Original research

®

OPEN ACCESS

» Additional supplemental
material is published online
only. To view, please visit the
journal online (https://doi.org/
10.1136/archdischild-2024-
327319).

"Department of Pediatrics,
Emma Children’s Hospital,
Amsterdam UMC, Amsterdam,
The Netherlands

Amsterdam Reproduction &
Development Research Institute,
Amsterdam UMC, Amsterdam,
The Netherlands

*Department of Epidemiology
and Data Science, Amsterdam
UMC, Amsterdam, The
Netherlands

*Dutch Human Milk Bank,
Amsterdam UMC, Amsterdam,
The Netherlands

>Department of Pediatrics-
Neonatology, Emma Children’s
Hospital, Amsterdam UMC,
Amsterdam, The Netherlands

Correspondence to
Ms Jacqueline Muts;
j.muts@amsterdamumc.nl

Received 26 April 2024
Accepted 25 October 2024
Published Online First

12 November 2024

| '.) Check for updates

© Author(s) (or their
employer(s)) 2025. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ Group.

To cite: Muts J, Lukowski JIA,
Twisk JWR, et al. Arch Dis
Child Fetal Neonatal Ed
2025;110:F248-F252.

Macronutrient concentrations in human milk beyond
the first half year of lactation: a cohort study

Jacqueline Muts
Johannes B van Goudoever
Chris H P Van Den Akker

2,45

ABSTRACT

Objective Human milk composition is dynamic. While
extensive research has focused on its macronutrient
concentrations during the first 6 months of lactation,
limited research exists for extended lactation periods.
This study aims to examine the nutritional composition of
human milk during these longer lactation phases.
Design A retrospective longitudinal cohort study
performed within the National Dutch Human Milk Bank.
Participants We selected donors who had provided
milk donations at least once after the 6-month
postpartum mark.

Main outcome measures The Miris Human

Milk Analyser was used to analyse macronutrient
concentrations in the milk samples. Linear mixed

models were used for longitudinal analysis of these
concentrations, factoring in time variables established for
six sequential lactation periods.

Results We analysed 820 milk samples from

86 women, collected between 5 weeks and 28 months
postpartum. Initially, milk protein concentrations dropped
over the first 8 months of lactation (diff = —0.19¢g/

dL, p<0.001) and stabilised between 8 and 18 months
before increasing again by 0.21 (95% CI 0.06-0.21)
g/dL. Carbohydrate concentrations remained steady
throughout the study period. Fat concentrations were
stable for the first 8 months but saw an increase
afterwards. Post 18 months, the fat content saw a rise
of 1.90 (95% Cl 1.59-2.21) g/dL. The caloric density
mirrored the pattern of the fat concentrations.
Conclusion The nutritional content of human milk
does not decrease after 6 months of lactation. Therefore,
human milk banks may accept donations from mothers
up to 2 years post-hirth.

INTRODUCTION
Human milk is universally acknowledged as the ideal
source of nutrition for infants.'> Its composition is
uniquely dynamic, adapting to fulfil the evolving
nutrition needs of a developing child.*® Previous
research demonstrated that protein concentrations
decrease during the first 6 months post-birth® while
fat content can increase.”® However, there is limited
knowledge about the composition of human milk
beyond the first 6 months of lactation.”™"? These
data come, however, from relatively few women
and showed inconsistent results.

The WHO advises that infants should be exclu-
sively breastfed for the first 6 months, supple-
mented by other food but still breastfeeding for

12 Juliette | A Lukowski," Jos W R Twisk,® Anne Schoonderwoerd,”
124 Britt J van Keulen,"?

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous research has emphasised the changing
nutritional composition of human milk in
the first 6 months post-birth with limited
study of its composition beyond this period.
Existing literature shows discrepancies due to
varied lactation durations and measurement
techniques leaving a significant gap in
understanding extended breastfeeding.

WHAT THIS STUDY ADDS

= Our study, with the largest sample size and
most consecutive samples per donor to date,
found that human milk maintains stable
macronutrient content over 2 years of lactation,
supporting its potential suitability for donation
to preterm infants.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These insights could influence guidelines for
human milk banks, enhancing their donation
acceptance policies to better serve neonatal
intensive care units.

at least 2 years."> Given the current lack of under-
standing about the nutritional content of human
milk during prolonged breastfeeding, it is crucial to
fill this knowledge gap.

This information is also crucial for donor human
milk (DHM) banks which depend on human milk
altruistically donated by mothers who produce an
excess of milk and might lactate for lengthy periods.
When a mother’s milk is unavailable or insuffi-
cient, donated human milk becomes the preferred
alternative to preterm formula for very preterm
infants."*'® Currently, there is no consensus or
established guidelines from the European Milk
Bank Association (EMBA) or the Human Milk
Banking Association of North America (HMBANA)
regarding the duration a woman should be allowed
to donate milk to a bank during extended lactation
or whether this milk, even with multinutrient forti-
fication, is nutritionally less suitable for preterm
infants."”

This study aims to measure the macronutrient
composition after the first 6 months of lactation.
The results could guide human milk banks in estab-
lishing their acceptance policies.

F248

Muts J, et al. Arch Dis Child Fetal Neonatal Ed 2025;110:F248-F252. doi:10.1136/archdischild-2024-327319

BM) Group

‘salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw erep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold
*jooydssaboysnwsel3 v11-z39
1uswiredaq 1e 520z ‘2z AeN uo /wod fwg uy/:dny wol) papeojumoq +Z0zZ J9qWaAON ZT U0 6TELZE-720Z-PI1YSIPYoIe/9eTT 0T Se paysiignd 1sJ1) :p3 [ereuosN [e1ed pliyd sid youy


http://www.rcpch.ac.uk/
http://fn.bmj.com/
http://orcid.org/0000-0001-9471-8168
http://orcid.org/0000-0003-3960-1703
http://orcid.org/0000-0002-5494-730X
https://doi.org/10.1136/archdischild-2024-327319
https://doi.org/10.1136/archdischild-2024-327319
https://doi.org/10.1136/archdischild-2024-327319
http://crossmark.crossref.org/dialog/?doi=10.1136/fetalneonatal-2024-327319&domain=pdf&date_stamp=2025-04-15
http://fn.bmj.com/

Original research

METHODS

Study design

This study is a retrospective, longitudinal assessment conducted
by the Dutch National Human Milk Bank, housed in the
Amsterdam University Medical Centre. It used an existing
database containing donor information from December 2017
to July 2023. The National Milk Bank currently serves all
neonatal intensive care units in the Netherlands offering DHM
for extremely premature infants (those with a gestational age of
less than 30 weeks) whose mothers cannot produce adequate
milk. On average, our facility receives milk from 25 to 40 active
donors simultaneously.

Significant variation exists among donors regarding their post-
partum donation timeline, duration and amounts. All potential
milk bank donors must complete a rigorous approval process
which includes serologic testing and a comprehensive question-
naire. It covers topics such as smoking habits, maternal body
mass index (BMI), alcohol and drug usage, diet and medication.
Simultaneously, data about the child including their sex and
gestational age are collected.

Donating breast milk is entirely voluntary for the mothers
involved. Every participant whose milk was used in this study
provided approval via a non-objection form. The form allowed
the non-interventional investigation of data and milk used
for quality assurance metrics, not given to premature infants
(NL37296.029.11).

Inclusion criteria

We focused on the macronutrient composition during extended
lactation. Therefore, we selected only donors from our database
who provided milk at least once beyond the first 6 months post-
partum. Our analysis included all available samples from these
qualifying mothers even those obtained within the first 6 months
after birth.

Procedures

When donating, women were instructed to express the total
contents of a breast using either a breast pump or by hand
instead of expressing the fore or hindmilk separately. Donated
milk batches were stored at —20°C for no more than 3 months
before further processing. Multiple batches from the same
donor were combined into a single pool of up to 2000mL
which was then divided into smaller bottles and pasteurised. A
small 10 mL aliquot was saved for quality assurance and macro-
nutrient content analysis. This analysis was performed using a
commercial human milk analyser with mid-infrared technology
(Miris, Uppsala, Sweden) equipped with 2013 software. The
analyser measures concentrations of protein, carbohydrates
and fat based on spectral content. Energy content is calculated
by applying Atwater factors to the measured concentrations of
these macronutrients.

The Miris Human Milk Analyser measures both lactose and
oligosaccharides in calculating the carbohydrate concentration.
It measures true protein by assessing total nitrogen, then adds
209% to account for non-protein nitrogen resulting in an estimate
of crude (total) protein content.'® This study only reports the
crude protein concentration.

Before analysing the macronutrient concentrations in each
pool, the milk was first homogenised using the Miris Ultrasonic
Processor and then warmed to the ideal measurement tempera-
ture range of 35-40°C. Each sample was tested in duplicate
with 3mL of milk being applied to the analyser’s injector for
each evaluation. If the results from these two analyses showed

a discrepancy greater than 0.4g/100mL in protein concen-
tration, a third run would be done on the same sample using
another 3 mL portion. The average value of the results was then
calculated.

Statistical analyses

Milk from different pump dates was merged into one 2 litre pool
for analysis with a corresponding average pump date calculated
for each analysis date. If multiple measurements were conducted
within the same week, the mean macronutrient concentrations
for that week were calculated. We determined the number of
weeks between the average pump date and the birth date.

For statistical analysis, we initially segregated lactation into six
distinct periods (0-2 months; 2—4 months; 4-8 months; 8-12
months; 12-18 months; and>18 months). Multiple samples
from the same donor could be analysed within each period.

We performed statistical analyses using SPSS V.28 for Windows
(SPSS). Mean values=SD were calculated for all samples from
each donor during each lactation period. We used linear mixed
models (LMMs) to analyse the time-dependent variations in
breast milk’s fat, protein, carbohydrates and energy content.
LMMs help deal with longitudinal data by correlating measure-
ments at different times within a donor via a random intercept at
the donor level. These analyses were adjusted for gestational age
at birth and maternal BMI. We included these covariates as there
is evidence suggesting that gestational age can affect breast milk
protein concentration and that BMI is associated with breast
milk fat concentration and energy content.”” ?° We considered
a p value 0of<0.05 to be statistically significant in all analyses.

RESULTS

Our study included 86 women who had donated milk at least
once to our milk bank after 6 months postpartum. From these
donors, milk was collected between 5 weeks and 28 months
postpartum and 820 pools of approximately 2litre were
created, of which samples were analysed for macronutrients.
Thus, on average, we measured macronutrients in samples from
nearly 10 2-litre pools per donor, but this ranged from 1 to
48 pools. The volume of individual donated bottles from each
donor ranged from 50 to 200 mL, and all samples combined
into a single pool were collected over several weeks or up to
2 months. These 820 samples were divided into six different
lactation periods: 0-2 months (25 samples, 8 donors), 2—4
months (98 samples, 20 donors), 4-8 months (381 samples,
63 donors), 8-12 months (175 samples, 45 donors), 12-18
months (91 samples, 12 donors), and>18 months (50 samples,
6 donors).

On beginning their donations, the women had an average age
of 37.4 years with an SD of 3.7 and an average BMI of 25.0kg/
m?, with an SD of 4.7. The average gestational age at childbirth
was 38.1 weeks, with a SD of 3.7.

The concentrations of macronutrients as well as the energy
content of all milk samples are depicted in figure 1A-D with
average values for each lactation period given in table 1. The
statistical analysis of these results shows a gradual decrease
in protein concentration from the first 2 months of lactation
persisting until the 8th month. After this, the protein concentra-
tion stabilises until the 18th month at which point it begins to
rise again (see online supplemental table 1). For instance, during
the second to fourth month, the average protein concentration in
milk was about 0.12 g/100 mL less than that of the first 2 months
after birth, featuring a 95% CI between —0.18 and —0.06.

Muts J, et al. Arch Dis Child Fetal Neonatal Ed 2025;110:F248—F252. doi:10.1136/archdischild-2024-327319

F249

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw erep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" |Jooyasaboysnwsesq v11-Z39
1uawiredaq Je G20z ‘2z A U0 /wod fwiguy/:dny wouy papeojumod ¥z J9qUWSAON 2T U0 6TELZE-¥Z0Z-PIIYISIPYDIE/9ETT 0T Se pays!ignd 1siiy :p3 [eleuocaN (el PlIyDd sia yaIv


https://dx.doi.org/10.1136/fetalneonatal-2024-327319
http://fn.bmj.com/

Original research

0+— 11—
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
A Months
a_
7_
B_

Fat (g/100mL)
w -]h {4,}

o+
0 2 4 6 8

10 412 14 16 18 20 22 24 26 28 30
Months

Figure 1

-
-
i

-
<

Carbohydrate (g/100mL)

& s
9 T

o 2

4(;B1I01I21I41IG1I82:’.!2I22I42I62I83ID

Months

o

120+
110+

3

Energy (kcal/100mL)

4 6 8 10 12 14 16 18 20 22 24 26 28 30
Months

o 2
D

A-D Longitudinal macronutrient concentrations in months postpartum in donated human milk samples (=86 donors, N=820 samples). A:

crude protein concentration; B: carbohydrate concentration; C: fat concentration; D: energy content. The grid lines on the x-axis indicate the lactation
periods defined in this study and used for the statistical analyses. Bold trendlines represent the average values.

The carbohydrate concentration in the expressed milk
remained stable throughout the 28-month study period with no
significant changes (online supplemental table 2).

The fat concentration in milk stayed consistent for the initial
8 months but saw a substantial rise from the 8th month of lacta-
tion through the end of our study (online supplemental table
3). Given the fat’s high caloric density, the energy content also
began increasing after 8 months of lactation, continuing to rise
even after 2 years (online supplemental table 4).

DISCUSSION

This research project aimed to measure changes in macronu-
trient composition during an extended lactation period. Besides
fundamental scientific interest, our findings could help human
milk bank policymakers decide on the eligibility of potential
donors throughout prolonged lactation.

The study demonstrates that human milk protein levels follow
a U-shaped path, dipping between 8 and 18 months after birth.
Carbohydrate concentrations, on the other hand, remain notably
consistent through a lactation period extending to 28 months.
It was also observed that fat concentration and energy content
were stable in the first 8 months but started to increase steadily
from the 8th month, continuing beyond 2 years of lactation.

While the protein-to-energy ratio (PER) shows a general
decline during the first year of life, there are small variations
over time. Specifically, the PER decreases from approximately
1.4 g/100 kcal during the 0-2month period to around 1.1g/100
kcal by 12-18 months. However, after 18 months, the PER
slightly rises again reaching approximately 1.2 g/100 kcal.

Understanding which donors are appropriate is crucial. Our
findings indicate that human milk, even when lactated for up to
2 years, maintains sufficient macronutrient richness, making it a

Table 1 Mean concentrations of crude protein, fat, carbohydrates and energy content in each of the lactation periods
N n Protein (g/100 mL) Carbohydrate (g/100 mL) Fat (g/100mL) Energy (kcal/100 mL)

0-2 months 25 8 1.09+0.15 8.50+0.30 4.07+0.36 76.4+3.5
2-4 months 98 20 0.96+0.17 8.25+0.45 3.56+0.67 70.5+6.6
4-8 months 381 63 0.93+0.16 8.44+0.61 3.52+0.70 70.3+7.4
8-12 months 175 45 0.91+0.18 8.37+0.46 3.86+0.82 73.2+1.7
12-18 months 91 12 0.88+0.19 8.35+0.48 4.62+0.78 80.0+7.7
>18 months 50 6 1.07+0.14 8.33+0.46 5.51+0.99 89.0+9.5

Values presented as mean+SD.

N: total number of samples included in the lactation period; n: total number of donors included in the lactation period.
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suitable donation for very preterm infants. The sample size for
women who donated milk beyond 24 months post-birth was too
low to form recommendations for prolonged lactation, yet there
was no observable pattern of declining nutrient content. There
are relatively few studies exploring the macronutrient composi-
tion of human milk during extended lactation. In one such study
with 137 samples, the macronutrient content of breast milk was
examined in mothers who breastfed beyond 18 months.” The
findings revealed that this milk had higher protein and fat content
but lower carbohydrate levels compared with milk samples taken
before the 12th month of breastfeeding. However, between the
24th and 48th months of lactation, the concentrations of these
macronutrients in human milk remained consistent. It is worth
noting, though, that this study found wide variations in nutrient
concentrations. For instance, around 10% of the samples
displayed a protein concentration exceeding 2.0g/100 mL with
several even surpassing 3.5g/100 mL—measurements notably
higher than our observations.

Another study examined the changes in the composition of
human milk over time, specifically between the 11th and 17th
months after childbirth.'” The study involved 131 samples from
19 mothers. It was found that among the macronutrients, only
protein content showed a gradual, minor increase during this
period. In a secondary analysis, these samples were compared
with another 33 samples from women who had been lactating
for a median of 4 months. This comparison revealed a slight
increase in protein content in the milk of women with longer
lactation periods. However, there was no noticeable difference
in the content of fat and lactose between early (median of 4
months) and late (median of 14 months) lactation.

The study of Michaelson et al reported results similar to
ours."! They found that protein concentration initially declined
up to 8 months, then increased until the 17th month. The carbo-
hydrate concentration showed only a minimal decrease (0.3 g/
dL) over the entire 17 months period. Additionally, fat concen-
tration started to increase from the 4th month.

The findings from various studies investigating long-term
macronutrient composition in human milk including those
from our present study show some discrepancies. This could
stem from the differences in lactation periods analysed and the
measurement techniques employed in each study such as mid-
infrared technology, nuclear magnetic resonance, bicinchoninic
acid assays based on the biuret reaction and tandem mass spec-
trometry. However, our study boasts the largest sample size and
the greatest number of consecutive samples per donor which
lends substantial credibility to our observed results.

The Miris analyser employed in this study is unable to
differentiate human milk oligosaccharides (HMOs) from other
carbohydrates such as lactose. HMOs constitute about 10%
of the total carbohydrate content. As such, the determina-
tion of caloric density in human milk is slightly inflated due
to the inclusion of these indigestible oligosaccharides in the
carbohydrate assessment as HMOs do not contribute directly
to caloric availability.?! In a 2-year longitudinal study by
Plows et al (n=28), HMO concentration changes over time
were examined.?? Their results suggested that HMO concen-
trations did not consistently increase or decrease during the
lactation period. Conversely, another study demonstrated
a gradual decline in HMOs during lactation with different
HMOs predominating at various lactation stages.”> The study
of Perrin et al, however, demonstrated an increase in HMO
content between 11 and 17 months postpartum.'® Therefore, a
study methodology that separately measures HMO and lactose
concentrations would be instrumental in providing a more

detailed understanding of carbohydrate concentrations during
extended lactation periods.

Our research primarily focused on the nutritional aspects of
breast milk overlooking its bioactive components like antibodies,
enzymes and hormones which are vital for infant immunity
and growth.** ® While most studies examined these bioactive
components for the first 6 months of breastfeeding, there is a
notable research gap for extended lactation periods. Under-
standing how these components persist and change over time is
crucial for assessing the long-term benefits of breastfeeding.’ 2
Future research should examine both bioactive components and
macronutrients in breast milk beyond the initial breastfeeding
months.

This study is among the pioneers in exploring the nutri-
tional composition of human milk longitudinally over
extended lactation periods. We considered only mothers
who had breastfed for more than 6 months to study the
impacts of long-term lactation. An advanced statistical
technique helped us evaluate differences over time while
factoring in baseline confounders. Extra strengths of our
research included analysing samples obtained from adjacent
expression moments, effectively minimising pre-analytical
expression conditions. We also measured nutrient concen-
trations longitudinally using on average nearly 10 pooled
samples per donor. To enhance the statistical power of
our analysis, we grouped data into larger time periods to
increase the sample size within each interval. Our rationale
for doing so was that we did not anticipate significant fluc-
tuations in macronutrient levels from month to month, espe-
cially not during periods of prolonged lactation. Instead, we
expected a more longitudinal trend of increase or decrease,
with only a few periodic variations. This study, however,
bears a few limitations. First, it had a comparatively small
sample size, notably lacking in lactating mothers beyond 18
months. Second, limited information about aspects such as
sociodemographic traits and dietary habits of the donors
could potentially impact the results observed.?” *® Further-
more, a lack of specifics concerning the timing and amounts
of milk pumping, whether morning, afternoon or evening
could potentially overlook variations in milk constituents
throughout the day, lending to confounded results. Yet, to
mitigate this variability, milk from multiple adjacent dona-
tion batches was combined into a single pool. Finally, the
design may be seen as a limitation as all the milk donors
were from a single country where nutritional habits and
living conditions are relatively uniform. On the other hand,
there is a wide range of dietary patterns and socioeco-
nomic and cultural backgrounds of the donors which could
suggest that our findings may still be generalisable to other
populations.

The WHO recently updated its guidelines on the recom-
mended duration of breastfeeding, advocating for exclusive
breastfeeding for the first 6 months of a baby’s life, followed
by complementary feeding along with breastfeeding for 2
years or more.”> Our findings support the WHO’s recom-
mendations as it offers adequate nutritional macronutrient
value during these 2 years provided the mother ensures an
adequate intake of essential micronutrients such as vitamin
D, vitamin A, iron and other micronutrients and vitamins
through a varied diet or supplements.

Currently, the EMBA and the HMBANA provide no guide-
lines on how extended lactation periods impact the nutritional
composition of DHM or the suitable milk donation period."”
The results of this study could contribute to creating detailed
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directives for human milk banks, particularly in developing their
acceptance policies.

CONCLUSION

Our research highlights the consistent nutritional composition
of expressed human milk over a 2-year lactation period. This
finding suggests that mothers could potentially donate milk to
human milk banks throughout the entire second year of lactation.
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