic review provides updated estimates of protein and FAA concentrations in preterm HM. There was significant
variability in the quality of studies, completeness of the reported results, and analytical methodologies across studies.
This trial was registered at PROSPERO as CRD42023445191.
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Statement of significance
This manuscript advances the field of human milk (HM) nutrition by providing up-to-date estimates of protein and/or free amino acids in

colostrum, transition, and mature preterm HM. These values fulfill a critical need for practitioners and researchers to more accurately understand
the nutritional needs of preterm infants, as well as any supplementary nutrition that may be necessary for appropriate growth and development.
Introduction

Early nutrition is critical to support healthy growth and
development along with long-term outcomes of infants. Human
Abbreviations: AAP, American Academy of Pediatrics; BCA, bicinchoninic acid; C
Development Index; HM, human milk; IE, ion-exchange chromatography; IR, infrare
magnetic resonance; RCT, randomized-controlled trials; RP-HPCL, reverse phase hig
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milk (HM) is the exclusive preferred feeding mode �6 mo of age
and should continue for �2 y of life with additional foods
whenever feasible [1,2]. Not only does HM provide vital nutri-
tion for the infant, it also contains a wide range of bioactive
I, confidence interval; FAA, free amino acids; GA, gestational age; HDI, Human
d; LC-MS/MS, liquid chromatography tandem mass spectrometry; NMR, nuclear
h-performance liquid chromatography.
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components, proteins, and amino acids that promote lean body
mass growth, immune function, hormonal regulation, meta-
bolism, and gut integrity [3].

The protein content of HM is known to decline fairly rapidly 2
wk after birth and stabilize to mature levels within ~ 4–6 wk
postpartum [4]. Although this corresponds well to a term infant’s
protein requirements, infants born preterm (<37 wk gestation)
frequently need much higher enteral protein and amino acids
because of a shortened gestational accretion period as well as
other factors like fluid intake restrictions and underlying medical
conditions [5]. These factors combined make it difficult to meet
the nutritional requirements of preterm infants through HM
alone. Fortification of preterm HM feeds is therefore required for
this population, with protein fortification strategies varying
based on body weight and growth goals, which may evolve over
the course of hospitalization [6,7]. Consequently, it is important
to understand both the protein content and the overall nutrient
composition of preterm HM to better tailor fortification and
promote optimal growth and development of the preterm infant.

The primary objective of this systematic review and meta-
analysis was to quantify the true, crude, and unspecified protein
and free amino acid (FAA) content and variability of preterm HM,
stratified by postnatal age. Other systematic reviews and meta-
analyses of preterm HM nutrient composition have been con-
ducted with some only using studies that included results from 24-
h samples [8,9] for allmacronutrients although another from2014
[10] included studies reporting protein content of all samples,
regardless of whether they were collected over 24 h or pooled. As
protein content of HM is relatively stable over the course of a day
with little circadian variation, [11,12] the present study therefore
elected to include studies that reported protein measurements
regardless of whether theywere frompooled samples to capture as
many data points as possible. The secondary objective was to
stratify total protein by the analytical method. The broader
research aim is to conduct a systematic reviewandmeta-analysis of
preterm HM nutrient composition and characteristics. The
importance of HM for all infants, including those born prema-
turely, highlights the need for these types of publications.

Methods

This systematic review and meta-analysis followed the
PRISMA 2020 guidelines and was registered at PROSPERO
(CRD42023445191; https://www.crd.york.ac.uk/PROSPERO/
display_record.php?RecordID¼445191). The PRISMA checklist
of items in this systematic review andmeta-analysis can be found
in Supplemental Table 1.

Search strategy
A research librarian searched EBSCO, PubMed, and Scopus

databases through July 2023 to identify intervention and
observational studies measuring total protein and/or FAA in
preterm HM. The search terms for EBSCO and PubMed included
("Milk, Human/chemistry"[Mesh]) AND ("Premature Birth"[-
MeSH])) NOT ("systematic review"[Publication Type]) AND
“Premature Birth” [MeSH Terms] AND "milk, human"[MeSH
Terms] OR "Colostrum"[MeSH Terms]. The search terms for
Scopus included TITLE-ABS-KEY ("breast Milk", AND human)
AND TITLE-ABS-KEY (preterm OR premature) AND TITLE-ABS-
2

KEY ("Breast Milk" AND analysis) AND (LIMIT-TO (SUBJAREA,
"CHEM"). Bioactive nutrients that may confer health benefits to
preterm infants and are considered proteins (e.g. lactoferrin,
hormones) were not included.

Eligibility criteria
Inclusion criteria were as follows: studies published until July

2023, studies published in English, and studies that reported HM
composition from mothers who delivered preterm defined as
gestational age (GA)< 37 wk or identified by authors as preterm.
Exclusion criteria included studies whose samples were from
countries with a Human Development Index (HDI) <0.8 at time
of publication to mitigate risk of maternal malnutrition influ-
encing milk composition. Studies with an n ¼ 1 were also
excluded.

Data extraction
Covidence software was used to identify articles meeting in-

clusion criteria. After duplicates were removed by the software,
2 independent reviewers (DCM and MAP) systematically
reviewed the searched titles, abstracts, and full-text articles. Any
disagreements were resolved with a third researcher (ADLB).

Two researchers (DCM andMAP) extracted the following data
from the included studies: name of first author, publication year,
country, study design, sample size of infants, GA, age at which
HM was collected, milk type (colostrum, transition, and mature
but only if specified), HM collection method, and protein and/or
FAA analysis method. Protein composition is estimated from
nitrogen content of milk samples. However, nitrogen content
consists of protein and nonprotein nitrogen. Therefore, studies
reported either true protein (protein nitrogen only), crude pro-
tein (total nitrogen), and unspecified protein (could not be
determined from manuscript). Any discrepancies in data
extraction were reviewed by both reviewers and corrected.

Statistical analysis
Preterm HM samples were treated as the sampling unit. All

analyses were performed by protein type (true protein, crude
protein, and unspecified protein). For studies that reported
protein and/or FAA across subgroups, the total sample mean and
SD were estimated. Supplemental Table 2 provides the data
handling steps for how missing data were treated. For random-
ized controlled trials (RCTs), baseline or control group milk
composition estimates were extracted. For studies that compared
analytical methods, only the reference analytical method (i.e.
Kjeldahl) was included.

This meta-analysis was conducted in R using the metafor
package [13] to fit random-effects models to estimate protein
and FAA content across HM type [colostrum (� 4 d), transition
(5–14 d), and mature (>14 d)]. The protein of mature HM was
further stratified by 14–42 d, 43–84 d, and>84 d [4]. For studies
that reported protein content, subgroup analyses were conducted
across analytical method: Kjeldahl, bicinchoninic acid (BCA)/-
Lowry, infrared (IR) spectroscopy (near- or mid-), and other/not
specified. Estimates were aggregated for studies that reported
multiple collections per milk type. Heterogeneity was tested
using Cochrane-I2 statistics. The level of heterogeneity (I2) was
measured as a percentage where <40% is low, 40%–75% is
moderate, and�75% is high heterogeneity. Publication bias was

https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=445191
https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=445191
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assessed using Kendall’s tau rank correlation coefficient. Sensi-
tivity analysis was conducted to evaluate the impact of each
study on the pooled estimates.

Results

Study selection
Of the 884 studies identified, 68 were removed as duplicates,

487 were considered irrelevant based on title and abstract re-
view leaving 329 studies that involved full-text review
(Figure 1). A total of 97 studies reported protein or FAA preterm
HM values. An additional 31 studies reporting protein and/or
FAA were further excluded (18 did not meet inclusion criteria; 8
provided results in a figure without values; 5 did not measure or
provide protein values). Thus, 66 articles were included in the
analysis (61 protein, 7 FAA, and 2 of which reported both)
comprising an estimated 30,421 preterm HM samples for protein
and 251 for FAA.
Study results
Table 1 [14–73] describes study characteristics for preterm

HM protein included in the analyses. Thirty-one reported true
protein content, 10 reported crude protein, 2 reported total and
true protein, and 18 did not specify. These studies included data
from mothers of 2, 669 infants. Thirty-seven of the studies
employed a longitudinal design, 16 were cross-sectional, and 8
were RCTs. Twenty-one (34%) were conducted in the United
States and 22 (36%) were conducted in Europe. The most
FIGURE 1. Study selection flo
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common method for analyzing protein content among the
studies included was IR spectroscopy followed by the Kjeldahl
method.

True protein
True protein content in each preterm milk type is provided in

Table 2, and the forest plots are provided in Figure 2. Mean [95%
confidence interval (CI)] protein content across studies that
analyzed colostrum was 2. 32 (1. 96, 2. 68) g/100 mL. Across
studies that analyzed transition HM and mature HM, protein
content was 1.77 (1. 60, 1.93) and 1.46 (1.34, 1.59) g/100 mL,
respectively. Overall, there was high heterogeneity among
studies (I2 � 92.0%) and no evidence of publication bias (P >

0.05). Moreover, sensitivity analyses did not reveal any signifi-
cant departure from the study effect size (Supplemental
Figures 1–9). Figure 3 displays true protein content within
mature preterm HM and stratified across time-periods post-
partum. True protein content of mature HM decreased as post-
partum period increased from 1.51 (1.37, 1.65) g/100 mL at
14–42 d, 1.28 (1.11, 1.44) g/100 mL at 43–84 d, and 1.20 (1.12,
1.28) g/100 mL at >84 d.

Crude protein
Crude protein estimates were slightly greater than true pro-

tein estimates (Table 2).
Mean (95% CI) crude protein content across studies that

analyzed colostrum was 2.43 (1.54, 3.32) g/100 mL. Across
studies that analyzed transition HM and mature HM, crude
protein content was 1.92 (1.72, 2.11) and 1.55 (1.40, 1.69) g/
wchart. AA, amino acids.



TABLE 1
Summary of the characteristics of studies reporting protein (n ¼ 61)1

Author Year Country Study
design

Sample
size
infants

Gestational
age1 (wk)

Breastmilk
age2 (d)

Milk type3 HM collection method Nutrient Protein analysis method

Abdulrazzaq, Y [15] 2003 UAE CS 49 <37.0 1 C Pump, electric Protein unspecified Milkoscan FT120
Anderson, D [16] 1983 United States L 14 31 (3, 14) C, M, T True protein Kjeldahl
Anderssen, S [17] 2015 Norway L 47 31 (13, 30) T, M Pump, electric Protein unspecified Mid-infrared

spectroscopy
Bauer, J [18] 2011 Germany L 102 28 (7, 56) T, M Pump, electric True protein BCA/Lowry
Beijers, R [19] 1992 Netherlands L 45 30.7 (3, 14) C, M, T Pump, electric True protein Other
Belfort, M [20] 2020 United States L 37 28 58.5 M Pump, electric True protein Mid-infrared

spectroscopy
Bishara, R [21] 2008 United States CS 30 (24.0, 27.9) 24 M Pump, electric Crude protein Kjeldahl
Brion, L [22] 2020 United States RCT 58 28 Protein unspecified Near-infrared

spectroscopy
Britton, J [23] 1986 United States CS 70 (25.0, 35.0) (3, 25) C, M, T Pump, electric True protein BCA/Lowry
Bulut, €O [24] 2019 Turkey L 32 (25.0, 33.0) (7, 42) C, M, T Pump, electric True protein Mid-infrared

spectroscopy
Butte, N [25] 1984 United States L 8 33.9 (14, 84) T Pump, electric True protein Kjeldahl
Caldeo, V [26] 2021 Ireland L 39 33.7 38.5 M Manual and pump,

electric
True protein BCA/Lowry

Campbell-Yeo, M [27] 2010 Canada RCT 24 26.8 (0, 14) C, T Pump, electric Crude protein Kjeldahl
Chuang C [28] 2005 Taiwan CS 23 33 10.5 T True protein BCA/Lowry
Corvaglia, L [29] 2008 Italy CS 55 (26.0, 32.0) 10 T Crude protein Mid-infrared

spectroscopy
Corvaglia, L [30] 2010 Italy CS 34 (24.0, 33.0) 22 M True protein Near-infrared

spectroscopy
Dingess, K [31] 2017 Netherlands CS 12 29.1 73 M Pump, unspecified True protein BCA/Lowry
de Halleux, V [32] 2013 Belgium L 28 28.6 28 M Manual and pump,

electric
Protein unspecified Milkoscan FT120

de Oliveira, S [33] 2017 France RCT 12 30 27 M Protein unspecified Other
Ellis, L [34] 1990 United States L 22 31 (3, 42) C, M, T Pump, electric True protein BCA/Lowry
Elmlinger, M [35] 2007 Germany L 30 (24.0, 31.0) (7, 21) T, M Pump, electric True protein BCA/Lowry
Erickson, T [36] 2013 United States L 8 -4 14 T True protein BCA/Lowry
Faerk, J [37] 2001 Denmark L 101 28 (11, 67) T, M Pump, electric True protein Milkoscan 104
Gates, A [38] 2021 United States L 38 28.2 (7, 28) T, M Crude protein Combustion
Groh-Wargo, S [39] 2016 United States CS 10 (23.9, 32.4) 25 M Pump, electric True protein Kjeldahl
Gross, S [1] 1980 United States L 33 31.4 (3, 28) C, M, T Manual and pump,

electric
Crude protein Kjeldahl

Gross, S [40] 1983 United States RCT 20 (27.0, 33.0) (7, 70) T, M Crude protein Kjeldahl
Gross, S [41] 1987 United States RCT 19 <30.2 (7, 35) T, M Crude protein Kjeldahl
Hsu, Y [42] 2014 Taiwan L 17 29 (6, 27) T, M Manual and pump,

unspecified
Protein unspecified Mid-infrared

spectroscopy
Kreissl, A [43] 2016 Austria L 76 <32.0 (7, 28) T, M Pump, electric True protein Mid-infrared

spectroscopy
Lemons, J [44] 1982 United States L 20 33 (7, 56) T, M Pump, electric Crude protein, true protein Kjeldahl
Lemons, J [45] 1983 United States L 20 33 25.5 M Pump, electric Crude protein, true protein Kjeldahl
Lepage, G [46] 1984 Canada CS 32 (26.0, 36.0) 30 M Manual and pump,

electric
Crude protein Kjeldahl

Lev, H [47] 2014 Israel L 20 30.6 31.5 M Pump, unspecified Protein unspecified Mid-infrared
spectroscopy

(continued on next page)

D
.C
.M

iketinas
et

al.
A
dvances

in
N
utrition

16
(2025)

100432

4



TABLE 1 (continued )

Author Year Country Study
design

Sample
size
infants

Gestational
age1 (wk)

Breastmilk
age2 (d)

Milk type3 HM collection method Nutrient Protein analysis method

Maas, C [48] 2017 Germany RCT 60 <32.0 (14, 28) T, M Protein unspecified Mid-infrared
spectroscopy

Maas, Y [49] 1998 Netherlands L 79 <30.0 (9, 53) T, M Manual and pump,
electric

Crude protein Kjeldahl

Maly, J [50] 2019 Czech Rep L 225 (24.0, 35.0) (7, 63) T, M Manual and pump,
electric

True protein Mid-infrared
spectroscopy

McLeod, G [51] 2013 Australia L 63 30 14 T True protein Kjeldahl
McLeod, G [52] 2015 Australia L 27 29 40 M True protein Kjeldahl
Mini�c, S [53] 2018 Serbia CS 20 (28.0, 36.0) 12 T Protein unspecified Not specified
Molinari, C [54] 2013 Australia L 17 30.7 (7, 14) T Pump, electric True protein Other
Montagne, P [55] 1999 France CS 46 <37.0 (3, 12) C, T True protein Other
Moran-Lev, H [56] 2015 Israel L 32 30.1 28 M Pump, electric Protein unspecified Mid-infrared

spectroscopy
Morton, J [57] 2012 United States L 52 <31.0 (7, 56) T, M Manual and pump,

electric
True protein Other

Nielsen, S [58] 2020 United States CS 9 26.8 24.5 M Pump, electric True protein BCA/Lowry
Norrgrann, M [59] 2023 Sweden CS 12 28.1 9.5 T Pump, electric Protein unspecified Mid-infrared

spectroscopy
Paulaviciene, I [60] 2020 Lithuania CS 27 30.2 15 M Manual and pump,

electric
Protein unspecified Mid-infrared

spectroscopy
Perrella, S [61] 2015 Australia RCT 23 (28.0, 34.0) True protein Other
Radmacher, P [62] 2013 United States CS 83 <1500 g BW4 (7, 35) C, M, T Protein unspecified Mid-infrared

spectroscopy
Saarela, T [63] 2005 Finland L 36 31.4 (7, 180) T, M Manual and pump,

electric
Protein unspecified Kjeldahl

Sahin, S [64] 2020 Turkey L 39 29.7 (3, 28) C, M, T Manual and pump, hand Protein unspecified Mid-infrared
spectroscopy

Sann, L [65] 1981 France L 41 (26.0, 35.0) (6, 15) T, M Manual and Pump,
electric

True protein Other

Sauer, C [66] 2017 United States L 18 <37.0 31 M Pump, electric True protein Kjeldahl
Smilowitz, J [67] 2014 United States L 5 <37.0 185 M True protein Kjeldahl
Stein, H [68] 1986 South Africa RCT 11 33.5 (5, 33) T, M Protein unspecified Not Specified
Stevens, L [69] 1969 Australia L 10 34.8 (5, 27) T, M Manual and pump,

unspecified
True protein Kjeldahl

Stoltz Sj€ostr€om, E [70] 2014 Sweden L 256 25.3 (6, 106) T, M Pump, electric True protein Mid-infrared
spectroscopy

Tanaka, M [71] 2023 Japan CS 26 29 70 M Manual and pump,
unspecified

Protein unspecified Mid-infrared
spectroscopy

Thomas, M [72] 1986 United States L 8 (30.0, 34.0) 16 T, M Manual True protein BCA/Lowry
Trend, S [14] 2016 Australia L 45 30.2 (4, 28) C, M, T Pump, electric and hand Crude protein BCA/Lowry
Zachariassen, G [73] 2013 Denmark L 214 <32.0 (14, 84) T, M Pump, unspecified Protein unspecified Mid-infrared

spectroscopy

Abbreviations: BCA, bicinchoninic acid; C, colostrum; CS, cross-sectional; GA, gestational age; HM, human milk; IR, infrared; L, longitudinal; M, mature; RCT, randomized controlled trial; RL,
randomized longitudinal; T, transition.
1 Values reported as mean or (range)
2 Mean gestational age (GA). Parentheses indicate upper and lower ranges.
3 Mean age human milk (HM) was collected. Parentheses indicate upper and lower ranges.
4 Listed only if article specified.
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TABLE 2
Meta-analysis results of true, crude, and unspecified protein composition in preterm human milk stratified by milk type

Protein type Milk type1 Estimate2 95% Confidence intervals Q df P value I2 Kendall's tau P value

Lower2 Upper2

True protein
Colostrum 2.32 1.96 2.68 68 5 < 0.001 92.0 0.60 0.136
Transition 1.77 1.60 1.93 812 21 < 0.001 99.2 0.04 0.824
Mature 1.46 1.34 1.59 3115 25 < 0.001 99.0 0.06 0.694

Crude protein
Colostrum 2.43 1.54 3.32 35 2 < 0.001 94.7 1.00 0.333
Transition 1.92 1.72 2.11 67 8 < 0.001 85.2 �0.17 0.612
Mature 1.55 1.40 1.69 119 11 < 0.001 88.8 �0.09 0.737

Unspecified
protein

Colostrum 1.88 1.66 2.09 35 2 < 0.001 93.8 �1.00 0.333
Transition 1.83 1.65 2.01 204 9 < 0.001 97.1 0.24 0.381
Mature 1.35 1.20 1.49 666 13 < 0.001 98.2 0.21 0.331

1 Colostrum, transition, and mature milks were considered as milk collected < 5 d, 5–14 d, and > 14 d postpartum, respectively.
2 Values are presented in g/100 mL.

D.C. Miketinas et al. Advances in Nutrition 16 (2025) 100432
100 mL, respectively. Overall, there was high heterogeneity
among studies (I2 � 85.2%) and no evidence of publication bias
(P > 0.05). Sensitivity analyses indicated a potential influential
study [14] (Trend 2016) that, if removed, slightly increased the
point estimate and narrowed the 95% CI for transition milk to
1.97 (1.91, 2.02) g/100 mL (Supplemental Figures 1–9).

Unspecified protein
Studies that did not distinguish the nitrogen source were

analyzed together as unspecified protein. These estimates were
comparable with true protein estimates (Table 2). Mean (95%
CI) unspecified protein content across studies that analyzed
colostrum was 1.88 (1.66, 2.09) g/100 mL. Across studies that
analyzed transition HM and mature HM, unspecified protein
content was 1.83 (1.65, 2.01) and 1.35 (1.20, 1.49) g/100 mL,
respectively. Overall, there was high heterogeneity among
studies (I2 � 93.8%) and no evidence of publication bias (P >

0.05). Moreover, sensitivity analyses did not reveal any signifi-
cant departure from the study effect size (Supplemental
Figures 1–9).

Protein content by methodology
Table 3 displays the differences in true, crude, and unspeci-

fied protein content of mature preterm HM by methodology.
BCA/Lowry combined with “other” (e.g. combustion) method-
ology resulted in the highest protein content estimate for true
(1.68 g/100 mL) and unspecified (2.10 g/100 mL) protein. The
Kjeldahl method reported the second highest estimates for true
and unspecified protein (1.46 g/100 mL and 1.50 g/100 mL,
respectively) followed by IR spectroscopy (1.26 g/100 mL and
1.48 g/100 mL, respectively). For crude protein content, only the
Kjeldahl methodology was reported (1.68 g/100 mL).

Free amino acids
The characteristics of studies reporting FAA can be found in

Table 4 [28,45,46,74-77]. The FAA meta-analysis results can be
found in Figure 4 and the numerical estimates can be found in
Supplemental Table 3. Proline (1129 μmol/L) and glutamate
(801 μmol/L) were the most predominant FAA found in preterm
colostrum. Interestingly, glutamate increased to 1380 and 1455
μmol/L in transition and mature preterm HM, respectively, and
6

was the most predominant FAA in those phases. Glutamine also
increased in preterm HM across the 3 phases. Glutamine was
lowest in colostrum (8.5 μmol/L) followed by transition (56.1
μmol/L), then mature (109.7 μmol/L). Alanine was the second
most prevalent FAA in transition (249 μmol/L) and mature (223
μmol/L) preterm HM.

Discussion

Characterizing protein and FAA composition of preterm HM
over the course of lactation is foundational to understanding this
population’s unique needs. The mean protein contents reported
here across colostrum, transition, and mature preterm HM are in
agreement with previous systematic reviews [7–10]. Although
protein is considered the key driver of lean body mass growth,
the amino acid composition of HM is important to characterize as
both protein and amino acids are critical for neurodevelopment.
Indeed, inadequate amino acid supply to the preterm infant has
been shown to result in suboptimal brain development and
correspondingly reduced neurodevelopment outcomes later in
life [78,79]. Although this study only examined FAA and not
total amino acids composition, characterizing the amino acid
composition of preterm HM is necessary as that is what ulti-
mately serves as the baseline for HM substitutes. Future studies
and reviews should aim to assess total amino acid composition as
well as that is the most accurate way of estimating true protein
content [80] and the majority of amino acids in HM are found as
intact proteins or peptides rather than FAA.

Of the FAA in HM, glutamate and glutamine content of pre-
term HM consistently increased over the course of lactation. The
increase of these specific FAA over time suggests they may play
an important role in the developing preterm infant. This agrees
with a 2014 systematic review of amino acid composition of
preterm and term HM, which found glutamine in mature preterm
HM to be 20 times higher than in colostrum [81]. Glutamine and
glutamate are reported to support intestinal function by
increasing the growth of intestinal epithelial cells and supporting
the intestinal barrier [82]. Receptors for these FAA are also
found on various immune cells, suggesting an immunomodula-
tory role of glutamine and glutamate. Contrastingly, the



FIGURE 2. True protein content (g/100 mL) in preterm human milk (HM) across milk type. (A) Colostrum HM (<4 d), RE model (Q ¼ 68, df ¼ 5,
P value <0.001; I2 ¼ 92.0%); Kendall’s tau: 0.60, P value ¼ 0.136. (B) Transition HM (5–14 d), RE model (Q ¼ 812, df ¼ 21, P value <0.001, I2 ¼
99.2%); Kendall’s tau: 0.04, P value ¼ 0. 824. (C) Mature HM (>14 d), RE model (Q ¼ 3115, df ¼ 25, P value <0.001, I2 ¼ 99.0%); Kendall’s tau:
0.06, P value ¼ 0. 694. CI, confidence interval.
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FIGURE 3. True protein content (g/100 mL) in mature preterm human milk (HM) across time. (A) Mature HM (14–42 d), RE model (Q ¼ 1008.8,
df ¼ 21, P value < 0.001; I2 ¼ 98.3%); Kendall’s tau: 0.24, P value ¼ 0.129. (B) Mature HM (43–84 d), RE model (Q ¼ 215.40, df ¼ 8, P value <

0.001, I2 ¼ 97.9%); Kendall’s tau: 0.00, P value ¼ 1.000. (C) Mature HM (>84 d), RE model (Q ¼ 0.00, df ¼ 1, P value ¼ 1.000, I2 ¼ 0.0%);
Kendall’s tau: NA, P value ¼ NA.
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TABLE 3
Meta-analysis results of true, crude, and unspecified protein composition in preterm human milk stratified by analytical methods

Method1 Estimate2 95% Confidence interval Q df P value I2 Kendall's tau P value

Lower2 Upper2

True protein
Kjeldahl 1.46 1.23 1.68 441 8 < 0.001 95.8 0.28 0.358
Infrared 1.26 1.11 1.41 48 6 < 0.001 80.2 0.14 0.773
Other 1.68 1.55 1.82 671 16 < 0.001 98.9 �0.06 0.776

Crude protein
Kjeldahl 1.68 1.50 1.87 107 10 < 0.001 89.6 0.09 0.761

Unspecified protein
Kjeldahl 1.50 1.27 1.74 1 1 0.335 0.0 �1.00 1.000
Infrared 1.48 1.30 1.65 642 12 < 0.001 98.0 �0.03 0.952
Other 2.10 1.78 2.42 6 2 0.046 72.1 �1.00 0.333

Estimates do not distinguish milk type (i.e. colostrum, transition, mature).
Abbreviation: BCA, bicinchoninic acid.
1 Other includes BCA/Lowry, other, and nonspecified methods.
2 Estimates are presented in g/100 mL.

TABLE 4
Summary of the characteristics of studies reporting free amino acids in preterm HM (n ¼ 7)1

Author, first Year Country Study
design

Infants, n GA2 (wk) HM age3 (d) HM type4 HM collection
method

FAA analysis method

Chuang, C [28] 2005 Taiwan CS 23 33 (4, 21) C, T, M IE chromatography with UV–vis detection
De Oliveria, S [74] 2016 France CS 5 29.8 46.2 M IE chromatography with UV–vis detection
Lemons, J [45] 1983 United States L 20 33 31.5 M Pump, electric IE chromatography with UV–vis detection
Lepage, G [46] 1984 Canada CS 32 (26.0, 36.0) (8, 21) T, M Manual and

pump, electric
IE chromatography with UV–vis detection

Pamblanco, M [75] 1989 Spain CS 26 (26.0, 36.0) (3, 14) C, M Pump, electric RP-HPLC with fluorescence detection
RiveraVelez, S [76] 2023 United States CS 28.6 (3, 14) C, T, M LC-MS/MS
Spevacek, A [77] 2015 United States L 13 29.8 (3, 28) C, T, M Pump, hand NMR

Abbreviations: C, colostrum; CS, cross-sectional; FAA, free amino acids; IE, ion-exchange chromatography; LC-MS/MS, liquid chromatography
tandem mass spectrometry; L, longitudinal; M, mature; NMR, nuclear magnetic resonance; RP-HPLC, reverse phase high-performance liquid
chromatography; T, transition.
1 Values reported as mean or (range).
2 Mean gestational age (GA). Parentheses indicate upper and lower ranges.
3 Mean age human milk (HM) was collected. Parentheses indicate upper and lower ranges.
4 Listed only if article specified.
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remaining FAA reported here decreased over the course of
lactation, with some declining sharply after the colostrum phase.
This aligns with the trends seen in protein, which also decreases
over the course of lactation and highlights the gap with expert
bodies’ recommendations for increased protein needs of the
preterm infant and parenteral essential amino acid supplemen-
tation for neonates born <32 wk gestation. Establishing clinical
evidence in infants for the physiological importance of why some
FAA are preferentially increased whereas others decrease dras-
tically over the course of lactation may be an important next step
for HM research.

Our analysis comparing the protein content of mature pre-
term HM by methodology revealed that the BCA/Lowry method
resulted in the highest protein content estimate; however, it is
worth noting that the use of this methodology was lower than the
more commonly employed Kjeldahl or IR spectroscopy methods.
Infrared spectroscopy providing the lowest protein content es-
timates agrees with previous literature that indicates this method
has the tendency to underestimate protein content compared
with other methods like Kjeldahl [83], which has been described
to be the most accurate indirect determination of protein content
9

in HM [84,85] and thus is considered to be the method of
reference for protein measurement.

The studies included in this systematic review and meta-
analysis, and consequently the present analysis, are not
without limitations. Of the studies that reported a collection
type, most indicated a 24-h or pooled sample for analysis;
however, many of the studies included in this review did not
mention whether the milk type analyzed was foremilk, hindmilk,
whole breast, or pooled. For protein content, this is less of a
concern as it remains fairly stable over a 24-h period [11,12].
The sample collection protocol should still be considered for
nutrients that exhibit circadian variations or fore/hind milk
variations. GA was also frequently unreported or reported
without a corresponding range or distribution. This could impact
the overall nutrient composition of the milk sample, which
presents another limitation. Additionally, a majority did not
report the time-of-day milk was collected or how the milk was
transferred and stored. Those that reported storage typically
indicated that samples were either refrigerated or frozen. Un-
derstanding how storage, length of storage, and transfer of milk
to storage (e.g. how long a sample was left at room temperature,
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time it took to transfer to a fridge/freezer, freezing then thawing)
may be important future considerations when standardizing an
approach to HM research. Some studies also failed to report ideal
summary statistics for protein concentration. For example, some
studies reported minimum and maximum values instead of SD or
reported only means and no variability estimates. The studies
included in this review generally lacked maternal descriptives
such as BMI, smoking status, parity, and age, [86] all of which
may impact protein content. Furthermore, this analysis only used
studies that provided protein estimates across countries with an
HDI >0.8, so this analysis may not be representative of the
nutritional composition of HM from women in developing
countries. In addition, some [87] but not all [88] studies have
suggested that pasteurization may impact protein and FAA
quality and quantity, which should be considered when esti-
mating these values in donor milk, which often comes from
10
late-lactation term donors. Thus, it should be advised that the
results of the present systematic review and meta-analysis do not
apply to donor milk composition as those values may differ
dramatically [89]. Finally, an accurate quality assessment tool
could not be identified to grade the quality of each reference as
poor, fair, or good. The National Heart, Lung, and Blood In-
stitute’s Quality Assessment Tool for Observational Cohort and
Cross-sectional Studies included several assessment questions on
exposure; however, most referenced studies in the present
analysis did not include an exposure.

This systematic review and meta-analysis of preterm HM
provides the most recent estimates of true protein, crude protein,
and FAA content across lactation stages. The most recent preterm
infant intake recommendation for protein is 3.2–4.1 g of protein
per 100 kcal (or 3.5–4.5 g/kg/d), which equates to ~2.1–2.7 g/
100 mL [5]. Our results showed that protein concentration in



D.C. Miketinas et al. Advances in Nutrition 16 (2025) 100432
preterm colostrum may be sufficient for meeting these guide-
lines; however, the protein concentrations of transition and
mature fall well below this range. Furthermore, when following
standard feeding volumes of 160–180 mL/kg/d, the protein
intake target would not be met unless fed at an impractically
high volume, and this is further complicated when considering
some preterm infants’ fluid restrictions. Thus, the data presented
here not only support clinicians in navigating fortification stra-
tegies but also provide industry researchers with an appropriate
benchmark to use when innovating fortifiers intended for pre-
term infants.
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