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Editorial on the Research Topic

HumanMilk in the Feeding of Preterm Infants: Established and Debated Aspects

Evidence indicates that human milk (HM) is the best source of nutrition not only for term but also
for preterm infants conferring health benefits both in the short and long-term (1–3). Thus, in the
last few decades, HM has been identified as the normative standard for preterm infant feeding by
the scientific health authorities (1, 2, 4). Human milk reduces the chance of developing necrotizing
enterocolitis (NEC), sepsis, and other infections, as well as bronchopulmonary dysplasia (BPD) and
severe retinopathy. It has also been shown to decrease the risk of death and improve long-term
neurocognitive development and cardiovascular health outcome. Yet, HM does not provide
sufficient nutrients to very low birth weight (VLBW) infants when fed at the usual feeding volumes.
Therefore, it should be supplemented (fortified) with nutrients in short supply, particularly protein,
calcium, and phosphate to meet the high requirements of this group of tiny preterm infants. During
the last decade, optimization of HM fortification, mainly individualization, and the quality of the
fortifiers have been the topics of discussion, aiming to improve the clinical outcomes of these babies
(1, 2, 4).

Processing HM in human milk banks may alter the quality of the milk. Holder pasteurization
(62.5◦C for 30min) is currently the procedure recommended by all human milk banks to ensure
the microbiological safety of HM, but alternative methods are under investigation (1, 4).

This Research Topic is aimed at collecting papers suitable to improve our knowledge and
understanding on HM composition, HM fortification, processing and handling, and feeding
practices with associated clinical outcomes.

In this special e-collection there are 25 papers covering the above mentioned aspects.
Processing of humanmilk has been the most evaluated aspect. Nine papers out of 25 (36%) were

related to this topic, which represents one of the most important steps in the operative procedures
of Human Milk Banks (HMBs). Currently, a pasteurization process performed at a temperature
of 62.5◦C for 30min, which is known as the Holder pasteurization (HoP), is recommended in all
the international guidelines for the inactivation of viral and bacteriological agents present in donor
human milk (DHM). However, HoP affects some of the nutritional and biological properties of
fresh humanmilk. Data fromBertino et al. show that HoP affects negatively oxidative stressmarkers
to variable degrees. Also cytokines are negatively affected by HoP, and their concentrations decline
following HoP, with the exception of IL-8 that is preserved (89%) after pasteurization (Giorgi et al.).

Due to these limitations, there is the need to evaluate alternative processing methods able
to better preserve the bioactivity of a higher number of HM components in order to improve

6
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the nutritional and immunological quality of DHM. Research
on some of these technologies, like High-Temperature-Short-
Time (HTST), High Pressure Processing (HPP) and ultraviolet-
C (UV-C) irradiation are extremely promising but still in a
phase of evaluation. HTST seems to be better than HoP at
preserving the HM antioxidant potential, lactoferrin content and
structure, and some cytokines which describe the advantages
of this methodology (Moro et al.). The group of Lembo
presented data showing that, unlike the HoP, HTST preserved the
inhibitory activity against cytomegalovirus, respiratory syncytial
virus, rotavirus, and herpes simplex virus type 2 (Donalisio
et al.). Klotz et al. confirm the antiviral activity of HTST against
cytomegalovirus, but show that this technology is less effective
than HoP in bacterial count reduction. Two HTST pasteurizers
have recently been specifically designed and validated for human
milk processing (Moro et al.).

Also high pressure processing (HPP) is considered a
promising alternative to thermal pasteurization of human
milk. HPP leads to preservation of adipokines, growth factor,
lactoferrin, and IgG much better than HoP (Wesolowska
et al.). Demazeau et al. have recently optimized the operational
parameters of HPP and this has allowed the inactivation of B.
cereus spores while preserving the bioactive factors. The main
obstacle to the use of HPP in humanmilk treatment, is the scaling
down of the equipment and the investment and operating costs
(Moro et al.). At the moment, the most practical solution to
improve processing of human milk seems to be an optimization
of HoP including an accurate control of the heating phase, with
a quality control of the pasteurizer performed regularly, at least
once a year (Buffin et al.). Moreover, since HoP is the most
frequently used technique, it should be evaluated, as a part of the
optimization process, whether a temperature below 62◦C could
be utilized in terms of improved preservation of fresh human
milk properties without compromising themicrobiological safety
(Gayà and Calvo).

Mother’s own milk (MOM) is the first choice for premature
infant feeding. When MOM is not available or is insufficient,
DHM from an established human milk bank represents the
best alternative, with well-documented advantages compared to
formulas derived from bovine milk (1). In this Research Topic,
five papers refer to the advantages of HM when utilized in
feeding preterm infants. Boquien et al. give a comprehensive
overview regarding the composition of human milk and its
correlation with infant growth and neurodevelopment, while
Ziegler addresses the art of feeding the preterm infants
with human milk in their early days of life. The main
clinical advantage deriving from utilization of human milk
in feeding preterm infants is prevention of NEC. New
combined data from in vitro tissue culture models, in vivo
preclinical studies in animal models, and human mother-
infant cohort studies support the hypothesis that some specific
human milk oligosaccharides contribute to the beneficial
effects of human milk feeding in reducing NEC (Bode).
The first systematic review investigating the effects of MOM
on BPD confirms the beneficial effects of mother’s milk,
at least when used as an exclusive diet (Villamor-Martínez
et al.).

Above protection from NEC and BPD, human milk is able to
modulate the quality of growth in preterm infants, with higher
fat-free mass percentage when intakes >50% fortified human
milk are obtained (Piemontese et al.).

Because of the extremely high nutritional requirements of
premature infants, human milk must be fortified with nutrients,
particularly with protein andminerals, to ensure optimal nutrient
intake and adequate growth. Best fortification strategies, as well
as the “optimal” composition of fortifiers are still objects of
research. In this e-book there are 3 papers related to this topic.
The EMBA Working Group on Fortification of Human Milk
encourages the use of “individualized fortification” to optimize
nutrient intake. The quality and source of human milk fortifiers
constitute another important aspect. There is work looking
at human milk derived fortifiers, but it is still too early to
draw precise conclusions about their use. Many other practical
recommendations on fortification of HM can be found in this
article (Arslanoglu et al.). Fortification of HM increases its
osmolality, and a high value of osmolality is associated with
an increased risk of NEC. The study of Kreins et al. shows
very clearly that osmolality increases significantly immediately
after fortification, depending on the type of fortifier used. A
practical aspect to keep in mind is that, as most of the increase in
osmolality occurs immediately, bedside fortification is not useful
to prevent the increase in osmolality (Kreins et al.).

Protein intake is the limiting factor for the regular growth
of preterm infants fed fortified human milk during the hospital
stay and after discharge. There are very few long term follow-
up studies comparing standard protein intake vs. high protein
intake in VLBW infants. Mariani et al. evaluated the effects
of two different protein intakes (Standard Protein Intake:
3.5 g/kg/day; Aggressive Protein Intake: 4.5–5.0 g/kg/day) on
feeding tolerance, hospital growth, anthropometric data and
psychomotor outcome up to 24 months corrected age in
extremely low birth weight infants (ELBW; birth weight <

1,000 g) fed fortified human milk. The infants receiving the
high protein intake performed significantly better for all the
parameters evaluated both during and after hospitalization,
showing short and long term benefits in terms of growth and
neurodevelopment (Mariani et al.).

The feeding of human milk to preterm infants is typically
much more complicated than the mere act of breastfeeding. The
discussion of safe HM handling and administration has extended
beyond infection prevention to comprise other critical errors like
misadministration, fortification errors, and the feeding of expired
milk. A survey performed by Klotz et al. related to handling of
HM in neonatal units from Germany, Switzerland, and Austria
clearly shows a wide variability in most aspects of HM handling.
To overcome this variability, Steele in her mini-review article
summarizes current published best practices for the handling of
HM for preterm infants within the hospital setting. Emphasis is
focused on the use of aseptic technique, and the use of technology
to prevent misadministration of HM and fortification errors as
well as for tracking of expiration dates and lot numbers (Steele).

At the end of this quick ride through the main aspects of
human milk in the feeding of preterm infants, there are still
two papers that deserve a mention. The first is the paper from
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Davanzo where controversies in breastfeeding are discussed. A
useful differentiation is done between “contraindication” and
“obstacle.” Failure to distinguish between these two conditions
confuses the new mothers and their families, and engenders
misconceptions among health professionals. The list of “true
contraindications” to breastfeeding is short and clearly stated,
and it is presented in an easily understandable table (Davanzo).

The second paper is produced by the Guideline Working
Group of the EMBA. MOM is the first choice in preterm infants
feeding, and strong efforts should be made to promote lactation.
When mother’s milk is not available, donor human milk is the
preferred choice and it should be provided by a well-established
HMB (1). There are at present several international available
guidelines for the establishment and operation of HMBs, but
there are no Europe-wide guidelines. So, one of the clear
objective of the EMBA has been to develop at least Europe-wide
recommendations. The processes and practices within human
milk banking do not lend themselves to randomized controlled
trials and there are few meta-analyses or systematic reviews
available to refer to. In the absence of these, expert opinion is
required. This is the reason why this Working Group decided to
write recommendations and not guidelines for HMBs in Europe.
The pragmatic approach to the items where differences could not
be resolved through reference to published research, resulted in a

practical “guide” to cope with the most important issues related
to the world of human milk banking.

In summary, the results of the above mentioned studies and
reviews represent an enormous amount of new relevant data
on the composition, fortification, processing and advantages
of HM when utilized in preterm infants feeding. Despite all
the existing literature and evidence related to this extremely
important topic, the papers published in this e-book clearly
show that there are still many aspects to be clarified and
understood in the fascinating world of HM and preterm
infant nutrition. After reading this book, some topics as the
composition of HM, fortification of HM when utilized for
feeding VLBW infants, handling of HM in neonatal units,
feeding practices in preterm infants, and processing of DHM,
will appear more clear to the reader and reinforce the belief that
HM represents the best food in feeding all neonates, including
preterm infants.
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The importance of human milk for the preterm infant is well established (1–3). However,

the feeding of human milk to preterm infants is typically much more complicated than

the mere act of breastfeeding (3, 4). The limited oral feeding skills of many preterm

infants often results in human milk being administered via an enteral feeding tube

(4). In addition, fortification is commonly required to promote optimal growth and

development—particularly in the smallest of preterm infants (2, 4, 5). Consequently, a

mother’s own milk must be pumped, labeled, transported to the hospital, stored, tracked

for appropriate expiration dates and times, thawed (if previously frozen), fortified, and

administered to the infant with care taken at each step of the process to avoid microbial

contamination, misadministration (the wrong milk for the wrong patient), fortification

errors, and waste (1–5). Furthermore, the use of pasteurized donor human milk (DHM)

for preterm infants when a mother’s own milk is not available has been endorsed

by many organizations (1). Therefore, appropriate procurement, storage, thawing (if

received frozen), fortification, labeling, and administration must occur with the same

considerations of preventing contamination and fortification errors while ensuring the

correctly prepared final product reaches the correct patient (1). Many professional

organizations have published best practices to provide hospitals with guidelines for

the safe and accurate handling and preparation of expressed human milk (EHM) and

DHM feedings for preterm infants (1–5). These best practices emphasize the importance

of preparation location, trained staff, proper identification of human milk to prevent

misadministration, and strategies to prevent fortification errors (1–6). The purpose of this

mini-review article is to summarize current published best practices for the handling of

human milk for preterm infants within the hospital setting (1–6). Emphasis will focus on

the use of aseptic technique with proper sanitation and holding times/temperatures to

limit microbial growth; use of technology to prevent misadministration of human milk and

fortification errors as well as for tracking of expiration dates/times and lot numbers; and

workflow strategies to promote safety while improving efficiencies (1–7).

Keywords: human milk handling, infant feeding preparation, human milk bar code scanning, aseptic technique

feeding preparation, safety and human milk
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INTRODUCTION

The importance of human milk for the preterm infant is well
established (1–3). However, the feeding of human milk to
preterm infants is typically much more complicated than the
mere act of breastfeeding (3, 4). The limited oral feeding
skills of many preterm infants often results in human milk
being administered via an enteral feeding tube (4). In addition,
fortification is commonly required to promote optimal growth
and development—particularly in the smallest of preterm
infants (2, 4, 5). Consequently, a mother’s own milk must be
pumped, labeled, transported to the hospital, stored, tracked for
appropriate expiration dates and times, thawed (if previously
frozen), fortified, and administered to the infant with care taken
at each step of the process to avoid microbial contamination,
misadministration (the wrong milk for the wrong patient),
fortification errors, and waste (1–5).

Furthermore, the use of pasteurized donor human milk
(DHM) for preterm infants when a mother’s own milk
is not available has been endorsed by many organizations
including the World Health Organization (WHO), the Academy
of Breastfeeding Medicine (ABM), the European Milk Bank
Association, the Human Milk Banking Association of North
America (HMBANA), the European Society for Pediatric
Gastroenterology, Hepatology, and Nutrition (ESPGHAN), the
American Society for Parenteral and Enteral Nutrition (ASPEN),
the United States Surgeon General, the Academy of Nutrition
and Dietetics, and the American Academy of Pediatrics (AAP)
(1). Therefore, appropriate procurement, storage, thawing (if
received frozen), fortification, labeling, and administration must
occur with the same considerations of preventing contamination
and fortification errors while ensuring the correctly prepared
final product reaches the correct patient (1).

Many professional organizations, including the Academy of
Nutrition and Dietetics, ASPEN, the National Association of
Neonatal Nurses (NANN), and HMBANA, have published best
practices to provide hospitals with guidelines for the safe and
accurate handling and preparation of expressed human milk
(EHM) and DHM feedings for preterm infants (1–5). These
best practices emphasize the importance of preparation location,
trained staff, proper identification of human milk to prevent
misadministration, and strategies to prevent fortification errors
(1–6).

The purpose of this mini-review article is to summarize
current published best practices for the handling of human milk
for preterm infants within the hospital setting (1–6). Emphasis
will focus on proper sanitation, use of technology for tracking
and error prevention, and workflow strategies to promote safety
while improving efficiencies (1–7).

LOCATION

For handling of human milk, fortifiers, and feeding systems,
preparation location and practices that minimize microbial
growth (such as adherence to good hand-hygiene practices and
use of “no touch” preparation and administration techniques)
are critical (1). A location dedicated for the purpose of handling

human milk feedings that is separate from patient care areas
reduces risk of contamination and is considered a best practice
(1, 2, 8, 9). EHM or DHM feedings should not be prepared in any
patient care area, including the patient’s bedside, due to risk of
contamination (1, 2, 5, 7, 9).

EQUIPMENT AND SUPPLIES

Sinks and Dishwashers
The preparation area should contain a handwashing sink
with hands-free controls (1). Unless all preparation items are
disposable, a three-compartment sink or commercial dishwasher
is needed to ensure proper cleaning and sanitizing of all
reusable items (1, 10, 11). The dishwasher should reach a wash
temperature of 66◦C (150◦F) and a rinse temperature of 82◦C
(180◦F) (10, 11).

Refrigerators and Freezers
Although not required, dedicated human milk refrigerators and
freezers are preferred. Adequate space to store human milk while
allowing for appropriate airflow is important to ensure proper
temperatures. Refrigeration guidelines for the storage of human
milk for healthy infants at home have been described (12).Within
the health care setting, refrigerators for humanmilk storage must
be able to maintain temperatures between 2–4◦C (35–39◦F);
freezers must allow for temperatures at or below −20◦C (−4◦F)
to long-term storage (1, 13). A reliable method of temperature
monitoring is imperative to prevent loss and promote safety (1).
Use of automated systems that alarm when temperatures exceed
desired ranges may be beneficial. Location of refrigeration units
in areas with limited access, may help prevent tampering and
waste.

Laminar Flow Hoods
While laminar flow hoods provide an additional barrier against
contaminants, they are typically used in the preparation of sterile
products (including medications and processing/packaging of
pasteurized donor human milk) (1, 14). However, use of a
flow hood does not result in a sterile finished product when
used during the preparation of non-sterile feedings (such as
unpasteurized EHM and/or non-sterile fortifiers or additives) (1,
15). Furthermore, use of a flow hood should not be a replacement
for good handing practices and aseptic technique.

Measuring/Mixing Devices and Storage
Containers
All preparation and storage items should be made of stainless
steel or food grade plastic that is free of bisphenol A (BPA)
and Di(2-ethylhexyl) phthalate (DEHP) (11). Glass items (such
as graduated cylinders or beakers) are not generally used for
routine handling of human milk in the health care setting due
to risk of exposure to glass particles should the glass crack or
break (11).

Single-use, disposable items are often selected for human
milk collection and feeding preparation due to their convenience
and sanitation. Such items may be sterile or non-sterile as
there is no evidence that use of non-sterile items results in
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higher bacterial loads in collected human milk or prepared
feedings (1, 16). If reusable items are selected, they must be
cleaned and appropriately sanitized between uses to prevent cross
contamination.

Human milk and other liquid ingredients should be measured
using containers with precise graduations such as graduated
cylinders, beakers, liquid measuring cups, or syringes (1).
Powdered fortifiers and additives should be measured on a
gram scale accurate to a tenth of a gram (1). Scales should
undergo regular calibration to ensure accuracy and promote
safety (1).

STAFFING AND STAFF HYGIENE

Use of dedicated staff for the handling and preparation of human
milk feedings within the health care setting is considered a best
practice and has been shown to reduce risk of misadministration
errors (1–3, 5). Staff should be well trained in aseptic technique
and demonstrate proper steps for handling human milk and
fortifiers. Hand hygiene is critical in the handling of human milk

to prevent introduction of exogenous microbial contamination
(17, 18).

Use of disposable gowns and other personal protective items
including a bonnet or hairnet and gloves are recommended (1).
Artificial nails and long natural nails have been associated with
a Pseudomonas aeruginosa outbreak in a neonatal intensive care
unit (18, 19). Therefore, it is recommended that staff nails should
be short, neatly groomed, and unpolished (17–21).

HUMAN MILK STORAGE

Stored milk should be rotated using first-in-first-out (FIFO)
principles with the oldest milk being used first. Storage times
and temperatures impact nutritional quality, biologically active
components in human milk, and rate/incidence of microbial
growth (12, 22–26). Within the acute care setting when
human milk is used for immunocompromised patients, storage
recommendations are more conservative than for the healthy
infant at home (1, 12). Therefore, it is generally recommended
(1, 13, 16, 22, 27):

TABLE 1 | Steps for human milk feeding preparation within the acute care setting (1, 13, 28–32).

Don personal protective items per facility policy (may include disposable gowns and bonnets/hairnets)

Perform hand hygiene upon entry into the preparation area, after sanitizing work surfaces, and between each individual patient feeding preparation

Sanitize work space using a facility-approved sanitizing solution appropriate for food contact surfaces upon entry, between each individual patient feeding preparation,

and as required to support aseptic technique

Thaw milk if needed using water bath or commercial warmer

Perform a two-person double check of a minimum of two-patient identifiers or use bar code scanning technology to confirm that all bottles of human milk belong to the

same patient before combining

Following hand hygiene, don gloves prior to initiating the actual preparation

Measure appropriate volume of human milk using measuring container with 1mL graduations

Add fortifiers, if appropriate

• Ensure accuracy with calculations and measurements to avoid over or under fortification

• Consider systems such as a two-person double check or bar code scanning to confirm appropriate fortifier is used

• Use pre-portioned fortifiers when available

• If not pre-portioned, measure liquid fortifiers using graduated cylinders, beakers, liquid measuring cups, or syringes and weigh powders using a gram scale

Gently mix ingredients in clean disposable or cleaned and sanitized reusable container

Place finished product in a clean disposable or cleaned and sanitized reusable closed container

• Prepare no more than 24-h volumes

• Finished product may be unit dosed for individual feedings or in bulk volumes

Label each container

Recommended components include:

• Patient name

• Identification number (such as medical record number)

• Contents (human milk plus any fortifiers or additives)

• Caloric density

• Volume in container

• Volume per feeding and frequency or rate of administration

• Administration route

• Expiration date and time

• “For enteral use only” or “Not for intravenous use”

• “Refrigerate until use”

Refrigerate final product until used

Perform a two-person double check of a minimum of two-patient identifiers or use bar code scanning technology to verify the feeding label against the patient armband

to confirm correct identity prior to administration

Monitor time for prepared feedings at room temperature

• Decant no more than 4-h volumes for continuous enteral feedings

• For oral feeding, discard any milk remaining in the bottle 1 h after initiating feeding due to potential for bacterial contamination from oral flora that may colonize the

milk remaining in the bottle
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• Fresh milk be stored in the refrigerator (≤4◦C or≤39◦F) for a
maximum of 48 h

• Thawed unpasteurized milk be stored in the refrigerator
(≤4◦C or ≤39◦F) for a maximum of 24 h

• Thawed pasteurized DHM be stored in the refrigerator (≤4◦C
or ≤39◦F) for a maximum of 48 h

• Fortified milk be stored in the refrigerator (≤4◦C or ≤39◦F)
for a maximum of 24 h

• Hang time for continuous feedings at room temperature for a
maximum of 4 h

• Frozen human milk be stored in the freezer for 6–12 months
at ≤−20◦C (≤−4◦F) or beyond 12 months at −70 to −80◦C
(−94 to−112◦F).

PREPARATION AND ADMINISTRATION OF
HUMAN MILK FEEDINGS IN THE HEALTH
CARE SETTING

Handling of human milk and preparation of individual feedings
within the health care setting requires strict adherence to
guidelines to ensure the preservation of nutrients and bioactive
compounds while reducing risk of harmful microbial growth
(1). Fortification accuracy is imperative to prevent feeding
intolerance and promote optimal health and growth. Steps for
human milk feeding preparation within the acute care setting are
outlined in Table 1 (1, 13, 28–32).

Sterile liquid fortifiers and additives are preferred over
powdered products (which are not sterile) to reduce the risk
of microbial contamination; sterile options should be used for
human milk fortification whenever possible (1, 13). At present,
the optimal length of time between preparation and feeding
of fortified human milk is unknown (13). Research has shown
that over time, the osmolality of fortified human milk increases
(by up to 4%) and the size of milk fat globules may become
altered (possibly impacting fat digestion) (33). While shortening
the storage time for fortified human milk may be advantageous,
there is not enough published evidence to suggest a revision of
the current recommendations for a maximum of 24 h (1, 13).
Centralized fortification of human milk is a best practice and
has been shown to improve patient safety (1–8, 13). However,
centralized handling processes often preclude the ability to
prepare each individual feeding immediately prior to use. Based
on current evidence, the benefits of centralized handling appear
to outweigh the risks of potential changes to human milk when
feedings are prepared in advance (1–8, 13, 34, 35). Facilities
may want to consider the shortest amount of time realistically
feasible while still utilizing centralized handling processes. To
this end, some organizations have opted to prepare 12-h volumes
instead of 24-h volumes which also may be beneficial in more
quickly implementing feeding order changes and preventing
waste (1).

In addition to safe handling practices, processes must be
in place to ensure safe administration of human milk and
prevent inadvertent infusion via intravenous (IV) lines (1, 13).
Enteral feeding misconnections, which may result in death,
have been reported in the literature (36). The International

Standards Organization (ISO) has set a standard for enteral
devices to provide a female (administration set or syringe)
to male (feeding tube) orientation known as ISO 80369-3
(37). Feeding connection sets with this unique configuration
are known as ENFit R© systems (1, 37). Adoption of ENFit R©

compatible connectors for all enteral infusions promotes patient
safety by preventing enteral feedings from being accidentally
connected to IV lines or other medical device ports (1, 13, 37).

USE OF BAR CODE SCANNING
TECHNOLOGY TO IMPROVE SAFETY

Bar code scanning technology is commonly used in the health
care setting to promote patient safety by reducing the risk of
misadministration (providing the wrong product to the wrong
patient) for processes such as medication, blood, and human
milk administration (3–5). Bar code scanning is often used in
lieu of a two-person double check to reduce risk of human error
and confirmation bias which may occur when a manual check
is used (3–5). Such systems have been shown to reduce errors
and improve efficiencies (3–5). Scanning technology can assist
with monitoring expiration dates and times. Human milk that
is beyond its expiration is at greater risk for excessive microbial
growth which could be particularly devastating in the critically
ill neonate. Consequently, scanning systems may add a layer of
patient safety by alerting the clinician if an attempt is made to use
an expired feeding. Furthermore, some systems offer the ability to
automate fortification calculations and scan fortifiers or additives
to reduce risk of fortification errors (3–5). Automatically tracking
lot numbers for pasteurized DHM and fortifiers or additives is
more efficient than having staff track such information manually
and provides a fastermethod of identifying exactly which patients
received a particular product in the event of a product recall.
Therefore, bar code scanning technology with human milk
preparation and feeding is considered a best practice and is
endorsed by many organizations (1–5).

SUMMARY

Human milk in the health care setting, particularly the neonatal
intensive care unit, is often viewed as “medicine” or an adjunct
therapy. Some of the most fragile patients are those premature
or critically ill infants receiving human milk feedings. Therefore,
every precaution must be taken with human milk handling
to ensure safety. Aseptic technique with proper sanitation
and holding times/temperatures to limit microbial growth; use
of technology to prevent misadministration of human milk
and fortification errors as well as for tracking of expiration
dates/times and lot numbers; and workflow strategies to promote
safety while improving efficiencies are worthy endeavors of all
facilities (1–7).
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Background: Breast milk (BM) for premature infants is subjected to multiple steps of

processing, storage and distribution. These steps may influence the quality and safety of

BM. Guidelines concerning the use of mother’s own milk are either not available or limited

to specific aspects of BM handling and are based on evidence of variable strength. This

may result in diverse BM handling routines by health care professionals.

Objective: We surveyed neonatal units to increase the knowledge about the current

practice of BM handling routines of mother’s own milk and to identify controversial

aspects that could give directions for future research.

Methods: An online-based questionnaire was sent to 307 different neonatal

departments providing level III to level I neonatal care within Germany, Austria and

Switzerland. Practices concerning screening for cytomegalovirus and BM bacteria,

pasteurization, fortification, storage, workforce and the incidence of BM administration

errors were surveyed.

Results: A total of 152 units, 56% of contacted level III units and 51% of level II units,

participated in the survey (Germany 53%, Switzerland 71%, and Austria 56%). We found

differences concerning indication and method of CMV inactivation (performed by 58%),

bacterial count screening (48%) and bacterial count reduction (17%) within participating

units. Thirty different thresholds for bacterial BM counts were reported by 65 units,

resulting in pasteurization or discarding of BM. The use of nutrient analysis (12%) and

fortification regimens in addition to standard multicomponent fortifiers (58%) using either

individual (93%), targeted (3%), or adjusted (4%) fortification protocols varied profoundly.

There is a high variability in staff and available facilities for BM handling. 73% of units

report about BM administration errors.

Conclusion: There is a wide variability in most aspects of BM handling in the

participating units. Despite limited evidence labor and cost intensive procedures are

applied which may have an impact on BM quality.

Keywords: bacterial contamination, cytomegalovirus, breast milk, infant, pasteurization, premature, mothers own

milk
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INTRODUCTION

Mothers own breast milk (BM) is the preferred source of
nutrition for the term and preterm infant (1). However, certain
aspects must be considered when feeding BM to premature
infants: Viruses, such as cytomegalovirus (CMV), and bacteria
are transmitted via BM and may prompt BM treatment (2, 3).
BM for the preterm infants needs to be expressed, collected
and, depending on the individual organizational structures of
the neonatal unit, transported to a designated site for further
handling or storage. Upon distribution to the neonatal ward the
milk needs to be (re)labeled, fortified to meet the nutritional
demand of the preterm infant and reheated before it can finally
be fed to premature infant (4).

These BM handling routines may be hazardous to its quality
and safety (5). Hence, departmental organizational structures
and operational procedures that ensure optimal BM handling
and treatment need to be in place (6). However, there is a
paucity of evidence-based data concerning optimal BM handling
(5). Consequently, existing recommendations are based on
evidence of very variable strength and this may result in
diverse BM handling practices by health care professionals
(7). Few data are available about the current approaches
of neonatal departments for handling of mothers own milk
(8–10).

The aim of this cross-sectional survey was to describe current
practices of BM handling routines of mother’s own milk within
neonatal units and to identify controversial aspects of BM
treatment that may merit further research for guiding daily
clinical practice on the neonatal ward.

MATERIALS AND METHODS

A structured and stratified online-based questionnaire was sent
to 307 different neonatal units within Germany (n = 259),
Austria (n = 34) and German speaking Switzerland (n = 14)
between June 8th 2016 and March 1th 2017 using an online
survey tool (SurveyMonkey, Portland, OR). We aimed to include
all neonatal units within the participating countries, identified
via the respective national neonatal and/or pediatric society
or internet research. We assessed the level of neonatal care
and the number of very low birth weight infants per unit
per year. The screening rate for maternal CMV serostatus,
the unit specific indications, methods and threshold levels
for CMV inactivation and/or bacterial count reduction were
surveyed. The feeding regimen for preterm infants according
to the maternal CMV serostatus, bacterial BM count and
postmenstrual age were inquired. Furthermore, we asked to
detail the strategies for BM fortification, the prevalence and
applied techniques for BM nutrient analysis as well as the
condition of BM storage, departmental organizational structures
and allocated staff for BM handling. The questionnaire is
available as Supplementary Material. Statistical analysis was
performed using GraphPad Prism (V5.02, GraphPad, San Diego,

Abbreviations: BM, breast milk; CMV, Cytomegalovirus; HTST,

High-temperature short-time.

CA). Categorical variables are presented in absolute numbers
and percentages. Percentages apply to the number of answers for
any given question. We reported quantitative data as mean and
standard deviation or median and interquartile range (or range)
where applicable.

RESULTS

We received a total of 152 replies. Fifty-six percent of the 189
contacted units that provided level III and 51% of the 75 units
that provided level II of neonatal care (definition according to
the American Academy of Pediatrics) participated in the survey.
Response rate per country was 53% for Germany, 71% for
Switzerland and 56% for Austria. Of the 43 contacted well baby
units (level I) only eight returned the questionnaire. The median
number of very low birth weight infants for level III units was 54
(IQR 36-79).

Cytomegalovirus Screening and

Inactivation
Maternal CMV screening was performed by 87 (85%) of level III
units and by 25 (63%) of level II units. Untreated raw colostrum
of CMV seropositive mothers was fed by 57 units (66%) for a
median of 4 days (range 2–10). Thereafter, CMV inactivation
using Holder-Pasteurization (heating milk at 62.5 ± 0.5◦C for
30min), high-temperature short-time pasteurization (HTST, in
this instance performed at 62◦C for 5 s) and/or freeze-thawing
of BM was applied by 89 (58%) of participating units (Table 1).
For the freeze-thawing method milk was frozen with a median
freezing time of 1 day (range 0.5–14) at a median temperature of
−20◦C (range −80 to −8). Discontinuation of BM treatment for
CMV inactivation or bacterial count reduction and the initiating
of breastfeeding of CMV seropositive mothers were considered
based upon the postmenstrual age and the actual body weight of
the infant (Figure 1).

Bacterial Count Screening and Reduction
Sixty-five units (43%) routinely screened for bacterial BM
colonization, either if BM was expressed at home (n = 7),
expressed at the unit (n = 2) or both (n = 56). BM was
pasteurized by 28 out of 65 units and/or discarded by 48 out
of 65 units if bacterial counts exceeded pre-defined thresholds.
In general, threshold levels varied considerably between units
(Table 2). Bacterial count reduction was performed by Holder-
pasteurization (n = 20) or HTST pasteurization (n = 3)
(Table 1). Again, the duration of BM treatment for bacterial
count reduction was depending on the postmenstrual age or the
actual body weight of the infant (Figure 1).

Nutrient Analysis and Breast Milk

Fortification
Only sixteen units (12%) were performing BM nutrient analysis
using a bedside infrared analyser. Six of those regularly measured
the BMnutrients content as part of a nutritional regime, five units
occasionally and five units within clinical trials. Fortification in
addition to standard multicomponent fortifier was performed
by 75/135 units (58%). Additional protein was added to already

Frontiers in Pediatrics | www.frontiersin.org 2 September 2018 | Volume 6 | Article 23515

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Klotz et al. Breast Milk Handling Routines

TABLE 1 | Methods applied for CMV inactivation and bacterial count reduction in breast milk.

Total

(n = 152)

n (%)#

Germany

(n = 126)

n (%)#

Level III

(n = 92)

n (%)#

Level II

(n = 27)

n (%)#

Switzerland

(n = 10)

n (%)#

Level III

(n = 6)

n (%)#

Level II

(n = 4)

n (%)#

Austria

(n = 16)

n (%)#

Level III

(n = 8)

n (%)#

Level II

(n = 7)

n (%)#

CMV inactivation 89 (58) 74 (58) 61 (66) 13 (48) 3 (30) 3 (50) 0 (0) 12 (75) 6 (75) 6 (86)

Holder-Pasteurization 53 (60) 44 (60) 39 (62) 6 (46) 2 (67) 2 (67) n.a. 7 (58) 5 (83) 2 (23)

High-temperature

short-time pasteurization

11 (12) 10 (14) 9 (15) 1 (8) 1 (23) 1 (13) n.a. 0 (0) 0 (0) 0 (0)

Freeze-thawing method 25 (28) 20 (27) 13 (21) 6 (46) 0 (0) 0 (0) n.a. 5 (42) 1 (17) 4 (67)

Bacterial count reduction¶ 28 (17) 22 (17) 17 (18)§ 5 (19) 2 (20) 2 (33) 0 (0) 4 (25) 3 (38) 1 (14)

Holder-Pasteurization 23 (82) 18 (86) 14 (82) 4 (80) 1 (50) 1 (50) n.a. 4 (100) 3 (100) 1 (100)

High-temperature

short-time pasteurization

3 (11) 1 (0.5) 1 (6) 1 (20) 1 (50) 1 (50) n.a. 0 (0) 0 (0) 0 (0)

#Denominator: Units participating in total, in each country and per level of neonatal care within each country.
§Freeze-thawing method for bacterial count reduction: n = 1.
¶Missing numbers = answers not given.

CMV = cytomegalovirus; Holder-Pasteurization = 62.5◦C, 30min; High-temperature short-time pasteurization = 62◦C, 5 s.

n.a., not applicable.

FIGURE 1 | Indications of individual neonatal units for CMV inactivation, reduction of bacterial breast milk count and initiation of breastfeeding in case of maternal

CMV seropositivity. The decisions to commence breastfeeding, to terminate CMV inactivation or bacterial count reduction were made either depending on the infants

postmenstrual age (A,C,E) or depending on the infants’ actual body weight (B,D,F). N.a., respective criteria were not applied.

fortified BM by 50%, lipids by 38% and carbohydrates by 15%

of units. The decision on which component should be added
was not revealed by our survey. In three units, fortification was

adapted after nutrient analysis of mothers’ own milk (targeted

fortification) or according to the periodic determinations

of the infant’s blood urea nitrogen in four units (adjusted

fortification).

Organizational and Departmental

Structures
Organizational details for the location of BM handling and
storage as well as designated work force and responsibilities for
BM handling are given in Table 3. BM was stored at a median
temperature of −20◦C (range −8 to −33) for a median of 6
months (range 0.07–8) before being discarded.
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TABLE 2 | Bacterial count thresholds for pasteurization (A) and discarding (B) of breast milk intended for premature infants <32 weeks postmenstrual age or body weight

<1,500 g.

Evidence of Replies

n (%)

No

pasteurization

needed

Bacterial count limits (colony-forming units/mL)

>0 ≥102 ≥103 ≥104 ≥105

(A) PASTEURIZATION OF BREAST MILK FOR BACTERIAL COUNT REDUCTION ACCORDING TO POSITIVE CULTURE RESULTS

Skin commensals 27 (100) 12 (44) 0 (0) 0 (0) 0 (0) 5 (19) 10 (37)

Staphylococcus aureus 27 (100) 5 (19) 7 (26) 1 (4) 7 (26) 4 (15) 3 (10)

Gram-negative bacteria 26 (100) 4 (15) 14 (54) 0 (0) 5 (19) 1 (4) 2 (8)

Bacillus cereus 24 (100) 8 (33) 8 (33) 0 (0) 4 (17) 2 (8) 2 (8)

(B) DISCARDING OF BREAST MILK DUE TO BACTERIAL CONTENT ACCORDING TO POSITIVE CULTURE RESULTS

Skin commensals 48 (100) 30 (63) 0 (0) 3 (6) 4 (8) 2 (4) 9 (19)

Staphylococcus aureus 48 (100) 13 (27) 9 (19) 6 (13) 4 (8) 3 (6) 13 (27)

Gram-negative bacteria 48 (100) 12 (25) 12 (25) 5 (10) 5 (10) 6 (13) 8 (17)

Bacillus cereus 44 (100) 14 (32) 13 (30) 1 (2) 6 (14) 2 (4) 8 (18)

TABLE 3 | Organizational details of breast milk handling.

Location of frozen BM

storage

Replies

n (%)

Neonatal ward Milk kitchen (separate

from neonatal ward)

Milk bank (also

preparing donor milk)

Other location (e.g., hospital

main kitchen, with parents)

136 (100) 71 (54) 52 (38) 9 (7) 4 (3)

Location of BM

preparation (thawing,

pasteurization, portion)

Replies

n (%)

Neonatal ward Milk kitchen (separate

from neonatal ward)

Milk bank (also

preparing donor milk)

Other location

(e.g., main hospital kitchen)

139 (100) 70 (50) 60 (43) 9 (6) 4 (0)

BM is prepared by* Replies

n (%)

Nursing staff Designated

milk bank

personnel

Main hospital kitchen

personnel

Other provider

(dietician, nutritionist)

139 (100) 78 (56) 60 (43) 1 (0.7) 4 (3)

BM handling under the

direction of

Replies

n (%)

Nursing staff Medical team Other (dietician,

nutritionist, IBCLC)

Not explicitly assigned

138 (100) 92 (67) 21 (15) 2 (1) 23 (17)

*Multiple replies possible.

BM, breast milk.

Breast Milk Administration Errors
One hundred twenty-five units (82%) replied when queried about
the incidence of BM administration errors per year with at
least one incident of feeding BM to another than the intended
infant in 91/125 units (73%). This relates to 66% of level III,
50% of level II, and 29% of level I units. There were either no
cases of BM administration error (n = 34), 1–5 errors per year
(n= 78), 6–10 per year (n = 9) or more than 10 per year (n= 4)
reported.

DISCUSSION

Our survey reveals wide differences concerning many aspects of
BM handling within participating units.

CMV inactivation of BM has been promoted to reduce the
incidence of BM transmitted CMV infection (11). According
to our survey, rates of maternal CMV screening and of CMV

inactivation inmothers’ ownmilk are comparable if not increased
compared to corresponding data collected nearly a decade ago
within the same countries (8) and appear to be more prevalent
than in others (9, 10). CMV seropositive mothers’ BM treatment
for CMV inactivation was on average commenced on day 4
by the participants consistent with the occurrence of CMV in
BM after the first week of lactation (12). Interestingly, there
appears to be an agreement amongst participant concerning
the postmenstrual age and body weight required to terminate
BM treatment for CMV inactivation (and/or bacterial count
reduction). However, CMV transmission rates, incidence of
clinical signs of infection or sepsis and the impact of a
postnatal CMV infection on neonatal short- and long-term
outcomes remain controversial (13).While some data concerning
neurocognitive development or hearing function point toward
an unaffected outcome after BM transmitted CMV infection
others suggest long-term neuropsychological sequelae (14–19).
Therefore, the relevance of BM transmitted CMV infection
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and thus the role of CMV inactivation remains uncertain
and official recommendations are not consistent. The Austrian
Society of Pediatrics and Adolescent Medicine recommends
freeze-thawing of colostrum and BM of CMV seropositive
mothers for all infants <32 weeks gestational age (20). The
national German Breastfeeding Committee does not recommend
pasteurization for CMV inactivation due to insufficient data
(21) and official recommendations for Switzerland are not
available.

A substantial number of neonatal units are performing
routine BM cultures to assess an apparent need for bacterial
count reduction or discarding of BM. Indeed, there are several
reports of sepsis and/or death caused by BM transmitted
bacteria published (22). However, there was no association
between BM pathogens and the subsequent pathogen causing
an infant’s illness in a single center analysis of 813 BM
cultures of 209 infants (3). To the best of our knowledge,
no data from observational studies or randomized trials are
available to support bacterial count reduction in mother’s
own BM to reduce neonatal morbidity. In fact, a trend
toward an increased rate of necrotizing enterocolitis was
observed in an Austrian neonatal unit after its unit policy was
changed in favor of pasteurization of BM (23). Furthermore,
in their randomized controlled trial Cossey et al. noted
a trend toward an increased rate of late onset sepsis in
infants fed pasteurized BM compared to those fed raw BM.
However, results of this trial need to be interpreted with
caution since BM containing any gram-negative organisms,
Staphylococcus aureus or enterococci, was withheld and replaced
by formula (24). The loss of humoral and cellular mediated
immunological, antibacterial and enzymatic BM properties due
to pasteurization may have an impact on BM mediated neonatal
immunocompetence and on above mentioned observations
(25). HTST pasteurization may increase protein retention
rates compared to Holder-pasteurization but data concerning
antibacterial efficacy of HTST pasteurization are controversial
(25, 26). Because there is no robust evidence to guide the
assessment of a safe bacterial load of BM when feeding
premature infants, any distinction between BM colonization
and BM contamination remains arbitrary (27). Therefore,
interpretation of bacterial BM counts as well as bacterial
spectrum differed widely, 30 different cut off values for
bacterial content indicating BM treatment or discarding were
reported in our survey. A survey of nine neonatal units
from Belgium and Luxembourg showed similar inconsistent
results (10). The German Breastfeeding Committee does not
recommend pasteurization for bacterial count reduction (28). No
recommendations for Switzerland and Austria are available. In
conclusion, the role of routine BM cultures and bacterial count
reduction remains uncertain.

Breast milk services were mostly headed by nursing staff
members. In some units however, there was no explicit allocation
of responsibility. This may prove unfavorable in terms of
organizational management and liability. Only in the minority
of units personnel was exclusively tasked with BM handling.
In these cases, BM was mostly handled and stored not on
the neonatal unit but in separate facilities. However, in most

units regular nursing staff was tasked with BM handling next
to their obligations as primary caregivers on the neonatal
ward. Our survey revealed a high rate of BM administration
errors throughout most units. Computerized provider order
entry systems and adequate resource allocation may reduce BM
administration errors (8).

Bedside BM nutrient analysis is performed in some units.
Clinically relevant variations in results obtained from near-
infrared compared to wet bench nutrient analysis were
demonstrated and despite calibration adjustments concise near-
infrared measurement of BM macronutrient content remains
challenging (29, 30). Therefore, the Committee on Nutrition
of the German Society for Pediatrics issued a statement
against the indiscriminate use of human milk analyzers
(31).

Standard fortification represents the predominant form
of BM fortification. Fortification targeted according to
BM nutrients content or adjusted to the infant’s metabolic
response (i.e., blood urea nitrogen levels) is rarely applied.
But most units are adding additional proteins, lipids or
carbohydrates to BM that has already been fortified with standard
multicomponent fortifier, albeit on what basis remains unclear.
Effects of increased osmolality need to be taken into account
(32).

There are limitations to our survey. We did not inquire
about the preferred feeding regimens if BM of CMV
seropositive mothers was not pasteurized. The response
rate to our survey was limited and varied between regions and
countries, which may have influenced our results. However,
comparable studies focused on specific BM handling aspects
or included a limited number of units. The strength of our
survey lies in the number of participating units within three
different countries, providing insight into many different
aspects of, to some extent, very diverse BM handling
routines.

CONCLUSIONS

There is a wide variability in most aspects of BM handling
in the participating units. Despite limited evidence of clinical
relevance, labor and cost intensive procedures are applied
which may have an impact on BM quality. Evidence based
data are needed to formulate reliable guidelines and strong
recommendations for handling of human milk for premature
infants.
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Objective: The aim of this observational study was to evaluate the effects of two different

protein intake regimes on feeding tolerance, in-hospital growth, anthropometric data and

psychomotor outcome up to 24 months corrected age (CA) in extremely low birth-weight

(ELBW; birth weight <1000 g) infants.

Methods: During the period 2008–2013, 52 ELBW infants admitted at birth to two

Neonatal Intensive Care Units of Emilia Romagna (Italy) were fed according to different

protocols of protein fortification of human milk: an estimated protein intakes at maximum

fortification levels of 3.5 gr/kg/day in the Standard Nutrition Population-SNP group

(n = 26) and 4.8 g/kg/day in the Aggressive Nutrition Population-ANP group (n = 26).

During hospitalization, infants’ growth, biochemical indices of nutritional status, enteral

intake, feeding tolerance, clinical history and morbidity were evaluated. After discharge,

anthropometric data and psychomotor outcome, evaluated by Revised Griffiths Mental

Development Scales (GMDS-R) 0–2 years, were assessed up to 24 months CA.

Results: During hospitalization, the ANP group showed significantly higher weight

(18.87 vs. 15.20 g/kg/day) and head circumference (0.70 vs. 0.52 cm/week) growth

rates compared to SNP, less days of parenteral nutrition (7.36 ± 2.7 vs. 37.75 ±

29.6) and of hospitalization (60.0 ± 13.3 vs. 78.08 ± 21.32). After discharge, ANP

infants had a greater head circumference compared to SNP (45.64 ± 0.29; 46.80 ±

0.31). Furthermore, the General Quotient of GMDS-R mean scores in the SNP group

significantly decreased from 12 to 24 months CA, while no difference was seen in the

ANP group.

Conclusions: Increased protein intake may provide short and long term benefits in

terms of growth and neurodevelopment in human milk-fed ELBW infants.
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INTRODUCTION

The main goals of preterm infants’ nutrition are the achievement
of postnatal growth rates similar to those of normal fetuses of
the same gestational age, a mimic fetal body composition and
neurodevelopmental outcomes comparable to term-born infants
(1).

In-hospital weight, length, and head circumference (HC)
growth rates are positively correlated with neurodevelopment
and, possibly, with an improved brain growth and neurological
maturation in the preterm population (2, 3). Conversely, extra-
uterine growth restriction (EUGR), defined as weight, length,
or HC ≤10th percentile of intra-uterine growth expectation for
correspondent postmenstrual age at hospital discharge (4), is
a negative prognostic factor for long-term neurodevelopment
(2). Adequate nutrition during hospitalization is fundamental
in order to prevent EUGR and to optimize long-term growth
and neurodevelopment in the preterm population. However,
due to their gastro-intestinal immaturity, very preterm infants
often experience poor feeding tolerance during their stay in
Neonatal Intensive Care Unit (NICU), and this contributes to
hinder the achievement of optimal nutritional intakes over the
first weeks of life (5). As a consequence, significant energy and
nutrients deficits are frequently established during NICU stay,
and inadequate protein and energy intakes may account for up
to 45% of postnatal weight restriction in very-low-birth-weight
preterm infants at hospital discharge (6, 7).

The beneficial effects of human milk feeding have been
currently acknowledged to overcome the delayed weight gain
associated to the lower protein and energy contents of human
milk compared to formula (8, 9). However, it has been
previously shown that actual protein intakes after standard
protein fortification of human milk are substantially lower
than those recommended over the first weeks of life (10, 11).
Furthermore, data on the possible influence of protein intakes on
neonatal growth and neurodevelopment in extremely low birth
weight (ELBW) infants are still limited (12).

This study aimed to evaluate the effect of two nutritional
approaches, providing different protein regimens, on in-hospital
and post-discharge growth and psychomotor outcomes in ELBW
preterm infants followed up to 24 months of corrected age (CA).

MATERIALS AND METHODS

During the period 2008–2013, all preterm infants admitted
to two level III NICUs of Emilia Romagna region (Italy),
Sant’Orsola Malpighi Hospital NICU (Bologna) and Bufalini
Hospital NICU (Cesena), were included in the present study
if the following inclusion criteria were fulfilled: birth-weight
(BW) <1000 g, gestational age (GA) < 32 weeks, exclusive
human milk feeding (own mother’s milk [OMM] or donor
milk [DM] from the local human milk bank) during NICU
stay, no presence of sepsis. Conversely, infants developing
intraventricular hemorrhage grade 3 or 4 (13), periventricular
leukomalacia (14), retinopathy of prematurity ≥grade 3 plus
disease (15), or necrotizing enterocolitis (NEC) Bell’s stage ≥2
(16) during hospitalization were ruled out from the study, in view

of the known negative effects of these conditions on growth and
development. Globally, 52 ELBW infants were considered eligible
for the study.

This study was conducted in conformity with the principles
and regulations of the Helsinki Declaration. A written, informed
consent to participate was obtained from the parents/guardians
of each infant. The protocol was approved by the local Ethics
Committees in both the study centers.

Strategies
The two NICUs had similar protocols for resuscitation,
stabilization, ventilation and pharmacological management of
ELBW preterm infants, whereas their nutritional approaches
were significantly different.

The nutritional protocol of Sant’Orsola Malpighi Hospital’s
NICU, named Standard Nutrition Protocol (SNP), provided
an average protein regimen, administered by combined enteral
and parenteral nutrition (PN) according to the European
Society of Pediatric Gastroenterology and Nutrition (ESPGHAN)
Guidelines (17, 18). This protocol entailed four different phases
of enteral nutrition. In phase 1 (minimal enteral feeding [MEF]),
minimal milk feeds (10–15 ml/kg/day) were administered to
stimulate the anatomical and functional maturation of the gut
and to reduce NEC risk (19). During this period, recommended
nutrient intakes were guaranteed by PN, started within the first
24 h of life. PN was prescribed according to the ESPGHAN
recommendations (17): starting composition consisted of 6
mg/kg/day of glucose and 2–2.5 g/kg/day of aminoacids, which
were incremented to 3.5 g/kg/day by day 6. Lipids were
introduced from day 3 and gradually increased to 0.5 g/kg/day
over the first week of life until the achievement of 3 g/kg/day.
Sodium and other electrolytes were added from day 3 onwards
and adjusted in relation to serum values and diuresis.

Once feeding tolerance to MEF was obtained, feeds were
increased by 15–20 ml/kg/day divided in 8 meals (phase 2) until
the achievement of full feeding, defined as enteral volumes of
160 ml/kg/day (phase 3). Human milk fortification was started
at volumes of 100 ml/kg/day using Aptamil BMF 4.4% (1,6-1,98
gr proteins/100ml of milk) at meal administration. If clinical
deterioration or symptoms of feeding intolerance (i.e., abdominal
distention, absent bowel sounds, persistently bilious or bloody
gastric residuals and/or bloody stools) (20), suspected sepsis,
NEC or other surgical problems occurred at any phase, enteral
feeds were withheld. According to inclusion criteria, 26 ELBW
infants were recruited in SNP group.

The nutritional protocol of Bufalini Hospital’s NICU was
named Aggressive Nutrition Protocol (ANP). According to this
protocol, preterm neonates were fed with fresh OMM or DM
since their first day of life. Feeds were started at volumes
of 10–15 ml/kg/day, divided in 10 meals; when an adequate
feeding tolerance was established, feeds were increased by 20–
25 ml/kg/die. Protein fortification of HM was started from day
3 (when volume were about 40 ml/kg) onwards at protein intakes
of 0.5 g/100ml of milk with Pro-expert PS (Aptamil) or Protifar
(Nutricia), and was incremented to 1% over the next 24 h. When
infants tolerated feed volumes of 100 ml/kg/day, BMF (Aptamil)
at a concentration of 3 g/100ml was added to Pro-expert PS, and
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increased to 5 g/100ml over the next days. The amount of protein
fortification was adjusted according to the newborn’s blood urea
and acid-base status, monitored twice a week (21): if blood urea
was less than 40 mg/dl, protein fortification (Pro-expert PS) was
yielded by 1.5%, whereas BMF kept fixed at 5%; no changes
were made for levels between 40 and 50 mg/dl and normal acid-
base status (pH >7.30 and BE <-4). The maximum level of
fortification was obtained with BMF at 5% plus Protifar or Pro-
expert PS at 1.5%, depending on the infants’ feeding tolerance,
blood urea values and acid-base status. According to inclusion
criteria, 26 ELBW infants were recruited in ANP group.

Outcome Evaluation
During hospitalization, growth parameters (weight, length and
HC), acid-base status, renal function, diuresis, enteral intakes,
feeding tolerance, clinical history and the occurrence of clinical
complications were regularly assessed and recorded in a clinical
report form.

After discharge, as per national recommendations (22), all the
enrolled infants were included in the clinical, neurological and
neurodevelopmental follow-up of prematurity, which entails a
term MRI scan at 40 weeks post-conceptional age and regular
evaluations of the infant’s growth and neurodevelopmental status
up to 24 months CA. At each evaluation, weight, length and HC
were measured to assess the infant’s growth.

The psychomotor outcome of the enrolled infants was
evaluated by two psychologists, with long-standing experience in
developmental assessment, blind to the infant’s nutrition group,
using the Revised Griffiths Mental Development Scales (GMDS-
R) 0–2 years (23), which are widely adopted for the evaluation
of mental and psychomotor development in the context of the
neurodevelopmental follow-up of preterm infants (24–28). These
scales investigate five main areas (Locomotor—LOC, Personal-
Social - PS, Hearing and Language - HL, Eye-Hand Coordination
- EH, Performance—PERF), providing a general quotient (GQ)
of the infant’s abilities adjusted for corrected age and 5 sub-
quotients (SQ) for each functional area.

Data from the 12 and 24-month assessments were included in
the present study.

Statistical Analysis
Statistical analysis was performed using Statistical Package
for Social Science software for Microsoft Windows (SPSS)
version 21.0. Data distribution was checked using Kolmogorov–
Smirnov test; all data showed a normal distribution. Clinical
characteristics of the study groups were compared by Pearson’s
chi-squared test and MANOVA.

Possible differences between the study groups in terms
of length of NICU stay, growth parameters and in-hospital
outcomes were evaluated by MANOVA test. Furthermore, the
effects of study group (SNP and ANP), child’s age (12 and 24
months CA), and their interaction on anthropometric data and
psychomotor scores at post-discharge assessments were tested
through Repeated Measure MANOVA. Maternal education and
the infant gestational age were included as variables in order to
control their possible influence, as emerged in previous literature
(9, 24).

Finally, the association among intra-hospital variables
and anthropometric data and psychomotor scores at post-
discharge assessments was investigated with Pearson correlation
coefficients. Fisher test (F) and eta squared (η2

p) values were
reported.

Significance level was set at p ≤ 0.05.

RESULTS

A total of 52 neonates were included in the present study,
26 in the SNP group and 26 in the ANP group. The infants’
characteristics are detailed in Table 1; while the two study
groups were similar in terms of GA and anthropometric
characteristics at birth, a significant difference in the distribution
of gender, twinhood and mechanical ventilation [MV] was
observed. Subsequent analyses showed that infant gender and
twinhood did not significantly influence anthropometric data
and GMDS scores. For this reason, these variables were not
included in further analyses. On the contrary, MV showed
a significant association with the outcome scores and was,
therefore, controlled in subsequent analyses.

Globally, 60% of the enrolled infants received OMM and 40%
pasteurized DM from the local hospital bank.

Eventually, groups were homogeneous for the following
maternal characteristics: education, nationality and age (Table 1).

Parenteral and enteral protein intakes for the two groups over
the first 4 weeks of life are detailed in Table 2. For each week the
daily protein intake was significantly higher in the ANP group
compared to SNP group. The high-protein nutritional regimen
was well tolerated by the ANP group; no difference in the rate of
metabolic acidosis and in serum creatinine levels during NICU
stay was seen compared to the SNP group.

The rate of infants fed exclusively with OMM at discharge was
62.5% in the ANP group and 65.6% in the SNP group.

In-hospital Outcomes
In-hospital outcomes are detailed in Table 3. Infants in the ANP
group showed significantly higher growth rates for weight and
HC [F(1, 47) = 5.95; P = 0.021; F(1, 47) = 7.60; P = 0.010,
respectively], but not for length, when compared to SNP. PN
duration and the length of NICU stay were significantly shorter
in the ANP group compared to the SNP [F(1, 47) = 15.87;
P < 0.0005; F(1, 47) = 21.85; P < 0.0005, respectively] (Table 3).

Post-discharge Outcomes
No pathological findings at term MRI were observed in the
infants enrolled. At 24 months CA, no child developed cerebral
palsy.

Anthropometric measures at 12 and 24 months CA in
the two groups are provided in Table 4. Repeated measure
MANOVA showed no significant effect of the Study Group
on weight and length between two groups, whereas head
circumference was significant higher in the ANP than in SNP
group [SNP mean = 45.64 ± 0.29; ANP mean = 46.80 ±

0.31; F(1, 40) = 7.844; P = 0.008]. A significant interaction
between Study Group and Child’s Age emerged for the children
length [F(1, 40) = 27.170; P < 0.0005]: at 24 months CA SNP
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TABLE 1 | Biological, socio-demographic and medical characteristics of the two groups.

SNP ANP F/X2 P

(n = 26) (n = 26)

Males, n (%) 9 (34.6) 16 (61.5) 3.78 0.05

Birth-weight (g), mean (SD), range 773 (165), 445–1000 826 (136), 692–986 0.11 0.74

Head circumference (cm), mean (SD), range 25.3 (2.55), 2 2–31 24.9 (1.59), 22.8–29 0.59 0.44

Gestational age (weeks), mean (SD), range 27.5 (1.68), 23–31 28.0 (1.75), 2 4–31 0.30 0.59

Cesarean section, n (%) 23 (88.5) 21 (80.8) 0.60 0.44

Twinhood, n (%) 8 (30.8) 2 (7.7) 4.46 0.03

MV, n (%) 13 (50.0) 3 (11.5) 9.03 0.003

SGA, n (%) 11 (42.3) 12 (46.2) 0.08 0.78

BPD, n (%) 9 (34.6) 5 (19.2) 1.56 0.21

PDA, n (%) 11 (42.3) 7 (26.9) 1.36 0.24

Maternal education University, n (%) 11 (42.3) 10 (39.1) 2.83 0.24

High school, n (%) 11 (42.3) 7 (26.1)

Primary and secondary school, n (%) 4 (15.4) 9 (34.8)

Maternal foreign nationality, n (%) 4 (15.4) 8 (30.8) 1.73 0.18

Maternal age, mean (SD), range 32.54 (4.37), 24–42 34.55 (4.25), 23–41 2.35 0.13

SNP, Standard Nutrition Protocol; ANP, Aggressive Nutrition Protocol; MV, mechanical ventilation, SGA, small for gestational age, BPD, bronchopulmonary dysplasia.

TABLE 2 | Mean values (standard deviation) of parenteral, enteral and total protein intakes in the two groups during the first 4 weeks of life.

SNP ANP F P

(n = 26) (n = 26)

Week 1 Enteral 0.05 (0.05) 0.70 (0.65) 9.73 0.003

Parenteral 1.39 (0.34) 1.20 (0.48) <0.0005

Total 1.46 (0.36) 1.99 (0.50) 12.77 0.001

Week 2 Enteral 0.39 (0.37) 3.08 (1.27) 48.31 <0.0005

Parenteral 1.22 (0.35) 0.10 (0.18) <0.0005

Total 1.69 (0.29) 3.65 (0.99) 41.47 <0.0005

Week 3 Enteral 1.03 (0.77) 4.22 (0.87) 51.46 <0.0005

Parenteral 0.63 (0.52) 0.00 (0.00) <0.0005

Total 1.72 (0.52) 4.22 (0.87) 73.68 <0.0005

Week 4 Enteral 1.72 (0.99) 4.36 (0.84) 32.66 <0.0005

Parenteral 0.64 (0.63) 0.00 (0.00) <0.0005

Total 1.96 (0.71) 4.36 (0.84) 55.36 <0.0005

Values describe g/kg/day. SNP, Standard Nutrition Protocol; ANP, Aggressive Nutrition Protocol.

children were taller than ANP ones (P = 0.04), whereas no
significant difference for weight and head circumference was
observed.

Psychomotor data at 12 and 24 months CA in the two
groups are provided in Table 5. Mean values of GQ and SQ
scores fell within normal ranges22 in both groups at 12 and 24
months except for PERF mean values in the SNP group at 24
months, which fell below the lower normal threshold. Despite
no significant differences between SNP and ANP emerged, the
interaction between Study Group and Child’s Age significantly
influenced the GQ [F(1, 40) = 9.062; P = 0.005] and the following
SQ: PS [F(1, 40) = 10.743, P = 0.002], and PERF [F(1, 40) = 6.653,
P = 0.014] (Figure 1). Bonferroni post hoc analyses showed that

QG, PS and PERF mean scores significantly decreased from 12
to 24 months CA [P = 0.003; P = 0.018; P = 0.006, respectively]
but only in SNP group; moreover, PS quotients of ANP children
(but non SNP ones) significantly increased from 12 to 24 months
CA [P = 0.047] (Figure 1). Eventually, when compared to SNP,
ANP children showed higher PERF scores at 24 months CA
[P = 0.013] (Figure 1).

No significant effect of Child’s Age emerged on
anthropometric nor psychomotor outcomes.

Protein intakes in the first 2 weeks of life positively correlated
with HC at 24 months CA (P= 0.031). No significant correlation
between protein intakes in the first 2 weeks and GMDS quotients
were observed.
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TABLE 3 | In-Hospital Outcomes.

SNP ANP F/X2 P

(n = 26) (n = 26)

Weight gain (gr/kg/day), mean (SD), range 15.20 (2.8), 9.7–23.9 18.87 (3.0), 13.2–25.0 5.95 0.021

Length growth (cm/week), mean (SD), range 0.95 (0.5), 0.1–2.3 0.88 (0.2), 0.3–1.4 0.62 NS

Head circumference growth (cm/week), mean (SD), range 0.52 (0.2), 0.2–0.9 0.70 (0.2), 0.1–1.1 7.60 0.010

Milk volume, ml/kg, mean (SD), range 150.52 (17.6), 115.6–200.9 160.7 (7.3), 149.3–198.8 0.12 NS

Days of PN, mean (SD), range 38.75 (29.6), 9–106 7.36 (2.7), 2–14 15.86 <0.0005

Days to achieve full feeding, mean(SD), range 28.50 (17.2), 9-78 7.50 (2.0), 4-12 28.40 <0.0005

Weight at full feeding, mean(SD), range 895.42 (294.8), 535–1620 748.8 (112.70),526–940 2.68 NS

Days of hospitalization, mean (SD), range 78.08 (21.32),46–145 60.0 (13.3),31–81 21.85 <0.0005

EUGR, n (%) 22 (84.6%) 16 (61.5%) 3.52 0.06

SNP, Standard Nutrition Protocol; ANP, Aggressive Nutrition Protocol; PN, Parenteral Nutrition; EUGR, Extra-Uterine Growth Restriction.

TABLE 4 | Anthropometric data.

SNP

(n = 26)

ANP

(n = 26)

RM-MANOVA

Mean(SD) Range Mean(SD) Range F P η p2

Weight (g) 2.509 0.121 0.059

12 mo. ca 8027.7 (1109) 5915–10660 8546.15 (1175.8) 6800–10900

24 mo. ca 10375.8 (1363) 8110–13700 10572.31 (1280.7) 8530–13200

Length (cm) 27.170 <0.0005 0.405

12 mo. Ca 72.3 (3.14) 68–81 72.9 (2.79) 67–78

24 mo. ca 84.7 (3.20) 80–92 82.2 (3.15) 76–89

HC (cm) 2.985 0.092 0.069

12 mo. ca 44.9 (1.46) 41–47 45.8 (1.57) 43–48

24 mo.ca 47.15 (1.25) 44.3–49.4 47.8 (1.24) 45.5–50

The table summarizes mean, SD, range, F, p and eta-squared (?2p) values for MANOVAs on Anthropometric data of SNP (Standard Nutrition Protocol) and ANP (Aggressive Nutrition

Protocol) infants at 12 and 24 months (corrected age).

DISCUSSION

According to our results, higher protein intakes over the first
4 weeks of life in ELBW infants are associated with improved
growth of HC and psychomotor outcomes at 24 months CA, thus
highlighting the importance of in-hospital nutrition. Moreover,
the present data confirm that adjustable fortification of HM
combining different commercially available concentrated HM
fortifiers effectively allows the achievement of protein intakes
and protein/energy ratio currently recommended for the ELBW
population during the first weeks of life.

While more is known about recommended protein intakes
for very-low-birth-weight infants, little data are currently
available for ELBW babies. Basing on empirical calculations,
an enteral protein intake of 4.0–4.5 g/kg/day is currently
recommended for infants up to 1000 g of weight to prevent
protein deficit accumulation and to aim at growth patterns
similar to intrauterine ones (18). Particular attention should
be paid also at protein/energy ratio that, for infants <1000 g,
ranges from 3.2 to 4.1 g/100 kcal. In growth-restricted infants,
energy intakes can be increased; however, if not accompanied

by adequate protein intakes, growth is achieved at the
expenses of body composition, ensuing in a high percentage
of body fat (19) that could contribute to worsen the increased
intraabdominal adiposity observed in ELBW neonates and to
heighten their risk of metabolic complications in later life
(29).

Assuming HM protein contents between 0.8 and 1.2 g/100ml
(10, 11), the estimated protein intakes at maximum fortification
levels and at enteral intakes of 160 ml/kg/day were 3.5 g/kg/ day
in the SNP group and 4.8 g/kg/day in the ANP group, whereas
the protein/energy ratio (protein g/100 Kcal) ranged between
1.9–2.3 and 3.0–3.3, respectively. Hence, according to the above
recommendations, the estimated protein requirements were met
in the ANP but not in the SNP group; consistently, the latter
showed higher EUGR rates.

In 2013, Cormack et al. (30) investigated the effects of protein
intake equal or greater to 4 g/kg/day provided during the first
week of life in a predominantly HM fed cohort of ELBW babies,
reporting a significant association between protein intake and in-
hospital growth: the higher the intake, the smaller the z-score
change between birth and discharge.
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TABLE 5 | Infant’s psychomotor mean scores at post-discharge assessments.

SNP

(n = 26)

ANP (n = 26) RM-MANOVA

Mean(SD) Range Mean(SD) Range F P η p2

GQ score, mean (SD), range 9.062 0.005 0.197

12 mo. ca 103.24 (10.66) 72–119 97.03 (11.79) 66–117

24 mo. ca 97.03 (11.77) 68–113 101.03 (110.76) 81–120

LOC score, mean (SD), range 3.130 0.085 0.078

12 mo. Ca 95.28 (16.70) 57–117 97.79 (16.38) 57–121

24 mo. ca 98.94 (19.30) 60–135 113.93 (20.59) 60–135

PS score, mean (SD), range 10.743 0.002 0.225

12 mo. ca 107.28 (13.60) 64–122 92.36 (13.20) 56-114

24 mo.ca 99.60 (13.45) 59–119 99.58 (12.87) 66-119

HL score, mean (SD), range 0.279 0.601 0.007

12 mo. ca 107.28 (17.08) 85–150 102.55 (13.26) 74–129

24 mo.ca 99.64 (18.43) 50–115 92.53 (14.43) 50–113

EH score, mean (SD), range 2.825 0.101 0.071

12 mo. ca 102.08 (14.55) 79–128 97.22 (15.93) 68–122

24 mo.ca 98.89 (14.28) 71–123 103.62 (14.27) 76–123

PERF score, mean (SD), range 6.653 0.014 0.152

12 mo. ca 102.32 (12.09) 76–122 102.32 (13.12) 63–123

24 mo.ca 90.99 (18.74) 50–117 105.53 (12.37) 77–121

The table summarizes mean, SD, range, F, p and eta-squared (?2p ) values for MANOVAs on GQ, General Quotient; LOC, Locomotor; PS, Personal & Social skills; HL, Hearing & Language;

EH, Eye & Hand Coordination; and Performance (PERF) standardized scores (GMDS-R) of SNP (Standard Nutrition Protocol) and ANP (Aggressive Nutrition Protocol) infants at 12 and

24 months (corrected age).

FIGURE 1 | Mean scores on General Quotient (GQ), Personal and Social skills (PS), and Performance (PERF) according to the interaction between Study Group and

Child’s Age. Continue line denotes ANP (Aggressive Nutrition Protocol) group; dotted line SNP (Standard Nutrition Protocol) group.

In addition to the beneficial effects on in-hospital outcomes
and head circumference growth at 12 and 24 months CA, the
present study has demonstrated increased length after discharge.
However, an unattended result regards the outcome of length,
where ANP infants obtained worse scores than those of SNP
group. According to previous researches (27, 28), length was
measured to the nearest cm using a length board: it could be
possible this kind of measure is not adequately sensitive and has
a increased risk of measurement bias. Further studies are needed
to better explain this result.

Our results are in line with Stephen et al. (12), who had
previously described a positive correlation between increased
first-week protein and energy intakes and higher Mental
Development Index scores at 18 months CA in an ELBW

population. Despite ANP and SNP did not differ in the
GMDS quotients mean scores, the trajectory of these scores is
significantly different in the scales, with a lower decrement and
a better psychomotor development at 24 months CA in ELBW
infants receiving early and high protein intakes. Specifically, ANP
children not only show better personal-social skills outcome at
24 months, but their GQ, PS and PERF mean quotients do
not decrease as emerged in SNP group. Despite preliminary,
this result is promising: future studies could deepen if this
intervention reduce the negative effect of severely preterm
birth on long term development. The Hearing and Language
quotients is the only where effects did not emerged, confirming
as this area is particularly weak for very preterm infants
(24, 26, 31).
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Taken together, these results suggest a long-lasting beneficial
influence of this protein regimen on cerebral maturation.

Recently, a Cochrane review investigating the effect of high
protein intake in formula-fed low-birth-weight infants has
reported elevated blood urea nitrogen levels and an increased
incidence of metabolic acidosis in association with protein
intakes ranging between 3 and 4 g/kg/day (32). However,
little is known about the incidence of these adverse effects
in HM-fed ELBW infants. In the present study, the ANP
group did not show increased blood urea or higher rates of
metabolic acidosis, suggesting that this high-protein regimen was
adequately tolerated by the study ELBW population.

Although a trend toward an earlier introduction of enteral
feeds has occurred over the last few years, ELBW infants
often do not begin enteral nutrition for several days and do
not reach full feeding for weeks. In the ANP population,
enteral feeds were introduced since the first day of life and
faster rates of feeding advancement were adopted, resulting in
earlier full feeding achievement, shortened PN duration -related
complications and a significantly briefer length of hospitalization.
The combination of these factors may have contributed to the
improved psychomotor outcomes of ANP infants at 24 months
CA; however, the design of the present study did not allow
to define the role of each factor in determining the observed
outcome.

A number of limits could be acknowledged for the present
study. Firstly, the results need to be confirmed on wider samples.
Secondly, a significant difference in the distribution of a clinical
complication (mechanical ventilation) emerged. Despite this

variables was controlled in analyses, results need replication.
Thirdly, the small sample size did not allow to focus on SGA
infants, which are known as a high risk population (32). Further
studies are therefore recommended which should consider also
these factors.

In conclusion, a high-protein regimen, associated with an
early introduction and advancement of exclusive HM feeds,
can lead to improved in-hospital growth, lower rates of EUGR,
shorter length of NICU stay and better psychomotor and growth
outcomes at 24 months CA in ELBW preterm infants. Further
larger studies are needed to confirm these preliminary data,
to assess the contribution of different nutrient components
and other clinical or environmental variables on post-discharge
growth and neurodevelopment and to investigate possible
long-term effects of high-protein regimens in this high-risk
population.
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Mother’s own milk is the first choice for the feeding and nutrition of preterm and term

newborns. When mother’s own milk is unavailable or in short supply donor human

milk (DM) could represent a solution. Heat treatment and cold storage are common

practices in Human Milk Banks (HMBs). Currently, Holder pasteurization process is the

recommended heat treatment in all international guidelines. This method is thought to

lead to a good compromise between the microbiological safety and nutritional/biological

quality of DM.Moreover, storage of refrigeratedmilk is a common practice in HMBs and in

NICUs. Depending on the length and on the type of storage, human milk may lose some

important nutritional and functional properties. The available data on oxidative stress

markers confirm that pasteurization and refrigeration affected this important elements

to variable degrees, even though it is rather difficult to quantify the level of deterioration.

Nonetheless, clinical practice demonstrates that many beneficial properties of human

milk are preserved, even after cold storage and heat treatment. Future studies should be

focused on the evaluation of new pasteurization techniques, in order to achieve a better

compromise between biological quality and safety of DM.

Keywords: donor human milk, human milk, human milk bank, oxidative stress, heat treatment, refrigeration,

pasteurization

INTRODUCTION

Human milk (HM) is the gold standard for feeding and nutrition for preterm and term newborns.
Mother’s own milk is the first choice for improving short and long-term outcomes for all
neonates (1–3). HM benefits are mediated by different components, including specific and
immunomodulatory molecules and species-specific factors. Breastmilk could be considered as a
dynamic system and species-specific nourishment for newborns (4). Human Donor Milk (DM)
can replace breastmilk when unavailable or lacking, although safe procedures for milk storage and
conservation are required (5, 6). Currently, several reviews that show the advantages of donor milk,
the World Health Organization and the American Academy of Pediatrics suggest the use of DM as
a substitute of mother milk (1, 3).

Heat treatment on milk delivered to Human Milk Banks (HMBs) is critical for milk safety:
pasteurization, indeed, inactivates bacterial and viral agents (5). Pasteurization is a process
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consisting of three main phases: rapid heating, stationary
temperature phase and rapid cooling. Currently, the Holder
Pasteurization (HoP) method, providing a temperature of
62,5◦C for 30min, is fundamental for HMBs constitution
and its use is suggested by international guidelines (5, 6) as
HoP represents the best compromise between nutritional and
biological characteristics and microbiological safety (7–11).

Cold storage of HM is a routine not only in HMB but also
at home and in the hospitals, especially in Neonatal Intensive
Care Units. According to the length and on the typology of
storage, HMmay lose some significant nutritional and functional
characteristics. The maximum refrigeration time for human
milk ranges between 24 h and 8 days, according to the current
advices on safe HM storage (12–14). Such variability replicates
the heterogeneity of the scientific sources, which is ascribable
to differences in the study design and in methodological
approach (5, 14, 15). Recently, Slutzah et al. concluded that
HM may be stored for 96 h at 4◦C without affecting the
overall milk integrity, as determined by bacterial growth,
white cell count, pH, osmolality, and concentration of selected
biological factors (sIgA, lactoferrin, total fat, and total proteins)
(16, 17).

On the other hand, detailed data on the effects of storage,
in terms of oxidative stress markers, on mother’s milk are still
lacking. Thus, the present paper is aimed at reviewing published
evidences, and at comparing results on the effects of HoP and
the refrigerated storage on the oxidative stress markers of human
milk.

SEARCH METHODOLOGY

The literature review was performed by electronic searches of
MEDLINE, EMBASE, CINHAL, and the Cochrane Library. The
electronic search used the following keywords and MeSH terms:
donor milk, banked milk, milk bank, milk banking, (human
milk OR donormilk) ANDHolder pasteurization AND oxidative
stress, (human milk OR donor milk) AND pasteurization AND
oxidative stress, (human milk OR donor milk) AND storage
AND oxidative stress, (human milk OR donor milk) AND heat
treatment AND oxidative stress, (human milk OR donor milk)
AND cold treatment AND oxidative stress, (human milk OR
donor milk) AND refrigeration AND oxidative stress(donor milk
OR Holder pasteurization) AND oxidative stress, (donor milk
OR cold storage) AND oxidative stress, (donor milk OR cold
storage) AND oxidative stress.

The research was performed in December 2017 and no limits
concerning publication date were set.

Considering differences between the research protocols
published to date, we focused our review on studies with an
experimental design that:

- define exactly the pasteurization method (62.5–63◦C for
30min)

- define exactly the refrigeration method (4◦C for maximum
96 h)

- compare the same samples of HM before and after the heat or
the cold treatments.

HEAT TREATMENT

The effects of HoP on oxidative stress markers are evaluated only
in three studies.

Oxidative status was assessed, on raw and pasteurized
breastmilk, by the evaluation of oxidants molecules and the
activity of oxidants scavengers. Silvestre et al. showed that HoP
does not significantly influence the levels of malondialdehyde
while glutathione peroxidase activity, glutathione concentrations
and total antioxidant capacity result seriously compromised.
This result shows a reduction on oxidative scavenging systems
of HM (18). Other authors (19) did not find changes in
hexanal and malondialdehyde concentration and in the total
antioxidant capacity (measured by means of oxygen radical
absorbance capacity essay) thus meaning no lipid oxidation
neither contraction of antioxidant systems.

Moreover, Peila et al. analyzed the effects of HoP on an
emergent oxidative stress marker of the HM: the hemeoxygenase-
1 (HO-1) (20). HO-1 is a stress-inducible rate-limiting enzyme
and it is involved in different cytoprotective effects, due to
its multiple catalytic by-products. HO-1 is active in HM and
shows no significant reduction in its activity after HoP process,
even after being corrected for milk maturation degree and
gestational age (20). The protective effect of HO-1, similarly
to other milk antioxidant scavenger systems, could be found
in its antioxidant activity which induces the conversion of
free heme into three final products: (i) biliverdin, which is
metabolized in bilirubin that shows antioxidant activity), (ii)
carbon monoxide, a neurotransmitter and vasodilator with
antiapoptotic and anti-inflammatory activities, and (iii) iron
(Fe2+) which is bound by specific proteins (20–24). Furthermore,
HO-1 could have an immunoregulatory role in addition to
its enzymatic activity, related to its capacity to bind specific
receptors and to modulate the immune response (20). Indeed,
extracellular stress proteins, including Heat Shock Proteins
(HSP), rise as fundamental mediators of signaling and transport
(25, 26). Behavioral stress influences the release of this proteins
by the cell as well as the exposition to immunological
“danger signals” (24). HSP released into extracellular fluid
can bind receptors exposed by adjacent cells and begin
the signal transduction cascades, likewise, the transport of
molecules like antigenic peptides and chaperokines with
immunomodulatory effect (20, 27). In particular, Li Volti et al.
through a molecular modeling approach, found an important
immunoregulatory receptor that could be the natural ligands of
HO-1(20, 28). Nevertheless, the integration of experimental data
with informatics data shows HO-1 role in the modulation of
immune system (28).

Considering the various functions of HO-1 in the body,
data reported in literature showing underlying a reduction in
NEC incidence in preterm fed with DM compared to those fed
with formula (7–11) and, the unclear pathophysiology of NEC
(immature gastrointestinal epithelium, impaired immunological
defenses, enteral feeding, and bacterial colonization), it is possible
to argue that human milk HO-1 may play a role in the
development and regulation of the immune system of the
gastrointestinal tract (20).
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Over the past decades the food industry and, in particular,
the dairy industry tested innovative alternatives to standard
pasteurization in an effort to maximize the preservation of food
taste and nutritional features. Alternative processing techniques
that are currently being tested to investigate their effect on HM
include high-temperature–short-time pasteurization (HTST),
high pressure processing (HPP), ultraviolet (UV) irradiation and
(thermo-) ultrasonic processing (29).

HTST is a thermal pasteurization method that is well
established in the dairy industry (“fresh” bovine milk is usually
pasteurized by means of HTST). The method involves a thin
layered milk flow being heated rapidly to 72◦C and being kept
at this temperature for a few seconds (usually 15 s), and then
immediately cooled down. This method preserves most of the
sensory features and nutritional values of the milk, and ensures
a lower degradation of proteins and vitamins (29). Silvestre et al.
(18) investigated oxidative stress markers (reduced glutathione,
glutathione peroxidase activity, malondialdehyde, and total
antioxidant capacity), and showed that the pasteurization of
HM implies a decrease in its antioxidant properties, especially
in the glutathione balance, but HTST caused a smaller loss in
antioxidant potential than HoP.

COLD STORAGE

The effects of refrigerated storage at 4◦C on oxidative stress
markers are evaluated only in four studies.

Concerning the insurgence of lipid peroxidation and the
creation of oxidation molecules, contrasting data have been
reported in literature (30–32). Some studies reveal that cold
storage of HM may reduce its antioxidants capacity (32) and
increasemalondialdehyde concentration (30). On the other hand,
the study of Giribaldi et al. showed that the refrigerated storage at
4◦C for 96 h did not affect the oxidative status of HM, evaluating
the total antioxidant capacity, conjugated dienes, thiobarbituric
acid reactive species and malondialdehyde concentration (14,
17). Their results did not indicate any evidence of lipid
peroxidation, same Michalski et al reported (17, 31). The
oxidative status of the HM during cold storage is particularly
relevant for preterm newborns whose disorders are mainly due
to disequilibrium between antioxidant capacity and oxidative
stress, having a reduced antioxidant capacity and being often
exposed to oxidant stress (32, 33). Moreover, the recent study of
Peila et al. evaluated the effects of prolonged refrigerated storage
on an important marker in HM: Adrenomedullin (AM) (34).
AM is a C-amidated peptide, implicated in response to hypoxia
and inflammation, which are linked also with neovascularization.
Recent studies indicate that AM is synthesized also in the
mammary gland and secreted in breast milk (35–37). AM
levels in preterm milk (milk produced to mother who have
delivered preterm, Gestational Age <37 weeks) are significant
higher compared to term milk (milk produced to mother who
have delivered at term, Gestational Age >37 weeks). This
protein is not thermostable at 4◦C: AM is significant reduced
(56%) at 24 h and is nearly undetectable at 96 h (34). AM is
a regulatory peptide and its expression was demonstrated in

several tissues and biologic fluids such as plasma, cerebro-spinal
fluid, sweat, amniotic fluid and urine (38–40). AM has been
involved in the modulation of several physiological functions
including cardiovascular tone, central brain activity (41–44),
bronchodilation, renal function, hormone secretion, cell growth-
differentiation, and immune response(45–52).Moreover, AMhas
been tested for its connection to ischemia-reperfusion injury
whilst in healthy infants has been proved to contribute in
the cascade of events sustaining fetal/neonatal cardiovascular
adaptation (43–47). AM has been also taken into consideration
for the analysis of beneficial/side-effects of in-utero vasodilation
therapeutic strategies in pregnancies complicated by fetal chronic
hypoxia (43–47). Concerning this, relation with AM and the
occurrence of adverse neurological outcome has been reported
in infants with congenital heart disease (47). Considering these
important functions, it is possible to hypothesize that the
existence of the active peptide AM in HM, and its variability
in concentrations throughout different milk maturation degrees,
gestational pathologies and gestational age at delivery, could
have some direct impact in infants development due to the
various physiological activities that have been related to it. In
the gastrointestinal tract, immunoreactive AM has been found
in human stomach, duodenum, jejunum, ileum and colon (47,
53, 54), and specific binding sites have been also found in rat
stomach (54). This arrangement supposes a role for AM in the
regulation of secretory-motor functions in the gastrointestinal
tract, as well as in its development during the embryogenesis
and the period immediately following birth. Since the developing
intestine in the neonate is believed considered to be one of the
main target organs for the growth factors present in human milk,
Pio et al. proved that milk has a growth-promoting function
on human small intestinal epithelial cell line (Int-407) (35,
36). These authors hypothesize that since MoAb-G6 partially
blocks the milk-induced growth, AM may be one of the growth
factors present in milk (35, 36). AM has also been characterized
as an agent with antimicrobial activity against gastrointestinal
microorganisms (36, 51, 52). This activity could be relevant for
the protection of the neonate against gastroenteritis produced
by intestinal pathogens. Eventually, since some peptides are
absorbed from the neonatal gastrointestinal tract and appear
intact in plasma (36, 55), AM could also exercise an activity in
the modulation of tissue growth as well as in the regulation of the
immune system (36, 55).

CONCLUSION

Multiple studies have been conducted to evaluate the effects
of pasteurization and cold storage on breast milk and the
results indicate that these treatments affect the concentration and
activity of the constituents of HM to varying degrees. However,
many studies show the persistence of the benefits of donated milk
compared to artificial milk in the nutrition of preterm infants.
With regard to the effects on oxidative stress markers, the data are
currently lacking and contrasting. Many questions remain to be
answered in particular, future studies will have to be conducted
to clarify the aspects not yet investigated on the markers of
oxidative stress and on biological properties in relation to the
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HoP and cold treatments of breast milk. Future investigations
must be aimed at improving the biological quality and safety of
DM and should be: (i) designed to investigate the pre-analytical
stability of these components according to storage procedures;
(ii) intended to evaluate innovative test technologies, such as
metabolomics; (iii) focused on new pasteurization techniques
(high-temperature short-term pasteurization, thermoultrasonic
treatment, high-pressure processing, and Ohmic heat treatment);
(iv) aimed to evaluate analytical techniques able to assess the
protein changes due to thermic treatments, as well as their
interaction with sugars and lipids; (v) evaluated the effects of
HoP on other biomarkers involved in growth and developing of
newborns.

Moreover further studies will aimed at elucidating the protein
stability during industrial processes for the preparation of
artificial milk such as pasteurization and spray-drying, which
have already been shown to affect milk composition and
properties.
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Introduction: Human milk is the optimal nutrition for preterm infants. When the mother’s

own milk is unavailable, donor human milk is recommended as an alternative for preterm

infants. The association among early nutrition, body composition and the future risk of

disease has recently attracted much interest. The aim of this study was to investigate the

effect of human milk on the body composition of preterm infants.

Materials and Methods: Very low birth weight infants (VLBW: birth weight <1,500 g)

with a gestational age (GA) between 26 and 34 weeks were included. Clinical data,

anthropometric measurements and nutritional intake in terms of the volume of human

milk were extracted from computerized medical charts. The human milk intake was

expressed as a percentage of target fortified donor human milk and/or target fortified

freshmother’s milk, compared with the total volume of milk intake during the hospital stay.

All included infants underwent anthropometric measurements and body composition

analysis (expressed as fat-free mass percentage) at term corrected age (CA) by

air-displacement plethysmography. A comparison between infants fed human milk at

<50% (group 1) and infants fed human milk at ≥50% of the total volume of milk intake

(group 2) was conducted. Multiple linear regression analyses were conducted to explore

the modulating effect of fortified human milk on fat-free mass at term CA.

Results: Seventy-three VLBW infants were included in the study. The mean weight and

GA at birth were 1,248 ± 198 g and 30.2 ± 2.0 weeks, respectively. No differences were

found regarding anthropometric measurements at birth, at discharge and at term CA

between the two groups. The mean fortified human milk intake was 34.9 ± 12.5 and

80.9 ± 15.5% in groups 1 and 2, respectively (p < 0.001).

Amultiple regression analysis corrected for sex and birth weight demonstrated that intake

of ≥50% fortified human milk was associated with a higher fat-free mass percentage at

term CA than intake of <50% fortified human milk.

Conclusion: The use of target fortified human milk modulated growth and improved

growth quality in vulnerable preterm infants. Thus, the use of donor human milk should

be encouraged when fresh mother’s milk is insufficient or not available.

Keywords: human milk, donor human milk, preterm infants, body composition, target fortification
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INTRODUCTION

Human milk is the optimal nutrition for preterm infants.
Increasing evidence has demonstrated that mother’s own milk
provides significant benefits for extremely preterm infants, such
as the prevention of infection and necrotizing enterocolitis and a
reduction in the duration of hospital stay (1). In addition, it has
been reported that these benefits are modulated according to the
dose of human milk fed during hospitalization (2, 3).

Mother’s own milk is at the top of the biological hierarchy;
therefore, it is always preferable to other sources of milk (4).
Nevertheless, donor human milk can be a bridge until a mother’s
ownmilk is available and sufficient tomeet her infant’s nutritional
needs (1, 5). Indeed, in a recent meta-analysis, mother’s own
milk supplemented with donor humanmilk was associated with a
reduced risk in the development of bronchopulmonary dysplasia
in very preterm infants compared with that supplemented
with preterm formula (6). In 2014, Quigley and McGuire
demonstrated that formula-fed preterm and low birth weight
infants had higher rates of short-term growth but also a higher
risk of developing necrotizing enterocolitis than those who were
fed donor human milk (7).

The association among early nutrition, growth, growth
quality, and the future risk of developing noncommunicable
diseases has attracted much interest in recent years.

In a recent study on the growth of late preterm infants,
we demonstrated that being fed human milk is associated with
increased fat-free mass deposition at term corrected age (CA) (8).

It has also been reported that formula-fed very preterm infants
show an altered body composition. Specifically, compared with
breastfed very preterm infants, formula-fed very preterm infants
showed increased fat mass at term CA (9, 10), which decreased
toward 6 months CA (11).

Conversely, preterm infants fed fortified mother’s own milk
showed a higher percentage of fat-free mass than formula-fed
infants at term CA (12).

Data regarding the effect of human milk (both fresh mother’s
milk and/or donor human milk) on the modulation of body
composition in preterm infants are scarce. Therefore, the aim of
this study was to investigate the effect of human milk (both fresh
mother’s milk and/or donor human milk) on growth and body
composition in preterm infants.

MATERIALS AND METHODS

The Ethics Committee of the Fondazione Istituto di Ricovero
e Cura a Carattere Scientifico Cà Granda Ospedale Maggiore
Policlinico approved the study, and written informed consent
was obtained from the parents. All clinical investigations were
conducted according to the principles outlined in the Declaration
of Helsinki.

Study Design
A longitudinal observational study was conducted.

Very low birth weight infants (VLBW: birth weight <1,500 g)
born between May 2016 and December 2017 at the authors’

institution with gestational age (GA) at birth from 26+0 to 33+6

weeks were included in the study.
The exclusion criteria for all infants screened included the

presence of congenital diseases, chromosomal abnormalities
or cardiac, brain, renal, endocrine or surgical diseases, which
can interfere with growth. In addition, infants who required
ventilatory assistance and intravenous nutritional support at term
CA were excluded.

GA was based on the last menstrual period and first trimester
ultrasonogram. CA was calculated using the chronological age
and adjusted for GA, which is the number of additional weeks
from term (40 weeks) (13).

Data Collection and Nutritional Practices
Clinical data, anthropometric measurements, and nutritional
intake in terms of the volume of human milk intake (both fresh
mother’s milk and/or donor humanmilk) during the hospital stay
were acquired from computerized medical charts (Neocare R©).

Parenteral nutrition was started on the first day of life. The
parenteral solutions were prepared by the hospital pharmacy
according to the medical prescription. The provided volume
increased from 80 to 90 ml/kg on the first day to 150–180 ml/kg
on the 7th day of life, with an energy/protein ratio from 20.8–24
kcal/g on the first day up to 23.1–27.7 kcal/g on the 7th day of life.

Weaning from parenteral nutrition was scheduled to obtain
a weight velocity >15 g/kg/day. To achieve this goal, the
macronutrients were reduced gradually according to weight
velocity. Table 1 shows the parenteral nutrition practices
according to the internal procedure.

Enteral feeding was started within 24 h of postnatal life using
fresh mother’s milk. When fresh mother’s milk was unavailable
or insufficient, donor human milk was started following the
acquisition of written informed consent from the parents. In case
of lack of parents’ consent, infants were fed with preterm formula
(energy: 83 kcal/100ml; carbohydrates: 8.4 g/100ml; proteins: 2.7
g/100ml; fat: 4.1 g/100ml).

For infants with birth weights less than 1,000 g and/or with
severe intrauterine growth restriction (<3th percentile according
to INTERGROWTH-21st reference curves) (14), enteral feeding
was started at 10 ml/kg/day and remained stable for the first 3
days of life. On the fourth day of life, an increase of 10 ml/kg/day
was scheduled.

For infants with birth weights greater than or equal to
1,000 g without severe intrauterine growth restriction (<3th
percentile according to INTERGROWTH-21st reference curves)
(14), enteral feeding was started at 20 ml/kg/day and remained
stable for the first 2 days of life. After the third day of life, an
increase of 20 ml/kg/day was scheduled.

Enteral nutrition was stopped in cases of septic shock, needs
for exsanguinotrasfusion, abdominal distension with a visible
intestinal loop, and gastric residual volumes >2 ml/kg for infants
with birth weights <750 g, >3 ml/kg for infants with birth
weights ranging from 751 to 1,000 g and >5 ml/kg for infants
with birth weights greater than 1,000 g.

When the infants tolerated an enteral intake ≥80 ml/kg, a
target human milk fortification was started.
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TABLE 1 | Parenteral nutrition practices.

Day of life 1 2 3 4 5 6 ≥7

Birth weight (g) <1000g >1000g <1000g >1000g <1000g >1000g <1000g >1000g <1000g >1000g <1000g >1000g <1000g >1000g

Volume (ml/kg) 80–90 80 90–100 90 110–120 100–110 120–140 110–120 140–160 120–130 150–160 140–150 150–160 150–160

Glucose (g/kg) 8 9 8 9 9 10–11 9 10–13 10 10–14 10–13 10–14 10–14 10–14

Lipids (g/kg) 2–2.5 2.5 2.5 2.5 2.5 2.5 3 3 3 3 3 3 3 3

Proteins (g/kg) 2.5–3 3 3.5 3 3–3.5 3.5 3–3.5 3,5 3.5–4 3,5 4 3,5 4 3,5

Sodium (mEq/kg) 0 0 0 0 0 0 3 3 3 3 3,5 3.5 4 3.5–4

Potassium (mEq/kg) 0 0 0 0 0 0 2 2 2 2 2 2 3 2–4

Cloride (mEq/kg) 0 0 0 0 0 0 3 3 3 3 3.5 3.5 3.5-6 3.5–4

Calcium (mg/kg) 0 0 60 60 60 70 70 80 80 80 80 80 80 90

Phosphate (mg/kg) 0 0 30 30 30 40 40 50 50 55 55 60 60 70

Magnesium (mEq/kg) 0 0 0.5 0.5 0.5 1 0.5 1 0,5 1 0,5 1 0,5 1

Parenteral nutrition recommendation according to internal procedure (fluids, macronutrients and micronutrients).

Specifically, both donor pasteurized human milk and fresh
mother’s milk were analyzed using a mid-ray spectrometry
human milk analyzer (Miris AB R©).

Pooled donor human milk was created by mixing mature
thawed human milk from 1 to 5 donors enrolled at the Human
Milk Bank at the authors’ institution. Analyses of fresh mother’s
milk were conducted two times/week using a 10-ml sample from
a 24 h fresh milk pool. Analyses of donor human milk were
conducted using a 10-ml sample from each pool after Holder
pasteurization (62.5◦C for 30min) to account for macronutrient
depletion due to storage and pasteurization (15). According
to these results, the medical team prescribed individualized
fortification to comply with the ESPGHAN nutrient intake
guidelines (16).

Human milk fortification was performed using bovine human
milk fortifiers: FM85 (Nestlè) or Aptamil BMF (Nutricia)
as polymeric fortifiers, Aptamil PS (Nutricia) for protein
supplementation, and medium-chain triglyceride (MCT) oil
(Medifood) for energy provision.

Human milk intake was expressed as the volume of fortified
donor human milk and/or fortified fresh mother’s milk.

The percentage of human milk intake was computed from the
volume of human milk intake compared with the total volume
of milk intake during the hospital stay (fortified donor human
milk+fortified fresh mother’s milk+formula milk). In addition,
the proportion of mothers’ own milk within the total volume of
humanmilk intake was computed (fresh mother’s milk intake %).

Anthropometric Measurements
Body weight, body length and head circumference of all infants
included in the study were assessed at birth and at term CA
according to standard procedures (17, 18). In detail, a subject’s
body weight was measured on an electronic scale accurate to
the nearest 0.1 g (PEA POD Infant Body Composition System;
COSMED, Italy), body length was measured to the nearest mm
using a recumbent infant length board, and head circumference
was measured to the nearest 1mm using a nonstretch measuring
tape.

Infants with birth weights below the 10th percentile according
to INTERGROWTH-21st reference curves (14) were categorized
as small for gestational age (SGA).

The weight z-scores at birth and at discharge were calculated
according to INTERGROWTH-21st reference and standard
curves, respectively (14, 18).

The daily growth rate was calculated using the exponential
regression model described by Patel et al. (19) as follows:

[1000×ln(W2/W1)]/(D2− D1) (1)

where W= weight in grams; D= day; 1= beginning of the time
interval; and 2=end of the time interval (19).

Body Composition Assessment
Body composition was assessed at term CA for all infants
included in the study using an air-displacement plethysmography
system (PEA POD Infant Body Composition System; COSMED,
Italy) (20, 21). The PEA POD assesses FM and FFM by bodymass
and body volume measurements via the application of whole-
body densitometric principles. Body density was computed
from the study subject’s measured mass and volume and then
converted to indicate the total absolute (g) and percentage
(%) of FM and FFM using sex-specific equations developed
by Fomon et al. (22). The observers were health professionals
trained to perform anthropometric and body composition
measurements according to our standard procedure. The
interobserver coefficient of variation for the FM percentage
estimates was 0.3%.

Statistical Analysis
Continuous variables are reported as the mean and standard
deviation (SD). Categorical variables are reported as absolute
numbers or percentages. Comparisons between infants fed
human milk (fresh mother’s milk or donor human milk) at less
than 50% of the total volume of milk intake during the hospital
stay (group 1) and infants fed human milk at greater or equal to
50% of the total volume of milk intake during the hospital stay
(group 2) were conducted using the X2 test for discrete variables
and analysis of variance for continuous variables.
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TABLE 2 | Basic characteristics at birth of infants included.

All infants

(n = 73)

Group 1

(n = 24)

Group 2

(n = 49)

p

Weight (g) 1248 ± 198 1207 ± 208 1269 ± 193 0.215

Length (cm) 38.3 ± 2.8 37.7 ± 3.3 38.6 ± 2.6 0.278

Head Circumference (cm) 26.8 ± 1.9 26.5 ± 2.3 27.0 ± 1.7 0.358

Gestational age (weeks) 30.2 ± 2.0 30.0 ± 2.4 30.3 ± 1.8 0.632

Males: n (%) 32 (43.9) 10 (41.6) 22 (44.9) 0.797

Twins: n (%) 35 (48.5) 13 (54.1) 22 (44.9) 0.463

SGA infants n (%) 25 (34.2) 9 (37.5) 14 (28.6) 0.305

Antenatal steroids n (%) 70 (95.9) 23 (95.8) 47 (95.9) 0.704

Need of invasive ventilatory

assistance n (%)

17 (23.3) 5 (20.8) 12 (24.5) 0.558

Duration of invasive

ventilatory assistance (days)

0.88 ± 2.0 0.61 ± 1.7 1.0 ± 2.1 0.446

Need of non-invasive

ventilatory assistance n (%)

41 (56.1) 15 (62.5) 26 (53.1) 0.558

Duration of invasive

ventilatory assistance (days)

20.94 ± 21.0 19.74 ± 23.7 21.53 ± 19.8 0.741

Data are expressed as mean ± standard deviation or n (%). The duration of ventilatory

assistance were expressed as days of treatment.

Multiple linear regression analyses were conducted to explore
the role of fortified human milk in modulating fat-free mass at
term CA according to sex and birth weight. Indeed, it has been
reported that gender can influence body composition at term
CA (23).

Statistical significance was set at a level of 0.05. All statistical
analyses were performed using SPSS software (SPSS, version 20;
SPSS, Chicago, IL).

RESULTS

Seventy-three VLBW infants were included in the study. The
basic characteristics at birth are shown in Table 2. No differences
were detectable at birth between the two study groups.

The infants included in the study received parenteral nutrition
for 21.9 ± 9.0 days, and full enteral feeding was achieved at 28.9
± 9.0 days of life; no differences were found between the two
groups.

Data regarding human milk intake (fresh mother’s milk
and/or pasteurized donor human milk) are shown in Table 3.

The mean energy and protein intake were 65.7 ± 16.4
Kcal/kg/day and 2.9 g/kg/day during the first week of life, 124.8
± 13.8 kcal/kg/day and 3.3 ± 0.7 g/kg/day when full enteral
feeding was achieved, and 130.8 ± 14.2 kcal/kg/day and 3.6 ±

0.6 g/kg/day at discharge, respectively. No differences in energy
and protein intake between the two study groups were detectable
during the hospital stay.

The weight z-score at birth and at discharge and the daily
growth rates are shown in Table 4.

No differences were found in weight z-score at birth or at
discharge between the two groups. Group 1 had a higher growth
rate than group 2 both after reaching full enteral feeding (milk

TABLE 3 | Milk volume intake during hospital stay.

All infants

(n = 73)

Group 1

(n = 24)

Group 2

(n = 49)

p

Total Milk volume

intake (ml)

10357.1 ± 5871.7 11713.1 ± 7756.7 9692.9 ± 4638.5 0.169

Human milk daily

intake (ml/day)

118.2 ± 47.3 65.6 ± 25.9 144.0 ± 31.2 <0.001

Human milk volume

intake (ml)

6385.4 ± 3498.9 3998.6 ± 2590.8 7554.4 ± 3302.1 <0.001

Human milk volume

intake (%)

65.8 ± 26.1 34.9 ± 12.5 80.9 ± 15.5 <0.001

Fresh mother milk

intake (%)

64.7 ± 42.6 41.9 ± 43.7 75.9 ± 37.6 0.001

Data are expressed as mean ± standard deviation. The percentage of human milk intake

was computed from the volume of human milk intake compared with the total volume of

milk intake during the hospital stay (fortified donor human milk + fortified fresh mother’s

milk+formula milk). Fresh mother milk intake (%) is the proportion of mothers’ own milk

within the total volume of human milk.

TABLE 4 | Weight z-score and daily growth rate during hospital stay.

All infants

(n = 73)

Group 1

(n = 24)

Group 2

(n = 49)

p

Birth weight z-score −0.60 ± 0.97 −0.61 ± 1.2 −0.59 ± 0.84 0.941

Weight at discharge z-score −1.26 ± 1.01 −1.14 ± 1.27 −1.32 ± 0.87 0.504

Daily growth rate during

parenteral nutrition (g/kg/day)

20.23 ± 5.38 21.99 ± 4.35 19.4 ± 5.67 0.051

Daily growth rate during full

enteral feeding (g/kg/day)

15.32 ± 8.06 18.65 ± 12.24 13.70 ± 4.17 0.013

Total daily growth rate during

hospital stay (g/kg/day)

16.07 ± 2.42 17.30 ± 2.74 15.46 ± 2.01 0.002

Data are expressed as mean± standard deviation. The daily growth rates were calculated

during the administration of parenteral nutrition, after reaching full enteral feeding (milk

volume intake ≥150 ml/kg/day) and during all the hospital stay.

volume intake≥150 ml/kg/day) and during the entire hospital
stay.

The incidence of comorbidities developed during
hospitalization was similar in group 1 and group 2. Among
all infants included in the study, none developed NEC, 9.6%
had cholestasis, 5.5% had bronchopulmonary dysplasia, 9.6%
received treatment for patent ductus arteriosus, and 17.8% had
sepsis.

The characteristics at discharge and at term CA according to
the mode of feeding are shown inTables 5, 6. No differences were
found between the two groups regarding the anthropometric
measurements and body composition at discharge or at term CA.
The infants included in the study achieved the ability to feed
orally beginning at 36.4 ± 1.4 weeks of postmenstrual age. No
differences were found between groups.

Multiple logistic regression analysis showed that there was
a positive association between the human milk volume intake
percentage and fat-free mass percentage after correction for birth
weight and gender (β = 0.12 ± 0.05, p = 0.01). Specifically,
the regression model showed that being fed with human milk at
more than or equal to 50% of total milk intake was associated
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TABLE 5 | Characteristics at discharge according to mode of feeding.

All infants

(n = 73)

Group 1

(n = 24)

Group 2

(n = 49)

p

Weight (g) 2404 ± 424 2471 ± 514 2371 ± 373 0.349

Length (cm) 45.1 ± 2.2 45.3 ± 2.2 44.9 ± 2.2 0.544

Head Circumference (cm) 32.0 ± 2.0 32.2 ± 1.7 31.9 ± 2.1 0.604

Postmenstrual age (weeks) 37.7 ± 1.5 37.8 ± 1.4 37.6 ± 1.6 0.470

Length of stay (days) 51.9 ± 18.5 52.8 ± 19.4 51.4 ± 18.1 0.763

Data are expressed as mean ± standard deviation.

TABLE 6 | Anthropometric measurements and body composition at term

corrected age according to mode of feeding.

All infants

(n = 73)

Group 1

(n = 24)

Group 2

(n = 49)

p

Weight (g) 3088 ± 476 3142 ± 628 3062 ± 386 0.506

Length (cm) 48.5 ± 2.3 48.4 ± 2.7 48.6 ± 2.1 0.774

Head Circumference (cm) 34.6 ± 1.3 34.4 ± 1.7 34.7 ± 1.1 0.346

Fat free mass (%) 82.0 ± 11.1 78.6 ± 18.1 83.7 ± 4.5 0.067

Data were expressed ad mean ± standard deviation.

TABLE 7 | Multiple regression analysis model for fat free mass %.

Beta coefficients 95% Interval of

confidence

p

Intercept 95.518 ± 7.876 79.805; 111.231 <0.001

Being male (no vs. yes) 4.396 ± 2.481 −0.552; 9.345 0.081

Birth weight (g) −0.01 ± 0.006 −0.028; −0.003 0.016

Being fed human milk

≥50% (no vs. yes)

5.883 ± 2.638 0.621; 11.146 0.029

Multiple regression analysis model corrected by gender and birth weight. Being fed with

humanmilk more than or equal to 50%was positively associated with a significant increase

in fat free mass percentage at term CA.

with a significant increase in fat-free mass percentage at term CA
(Table 7).

DISCUSSION

This study examined the relationship between the type of
feeding and body composition in VLBW infants. Specifically,
we demonstrated that VLBW infants fed human milk (both
fresh mother’s milk and/or donor human milk) at more than or
equal to 50% of the total milk volume intake during the hospital
stay displayed an increased fat-free mass percentage at term CA
compared to VLBW infants fed human milk at less than 50% of
the total milk intake.

Johnson et al. demonstrated that VLBW infants had a fat-
free mass deficit at term CA compared to full-term infants (24).
Increasing evidence has demonstrated that greater fat-free mass
deposition is associated with an improved neurodevelopmental
outcome (25). A study conducted at our center demonstrated that

human milk feeding is positively associated with fat-free mass
deposition in late preterm infants (8).

Our results showed that infants fed human milk at less than
50% of the total milk intake had a higher growth rate than their
counterparts. On the other hand, the weight and weight z-score at
discharge were similar between the two groups. It must be noted
that most of the infants fed fresh mother’s milk were in group
2, and consequently, the higher number of breastfed infants can
explain the lower growth rate in these infants than in formula-fed
infants. Indeed, after reaching full enteral feeding and, above all,
after reaching the ability to feed orally, breastfed infants cannot
receive adequate fortification from feedings taken directly from
the breast. A similar weight was found at term CA between the
two groups. Indeed, considering the weight increase percentage
between discharge and term CA, infants in group 2 show a
slightly higher value than those in group 1 (+31.4 vs. 28.3%),
probably due to better adaptation of group 2 infants than group
1 infants after discharge.

To the best of our knowledge, this was the first study to explore
the modulating effect of both fresh mother’s milk and donor
humanmilk on body composition. In a previous study conducted
in our center, Morlacchi et al. demonstrated that preterm infants
fed fortified mother’s own milk showed a higher percentage
of fat-free mass than formula-fed infants at term CA, which
was probably due to the higher nitrogen balance in breastfed
infants than in formula-fed infants (12). In our study, we did not
evaluate infant nitrogen balance; however, we can speculate that
being fed both fortified fresh mother’s milk and/or donor human
milk can result in a similar metabolic response to that obtained
by feeding exclusively fresh mother’s milk. In addition, in the
univariate regression analysis, the percentage of fresh mother’s
milk intake was not associated with FFM deposition, whereas the
total human milk volume intake was positively associated with
the FFM percentage at term CA. This observation can most likely
be explained by the relatively low percentage of fresh humanmilk
ingested by infants included in the study.

It has been reported that exclusive breastfeeding is associated
with lower growth rates in preterm infants than formula feeding
(26), especially with standard fortification of human milk (27).
In fact, the mean protein content decreases during lactation,
while the nutrient needs of VLBW infants remain high (28, 29).
In addition, although it has been reported that donor human
milk provides nutrients comparable to mother’s milk, preterm
infants fed donor humanmilk fortified similarly to fresh mother’s
milk according to standard methods showed an increased risk
of postnatal growth restriction (30, 31). In contrast, it has been
reported that fortification of donor human milk to reach 3.5
g/kg of protein intake is associated with significantly greater
weight gain and head growth in VLBW infants than feeding
a formula-based diet (30). In addition, targeted fortification of
human milk seems to represent an optimal strategy to prevent
postnatal growth restriction (32, 33).

According to our internal procedure, when infants tolerated
an enteral intake of human milk (both fresh mother’s milk
and/or donor human milk) ≥80 ml/kg/day, targeted human
milk fortification is initiated to meet the ESPGHAN guidelines.
Consequently, infants fed fortified human milk at more than or
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equal to 50% of the total milk volume intake during the hospital
stay exhibited similar growth at discharge as infants fed less
human milk.

In a recent study of 34 VLBW infants (11 breastfed and
23 formula-fed) compared with a control group of 19 full-
term infants, it was demonstrated that formula-fed infants were
heavier than breastfed infants at term CA and showed higher
amounts of adipose tissue and lower amounts of fat-free mass
than full-term infants. However, breastfed preterm infants had
a similar body composition as full-term infants (34, 35).

In our study, we did not observe any difference in body weight
between the two groups, irrespective of the type of feeding, both
at discharge and at term CA. Nevertheless, infants in group 2
who were fed ∼81% human milk during their hospital stay had
an increased fat-free mass at term CA compared with infants
in group 1 who were fed only 35% human milk from birth to
discharge.

It has been taken into account that in our study, the donor
human milk constituted 58% and 25% of the total amount of
human milk intake in group 1 and group 2, respectively. This
detail underlines the important effect of fresh mother’s milk on
growth and quality of growth but suggests that donor human
milk is preferred over formula milk when fresh mother’s milk is
not available or is insufficient to satisfy the infant’s nutritional
needs. Therefore, the strength of the study was the use of

donor human milk to supplement fresh mother’s milk and the
practice of targeted fortification to achieve the nutritional needs
of preterm infants.

It must also be taken into account that the infants included
in this study were all clinically stable at term CA during the
assessment of body composition, and therefore, the results
obtained in this study cannot be applied to sick infants. In
addition, a limitation of the study is that it is not a randomized
controlled trial, although this type of study design has ethical
issues.

In conclusion, the use of target fortified human milk
modulated the growth of and improved the quality of growth
in vulnerable preterm infants. The use of fortified donor human
milk when fresh mother’s milk is insufficient or not available
should be encouraged.
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Donor human milk (DHM) in human milk banks (HMB) is routinely subjected to

heat treatment to ensure microbiological security, most guidelines recommending a

temperature of 62. 5◦C for 30min. However, this procedure negatively impacts on milk

quality, due to the destruction of biological components. Different studies have called

for a more respectful treatment of DHM to preserve its properties, and have explored

the use of alternative technologies. There is also clear evidence that bacterial and viral

contamination in human milk can be effectively destroyed by temperatures lower than

that currently recommended (62.5◦C). Thus, a simple option would be to optimize the

conventional pasteurization technique so the treatedmilk is free of infectious elements yet

retains a maximum amount of biological components. An advantage of this approach is

that it would be unnecessary to replace the pasteurization equipment currently available

in most HMB. On the basis of a literature review, we here analyze and discuss evidence

that pasteurization of human milk at a temperature below 62.5◦C results in an improved

preservation of its properties without compromising safety regarding the transmission of

infectious agents.

Keywords: donated human milk, pasteurization, human milk bank, biological components of milk, temperature

INTRODUCTION

There is general agreement that breastfeeding is the optimal nutritional source for infants
(1, 2). Human milk is a synergistic package of essential nutrients and bioactive components that
not only covers the nutritional needs of the neonate but also enhances host defenses against
infection, actively modulating the immune response. Its consumption facilitates the maturation
of various organs and neurological development, modifies the intestinal bacterial flora, and
improves the digestion and absorption of nutrients. Beneficial bioactive and immunomodulatory
constituents of breast milk include gastrointestinal hormones, immunoglobulins, lactoferrin,
lysozyme, oligosaccharides, nucleotides, growth factors, enzymes, antioxidants, and cellular
components (3, 4).

When the mother’s own milk is not available, the WHO as well as most scientific associations
consider DHM, obtained and processed in HMB, as the best alternative, especially in preterm
infants (2). As a safetymechanism, HMBusually pasteurize the donatedmilk to eliminate infectious
elements. The technique is named after Pasteur, who first described it in the XIX century as a way of
preventing the souring of wine and beer and extending their shelf life. Pasteurization is defined as a
process of heating a food, usually a liquid, at a specific temperature for a predefined length of time
and then immediately cooling it. The crucial point of the procedure is the selected temperature,
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which should be high enough to destroymicrobial contamination
without affecting the properties of the food.

HEAT TREATMENT OF DHM

The use of pasteurization in HMB is based on the experience
of the food industry with the treatment of cow’s milk (5).
Initially, pasteurization of cow’s milk was carried out at 61.1◦C
for 30min or 71.1◦C for 15 s to allow an ample safety margin
for the destruction of Mycobacterium tuberculosis (6). However,
in 1957 these conditions were shown to be inadequate for the
inactivation of Coxiella burnetii, which causes Q fever in humans
if large numbers are present in raw milk (7). New pasteurization
conditions of 62.8◦C for 30min for a batch process or 71.7◦C
for 15 sec for a continuous process were adopted to inactivate
C. burnetii, and are still in use today (5).

Based on the commercial pasteurization of cow’s milk,
originally designed to destroy M. tuberculosis and C. burnetii,
Holder pasteurization (HoP) at 62.5◦C for 30min has been
recommended as a suitable form of heat treatment for human
milk (8). Interestingly, the recommended temperature has
evolved over the years. Thus, in 1999 the United Kingdom
Association for Milk Banking (UKAMB) guidelines (9) and in
2000 the Human Milk Bank Association of North America
(HMBANA) guidelines (10) recommended that milk be heat-
treated at a minimum of 57◦C or a maximum of 63◦C for
30min. Despite data showing that this degree of heat is more
than adequate to eradicate tuberculosis bacilli from cow’s milk
and that pasteurization at 62.5◦C for 30min may be excessive for
rendering human milk bacteriologically safe (11), HoP is widely
recommended in most current guidelines.

This point is especially relevant, as several authors have
shown that the processing temperature determines the degree of
inactivation of the biological components of milk (12, 13). The
effect of pasteurization on the composition of human milk has
been recently analyzed in two excellent reviews (14, 15). From
a nutritional standpoint, the established heat treatment does
not significantly affect the macronutrient composition (protein,
carbohydrates and lipids, including polyunsaturated fatty acids)
of milk. However, there is considerable evidence for a total
eradication of lipase activity, as well as a substantial drop in
the concentration of various biological components such as IgA,
lactoferrin, lysozyme, cytokines, and growth factors.

The discrepancy about the degree of destruction of these
biological factors could be explained by the lack of homogeneity
in the experimental studies, which generally use small aliquots
of milk compared with the volumes usually processed in HMB.
In real-life situations, a higher loss of biological properties is
expected due to the longer time needed to reach the desired
temperature in the center of the milk container (15). Thus, in the
process of securing DHM, there is a reduction in quality due to
the destruction of biological components.

The literature reflects the enormous importance of biological
factors in milk for the development and maturation of the
newborn (16). In an interesting study developed in a preclinical
model using premature piglets, Li et al. (17) compared two
different treatments of the same DHM: HoP and Ultraviolet
(UV)-C irradiation. Analysis revealed a markedly higher

TABLE 1 | Viral sensitivity to thermal treatment.

Virus Pasteurization

conditions tested

Viral infectivity

after treatment

Authors

Parvovirus B19 10′ at 60◦C Completely

inactivated

Blümel et al. (33)

Chikungunya

virus

30′ at 58 ± 1◦C Completely

inactivated

Leydold et al. (35)

Poliovirus 30′ at 55◦C Completely

inactivated

Strazynski et al. (34)

West Nile virus 30′ at 58 ± 1◦C Completely

inactivated

Leydold et al. (35)

Hepatitis C virus 30′ 56◦C Almost

completely

inactivated

Song et al. (36)

40′ at 56◦C

10′ at 60◦C

4′ at 65◦C

Completely

inactivated

Herpes simplex

virus

20′ at 50◦C Completely

inactivated

Plummer and Lewis

(37)

Human

Immunodeficiency

virus

less than 30′

at 60◦C

Completely

inactivated Spire et al. (40)

Gregersen et al. (41)

Einarsson et al. (42)

Human T

lymphotrophic

virus

30′ at 56◦C Completely

inactivated Harada et al. (38)

Yamato et al. (39)

Zika virus 30′ at 63◦C Completely

inactivated

Pfaender et al. (43)

Human papiloma

virus

30′ at 62.5◦C Completely

inactivated

Donalisio et al. (44)

Ebola virus 30′ at 62.5◦C Completely

inactivated

Hamilton Espence

et al. (45)

Margburg virus 30′ at 62.5◦C Completely

inactivated

Hamilton Espence

et al. (45)

Cytomegalovirus 30′ at 62.5◦C Completely

inactivated

Hamprecht et al.

(47)

40′ at 50◦C Partially

inactivated

Plummer and Lewis

(37)

30′ at 56◦C Partially

inactivated

Welsh et al. (46)

reduction of several bioactive proteins after HoP compared with
UV-C-treated and untreated milk. The authors reported a better
weight gain, intestinal health and resistance against bacterial
infections in the group receiving the milk with better preserved
bioactive factors. They conclude that the differences in the
biochemistry of donor milk due to its treatment have potential
physiological effects in preterm neonates. Therefore, one of the
goals of HMB should be to process human milk with minimum
damage to these components.

ALTERNATIVE TECHNIQUES TO HOP

To optimize the microbiological safety of DHM while
maintaining its biological and nutritional quality is an important
challenge. In this context, the Committee on Nutrition of the
European Society for Pediatric Gastroenterology, Hepatology,
and Nutrition (ESPGHAN) has recommended that future
research focus on the improvement of milk processing in
HMB, including the development and evaluation of different
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pasteurization techniques to optimize microbiological safety
and to preserve the biological and nutritional quality of human
milk (18). Thus, to avoid the deleterious effect of HoP on the
biological components of human milk, attention has been
directed toward the development of new technologies. The
most evaluated method is high-temperature short-time (HTST)
treatment, which involves the heating of milk at 72◦C for 15 s.
Several reports confirm that this procedure induces a drastic
reduction in bacterial count and CMV infectivity. However,
although a better preservation of several components like IgA
and lactoferrin has been described, bile salt-stimulated lipase
(BSSL) activity is almost completely eliminated (19–21). Two
alternative prototypes suitable for use in an HMB have been
recently described (22, 23).

Pascalization or high pressure processing (HPP) is a method
of preserving and sterilizing food in which a product is processed
under very high pressure at low temperatures without the use of
additives, leading to the inactivation of certain microorganisms
and enzymes. Studies with human milk have shown that in
comparison with HoP this kind of treatment may increase
the retention of IgA, lisozyme and other cytokines (24, 25).
A bactericidal effect of HPP has been reported for different
microorganisms with varying degrees of resistance (24, 26).
However, these studies do not assure the effectiveness of HPP in
bankedmilk with a high bacterial content, especially because only
vegetative bacteria have been analyzed and data is lacking about
the effects of high pressure on bacterial spores, viruses or fungi in
human milk.

UV irradiation treatment is based on the germicidal properties
of light in the UV-C spectrum (200–280 nm). UV light penetrates
food materials only up to several millimeters, depending on their
optical properties, and cannot be effectively absorbed bymilk and
other turbid foods unless these are presented to the system as a
thin layer.

Preliminary reports indicate that UV irradiation can achieve a
reduction of 5 log10 in bacteria exogenously added to humanmilk
without affecting the lipase activity (27), while the concentrations
of lactoferrin, lysozyme and immunoglobulin A (IgA) remain
essentially unaltered (28). Also, according to a recent report,
UV-C irradiation inactivates the cytomegalovirus in human milk
under the right conditions (29).

However, although these techniques are commonly used in
the food industry, there are no specific devices designed to
manage the low volumes of milk usually processed in a milk
bank. Thus, until such appropriately scaled and economically
affordable equipment is available for HMB use, these methods
are unlikely to be put into practice. Meanwhile, since it has been
clearly demonstrated that temperatures below 62.5◦C have a less
negative effect on human milk properties, it is useful to assess
temperature modification in the pasteurization process.

A NEED TO IMPROVE THE QUALITY OF
HMB PROCESSING

As early as 1982, Wills et al. (13) proposed that “lower
temperatures and reduced holding times, if used precisely, will

effectively sterilize human milk. At the same time reduced heat
treatment results in the preservation of much of the activity of
the antimicrobial and other biologically active proteins present
in human milk”.

Thus, a simpler alternative to the development of new
technologies would be to optimize the conventional
pasteurization technique used in HMB in a way that guarantees
the destruction of infectious elements in human milk with
minimum damage to its biological components. This option
has the advantage that it would not require the replacement
of pasteurization equipment usually available in most HMB.
Our hypothesis is that the pasteurization conditions currently
used are oversized, and that the same level of elimination of
bacterial and viral contamination could be achieved using lower
temperatures that are less harmful to the biological factors
of milk.

Other improvements could also be made in the pasteurization
process. The longer the milk remains above the critical
temperature, the greater the detrimental effect on its final
quality (30). Hence, the quicker the milk can reach the holding
temperature, the lower the overall exposure to damaging heat.

EFFECT OF TEMPERATURE ON BACTERIA

As mentioned above, most of the studies related to the
thermosensitivity of bacteria in milk have been conducted with
cow’s milk for the dairy industry. Among the few that have
focused on human milk from a milk bank perspective, the
most detailed analysis was published by Czank et al. (12), who
reported that the susceptibility of the microbial strains tested
was clearly dependent on the pasteurization temperature. There
was a reduction of at least 99.9% of all bacterial species when
milk samples spiked with 105 UFC/ml of E. coli, S. epidermidis,
E. cloacae, B. cereus or S. aureus were treated at 57◦C for 30min
or at 62.5◦C for 20min. Also, the data of Lloyd Jones et al (31)
suggest that the accepted heating time of 30min is excessive,
since bacterial pathogens commonly contaminating human milk
may be eliminated after heating for only 5min at 62.5◦C. This
conclusion is in accordance with the results of Wills et al. (13),
who showed that over 99% of inoculated organisms are destroyed
by heating at 56.0◦C for 15min.

Thus, taking into account that the higher the level of milk
contamination, the longer it takes to achieve sterility, reducing
the temperature of pasteurization would not constitute a hazard
inHMB, where highly contaminatedmilk is discarded.Moreover,
in HMB that pool milk, a high level of contamination is diluted.

EFFECT OF TEMPERATURE ON VIRUSES

In the previous sections, we focused on how the temperature
applied in HoP could be considered excessive for the effective
removal of bacterial contamination and stability of the main
biological components of breastmilk.We now turn to viruses and
examine if they could also be eliminated at a lower temperature.

In certain maternal viral diseases, there is a substantial risk of
maternal-infant transmission by breast milk. This is particularly
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true for human immunodeficiency virus (HIV)-1, HTLV1/2 and
CMV infection. Other viruses are often present in breast milk but
transmission is very rare, e.g. other herpes viruses, parvovirus,
hepatitis A, B, and C, and rubella (32). It is therefore important
that in addition to an accurate anamnesis, including revision
of the social, behavioral, and clinical history of the donor, and
serological determinations, the donor milk is treated to eliminate
possible pathogenic elements.

As mentioned above, pasteurization at 62.5◦C may be
considered excessive due to its harmful effect on the biological
elements in milk. It would therefore be useful to analyse
the thermosensitivity of a series of viruses potentially present
in donated milk. As it is shown in Table 1, evidence in
the literature indicates that most such viruses are destroyed
at a temperature between 55 and 60◦C. Blumel et al. (33)
showed that during pasteurization of human serum, albumin
parvovirus B19 was immediately inactivated at temperatures
above 57.5◦C. Moreover, heating at 55◦C for 30min completely
inactivated poliovirus in water and milk (34). Also, incubation
of Chikungunya- (CHIKV) or West Nile virus- (WNV) spiked
albumin solutions at 58±1◦C resulted in a rapid and complete
inactivation of both viruses to below the limit of detection
within 30min (35). A very small amount of infectious cell
culture-derived Hepatitis C virus (HCV) was still detectable after
incubation at 56◦C for 30min, and eliminated completely after
40min; total viral inactivation was also observed after 10min at
60◦C or 4min at 65◦C (36). Although herpes simplex virus (HSV)
has been isolated from the breast milk of HSV-infected women,
there is no conclusive evidence to support HSV transmission by
breastfeeding (32). In any case, HSV is very sensitive to heat
treatment, being inactivated after only 20min at 50◦C (37).

HIV and HTLV, potentially the most dangerous viruses, were
fully inactivated by treatment at 56◦C for 30min (38–40). Other
authors confirmed that at 60◦C, HIV in culture supernatants was
completely inactivated after only 10min (41) or after 30min in
stabilized antithrombin III solutions (42).

Another group of viruses are clearly inactivated by
conventional HoP conditions but their elimination has not
been tested at lower temperatures. Thus, pasteurization of milk
spiked with Zika virus (ZIKV) at 63◦C for 30min reduced ZIKV
infectivity below the limit of detection, independent of the milk
donor or virus strain (43). Also, the infectivity of both high-risk
and low-risk human papillomaviruses (HPV) (44) as well as
Ebola virus and Marburg virus (45) are completely inactivated
after HoP.

Nevertheless, probably the most important virus from the
point of view of HMB is CMV. Despite the latency of all
herpesviruses, CMV is the only one known to be efficiently
transferred to the infant via human milk. There are a few case
reports of possible breast milk transmission of HSV and varicella
zoster virus (VZV) and strong evidence for the non-transmission
of the Epstein-Barr virus (32). Although other members of the
herpesvirus group are reported to be destroyed at 50◦C, CMVwas
only partially inactivated at this temperature even after 40min
(37). HoP at 62.5◦C for 30min completely destroyed CMV
infectivity in human milk (46, 47), while the treatment of CMV-
spikedmilk at 56◦C for 30min (46) failed to totally eliminate viral
infectivity.

From these data, it could be deduced that a temperature
of 62.5◦C is required to destroy the CMV, similar to other
viruses. Nevertheless, the thermosensitivity of these viruses at
temperatures between 56 and 62.5◦C has not been reported.
Several authors have shown (46, 47) that treatment at 56◦C
is capable of destroying a significant part of the viral load.
Thus, we consider it plausible that the total destruction of
the CMV could be achieved at a temperature lower than
62.5◦C, and this could be applicable to other viruses not yet
tested.

FUTURE RESEARCH DIRECTIONS

According to the previous section, we consider that it is feasible
to reduce the pasteurization temperature while maintaining
the destruction capacity of the bacteria and viruses potentially
present in the DHM. Only the thermal sensitivity of the CMV
remains to be confirmed, as there is no data in the range between
56 and 62.5◦C.

Therefore, we consider it essential to carry out this
analysis, accurately determining the CMV sensitivity to thermal
treatment. Once established the temperature at which the CMV
is inactivated, and confirmed in exact conditions to those used in
a HMB, the effect of this temperature on the essential biological
components of the DHM (IgA, lipase, lactoferrin, lysozyme. . . )
should be checked. In both studies, it would be interesting to
analyse treatment times of less than 30min, in order to preserve
even more the biological properties of the DHM.

CONCLUSIONS

It is clear that donated human milk must undergo treatment
to eliminate potentially transmissible pathogenic elements.
Unfortunately, a side effect of such processing, including by the
widely accepted HoP, is a reduction in the valuable biological
properties of the milk. In accordance with the data presented in
this review, we propose the assessment of a lower temperature
standard for heat treatment of human milk that would be
at least the minimum required to eliminate CMV yet less
damaging to the biological components. An added advantage
of this proposal is its easy implementation in HMB, since the
pasteurizers currently in use would not need to be replaced by
new equipment.
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Background: Pasteurized donor human milk is an alternative feeding when mothers’

own milk is not available for premature infants. The effects of pasteurization on the host

defense properties of human milk are unclear. We investigated the effects of Holder

pasteurization on concentrations of anti-inflammatory and pro-inflammatory cytokines

in human milk.

Objective: To compare concentrations of anti-inflammatory and pro-inflammatory

cytokines before and after pasteurization of donor human milk.

Study Design: A single milk sample was obtained from each of 24mothers of premature

infants in the neonatal intensive care unit by electric breast pump and was stored

at −80◦C. At the time of pasteurization, milk samples were thawed and divided into

two aliquots. The first aliquot was re-stored at −80◦C and the second aliquot was

heat-treated at 62.5◦C for 30min and then re-stored at −80◦C. At the time of batch

cytokine analyses samples were thawed rapidly.

Results: Most cytokine concentrations declined following pasteurization. The most

prevalent cytokine, IL-8, was preserved (89%) following pasteurization. There were no

relationships between gestational age, postnatal age of milk collection, duration of milk

storage, and the concentrations cytokines.

Conclusion: In contrast to most cytokines after pasteurization, IL-8 is preserved or

liberated from another compartment. The maintenance of IL-8 in human milk after

pasteurization and the loss of anti-inflammatory cytokines following pasteurization,

suggests that the effects of inflammatory activity in pasteurized human milk should be

evaluated. These data may account, in part, for the lesser protective effect on the host

of pasteurized donor human milk compared with mother’s own milk.

Keywords: human milk, premature infants, donor human milk, pasteurized donor human milk, cytokines

INTRODUCTION

There is strong evidence to support feeding premature infants their mother’s own milk (1–3). Not
all mothers of premature infants, however, are able to supply sufficient milk to meet the needs of
their infants throughout the NICU stay. When mother’s own milk is not available, most clinicians
recommend pasteurized donor human milk (DHM) as the second choice for feeding premature
infants (4). There are advantages of using DHM as well as concerns limiting its use. When
compared with preterm formula, DHM is associated with lower rates of necrotizing enterocolitis
and lower mortality (4–6).
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Pasteurized donor milk may not confer the same protective
effect as mothers’ own milk in the feeding of premature infants
(7, 8). Donor milk is dissimilar to mother’s own milk because it
usually is obtained later in lactation when the contents of certain
nutrients (protein, sodium) are lower and nutrient losses may
have occurred from the collection and storage processes (lipid).
Moreover, specific component concentrations may be affected by
the heat-treatment process (7, 8). Holder pasteurization, heating
milk to 62.5◦C for 30min, the usual method for processing donor
human milk, is associated with substantial losses of immune
components, including lactoferrin, secretory IgA, and lysozyme,
and these losses are variable (9–11).

The cytokines in human milk (usually IL-1β, IL-2, IL-4, IL-5,
IL-6, IL-8, IL-10, IL-12, EGF, TGF-α, TGF-β, TNF-α, and IFN-γ)
are believed to provide passive immunity to the neonate (12–
15). These cytokines are believed affect the maturation of the
developing human intestine (16). As there are scant data on the
effect of heat treatment on total cytokine concentrations in donor
human milk, the objective of this study was to assess the effect of
human milk pasteurization on its cytokine concentrations.

METHODS

A single milk sample of 50mL from a complete collection of
one breast was obtained from 24 mothers of premature infants
in the NICU using an electric breast pump. Mothers were free
of medical illnesses and not receiving medications, including
antibiotics. Milk samples were collected fresh and stored at
−80◦C in sterile polypropylene containers until studied. Samples
were thawed at room temperature and divided into two equal
parts. The first part was divided into 2mL aliquots and re-stored
at −80◦C until analyzed and the second part was heat-treated in
a shaking water bath at 62.5◦C for 30min. A thermometer was
placed in a centrally located non-study milk sample to ensure
all study samples were maintained at 62.5◦C. Subsequently, 2mL
aliquots of the pasteurized milk samples were re-stored at−80◦C
until analyzed.

Just prior to analyses, milk samples were thawed rapidly and
centrifuged at 3000 rpm for 30min to separate lipid and aqueous
layers. Cytokine concentrations in aqueous milk samples were
determined by flow cytometry (BD Facscaliber Flow Cytometer,
San Diego, CA). Human Inflammation and Human Th1/Th2
cytokine kits (BD Cytometric Bead Array Analysis, San Diego,
CA), followingmanufacturers protocols, were used for individual
cytokine analyses. The use of both kits allowed an analysis of
10 cytokines: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70,
TNF-α, IFN-γ. IL-10, and TNF-α measured by both kits were the
same suggesting no interassay variation.

Paired samples (before- and after-pasteurization) were
evaluated for IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, TNF-
α, IL-12p70, and IFN-γ concentrations. The adequacy of
pasteurization was confirmed by comparing the concentrations
of alkaline phosphatase and lipase in before and after treatment
samples.

Sample size was chosen to detect a difference of one standard
deviation from the mean. We chose a significance of p = 0.005

due to multiple comparisons and a power of 0.80. Pearson
correlation coefficients were used to compare relationships
between variables. Before- and after-pasteurization results were
analyzed by paired t-test. The data were standardized using z-
scores, then the changes of IL-8 were compared to the other nine
cytokines measured using a RMANOVAmodel.

The study was approved by the Institutional Review Board of
the North Shore Long Island Jewish Health System (now known
as Northwell Health). Written informed consent was obtained
from all mothers.

RESULTS

Milk samples, collected at 4–54 days postpartum from mothers
delivering infants between 27 and 36 weeks gestation, were
stored at −80◦C for 8–157 days prior to analyses. There were
no relationships between gestational age, postnatal age of milk
collection, duration of milk storage, and the concentrations of
cytokines in milk (p > 0.05). The completeness of pasteurization
was confirmed by measuring milk alkaline phosphatase (mean
1946 and 9 U/L) and lipase (mean 48.8 and <3 U/L) before and
after treatment, respectively, p < 0.005.

The concentrations of all cytokines declined following
pasteurization (Figures 1, 2). There was variable preservation
(18–58%) of cytokines following pasteurization. The
most abundant cytokine, IL-8, was preserved (89%) after
pasteurization compared to other cytokines (Figure 3).

DISCUSSION

Mother’s milk provides important protection to the premature
infant who has a developmentally delayed immune system (17).
As not all mothers of premature infants are able to provide 100%
of their infants’ needs, donor human milk has emerged as an
alternative feeding strategy. As a result there is an increased

FIGURE 1 | Cytokine concentrations before and after pasteurization. The

concentration of cytokines of 24 milk samples measured in duplicates in

thawed human milk before and after pasteurization. All cytokine

concentrations decreased significantly, p ≤ 0.005.
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FIGURE 2 | IL-8 concentration before and after pasteurization. The

concentration of IL-8 of 24 milk samples measured in duplicates in thawed

milk. The concentration after pasteurization was not changed significantly,

p = 0.543.

FIGURE 3 | Percentage of cytokine preserved after pasteurization. Only IL-8

concentration in heat treated human milk was preserved (89%) compared with

other cytokines which were significantly less preserved after heat treatment,

p < 0.005.

interest in donated human milk and a marked increase in donor
milk banks in the US. Donor human milk is heat treated for
the prevention of microbial transmission. There are concerns
that because of its heat treatment donor human milk may not
provide the same protective benefit as mother’s own milk (2, 3,
6, 18). Indeed, when supplemented with bovine milk products,
pasteurized human milk is associated with more infectious
morbidity than non-heat treated milk, suggesting that there may
be some loss of immune properties once human milk is heat-
processed (4, 19).

Among the immune components in human milk are a
variety of cytokines, whose concentrations vary with lactation
stage, from colostrum to mature milk, between foremilk and
hindmilk, between mothers delivering at term or prematurely,
and with maternal medical conditions (20, 21). We found

using a reproducible common laboratory assay that pasteurized
human milk contained both pro- and anti- inflammatory
cytokines (20, 22–24). We found a generalized reduction
in cytokine concentrations after pasteurization. The pro-
inflammatory cytokine IL-8 was the most preserved (89%)
cytokine after pasteurization. Despite the measured declines in
anti-inflammatory cytokines after pasteurization, the retention
rates of 18–58% suggest that donor milk still provides potential
protection to the recipient infant.

Our data qualitatively reinforce other reports of the
preservation of IL-8 after pasteurization (15). We speculate
that the preservation of IL-8 in heat-treated milk may be
a concern for the premature infant who is susceptible to a
variety of inflammatory conditions. IL-8, a major mediator
of inflammatory responses and a chemoattractant, is found
in leukocytes and endothelial cells. Its preservation may be a
result of a strong tertiary structure (25). The other two pro-
inflammatory cytokines preserved at a higher levels are IL-2
(53%) and IL-12p70 (58%), probably also due to their protein
structure.

The imbalance favoring pro-inflammatory cytokines in
pasteurized milk potentially could explain the lack of consistent
short-term benefits of this milk when compared with mother’s
own milk (6, 18, 26). There are inconsistent beneficial outcomes
of inflammation-related diseases in premature infants receiving
donor humanmilk: necrotizing enterocolitis, bronchopulmonary
dysplasia, and retinopathy of prematurity (6, 26–29). Moreover,
long-term studies fail to demonstrate better outcomes of
pasteurized donor milk-fed infants (30). Nevertheless, when
compared with preterm formula, short-term benefits of
pasteurized donor milk are noted (31).

Our data might be used to question the process of
pasteurization, classic Holder pasteurization, as short-time high
temperature pasteurization methods have been associated with
less protein degradation (32). Indeed, the high temperature
treatment reported greater retention of bioactive factors in
human milk (IgA, alkaline phosphatase, bile salt-stimulated
lipase) with similar antibacterial efficacy when compared with
Holder pasteurization. The expense and practicality of the high
temperature method needs further evaluation to encourage its
use.

Thus, we report preservation of pro-inflammatory cytokines
after pasteurization of humanmilk suggesting that heat treatment
may have significantly different effects on the premature infant
with a developing immune system.
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Human milk is the best food for newborn nutrition. There is no ideal composition of

human milk and also no easy way to control the complexity of its nutritional quality

and the quantity received by breastfed infants. Pediatricians and nutritionists use charts

of infant growth (weight, size, head circumference) and neurodevelopment criteria that

reflect the food that these infants receive. These charts reflect first the infant physiology

and likely reflect the composition of human milk when infants are breastfed. In a situation

of preterm birth, mother physiology impacts partly breast milk composition and this

explains how this is more difficult to correlate infant growth or neurodevelopment with milk

composition. Some biomarkers (lipids, oligosaccharides) have been identified in breast

milk but their function is not always yet known. A better knowledge on how human milk

could act on infant development to the mid- and long-term participating thus to nutritional

programming is a challenging question for a better management of infants’ nutrition,

especially for preterm infants who are most fragile.

Keywords: mother milk, breast milk, breastfeeding, preterm, nutritional programming, neonatal growth, infant

neurodevelopment

DOHAD (DEVELOPMENTAL ORIGIN OF HEALTH AND ADULT
DISEASES) CONTEXT AND NUTRITIONAL PROGRAMMING

The perinatal period is a period of organogenesis in the newborn (at the beginning of pregnancy),
and of strong growth of the child during the first 2 years of life, but also in the establishment of the
physiological mechanisms that persist throughout life. Since the work of Prof. BARKER (1, 2) and
the formalization of the concept of DOHaD (Developmental Origin of Health and adult Diseases),
it is recognized that there is a link between the conditions of development during the perinatal
period and the health and adult diseases, and nutrition has a key role. It is likely that the growth rate
(weight gain during the first few weeks) and the composition of this weight gain (lean body gain and
body fat gain) during this key period have major long-term effects. The challenge is that the growth
of the child, in this period of life, is achieved by allowing optimal neurodevelopment, without
causing increased susceptibility to metabolic diseases (obesity, type-2 diabetes, and cardiovascular
disease) at adulthood. And we will see later, that in prematurity of the infant, these objectives are
based on nutrition conditions that are sometimes contradictory.

BREASTFEEDING

In this context, theWorld Health Organization (WHO) recommends exclusive breastfeeding for up
to 6 months, starting at the first hour of life. Despite the recommendations of the WHO and pro-
breastfeeding messages delivered in hospitals and maternity hospitals, the exclusive breastfeeding
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rate remains quite low [even in low-income and middle-income
countries, only 37% of infants younger than 6 months are
exclusively breastfed (3)].

The benefits of breastfeeding, for which there is a broad
scientific consensus, provide protection for the health of the
infant during the first weeks of life. These are short or medium
term effects:

• A highly protective effect on infant mortality, with a 12%
decrease in mortality risk compared to non-breastfed (4);

• A decrease in respiratory and gastrointestinal infections
during the first weeks of life of the newborn (3), probably
related to the composition of colostrum (immature milk for
the first 3 days of life) and breast milk that confers immune
protection to the child.

Finally, there is also a consensus on the effect of breastfeeding
on the improvement of neuro development (5), in children
born premature (6), or on term (7). Concerning premature
infants, several studies show a positive relationship between
the quantity of breast milk received during hospitalization
and neuro development (8). Breastfed premature children had
better psychomotor development at 2 or 5 years than non-
breastfed children (6), but with a slower growth (weight, height)
during hospitalization, even if they caught up with non-breastfed
children at 3 years of age. This was called “breastfeeding paradox”
by Roze et al. (6) as previous studies have shown a positive
relationship between growth rate during neonatal hospitalization
and neurodevelopment (9).

All these effects are all the more pronounced as breastfeeding
lasts a long time, thus highlighting a “dose” effect. However
neurodevelopment advantages have been related not only to
breastfeeding duration but also to the amount received, reflecting
a dose response relationship (10).

Moreover, beside these benefits of breastfeeding for the child,
we often forget to mention the benefits for the mother, even in
the long term:

• Decreased risk of breast and ovarian cancers (3, 11);
• Decreased risk of type 2 diabetes, with a strong effect of

lactation duration (12).

HUMAN MILK COMPOSITION

Breast milk is the best food for the newborn. Human milk
consists of 87% water, 1% protein, 4% lipid, and 7% carbohydrate
(including 1 to 2.4% oligosaccharides) (Figure 1). It also contains
many minerals (Calcium, Phosphorus, Magnesium, Potassium,
Sodium, etc...) and many vitamins. Compared to cow’s milk,
human milk contains less protein (3.5% in cow’s milk), and
especially a proportion of casein (on total protein) lower, max
50% (80% in milk of cow). There is no β-lactoglobulin; some
minor proteins are more abundant in human milk (lysozyme,
lactoferrin,...) and the same goes for the non-protein nitrogen

Abbreviations: ALA, α-Linolenic Acid; BSSL, Bile Salt Stimulated Lipase;

DHA, DocosaHexaenoic Acid; HMO, Human Milk Oligosaccharide; IUGR,

Intra-Uterine Growth Restriction; LA, Linoleic acid; LC-PUFA, Long Chain

PolyUnsaturated Fatty Acid; MFGM, Milk Fat Globule Membrane.

FIGURE 1 | Human milk composition.

fraction (urea, free amino acids, including taurine). The protein
content of human milk is therefore low (10 g/L), probably the
lowest among all mammalian milks, and we can relate this
observation with a very low growth rate of the newborn (for
comparison, rat milk has a protein content 10 times higher for
a growth rate of the pups also higher).

Another peculiarity of human milk is the highest proportion
of long-chain polyunsaturated fatty acids (APGI-LC), ω6 (such
as arachidonic acid) and ω3 (such as eicosapentaenoic and
docosahexaenoic acids [DHA]), which are derived from essential
fatty acids: linoleic and α-linolenic acid. These fatty acids are
important for the brain development of the infant. Compared to
cow’s milk, breast milk also contains more cholesterol, which is a
precursor of hormones and is also involved in brain development.

Finally, oligosaccharides are present in large quantities, from
10 to 20 g/L (only 1 g/L in cow’s milk) and with very varied
biochemical compositions (more than 100 different compounds)
(role mentioned below).

Milk contains compounds that help protect children against
infectious diseases (13):

• Either by a direct immune protection, with the many
immunoglobulins (including secretory IgA,...);

• Either by modulating this immune protection (by lactoferrin,
pro or anti-inflammatory cytokines, or oligosaccharides);

• Either by a non-immune action, by proteins: κ-casein, α-
lactalbumin, lactoferrin, haptocorrin, lysozyme (14), and
oligosaccharides (see below).

Colostrum, which is produced up to 5 days after birth, also
contains many immunity cells (macrophages and lymphocytes).

Milk also contains enzymes including Bile Salt Stimulated
Lipase (BSSL), which allows for better lipid digestibility, and
better utilization of triglycerides (95% of total lipids), and
presumably LC-PUFA, cholesterol, and fat-soluble vitamins.

A certain poverty of vitamins (D and K in particular)
is known, whose consequences can be avoided by a
supplementation of the children, even of the mothers during
the pregnancy (vitamin D). In the same way, the presence in
the breast milk of chemical contaminants, highlighted for some
years, raises the question of their origin, namely via the nutrition
and the environment of the mother (15, 16) and their impact
on the breastfed child. These contaminants accumulate in the
body of the mother throughout her life because many are fat
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soluble and are found in adipose tissue. This is all the more
pronounced since the first pregnancy of the mother is at an age
more and more delayed. Preterm breast milk may also concerned
by such contamination. The means to limit their presence in
breast milk will be complicated to implement and will require
societal, environmental and organizational policies over very
long periods.

The richness of breast milk in miRNA is also one of its
characteristics (17, 18). MiRNAs are non-coding RNAs that
regulate gene expression and control protein synthesis at the
post-transcriptional level. They play roles in the regulation of
many biological and developmental processes and would be
important in the development of the child’s immune system.
Once the milk is ingested by the child, these maternal miRNAs
resist digestion, when they are protected by cellular structures
(exosomes). The question of whether they are subsequently
absorbed and whether they regulate genes in children is a
scientific issue that is still very controversial (19).

Finally, the discovery of a microbiota of breast milk, from the
2000s, has led many teams to question its origin (endogenous
entero-mammary or exogenous) and its relative role, compared
to other microbiota (particularly maternal), in the colonization
of the digestive tract of the newborn (20, 21). There is no
complete answer to all these questions, which are complex to
solve and require sampling in the most sterile conditions and
not to neglect all the necessary methodological controls. Added
to this is the additional difficulty of elucidating the potential
interactions between all these compounds: the effect of the
content of oligosaccharides of breast milk on the microbiota
of the newborn is thus well studied (22), and makes it a good
example of very current research.

PHYSIOLOGICAL STATE OF THE MOTHER
IMPACTS BREAST MILK COMPOSITION

The growth curve of the newborn reflects, in part, the diet (in
quality and quantity) that these children receive and whether
they are breastfed, presumably the composition of the breast
milk they receive. But many other parameters obviously come
into play, such as for example, its genetic heritage, and all the
events that occur in the first weeks of the child’s life (infection,
etc.). We will show how it is difficult to distinguish between the
effect of nutrition by breast milk and many confounding factors
related to the physiological state of the mother and the clinical
parameters of the child at birth (prematurity, small weight for
gestational age...), knowing that some of these parameters directly
influence the composition of breast milk. We can illustrate it in
the following situation of prematurity:

Children born prematurely are at risk of experiencing an
Extra-Uterine Growth Retardation and, as explained above, their
nutritional needs are very important. Except the first days of
life where they are fed intravenously (parenteral), because of
their intestinal immaturity, they are quickly fed enterally with a
nasogastric tube, and most often fed with breast milk (Figure 2).
It turns out that the prematurity impacts the protein content of
mother’s milk: protein content in pretermmother’s milk is higher

than in termmother’s milk during the first days of lactation [with
maximum mean differences up to 35% (0.7 g/dl)] (23, 24) but it
declines afterwards. After postnatal day 3, most of the differences
in true protein between preterm and term milk are within 0.2
g/dL or less, and term milk may be the same as preterm milk
by the 5th−6th week. Similarly concentration of certain free
amino acids, including valine, threonine and arginine is higher
in preterm mother’s milk (25). Contradictory results have been
obtained with lactoferrin (26, 27). Preterm breast milk appears
also rich in sIgA (26, 28) and deficient in leptin (26, 29). In one
study, the authors observed a decrease in serum albumin (mainly
originating from blood flow) in mother’s milk of infant born
prematurely, which may reflect changes in the oxidative status
of breast milk (30). Kunz et al. found no difference in the total
amount of HMOs neither in colostrum nor in transitional or in
mature milk comparing term and preterm milk samples (31) and
authors list all the recent data that are consistent or inconsistent
with their.

Finally, the question of whether the total fatty acid
composition of mother’s milk depends on the gestational age of
the child remains still posed. The lower maternal-fetal transfer of
fatty acids frommother to child due to a shorter pregnancy would
suggest that maternal reserves of LC-PUFA are higher in mothers
of premature infants and that milk such mothers would be richer
in these fatty acids. However, either there is no difference with the
mother’s milk full-term, or the studies show quite contradictory
results, except possibly for DHA (32).

BREAST MILK IS RECOMMENDED FOR
PRETERM INFANT FEEDING

The incidence of prematurity has been steadily increasing for
decades: Every year, an estimated 15 million babies are born
preterm (before 37 completed weeks of gestation) throughout the
world, and this number is rising. Preterm birth complications are
the leading cause of death among children under 5 years of age,
responsible for ∼1 million deaths in 2015 (WHO, http://www.
who.int/news-room/fact-sheets/detail/preterm-birth). However,
progress in medical technology over the last few decades have
allowed for the survival of an ever-increasing proportion of
children born with very low birth weight. The challenge is
therefore to improve the future of these children, and early
nutrition becomes a major player in this objective. All of the
expert committees recommend the use of human milk, which
reduces, for example, the risk of necrotizing enterocolitis, a
serious disease of premature infants in the neonatal period.
However, the composition of human milk is extremely variable
from one mother to another. Similarly, the long-term prognosis
(in particular in terms of psychomotor development, but also
in metabolic terms) is very variable among children born
premature: thus, recent studies show that the development
quotient remains linked to the birth term (33–36), and premature
babies are at high risk of insulin resistance and metabolic
disorders in adulthood (37). About 40% of premature children
have psychomotor disorders at 5 years of age compared to only
12% for full-term children. A very high growth rate during
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FIGURE 2 | Preterm infant nutrition during early life.

this period can have deleterious effects, in terms of increased
susceptibility to metabolic diseases (obesity, type 2 diabetes,
cardiovascular diseases) in adulthood (38). It has also been shown
that a high growth rate during the first years of life is associated
with a better neuro development of the child (9). The nutrition
of the child born premature thus raises many questions about
the best way to do it and assessing the consequences of neonatal
nutrition between susceptibility to metabolic diseases and neuro
development is crucial (Figure 3).

Although breastfeeding does have a positive effect, particularly
on the neuro-development of premature infants, there is great
inter-individual variability in the long-term outcome. To date,
very little data links the individual growth and development
trajectory of a given child to the composition of breast milk
received. This analysis is complicated by:

• The many biases related to breastfeeding, the particular
psychological relationship between mother and child, the
formation and social position of parents, the sociological
determinants;

• The fortification of human milk during the hospitalization of
premature infants: if breast milk is recommended for children
with very low birth weight (8) and for premature infants, it
brings, in the first weeks, notoriously insufficient amounts
of protein per day compared to the growth needs of these
newborns. All the recommendations of the European Society
for Pediatric Gastroenterology, Hepatology, and Nutrition
(EPSGHAN) are in line with the nutrition of premature infants
by breast milk, and a protein enrichment of this milk, as
soon as possible, at least until discharge from hospital, in
order to increase weight gain and protein accretion (39). Most
premature newborns are hospitalized during the first weeks
of their postnatal life in Neonatology departments: they need
support (e.g. respiratory) because of the immaturity of various
organs and have important nutritional needs to cover their
high energy expenditure in addition to growth during this
period. But the debate is lively between neonatologists on the
methodology to follow. This topic is debated in an article in
the same collection “Human Milk in the Feeding of Preterm

Infants: Established and Debated Aspects” (Arslanoglu et al.,
manuscript under revision). Then, behind this debate between
“standardized” vs. “individualized” fortification, there is a low
level of knowledge about the variability of the composition of
breast milk (micronutrients in particular), from one mother
to another, and according to the lactation time, and the
consequences on the growth and development of the child, in
the short term and even in the medium term.

RELATIONSHIP BETWEEN BREAST MILK
COMPOSITION AND GROWTH AND
NEURODEVELOPMENT OF INFANT

If breast milk has certain plasticity in its composition, depending
on the physiology of the mother, does this affect the physiology of
the breastfed child, its growth trajectory, or even its neurological
development (Figure 3)? The answers to this question are to be
found both in experimental researches on animal models and
in clinical research, in retrospective studies, which present a
longitudinal follow-up of breastfed children.

The breastfed infant receives nutrients from the mother’s
milk, which, once hydrolyzed or not, passes the intestinal barrier
and ends up in the blood. It is therefore normal for the blood
metabolome or lipidome to be different between a breastfed
child and a non-breastfed child. So at 3 months, the blood
lipidome of children exclusively breastfed for 3 months is very
different than receiving an infant formula (40), with differences
to phosphatidylcholines, sphingomyelins, and triglycerides. This
result is not necessarily linked to the difference in triglyceride
composition between breast milk and infant formula but it may
also be that the neonatal nutrition have had additional effects on
lipid metabolism, which substantially modified the lipidome of
the infant at 3 months.

The issue of breast milk in nutrition programming is really
difficult to solve. In fact, the inter-individual variability of human
milk, and the heterogeneity of breastfeeding times (dose effect)
complicate the associations between a particular composition of
breast milk and certain clinical parameters of the child who has
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FIGURE 3 | Nutrition with human milk and preterm infant growth and neurodevelopment (HM, Human Milk).

received this milk. Among the retrospective studies that have
addressed this issue, lipids and oligosaccharides in breast milk,
as well as some micronutrients, have been the subject of recent
publications.

Lipids in human milk are the second most important
macronutrient in breast milk, and have been studied extensively
since the 2000s (41–46). Human milk is rich in linoleic acid

(LA) and α-linolenic acid (ALA) which are the precursors of
long-chain polyunsaturated fatty acids (PUFAs)ω6 andω3; these

precursors are not synthesized in vivo, and breast milk is the only
source of intake for the breastfed child. These PUFAs are essential

for brain development, including DHA; breast milk is also rich in

DHA and so it brings both DHA and its precursor ALA. As brain
growth continues during the child’s first weeks of life, especially

for the premature infant, this intake of ALA andDHA is essential.
Associations have been sought between breast milk lipids and

growth and development of the child. Several studies concern
term infants (47, 48) but the development of preterm infants

has also been studied. Mead acid (C20:3 n-9, an omega-9 fatty
acid) in early breast milk is associated with general movement’s
score at 40 weeks of gestational age suggesting that increased

concentration in mead acid influenced this score negatively
(49). Similarly arachidonic acid was also negatively correlated

with some behavioral assessment scores. These relatively simple
associations reflect likely a more complex reality such as a

shortage of fatty acids ω6 and ω3 or an imbalance between ω3
and ω6 fatty acids.

To better understand the role of different families of breast
milk lipids, in a context of prematurity, we conducted a pilot
study, on 2 groups of 11 mothers of infants born premature,
and selected in the LACTACOL cohort (NCT01493063), on the

basis of growth (rather good [difference between discharge and
birthweight Z-score during neonatal hospitalization of −0.5] vs.
rather poor [difference between discharge and birthweight Z-
score during neonatal hospitalization of−1.5]) of their breastfed
children. We found a strong relationship between the growth
of these premature children during hospitalization and the
presence of several lipid biomarkers in breast milk, identified
by both targeted methods of fatty acid assays and non-targeted
methods without a priori (lipidomic analysis). Based on the
lipidomic profiles of breast milk, obtained after analysis by
liquid chromatography coupled with mass spectrometry, and
after using discriminating statistical tools, several lipid species
have been selected for their ability to predict the weight
growth of premature infants, during their first 4 weeks of life.
The faster growth was associated with milk containing more
medium chain saturated fatty acids and sphingomyelin, more
phosphoethanolamine containing dihomo-È-linolenic acid, and
less oxylipines (50).

The oligosaccharides of human milk are present in high
concentration (51–53) and have many functions:

• They have a “prebiotic” effect (54, 55) and can therefore
be considered as non-digestible dietary components that
beneficially affect the health of the host by selectively
stimulating the colon, growth and/or activity of a species or a
limited number of bacterial species (56). Several recent studies
have shown a link between the presence of oligosaccharides
and the microbiota of the newborn (22, 57–60).

• They participate in the inhibition of bacteria, viruses or
even parasites (22, 61): by the similarity of their structure
with the receptors present on the intestinal mucosa, they
play a role of decoy, on which are fixed bacteria and
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viruses. Many pathogens use lectins to attach to the glycans
of the intestinal epithelium. Human oligosaccharides have
structures close to those of cell surface glycans and pathogens
bind with oligosaccharides instead of surface glycoproteins /
glycolipids... but a human oligosaccharide cannot block all
lectins alone!

• They would modulate certain immune reactions because
certain human oligosaccharides interfere in vitro with cell-cell
interactions mediated by selectins;

• They are rich in sialic acid found in brain glangliosides (62);
• They protect the premature newborn against necrotizing

enterocolitis (NEC) (63, 64).

The oligosaccharides fraction of preterm breast milk is likely
the most interesting one raising challenging scientific questions.
This is due to several reasons:

• The increase in oligosaccharides diversity over time with 56
HMO present in mature milk at 40 weeks of post-menstrual
age that were not present at birth (65) revealing a new
aspect in immaturity of preterm human milk at the beginning
of lactation with likely some consequences on infant’s gut
colonization;

• The presence of an α 1,2 linked fucosylated HMO, 2
′

fucosyllactose (2
′
FL) in human milk indicates that the mother

is a secretor and 60 to 80% women are secretors. De Leoz
et al. found an unexpectedly high number of apparent non-
secretors among women delivering preterm and the lack of
consistency in “milk secretor status” over time in a few women
(65) with momentary strong decline in 2’FL concentration.
However, these conclusions need to be confirmed by studies
with larger sample size;

• The relationship between a secretor status and a protective
effect against bacterial dysbiosis defined as a delayed
maturation of infant microbiota and against NEC (66);

• The microbiome of children with large growth delays
is not refractory to nutritional supplementation with
oligosaccharides (67, 68). This opens interesting perspectives
for the care of preterm infants.

Other milk compounds have also been tested for their ability
to predict the clinical characteristics of the breastfed child but
mainly for term infants [fructose (69), leptin (70), TNFα et IL6
(71)]. A very recent review completes all of these data (72).
The difficulty of all these studies is that many of them are only
proof of concept studies with small size samples that will need
complementary trials.

In preterm infants the overall breast milk composition
impacts the gut microbiota with a greater bacterial diversity
and a more gradual acquisition of diversity in infants fed breast
milk compared to infants fed infant formula (73). This could be
explained by the presence in human milk of oligosaccharides,
of a microbiome and of secretory IgA that protect infant
against pathogenic bacteria. Since the developmental pattern of
preterm infant microbiota is characterized by different phases
(74), the association between macronutrient intake and growth
appears very complex depending on the composition of the gut
microbiota and differing between microbiota phases. This opens

new opportunities to fortify human milk differently for each
preterm infant in a precision medicine.

A BIOMARKER IN BREAST MILK DOES
NOT NECESSARILY MEAN A BIOACTIVITY

All previous work demonstrates biomarkers of growth of the
newborn in breast milk, and those we have described are
essentially oligosaccharides or lipids. But a biomarker does not
necessarily have a biological activity because it can only represent
the product of a metabolism. To prove its bioactivity, it is
necessary to use a cellular model (to test an activity in cell
culture, including cell proliferation, differentiation, secretion of
cytokines, or the expression of growth factors, etc.), animal
experimentation or finally the clinical study (Figure 3): an infant
formula is supplemented with the biomarker to test its bio-
activity, for example its effect on the growth of the newborn.
Many minor proteins, present in breast milk and absent in
cow’s milk, or present in high concentration compared to cow’s
milk, have been tested. This is the case of lactoferrin, which has
antimicrobial activity (75), which acts on the absorption of iron
(76) and is bifidogenic (77). Oral lactoferrin supplementation
decreases late-onset sepsis, NEC, and “all-cause mortality” in
preterm infants without adverse effects but authors conclude that
the evidence is moderate- to low-quality (78).

Demmelmair et al. (14) recently identified these minor
proteins that have been the subject of clinical studies:

• Lysozyme with a 1000 times higher concentration in human
milk than in cow’s milk;

• Osteopontin which is 10 times more concentrated in human
milk than in cow’s milk and which plays a role in the immunity
of the child;

• Bile salt stimulated lipase, present in human milk, which
would improve the digestibility of long-chain fatty acids. In
a multi-center randomized trial, recombinant BSSL has been
tested vs. placebo with a follow-up for 12 months; there was
no improvement in weight growth in preterm infants except
in the sub-group of Small for Gestational Age infants but with
some imbalance in the adverse effects (79).

• α-lactalbumin, which improves the absorption of iron;
• Lactoferrin, about 20 times more concentrated in human

milk compared to cow’s milk, and whose functions have been
mentioned above.

In addition to these minor proteins, a complex of proteins
and lipids has been the subject of several clinical trials:
these are Milk Fat Globule Membranes (MFGMs). The fat
globules are surrounded by a triple membrane which is a
complex construct. The outer membrane is hydrophilic and
allows the dispersion of fat globules in milk which is an
oil-water emulsion. These membranes contain cholesterol,
glycerophospholipids, sphingolipids, and minor proteins
(mucin 1, xanthine oxidoreductase, butyrophilin, lactadherin,
adipophilin)(14). About 25–70% of these MFGMs are proteins.
Infantile preparations enriched with MFGM or constituents of
these MFGMs (phospholipids) have been tested in clinical trials
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with convincing results in terms of programming of immunity
and cognitive functions.

These differences in composition between human and bovine
milks highlight that human milk composition is very specific
and certainly better adapted for preterm infants. Even if formula
producers have improved their process to better mimic human
milk, large discrepancies will continue to exist.

CONCLUSIONS

Breast milk is a “natural” and “sustainable” food, without any
impact on the environment, with a strong symbolic value, since
it represents the first “vector” of transmission of taste, rules
governing the terms of the meal, and so of the food identity
(80). It is a reference for the nutrition of the newborn, even if
there is no ideal composition. It is best adapted to the nutrition
of the newborn and breastfeeding is not recommended in a
few rare diseases [in case of infection with HIV (AIDS virus),
except in countries where access to infant formulas and especially
to drinking water is difficult, and in case of galactosemia, a
disease that does not allow the child to metabolize galactose]. The
benefits of breastfeeding have been quantified economically and
increased breastfeeding rates bring substantial savings for any
health system (81).

Benefits of breastfeeding are recognized and although it must
be admitted that breast milk is not always perfect, the benefit
or risk balance is leaning on the benefits side, especially for

preterm infants. The scientific consensus is that breast milk
is the best food for preterm infants as soon as their digestive
maturity allows them to digest proteins and lipids. In fact preterm
mortality has decreased a lot during the past years because
these infants are really better taken care in neonatology units.
Better managing nutrition of these infants would likely improve
their development. In order to improve milk fortification, we
need to better know the complexity of nutritional composition
and the relationship between this composition and infant
physiology.

Although it contains macronutrients with a fairly stable
concentration, breast milk has a very plastic micronutrient
composition, which depends in particular on the physiology
of the mother. The question of whether it has an adaptive
composition, according to the needs of the child, remains to this
day unanswered.
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Holder pasteurization (62. 5◦C for 30min) is recommended by all international human

milk bank guidelines to prevent infections potentially transmitted by donor human milk.

A drawback is that it affects some human milk bioactive and nutritive components.

Recently, High Temperature-Short Time (HTST) pasteurization has been reported to be

a valuable alternative technology to increase the retention of some biological features

of human milk. Nevertheless, to date, few data are available about the impact of

pasteurization methods other than Holder on the antiviral activity of human milk. The

present study was aimed at evaluating the antiviral activity of human milk against

a panel of viral pathogens common in newborns and children (i.e., herpes simplex

virus 1 and 2, cytomegalovirus, respiratory syncytial virus, rotavirus, and rhinovirus),

and at assessing the effect of Holder and HTST pasteurization on milk’s antiviral

properties. The results indicate that human milk is endowed with antiviral activity against

all viruses tested, although to a different extent. Unlike the Holder pasteurization,

HTST preserved the inhibitory activity against cytomegalovirus, respiratory syncytial

virus, rotavirus and herpes simplex virus type 2. By contrast, both methods reduced

significantly the antiviral activities against rhinovirus and herpes simplex virus type 1.

Unexpectedly, Holder pasteurization improved milk’s anti-rotavirus activity. In conclusion,

this study contributes to the definition of the pasteurization method that allows the best

compromise between microbiological safety and biological quality of the donor human

milk: HTST pasteurization preserved milk antiviral activity better than Holder.

Keywords: human milk, HTST, Holder, antiviral activity, virus, pasteurization

INTRODUCTION

A mother’s own milk is the first choice for improving the short- and long-term outcomes for
all newborns, including preterm infants (1, 2). When a mother’s own milk is unavailable or
in short supply, a common occurrence in Neonatal Intensive Care Units, the World Health
Organization and the American Academy of Pediatrics recommend the use of donor milk (DM)
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as the best alternative (2, 3). Human milk (HM) can
be considered a species-specific dynamic biological system,
known to encompass many kinds of biological functions,
including antimicrobial and antiviral properties (2). It is
generally agreed that breastfeeding reduces the rate of serious
gastroenteritis, especially caused by rotaviruses (HRoVs), and
infant respiratory infections, as well as otitis media. The main
viruses involved in infant respiratory and middle ear infections
are respiratory syncytial virus (RSV) and rhinoviruses (HRhV)
(4–7). Furthermore, most herpetic infections are acquired during
childhood and their infection is lifelong. The vast majority
of herpes simplex virus 1 (HSV-1) infections are oral-labial
herpes and they are mainly transmitted by oral-to-oral contact.
By contrast, neonatal herpes can occur when an infant is
exposed to herpes simplex virus 2 (HSV-2) in the genital tract
during delivery. The risk for neonatal herpes is greatest when
a mother acquires HSV infection for the first time in late
pregnancy (8). Human cytomegalovirus (HCMV) is another
herpesvirus, responsible for the most common congenital
infection worldwide, affecting 1 out of every 150 live-born infants
worldwide (9).

Several specific bioactive and immunomodulatory factors
play a role in the milk-mediated defense system against viral
infections, including milk proteins, as lactoferrin, lactadherin,
lactoperoxidase, lysozyme, and secretory immunoglobulins A
(sIgA), but also mucins, sulfated glycolipids, glycosaminoglycans
and vitamin A (6, 10–12). Despite the presence of protective
factors in HM, some viruses, as human immunodeficiency virus
type 1, human T-lymphotrophic virus, zikavirus, and HCMV, are
transmitted from mother to infant thus the heat treatment of
DM is mandatory in human milk banks (HMBs) to guarantee
microbiological safety (13). The ESPGHAN Committee on
Nutrition has recently advised that “future research should focus
on the improvement of milk processing in HMBs, particularly
of heat treatment” (14). Currently, a pasteurization process at
62.5◦C for 30min (the Holder pasteurization method, HoP) is
recommended in all international guidelines for the constitution
of HMBs (13, 15). However, literature indicates that HoP
affects several milk components to variable degrees, with a
marked effect on milk protein content and activity (16, 17).
Therefore, HMBs and researchers are committed to developing
novel or enhanced methods to process DM that can ensure
microbial inactivation, while improving the preservation of its
nutritional, immunological, and functional constituents (14).
High Temperature Short Time pasteurization (HTST) was the
first non-HoP technique tested to improve the nutritional and
immunological quality of milk, because it has been established
in the dairy industry since the 1930s. HTST in food industry is
usually performed by heating thin-layered milk in continuous
flow systems at 72◦C for 15 seconds, although high variability on
the processing equipment and conditions was recently observed
for HTST when applied to HM pasteurization (18). On the basis
of the existing evidence, a new small-scale continuous-flowHTST
pasteurizer was recently designed and validated for treating HM
by our group (19).

The present research is aimed at assessing whether and to
which extent HoP and HTST have an effect on the antiviral

properties of raw HM against a panel of viral pathogens causing
diseases in newborns and children, as HSV-1, HSV-2, HCMV,
RSV, HRhV, and HRoV.

MATERIALS AND METHODS

HM Samples Collection
HM samples were obtained from the HMB of the Città della
Salute e della Scienza of Turin, Italy. An ethical review process
was not required for this study, because it was not a clinical
trial. Each milk donor involved in this research signed a written
consent form, where mother’s and infant’s data protection was
assured. Besides, donors where informed that only milk samples
stored in excess to the needs of their infants should have
been used for research purposes explaining the study design.
Two pools of milk were obtained on two different occasions.
Both pools (final volume 250ml) included colostrum (days 1–
5 postpartum), transitional milk (days 6–14 postpartum), and
mature milk (beyond day 15 postpartum). Each pool contained
milk samples from three donors. The donors of the first pool
were different from those of the second pool. The donors
cleaned their hands and breasts according to the Italian HMB
guidelines (13). The milk specimens were collected in sterile
bisphenol-free polypropylene bottles using a breast pump and
stored by the HMB at −20◦C until processed. The individual
specimens were thawed overnight in refrigerated conditions,
and then pooled rapidly in the morning in the HMB, and
shipped refrigerated within 1 h. Upon arrival, pooled samples
were processed according to the appropriate technique, and
immediately separated in 10-ml aliquots, which were conveyed to
the analyzing laboratory within 1 h. Raw milk was also aliquoted
immediately after collection and stored as fresh and/or frozen
material, as required.

Milk Pasteurization
The milk samples were processed using either HoP or HTST
system. HoP was performed directly in sterile bisphenol-
free polypropylene bottles using a standard HM pasteurizer
(Metalarredinox, BG, Italy). HTST was performed using a
patented proprietary device (European Patent n◦ 2974603),
as previously described (19, 20). HTST-pasteurized milk was
collected in sterile bisphenol-free polypropylene bottles. Four mL
from each sample were skimmed by centrifugation at 2,000 g for
30min at 4◦C in sterile tubes (Eppendorf S.r.l, Milan, Italy), and
then shipped refrigerated within 1 h to the laboratory for antiviral
assays.

Cells
African green monkey kidney cells (Vero) (ATCC CCL-81)
and human epithelial cells Hep-2 (ATCC CCL-23) were grown
as monolayers in Eagle’s minimal essential medium (MEM)
(Gibco/BRL) supplemented with heat-inactivated 10% fetal
calf serum (FCS) (Gibco/BRL) and 1% antibiotic-antimycotic
solution (Zell Shield, Minerva Biolab) at 37◦C in an atmosphere
of 5% of CO2. Human Foreskin Fibroblasts (HFF-1) (ATCC
SCRC-1041) at low-passage-number (<30), African green
monkey kidney epithelial cells (MA104) and human epithelial
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adenocarcinoma HeLa cells (ATCC CCL-2) were propagated in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich)
supplemented with FCS and antibiotic-antimycotic solution.

Viruses
The neurovirulent strains LV (21) and MS (ATCC VR-540) of
HSV-1 and HSV-2, were propagated in Vero cells at 37◦C (22).
HRhV 1A (ATCC VR-1559) was propagated in HeLa cells, at
33◦C. HSV-1, HSV-2, and HRhV titers were determined by
the standard plaque method and expressed as plaque-forming
unit (PFU)/ml. A bacterial artificial chromosome (BAC)-derived
HCMV strain Towne incorporating the green fluorescent protein
(GFP) sequence (23) was propagated on HFF-1 and viral titres
were determined by fluorescent focus assay. RSV strain A2
(ATCC VR-1540) was propagated in Hep-2 and titrated by the
indirect immunoperoxidase staining procedure using an RSV
monoclonal antibody (Ab35958, Abcam) (24). Human HRoV
strain Wa (ATCC VR-2018) was activated with 5µg/ml of
porcine pancreatic trypsin type IX (Sigma) for 30min at 37◦C
and propagated in MA104 cells by using MEM containing 0.5 µg
of trypsin per ml. HCMV, RSV and HRoV titers were expressed
as focus-forming units (FFU)/ml. Virus stocks were maintained
frozen (-80◦C).

Viral Inhibition Assay
Antiviral activity of milk samples was determined by plaque
reduction assays for HSV-1, HSV-2, and HRhV and by focus
reduction assays for HCMV, RSV, and HRoV. Antiviral assays
were performed by incubating serial dilutions of milk (from 1/1
to 1/1024 parts in medium) with virus for 1 h at 37 ◦C and
then the mixtures were added to cells for 2 h at 37◦C. After
three washings with medium, monolayers were overlaid with
1.2%-methylcellulose medium with 2% FCS. The effect on HSV
and HRhV infections was evaluated on pre-seeded Vero or Hela
cells (10 × 104) respectively, in 24-well plates infected with 200
PFU/well of HSV or 30 PFU/well of HRhV; after incubation for
24 h (HSV-2 and HRhV) or 48 h (HSV-1) cells were fixed and
stained with 0.1% crystal violet in 20% ethanol and viral plaques
were counted. The mean plaque count for each sample dilution
was expressed as a percentage of the mean plaque count of the
control (25). In HCMV inhibition assay, cells pre-seeded in 96-
well plates at a density of 5.0 × 103/well, were infected with
140 PFU/well of GFP-coding HCMV. After 5-day-incubation at
37◦C 5% CO2 atmosphere, infected cells were visualized as green
fibroblasts using fluorescence microscopy and counted. In RSV
and HRoV inhibition assays, Hep-2 cells and MA104 were pre-
seeded at a density of 1 × 104/well and 1.4 × 104, respectively,
in 96-well plates. Cells were infected with 60 PFU/well of RSV or
200 PFU/well of HRoV and, after 16 h (HRoV) or 3 days post-
infection (RSV), infected cells were fixed with cold methanol and
acetone for 1min and subjected to virus-specific immunostaining
as described previously (26, 27). Fluorescent and immunostained
viral foci were microscopically counted and results were reported
as percentages of foci in comparison to controls. The endpoints
of the assays were the effectivemilk dilution that reduced the viral
plaque/focus formation by 50% (inhibitory dilution-50, ID50)
in comparison to that in the untreated control. The ID50 of

milk was calculated by using the program PRISM 4 (GraphPad
Software) to fit a variable slope-sigmoidal dose–response curve.
All data were generated from duplicate wells in at least three
independent experiments on each HM pool.

Cell Viability Assay
Cell viability was measured by the MTS [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] assay. Confluent cell cultures seeded in 96-well
plates were incubated with different dilutions of milk in
triplicate under the same experimental conditions described
for the antiviral assays. Cell viability was determined by the
CellTiter 96 Proliferation Assay Kit (Promega) according to the
manufacturer’s instructions. Absorbances were measured using
a Microplate Reader (Model 680, BIORAD) at 490 nm. Their
effect on cell viability at different milk dilutions was expressed
as a percentage, by comparing the absorbances of treated cells
with that of the cells incubated with culture medium alone. The
50%-cytotoxic dilutions (CD50) and 95% confidence intervals
(CIs) were determined with Prism 4 software.

Statistical Analysis
Statistical analysis was performed using Extra sum-of-square F
test as reported in legends of figures, on GraphPad software.
Significance was reported for p < 0.05.

RESULTS AND DISCUSSION

Antiviral Activity of HM
This paper reports on the antiviral activity of raw milk and
investigates the impact of two pasteurization techniques on
such biological property. The first set of experiments was
dedicated to assess the antiviral activity of two HM raw
milk pools against a panel of viral pathogens causing diseases
in newborns and children, and representing different viral
structures and families: enveloped DNA viruses, as HSV-1, HSV-
2, and HCMV (Herpesviridae family); enveloped RNA viruses, as
RSV (Paramyxoviridae family); naked single strand RNA virus, as
HRhV (Picornaviridae family); naked double strand RNA virus,
as HRoV (Reoviridae family). Figure 1A reports the antiviral
activity of the two HM pools, expressed as ID50, i.e., the dilution
of milk sample inhibiting the 50% of infectivity. The results
revealed that both pools exhibited antiviral activity against all
viruses with ID50 ranging from 0.010 to 0.183. As for the viruses
belonging to the Herpesviridae family, both pools exhibited a
similar antiviral activity against HCMV, whereas a statistically
significant difference in anti-HSV-1 and anti-HSV-2 activity was
observed (p < 0.05). These results confirm previous findings that
HM samples were endowed with anti-HCMV activity, although
to a different extent from sample to sample and from mother to
mother (6, 28). Our data evidenced a high activity against HSV-
1 and HSV-2, in contrast with other studies that observed weak
or no antiviral effect (29–31) for raw HM, whereas, when HM
samples were aspirated from the stomachs of the infants within
few hours of feeding, they were reported to reduce HSV-1 titers
(31). The observed inhibitory activity of milk pools with ID50
around of 0.01 against RSV and 0.05 against HRhV supports
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FIGURE 1 | (A) Antiviral activities against HSV-1, HSV-2, HCMV, RSV, HRhV, and HRoV are reported as inhibitory dilution-50 (ID50) values for raw human milk pool #1

(white) and pool #2 (black bar). Data are reported as mean ID50 ± 95% confidence intervals of 4 independent experiments. ID50 values were compared using the

sum-of-squares F-test. ***P < 0.001; n.s., not significant. (B) Representative examples of plaque reduction assays and fluorescence foci assays of antiviral assays

treating infected cells with raw milk samples at a 1:2 dilution, an inhibitory dilution-100 (ID100) for all viruses. Untreated infected (upper row) and milk-treated infected

(lower row) fields are reported for HSV-1, HSV-2, HCMV, RSV, HRhV, and HRoV. HSV-1, HSV-2 and HRhV plaques were visualized after crystal violet staining; RSV

and HRoV foci were visualized by ICC (magnification 40X). HCMV fluorescent foci were visually counted as green cells at fluorescence microscopy (magnification

100X). HSV-1, HSV-2, and HRhV plaques are violet; HCMV infected cells are green; RSV and HRoV foci are brown.
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clinical observations that maternal milk protects infants against
respiratory infections, as bronchiolitis, during the first year of
life, and encourages breastfeeding as an effective/inexpensive
measure of prevention of lower respiratory tract infections in
infancy (32, 33). However, a variable antiviral activity of HM was
observed against different HRhV serotypes circulating worldwide
(6). Although the anti-HRoV activity of lactoferrin and of
milk fat globule membrane components that contains bioactive
glycoproteins and glycolipids has been widely reported in the
past, Pfaender et al. did not evidence a pronounced reduction
in viral titers of HRoV by HM (30, 34). By contrast, our study
reports a clear anti-HRoV effect for both milk pools, supporting
protection of breastfed children against gastrointestinal viral
infection. The differences in the serostatus of the donor mothers
for each virus along with the interpersonal variability in the
content of antiviral components of HMmay explain the different

extents of antiviral potencies between the two HM pools, and
some inconsistencies with previous literature. Figure 1B shows
representative images of the total inhibitory effect of raw milk
at a 1:2 dilution against all tested viral infections. Of note, all
the antiviral activities were not a consequence of cytotoxicity of
HM samples, since the CD50 of milk was one or two logarithms
greater than the ID50 (data not shown).

Effect of Hop and HTST Methods on
Antiviral Activity of HM
The main aim of this work was to assess the impact of
two pasteurization methods, HoP and HTST, on the antiviral
properties of raw HM. Therefore, in a second set of experiments,
aliquots of the HM pools were pasteurized in parallel or left
untreated and their antiviral activity was evaluated. Figure 2

FIGURE 2 | Raw milk (white), Holder pasteurized (HoP, black bar) and HTST pasteurized milk (horizontal striped bar) activities against HSV-1 (A), HSV-2 (B), HCMV

(C), RSV (D), HRhV (E), and HRoV (F) are reported as a mean ID50 ± 95% confidence intervals of two milk pools. Each pool was tested in 4 independent

experiments. ID50 values were compared using the sum-of-squares F-test. **p < 0.01; ***P < 0.001; n.s., not significant.
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reports the average of ID50 of the two pools, untreated or
pasteurized. The results evidenced a statistically significant
reduction of milk antiviral activity following HoP pasteurization
against HSV-1, HSV-2, HCMV, RSV, and HRhV infections.
These findings may reflect the reduction of specific components
with significant immunologic and anti-infective action, such as
immunoglobulins and lactoferrin, caused by HoP (16, 17). By
contrast, HTST preserved the inhibitory activity of raw milk
against most of the tested viruses: no significant difference was
evidenced between the ID50 of raw and HTST treated HM
samples against HSV-2, HCMV, RSV, and HRoV (Figure 2).
These data are consistent with previous reports showing that
HTST is better than HoP at preserving some biological HM
properties, including the antioxidant potential, the lactoferrin
content and structure, B and C vitamins, and some cytokines
(18). In this experiment, the reliability of such higher biological
activity retention is increased by the use of a patented equipment
that has a technology readiness level (TRL) of 6, which was
directly compared to a commercial HoP device normally used
in HMBs. Figure 2 also showed that HoP and HTST similarly
reduced the antiviral activities against HSV-1 and HRhV
compared to untreated milk. Unexpectedly, HM anti-HRoV
activity was increased by HoP treatment with an ID50 value of
0.014 for pasteurized milk against an ID50 value of 0.04 of raw
HM. Although we do not have an explanation for this result, we
can speculate that thermal treatment at 62.5◦C for 30min may
alter the structure of some HM components thereby increasing
their protective activity, such as the release of specific peptides
active against HRoV following protein degradation.

CONCLUSION

This study demonstrated that raw HM is endowed with antiviral
activity in vitro against viral pathogens causing infections

in newborns and children. Further studies are needed to
investigate the clinical relevance of this activity. HoP method,
currently recommended in international guidelines for HMBs,
proved to significantly decrease the antiviral activity against
HSV-1, HSV-2, HCMV, RSV, and HRhV but not against
HRoV. By contrast, HTST preserved antiviral properties of
raw HM against four out of six viruses analyzed. These data,
along with previous literature, support the HTST as a valid
alternative to HoP. Despite the fact that HTST provides a
thermal treatment at a higher temperature than HoP (72
vs. 62.5◦C, respectively), the far more rapid heating and
cooling time of HTST (seconds instead of minutes, respectively)
could improve the quality of the final product. This may
make HTST suitable for providing the best compromise
betweenmicrobiological safety and preservation of key biological
components and properties of HM, including its antiviral
activity.
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Background: Fortification of human milk (HM) increases its osmolality, which is

associated with an increased risk of necrotizing enterocolitis. The impact of new fortifiers

on osmolality is not well-known, nor are the kinetics regarding the increase in osmolality.

Aim: To determine the optimum fortifier composition for HM fortification by measuring

the osmolality of fortified HM made with three powder multicomponent fortifiers (MCFs)

and a protein fortifier (PF).

Methods: The osmolality of HM was assessed at 2 (H2) and 24 (H24) h after fortification

to compare the effects of MCF (MCF1–3) and PF used in quantities that ensured that

infants’ nutrient needs would be met (MCF: 4 g/100ml HM; PF: 0.5 g or 1 g/100ml HM).

To evaluate the early kinetics associated with the osmolality increase, the osmolality of

HM fortified with MCF1 or MCF2 was also measured at 0, 1, 5, 10, 15, 20, 30, 40, 50,

60, 90, and 120min after fortification.

Results: The osmolality increased significantly immediately after fortification, depending

on the type of fortification used and the quantity of MCF and PF used, rather than the

time elapsed after fortification. The maximum value at H24 was 484mOsm/kg. The mean

increase in osmolality between H2 and H24 was 3.1% (p < 0.01) (range: 0.2–10.8%).

Most of the increase (>70%) occurred immediately after fortification.

Conclusion: When choosing a fortifier, its effect on HM osmolality should be considered.

As most of the increase in osmolality occurred immediately, bedside fortification is

not useful to prevent the increase in osmolality, and further research should focus on

improving fortifier composition.

Keywords: fortifier, growth, nutrition, prematurity, protein, necrotizing enterocolitis, breastmilk, energy

INTRODUCTION

Humanmilk (HM) is the gold standard for premature infants’ nutrition during hospitalization, but
it needs to be fortified to support postnatal growth. Standard fortification with a multicomponent
fortifier (MCF) cannot always provide breastfed preterm infants with sufficient amounts of
nutrients (1–5). Individualized fortification (adjustable or targeted) has been proposed to improve
nutritional support (6, 7). Adjustable fortification relies onmonitoring blood urea nitrogen. Protein
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is added when urea is low (8). This improves the ratio of protein-
to-energy intake, which can support gains in weight and head
circumference (2, 6, 9, 10). Targeted fortification relies on the
analysis of HM composition followed by the addition of protein
and/or energy to reach a target composition for covering the
theoretical needs of the infant (3.5–4.5 g protein/kg/d and 110–
135 kcal/kg/d) (11). However, targeted fortification has been
shown to improve only weight gain (not length and head
circumference) (2, 7), and a randomized trial failed to show a
benefit in growth (12). New MCFs and a specifically designed
protein fortifier (PF) powder were recently made commercially
available in Europe, allowing better individualization of HM
fortification.

Similar to themilk of most mammalian species, the osmolarity
of unfortified HM is around 300 mOsm/l (approximately an
osmolality of 338 mOsm/kg) (13–15). The presence of micro-
and macro-nutrients in MCFs increases the total osmolality
(14, 16, 17). Fortification has been thought to lead to an
increase in osmolality because HM amylase activity induces
hydrolysis of the dextrin (polysaccharides) content of fortifiers,
leading to the production of small osmotically active mono-
or di-saccharides (5, 13, 16). Glucose polymers are the main
source of carbohydrate in most fortifiers because of their
lower osmotic activity per unit weight compared to lactose
or monosaccharides. High osmolality significantly alters gut
mucosal integrity in animals and has been suspected to increase
the risk of digestive intolerance and necrotizing enterocolitis in
infants (5, 13, 14). Although the evidence is not that strong,
it is often considered that the osmolality of fortified HM
should remain below 450 mOsm/kg (an osmolarity of 400
mOsm/l) (13). As previous studies showed that the osmolality
of HM fortified with older fortifiers increased when it is
prepared 24 h before administration, it has been suggested
that HM should be fortified at the patient’s bedside (16,
18).

We aimed to evaluate the osmolality of HM fortified with
available products, from fortification to 24 h after adding the
fortifier. We assessed the impact of each fortifier on the
osmolality and whether or not bedside fortification is useful for
preventing osmolality increase.

MATERIALS AND METHODS

HM Samples
The study involved the regional Auvergne-Rhone-Alpes Milk
Bank in Lyon, France. The HM used for the study was
unsuitable for use by premature babies due to significant
bacteriological contamination (revealed by pre-pasteurization
bacteriological testing). Donors provided written consent for
use of their milk for research purposes. The HM came
from three different donors because we aimed to select
HM samples with a wide range of protein and energy
contents. According to analysis using infrared spectroscopy
(Miris R© Uppsala, Sweden), protein and energy concentrations
ranged from 1 to 1.6 g/dl and from 60 to 101 kcal/dl,
respectively.

TABLE 1 | Composition of the multicomponent fortifiers (MCFs) and protein

fortifier (PF) (per gram of powder).

Multicomponent fortifiers Protein fortifier

MCF1

Suppletine®

(Lactalis)

MCF3

Fortipre®

(Nestle)

MCF2

Fortema®

(Bledina)

PF

Nutriprem®

(Bledina)

Energy (kcal) 3.5* 3.5* 3.5* 3.4*

Protein (g) 0.23** 0.20** 0.25** 0.82**

Na (mg) 7.5 5.2 8.0 7.8

K (mg) 4.5 13.2 5.3 12.3

Ca (mg) 13 15 14.9 5.2

Ph (mg) 8.7 9.0 8.7 5.2

Iron (mg) 0 0.3 0 0

*Energy source: carbohydrates.
**Partially hydrolyzed source.

Preparation of Fortified HM
The preparation of food for hospitalized preterm infants is
performed by dedicated staff in a dedicated room close to
the regional HM bank that is in the same building as the
neonatal intensive care unit at Croix Rousse University Hospital.
The milk is stored in a freezer (−20◦C) and thawed during
preparation. To explore different types of fortifier with different
compositions, we prepared samples of fortified HM using the
three MCFs available in France in 2016: Suppletine R©, which
is produced by Lactalis (Laval, France), Fortema R© (also called
Aptamil R© in other European countries), which is produced by
Bledina (Villefranche-sur-Saône, France), and Fortipré R©, which
is produced by Nestlé (Marne la Vallée, France), which were
designatedMCF1,MCF2, andMCF3, respectively. These samples
were prepared with or without the PF Nutriprem R©, which is
produced by Bledina (Villefranche-sur-Saône, France) (Table 1).
We added a quantity of each MCF sufficient to cover the protein
and energy needs that allowed an enteral intake of 160 ml/kg/day
(11). This quantity amounted to 4 g of MCF1, MCF2, or MCF3
in 100ml HM. The amount of PF added to the HM was either
0.5 g or 1 g per 100ml HM, which were designated PF1 and PF2,
respectively. The recently commercialized PF was specifically
designed to increase the protein-to-energy ratio of milk ingested
by poorly growing infants or to allow targeted fortification, a
strategy that has been shown to be efficient for short-term growth
(2, 6, 7). The amount of each fortifier added to the HM was
weighed by a precision balance to the nearest 0.1 g, as done
routinely by the dedicated staff.

Measurement of Osmolality
Osmolality is a measure of osmolar concentration and is defined
as the number of osmoles of solute per kilogram of solvent,
expressed as mOsm/kg. It was blindly assessed using the freezing
point technique [micro-osmometer automatic ADVANCED
3300, Radiometer S.A.S (Neuilly-Plaisance, France) France]. The
freezing point of a solution is altered in direct relation to
the amount of solute in solution. The reproducibility of the
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FIGURE 1 | Mean osmolality of human milk assessed at 2 (H2) and at 24 (H24) hours after the addition of three different multicomponent fortifiers: MCF1

(Suppletine®, Lactalis), MCF2 (Fortema®, Bledina), or MCF3 (Fortipré®, Nestlé) at 4 g per 100ml of human milk, with or without protein fortifier (Nutriprem®, Bledina)

at 0.5 g (PF1) or 1 g (PF2) per 100ml of human milk. HM: unfortified human milk. No significant difference between H2 and H24 (Wilcoxon test).

osmolality assessment based on 11 successive measurements in
two HM samples was 0.75%.

First Experiment: Evaluation of Osmolality Due to

Fortifier Addition to HM Under Routine Conditions.
We assessed the osmolality at 2 (H2) and 24 (H24) h after
the addition of each MCF with or without PF, which reflected
routine practices. Indeed, as fortified HM is prepared in the
dedicated room close to the HM bank, preterm infants generally
receive their first meal no earlier than 2 h after its preparation.
Between H2 and H24, the milk was stored at 4◦C, just as it is in
routine practice, prior to dispensation to premature infants. We
calculated the percentage of increase in osmolality between H2
and H24.

Second Experiment: Early Osmolality Kinetics
To precisely investigate the early evolution of osmolality between
H0 and H2, we fortified HM with MCF1 or MCF2 and measured
the osmolality after fortification at 0, 1, 5, 10, 15, 20, 30, 40, 50,
60, 90, and 120min. A sample of each preparation was stored at
4◦C and the osmolality was measured 24 h later to calculate the
proportion of the increase that occurred early after fortification.

Statistics
Osmolality values were presented as mean and one standard
deviation. Comparison between H2 and H24 were performed
using a Wilcoxon test.

RESULTS

Osmolality was assessed in 30 samples of unfortified or fortified
HM. The mean (SD) osmolality of unfortified HM (n = 3) was
293 ± 4 mOsm/kg at H2 and it did not increase significantly by
H24 (295± 5 mOsm/kg, i.e.,+0.8%).

The mean (±SD) osmolality of fortified HM (n = 27)
increased significantly between H2 (443± 21 mosm/kg) and H24
(457 ± 20 mosm/kg). The mean increase in osmolality was 3.1%
(p < 0.01) (range: 0.2–10.8%). However, at H24, the osmolality
was over 400 mOsm/kg for all samples and over 450 mOsm/kg
for 17 out of the 27 samples (63%) (Figure 1).

The increase in osmolality was significant and was of similar
amplitude for different types of fortification. When adding an
MCF alone (n = 9 samples), the osmolality increased from 422
± 11 mosm/kg at H2 to 434 ± 10 mosm/kg at H24 (p < 0.01).
When using MCF+PF1 (n = 9), it increased from 443 ± 6 to
458 ± 10 mosm/kg (p < 0.01), and when using MCF+PF2 (n =

9), in increased from 462 ± 17 to 476 ± 11 mosm/kg (p < 0.01)
(Figure 1).

Regarding the kinetics analysis, during the first 2 h after
the addition of MCF1 or MCF2, the osmolality increased very
rapidly. The increase occurred immediately (during the first
minute after fortification) and was similar for both fortifiers
tested: +119 mOsm/kg (+40%) for MCF1 and +110 mOsm/kg
(+37%) for MCF2. This represented 79 and 76% of the total
increase for MCF1 and MCF2, respectively Figure 2.
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FIGURE 2 | Mean osmolality of human milk assessed during the first 2 h after

the addition of two different multicomponent fortifiers: MCF1 (Suppletine®,

Lactalis) or MCF2 (Fortema®, Bledina).

DISCUSSION

HM fortification induces an immediate and significant increase
in osmolality. Depending on the type of fortification and
amount of fortifier added to HM, the osmolality can reach
values previously associated with an increased risk of digestive
intolerance or necrotizing enterocolitis. A major part of that
increase occurred within the first minute after addition of each
fortifier.

We observed a slight increase in osmolality (+3.1%) between
2 and 24 h after the addition of MCFs. This is consistent with
the previous studies, which showed that storage of HM fortified
with first-generationMCFs increased osmolality by 4 and 5–10%,
respectively (7, 16, 17). Such a slight increase in osmolality (+14
mosm/kg) during storage was also reported for new products
available to improve the nutritional value of HM (14). Rosas et al.
more recently reported a slightly greater increase in osmolality
(+13–15%) (18). The increase in osmolality during storage was
originally thought to be mainly attributable to the amylase in HM
that breaks down the polysaccharides in the fortifier to produce
molecules with higher osmolality (mono- or di-saccharides) (16,
19). The similar increase in osmolality during storage reported
in the 1990s and nowadays is probably related to the similar
proportion of carbohydrate (around 70/100 g) and composition
(mainly or exclusively dextrin) in fortifiers.

Based on these previously reported results, Choi et al. recently
wrote that osmolality was increased by 2.5–5.0% within 10min
after standard fortification, with a further 4% increase after
storage at 4◦C for 24 h (15). However, this key message is not
fully in-line with the reality. Indeed, in all the relevant studies, the
time of the initial osmolality assessment was either unreported
or was at least 5–10min after the addition of the fortifier (14,
16–18). The “baseline” osmolality values were already at very

high levels. Kriessl et al. presented median “baseline” values—
measured “immediately” after fortification—that were already
between 475 and 691 mOsm/kg (14). These authors reported
a slight but significant increase of 14 mOsm/kg after 24 h of
storage at 4◦C, which was considered to be of negligible clinical
relevance (14). Rosas et al. presented mean “Time 0” values—
actually measured at 5min after fortification—that were between
384 and 486 mOsm/kg (18). Because the increase between the
basal value and the value at 5min after addition of the fortifier
represented 59–72% of the total increase in osmolality, Rosas
et al. suggested that infant feeding should occur within 5min
after the addition of the fortifier. By measuring the osmolality
very early after addition of the fortifier, we were able to show
that >70% of the increase occurs during the first minute. Thus,
it is clear that the major part of the osmolality increase was
not related to the progressive transformation of carbohydrates
during the 24-h storage at 4◦C prior to administration to infants
(16). Instead, it was due to the instant addition of solutes
(osmoles) to the HM. Therefore, the main factor explaining
the osmolality increase was the amount of fortifier added, as
previously suggested by Choi et al. (15). This implies that efficient
prevention of increased osmolality should not rely on carrying
out bedside fortification to shorten the time between fortifier
addition and administration of fortified HM. Furthermore,
the recommendation regarding bedside fortification could be
deleterious because not all neonatal intensive care units have
a dedicated room and dedicated staff to precisely weigh the
fortifier and add it in safe hygienic conditions, and fortification
should only be considered “safe” when the amount of fortifier
can be precisely weighed and added to milk in hygienic
conditions.

Notably, the osmolality values reported by previous studies
were higher than our values, which could be due to the
amount or type of fortifier used. The amount of fortifier tested
by other researchers was sometimes greater than the amount
recommended by the manufacturer, which was probably done to
determine the upper limit that should not be exceeded (14, 18).
However, when, in previous studies, the highest dose of protein
supplement (4 g) was added to MCF-fortified HM containing
1.8 g protein/dL, it would have led to a protein intake of 7.1 g
protein/kg/day for an enteral intake of 160 ml/kg/day (13, 14).
Even if this type of fortification (4 g protein supplement) was
added to HM containing only 1 g protein/dL, protein intake
would have been 5.6 g/kg/day, which is fairly high. Furthermore,
such fortification was associated with osmolality values above
600 mOsm/kg (14). These results show that it is crucial to use
protein supplements very carefully. Rosas et al. also reported that
very high amounts of fortifier increased osmolality up to 500–
550 mOsm/kg (18). In our study, we measured HM protein and
energy contents and fortified the HM with quantities of MCF
and PF required to cover protein and energy needs according to
current recommendations (11). This explains why we observed
lower osmolality values than those reported by previous studies.

As fortifiers are considered to be food rather than health
products, manufacturers are not obliged to provide clinical
evaluation before launching these products. However, it should
be mandatory to provide clinicians with a precise evaluation
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of the impact of each new product on the osmolality HM.
Choi et al. recently showed that the osmolality fortified HM
has a linear relationship with the quantity macronutrients
added. These authors proposed a prediction model to predict
the osmolality of HM fortified using targeted fortification
(16). HM was fortified with North American MCFs (including
lipids as an energy source) and supplementary nutrients
(protein and/or lipids and/or glucose polymer). The model was
validated using specific products available in Canada at that
time. However, the model is product-specific and therefore
not transferable to neonatal intensive care units that use
different products or different fortification strategies. Therefore,
evaluating the osmolality of fortified HM is necessary to
ensure that safe food is prepared for preterm infants. Such
an evaluation should be performed independently from the
manufacturer, as Kriessl et al. reported a greater increase in
osmolality compared to the values provided by the manufacturer
(14).

A limitation of our study is that we did not test cow milk-
based fortifiers that use lipids together with carbohydrates as
an energy source or HM-based fortifiers. These cow milk-based
fortifiers were available only in North America at the time of the
study and HM-based fortifier is still not currently available in
France. Cowmilk-based fortifiers containing lipids are interesting
as they could help to reduce the osmolality of fortified HM.
However, Rochow et al. reported that an MCF containing lipids
enhanced the osmolality of HM from 295 to 405 mOsm/kg, and
to 436 mOsm/kg after targeted fortification (12). In contrast,
it has been nicely shown by Choi et al. that the addition of
a fat supplement to HM minimally decreased the osmolality
(15). The partial replacement of carbohydrates by fat in an MCF
may help to reduce the osmotic load and thus the osmolality
of fortified HM. The first cow milk-based fortifier containing
lipids was evaluated by Rigo et al. (20) and became available
for European users in 2017. As expected, the osmolality (390
mOsm/kg) was reduced when compared to previous cow milk-
based products and the control MCF (which led to an osmolality
of 441 mOsm/kg) (20). Although the study’s main objective
was to evaluate the effect of the cow milk-based fortifier on
growth, digestive tolerance was also evaluated and was similar
to that for the control MCF (20). Further investigations are
needed to evaluate the osmolality effects of such products under
routine conditions, and whether or not they could have an
impact on digestive tolerance. Regarding HM-based fortifiers, it
has been shown that they lead to a lower osmolality (391–412
mosm/kg) than cow milk-based products (431 mosm/kg) (21).
In settings with a high prevalence of necrotizing enterocolitis
(16%), HM-based fortifiers have a beneficial preventive effect
against necrotizing enterocolitis among preterm infants (22).
However, the reality of this benefit is still debated, notably
when the prevalence is close to the common level (3–5%)
(23).

Another study limitation is that we evaluated osmolality,
focusing on the level of 450 mOsm/kg that was proposed as

an upper limit by the American Academy of Pediatrics (AAP)
in 1976, despite the fact that there is no strong evidence
regarding the benefit of this limit (14, 24), Furthermore,
there is a difference between the measured osmolality and the
effective osmolality in vivo because not all substances create
an osmotic gradient in vivo (25). Molecules that do not lead
to an osmotic gradient across the intestinal membrane in vivo
are not likely to increase the risk of necrotizing enterocolitis
due to osmolality (25). Moreover, when particles contributing to
osmolality are present in the gut lumen, the normal physiological
response is the secretion of hypo-osmolar fluid to reduce
the osmolality of the luminal content (13, 26). However,
necrotizing enterocolitis is a multifactorial complication of
prematurity, and each risk factor, such as using high-osmolality
products for enteral nutrition, should be avoided. It is notable
that the studies on which the AAP recommendations were
based did not take important confounding variables, such
as hyperosmolar therapeutic additives and oral drugs, into
account (13). Furthermore, the formulas used in the studies
reviewed by the AAP had an osmolality in excess of 500
mOsm/kg. A recent meta-analysis of 11 trials (882 infants) of
nutrient fortification have not shown evidence of an increase
in necrotizing enterocolitis associated with fortification (3).
Despite this, while waiting for more precise data, the limit
of 450–500 mOsm/kg could be considered appropriate. Our
results contribute to improving clinicians’ knowledge about
the effects of HM fortification, and how to avoid increased
osmolality.

In conclusion, the available fortifiers induce a significant
increase in osmolality to levels usually considered to be
associated with an increased risk of necrotizing enterocolitis.
As there are differences in the effect of each type of
fortification on HM osmolality, the choice of fortifier should
be carefully analyzed. The increases in osmolality occurred
immediately after the addition of fortifiers, suggesting that
bedside fortification is not the key factor to be taken into
account to reduce osmolality of fortified HM. Further research
should focus on improving fortifier composition to cover
infants’ nutritional needs while also keeping osmolality as low
as possible.
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Despite decades of breastfeeding promotion, exclusive breastfeeding rates for the first

6 months of life remain low: around 40% globally. Infants that are admitted to a neonatal

ward are even less likely to be exclusively breastfed. Lactogenesis is frequently delayed in

mothers that deliver early, with the added burden of separation of the unstable newborn

andmother. For such vulnerable infants, donor humanmilk is recommended by theWorld

Health Organization, UNICEF, and professional organizations as the next best alternative

when mother’s own milk is unavailable and can serve as a bridge to full feeding with

mother’s own milk. Hospital support of optimal breastfeeding practices is essential with

thoughtful integration of donor humanmilk policies for those infants that need it most. We

propose a decision tree for neonatal wards that are considering the use of donor human

milk to ensure donor human milk is used to replace formula, not to replace mothers’ own

milk. By first evaluating barriers to full feeding with mother’s own milk, healthcare workers

are encouraged to systematically consider the appropriateness of donor human milk.

This tool also seeks to prevent overuse of donor human milk, which has the potential

to undermine successful lactation development. In settings where donor human milk

supplies are limited, prioritization of infants by medical status is also needed. Readily

available and easy-to-use tools are needed to support healthcare staff and mothers in

order to improve lactation development and neonatal nutrition.

Keywords: breastfeeding, decision tree, donor human milk, pre-term, NICU

INTRODUCTION

Breastfeeding is well known as the optimal source of nutrition for infants, and is recommended
as the sole food until 6 months of age (1–3). Although this public health message has been widely
disseminated, exclusive breastfeeding rates for the first 6 months are not optimal, and are estimated
to be <40% globally (4). Premature, low-birth-weight, and small-for-gestational-age babies are at
increased risk for feeding issues. Concurrently, mothers of premature infants are also at risk of
delayed lactogenesis, impacting short-term ability to express or pump sufficient volumes to meet
the infant’s immediate needs and increases the potential for insufficient long-term breast milk
supply (5–7). Prematurity of the infant is associated with an underdeveloped suck, swallow, and
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breathe reflex: necessary for safe and effective oral feeding (8).
The combination of these factors demands increased attention
for this vulnerable mother-infant dyad to receive additional
support for lactation and neonatal nutrition.

Being born too soon or too small is a nutritional emergency,
requiring close monitoring to ensure adequate growth (9). The
increased nutritional needs of the small baby require thoughtful,
evidence-based facility policies to ensure all infants have access
to human milk to reach their growth goals. Compared to
infants that receive exclusive human milk diets, infants that
receive formula are at increased risk for complications such
as necrotizing enterocolitis, bronchopulmonary dysplasia, and
sepsis (10–13). For mothers who experience delayed lactogenesis,
optimal alternatives are needed to ensure optimal infant health
and to protect the mother’s ability to build her milk supply.

BACKGROUND FOR THE DEVELOPMENT
OF THIS DECISION TREE

The World Health Organization, UNICEF, and other policy
leaders recommend donor human milk (DHM) as the preferred
alternative if mother’s own milk is not available (2, 14–17).
Preterm formula is preferred to term formula for premature
infants where DHM is unavailable (18). Donor human milk is
expressed breast milk donated by one mother, then processed
by a human milk bank to be given to another mother’s infant.
Guidelines for the prioritization of donor human milk vary
by setting, with no global unified guidance for the use or
prioritization of donor human milk. Although the minutiae of
prioritization criteria must be decided at the national or local
level based on a number of factors including supply, broad
prioritization guidance is needed to prevent themisuse, including
overuse, of DHM, at the expense of providing the optimal
nutrition of mother’s own milk.

One benefit of DHM is its ability to serve as a bridge to
full feeding with mother’s own milk (19, 20). In addition to
the stresses of premature birth, the mother may also experience
challenges with lactogenesis (5, 21). DHM can provide the
neonate with a more optimal source of nutrition than formula,
while the mother builds up her breast milk supply through
alternative methods of expression. Lactation support is vital in
the first few days after birth, especially for mothers of premature
infants (5). The volume of feeds required by premature infants
are minimal, Even a small amount of DHM per infant could
provide enough volume to allow the mother the time to come-to-
volume, resulting in her own milk being available for her infant
(22).

Evidence suggests there may be potential overuse of DHM,
as it may be seen as a more convenient source of nutrition than
expressed mother’s milk for the hospitalized infant (21). Settings
may face a variety of barriers to optimal feeding with mother’s
own milk, including transportation challenges, harried health
care workers, and fractured health care systems. In areas that
are not set up to support mothers, routinely separate mothers
and infants, and are not baby-friendly, DHM may truly be
more easily available than mother’s own milk, but should not
be considered an equal replacement. Systems are needed that

support mothers to develop their own milk supply and prioritize
their milk for their infants. Research has shown that mothers
who reach full volume by 14 days post-delivery, estimated as
500mL of breast milk per day, are more likely to be able to
continue breastfeeding at discharge (22). Robust hospital policies
and guidelines are needed to ensure all efforts have been made
to prioritize mother’s own milk and support maternal lactation,
not only prior to the allocation of DHM, but routinely during the
infant’s hospitalization.

In order to support breastfeeding, ensure optimal nutrition for
all infants, and prevent misuse, a decision tree was requested by
clinicians and experts in human milk banking and neonatal care.
This decision tree was intended to help guide prioritization and
allocation of DHM, as well as evaluate barriers to feeding with
mother’s own milk.

OVERVIEW OF THE DECISION TREE

The overarching goal of the decision tree is to first protect,
promote, and support breastfeeding, by encouraging thoughtful
use of DHM, taking into account neonatal needs and maternal
lactation considerations. This decision tree (Figure 1), when
utilized with early and essential newborn care as an integrated
package of interventions, including kangaroo mother care, will
help ensure optimal neonatal nutrition and maternal lactation
support.

A decision tree model was chosen to provide clinicians with
a visual guide that evaluates and promotes maternal lactation
support. This should occur at neonatal admission and whenever
nutrition orders are being reevaluated throughout the hospital
stay. The staff member should first evaluate if the mother intends
to provide breast milk to her infant. If the mother does not plan
to provide breast milk, staff are encouraged to explore barriers
to breastfeeding or expressing breast milk, and ensure that her
decision is informed. In cases where the mother is physiologically
unable to provide any breast milk (a rare event), or deceased,
additional counseling, or education is not appropriate or feasible.
For all other mothers, education and assistance should be
provided; if the mother is still unwilling to provide breast milk
to her infant, staff must respect her autonomy to feed her infant
how she chooses. Regardless of the mother’s ability or willingness
to breastfeed, the source of nutrition should be determined based
on the needs of the infant; in some cases, DHM may still be
appropriate.

In situations where the mother is willing and able to provide
her breast milk to her infant, but sufficient volumes are not
available for her infant’s feed, the decision tree will assist the
health care worker in evaluating next steps. In settings without a
mechanism for the mother’s expressed breast milk to be available
in the neonatal ward, the decision tree will prompt clinicians
to evaluate these barriers. For example, a mother delivers
prematurely due to her poor health. She is remains hospitalized
in the maternity ward while the infant is hospitalized in the
neonatal ward. In health systems without strong communication
structures between different units or hospitals, the ill mother
may be pumping and freezing her breast milk, while her infant
is receiving DHM or formula due to lack of maternity-neonatal
staff communication and ability to efficiently transfer milk across
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FIGURE 1 | Decision Tree.

Frontiers in Pediatrics | www.frontiersin.org 3 October 2018 | Volume 6 | Article 32476

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Brandstetter et al. Decision Tree for Donor Human Milk

units. Using this decision tree will prompt staff in these scenarios
to discover and address these barriers.

When infant needs are unmet despite best-efforts to feed with
mother’s own milk, only then are staffs encouraged to use DHM.
In settings where supply of DHM is limited, these small babies
are prioritized by medical conditions: those that are at highest
risk for morbidity and mortality should receive DHM first. This
determination was made based on available evidence for use of
DHM for efficacy and cost-effectiveness (23–26). Need for DHM
should be reassessed routinely by clinicians to ensure ongoing
need. Ideally, infants will transition to full feeding with mother’s
own milk during hospitalization. Early, and ongoing lactation
support and encouragement to build up a mother’s milk supply
is vital if mothers are to successfully breastfeeding their infants
post-discharge.

PRELIMINARY USAGE AND FUTURE
STEPS

A preliminary version of the tool was pre-tested in neonatal
wards in India and Vietnam. Clinical staff in India recommended
simplification of language used, and target use by new nursing
staff and resident physicians. As the foundational elements of
this tool are already integrated into current practice, the decision
tree was considering most applicable for staff education and
training. Also identified was the opportunity to modify facets of
this into breastfeeding promotion education adverts for parents.
Assessment of the decision tree in Vietnam provided feedback
that the tool can be adapted into other formats, such as a decision
checklist used by staff on admission to the NICU. This provides
further evidence that the decision tree may have uses beyond its
original intent.

Future steps for the decision tree include rigorous pre-testing
and trialing the preliminary tool in additional settings to assess
applicability, appropriateness, usability, and possible impact on
increased use ofmother’s ownmilk, while also preventing overuse
of DHM. This feedback will be integrated into the final decision
tree, which will be globally accessible as part of a comprehensive
package of resources for strengthening newborn nutrition. As
differing settings will have specific policies and procedures that
may not be covered by this decision tree, we will encourage
adaptation of the tool to local settings.

CONCLUSION

This decision tree fills a gap for systematically identifying and
addressing barriers for vulnerable neonates to receive human
milk. Although many hospitals have policies and protocols for
the utilization and prioritization of DHM, these are not always

readily available, nor do they address barriers to breastfeeding,
provision ofmother’s own expressedmilk, or neonatal nutritional
needs. The intent for publishing this decision tree is to reframe
the use of DHM to focus on provision of mother’s own milk
whenever possible. Hospitals and other settings that use DHM
should evaluate their current systems and consider strategies for
optimizing mechanisms to document and track current infant

feeding practices. Better monitoring of actual infant feeding
practices will facilitate improved accountability for prioritization
of mothers’ own milk.

Further research is needed to understand barriers and
facilitators for optimal provision of human milk in the NICU
in different settings globally. Current research supports the
use of donor human milk for preterm and low-birth-weight
infants, however evidence is limited in infants with other health
conditions or beyond the first weeks of life. Future research may
support the use in broader disease states, such as those infants
with congenital heart defects, or those who are several months
old. Additionally, enhanced indicators should be established to
track global progress toward supporting mothers and use of
human milk in NICU settings, beyond the traditional early
initiation of breastfeeding indicators. Improved and rigorous
data collection will help improve quality within the unit to ensure
that all infants have the best start in life through equitable access
to human milk.

AUTHOR CONTRIBUTIONS

SB, KI-B, KM, AD, NN, and CE conceptualized and developed
the decision tree. SB wrote the first draft of the manuscript. SB,
KI-B, KM, and CE reviewed and finalizedmanuscript. All authors
approved the final manuscript.

FUNDING

This work was supported in part through a grant from the Family
Larsson Rosenquist Foundation.

ACKNOWLEDGMENTS

The authors would like to thank Gillian Weaver for thought
leadership of this activity and Ruchika Chugh Sachdeva (PATH
India), Debbie Barnett (Greater Glasgow and Clyde Donor Milk
Bank, Scotland) and staff at the Lokmanya Tilak Municipal
Medical College Hospital, Mumbai, India for preliminary pre-
testing of the decision tree. Thanks also to the workshop
attendees of the 2017 European Milk Banking Association
Conference and the 2018 Human Milk Banking Association of
North America Conference that provided technical review and
feedback.

REFERENCES

1. Kramer MS, Kakuma R. Optimal duration of exclusive

breastfeeding. Cochrane Database Syst Rev. (2012) 2012:CD003517.

doi: 10.1002/14651858.CD003517.pub2

2. World Health Organization, UNICEF. Global Strategy for Infant and Young

Child Feeding. Geneva: WHO (2003).

3. Hagan JF, Shaw, SJ, Duncan PM, editors. Bright Futures Guidelines for Health

Supervision of Infants, Children, and Adolescents. 4th Edn. Elk Grove Village,

IL: American Academy of Pediatrics (2017).

Frontiers in Pediatrics | www.frontiersin.org 4 October 2018 | Volume 6 | Article 32477

https://doi.org/10.1002/14651858.CD003517.pub2
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Brandstetter et al. Decision Tree for Donor Human Milk

4. UNICEF, WHO. Global Breastfeeding Scorecard, 2017: Tracking Progress for

Breastfeeding Policies and Programmes. New York, NY: UNICEF (2017).

5. Cregan MD, De Mello TR, Kershaw D, McDougall K, Hartmann PE.

Initiation of lactation in women after preterm delivery. Acta Obstet

Gynecol Scand. (2002) 81:870–7. doi: 10.1034/j.1600-0412.2002.810

913.x

6. Hill PD, Ledbetter RJ, Kavanaugh KL. Breastfeeding patterns of low-birth-

weight infants after hospital discharge. J Obstet Gynecol Neonatal Nurs. (1997)

26:189–97. doi: 10.1111/j.1552-6909.1997.tb02132.x

7. Ryan AS, Wenjun Z, Acosta A. Breastfeeding continues to increase into the

new millennium. Pediatrics (2002) 110:1103–9. doi: 10.1542/peds.110.6.1103

8. Browne JV, Ross ES. Eating as a neurodevelopmental process for high-

risk newborns. Clin Perinatol. (2011) 38:731–43. doi: 10.1016/j.clp.2011.

08.004

9. Kumar RK, Singhal A, Vaidya U, Banerjee S, Anwar F, Rao S.

Optimizing nutrition in preterm low birth weight infants: consensus

summary. Front Nutr. (2017) 4:20. doi: 10.3389/fnut.2017.00020

10. Quigley M, Embleton ND, McGuire W. Formula versus donor breast milk

for feeding preterm or low birth weight infants. Cochrane Database Syst Rev.

(2018) 6:CD002971. doi: 10.1002/14651858.CD002971.pub4

11. Sisk PM, Lambeth TM, Rojas MA, Lightbourne T, Barahona M, Anthony

E, et al. Necrotizing enterocolitis and growth in preterm infants fed

predominantly maternal milk, pasteurized donor milk, or preterm

formula: a retrospective study. Am J Perinatol. (2017) 34:676–83.

doi: 10.1055/s-0036-1597326

12. Villamor-Martínez E, Pierro M, Cavallaro G, Mosca F, Kramer BW,

Villamor E. Donor human milk protects against bronchopulmonary

dysplasia: a systematic review and meta-analysis. Nutrients (2018) 10:2.

doi: 10.3390/nu10020238

13. Hair AB, Peluso AM, Hawthorne KM, Perez J, Smith DP, Khan JY,

et al. Beyond necrotizing enterocolitis prevention: Improving outcomes

with an exclusive human milk-based diet. Breastfeed Med. (2016) 11:70–4.

doi: 10.1089/bfm.2015.0134

14. Lawn JE, Blencowe H, Oza S, You D, Lee AC, Waiswa P, et al. Every Newborn:

progress, priorities, and potential beyond survival. Lancet (2014) 384:189–205.

doi: 10.1016/S0140-6736(14)60496-7

15. Abrams SA, Landers S, Noble LM, Poindexter BB. Donor human milk for the

high-risk infant: preparation, safety, and usage options in the United States.

Pediatrics (2017) 139:1. doi: 10.1542/peds.2016-3440

16. Arslanoglu S, Corpeleijn W, Moro G, Braegger C, Campoy C, Colomb

V, et al. Donor human milk for preterm infants: current evidence

and research directions. J Pediatr Gastroenterol Nutr. (2013) 57:535–42.

doi: 10.1097/MPG.0b013e3182a3af0a

17. WHO.Guidelines on Optimal Feeding of Low Birth-Weight Infants in Low- and

Middle-Income Countries. Geneva: WHO (2011).

18. Arnold LD. Global health policies that support the use of banked

donor human milk: a human rights issue. Int Breastfeed J. (2006) 1:26.

doi: 10.1186/1746-4358-1-26

19. Williams T, Nair H, Simpson J, Embleton N. Use of donor human milk

and maternal breastfeeding rates: a systematic review. J Hum Lact. (2016)

32:212–20. doi: 10.1177/0890334416632203

20. Rabinowitz MR, Kair LR, Sipsma HL, Phillipi CA, Larson IA.

Human donor milk or formula: a qualitative study of maternal

perspectives on supplementation. Breastfeed Med. (2018) 13:195–203.

doi: 10.1089/bfm.2017.0114

21. Meier PP, Johnson TJ, Patel AL, Rossman B. Evidence-based methods that

promote human milk feeding of preterm infants: an expert review. Clin

Perinatol. (2017) 44:1–22. doi: 10.1016/j.clp.2016.11.005

22. Hoban R, Bigger H, Schoeny M, Engstrom J, Meier P, Patel AL. Milk volume

at 2 weeks predicts mother’s own milk feeding at neonatal intensive care unite

discharge for very low birthweight infants. Breastfeed Med. (2018) 13:135–41.

doi: 10.1089/bfm.2017.0159

23. Trang S, Zupancic JAF, Unger S, Kiss A, Bando N, Wong S, et al. Cost-

effectiveness of supplemental donor milk versus formula for very low birth

weight infants. Pediatrics (2018) 141:e20170737. doi: 10.1542/peds.2017-0737

24. Buckle A, Taylor C. Cost and cost-effectiveness of donor human milk to

prevent necrotizing enterocolitis: systematic review. Breastfeed Med. (2017)

12:528–36. doi: 10.1089/bfm.2017.0057

25. Spatz DL, Robinson AC, Froh EB. Cost and use of pasteurized donor human

milk at a children’s hospital. J Obstet Gynecol Neonatal Nurs. (2017) 47:583–8.

doi: 10.1016/j.jogn.2017.11.004

26. Assad M, Elliott MJ, Abraham JH. Decreased cost and improved feeding

tolerance in VLBW infants fed an exclusive human milk diet. J Perinatol.

(2016) 36:216–20. doi: 10.1038/jp.2015.168

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Brandstetter, Mansen, DeMarchis, Nguyen Quyhn, Engmann

and Israel-Ballard. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 5 October 2018 | Volume 6 | Article 32478

https://doi.org/10.1034/j.1600-0412.2002.810913.x
https://doi.org/10.1111/j.1552-6909.1997.tb02132.x
https://doi.org/10.1542/peds.110.6.1103
https://doi.org/10.1016/j.clp.2011.08.004
https://doi.org/10.3389/fnut.2017.00020
https://doi.org/10.1002/14651858.CD002971.pub4
https://doi.org/10.1055/s-0036-1597326
https://doi.org/10.3390/nu10020238
https://doi.org/10.1089/bfm.2015.0134
https://doi.org/10.1016/S0140-6736(14)60496-7
https://doi.org/10.1542/peds.2016-3440
https://doi.org/10.1097/MPG.0b013e3182a3af0a
https://doi.org/10.1186/1746-4358-1-26
https://doi.org/10.1177/0890334416632203
https://doi.org/10.1089/bfm.2017.0114
https://doi.org/10.1016/j.clp.2016.11.005
https://doi.org/10.1089/bfm.2017.0159
https://doi.org/10.1542/peds.2017-0737
https://doi.org/10.1089/bfm.2017.0057
https://doi.org/10.1016/j.jogn.2017.11.004
https://doi.org/10.1038/jp.2015.168
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


REVIEW
published: 01 November 2018
doi: 10.3389/fped.2018.00278

Frontiers in Pediatrics | www.frontiersin.org 1 November 2018 | Volume 6 | Article 278

Edited by:

Guido Eugenio Moro,

Associazione Italiana delle Banche del

Latte Umano Donato (AIBLUD), Italy

Reviewed by:

Ulrich Herbert Thome,

Leipzig University, Germany

Aakash Pandita,

Sanjay Gandhi Post Graduate Institute

of Medical Sciences, India

*Correspondence:

Riccardo Davanzo

riccardo.davanzo@gmail.com

Specialty section:

This article was submitted to

Neonatology,

a section of the journal

Frontiers in Pediatrics

Received: 02 July 2018

Accepted: 13 September 2018

Published: 01 November 2018

Citation:

Davanzo R (2018) Controversies in

Breastfeeding. Front. Pediatr. 6:278.

doi: 10.3389/fped.2018.00278

Controversies in Breastfeeding

Riccardo Davanzo 1,2*

1Division of Pediatrics and Neonatology, Department of Mother and Child Health, Ospedale Madonna delle Grazie, Matera,

Italy, 2 Task Force on Breastfeeding, Ministry of Health, Rome, Italy

When addressing the compatibility of breastfeeding with certain maternal conditions,

we need to differentiate between “contraindication” and “obstacle.” Failure to

distinguish between the two confuses new mothers and their families, and engenders

misconceptions about breastfeeding advice by health professionals. Health conditions

that may simply impede the initiation and duration of breastfeeding are often wrongly

referred to as true contraindications to breastfeed, under the assumption that they might

harm the health of the mother and/or that of the nursing infant. Here, we discuss several

topics, including breast surgery, prolactinoma, concurrent new pregnancy, hormonal

contraception, and use of medications and contrast agents, that continue to raise

controversy. While most conditions appear to be compatible with breastfeeding, the

major determinants of a woman’s final choice of whether to nurse her infant or not are

the attitude of health professionals and the state of mind of being an informed mother.

Keywords: breastfeeding, contraindication, maternal health conditions, reproductive health conditions, maternal

infections, cytomegalovirus, chemical substances

THE CONCEPT OF CONTRAINDICATION

Breastfeeding, because of its strong health-promoting effect on both the mother (1) and the child
(2), affords individual, familial, and social benefits that carry significant economic advantages (3–5).
International health authorities (6) and national scientific societies (7) recommend breastfeeding as
the nutritional norm, unless an informed choice of the mother or a good medical reason exists for
preferring formula feeding (8). There are relatively few evidence-based medical reasons for the use
of breastmilk substitutes, yet popular perceptions and beliefs, as well as common attitudes among
health professionals, have raised unwarranted concern about breastfeeding. Consequently, many
mothers do not start and/or do not continue to breastfeed owing to the confusion between proven
and presumed acceptable medical reasons for formula feeding.

When approaching the issue of compatibility of breastfeeding, we need to differentiate between
“contraindication” and “obstacle.” Failure to distinguish between the two confuses new mothers
and their families, and engenders misconceptions among health professionals. All too often,
conditions that may simply impede the initiation and the duration of breastfeeding are wrongly
taken as true contraindications to breastfeed, under the assumption that they could harm the health
of the mother and/or that of the nursing infant. The term contraindication refers to “something (a
symptom or condition) that is a medical reason for not doing or using something (a treatment,
procedure or activity)”1; for example, maternal diabetes is not a contraindication to breastfeeding.
In brief, a contraindication is a specific situation in which a drug or a procedure should not be
used because it may be harmful for the person. A contraindication can be either relative, when a
situation is acceptable and the benefits outweigh the risks, or absolute, when the risks are definitely
unacceptable.

1https://www.merriam-webster.com/
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Quite different from this is the concept of obstacle: an obstacle
is “an object that you have to get around or over: something that
blocks your path”1. For example, a breastfeeding mother may
have to cope with mastitis or a tiny baby that is not competent to
feed at the breast. These constitute simple obstacles rather than
contraindications, although such obstacles might sometimes be
very hard to overcome.

The list of true contraindications to breastfeeding is short,
clearly stated, and easily available from authoritative scientific
sources (7)2 (Table 1); however, health professionals continue to
give contradictory advice (9). Here, we review the compatibility
of breastfeeding with conditions in which it is often disfavoured
or discouraged. The aim is to provide a more balanced
perspective on the barriers and challenges to initiating or
continuing breastfeeding (Table 2).

MATERNAL HEALTH CONDITIONS

Breast Augmentation
Augmentation mammoplasty is a surgical procedure that
increases breast size by inserting breast implants under the
breast tissue or chest muscles (10). For some women, breast
augmentation is a way to enhance self-image and self-confidence.
For others, it is part of breast reconstruction after breast cancer
surgery or other conditions affecting the breast. Compared to the
general population of new mothers, women who had undergone
breast augmentation stated they experienced no differences in
attempting to breastfeed (11); however, they were noted to have
a lower rate of breastfeeding at maternity discharge (79 vs. 89%)
(12) and a lower rate of exclusive breastfeeding at 1 month after
childbirth (54 vs. 80%) (12).

TABLE 1 | Contraindications to breastfeed.

1. Mothers should NOT breastfeed

• Infant galactosemia

• Mother HIV or HTLV positive

• Mother is using an illicit street drug

• Mother has Ebola virus disease

2. Mothers should temporarily NOT breastfeed

• Mother with untreated brucellosis

• Mother is taking certain medications

• The mother is undergoing diagnostic imaging with radiopharmaceuticals

• Mother has herpes simplex virus (HSV) lesions present on the breast

(Note: Mothers can breastfeed directly from the unaffected breast)

3. Mothers should temporarily NOT breastfeed, but CAN feed expressed

breast milk

• Mother has untreated, active tuberculosis. The mother may resume

breastfeeding when no longer contagious

• Mother has varicella infection at delivery (5 days prior to delivery to the 2

days following delivery).

Modified from the US National Center for Chronic Disease Prevention and Health

Promotion (CDC)2.

2 https://www.cdc.gov/breastfeeding/breastfeeding-special-circumstances/

contraindications-to-breastfeeding.html (Accessed June 30, 2018).

Reduction Mammoplasty
Reduction mammaplasty, commonly known as breast reduction,
is a procedure by which excess breast fat, glandular tissue, and
skin are removed to achieve a breast size more in proportion with
the woman’s body and to alleviate the discomfort associated with
excessively large breasts (13). Disproportionately large breasts
can cause both physical discomfort (due to breast weight) and
emotional distress. Most women choose to undergo reduction
mammoplasty simply for cosmetic reasons.

Whatever the reason for undergoing mammoplasty,
breastfeeding after breast reduction surgery might be
challenging, although certain surgical techniques can help
preserve the mother’s ability to breastfeed. Studies conducted in
Brazil (14, 15) suggest that breast reduction surgery is associated
with negative breastfeeding performance: compared to controls,
women who underwent reduction mammoplasty interrupted
exclusive breastfeeding after a median duration of only 5 days
and were less disposed to exclusively breastfeed at 4 months (22
vs. 4%) after childbirth.

A systematic review of 51 observational studies found the
impact of breast reduction surgery (via 31 different breast
reduction techniques) on breastfeeding success to vary widely (4–
75%) (16). An important determinant was preservation of the
subareolar parenchyma, i.e., the column of parenchyma from the
nipple areola complex to the chest wall. When the subareolar
parenchyma was not preserved, only 4% of women could be
expected to breastfeed successfully (16).

Previous Breast Cancer
Breastfeeding and breast cancer may be linked in two different
ways. First, the current literature reports a protective effect of
breastfeeding against breast cancer: the relative risk of breast
cancer decreases by 4.3% for every 12 months of breastfeeding
and by 7.0% for each birth (17). Second, breast cancer survivors
may want to become pregnant and possibly to breastfeed. Over
the last decade researchers have assessed the risk of stimulation of

TABLE 2 | A selected list of controversial contraindications to breastfeed,

discussed in the present paper.

Mother health conditions

• Breast augmentation

• Breast reduction

• Previous breast cancer

• Maternal prolactinoma

Reproductive health conditions

• Pregnancy

• Hormonal contraception

Maternal infections

• CMV infection

• HIV infection

• ZIKV infection

Chemical substances in human milk

• Drugs

• Contrast media agents
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the mammary gland following lactation, mainly for reactivation
of tumorogenesis, and explored this association (18, 19). In their
multicenter case-control study, Lambertini et al. (20) compared
333 patients who became pregnant after surviving breast cancer
and 874 nonpregnant patients. They found no difference between
disease-free survival and overall survival at a follow-up of 7.2
years after pregnancy. In addition, time to pregnancy following
breast cancer treatment and breastfeeding was ascertained to
be safe.

Summarizing, cosmetic breast surgery and breast cancer
surgery do not constitute a contraindication to breastfeed,
although the former may be associated with difficulties in starting
to breastfeed andwith a shorter duration of breastfeeding because
of the altered anatomy of the mammary gland and possible body
image concerns (21). Mothers who experience the changes to
their body during pregnancy as negative may be less likely to
plan or initiate breastfeeding because of the perceived impact of
feeding upon their appearance (21).

Prolactinoma
Prolactin (PRL) is a hormone normally released by the anterior
pituitary gland after nipple stimulation during a breastfeed
(22). Prolactinoma, a pituitary tumor, is one of the most
common causes of prolactin excess and results in hypogonadism,
infertility, and galactorrhea. As lactation stimulates PRL
production, it has been questioned whether breastfeeding might
promote the growth of a preexisting prolactinoma.

Opinions on the compatibility of a prolactinoma with
breastfeeding differ, as documented by an online survey
conducted in the Middle East and North Africa among 468
physicians, 36% of which were endocrinologists (23). Survey
results showed that 47% of responders would allow breastfeeding
without restrictions, 28% would allow breastfeeding only
by patients with microprolactinomas, and 25% would not
recommend it at all (23).

Treatment of hyperprolactinemia with dopamine agonists
(DAs)(bromocriptine or cabergole) restores fertility in over
90% of cases. Although DAs have a good safety profile
during early pregnancy, they are discontinued when a woman
becomes pregnant. The risk of prolactinoma enlargement during
pregnancy is very low (2–3%) for microprolactinomas but much
higher for macroprolactinomas (20–30%) (24). Careful follow-
up by magnetic resonance imaging (MRI) and fundoscopic
examination of the prolactinoma is advised during pregnancy.
If enlargement does occur, reinitiation of DA therapy is advised
but it may be delayed as long as breastfeeding is desired. Finally,
breastfeeding per se has no harmful effect on tumor growth (25).

In their retrospective study on 107 pregnancies of 73
patients with prolactinoma (54 microprolactinoma; 19
macroprolactinoma) (26), Domingue et al. performed MRI
prior to pregnancy and at a median follow up of 22 months
after delivery or cessation of lactation. MRI at follow-up showed
either no tumor (23%) or a decreased adenoma (39%) in the
majority of patients. Morevover, the number of pregnancies
per woman, breastfeeding and its duration did not influence
the remission rate. In conclusion, lactation is compatible with
a previous diagnosis of prolactinoma, with no need to limit
duration of breastfeeding.

REPRODUCTIVE HEALTH CONDITIONS

Breastfeeding During Pregnancy
Women may be still breastfeeding when they become pregnant
again (27). This creates the dilemma of whether to breastfeed
or not, as there is millennial cultural and medical pressure
to discourage women from breastfeeding during pregnancy.
According to Soranus of Ephesus, a famous physician of the
Roman Empire, “a woman who nurses the infant either grows
prematurely old, having fed one child, or the expenditure for
the nourishment of the offspring necessarily makes her own
body quite emaciated.” (28) This view of the adverse effects
of breastfeeding on women’s health deeply influenced not only
ancient Roman society but has permeated European culture
throughout the following centuries until today.

We can understand that breastfeeding during pregnancy may
be viewed as a challenge to maternal well-being. The main
medical reasons, however, regard maternal nutrition depletion,
spontaneous abortion, reduced fetal growth, preterm delivery,
impaired quality or quantity of mother’s milk, and reduced
growth of the nursing infant. Owing to the scarcity of scientific
literature on the possible medical effects of breastfeeding
during pregnancy, clear medical guidelines on this topic are
lacking. To overcome this gap, the Italian Society of Perinatal
Medicine (SIMP) Working Group on Breastfeeding and the
Task Force on Breastfeeding of the Italian Ministry of Health
have reviewed the available literature on breastfeeding during
pregnancy and issued a position statement (29). There is no
evidence indicating that breastfeeding during pregnancy raises
the risk of miscarriage or preterm delivery or intrauterine growth
restriction, particularly in women from developed countries.
Both the composition of postpartum breast milk and the growth
of the newborn might be affected, chiefly in women from
developing countries (29). Moreover, we must underline that the
impact of breastfeeding during the third trimester of pregnancy
has been overemphasized, as it is no longer expected to be
exclusive breastfeeding when the nursed infant is older than 6
months of age and possibly already being weaned (30).

In brief, breastfeeding during pregnancy is compatible during
the first two trimesters, and it is sustainable in the third
trimester unless maternal nutrition is suboptimal or the risk of
premature delivery exists (multiple gestation, intrauterine growth
retardation, previous preterm delivery) (29).

Hormonal Contraception
Most women who breastfeed exclusively stop having menstrual
periods (lactational amenorrhea) and have a lower potential for
ovulation; nevertheless, the risk of becoming pregnant cannot
be excluded. Some sort of contraceptive method is needed if the
mother does not plan to become pregnant again (31). Barrier
methods (diaphragms, condoms, etc.) have no effect on milk
production and so can be used as a first choice contraceptive
method by the breastfeeding mother. Their efficacy is inferior to
hormonal contraceptives, however.

Many women incorrectly believe that breastfeeding in itself
precludes taking any form of hormonal contraception, although
a distinction must be drawn among the many contraceptive
methods available. Combined hormonal contraceptives (CHCs)
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may adversely affect milk supply, making the outcome of
breastfeeding unpredictable. As some mothers can completely
dry up, women are advised to use the lowest appropriate estrogen
dosage and monitor their milk supply. Progesterone only pills
(POP) are preferred as they are less likely to reduce milk
supply (32), an adverse effect, that is even less welcome in the
breastfeeding mother with a basic low milk production or during
the first 2 months postpartum when the milk supply is still
calibrated.

A contraceptive method’s safety should be determined in
the context of relevant conditions, including phase of lactation,
increased thrombotic risk during the postpartum period, and
woman’s lifestyle. In other terms, the safety of a contraceptive
method should be weighed along with the benefits of preventing
unintended pregnancy as indicated by the medical eligibility
criteria (MEC) for contraceptive use (33). Table 3 presents the
categories of the United States Medical Eligibility Criteria for
Contraceptive Use (US MEC). Table 4 presents the MEC for
hormonal methods in breastfeeding postpartum women. In
conclusion, both CHCs and POP, although POP is preferable,
can be safely used by breastfeeding women after the first 42 days
postpartum.

MATERNAL INFECTIONS

Cytomegalovirus Infection
Between 37 and 93.7% of pregnant women are CMV-IgG
seropositive (34) and more than 50% of CMV-IgG positive
mothers produce CMV-positive breastmilk (35). CMV can
be isolated in milk whey and from milk cells, mainly
neutrophils (predominant during the first 30 days of lactation)
and macrophages (predominant starting 60 days postpartum
onwards) (36). Although human milk contains biological factors
(e.g., lactoferrin) that are known to protect against viral infection,
inhibition of CMV virulence is only partial and mother-to-child
transmission of CMV infection is still possible (37).

Postnatal CMV infection with maternal infected liquids (milk,
saliva, urine) rarely causes severe clinical illness in full-term
infants (38) and it is usually devoid of relevant late sequelae.
Differently, postnatal CMV infection in immunodeficient
infants, particularly in moderate-severe preterm infants and/or
very low birth weight infants (VLBWIs), was believed until
recently to carry significant short- (39) and long-term health
consequences (40). In their meta-analysis of studies (41) on
mother-to-child transmission of CMV infection among VLBWIs,

TABLE 3 | US MEC Categories-2016.

1. No restriction for the use of the contraceptive method for a woman with

that condition

2. Advantages of using the method generally outweigh the theoretical or

proven risks

3. Theoretical or proven risks of the method usually outweigh the

advantages – not usually recommended unless more appropriate

methods are not available or acceptable

4. Unacceptable health risk if the contraceptive method is used by a

woman with that condition

Lanzieri et al. reported that the risk of transmission is higher
with fresh breastmilk (19%; range 11–32%) and lower with
frozen (−20◦C) breastmilk (13%; range 7–24%). Among the
VLBWIs infected with CMV, 4-5% developed a major short-term
illness resembling a sepsis like-syndrome (41). Freezing the milk
inconsistently reduces CMV infectivity (42, 43), especially when
the viral load is high. In contrast, Holder pasteurization (30min
at 62.5◦C) completely destroys CMV infectivity in human milk,
reducing the transmission rate to almost null (44). Although
pasteurized banked human milk from CMV-negative donors
may be the least riskiest option of transmission of CMV from
the mother to a VLBW infant, the process adversely affects the
bioactive properties of human milk. Recently, high-temperature
short-time (HTST) pasteurization has been proposed as an
alternative method to better preserve some of the biological
components of human milk (45, 46).

Regarding the debate over the long-term cognitive
consequences of postnatal CMV infection through human
milk in preterm infants, a recent large prospective study
conducted in the Netherlands involving 356 preterm infants
with a gestational age of <32 weeks followed-up until age 6 years
reported that neurodevelopmental problems, including hearing
loss, are unlikely (47). As pasteurization or freezing reduces the
biological and immunological protective value of breastmilk
against necrotizing enterocolitis (48), the study concluded that
these processes may not be justified (47).

Although options differ (Table 5) (49) on how to feed a
VLBWI of a CMV-seropositive mother, the value of routine
feeding of human milk to preterm infants outweighs the risks of
clinical disease (2). Withholding the use of fresh breastmilk in the
nutrition of VLBWIs no longer seems justifiable.

Human Immunodeficiency Virus (HIV)

Infection
Although breastfeeding is one of the most valuable ways to
enhance child survival, until recently HIV-positive mothers in
developed countries were discouraged to breastfeed, as mother-
to-child transmission of HIV infection can occur not only during
pregnancy and delivery but also through breastfeeding (50, 51).
Accumulating evidence from countries with a high prevalence
of HIV infection in the population of pregnant women has

TABLE 4 | US-MEC (2016) for CHCs and POP in the breastfeeding woman with

and without risk factors for venous thromboembolism (VTE).

Time post-partum CHCs POP

<21 days postpartum 4 2

21–30 days postpartum

• With other risk factors for VTE 3 2

• Without other risk factors for VTE 3 2

30–42 days postpartum

• With other risk factors for VTE 3 1

• Without other risk factors for VTE 2 1

>42 days postpartum 2 1

Frontiers in Pediatrics | www.frontiersin.org 4 November 2018 | Volume 6 | Article 27882

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Davanzo Controversies in Breastfeeding

TABLE 5 | Options when feeding the VLBWI with CMV positive mother’s milk.

Option Comment

1. Pasteurization • Expensive

• Effective

• Biological pauperization

2. Freezing before use • Cheap

• Limited effectiveness

3. Application of a MTC transmission protocol,

which includes:

• Weekly CMV urine test until 32 wks PCA

• Informed choice of parents

• Weekly CMV urine monitoring by polymerase

chain reaction

• If the infant becomes positive, fresh milk

feeding possibly stopped to reduce viral

loads (49)

• Cumbersome

• Ambiguous

• Causing anxiety

4. Use of fresh mother’s milk, in any case • Priority to the prevention of

NEC

• Favorable risk/benefit

ratio

shown that giving antiretroviral medicines to mothers and baby
can significanlty reduce the risk of HIV transmission through
breastfeeding (52). In a meta-analysis of the postnatal-mother-
to-child transmission (PMTCT) rate of HIV infection, the overall
pooled transmission rates for breastfed infants with mothers on
antiretroviral treatment (ART) were 3.5 and 4.2% at 6 and 12
months, respectively (53). A substantial reduction in postnatal
HIV transmission risk under maternal ART was noted (PMTCT
rate 1.1% at 6 months and 2.9% at 12 months) (53). The risk of
PMTCTwas noted to increase once ARTwas stopped—usually at
6 months—supporting current recommendations that all women
diagnosed as HIV-infected should receive immediate and lifelong
ART.

A recent randomized trial involving 14 sites in Sub-Saharan
Africa and India compared the efficacy of prolonged infant
antiretroviral prophylaxis with nevirapine vs. maternal ART
for the prevention of mother-to-child transmission (MTCT)
throughout the breastfeeding period (54). Maternal ART or
infant nevirapine (iNVP) prophylaxis was safely continued until
18 months after delivery or breastfeeding cessation. The MTCT
rate at 24 months was very low in both study arms (ART 0.57%;
iNVP 0.58%).

In view of this evidence, in 2016 the World Health
Organization (WHO) released updated guidelines on HIV and
infant feeding (55). Pregnant women who regularly receive ART
before delivery are expected to have a low enough number
of HIV copies in their blood that poses a negligible risk of
transmission of the virus during labor and delivery, so that
they may have a normal vaginal birth and might also eventually
breastfeed. According to WHO recommendations, infants born
to HIV-positive mothers can be exclusively breastfed for the
first 6 months of life, with the introduction of appropriate
complementary foods thereafter; they can continue to be
breastfed for up to 24 months or longer while the mothers are
being fully supported for ART adherence (55).

WHO guidelines refer to limited recourse countries where
breastfeeding is the cultural norm and formula feeding is
stigmatized in the local community. Though HIV-seropositive
status constitutes a potential contraindication to breastfeed, there
are good medical as well as social reasons to encourage HIV-
positive mothers to breastfeed. Moreover, also in industrialized
countries an HIV-positive mother can be supported to breastfeed
if she adheres to ART and has a low plasma viral load.When these
criteria aremet, the postnatal transmission rate at 12months after
delivery for the breastfed infant might be around 3% and even
lower if ART is maintained for between 6 and 12 months (52, 54).

Although breastfeeding is still a documented risk factor for
MTCT of HIV (56), the British HIV Association (57) and the
American Academy of Pediatrics (58) recommend that mothers
who choose this option should practice exclusive breastfeeding
for no more than 6 months while undergoing regular monitoring
of maternal ART compliance, maternal viral load, and infant HIV
status. In conclusion, encouraging breastfeeding while the HIV-
positive mother is on ART is feasible and may become common
practice in the near future also in industrialized countries.

ZIKV Infection
The Zika virus (ZIKV) is a mosquito-borne (Aedes) RNA
flavivirus that causes a “dengue-like syndrome” as a usual clinical
manifestation (59). ZIKV has the potential to spread to areas
where the Aedes mosquito vector is present, including Southern
Europe. ZIKV represents an emerging health threat, particularly
due to associated neurological disease in newborns and adults.
Consequences of vertical infection include microcephaly with
brain and eye abnormalities, and consequences of adult infection
include Guillain-Barré syndrome and meningoencephalitis. The
route of transmission of ZIKV is multiple (60): sexual, via blood
transfusion, intrauterine, perinatal (still unknown spectrum of
clinical features), postnatal due to mosquito sting and possibly
to breastfeeding.

Following the identification of ZIKV in breastmilk (61, 62),
its role as a potential route of transmission has been questioned.
Although paucisymptomatic ZIKV infection has been described
anecdotally in breastfed infants (63, 64), no proven MTCT of
infection via breastmilk has been confirmed. In conclusion, as
the benefits of breastfeeding outweigh the risk of possible ZIKV
transmission via breastmilk, theWHO (65) and the United States
Centers for Disease Control and Prevention (CDC)3 consider
maternal ZIKV infection compatible with breastfeeding.

CHEMICAL SUBSTANCES IN HUMAN MILK

Drugs
Pharmaceutical companies rarely give complete information
about the appearance of a drug in breastmilk following
assumption by the mother and about the possible side effects for
the nursing infant. Drug companies do not provide more detailed
information because they choose not to study the problem.
Consumers are expected to read the lengthy precautions on the
package insert that indicate that the drug should not taken during

3https://www.cdc.gov/pregnancy/zika/testing-follow-up/zika-in-infants-

children.html
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pregnancy and lactation (66). According to the information in
the European Summaries of Product Characteristics (SmPCs),
the use of 90% of medicines is restricted during both pregnancy
and breastfeeding, despite a lack of information to support such
indications (67). This defensive position is taken to avoid possible
litigation.

It comes as no surprise, therefore, that the use of medications
by a nursing mother may be a valid reason for breastfeeding
cessation, albeit arguably stemming from an excessively cautious
approach. Although almost all drugs pass into breastmilk, the
known adverse effects in infants are relatively few. Most adverse
effects are reported as being merely associated, without having a
certain causal relationship.

Moreover, many side effects are described in the first 2 months
of life (68) when breastfeeding is still exclusive or nearly exclusive,
limiting the relevance of the passage of a drug into the mother’s
milk at an older age when semisolids and solids are added to the
diet, thus reducing the possible drug burden on the infant.

When documented clinical data on side effects in the
infant are unavailable, pharmacokinetic parameters provide the
theoretical basis on which the lactation risk is initially assessed
(69). From a pharmacological standpoint, we can appreciate
that the minimum infant intake of a maternal drug through
breastmilk can be expected when its half-life is short, maternal
plasma protein binding is high (allowing less unbound drug to
pass into the milk), the biochemical characteristics of the drug
lead to a low milk-to-plasma ratio, and absorption by the infant
gut is slow, resulting in poor bioavailability.

Most drug transfer from the mother’s plasma into breastmilk,
although rarely exceeding the relative infant dose (RID) of 1
percent of the mother’s dose, much less than the upper limit of
safety, that is 10% of the maternal dose (69). RID is calculated by
dividing the infant dose via milk in mg/kg/day by the maternal
dose in mg/kg/day, assuming a mother’s body weight of 70 kg.

When giving advice or counseling on the use of medications
during breastfeeding, health professionals should use the most
authoritative information source that provide pharmacological
and toxicological information. LactMed4 appears to be the most
reliable source for quality of citations. After a methodologically
appropriate assessment of the safety of a medication in a
breastfeeding mother, there is no conflict of interest between the
right of the mother to self-treat and the health of her breastfed
infant inmost cases (70). Nevertheless, assessing the safety profile
of a drug in breastfeeding women requires investment by health
professional in terms of time, specific scientific knowledge, and
empathic approach.

Compared to their older colleagues, few young pediatricians
feel that mothers can successfully breastfeed (70% in 1995 vs.
57% in 2014) and that the benefits of breastfeeding outweigh
the difficulties (70% in 1995; 50% in 2014) (71). Ultimately,
a disfavorable attitude of pediatricians toward the promotion
of breastfeeding may hinder the development of well-balanced
professional counseling on medication use during breastfeeding.
Furthermore, health professionals should also appreciate that

4https://toxnet.nlm.nih.gov/newtoxnet/lactmed.htm

some mothers may have a limited willingness to invest in their
breastfeeding experience and will ultimately make an informed
choice for bottle feeding.

Contrast Agents
Contrary to mistaken beliefs that breastmilk is altered by
radiation, medical imaging including computed tomography
(CT) does not affect the quality of breastmilk or the health
of the breastfed infant. Where some uncertainty does, in fact,
exist regards the possible health consequences of the passage
into breastmilk of contrast agents for imaging studies (CT or
MRI). Breastfeedingmothers who require intravascular iodinated
or gadolinium-based contrast for an imaging procedure are
usually advised to interrupt breastfeeding for 24 to 48 h after
exposure to the contrast agent. Because of ethical considerations,
no controlled trials have directly examined the safety of
breastfeeding after imaging with radiocontrast agents to date.

According to the American College of Radiology (ACR),
a negligible dose of contrast agent administered intravenously
to the mother is absorbed by the gastrointestinal tract of the
breastfed infant: <0.01% for iodinated X-ray contrast agents and
<0.0004% for gadolinium-based contrast agents (72). Although
the final dose of contrast medium absorbed by a breastfeeding
infant whose mother receives an intravenous agent is not
expected to pose significant toxic or allergic harm to the breastfed
infant, the ACR still recommends the option of abstaining from
breastfeeding for a period of 12–24 h if this is the preference of an
informed mother (72).

An Italian joint working group on the administration of
contrast agents to breastfeeding women has come to different
conclusions (73), considering the majority of contrast agents
safe, except for gadopentetate dimeglumine, gadodiamide, and
gadoversetamide. Only these three contrast agents should be
precautionally avoided in breastfeeding women due to the
high risk of nephrogenic systemic fibrosis (73), although its
occurrence has not been reported in infants or young children
(74). After MRI or CT examination with a contrast agent: (1)
breastfeeding should be temporarily discontinued, the breastmilk
expressed and discarded in a limited number of cases; (2) there
are no evidence-based reasons for the routine suspension of
breastfeeding.

CONCLUSION

The present review provides useful information for developing
sound advice for the breastfeeding mother in the context of
controversial conditions that are uncritically accepted as true
contraindications to breastfeeding. Most conditions appear to be
safe and compatible with breastfeeding. The major determinants
in the final choice are the attitude of the health professionals
consulted and the state of mind of the informed mother.
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Background: The main process used to pasteurize human milk is the low-temperature,

long-time Holder method. More recently, the high-temperature, short-time method has

been investigated. Both processes lead to the appropriate inactivation of vegetative

bacterial forms but are ineffective against bacterial spores.

Research Aims/Questions: We aimed to accomplish two main objectives: inactivation

of all pathogens, including spores; and preservation of the activity of milk components.

Design/Methods: Recently, a novel high-hydrostatic pressure process has been

developed by HPBioTECH. Using the same raw human milk samples, we compared the

effects of this method with those of the Holder method on vegetative and spore forms

of pathogens and on bioactive components (lipase activity, immunoproteins).

Results: Two main microbial strains were selected: Staphylococcus aureus (as a

reference for vegetative forms) and Bacillus cereus (as a reference for spores). Use of

the high-hydrostatic pressure process led to microbial decontamination of 6 log for both

S. aureus and B. cereus. Additionally, the bioactivity of the main components of human

milk was preserved, with activities of lipase, α-lactalbumin, casein, lysozyme, lactoferrin,

and sIgA of ∼80, 96–99, 98–100, 95–100, 93–97, and 63–64%, respectively.

Conclusions: Use of this novel high-hydrostatic pressure process to generate

microbiologically safe human milk may provide important benefits for preterm infants,

including improved assimilation of human milk (leading increased weight gain) and

improved resistance to infections. Because 10% of all human milk collected is

contaminated by B. cereus, use of this method will also prevent waste.

Keywords: human milk, HHP, pasteurization, human milk bank, spores, lipase, immune proteins, CMV
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INTRODUCTION

Human milk is the appropriate standard nutrient for infant
development (1) and is also given to preterm and very low birth
weight infants (2, 3).

Two types of pathogens can contaminate such a medium:
(i) endogenous pathogens from the mother and (ii) exogenous
pathogens that mainly result from humanmilk collection by milk
banks (4). Consequently, ensuring the safety and quality of donor
human milk appears to be a crucial issue (5–8).

The main processes used for human milk pasteurization are
based on thermal pathogen inactivation: (i) the low-temperature,
long-time (LTLT) method (62.5◦C; 30min) (5, 6), which is
also called the Holder method (traditionally developed in
milk banks); and (ii) the high-temperature, short-time (HTST)
method or flash heat pasteurization, which has been more
recently investigated (9–13).

Regarding microbial safety, both processes (LTLT and HTST)
lead to appropriate inactivation of the vegetative forms of
pathogens; however, these methods are completely ineffective
against bacterial spores from exogenous contamination. During
the last few years, two other human milk treatments have been
developed: UV (14–16) and ultrasound (17, 18).

In terms of preserving the activity of human milk after
these pasteurization treatments, the LTLT process leads to
many components (with nutritional enzymatic and immune
properties) with reduced activity.

Over the last 25 years, high hydrostatic pressure (HHP)
processes have been developed in food processing to mainly
induce microbial safety (19–22), which also consequently
increases shelf life. Because HHP processes apply weaker energy
than thermal ones, their main advantage is the preservation of the
intrinsic properties of the treated medium. More recently, HHP
processes have been extended to biological applications (23–30).

The first industrial developments of HHP processes were
established in Japan (1985–1990). In this first approach (called
a “conventional approach”), HHP processes were defined by
only three main parameters: pressure (P), temperature (T), and
duration of treatment (t). When HHP processes are managed
by only these three parameters, high pressure values (450–600
MPa) must be applied to ensure high microbial safety (31),
which has a negative consequence of inducing themodification of
biological components or organoleptic properties of the handled
product (32). If high temperatures (80–120◦C) are not used
to induce detrimental modifications to biological activity, these
HPP processes are ineffective at spore inactivation (33).

DEFINITION OF AN HHP PROCESS
APPLIED TO HUMAN MILK

Different applications of this “conventional approach” to HHP
treatment of human milk were tested with an emphasis
on their ability to improve microbial safety. Viazis et al.
(34) applied constant pressure (400 MPa) to human milk
inoculated with different microorganisms [Staphylococcus aureus
(ATCC 6538 and ATCC 25923), Streptococcus agalactiae (ATCC

12927), Listeria monocytogenes (ATCC 19115), and Escherichia
coli (ATCC 25922)] to compare LTLT thermal pasteurization
(Holder process) to high pressure treatment. The starting
temperature was close to 21◦C to reach a temperature
of ∼31◦C due to adiabatic compression heating. Six- to
eight-log reductions were observed in microbial populations
during treatment. Unfortunately, this HHP treatment used a
conventional approach and was ineffective against bacterial
spores, particularly Bacillus cereus spores, which represent a
microbial strain observed in the contamination of fresh milk,
heat-treated milk and human milk (35, 36).

Research Aim
To establish an HHP process to inactivate both vegetative forms
and bacterial spores contaminating humanmilk while preserving
a substantial portion of the activity of milk components.

METHODS

Considering that high temperatures are rejected and that the
pressure–temperature range required for spore inactivation
would also lead to strong alterations of the biological activity of
human milk components, an HHP process that could induce the
germination of bacterial spores at lower pressure conditions (a
moderate pressure value: P ≈ 350 MPa) was needed to preserve
the biological activity of human milk as required for infant
feeding.

Recently, a new approach toHHP processes was established by
Demazeau et al. (37), and this approach accounts for parameters
that characterize pressure delivery. Specifically, the compression
rate (VA) or decompression rate (VD), application mode (MA)

(continuous or cyclic) and latency time (tl) between each cycle
were defined.

Design
(i) To prove that this novel HHP was efficient for all pathogens

with vegetative and spore forms, we performed a “challenge
test.” To validate this novel approach to HPP processes
for the decontamination of human milk, we inoculated
sterilized human milk at a level of 6 log with two main
strains of microorganisms: S. aureus (ATCC 6538), which
is a gram-positive vegetative bacterium resistant to pressure
inactivation (38), and bacterial spores of B. cereus (ATCC
14579), a sporulated bacterial form that can induce severe
intestinal infections (39).

After applying various optimization tests, we defined the
HHP experimental conditions based on 6 parameters that
can inactivate all vegetative forms and bacterial spores (such
as B. cereus spores).

The set of optimized process parameters was as follows:
Pressure = 350 MPa, temperature = 38◦C, VA

(application rate)= 1MPa.s−1, MA (applicationmode) with
na (number of cycles) = 4 cycles and ta (duration of each
cycle) = 5min, and tl (latency time with normal pressure
between each cycle)= 5min.
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(ii) To demonstrate the conservation of bioactive components of
humanmilk, we compared raw humanmilk with pasteurized
and HHP treatments of the same sample.

We measured the main biologic components of human
milk, including lipase activity, lactoferrin, lysozyme, and IgA
under either Holder pasteurization (62.5◦C, 30min) or novel
high hydrostatic pressure.

Setting
The high-hydrostatic pressure machine is located at HPbioTech,
which is situated 10 km from the Human Milk Bank (HMB) of
Bordeaux-Marmande.

We used human milk after consent from the mother. Raw
human milk is pasteurized and stored at −18◦C at HMB; when
transferred to HPbioTech, it is stored at−80◦C until analysis.

Sample
The pasteurized humanmilk was used to set of optimized process
parameters of HHP. Sterile human milk was inoculated with 5–6
log S. aureus or B. cereus and treated with the optimized set of
HHP. This was termed the “Challenge test.”

The raw human milk was treated with the optimized set of
HHP to measure the biologic products of human milk, such as
lipase activity and immune proteins lactoferrin, lysozyme, IgAs.

After HHP treatment, the challenge was employed to identify
conditions that allow for destroying vegetative and spore forms
of bacteria and preserving lipase activity and immune bioactive
proteins.

Compared to Holder pasteurization, which destroyed 0 spores
(see Table 1), the HHP sample size was determined to be 6 log of
B. cereus spores and 6 log of S. aureus. The value obtained after
Holder pasteurization showed no destruction of B. cereus, but no
B. cereus was found after HHP treatment. Thus, very few samples
are needed (see Table 1). We measured the reproducibility of
destroying 6 log B. cereus in 3 repeated HHP treatments.

The Holder treatment destroyed all lipase activity (activity =
0), whereas between 70 and 100% of residual activity was found
with the HHP treatment (see Table 3).

Data Analysis
We first verified the normality of the population and the
homoscedasticity of variances. If verification was achieved, we
used the Student t test to compare the two treatments (Holder
vs. HHP); if not, we used the non-parametric test.

Two tailed p < 0.05 indicated significance.

Ethical Consideration
The milk used in this study was derived from the Human
Milk Bank of Bordeaux-Marmande. Prior to donating milk, each
mother signed a consent form indicating that any discarded milk
could be used for research purposes.We therefore did not require
approval for this study from the local Ethics Committee.

Moreover we can utilize human milk samples that cannot
be used because the mother smokes or there are other
contraindications to its donation.

TABLE 1 | Inactivation Efficiency (IE) of B. cereus (ATCC 14579) (as spores) and

Staphylococcus aureus (ATCC 6538) after the new High Hydrostatic Pressure

(HHP) treatment.

Ni NHHP IE

Microorganism (bacteria sporulated form)a

B. cereus control D11 4.9 − −

B. cereus HHP8 D11 n◦1 4.9 0 4.9

B. cereus HHP8 D11 n◦2 4.9 0 4.9

B. cereus HHP8 D11 n◦3 4.9 0 4.9

Microorganism (vegetative form)b

S. aureus control D11 5.7 − −

S. aureus HHP8 D11 n◦1 5.7 0 5.7

S. aureus HHP8 D11 n◦2 5.7 0 5.7

S. aureus HHP8 D11 n◦3 5.7 0 5.7

a Inactivation Efficiency (IE) of B. cereus (ATCC 14579) (as spores) after the new HHP

treatment. The inactivation efficiency of the HHP process for human milk inoculated with

Staphylococcus aureus (ATCC 6538) and the evaluation of its reproducibility (n◦1, n◦2,

n◦3) are given on Table 2. Ni and NHHP are respectively the initial (before the HHP

treatment) and final (after the HHP treatment) microbial contamination. IE corresponds

to the Inactivation Efficiency of the HHP treatment.
b Inactivation Efficiency (IE) of Staphylococcus aureus (ATCC 6538) after the new HHP

treatment. The inoculation rate was limited to 5.7 log the initial contamination of

human milk accepted for a decontamination treatment (as LTLT as the present time) by

Staphylococcus aureus being limited to 4 log due to the release of toxins (40).

MEASUREMENT

Protein and Lipid Analyses
Proteins
Caseins and themain soluble proteins were analyzed qualitatively
and quantitatively using RP-HPLC coupled with Electro Spray
Ionization-Mass Spectrometry (LC-MS); 50 samples of the same
batch of raw HM (50), LTLTHM (50) and HPPHM (50) (INRA
Jouy en Josas, Dr. P. Martin) were used (Figure 1).

Bioactive, antimicrobial and immune proteins: lactoferrin,
lysozyme and IgA, showing more or less broad ranges of
functions, were analyzed using Enzyme Linked ImmunoSorbent
Assays (ELISAs) based on the sandwich technique; the antibody
directed against the protein to analyze is pre-coated on
the surface of microtiter wells. A biotinylated detection
antibody is then added to the wells to bind to the captured
protein. Streptavidin-conjugated horseradish peroxidase (SA-
HRP) is then added to catalyze a colorimetric reaction with
the chromogenic substrate 3,3′,5,5′-tetramethylbenzidine. The
colorimetric reaction produces a blue product, which turns
yellow when the reaction is terminated by addition of dilute
sulfuric acid. The absorbance of the yellow product at 450 nm
is proportional to the amount of protein present in the sample.
The protein concentrations in the test samples can then be
quantified by interpolating their absorbance from the standard
curve generated in parallel with the samples (41).

Lipids
Lipase activity (Institut Biochimie Nutrition ITERG, Dr. C.
Vaysse–Dr. L. Couedelo). The lipase activity compared to
the substrate was monitored by quantitative release of fatty

Frontiers in Public Health | www.frontiersin.org 3 November 2018 | Volume 6 | Article 30689

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Demazeau et al. HHP Destroys Pathogens Including Spores

FIGURE 1 | Comparison of proteins profile between (A) Raw Human Milk and

(B) HHP Human Milk. There is strictly the same proteins profile of Raw HM and

HHP HM.

acids and glycerol generated during the hydrolysis of TAG
lipase. The hydrolysis reaction is automatically followed by pH
measurements via neutralization of fatty acids liberated by the
enzyme over time by a standard solution of sodium hydroxide
(NaOH 25 mmol/L) at pH 8± 0.2.

The results are expressed as the in International Units as
micromoles of fatty acids liberated per minute and per milliliter
of breast milk.

We used the granulometry of lipid droplets of human milk:
raw, pasteurized, and novel HHP of the same batch (Figure 2).

RESULTS

Microbial Spore and Vegetative
Destruction
In these experimental conditions, total inactivation of the
microbial contamination of human milk was possible in
challenge tests with S. aureus and B. cereus spores.

The IE of the new HHP process for human milk inoculated
with spores of B. cereus (ATCC 14579) and an evaluation of its
reproducibility (n◦1, n◦2, and n◦3) are provided in Table 1. Ni

and NHHP are, respectively, the initial (prior to HHP treatment)
and final (after HHP treatment) microbial concentrations. IE is
provided for HHP treatment

Tables 1, 2 provide the corresponding inactivation efficiency
(IE) of each microorganism. The HHP experiment and microbial
analysis were repeated 3 times (n◦1, n◦2, and n◦3) for the same

FIGURE 2 | Distribution of the volume size of milk fat globules (MFGs): raw

(____) pasteurized (- - - -) or high pressure (………). Evaluation of the size of

MFGs showed that the population was bimodal he proportion of “small MFGs”

was greater in raw milk and HHP-treated milk (d3.2 = 0.6 vs. 0.8µm,

respectively) compared to that in LTLT-pasteurized human milk (d3.2 =

3.1µm). This result suggests that the size structure of raw breast milk is

preserved by HHP treatment, whereas LTLT promotes coalescence and

therefore increases the number of “large” MFGs.

human milk samples, with parameters of New HHP-P = 350
MPa, T = 38◦C, MA= 4× 5min, Tl= 5min, VA= 1 MPa/s

The effect of HHP on 10 samples (1.5E+06), whereby colonies
of B. Cereus were all destroyed

i.e., 1.5E+06 Colonies Inactivation Efficiency (IE)= 6.18 Log
In addition, this HHP process was evaluated for the

inactivation of cytomegalovirus (CMV). This virus was selected
due to its risk of humanmilk contamination and risk of postnatal
infection (40, 42–44).

Different attempts were made using a suspension of
cytomegalovirus with an initial viral particle concentration of
up to 7 log. After application of the HHP treatment, which
was characterized by the optimized process parameters used for
the inactivation study of either S. aureus or bacterial spores of
B. cereus, total CMV inactivation was observed.

Activity Retention of the Main Constituents
of Human Milk
As a first evaluation, threemain types of humanmilk components
were selected:

- A component with enzymatic properties (lipase),
- Components with antimicrobial properties (lysozyme and
lactoferrin) or with immunological properties (IgA), and

- Components with nutritional properties.

Impact of the HHP Process on Lipase Activity
An evaluation of lipase activity was important to compare the
biological effects of this HPP process with those of thermal LTLT
treatment (induction of total inactivation). The experimental
conditions of HHP treatment were the same as those used for
microbial decontamination (P = 350 MPa, T = 38◦C, VA = 1
MPa.s−1, MA= 4 cycles of 5min and tl ± 5min).

Residual activities of the lipase enzyme in three samples (raw
milk, LTLT-pasteurized milk and HHP-treated milk) and in three
replicates (n◦1, n◦2, and n◦3) for HHP treatment are provided in
Table 3. Due to the variability of lipase activity in human milk,
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TABLE 2 | The effect of High Hydrostatic Pressure (HHP) on 10 samples of (1.5 ×

106) colonies of Bacillus cereus; HHP destroyed all the colonies, i.e., 1.5 × 106

colonies with Inactivation Efficiency (IE) = 6.18 Log.

Microorganism (spore form) N (UFC/mL) N (Log) IE

HM B.cer control 1.5 × 106 6.18 –

HM B.cer 1 HP 0 0 6.18

HM B.cer 2 HP 0 0 6.18

HM B.cer 3 HP 0 0 6.18

HM B.cer 4 HP 0 0 6.18

HM B.cer 5 HP 0 0 6.18

HM B.cer 6 HP 0 0 6.18

HM B.cer 7 HP 0 0 6.18

HM B.cer 8 HP 0 0 6.18

HM B.cer 9 HP 0 0 6.18

HM B.cer 10 HP 0 0 6.18

Tables 1, 2 provide the corresponding IE of each microorganism. The HHP experiment

and microbial analysis were repeated 3 times (n◦1, n◦2, and n◦3) for the same human

milk samples, with parameters of New HHP-P = 350 MPa, T = 38◦C, MA = 4 × 5min,

Tl = 5min, VA = 1 MPa/s.

three different human milk samples (A, B, and C) were used. The
lipase activity was completely destroyed (0% lipase activity) by
LTLT, whereas lipase activity after the newHHP remained similar
to its original value (Raw Human Milk) between 78.6 and 100%
with a mean of 87.8% (Wilcoxon test p= 0.25) (Table 3).

The residual activity of the lipase enzyme after HHP
processing of human milk was between 80 and 85% of the initial
value of human milk treated at 38◦C.

A comparison with the residual activity from the conventional
HHP process [reproducing Viazis’s et al. (34) HHP treatment]
resulted in a residual lipase activity of close to 75%.

Impact of the HHP Process on the Activity of Different

Components With Antibacterial or Immune Properties
The activity of biological components (lysozyme, lactoferrin, α-
lactalbumin, and IgA) was also evaluated before and after HHP
processing of human milk using the same set of experimental
parameters (Table 5; Figure 1).

Considering the differences between our HHP process and
those described in the literature for human milk, the following
remarks can be made.

Impact of the HHP Process on Human Milk

Components With Nutritional Properties Milk Fat

Globule (MFG) Granulometry in Raw,

LTLT-Pasteurized, and HHP-Treated Human Milk

Using This Novel HHP Process
Evaluation of the size of MFGs showed that the population
was bimodal with an approximately equivalent average diameter
(d4.3) for all types of milk (raw milk: 5.5µm; LTLT: 5.6µm;
and HHP: 5.4µm). In addition, the proportion of “small MFGs”
was greater in raw milk and HHP-treated milk (d3.2 = 0.6
vs. 0.8µm, respectively) compared to that in LTLT-pasteurized
human milk (d3.2 = 3.1µm). This result suggests that the size
structure of raw breast milk is preserved by HHP treatment,
whereas LTLT promotes coalescence and therefore increases the

TABLE 3 | Lipase activity of raw human milk samples and milk samples after

thermal “Low-Temperature, Long-Time” (LTLT) pasteurization and High

Hydrostatic Pressure (HHP) processing.

Sample Lipase activity % Lipase activity

Raw milk A 0.57 100

Raw milk B 0.71 100

Raw milk C 0.70 100

LTLT-PASTEURIZED MILK

Pasteurized A 0.00 0.00

Pasteurized B 0.00 0.00

Pasteurized C 0.00 0.00

HHP-TREATED MILK

HHP A n◦1 0.57 100

HHP A n◦2 0.53 92.9

HHP A n◦3 0.53 92.9

HHP B n◦1 0.68 95.8

HHP B n◦2 0.56 79

HHP B n◦3 0.58 81.7

HHP C n◦1 0.59 84.3

HHP C n◦2 0.55 78.6

HHP C n◦3 0.60 85.7

(A, B, and C correspond to 3 different human milk samples, and n◦1, n◦2, and n◦3

correspond to HHP treatment reproducibility assays. Lipase activity of raw human milk

samples and milk samples after thermal LTLT pasteurization and HHP processing (A, B,

and C correspond to 3 different human milk samples, and n◦1, n◦2, and n◦3 correspond

to HHP treatment reproducibility assays) The lipase activity was completely destroyed (0%

lipase activity) by LTLT, whereas lipase activity after the new HHP remained similar to its

original value (Raw Human Milk) between 78.6 and 100% with a mean of 87.8% (Wilcoxon

test p = 0.25).

number of “large” MFGs. In addition, the total fat content was
similar regardless of the performed treatment (raw, LTLT and
HHP: 34.0, 34.1, and 32.3 mg/mL milk, respectively) and of the
fatty acid profile of the milk.

DISCUSSION

For the first time, this new HHP process for the microbial
safety of human milk can irreversibly inactivate both the
vegetative forms of microorganisms, such as gram-positive
bacteria including S. aureus, and bacterial spores, such as those
of the contaminant B. cereus, while preserving at least 80%
of the biological activity of the main components. Previously
reported works involving HHP treatments were based on so-
called “conventional” approaches in which the applied pressure
was not controlled (15). Table 4 provides average values of the
resulting microbial safety using three processes (LTLT, HTST
and this new HHP) on human milk with S. aureus (gram-
positive bacterium) and B. cereus (sporulated bacterium) as
contamination references. Consequently, inactivation of bacterial
spores, such as those of B. cereus, was not possible with a
technique other than the new HHP.

The retention rates of the biological activity for different
components with specific properties [BSSL lipase (with
enzymatic properties), lysozyme and lactoferrin (characterized
by antimicrobial properties), and IgA (with immunological
properties)] are summarized in Table 5.

Frontiers in Public Health | www.frontiersin.org 5 November 2018 | Volume 6 | Article 30691

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Demazeau et al. HHP Destroys Pathogens Including Spores

TABLE 4 | Average values of the resulting microbial safety using Staphylococcus

aureus (Gram-Positive Bacterium) and Bacillus cereus (Sporulated Bacterium) as

contamination references.

Inactivation efficiency (IE)

LTLTa HTSTb New HHPc

S. aureus ≈4 ≈4 ≈6

B. cereus spores No effect No effect ≈5

aHigher contamination accepted for the Holder treatment (104 CFU /mL) due to toxin

production by S. aureus.
bGiribaldi et al. (45).
cThis paper.

TABLE 5 | Average retention rates of biological activity for different components

with specific properties after “Low-temperature, long-time” (LTLT),

“High-temperature, short-time” (HTST) and the new “High Hydrostatic Pressure”

(HHP) treatments were applied to human milk.

Retention rates (% vs. the raw milk)

LTLT HTST New HHP

BSSL (lipase) 0–10 (45) 26 (45) 80–85 (this paper)

Lysozyme 52.3 48.8 (45) > 95 (this paper)

Lactoferrin ≈ 20 (12) 30–40 (12) 93–97 (this paper)

IgA 46.3 78.9 (45) 64 (this paper)

Comparisons with the HTST process suggest that the
retention rates of the biological activity of human milk
components vary widely (particularly for BSSL) by author (9–13).
In a recent paper by Giribaldi et al. (45), two aspects of the impact
of the HTST process were evaluated: (i) microbial inactivation
but not destruction of B. cereus and microbial spores and (ii)
retention of the biological activity of human milk components
using a specific HTST device for human milk pasteurization.
Residual lysozyme activity was between 95% and 100% after
application of our HHP process. Our value agrees with that
reported by Viazis et al. (46) (96%) following HHP treatment
of human milk at 400 MPa and 20◦C. Viazis’s et al. (34) HHP
treatment resulted in a residual lipase activity of close to 75%.

Mayayo et al. (47) found that treatment at 300, 400, 500,
and 600 MPa for 15min and T = 20◦C using the “conventional
approach” to HHP processes denatured 9, 23, 34, and 48% of
lactoferrin, respectively. In our approach, the retention rate of
lactoferrin was over 93% (denaturation was below 7%) despite
using a temperature of 38◦C to limit the germination of B. cereus
spores.

The residual activity of IgA was comparable to that obtained
by Delgado et al. (48) (47.5% at 300 MPa and 50◦C). In an
early paper, Viazis et al. (46) found that high-pressure processing
of human milk using the “conventional approach” at 400 MPa
for 30, 60, 90, and 120min and at a treatment temperature
close to 31◦C resulted in 85.6, 87.1, 80.6, and 75.4% retention,
respectively. Permanyer et al. (49) claimed that after a treatment
at 400 MPa for 5min at 12◦C, 100% of IgA activity was
maintained, whereas IgA retention was 87.9 and 69.3% at higher
pressure conditions (500 and 600 MPa, respectively). Contador

et al. (50) evaluated the retention activity of IgA after high-
pressure treatment at different pressures (400 and 600 MPa)
and different treatment durations (3 and 6min) with an initial
temperature of 10◦C at 400 MPa for 6min; the retention of IgA
activity was close to 90%.

Comparisons of these research studies suggest that IgA activity
mainly depends on both the pressure and temperature of high-
pressure treatment.

The retention rates of the biological activity for different
components with specific properties [BSSL lipase (with
enzymatic properties), lysozyme and lactoferrin (characterized
by antimicrobial properties), and IgA (with immunological
properties)] are summarized in Table 5.

LIMITATIONS

The new HHP process requires 90min to treat human milk vs.
60min for the Holder method; however, the cost of the HHP
device is more than is a conventional pasteurizer. However, the
new HHP saves up to 10% of material contaminated by B. cereus.
For example, the Bordeaux Human Milk Bank collects 11,000
liters of humanmilk per year; 10% of this amount (or 1,100 liters)
is contaminated with B. cereus and therefore must be discarded
(51). This represents 165000e /year, lost with the conventional
pasteurizer per year, which would not be rejected with the new
HHP.

CONCLUSION

This new HHP process is promising for implementation in
human milk banks based on a comparison of three processes
for the microbial safety and retention of the biological activity
of different milk components. This approach is the first process
that can inactivate bacterial spores, such as those of B. cereus; this
point is important due to the risks of bacterial spores to preterm
or young infants (52).
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High-pressure processing (HPP) is a non-thermal technology that is being increasingly

applied in food industries worldwide. It was proposed that this method could be used

as an alternative to holder pasteurization (HoP; 62.5◦C, 30min) in milk banks but its

impact on the immunologic, enzymatic and hormonal components of human milk has

not yet been evaluated in detail. The aim of our study was to compare the effects of

HPP in variants: (1) 600 MPa, 10min (2) 100 MPa, 10min, interval 10min, 600 MPa,

10min (3) 200 MPa, 10min, interval 10min, 400 MPa, 10min (4) 200 MPa, 10min,

interval 10min, 600 MPa, 10min in temperature range 19–21◦C and HoP on the leptin,

adiponectin, insulin, hepatocyte growth factor (HGF), lactoferrin and IgG contents in

human milk. HoP was done at the Regional Human Milk Bank in Warsaw at the Holy

Family Hospital on S90 Eco pasteurizer (Sterifeed, Medicare Colgate Ltd). Apparatus

U4000/65 (Unipress Equipment, Poland) was used for pascalization. Milk samples

were obtained from women during 2–6 weeks of lactation. Post-treatment culture

showed no endogenous bacterial contamination in any tested option. Concentrations

of selected components were determined using ELISA tests. The level of all analyzed

components were significantly decreased by HoP: leptin 77.86%, adiponectin 32.79%,

insulin 32.40%, HGF 88.72%, lactoferrin 60.31@.%, IgG 49.04%. All HPP variants

caused an increase in leptin concentration, respectively (1) 81.79% (2) 90.01% (3)

86.12% (4) 47.96%. Retention of insulin after HPP was (1) 88.20% (2) 81.98% (3) 94.76%

(4) 90.31% HGF (1) 36.15% (2) 38.81% 97.15% (3) 97.15% (4) 43.02%, lactoferrin (1)

55.78% (2) 57.63% (3) 78.77% (4) 64.75%. Moreover, HPP variant as 200 + 400 MPa

preserved IgG (82.24%) better than HoP and resulted not statistically significant change

of adiponectin level (38.55%) compare to raw milk. Our results showed that HPP leads to

preservation of adipokines, growth factor, and lactoferrin, IgGmuch better or comparable

with HoP.

Keywords: donor milk, high-pressure processing, milk bank, preterm, adipokines, HGF
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INTRODUCTION

Mother’s milk is a natural first choice feed for every newborn,
whether born in term or prematurely. Access to human milk
is critical especially for very preterm babies for their current
health condition and later life prognosis (1, 2). In those
circumstances, human milk has a not only nutritional function
but is a source of non-nutritive bioactive compounds. The
presumably, cumulative effects of thousands of substance such as
anti-inflammatory agents, immunoglobulins, cytokines, growth
factors, oligosaccharides, and bioactive peptides from human
milk exist in preventing serious complications of prematurity
such as necrotizing enterocolitis (NEC) (3–7). Many of these
substances such as hormones and cytokines, even have potential
for long –term metabolic programming (8).

Hormones as insulin, leptin, adiponectin have impact on
infant growth and body composition.HepatocyteGrowth Factor
(HGF) and multifunctional milk protein as lactoferrin act in
synergy to support the function of the immature gastrointestinal
tract of newborns (5, 9–13). Current knowledge about benefit
of bioactive factors in breastmilk for infants in early life
has results in the increasing number of human milk banks.
Therefore, when mother’s own milk is unavailable, donor milk
is recommended (2, 14). Nearly 80 new units located mostly
in hospitals specialized in tertiary neonatal centers and NICU
were organized in the last decade in European countries alone
(15–17). These professional laboratories operate by screening,
collecting, processing, and distributing humanmilk that has been
donated by volunteer nursing mothers unrelated to the recipient
infant (18). Although human milk banks are well-equipped and
organized, the processing of donormilk needs improvements due
to the partial loss of its bioactive properties compared with raw
milk (19).

Pasteurization used in mostly human milk banks for
microbiological purity consists of heating to 62.5◦C for 30min
with obvious side effects for many human milk constituents (20).
This approach is especially harmful for non-nutritive elements
of human milk such as enzymes, hormones, growth factors and
cytokines, leading to their diminished presence and activity.
Given this side effect of holder pasteurization, new techniques
of processing donated human milk are needed to preserve its
bioactivity (19, 21).

In the present research bioactivity of several components
of human milk after standard and innovative high pressure
processing were evaluated.

MATERIALS AND METHODS

Samples Collection
Milk samples were obtained from 80 donors of the Regional
Human Milk Bank in Warsaw at Holy Family Hospital. Donors
were given written and verbal instructions on expressing and
handling of milk and cleaning of breast pumps. Milk samples
were obtained from women (average age was 31 year old) after
delivery at term with a surplus of milk during the 2–6 weeks
of lactation given informed consent. Samples of ∼50ml of milk
were collected at home or in the hospital ward using an electric

or manual pump, stored in a refrigerator at temperature 4◦C and
delivered to humanmilk bank unit within 24 h while maintaining
the refrigeration conditions.

The Bioethics Committee of Warsaw Medical University
has accepted the information about conducting this non–
interventional study (admission number AKBE/59/15).

Experimental Design and Samples
Preparation
The same volume ofmilk samples from 2 to 4 donors were pooled
to achieve the minimum volume of minimum 125ml necessary
for the study. Each batch was divided into aliquots and exposed
to 4 variants of High Pressure Processing (HPP): (1) 600 MPa,
(2) 200 + 400 MPa, (3) 100 + 600 MPa, (4) 200 + 600 MPa
and holder pasteurization (HoP). The control sample was raw,
untreated human milk (Figure 1). The experiments were made
three times on independent milk batch.

Following the HPP and HoP treatment all samples as well as
raw untreated milk were centrifuged at 4,400 rpm for 15min
at 4◦C (Centrifuge 5702R, Eppendorf) after which the fat layer
and cells were removed and supernatants were aliquoted into
Eppendorf tubes prior to freezing at −21◦C. Human milk
samples were frozen within 48 h of collection.

Microbiological analysis were performed to verify
microbiological purity in the case of selected raw and treated
milk samples. The analysis were carried out in three replications
to the total number of mesophilic aerobic microorganisms
(PN-EN ISO 7218: 2008 / A1: 2013, PN-EN ISO 6887-5: 2010)
and the number and Staphylococcus aureus (PN-EN ISO 6888-1:
2001 / A1: 2004).

Treatment
High Pressure Processing
Human milk samples were exposed to high pressure treatment
at the Institute of High Pressure Physics, Polish Academy of
Sciences, using U 4000/65 apparatus (designed and produced by
Unipress Equipment). The maximum pressure available in the
apparatus was 600 MPa, the treatment chamber had a volume of
0.95 L. The pressure-transmitting fluid used was distilled water
and polypropylene glycol (1:1). Manufactory designed working
temperature of the apparatus ranges from −10◦C to +80◦C. In
our experiments, the temperature of the tested condition was
between 19 and 21◦C. A pressure of up to 600MPa was generated
in 15–25 s; the release time was 1–4 s.19 and 21◦C. Samples were
prepared in 4 variants: (1) 600 MPa (2) 200 MPa, 10min; interval
10min; 400 MPa, 10min (3) 100 MPa, 10min; interval 10min;
600 MPa, 10min (4) 200 MPa, 10min; interval, 10min; 600 MPa,
10min.

Holder Pasteurization
Holder Pasteurization (HoP) of human milk samples was done
at the Regional Human Milk Bank in Warsaw at the Holy
Family Hospital on automatic Human Milk Pasteuriser S90 Eco
(Sterifeed, Medicare Colgate Ltd). Samples of 50ml were treated
according to Regional HumanMilk Bank standard pasteurization
protocol at 62.5◦C for 30min. The correctness of the process
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Adiponectin
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FIGURE 1 | Experimental design of the study.

was confirmed with the data logging system, by recording
temperature of the bottle probe every minute.

Determination of Bioactive Components
All of the bioactive components were determined by the ELISA
method. The assay detecting particular components in the milk
was done at least in three times using milk samples proccesing
in independent experiments. The concentration of IgG was
determined according to a procedure described earlier (22).
Briefly: the F(ab’)2 fragment of goat anti-human IgG (Jackson
ImmunoResearch, USA) was used as a coating agent of the
wells of a microtiter plate (Nalge Nunc International, Naperville,
IL, USA) to bind IgG from the sample. For testing 100 µl of
100 µl of 100-, 250-, 500-, and 1,000-fold diluted milk and
IgG standard preparation from 0.2 to 12.5 ng/100 µl (Jackson
ImmunoResearch, USA) were taken. The amount of IgG bound
was quantified by phosphatase-labeled rabbit anti-human IgG

Fcγ fragment specific antibodies (Jackson ImmunoResearch,
USA).

For lactoferrin determination monoclonal anti-human
lactoferrin antibody (ABCAM, Cambridge, UK) was used as
a coating agent of the wells of a microtiter plate (Nalge Nunc
International, Naperville, IL, USA) to bind lactoferrin from
the sample. For testing 100 µl of 5 000-, 10 000-, 25 000- and
50 000- fold diluted milk and lactoferrin standard preparation
from 0.8 to 25 ng/100 µl (Sigma, St. Louis, MO, USA) were
taken. The amount of lactoferrin bound was quantified by
phosphatase-labeled rabbit anti-human lactoferrin antibodies
(Jackson ImmunoResearch, USA).

The IgG and lactoferrin tests were assayed with 4-nitrophenyl
phosphate (SERVA, Heidelberg, Germany) as the enzyme
substrate and absorbance was measured in a Stat Fax 2100
Microplate Reader (Awareness Technology Inc., Palm City, FL,
USA) at 405 nm with 630 nm as the reference filter. All ELISA
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immunobinding and washing steps were carried out in a TRIS-
buffered saline (TBS, pH 7.5) containing 0.2% Tween 20. All
samples were analyzed at four different sample dilutions, each in
duplicate.

The concentrations of leptin, adiponectin, HGF, and insulin
were analyzed with commercial ELISA kits using microplates
pre-coated with a monoclonal antibody specifically for test
substances. The following tests were used: Human Leptin
(R&D Systems, Inc); Human HMW Adiponectin/Acrp30 (R&D
Systems, Inc); Human HGF (R&D Systems, Inc); Insulin ELISA
(DRG Instruments GmbH, Germany). For the study, the option
for serum/plasma was chosen as the most adequate for human
milk. The method was pre-tested on various samples dilutions
as proposed in the protocol. As a result of this validation, the
final analyses were performed on undiluted milk. Each sample
in ELISA assay was measured in duplicate.

The detections of adiponectin, HGF and leptin, insulin were
done by microtiter reader (Synergy HTX multimode reader,
Biotek R©) set to 450 nm with 570 nm as the reference filter. For
data analysis Gen5 Data Analysis Software was used.

Statistics
Statistical analysis concerns results obtained for six conditions:
raw milk, pasteurized milk (HoP), and milk exposed to four
variants of high pressure processing (HPP): 600 MPa, 200 MPa
+400 MPa, 100 MPa+ 600 MPa, 200 MPa+ 600 MPa. As a
calculation tool MS Excel was used. The results of determined
parameters for each sample are showed as a percentage of the
initial value observed for raw milk as 100%. Next, means, SD
and 95% coefficient intervals (95% CI, which refers to p ≤ 0.05)
were computed. The actual analysis was based on the overview of
overlapping of obtained intervals.

RESULTS

The average value of the total viable number of microorganisms
in raw milk was determined on the level 3.3 ± 0.90 log cfu /
ml. The number of S. aureus was determined at 1.57 ± 0.65 log
cfu/ml.

Microbiological analyses carried out in pasteurized and
pascalised human milk samples did not show the presence of the
selected microorganisms (Supplementary Table 1).

The concentration of bioactive components in raw milk
samples are shown in Table 1.

Results of our experiments revealed that HoP caused a
statistically significant reduction (49.04%) in IgG content. HPP
variants 600 MPa, 100 MPa+600 MPa, and 200 MPa+ 600 MPa
also decreased statistically significantly the IgG content, 69.68,
69.16, and 68.46%, respectively. The reduction of IgG in 200MPa
+400 MPa (17.76%) was not statistically significant (Table 2,
Figure 2A).

In the case of lactoferrin HoP caused a statistically significant
reduction of this protein (60.31%) in the human milk. HPP
variants 600 MPa, 100 MPa+600 MPa, and 200 MPa+ 600 MPa
also decreased the lactoferrin content statistically significantly,
44.22, 42.37, and 35.25%, respectively. The reduction of

lactoferrin in 200 MPa +400 MPa (21.23%) was not statistically
significant (Table 2, Figure 2B).

Leptin level was significantly reduced by HoP (77.86%) in
comparison to the raw milk. In the matter of high—pressure, all
HPP variants caused an increase in leptin concentration, (1) 600
MPa; 81.71%, (2) 200 MPa +400 MPa; 86.12%, (3) 100 MPa +

600 MPa; 90.01%, (4) 200 MPa +600 MPa; 47.96%, respectively.
Indeed, none of the high pressure variants were significantly
different from raw milk (Figure 2C).

HoP caused a statistically significant decrease in adiponectin
content (31.19%) but not so serious as HPP variants 600 MPa,
100MPa+600MPa, and 200MPa+ 600MPa which reduced the
level of protein almost totally: respectively as 97.99, 89.27, and
95.91%. The reduction of adiponectin at 200 MPa+400 MPa was
slighter (61.45%), but also statistically significant (Figure 2D).

Results obtained for HGF were very similar to adiponectin.
HoP caused a statistically significant reduction level of HGF
detected in human milk (88.72%). Although the level after HPP
treatment by 600 MPa, 100 MPa +600 MPa, and 200 MPa +

600 MPa was decreased not more than 63.85, 61.19, and 56.98%,
respectively, it was still significant. Only when it comes to HPP
variant 200 MPa +400 MPa was the change in HGF level was
almost imperceptible and not statistically significant (2.85%)
(Figure 2E).

The level of insulin was diminished under the influence of
HoP by 32.40% in comparison to raw milk. Among of HPP
variants only the treatment of human milk by high pressure as
600 MPa caused statistically significant destruction of protein
(11.80%). The reduction in insulin content in human milk after
others HPP variants was as following: 200 MPa +400 MPa-
−5.24%, 100 MPa + 600 MPa-−18.02%, 200 MPa +600 Mpa-
−9.69% but it was not statistically significant (Figure 2F).

The content of selected bioactive compounds in raw milk
was assumed as 100%, additionally the range of obtained
results (minimum-maximum) was presented as an error bar.
The asterisks indicate a pair of results that differ statistically
significantly with p ≤ 0.05.

DISCUSSION

The human milk donated for human milk banks needs to
be of very high quality concerning microbiological safety,
nutritional value, and last but not least, bioactivity. For this
reason, an operational procedure has been implemented to
monitor the whole process of humanmilk bank activity. National
guidelines have been developed in many countries to improve
the standards for recruitment, screen the donors and handle
and distribute the collected milk (23–25). There are, many
minor differences in operational procedure among milk banks
in Europe but the pasteurization stage has a common core
process. Holder pasteurization has been a “gold standard” in
milk banks worldwide for many years. This process involves
heating the milk to 62.5◦C within 30min. The relatively low
temperature and long time parameters (for this reason called
also Low Temperature Long Time pasteurization, LTLT) was
combined to assure microbiological safety and nutritional value
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TABLE 1 | Concentration of bioactive components in raw milk.

IgG

(µg/ml)

Lactoferrin

(mg/ml)

Leptin

(pg/ml)

Adiponectin

(ng/ml)

HGF

(mlU/ml)

Insulin

(pg/ml)

Mean ± SD 11.22 ± 8.83 1.63 ± 0.47 269.97± 56.53 5.30 ± 2.05 1306.15± 956.99 10.24 ± 4.02

Min. 5.74 1.17 226.16 2.94 413.20 6.10

Max. 21.40 2.11 333.78 3.68 2261.00 14.67

The results are presented as mean ± standard deviation with indication on minimum and maximum.

TABLE 2 | Changes in the content of IgG, lactoferrin leptin, adiponectin, HGF, and insulin in human milk after preserving with different methods.

Bioactive components Raw milk (%) Holder (%) High-Pressure Processing

600 MPa (%) 100MPa +600 MPa (%) 200 MPa +400 MPa (%) 200 MPa +600 MPa (%)

IgG 100 50.96 30.32 30.84 82.24 31.54

Lactoferrin 100 39.69 55.78 57.63 78.77 64.75

Leptin 100 22.14 181.71 190.01 186.12 147.96

Adiponectin 100 67.21 2.01 10.73 38.55 4.09

HGF 100 11.28 36.15 38.81 97.15 43.02

Insulin 100 67.6 88.20 81.98 94.76 90.31

The results are presented as a retention percentage compare to the content in raw milk (mean values).

(26). Ever since this technique was incorporated into the milk
bank system, it has been known to be damaging for many
bioactive milk components, such as vitamins: C, folacin, and
B6, poly-unsaturated fatty acids and free fatty acid composition
(27–30).

The current knowledge of this topic is summarized in a
systematic review by Peila et al. (20). The authors distinguished
three groups of human milk components according to the
influence from holder pasteurization: those significantly
affected such as: enzymes, some cytokines, growth factors:
IGF, EPO, HGF, GM-GSF, hormones: insulin, adiponectin,
vitamins: B6, ascorbic acid, antioxidant capacity, content of
nucleotide monophosphate, free amino acid; Those affected
but with contradictory results: immunoglobulins S-IgA, IgM,
IgG, lactofferin, lysozyme, some cytokines, some vitamins,
total fat content including, saturated fatty acid, —mono and
polyunsaturated fatty acid. Fortunately there are some thermal
resistance components found in human milk such as some
cytokines and growth factors, amino acid, some vitamins: D,
E, B2, B5, biotin, B3, B12, antioxidant capacity, lipids, total
nitrogen content, human milk oligosaccharides. The great
heterogeneity in the available data is partially due to a lack of
standardized study protocols in this fields. However, the reduced
value of pasteurization is great enough to take immediate steps
in searching for a technical solution for milk banks.

HPP is one of the most promising alternatives for thermal
treatment, but this sophisticated technique has not yet been
validated for human milk. For our study we have chosen those
components of human milk that were known to be affected by
holder pasteurization but hadn’t been evaluated in concern on
HPP. We focused on biologically active peptides represented by
adiponectin, insulin, leptin and HGF because of its impact on

metabolism regulation in newborn. In fact the available data
concerning preservation of those human milk components are
sparing in details. We could only find one study showing the
destruction of insulin and adiponectin under the influence of a
standard holder treatment (31). However in case of leptin the
work has been done on fast—and slow-heat pasteurization 100◦C
in 5min and 57◦C in 30min, respectively (32). In all these cases,
it was observed that the active peptin level was diminished in the
range of 30–40% compared to unpasteurized milk.

Moreover, we included in our research two immunologically
important proteins from human milk such as immunoglobulin
G (IgG) and lactoferrin. Preservation on immunocomponents
in donor milk, are well documented in spite of contradictory
results (33–38). Nevertheless, we used those two components as
an indicator to compare with trends observed for biologically
active peptides of non-nutrition value after thermal and high
pressure treated milk.

In our study the mean IgG concentration in untreated
milk samples was 11.22 ± 8.83µg/ml (range 5.74–21.40µg/ml)
Table 1. IgG is reported as a very sensitive immunoglobulin with
IG4 subclass which was thermal resistance. The loss in the case
of holder pasteurization is about 50% relative to untreated milk.
Our results are consistent with others, reported by Sousa et al.
(38).Only one of the HPP variants (200 MPa +400 MPa) did
not statistically significantly decrease the IgG content in milk
samples (reduction 17.76%) and gave results better than holder
pasteurization (Figure 2A).

In the case of lactoferrin the mean concentration detected
in raw milk samples was 1.63 ± 0.47 mg/ml (range 1.17–2.11
mg/ml) which is similar to those reported in the literature (39)
(Table 1) The reduction of lactoferrin level by HoP in current
experiments is 60% of the level detected in rawmilk samples. The
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FIGURE 2 | Changes in IgG (A), lactofferin (B), leptin (C), adiponectin (D), HGF (E), insulin (F) content in human milk after processing. *p ≤ 0.05.

difference was statistically significant. It is in the range from 35
to 90% losses observed by others researches. Still it is twice more
preserve than was reported by Christen et al. as a 20% retention
after HoP (36). All HPP variants used in this study better
preserved lactoferrin in human milk than holder pasteurization.
Because of the great variance of data the difference was not
statistically significant. However, we could see that the best
option of HPP is 200MPa+400MPa variant, which resulted only
21.23% diminished of lactoferrin level which was not statistically
significant comparing to raw milk (Figure 2B).

Taking into account the importance of short and long lasting
outcome of donor milk nutritional therapy, we decided to
extend the research in to evaluate the possibility to preserve
the biologically active peptides found in human milk as key
metabolism regulation components.

We suspected that HPP variant 200 MPa +400 MPa already
tested with success for immunocomponents preservation, will
be preferable in comparison to thermal treatment, for hormones
such as leptin, adiponectin, insulin, and HGF as well.

As was revealed before, HPP was even most effective as holder
pasteurization in the elimination of inoculated microbiological
flora of human milk (40). In our current study HPP was able
to eliminate commensal bacteria of donors milk successfully
(Supplementary Data).

The most recent update of Cochrane metaanalysis which
evaluated growth and development of preterm born infants
fed with formula comparing with donor milk has proven that
supplementing mother’s milk with pasteurized human milk
results in lower rates of weight gain, linear growth and head
growth (41). Although it is more important that diet based
on solely human milk reduces the NEC risk, hesitation about
the consequence of long term under nutrition remains. In
this context it seems to be most important to preservation
donor milk components with regulation metabolism
properties.

Among adipokines derived from human milk, leptin, and
adiponectin, have great impacts on the neonatal growth and
development. Leptin is a key factor in the regulation of energy
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balance and appetite (42, 43). Blood leptin concentration in Small
for-Gestational Age (ang. SGA) neonates has been observed to
be inversely related to rates of intrauterine growth, suggesting
a possible role of leptin in promoting fetus growth (44). Leptin
in human milk appears from mammary epithelial cells in milk
fat globules as well as being transferred from material blood
(45, 46). Leptin receptors have been identified in the human small
intestine, which suggests that breast milk leptin could play a role
in the short-term control of food intake in neonates (47).

In our experiments, leptin hormone was detected in all
analyzed milk samples before and after processing. The mean
concentration of leptin in raw milk samples was 269.97 ±

56.53 pg/ml (range 226.16–333.78 pg/ml) which is similar to
those reported in the literature (48) (Table 1). Leptin seems to
be a thermolabile protein, therefore it is not uncommon that
treatment in 62.5◦C by 30min decreases the detectable level
more than 70%, more slightly sterilization condition as 57◦C
caused comparable results, as was shown earlier. Surprisingly,
after high pressure processing we even detected an increase
relative to untreated milk (Figure 2C, Table 2). This phenomena
could be explained by the influence of hydrostatic pressure on
the physicochemical property of human milk. Human milk is a
very complex biological fluid that could be characterized simply
as an emulsion of fat globules in an aqueous liquid with cells
components. As was shown leptin is located predominantly in
emulsion phase of human milk, which consists of the milk fat
droplet or fat-associated proteins. Some portion of human milk
leptin is locally synthesized in mammary epithelium cells. In fact
documented effects of high pressure on milk lipids have been
scarce. However, milk fat globules appear to remain intact under
pressure, some alternation in globule size being observed (49).
It is not ruled out that pascalization of human milk causes the
release of leptin incorporated in milk fat globule or in cellular
component of human milk. Indeed, because of high variance,
the results after HPP treatment were not statistically significantly
different from raw milk.

In the case of adiponectin, the mean concentration detected in
raw milk samples was 5.30± 2.05 ng/ml (range 2.94–3.68 ng/ml)
which was comparable to others findings (Table 1). The average
quantity of adiponectin in humanmilk detected byMartin LJ and
coworkers was ∼19 ng/ml (range 4–88 ng/ml) (50). In another
study median adiponectin concentration in human milk was
9.99 ng/ml (range 3.59–20.52 ng/ml). Adiponectin levels remain
well detectable throughout the time of breastfeeding with a
high level at the beginning of the course of lactation and with
a decrease at the time of the introduction of complementary
feeding (51). Adiponectin, synthesized by adipocytes, exists
in plasma as a several different oligomeric proteins. High-
molecular-weight (HMW) adiponectin is a large multimer of
12–18 subunits, thought to be the most biologically active
form almost entirely existing in human milk (9). Therefore, we
evaluated this particular form of protein in the human milk after
processing. We have detected HMV adiponectin in all analyzed
human milk samples and we could observed that all methods
of treatment significantly decreased the content of adiponectin
in milk samples compared to raw milk (Figure 2D, Table 2).
Fortunately, the reduction of adiponectin in HPP variant 200

MPa +400 MPa was not so radical but not very much different
from after HoP. As was mentioned earlier, because of the crucial
role adiponectin in the regulation of insulin sensitivity in the
offspring, reduction of functional hormone in donor milk could
be especially problematic for very preterm infants who are at
increased risk of insulin resistance and type 2 diabetes later in
life (32).

The mean concentration of HGF in raw milk samples
was 1306.15 ± 956.99 mlU/ml (range 413.20–2261 mlU/ml)
(Table 1). In spite of concentrations of HGF in human milk is
dependent onmany factors including selection of the study group
and demographic variables, but the stage of lactation seems to
be crucial (52). The HGF level in colostrum is 20–30 higher
than in mature milk, which stresses the key role of this growth
factor in the development progress of newborns. Moreover, the
concentration of HGF in milk from mothers delivered preterm
were significantly higher than those from term deliveries. As
was speculated earlier, it was finally discovered that trophic
action of HGF from human milk occurs by the stimulation of
gastrointestinal (GI) epithelial cells (53, 54). In this context, the
presence of HGF in donor milk could represent a special benefit
in prevention of such serious GI track illnesses such as NEC. As
was n in Figure 2E the HGF level after treatment by HPP 200
MPa +400 MPa did not significantly differ from the level in raw
milk but it was significantly higher than the level of HGF in milk
subjected to other high pressure variants or HoP.

Insulin has been detected at very high levels in the human
colostrum of healthy mothers (114–306 mU/L) after that
decreasing by day 5 postpartum to the physiological levels at the
fasting state (55). Insulin seems to be actively transported into
milk irrespective of the source because exogenous insulin used for
treatment of type 1 diabetes is found in humanmilk. Surprisingly,
that levels of insulin are significantly higher in milk from type 1
diabetic mothers than that of non-diabetic control mothers (56).
As has been show earlier, insulin derived from derived insulin
could work effectively in newborn exerted hormone dependent
effect to glucose homeostasis (57). In addition to the key role
of insulin in blood glucose the homeostasis, the properties of
dietary hormone in influencing growth and development of the
small intestine was postulated (58). Recent studies have shown
the link of human milk hormone occurrence, as insulin as well
as leptin, with the proper pattern of intestinal microbiome in
neonates (59).

In our study the mean insulin concentration in raw milk
samples was 10.24 ± 4.02 pg/ml (range 6.10–14.67 pg/ml) which
is similar to data reported in the literature (60) Table 1. Thermal
treatment used in experiments affect significantly the content
of insulin in pasteurized human milk compared to raw milk.
The pasteurization changes occurred were comparable with the
remarkable decreased observed by Ley (32) (Figure 2F). In the
case of three out of four HPP variants, including HPP 200 MPa
+400 MPa, they gave results significantly better than holder
pasteurization.

In conclusion, our experiments showed that the 200+400MPa
variant is the best option of high pressure to preserve several
metabolic hormones and immunocomponents of human milk.
Our findings with persistent bioactive peptides in pascalized
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human milk is in line with the earliest reports concerning
retention of others hormones after HPP with great significance
for the infant’s health (21, 61, 62).

We showed, for the first time, preservation of several
metabolic hormones in donor milk HPP processing. Growing
recent studies in nutritional therapy of preterm’s have
emphasized the role of our discovery (63, 64).

We believed that preservation of important bioactive peptides
as hormones and growth factors in human milk is especially
important in the context of delivering donor milk for very
preterm infants.

LIMITATION OF THE STUDY AND FUTURE
DIRECTION

Lack of protocol for evaluation of new techniques was a severe
obstacle to improving the pasteurization stage of donor milk.
In the next step we would like to follow current expert’s
recommendation for validation of new method of human milk
processing and fit designed methodology for this, especially in
the matter of microbiology.
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Background: Human milk (HM) for preterm infants will often be pasteurized

for cytomegalovirus (CMV) inactivation and reduction of its bacterial count. High-

temperature short-time (HTST) treatment compared to standard Holder pasteurization

(HoP) reduces the impact of heat treatment on bioactive HM proteins while effectively

inactivating CMV. No data are available for the efficacy of bacterial count reduction using

HTST treatments that are available for clinical use.

Objective: To test the antiviral and antibacterial efficacy of HTST treatment protocols in

HM using a modified HTST treatment device compared to standard HoP.

Methods: Holder pasteurized 95mL HM samples were inoculated with Staphylococcus

aureus (ATCC 6538), Enterococcus faecalis (ATCC 29212), Pseudomonas aeruginosa

(ATCC 27853), Serratia marcescens (Smarc 00697), two different strains of Klebsiella

pneumoniae (ATCC 700603 and Kpn 01605) or spiked with 2 × 105 50% tissue culture

infective dose of CMV (AD169) and subsequently subjected to HoP (62.5◦C/30min) or

HTST treatment (62◦C/5 s, 62◦C/15 s, 72◦C/5 s, 72◦C/15 s, 87◦C/2 s, and 87◦C/5 s).

Bacterial count was determined after treated HM was cultured for 24 h. CMV infectivity

was determined by the number of specific CMV immediate early antigen stained nuclei

after inoculating human fibroblasts with appropriately prepared HM samples.

Results: Holder pasteurized samples revealed no growth after 24 h incubation.

Viable bacterial cultures were retrieved from all tested strains after HTST

treatment with the default HTST protocol (62◦C/5 s) that is available for clinical

use. Using other time-temperature combinations, growth rates of S. aureus,

E. faecalis, P. aeruginosa, K. pneumoniae, K. pneumonia, and S. marcescens

were depending on treatment time, treatment temperature, bacterial genera and

strain. Only after treatment temperatures above 72◦C no bacterial growth was

observed. CMV was inactivated by any tested time-temperature combination.
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Conclusions: HTST treatment inactivates CMV in 95mL HM samples but is less

effective than HoP in bacterial count reduction at a time-temperature combination of

62◦C/5 s. For a reliable bacterial count reduction HTST treatment at 87◦C was required

in this study.

Keywords: bacteria, human milk, cytomegalovirus, holder pasteurization, high-temperature short-time, HTST

treatment, preterm

INTRODUCTION

Human milk (HM) is naturally colonized with various
microbiota but its content may increase and diversify during HM
handling routines in a neonatal intensive care setting (1). HM
may also serve as a vector for cytomegalovirus (CMV) which
is frequently reactivated in the mammary gland of the CMV
seropositive lactating mother and transmitted via HM (2). HM
acquired bacterial sepsis and postnatal CMV infection has been
observed in preterm infants, displaying various degrees of illness
from clinically unapparent infection to septicaemia and death
(3). Hence, screening of maternal CMV serostatus and bacterial
HM content is performed in many neonatal units (4–7). In
case of suspected CMV shedding, HM for preterm infants may
either be freeze-thawed or pasteurized for CMV inactivation,
temporarily withheld or even discarded within some neonatal
units (7). Similar strategies are pursed for bacterial HM content
that is exceeding certain threshold levels or includes certain
bacterial genera or species (6). Holder pasteurization (HoP,
62.5◦C/30min) which has shown to eliminate most life forms
of HM microbiota will be applied by most neonatal units (6–8).
However, HoP has an adverse effect on bioactive HM content
and may adversely influence the immunocompetence of the
preterm infant (9). In contrast, high-temperature short-time
treatment (HTST, e.g., 62◦C/5 s) preserves bioactive HM proteins
compared to Holder pasteurization while effectively inactivating
CMV (10). However, data to support the use of HTST treatment
to reduce the bacterial HM content are limited and mostly
generated by experimental pasteurizers that are not available for
practical clinical use (10–13). The aim of this study was to test
the antimicrobial efficacy of a HTST treatment system that is
available for clinical use compared to standard HoP in artificially
inoculated HM.

MATERIALS AND METHODS

Human Milk Sampling
We obtained HM samples from three mothers whose infants
were treated in a German tertiary neonatal care unit, written
informed consent was obtained from the donating mothers.
Two of the donors were CMV seronegative as documented in
their prenatal care documentation, one was CMV seropositive.
Their expressed HM exceeded their infant’s enteral nutrition
requirements and was stored frozen in our institutional milk

Abbreviations: ATCC, American type culture collection; HM, human milk; cfu,

colony-forming unit; CMV, Cytomegalovirus; HoP, Holder pasteurization; HTST,

High-temperature short-time; PCR, polymerase chain reaction

bank. Donors did not receive any antibiotics for at least 4 weeks
prior expressing their HM.

Human Milk Preparation for Bacterial
Inoculation
HM samples from the CMV seropositive donor, frozen at−22◦C,
were thawed overnight at 4◦C and Holder pasteurized for 30min
holding time in a water bath at a plateau temperature of 62 ±

0.5◦C using a LABU Muttermilchpasteur 40 (Labu Buchrucker,
Ottensheim, Austria) to eliminate any potentially colonizing HM
bacteria. Immediately after the heat treatment, samples of 95mL
were prepared, andmicrobial cultures were performed as detailed
below.

Bacteria for artificial inoculation of HM were cultured on
blood agar at 36 ± 0.5◦C overnight (Thermo Fisher, Waltham,
MA). Thereafter colonies were suspended in 0.9% sodium
chloride and enumerated using the optical density method with
a turbidity meter at 620 nm (Dade Behring, Sacramento, CA).
Concentration of the bacterial suspension was 1 × 108 cfu/mL
of which 95 µl was added to a 95mL HM sample resulting in an
inoculation dose of 1 × 105 cfu/mL. Seventy-six HM samples of
95mL were subsequently inoculated with either Staphylococcus
aureus (ATCC 6538, n = 16), Enterococcus faecalis (ATCC
29212, n = 16), Pseudomonas aeruginosa (ATCC 27853, n =

12), Klebsiella pneumoniae (ATCC 700603, n = 11), Serratia
marcescens (Smarc 00697, n = 12) or Klebsiella pneumoniae
(Kpn 01605, n = 9). Those aliquots were then subjected to heat
treatment immediately after inoculation.

The selection of tested bacterial genera and species was based
on culture results from the routine HM surveillance screening of
our institutional milk bank or based on clinical isolates (Smarc
00697, Kpn 01605) obtained at our neonatal unit.

Human Milk Preparation for Viral
Inoculation
HM samples of the two CMV seronegative donors, frozen
at −22◦C, were thawed overnight at 4◦C. All samples were
pooled, and one unpasteurized aliquot of the pooled samples was
analyzed by CMV-PCR (RealStar, altona Diagnostics, Hamburg,
Germany) to confirm that donors did not excrete CMV via HM
and one further unpasteurized aliquot of the CMV seropositive
donor was accordingly analyzed. Sixteen aliquots of 95mL milk
were prepared and spiked with 2 × 105 50% tissue infective
doses per mL/HM of cell-free culture supernatant of CMV
laboratory strain AD169. An unpasteurized CMV spiked HM
aliquot and an unpasteurized sample of the CMV seropositive
donor served as positive reference samples for the CMV cultures.
One aliquot of the seronegative donors that was not inoculated
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with CMV served as an unpasteurized negative reference sample
for the CMV cultures. Positive and negative control samples were
equally subjected to milk processing for viral analysis (Figure 1).

High-Temperature Short-Time Treatment
High-temperature short-time treatment was performed using
a Virex II (Lauf, Tübingen, Germany) as described in detail

elsewhere (13). For this study this machine was modified to allow
heat treatment not only at the usually non-adjustable default
setting (62◦C/5 s) but also at various adjustable temperatures
(62, 72, and 87◦C) and time (2, 5, and 15 s) combinations. To
increase the applicability of HTST treatment in a human milk
bank setting, the bulk volume was increased from the default
volume (50mL) to 95mL.

FIGURE 1 | Flowchart of the study procedure. (A) viral studies, (B) bacterial studies. PCR-Studies of CMV the seropositive donor are not depicted. HM human milk,

CMV cytomegalovirus, IEA immediate early antigen.
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The 95mL HM samples that were inoculated with bacteria
or spiked with CMV were successively placed in a rotating glass
flask. The resulting thin milk layer was heated by hot air to
a plateau temperature of either 62◦C for a holding time of 2 s
(CMV only), 5 s and 15 s or heated to 72◦C for 5 and 15 s or
to 87◦C for 2 and 5 s (CMV not tested at 87◦C), respectively
(Table 1). Afterwards, the glass flask was rapidly cooled with
water at 14◦C.

Each HTST treatment for a tested time-temperature
combination and for a given bacterial species as well as the CMV
spiked samples was repeated two fold. Time-temperature curves
of every HTST cycle were measured with a sample-frequency
of 10Hz and digitally recorded on an external hard drive. The
device was cleaned according to the manufacturer’s specification
in between the treatments to avoid cross-contamination.
Immediately after completion of the heat treatment two agar
discs were inoculated with 100 µL pasteurized HM of each
sample. The viral samples were stored at 4◦C until further
processing.

Holder Pasteurization
Three of each 95mL HM samples that were incubated
with different bacterial strains or spiked with CMV as
detailed above were subjected to Holder pasteurization at
62.5 ± 0.5◦C/30min using the clinitherm Pasteur 40 (Barkey,
Leopoldshöhe, Germany). Immediately after completion of
the pasteurization process 100 µL of the HM samples were
inoculated onto agar disks, the CMV spiked samples were stored
at 4◦C until further processing.

Human Milk Processing for Viral Analysis
From each of the three Holder pasteurized CMV spiked samples,
12 HTST pasteurized CMV samples, the unpasteurized CMV
spiked samples and the donors’ unpasteurized positive and
negative reference samples, two 5mL aliquots (n = 36) were
prepared using a Falcon test tube (BD, New Jersey, NJ). To
separate the milk fractions aliquots were centrifuged at 4◦C
and 600 g for 10min (Centrifuge 5810 R, Eppendorf, Hamburg,
Germany). The resulting aqueous layer was centrifuged at 4◦C
and 600 g for 10min and the subsequently resulting whey
supernatant was further centrifuged at 4◦C and 2585 g for 10min.
The resulting whey supernatant was filtrated with the Arodisc
Syringe Filter 0,45µmwith Supor Membrane (Pall, NY, NY) and
then subjected to ultracentrifugation 4◦C and 50,000 g for 60min
(Optima MAX XP, Beckmann Coulter, Brea, CA). The resulting
pellet was resuspended in 250 µl tissue culture medium and used
to quantify CMV infectivity.

Detection of CMV Infectivity
Human foreskin fibroblasts were seeded into 24 well plates
(Falcon, BD, New Jersey, NJ) and were maintained in minimal
essential medium until further use (Gibco MEM supplemented
with 5% fetal calf serum, Thermo Fischer). The medium was
removed before inoculation and 100 µL of processed HM
specimen was added to each well. Inoculated plates were
centrifuged at 4◦C and 900 g for 50min (Centrifuge 5810 R,
Eppendorf, Hamburg, Germany). T
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After centrifugation virus inoculum was removed, 1mL of
minimal essential medium was added to each well and the
cultures were incubated at 37◦C and 5% carbon dioxide for
18 h. Afterwards, monolayers were washed twice in phosphate-
buffered saline and fixed with ice-cold acetone for 20min. Cell
monolayers were then incubated with an anti-CMV immediate
early antigen (IEA) monoclonal antibody (bioMérieux, Lyon,
France) and, after washing, with a fluorescein isothiocyanate-
labeled goat anti-mouse immunoglobulin G conjugate (Agilent,
Santa Clara, CA). Read-out was the number of CMV specific
IEA stained nuclei/mL whey. Duplicates for each sample were
analyzed.

Bacterial Count Analysis
We inoculated Columbia blood agar with 5% sheep blood
(Thermo Fisher) with 100 µL of the pasteurized whole milk
samples. Duplicate plates for each sample were inoculated and
counted in all instances. The agar were incubated for 24 h at 36
± 0.5◦C and 5% carbon dioxide in a Heracell incubator (Thermo
Fisher) before colony-forming units per milliliter (cfu/mL) were
determined with a lower limit of detection of < 10 cfu/mL.

Data Analysis and Statistics
Bacterial HM concentration was determined as cfu/mL;
antibacterial efficacy is reported as raw values and log reduction
rates. Bacterial counts were transformed to log10 values for
statistical analysis. A one-sample t-test was employed to
compare the reduction in the HTST treatment with the complete
reduction observed in the HoP treatment. Statistical analyses
were performed using GraphPad Prism (V5.02, GraphPad, San
Diego, CA). A p-value < 0.05 was considered significant.

RESULTS

A flowchart summarizing the study procedure is given in
Figure 1. Characteristic time-temperature curves of the HTST
pasteurization process at of 62 and 72◦C/15 s are shown in
Figure 2.

No bacterial growth could be detected in any of the pooled and
Holder pasteurized HM samples before experimental bacterial
inoculation.

Bacterial concentrations in the inoculated 95mL HM samples
after culturing for 24 h were 7.9 × 104 cfu/mL for S. aureus,
1.16 × 105 cfu/mL for E. faecalis, 1 × 105 cfu/mL for P.
aeruginosa, 1.04 × 105 cfu/mL for S. marcescens, 3.6 × 104

cfu/mL for K. pneumoniae (Kpn01605), and 5.7 × 104 cfu/mL
for K. pneumoniae (ATCC 700603). Again, following HoP no
bacterial growth for any of the tested bacterial species or strains
could be detected (Table 1).

Viable cultures were retrieved from all tested strains after
HTST pasteurization with the default HTST protocol of 62◦C/5 s
of S. aureus, E. faecalis, P. aeruginosa (p < 0.0001), and S.
marcescens (p = 0.002). In general, growth rates after HTST
pasteurization compared to HoP depended on treatment time,
treatment temperature, bacterial genera, species and strain
(Table 1). Positive bacterial cultures could be retrieved for any
tested plateau temperature of <87◦C for the cultures incubated

with S. aureus and E. faecalis albeit differences compared to HoP
were not consistently statically significant (Table 1). The samples
incubated with P. aeruginosa, K. pneumoniae and S. marcescens
remained without detectable growth after pasteurization of at
least 72◦C/5 s. The two tested strains of Klebsiella did exhibit
differing heat susceptibility (p = 0.029). All positive cultures
revealed monomicrobial growth consisting of the respective
incubated strain.

Number of CMV copies obtained by PCR from the CMV
seropositive donors’ milk was 7,000 IE/mL and mean (SD)
number of IEA positive cells in the positive control sample from
the CMV seropositive donor was 20 ± 0/mL. No CMV copies
were obtained by PCR and no IEA positive cells could be detected
in the negative control samples from the CMV seronegative
donor. After experimental CMV spiking a mean (SD) of 32 ±

5.6 IEA positive cells/mL were detected before pasteurization.
CMV was inactivated by HoP and HTST pasteurization at all
tested time-temperature combinations, no IEA positive cells were
found.

DISCUSSION

This HTST treatment system was not as effective in bacterial
count reduction as standard HoP at a time-temperature
combination of 62◦C/5 s. Colony counts of E. faecalis and P.
aeruginosa were still present in abundance and counts of S. aureus
and S. marcescens were reduced by more than two orders of
magnitude but were still cultivable after exposure to 62◦C/5 s.
Only after an being exposed to 87◦C all culture remained without
growth.

Antibacterial efficacy of different types of HTST pasteurizers
have been tested before at temperatures above 70◦C and the
choice of plateau temperatures within our study was modeled
on these observations. Bacterial counts of naturally colonizing
HM treated at 72 and 87◦C for 1, 3, and 15 s was reduced
by 83% to more than 99% (cfu/mL), respectively (12). Heating
HM to 71◦C/5.75 s, 71◦C/9 s or 71◦C/18.5 s in a continuous flow
pasteurizer revealed more than 5 log reduction in HM artificially
inoculated with S. aureus or E. coli, respectively (11). These
observations are in line with our results, while temperatures as
low as 62◦C for bacterial count reduction in HM were not tested
before.

The tested microbiota exhibited variable susceptibility to
heat treatment, even between strains (8). This may explain the
divergent results from previous studies where HTST treatment
at 62◦C/5 s of naturally colonized human milk was nearly as
effective as HoP (10). Furthermore, this may result in less
predictable pasteurization results if bacterial count reduction is
pursued.

HTST treatment is currently applied in some neonatal units
for CMV inactivation and bacterial count reduction while
applying widely differing cut off values for HM microbiota
content indicating pasteurization (4–7). Neonatologists that are
intending to reduce bacterial HM content need to be aware of
the potential limitation of HTST treatment systems in regard of
their antibacterial efficacy compared to HoP. However, bacterial
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FIGURE 2 | Characteristic time-temperature curves of the high-temperature short-time pasteurization processes. (A) time-temperature combination of 62◦C/15 s;

(B) time-temperature combination of 72◦C/15 s.

HM count reduction to decrease morbidity in preterm infants–
namely from late-onset-sepsis and necrotising enterocolitis–
remains debated because sound data to prove a beneficial
influence of bacterial count reduction by pasteurization are
missing (14–16).

Furthermore, any kind of heat treatment indiscriminately
degrades cellular and non-cellular content of HM to a
variable degree (17). Affected are both naturally colonizing
HM bacteria and biologically active components that are
involved in gut maturation and digestion, in shaping the
infants immune system as well as its intestinal microbiome
(18).

HTST has been shown to increase the retention rate of
immunoglobulin A (10), lactoferrin (12, 19), and growth factors
(20) amongst other proteins (21) compared to HoP. Therefore,
HTST treatment as opposed to HoP of milk for preterm infants
may be beneficial to improve neonatal outcome but clinical data
are lacking so far. Nevertheless, HM should be subjected to
the lowest energy intake possible to achieve a pursued aim, i.e.,
reducing bacterial count, inactivating virus or both.

CMV inactivation in HM for preterm infants is performed

in many neonatal units to prevent HM acquired postnatal CMV
infection (5–7). The original purpose of this tested HTST system

with a non-adjustable default setting of 62◦C/5 s is to inactivate

CMV (13, 20). Viral inactivation is facilitated by rapidly heating
a thin layer of HM within a rotating glass flask. We increased

the default bulk of HM from 50 to 95mL to advance the
feasibility of HTST pasteurization in a human milk bank setting.

Because of the resulting increase in thickness of the resulting fluid
layer CMV inactivation had to be retested under this condition
resulting in an effective CMV inactivation in 95mL batches.

The apparent desire by some neonatologists to control

bacterial content of HM should be considered when developing
HM pasteurizers (22). Temperature-time combinations and

modes of operation should be tested for its antibacterial efficacy
(21) and guided by official regulations concerning pasteurization

requirements (23). However, if exclusively CMV inactivation is
pursued, a much lower energy intake may be used to treat HM
and those requirements may not fit to the current definition of
pasteurization of non-human milk (24).

Our study has some limitations. HTST pasteurizers utilized
in previous studies were experimental prototypes with different
modes of action (continuous flow vs. bulk pasteurization) and
different modes of heating (plate heater exchanger vs. heating
thermostat), this must be considered when comparing our
findings to previous observations. We were not able to test
all time-temperature combinations for every bacterium due to
limited HM supply. Genera, species and strains other than those
tested in our study may be present in HM. Heat susceptibility
of those microbiota may be different than the ones tested,
and the choice of different strains might have influenced our
results. Within the study we exclusively tested HM inoculated
with single strains of bacteria, but clinical HM isolates may
contain multiple strains. We can only speculate if inoculation
with multiple strains could have influenced our results. As
different cultural agars exhibit varying recovery rates of heat-
processed bacteria the choice of agar might have influenced our
results (25). We chose to apply those agars used in the routine
HM screening program of our neonatal unit. We did not test
HM samples for the presence of bacterial growth inhibitors.
Furthermore, different HM concentrations of antimicrobial
proteins e.g., lactoferrin or immunoglobulins between donors
could have influenced our results. However, there was no history
of recent antibiotic treatment of donors and sinceHMwas pooled
results for both modes of pasteurization would have been equally
affected.

CONCLUSIONS

This HTST treatment procedure inactivates CMV in 95mL HM
samples but is not as effective as standard HoP in bacterial count
reduction at a time-temperature combination of 62◦C/5 s.
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Background: Holder pasteurization is commonly used in milk banks. We previously

reported that the pattern of temperature and time may be different according to the

pasteurizer used.

Aim: The aim of our study was to assess the variances in pasteurization using two

different devices: a standard pasteurizer (Past STD) and an optimized pasteurizer (Past

OPTI).

Methods: Immunoglobulin A (IgA), lactoferrin (LF), and lysozyme (LZ) content were

assessed before and after pasteurization of 24 donor human milk samples. The impact

of the pasteurization device was evaluated by testing 50- to 200-mL samples.

Results: Mean temperature and duration of the plateau were 1.5◦C lower and 11min

shorter, respectively, with Past OPTI vs. Past STD. The loss of IgA, LF, and LZ was 17.6,

5.6, and 9.8% lower, respectively, with Past OPTI than with Past STD.

Conclusions: Accurate control of temperature enabled better preservation of IgA, LF,

and LZ in donor milk. Holder pasteurization should be optimized, and new techniques

proposed to treat donor milk should be compared with Holder pasteurization performed

with a well-controlled device under realistic conditions.

Keywords: human milk bank, donor human milk, quality control, milk processing, immunity

INTRODUCTION

Humanmilk (HM) is the gold standard for very-low-birth-weight infant nutrition. Its antimicrobial
and immunomodulatory components, such as lactoferrin (LF), immunoglobulin A (IgA), or
lysozyme (LZ) compensate for the deficit in neonatal immune system and contribute to the
prevention of sepsis in these vulnerable infants (1–5). The mother’s milk is the first choice,
but when unavailable, donor HM from a milk bank is the best alternative (6). The safety of
donor HM is a main concern of HM banks and is achieved by pasteurization. The reference
method used worldwide is Holder pasteurization, which consists of heating the milk at a low
temperature (62.5◦C) for a long duration (30min). Holder pasteurization partially destroys some
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HM components (1). Most relevant studies have been performed
in vitro with very small samples of HM, with discrepancies in the
results (1, 7). These discrepancies could be related to differences
in pasteurizer performance, which has not been evaluated and
described in most studies, as it is assumed that all pasteurizers
have the same performance, which is not the case (8).

Indeed, Czank et al. reported that the impact of heat
treatment on HM properties depends on temperature. Between
40 and 57◦C, immune components were stable but dramatically
decreased above 58◦C, lactoferrin being the most affected
(9). Moreover, we previously reported that pasteurization
temperature was different depending on the type of pasteurizer.
Time and temperature during the pasteurization process were
inconsistent when using an air-ventilated pasteurizer. Not all
bottles were exposed to the same temperature for the same
duration, resulting in heterogeneous pasteurization.With a water
pasteurizer, pasteurization was more homogenous than with
an air-ventilated pasteurizer. Furthermore, we reported that
an optimized pasteurizer produced better results than a non-
controlled one (8). Optimization was achieved by a precise
adjustment of the machine to comply with recommendations
(1, 8). It could be helpful to preserve bioactive components of
HM (5). The benefits of HM are well-documented (6) andmost of
them are related to the immune component (2, 3) The aim of the
study was to assess LF, IgA, and LZ content of donor HM before
and after Holder pasteurization using two water pasteurizers: a
standard device (Past STD) and an optimized device (Past OPTI).

MATERIALS AND METHODS

This study was performed at the regional HM bank (Lactarium
Auvergne Rhone-Alpes, LARA) at the Croix-Rousse University
Hospital in Lyon, France.

Two devices from the same manufacturer (HSC, Décines,
France) were used for this study: a standard device (PAS
10000 first version) and an optimized device (PAS 10002).
In both devices, bottles were partially immerged and agitated
continuously to ensure temperature homogenization. Cooling
process differed: Past STD cooled the milk with ambient
tap water, while Past OPTI cooled the milk down to 4◦C
with a tank of refrigerated water. Past STD was an older
pasteurizer compliant with standard temperature regulation.
Past OPTI was designed with a new regulation system offering
a lower temperature and shorter duration of plateau during
pasteurization cycle. Prior to study we characterized each
pasteurizer by recording the temperature during a pasteurization
cycle, using external probes as previously recommended (1, 8).
Past STD did not adhere to the following criteria previously
proposed (8) (such as the mean temperature between 62.5 and
64◦C and plateau duration between 30 and 35min. By contrast,
the temperature pattern of Past OPTI were in agreement with
these criteria.

Donors provided written informed consent for the use of their
milk for this research purpose. The milk used for the study was

Abbreviations: HM, Human milk; IgA, Immunoglobulin A; LF, Lactoferrin; LZ,

Lysozyme; Past OPTI, Optimized pasteurizer; Past STD, Standard pasteurizer.

frozen donor milk that was collected for research use and could
not be used for premature infants because of contraindication
according to the French national guidelines (herbal intake,
transfusion, >4 months of storage, or smoking) (10).

Study Design
The milk from each donor was thawed, poured into an
Erlenmeyer flask and homogenized by manual stirring. The milk
was divided into 24 single-use polypropylene bottles (Beldico SA,
Marche-en-Famenne, Belgium) (Figure 1). A sample of 10mL
was collected from each bottle before pasteurization.

The bottles (50–200ml) were then similarly distributed within
each pasteurizer (Past STD and Past OPTI) and subjected to a
routine pasteurization cycle (Figure 2). A second 10-mL sample
was collected from each bottle after pasteurization.

All samples were anonymously labeled, for blind analysis
frozen at −21◦C and carried to the laboratory in an
icebox. Blinded assessment of LF, IgA, and LZ before and
after pasteurization was performed at the biochemistry
and immunology laboratories in Lyon-Sud Hospital using
enzyme-linked immunosorbent assay.

As the range of LF and IgA values was broad, the coefficients
of variation were calculated with a low and high value of each
component. The range of values was narrower for LZ, and
therefore the coefficient of variation was calculated based on a
single value. Because of technical problems, LZ content was not
assessed in three samples.

Statistical Analysis
We calculated the mean and standard deviation of the LF, IgA,
and LZ content before pasteurization.We evaluated the impact of
pasteurization on LF, IgA, and LZ concentrations by expressing
the results as the difference between the concentration before
and after pasteurization and finally as the percentage of retention
after pasteurization. This was calculated for both pasteurizers.
Differences in absolute value and percentage of pre-treatment
value were compared by a Wilcoxon matched sample test. The
threshold of significance was set at 0.05. The software used for
analysis was SPSS R© version 19 (IBM SPSS Statistics, Boigny-sur-
Bionne, France).

RESULTS

The characteristics of the pasteurization cycles of both
pasteurizers were different (Table 1). The mean plateau
temperature and duration were 1.5◦C lower and 11min shorter,
respectively, with Past OPTI than with Past STD (Table 1).

The coefficient of variation for assessment of LF and IgA was
6.3 and 4.6% for lower values (mean values tested: 106 and 735
mg/L) and 11.4 and 3.6% for higher values (mean values tested:
713 and 1,591 mg/L), respectively. The coefficient of variation for
LZ assessment was 7.4% (mean value tested: 143 mg/L).

Median (min, max) values before pasteurization were 631
(465, 915) mg/L for LF, 1,976 (1,103, 2,528) mg/L for IgA, and
195 (135, 357) mg/L for LZ. Reduction in LF, IgA, and LZ was
greater when using Past STD compared with Past OPTI, with
a median reduction of −559.5 (−813, −410) mg/L vs. −499.5
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FIGURE 1 | Design of the study and distribution of samples tested with the two pasteurizers: Past STD represents the, standard pasteurizer, while Past OPTI

represents the new pasteurizer with better regulation. Each donor’s milk was divided in order to be assessed in each device. Each sample was assessed for

lactoferrin, IgA, and lysozyme before and after pasteurization.

FIGURE 2 | Distribution of the samples in the Past STD and Past OPTI pasteurizers. Capital letters represent the identification of the donor. The volume in each bottle

is indicated.

TABLE 1 | Characteristics of pattern of holder pasteurization of Past STD and

Past OPTI.

Past STD Past OPTI

Mean plateau temperature (◦C) 64.4 <62.9

Min plateau temperature (◦C) 62.7 62.6

Maximum plateau temperature (◦C) 64.8 62.9

Mean plateau duration over 62.5◦C (min) 42 31

(−772, −322) mg/L (p = 0.02) for LF, −887.5 (−1,947, −465)
mg/L vs. −494.5 (−948, −239) mg/L (p = 0.006) for IgA, and
−46.5 (179, −2) mg/L vs. −24 (−109, 13) mg/L (p = 0.037) for
LZ, respectively (Figure 3). Retention of immune components

after pasteurization was ∼20% for LF, 60% for IgA, and 80%
for LZ (Figure 3). Retention was significantly higher with Past
OPTI than with Past STD: 21.6 vs. 16% for LF, 71.3 vs. 53.7%
for IgA, and 84.2 vs. 74.4% for LZ, which represented a gain of
+5.6, +17.8, and +9.8 points for LF, IgA, and LZ, respectively
(Figure 3).

DISCUSSION

In this study, we observed that an optimized pasteurization better
preserved the immune components compared with a standard
pasteurization owing to strict control of HM exposure to heat.

The effect of exposure to different temperatures during the
Holder pasteurization process is a remaining matter of concern.
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FIGURE 3 | Schematic representation of loss of lactoferrin, IgA, and lysozyme after Past STD (white) and Past OPTI (gray) pasteurization expressed by mean (x) and

median (–) in boxplots. The values of preservation are also presented as percentages depending on the pasteurizer used.

Czank et al. described the differences between three types of
pasteurizers (bottle immersion (sterifeed), Holding chamber
(saurin industries), and an experimental one designed for the
study allowing precises’ measures of temperature (Carag AC).
The impact of the different pasteurizers was not drastic with
respect to LF and IgA but was of concern for LZ, in favor of the
experimental pasteurizer (9). However, the temperature patterns
were not available for these devices, and the composition of
treated HM was different. A strength of our study is that we
analyzed precisely the temperature pattern of both pasteurizers
and we used the same milk for measurements before and
after pasteurization to avoid skewing of data due to variations
in milk composition (11, 12). Meredith-Dennis et al. also
showed differences in LF, IgA, and LZ contents assessed in
HM treated with different methods (Holder pasteurization, vat
technique or retort sterilization). Indeed, LF, IgA, and LZ—
concentrations were greater after Holder pasteurization than
after other methods. However, as the samples of HM were
different and randomly selected, it was difficult to disentangle
effects related to the selection of HM and to the difference in
pasteurization methods (11).

In our study, we observed that better temperature control
had a statistically significant impact on the retention of
three major immune components in HM. We used these
components as markers because their effects are well-known,
and clinical benefits may be achieved from increasing
their concentration in donor HM (13). These markers are
commonly used, allowing comparison with levels in other
studies (1). In fact, the concentrations of immune components
measured in our study were within the range of previously

reported values (12, 14–17). Although we did not assess
the concentration of other components, we expect that it
might also be impacted by the improvement of temperature
control.

In recent reviews, the retention after pasteurization ranged
from 10 to 65% for LF, 38 to 80% for IgA, and 31 to 80% for
LZ, but most articles did not specify the pattern of pasteurization
of the devices (1, 7), which could be responsible for these
discrepancies (1). Furthermore, nearly all previous studies were
performed with very small samples of HM (1). A strength of
our study is that it was carried out under conditions closest to
routine working conditions of HM banks In such a context we
observed that excepted for LF, the retention rates measured in
our study were in the upper range of retention reported in the
literature (53 and 71% of IgA, 74 and 84% of LZ) (7). It suggests
that the impact of Holder pasteurization could be much less than
previously published, under the condition that it is a good quality
pasteurization (18, 19).

The reduction in immune components following the Holder
pasteurization is well-known (1, 7). Therefore, new techniques
have been proposed such as high pressure processing, high
temperature-short time pasteurization or ultraviolet-C (20–
22). The feasibility of their routine use in HM banks is still
to be evaluated. Furthermore, the impact on HM bioactive
components should be assessed in conditions as close as possible
to HM bank, i.e., in large enough milk samples (50–200mL) and
using pasteurizers (not laboratory devices). Finally, it should be
compared to the reference method, i.e., Holder pasteurization,
performed with devices using a stringent control of temperature
during the whole pasteurization cycle (8).
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A limitation of our study is that samples were frozen before
reaching the laboratory. Indeed, Akinbi et al. reported that
freezing induced supplementary loss of immune components
(12). However, it is unlikely that the freezing influenced the
comparison between pasteurizers, as all HM samples were
handled similarly. Furthermore, it suggests that the percentage of
immune components preserved after Holder pasteurization was
underestimated.

Another limitation is that the only biological parameters
measured were the concentrations of three major immune
components. Although our study was not designed to investigate
the relationship between retention of immune components and
clinical evolution, it is well-known that beneficiary effects of HM
on health of preterm infants are due in part to its composition (2,
3, 23). HMhelps reduce the occurrence of nosocomial bacteremia
and the risk of late-onset sepsis in preterm infants (2, 23, 24)
It can be assumed that the efficacy of HM is proportional
to the quantity of immune components. Therefore, assessing
the concentrations of these components may be considered
useful until further clinical studies are able to clearly identify
benefits related to improvements in pasteurization process.

In conclusion, our results suggest that better control
of temperature during Holder pasteurization can improve
preservation of LF, IgA, and LZ. Holder pasteurization is used
worldwide in HM banks, because it offers the best compromise
between efficiency and feasibility. Therefore, it is essential
to use only pasteurizers that underwent a stringent control
of temperature pattern commercially available. When new

techniques are proposed for donor HM treatment, they should
be compared under realistic conditions with a well-controlled
pasteurizer.
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Human Milk Oligosaccharides in the
Prevention of Necrotizing
Enterocolitis: A Journey From in vitro
and in vivo Models to Mother-Infant
Cohort Studies
Lars Bode*

Department of Pediatrics and Larsson-Rosenquist Foundation Mother-Milk-Infant Center of Research Excellence (LRF MOMI

CORE), University of California, San Diego, La Jolla, CA, United States

Preterm infants who receive human milk instead of formula are 6- to 10-times less likely

to develop necrotizing enterocolitis (NEC), one of the most common and devastating

intestinal disorders that affects 5–10% of all very-low-birth-weight infants. Combined

data from in vitro tissue culture models, in vivo preclinical studies in animal models,

as well human mother-infant cohort studies support the hypothesis that human milk

oligosaccharides (HMOs), complex sugars that are highly abundant in human milk but

not in infant formula, contribute to the beneficial effects of human milk feeding in reducing

NEC. The almost 20-year long journey of testing this hypothesis took an interesting turn

during HMO in vivo efficacy testing and structure elucidation, suggesting that the original

hypothesis may indeed be correct and specific HMO reduce NEC risk, however, the

underlying mechanisms are likely different than originally postulated.

Keywords: preterm infant, necrotizing enterocolitis, breast milk, infant nutrition, human milk oligosaccharide

NECROTIZING ENTEROCOLITIS (NEC) IS ONE OF THE MOST
COMMON AND DEVASTATING INTESTINAL DISORDERS IN
PRETERM INFANTS, BUT THERAPEUTIC OPTIONS ARE LIMITED

Necrotizing enterocolitis (NEC) is one of the most common and devastating intestinal disorders
in preterm infants [reviewed in (1)]. In the United States and Canada the mean prevalence of
NEC in infants with a birth weight between 500 and 1,500 g is about 7%, but can be much higher
in certain neonatal intensive care units (NICUs) (2–5). NEC is one the most common causes
of gastrointestinal surgical emergencies among neonates and is also the most common cause of
death among neonates requiring gastrointestinal surgery (6–8). Themortality rate for NEC patients
ranges from 10 to 50% and approaches 100% for patients with the most severe form of the disease
(2). Survivors are often faced with long-term neurological complications (9). The total annual costs
to care for infants with NEC in the United States alone are estimated to be between $500 million
and $1 billion (1, 10, 11).

Medical interventions to treat NEC are limited and typically include bowel decompression,
discontinuation of enteral feeding and broad-spectrum intravenous antibiotics [reviewed in (1, 12,
13)]. Surgical interventions range from drain placement to resection of diseased bowel, but once
surgery is required, the outcome is often poor.
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The rapid onset, fulminant progression, and limited treatment
options make it most desirable to prevent NEC all together before
it strikes. Preventative approaches include the use of enteral
antibiotics, administering pre-, pro-, or synbiotics, growth
factors, cytokines, and glucocorticoids [reviewed in (1, 14, 15)].
Most of these approaches are however controversial (16–18) or
have not been validated in preclinical or clinical studies.

Overall, therapeutic options to treat or prevent NEC are
highly limited. New safe and effective NEC therapies are urgently
needed to meet the clinical needs of preterm infants that suffer
from this devastating condition.

NEC ETIOLOGY AND PATHOGENESIS ARE
COMPLEX AND IN PART UNDEFINED

Instead of representing one clearly defined disorder, NEC
may represent a syndrome, with a variety of etiologies and
commonalities in the underlying pathogenetic mechanisms.
Although NEC pathogenesis is incompletely understood, it likely
involves intestinal immaturity and an excessive inflammatory
response to an imbalance in the microbial colonization of
the infant’s intestine [dysbiosis; reviewed in (1, 19)]. One
of the proposed models suggests that perinatal hypoxia or
a mild postnatal infection could be the primary insults
causing mild mucosal damage and impaired intestinal epithelial
barrier function (19). Following (formula) feeding and a
proliferation of the intestinal microbiome, an increased uptake of
bacteria and bacterial metabolites including lipopolysaccharides
(LPS) into the mucosa triggers the endogenous production
of inflammatory cytokines such as platelet-activating factor
(PAF) and tumor necrosis factor alpha (TNFα), which in
turn further enhance intestinal permeability, closing a vicious
circle. PAF also synergizes with LPS and TNFα, reaching
a threshold necessary to induce an inflammatory cascade,
which includes mucosal neutrophil infiltration and activation.
Eventually, vasoconstriction occurs and leads to ischemia and
subsequent reperfusion. Reactive oxygen species (ROS) produced
by activated neutrophils and intestinal epithelial xanthine oxidase
may then cause severe tissue necrosis and breakdown of the
intestinal barrier. Entry of large amounts of bacteria and LPS
leads to sepsis, shock, and death. Figure 1 shows a flow diagram
of the proposed pathogenesis of NEC [modified after Hsueh et al.
(19)].

NEC INCIDENCE IS SIGNIFICANTLY
LOWER IN HUMAN MILK-FED INFANTS
COMPARED TO FORMULA-FED INFANTS

Several studies have shown that NEC incidence is 6- to 10-
fold lower in human milk-fed infants compared to formula-
fed infants (20–23). It is unclear whether components in
infant formula trigger NEC, whether components in human
milk protect from NEC, or whether a combination of both
is responsible for the gap in NEC incidence between human
milk-fed and formula-fed infants. However, a significant number
of infants still develop NEC although they exclusively receive

human milk and are not exposed to infant formula. These
observations speak against the notion that components in
infant formula trigger NEC and support the idea that bioactive
components in human milk protect from NEC. Interpersonal
variation in human milk composition may explain why some
infants still develop NEC despite receiving human milk.

HUMAN MILK OLIGOSACCHARIDES
(HMOS) ARE THE THIRD MOST
ABUNDANT COMPONENT OF HUMAN
MILK. HMOS HELP SHAPE THE INFANT
GUT MICROBIOME AND MAY PREVENT
NEC-ASSOCIATED DYSBIOSIS

Human milk contains a high amount of complex glycans
(carbohydrates, sugars) that are not present in infant formula
[reviewed in (24–28)], which led us to hypothesize that these
human milk oligosaccharides (HMOs) at least in part contribute
to the lower incidence of NEC in human milk-fed infants. HMOs
are the third most abundant component in human milk (5–20
g/L), surpassed only by the concentrations of lactose (∼70 g/L)
and lipids (∼40 g/L). HMO composition follows a basic blueprint
that connects the five building blocks glucose (Glc), galactose
(Gal), N-acetylglucosamine (GlcNAc), fucose (Fuc), and the sialic
acid derivative N-acetylneuraminic acid (Neu5Ac) in specific
linkages. More than 150 different and structurally distinct HMOs
have been identified and the composition varies between women
as well as over the course of lactation. Once ingested, HMOs
withstand the low pH in the infant’s stomach (29), resist
degradation by pancreatic and brush border membrane enzymes
(29, 30), and reach the infant’s distal small intestine and colon.
Here, HMOs act as prebiotics that serve as metabolic substrates
for potentially beneficial bacteria to thrive while supressing
other, potentially harmful bacteria. In addition, HMOs are
antiadhesives that serve as soluble adhesion receptor decoys and
block the attachment of potential viral or bacterial pathogens
to the infant’s intestinal epithelial cell surface, a process that
otherwise allows pathogens to proliferate, and in some cases
invade, and cause disease. Moreover, HMOs are antimicrobials
that directly kill bacteria (cytotoxic) or at least reduce bacterial
proliferation (cytostatic). Altogether, these mechanisms shape
the infant gut microbiome early in life (26–28, 31) and may
counteract dysbiosis at the early stages of NEC pathogenesis
shown in Figure 1.

HMOS ARE ABSORBED INTACT,
INTERFERE WITH IMMUNE CELL-CELL
INTERACTIONS, AND MAY REDUCE
NEC-ASSOCIATED INFLAMMATION

HMOs are not only present in the infant’s intestinal lumen,
they are also absorbed, reach the systemic circulation, and are
excreted intact with the infant’s urine (32–35). Thus, in addition
to effects in the intestinal lumen, HMOs may also interfere with
the inflammatory cascade involved in NEC pathogenesis.
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FIGURE 1 | Flow diagram of proposed NEC pathogenesis and potential benefits of HMOs. HMO, human milk oligosaccharides; NEC, necrotizing enterocolitis; PAF,

platelet-activating factor; PNC, platelet-neutrophil complexes; ROS, reactive oxygen species [modified after Hsueh et al. (19)].

Mucosal neutrophil infiltration and activation are thought
to be early key events in NEC pathogenesis. Neutrophils are
first decelerated from the blood stream before they adhere
to endothelial cells and transmigrate (Figure 2A). Neutrophil
deceleration, the “rolling” on activated endothelial cells, is
mediated by adhesion molecules of the selectin family (37).
Selectins bind to carbohydrate determinants, predominantly

Sialyl Lewis x (SLex; NeuAcα2-3Galβ1-4(Fucα1-3)GalNAc)
(38), on glycoconjugate ligands. While L-selectin (CD62L)
is constitutively expressed on leukocytes, P- and E-selectins
(CD62P and E) are expressed on platelets and endothelial
cells, and their expression is upregulated by inflammatory
cytokines such as TNFα. P-selectin expression is increased
on intestinal endothelial cells in NEC patients and strongly
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FIGURE 2 | Selectin-mediated cell-cell interactions and potential interference with HMOs. (A) Leukocytes decelerate from the blood stream before they adhere and

finally transmigrate to the site of inflammation. The initial rolling, the first interaction between leukocytes and activated endothelial cells, is mediated by selectins (box).

HMOs (red dots) serve as selectin ligand analogs, reduce selectin ligand binding, and are thought to reduce leukocyte rolling and infiltration (modified after http://ley-

leukocyte.liai.org). (B) Activated platelets upregulate expression of P-selectin (CD62P), which binds to P-Selectin Glycoprotein Ligand-1 (PSGL-1) on neutrophils,

which establishes platelet-neutrophil-complex (PNC) formation and triggers a signaling cascade with an increase in neutrophil adhesion molecules and production of

reactive oxygen species (ROS). Once again, HMOs serve as selectin-ligand analogs, reduce P-selectin-PSGL-1 binding, and neutrophil activation [modified after

Cerletti et al. (36)]. CD62E/P, E- or P-Selectin; CD62L, L-Selectin; HMO, human milk oligosaccharide; PSGL-1, P-Selectin Glycoprotein Ligand-1.

correlates with neutrophil infiltration (39). P-selectin knockout
mice are protected from PAF-induced intestinal necrosis (40),
indicating an essential role of P-selectin in NEC pathogenesis.

Neutrophil activation and ROS production lead to progression
of NEC pathogenesis. Platelet-neutrophil complexes (PNC)
represent a highly activated subpopulation of neutrophils primed
for adhesion and increased ROS production. PNC formation
is increased after ischemia/reperfusion (41, 42), one of the
key events in NEC progression. PNC formation is initiated
by the binding of P-selectin on activated platelets to PSGL-
1 on neutrophils (Figure 2B). PSGL-1 signaling induces ROS
production as well as expression of CD11b/CD18 adhesion
molecules that facilitate neutrophil binding to platelets and
activated endothelial cells (36). Blocking P-selectin with a
P-selectin antibody completely inhibits the increase in ROS
production and CD11b/CD18 expression (43), documenting the
essential role of P-selectin in PNC formation.

While both neutrophil infiltration as well as neutrophil
activation and ROS production require selectin-ligand
interactions, HMOs have been shown to carry SLex determinants,
suggesting they act as soluble selectin ligand analogs (44). Indeed,
we were the first to provide evidence that a mixture of sialylated
HMOs reduces selectin-mediated neutrophil rolling and
adhesion in vitro (45) as well as PNC formation and neutrophil
activation ex vivo (46). However, at this stage it was unclear
whether or not these in vitro/ex vivo results translate to in vivo,
inhibit key events in NEC pathogenesis, and reduce or prevent
NEC.

IN VIVO EFFICACY TESTING IN A
NEONATAL RAT MODEL CONFIRMS THAT
HMOS REDUCE NEC-LIKE SYMPTOMS
AND IMPROVE SURVIVAL

Results from in vitro and ex vivo studies supported our hypothesis
that HMOs contribute to a lower NEC risk in human milk-fed

infants, but to confirm this hypothesis, we needed in vivo proof—
ideally by showing HMO efficacy in preterm infants. However, at
this stage, a human intervention study was not feasible for several
reasons: (1) We would need to recruit between 800 and 1,000
preterm infants to power the study. (2)We would need several kg
of HMOs to administer to the intervention group every 2 to 3 h
for at least the first four weeks of life, and HMOs were simply not
available in that amount. (3) There was no information which of
the more than 150 different HMOs would be effective. It could
be that all HMOs are effective, but it could also be that the
effects are highly structure-specific and limited to just one or two
selective HMOs. (4) The study design itself was (and remains
to be) challenging. It is known that formula-fed infants are at a
significantly higher NEC risk and it would be unethical to use
formula-feeding without HMOs as intervention control. Thus,
we selected a rodent NEC model to test our hypothesis first,
allowing us to use much smaller amounts of HMOs for initial
efficacy testing. Afterwards, the small animal model would also
enable us to conduct structure-activity relationship (SAR) studies
and elucidate the underlying mechanisms of action.

The NEC model in neonatal rats was originally described
by Barlow and Santulli (47) and later modified as follows (48):
Pregnant time-dated Sprague-Dawley rats were induced at term.
The pups were immediately removed from the dam at birth to
ensure they don’t receive any rat milk, which also contains some
oligosaccharides. The pups were randomized into one of the
different study groups. Some pups were returned to the dam to
serve as dam-fed control. All other animals remained separated
from the dam, housed in a temperature- and humidity-controlled
incubator and, twice daily, orally gavaged with a special rodent
formula with or without HMOs that were isolated from pooled
human donor milk. All animals, dam-fed and gavaged, were
exposed to 10min of hypoxia thrice daily in a modular chamber.
All animals were sacrificed 96 h post-partum; their intestines
were collected and inspected for the presence of gross necrotic
changes or NEC-characteristic Pneumatosis intestinalis. A section
of the terminal ileum was prepared for H&E staining and scored
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blindly based on morphological changes that included epithelial
sloughing, villus oedema, infiltration of neutrophils, apoptosis of
villus enterocytes, crypt hyperplasia, and misaligned nuclei in the
epithelium.

The HMO intervention had an immense effect in the neonatal
rat NEC model. Pups that received HMOs with their formula
had a significantly higher survival rate than their littermates
that did not receive HMOs (49). Their intestines were not as
dark and bloody with less patchy necrosis and less evidence
of haemorrhagic intestine as well as intramural gas cysts
(Pneumatosis intestinalis). These macroscopic observations were
aligned with microscopic evaluation of ileum sections, showing
that pups that received HMOs had significantly lower pathology
scores than their littermates that did not receive HMOs. From
this first set of experiments we concluded that HMOs indeed
reduce NEC-like symptoms in the neonatal rat model and even
improved survival significantly.

A SPECIFIC HMO,
DISIALYLLACTO-N-TETRAOSE (DSLNT) IS
MOST EFFECTIVE IN REDUCING NEC IN
NEONATAL RATS, BUT THE UNDERLYING
MECHANISMS ARE LIKELY DIFFERENT
THAN ORIGINALLY POSTULATED

Next, we applied a multidimensional chromatography approach
to address the question which of the more than 150 different
HMOs was responsible for the beneficial effects we observed in
the neonatal rat model (49). In a first dimension, we used anion
exchange chromatography to separate the HMOs by charge.
Every sialic acid moiety contributes a negative charge to an
HMO. HMOs without sialic acid carry no negative charge and
are neutral; HMOs with one sialic acid carry one negative charge;
HMOs with two sialic acids carry two negative charges, etc. We
then tested these charge-fractions in the neonatal rat NEC model
and found that HMOs with two sialic acids were most effective.
However, there are several HMOs with two sialic acids. Thus,
in a second dimension, we used gel filtration chromatography
to separate the fraction that contained HMOs with two sialic
acids by size. We then tested the generated subfractions for their
efficacy in the neonatal rat NECmodel and identified one specific
subfraction, containing only one HMO, that was most effective.
Finally, we used a combination of exoglycosidase enzyme
digestion and gas chromatography mass spectrometry (GC-
MS) of partially methylated alditol acetate (PMAA) derivatives
to structurally characterize the effective HMO as disialyllacto-
N-tetraose (DSLNT, Figure 3A). We further confirmed that
the effect of DSLNT is highly structure-specific. For example,
enzymatic removal of sialic acid at the terminal galactose
completely abolished the effect.

While these results were very exciting, they were also quite
puzzling. The in vitro and ex vivo data showed that HMOs
interfere with selectin-mediated cell-cell interactions, leading to
a reduction in neutrophil rolling, adhesion and transmigration
as well as a reduction in neutrophil activation, which were

FIGURE 3 | Disialyl-lacto-N-tetraose (DSLNT) (A) reduces NEC-like symptoms

in neonatal rats, but the HMO does not contain the Sialyl Lewis X (SLex)

determinant (B). The Sialyl Lewis X is highlighted as an orange background

(blue circle, glucose; yellow circle, galactose; blue square,

N-acetylglucosamine; red triangle, fucose; purple diamond, sialic acid).

considered key elements in NEC pathogenesis. However, we did
not observe a reduction in neutrophil infiltration in the neonatal
rat NEC model. Moreover, DSLNT, the HMO we identified as
being most effective in reducing NEC-like symptoms in rats,
did not contain a SLex determinant that is part of selectin
ligands (Figure 3). While there is some structural ambiguity
around the glycan determinant for selectin ligands (50), fucose
is an essential component for a glycan to serve as a selectin
ligand as demonstrated in patients with congenital disorder of
glycosylation (CDG) type IIc, also known as leukocyte adhesion
deficiency (LAD) type 2 (51). The genetic defect in CDG
IIc patients leads to impaired intracellular fucose metabolism,
which results in decreased fucosylation of cell surface proteins
(52), including selectin ligands. Consequently, CDG IIc patients
present with impaired neutrophil motility and extravasation
and recurrent infections (51). Although DSLNT is effective in
reducing NEC-like symptoms in the neonatal rat model, it is
not fucosylated. Thus, it appears unlikely that DSLNT interferes
with selectin-mediated neutrophil infiltration and activation.
Therefore, while the hypothesis that HMOs contribute to a lower
NEC risk in human milk-fed infants may indeed be correct,
the underlying protective mechanisms are likely different than
originally anticipated.

While it is known that HMOs shape microbial communities
(26–28, 31), it remains challenging to establish direct cause-
and-effect relationships. There are at least two different
scenarios to connect DSLNT, the microbiome, and NEC-like
symptom improvement: (1) DSLNT affects the microbiome
which then affects the host and improves NEC-like symptoms,
and (2) DSLNT affects the host, and the host response leads
to an improvement in NEC-like symptoms and also, and
independently, to a change in microbiome.

In addition to influencing the microbiome and targeting a
NEC-associated dysbiosis, HMOs can also alter host epithelial
cell or host immune cell responses. These interactions are often
receptor-mediated and highly structure-dependent, which would
explain why DSLNT is effective, but the removal of just one sialic
acid moiety from DSLNT renders the HMO ineffective. While
selectins require their glycan binding partners to be fucosylated
and DSLNT is not fucosylated, other glycan-binding receptors
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like galectins or siglecs play major roles in facilitating and
modulating immune responses and represent potential DSLNT
targets (53).

We have since explored the chemical space around DSLNT
and tested in vivo efficacy of chemoenzymatically synthesized
derivatives in the neonatal rat NEC model (54–56). Interestingly,

the HMO 2
′
-fucosyllactose (2

′
FL), which is structurally unrelated

to DSLNT, available at commercial scale, and now added to some
term infant formula, had amoderate effect in the neonatal rat and
mouseNECmodels (55, 57), but failed to improveNEC in a piglet
model (58). So far, DSLNT remains to be the most effective HMO
or derivative we have studied in the context of NEC to date.

HUMAN MOTHER-INFANT COHORT
STUDIES CONFIRM THAT DSLNT IS
ASSOCIATED WITH LOWER NEC RISK

While the data obtained from HMO efficacy testing in the
neonatal rat NEC model are encouraging, the use of preclinical
NEC models in rodents or piglets is challenging (59). Animals
are exposed to rather artificial insults like external hypoxia
and/or hypothermia. In general, the use of animals itself is
considered a major limitation due to interspecies differences in
anatomy, physiology, and pathophysiology. Therefore, advancing
a potential therapeutic like DSLNT from preclinical models, that
are controversial, to clinical treatment trials, that are challenging

and expensive, comes with a tremendous risk of failure. To
narrow this wide gap between preclinical models and clinical
intervention studies, we applied an intermediate approach
and conducted a prospective cohort study with mothers and
their very low-birth-weight (VLBW) infants fed predominantly
human milk (60). The study is based on the observation that
some of the infants who receive predominately human milk still
develop NEC. However, not all humanmilk is equal. In fact, there
is strong interindividual variation in HMO composition, which
led us to hypothesize that humanmilk fed to infants who develop
NEC contains less DSLNT than human milk fed to infants who
do not develop NEC.

The study was conducted in five different neonatal intensive
care units across North America (US and Canada), recruited
200 mothers, and analyzed HMO composition in human milk
fed to their VLBW infants over the first 28 days post partum
(60). We then matched each of the eight identified NEC cases
with five controls, and used logistic regression and generalized
estimating equation to show that DSLNT concentrations were
significantly lower in almost all milk samples in all eight NEC
cases when compared to controls. The association between low
DSLNT concentrations in human milk and NEC was highly
significant (p < 0.001), corroborating the results that DSLNT
reduces NEC-like symptoms and improves survival in neonatal
rats (49).

In parallel, we analyzed the HMO composition in human
milk samples from a mother-infant cohort in South Africa,

FIGURE 4 | The combination of in vivo HMO efficacy and structure-function testing in neonatal rats with association studies in human mother-infant cohorts led to the

identification of DSLNT as the protective HMO in NEC and informs future invention studies.
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and found overlapping results (61). Although the original and
primary objective of the South Africa study was to investigate the
role of HMOs in reducing HIV-transmission in preterm infants,
the cohort included several VLBW infants who developed NEC.
Independent of the HIV-status, DSLNT concentrations in the
milk that these infants with NEC received were significantly
lower than those in the milk given to infants who did not develop
NEC. Thus, data from two independent cohort studies, one in
North America and one in South Africa, strongly support our
hypothesis that a specific HMO, DSLNT, contributes to the lower
NEC risk in human milk-fed infants.

As the two cohort studies have shown, DSLNT concentrations
vary greatly between women with preterm infants, but seem to be
fairly constant within the same woman over the first four weeks
of lactation (60, 61). The variability in DSLNT concentrations
between different donors may be one justification for donor milk
to be pooled or synthetic DSLNT to be added. Like other HMOs,
DSLNT concentrations are not affected by pasteurization (62–
64). However, when comparing HMO composition in donor
milk batches from the San Jose Milk Bank with that in milk
from moms with preterm infants in the neonatal intensive care
unit at the University of California, San Diego, we discovered
that DSLNT is slightly lower in donor milk batches, potentially
reflecting the fact that donor milk is often from women with
healthy term infants, which might be different from milk of
women with preterm infants (63).

FUTURE PERSPECTIVE

The results from the North American and South African cohort
studies match the results from in vivo efficacy testing and
structure-activity relationship studies in the neonatal rat NEC
model, providing a strong foundation to further explore DSLNT
as a therapeutic for NEC and setting a powerful example of how
the combination of in vitro/ex vivo, in vivo, and cohort studies
can advance a field (Figure 4).

Even though some of the control milk samples in the
North American cohort occasionally had low levels of DSLNT
concentrations, the aggregate assessment of DSLNT in milk
fed to the same infant over multiple days greatly increased
the ability to discriminate between NEC cases and controls
(60). Therefore, in addition to exploring DSLNT as a new
NEC therapeutic, measuring DSLNT content in mother’s own
milk has the potential to serve as a non-invasive marker
to identify infants at risk of developing NEC. Furthermore,
DSLNT could become a quality control parameter for donor
milk and products like human milk-based human milk
fortifiers to avoid feeding low DSLNT products to infants

at risk to develop NEC. Although other HMOs like 2
′
FL

or lacto-N-(neo)tetraose have been successfully synthesized at
large scale and are currently added to some formula for
healthy term infants, the synthesis of DSLNT remains to be
challenging and is not yet available for preterm infants at risk
of NEC.
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Background: Great variability in enteral feeding practices for very preterm (<32 weeks

gestational age-GA) and very low birth weight infants (VLBW; ≤1,500 g) have been

reported. We aimed to describe data on enteral feeding in Tuscany (Italy), where a

network of 6 donor milk banks is in place.

Methods: A 4-years (2012–2015) observational study was performed analyzing the

database “TIN Toscane online” on very preterm and VLBW infants. The database covers

all 25 hospitals with a neonatal unit.

Results: Data concerning the beginning of enteral nutrition were available for 1,302

newborns with a mean (standard deviation) GA of 29.3 (2.9) weeks, while information

at the time of full enteral nutrition was available for 1,235 and at discharge for 1,140.

Most infants (74.1%) started enteral feeding during the first 24 h of life. Overall, 80.1%

of newborns were fed exclusive human milk, donor milk having the larger prevalence

of use (66.8%). Few infants (13.3%) started with exclusive mother’s milk. Full enteral

feeding was achieved using exclusive human milk in most cases (80%). Full enteral

feeding was reached earlier in newborns who were fed human milk than in those fed

formula, regardless of GA. Sixty-four percent of infants were still fed with any human milk

at discharge. When data at the achievement of full enteral nutrition and at discharge

were analyzed stratified by the type of milk used to start enteral feeding, newborns

initially fed donor milk presented the highest prevalence (91.3%) of exclusive human milk

at full enteral feeding, an important period to prevent necrotizing enterocolitis, while no

differences were observed at discharge.

Conclusions: Donor milk was widely used for newborns during the first hours of life,

when mother’s milk availability may be quite challenging. Starting enteral nutrition with
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donor milk was associated with early start of enteral feeding and early achievement of full

enteral nutrition without affecting mother lactation. The overall prevalence of human milk

at discharge (when donor milk is not available anymore) was high (64%), irrespective of

the type of milk used to start nutrition.

Keywords: donor milk, human milk, mother’s own milk, complementary milk, full enteral feeding, preterm, very

low birth weight

INTRODUCTION

Perinatal interventions and care practices have improved survival
and long-term outcomes for very preterm (<32 weeks of
gestation) and very low birth weight (VLBW: birth weight
≤1,500 g) infants over the last two decades (1, 2). Nutrition is
a major element of care for these infants; nevertheless, great
variability in enteral feeding practice (3–5) has been reported.
A debate is still underway in the scientific community on the
best feeding strategy, including time of initiation and the rate
of incrementing feeding. Mother’s own milk is recommended as
the best feeding for all newborns, including preterm and VLBW
infants, for its multiple short- and long-term health benefits (6–
9). Donor human milk represents the best alternative whenever
breastfeeding is impossible, or mother’s own milk is unavailable,
as commonly occurs in neonatal intensive care units (NICUs) in
the very 1st days of infant life (6–9).

To date, only few studies have reported feeding practices
adopted for very preterm and VLBW infants during their
hospitalization, and little is known on the use of donor human
milk in NICUs.

A very recent observational study in 162 Neonatal Units
in England showed a low prevalence of use of donor milk in
newborn infants <32 weeks gestation, with wide variations (2–
61%) across networks. Networks without donor milk availability
possibly choose to wait for mother’s milk rather than administer
formula milk because of the increased perceived risk of NEC; this
resulted in newborns fed at a later postnatal age (10). On the other
hand, a large study conducted by the Center for Disease Control
and Prevention in theUS reported that the percentage of neonatal
care facilities using donor milk increased 74% between 2011 and
2015. Donor human milk use was more likely in facilities with
higher breast-feeding rates and in a state with a milk bank (11).

The aim of the present study is to describe feeding practices
currently adopted for very preterm and VLBW infants born in
Tuscany, a region of central Italy where a network of donor milk
banks is in place and where there is an area-based, web-based
registry (TIN Toscane on-line).

We describe feeding practices during NICU hospitalization,
focusing on the prevalence of use of mother’s own milk,
donor human milk and formula feeding at three different time
points of enteral nutrition: the beginning of enteral feeding, the
achievement of full enteral nutrition, and discharge.

METHODS

A 4 years (2012–2015) observational study was performed based
on “TIN Toscane online,” an official web-based registry of the

TABLE 1 | Principal characteristics of the 1,398 newborn infants <32 weeks

gestation or <1,500 g included in the registry from 1-01-2012 to 31-12-2015.

Population characteristics n (%) or mean

± SD

Gestational age <32 weeks

22–25 weeks

26–28 weeks

29–31 weeks

1,142 (81.7)

186 (13.3)

258 (18.5)

698 (49.9)

Birth weight<1,500 g and gestational age ≥32

weeks

256 (18.3)

Gestational age (weeks) 29.3 ± 2.9

Weight (grams) 1,204.5 ± 373.5

Males 717 (51.3)

Singleton 863 (61.8)

Vaginal delivery 293 (21.0)

Antenatal steroids 1,179 (84.6)

Apgar score V minute 7.9 ± 1.6

Ventilation and/or oxygen support 1,266 (91.1)

Patent ductus arteriosus 538 (38.9)

Bacterial late onset sepsis 55 (4.0)

Major birth defects 56 (4.0)

Deaths 157 (11.2)

Necrotizing enterocolitis 40 (2.9)

Surgery for necrotizing enterocolitis 36 (2.6)

Focal gastrointestinal perforation 35 (2.5)

Tuscany Regional Health Service. Since 2009, the registry covers
all 25 hospitals with delivery units and NICUs in the region
and prospectively collects information on maternal and neonatal
characteristics of all infants under 32 weeks of gestational age
(GA) or with a birth weight under 1,500 g. Since 2012, data
concerning feeding practices have also been registered. Written
consent for the data collection was obtained from parents. In
each unit, a doctor or a nurse directly accesses the registry
using a personal ID and password and completes standardized
structured forms for each newborn who meets inclusion criteria.
Personal health information collected in the registry are
de-identified.

Data are collected from neonatal admission until discharge
or death, and include demographic characteristics of the
mother, obstetric history, and information on delivery, clinical
characteristics of the newborn at birth and during the hospital
stay, as well as medical or surgical treatments received. Data
quality is checked centrally every 2–3 months. Details about
perinatal organization in Tuscany and “TIN Toscane online” are
reported elsewhere (12).

Types of feeding included mother’s own milk, either suckled
directly at the breast or freshly expressed and administered by
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bottle, syringe, or naso/orogastric tube; donor human milk, and
formula. For this study, we define as exclusive human milk either
exclusive mother’s milk, or donor milk, or a mix of the two
regardless of the addition of milk’s fortifier; “any human milk”
refers to the use of human milk (mother’s own milk or donor
milk) alone or combined with formula; complementary milk is
human milk (donor and/or mother’s own milk) plus formula.

Feeding practices during NICU hospitalization were analyzed
at three different time points: at the beginning of enteral feeding,
including minimal enteral feeding; at the achievement of full
enteral nutrition—defined as the total daily intake requirement
administered via enteral nutrition only, without any parenteral
nutrition—and at discharge home.

RESULTS

A total of 1,398 infants were included in the registry in the study
period. Their main characteristics are summarized in Table 1.

Congenital anomalies were considered present if the infant had
a major birth defect (from a pre-specified list) recorded.

Beginning of Enteral Nutrition
Information concerning the beginning of enteral nutrition were
available for 1,302 cases of 1,398 born in the study period
(Figure 1).

Most of the infants (74.1%) started enteral feeding during the
first 24 h of life. Infants with a lower GA started enteral feeding
later than peers with higher GA (Figure 2). Mean (SD) age at start
of enteral nutrition was 3.7 (7.7) days in infants younger than 25
weeks GA, 1.5 (3.3) days in infants 26–28 weeks GA, 0.6 (2.1)
days in infants 29–31 weeks GA and 0.5 (2.4) in those >31 weeks
GA and <1,500 g.

Humanmilk—more frequently, donor milk—was widely used
to start enteral nutrition (80.9% of cases) (Table 2). In infants
who received donor milk, enteral nutrition started very early, at a
mean age of 0.4± 1.6 days.

FIGURE 1 | Study population.
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FIGURE 2 | Postnatal age at the beginning of enteral feeding by GA classes.

TABLE 2 | Feeding type at different times during hospitalization.

Feeding type At the beginning of

enteral nutrition

At full enteral

feeding

At discharge

n % n % n %

Mother’s own milk 173 13.3 426 34.5 319 28.0

Donor milk 870 66.8 308 24.9 – –

Mother’s own milk

+ donor milk

– – 255 20.6 – –

Complementary

milk

10 0.8 147 12.0 411 36.0

Formula 249 19.1 99 8.0 410 36.0

Total 1,302 1,235 1,140

Two-hundred fifty nine infants were fed formula or
complementary milk at the beginning of enteral nutrition, and
most of them (86.9%) were born in the same NICU. The
remaining infants initially fed with formula were distributed in
7 centres.

Full Enteral Feeding
Data on feeding at the time of full enteral nutrition were available
for 1,235 newborns (Figure 1). Full enteral feeding was achieved
using any human milk in most cases (92%), and mother’s own
milk had the highest prevalence of use (Table 2).

The median age at the achievement of full enteral nutrition
was 11 days (interquartile range-IQR: 7–20 days). Full enteral
feeding time was reached earlier in newborns who were fed
human milk than in those fed formula, regardless of GA. Mean
time ± SD to full enteral feeding was 34.7 ± 14.2 vs. 54.5 ± 47.2
days in infants 22–25 weeks GA; 20.4 ± 10.0 vs. 40.2± 32.7 days
in those 26–28 weeks; and 10.9 ± 8.3 vs. 18.8 ± 15.3 days in

those 29–31 weeks GA; all P < 0.001). When feeding type at time
of full enteral nutrition was stratified by the type of milk at the
start of enteral feeding, newborns who were fed donor milk at the
beginning presented a very high prevalence (91.3%) of exclusive
human milk at full enteral feeding (Table 3).

Feeding at Discharge Home
The median age at discharge home was 49 days (IQR: 36–71).
Feeding data at discharge home were available for 1,140 infants
(Table 2). Sixty four percent of infants were still fed any human
milk at discharge. Extremely preterm newborns below 26 weeks
of GA presented a higher prevalence of use of formula (70.2%)
compared to infants with higher GA (42.5% at 26–28 weeks;
31.18% at 29–31 weeks; 30.4% at ≥32 weeks) (P < 0.001). The
type of milk at the start of enteral nutrition did not influence the
type of feeding at discharge (Table 4).

DISCUSSION

The present study gives a picture of enteral feeding practices for
very preterm and VLBW infants in Tuscany, a region of central
Italy where a network of six donor human milk banks is in place
in order to ensure donor human milk provision to all the NICUs
in the Region. In our population, the early introduction of enteral
feeding was largely performed using exclusive human milk, and
primarily donor milk. Full enteral feeding was achieved using
exclusive humanmilk inmore than 90% of cases and among these
mother’s own milk had the highest prevalence of use. Full enteral
feeding was reached earlier in newborns fed exclusive human
milk, and infants initially fed donor milk presented the highest
prevalence of exclusive human milk at full enteral feeding. The
type of milk at start of enteral nutrition did not influence that at
discharge home.
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TABLE 3 | Type of milk at full enteral feeding stratified by type of milk at start of enteral nutrition.

Milk at full enteral nutrition

Milk at the start of

enteral nutrition

Mother’s

own milk

Donor milk Mother’s own milk

and donor milk

Formula Complementary

milk

Mother’s own milk 57

35.2%

2

1.2%

28

17.3%

20

12.3%

55

34.0%

Donor milk 273

32.9%

279

33.6%

206

24.8%

18

2.2%

54

6.5%

Complementary milk 0 0 0 2

22.2%

7

77.8%

Formula 94

40.7%

26

11.3%

21

9.1%

59

25.5%

31

13.4%

P < 0.001 (Pearson chi-square).

TABLE 4 | Type of milk at discharge home by type of milk at the start of enteral

nutrition.

Milk at discharge

Milk at the start of

enteral nutrition

Mother’s

own milk

Complementary

milk

Formula

Mother’s own milk 41

25.8%

54

34.0%

64

40.2%

Donor milk 224

28.5%

296

37.6%

267

33.9%

Complementary milk 2

22.2%

4

44.5%

3

33.3%

Formula 51

28.0%

57

31.3%

74

40.7%

P = 0.503 (Pearson chi-square).

Donor milk is often necessary in very premature infants to
start enteral feeding during the first 24–48 h of life, since mother’s
own milk availability may be quite challenging in this period. In
infants who received donor milk, enteral nutrition started very
early. The availability of donor milk allowed the double benefit
of safe early enteral feeding, particularly in the lower GA classes,
and of a full enteral feeding with any human milk in almost all
newborns (92%), mostly (80%) with exclusive human milk. Most
newborns were fed exclusive human milk for at least 11 days
of life, and this aspect is noteworthy, especially for extremely
low birth weight infants in order to prevent late-onset sepsis
and necrotizing enterocolitis. For these outcomes several authors
have reported a protection when human milk is introduced up
to >50 ml/kg/day (13–18). Several positive aspects are in fact
associated to a fast achievement of full enteral feeding with
human milk: bioactive (anti-infective, growth factors) substances
in human milk, better digestibility, and shorter exposure to
central vascular lines (6, 18–20). On the other hand, a recent
double-blind randomized control trial found no significant effect
of pasteurized donor milk during the first 10 days of life in
preventing serious infections and NEC in VLBW infants when
donor milk was used as a supplemental feeding whenever own
mother’s milk was insufficiently available during the first 10 days
of life (21).

Despite the large number of newborn infants who started
enteral nutrition with human milk, a consistent proportion

(19.9%) was fed milk formula or complementary milk. This
practice was almost entirely attributable to a single NICU with
no milk bank in the hospital and that must therefore refer
to the neighboring banks. In this NICU the use of formula
to start enteral nutrition has been gradually decreasing over
the study period, possibly related to the implementation of
the milk banks’ network and the improvement of donor milk
availability in the Region. The characteristics (e.g., gestational
age, birth weight) of neonates fed formula were not different
from those of neonates who were fed human milk. A large
observational study in England showed that a wide variation
of donor milk use among networks could not be explained by
differences in patients characteristics or presence of human milk
bank within the network. According to the authors this indicates
uncertainty about optimal clinical practice in relation to the use
of pasteurized donor milk (10) and the need to have randomized
controlled trials on this topic.

Interestingly, having started enteral feeding with donor milk
did not adversely affect the proportion of infants fed mother’s
own milk when full enteral feeding was achieved. This confirms
that a breastfeeding support in very preterm infants is part of a
wider culture within the neonatal intensive care units and the
early use of bank human milk is an integral part of this culture
(22, 23).

The overall prevalence of mother’s milk was quite elevated
even at discharge, although the discontinuation of donor milk
before discharge led to an increase of formula fed infants.
Proportion of infants fed mother’s own milk at discharge (27%)
is superimposable to that reported in a previous investigation in
neonatal intensive care units in Italy (24).

CONCLUSIONS

This study confirms the importance of having an organized
network of human milk banks throughout the territory to start
enteral feeding early in very preterm infants and thus allowing a
rapid achievement of full enteral feeding safely, particularly in the
lower GA groups.

It also demonstrates the need to implement more effective
strategies from the moment of achieving full enteral feeding to
discharge to support the use of mother’s own milk and succeed in
obtaining better rates of breastfeeding at discharge.
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The Tuscany region has established the Regional Network of
Donor Human Milk Banks in 2008 (ReBLUD) and is actively
engaged in the promotion of the culture of donor human milk,
indicating the adequate availability of donor milk as an element
of essential strategic value to support the care of critical newborn
infants.
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Background: Docosahexaenoic acid (DHA) is a major constituent of neuronal and retinal

membranes and plays a crucial role in brain and visual development within the first

months of life. Dietary intakes are fundamental to provide neonates with adequate DHA

supply; hence, maternal supplementation might represent a useful strategy to implement

DHA contents in breast milk (BM), with possible benefits on neonatal neurodevelopment.

Antarctic krill is a small crustacean rich in highly available phospholipid-bound DHA.

This pilot study aimed to evaluate whether maternal supplementation with krill oil during

breastfeeding increases long-chain polyunsaturated fatty acids (LCPUFAs) BM contents.

Methods: Mothers of infants admitted to the Neonatal Intensive Care Unit were enrolled

in this open, randomized-controlled study between 4 and 6 weeks after delivery and

randomly allocated in 2 groups. Group 1 received an oral krill oil-based supplement

providing 250mg/day of DHA and 70mg/day of eicosapentaenoic acid (EPA) for 30 days;

group 2 served as control. BM samples from both groups were collected at baseline (T0)

and day 30 (T1) and underwent a qualitative analysis of LCPUFAs composition by gas

chromatography/mass spectrometry.

Results: Sixteen breastfeeding women were included. Of these, 8 received krill-oil

supplementation and 8 were randomized to the control group. Baseline percentage

values of DHA (%DHA), arachidonic acid (%AA), and EPA (%EPA) did not differ

between groups. A significant increase in %DHA (T0: median 0.23% [IQR 0.19;0.38],

T1:0.42% [0.32;0.49], p 0.012) and%EPA (T0: median 0.10% [IQR 0.04;0.11], T1:0.11%

[0.04;0.15], p 0.036) and a significant reduction in %AA (T0: median 0.48% [IQR

0.42;0.75], T1:0.43% [0.38;0.61], p 0.017) between T0 and T1 occurred in Group 1,

whereas no difference was seen in Group 2. Consistently, a significant between-group

difference was observed in percentage changes from baseline of DHA (1%DHA, group

1: median 64.2% [IQR 27.5;134.6], group 2: −7.8% [−12.1;−3.13], p 0.025) and
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EPA (1%EPA, group 1: median 39% [IQR 15.7;73.4]; group 2: −25.62% [−32.7;−3.4],

p 0.035).

Conclusions: Oral krill oil supplementation effectively increases DHA and EPA contents

in BM. Potential benefits of this strategy on brain and visual development in breastfed

preterm neonates deserve further evaluation in targeted studies.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT03583502.

Keywords: LCPUFA, DHA, AA, EPA, breast milk, supplementation, krill oil, lactation

INTRODUCTION

Long-chain polyunsaturated fatty acids (LCPUFAs), such as
docosahexaenoic (DHA, 22:6 n−3) and arachidonic acid (AA,
20:4 n−6), are major building blocks for the lipid bilayer of
neurons and retina. Brain maturation and visual development
start during pregnancy and continue throughout the first year of
life; consistently, LCPUFAs and, in particular, DHA, exert their
greatest effect during this period (1, 2), and benefits on visual
acuity and cognitive development have been largely established
in term (3, 4) and preterm (5, 6) infants fed LCPUFAs-
supplemented formula.

Like all mammals, humans lack enzymes for the synthesis
of n−3 and n−6 precursors of DHA and AA, which are
therefore essential fatty acids and need to be provided
by dietary sources (7). Furthermore, consistently with the
growth spurt of human brain occurring during the third
trimester of pregnancy, placental transfer of AA and DHA
is highest during this period (8); however, premature birth
may preclude this LCPUFAs accretion, therefore dietary intakes
are even more crucial in preterm neonates, who are at
increased risk of neurodevelopmental impairment (9). In this
delicate population, moreover, low blood DHA levels have
been associated with a higher incidence of prematurity-related
complications, such as intraventricular hemorrhage (IVH),
bronchopulmonary dysplasia (BPD), and infections (10, 11).

Due to its several nutritional and non-nutritional benefits,
breast milk (BM) is the optimal feeding choice for both term and
preterm neonates (12, 13), and is generally regarded as providing
adequate intakes of essential fatty acids. LCPUFAs contents of
BM, however, are significantly influenced by maternal dietary
intakes: as an example, fish-rich diets have been associated with
high DHA levels in BM, whereas vegan dietary habits may lead to
low concentrations of these compounds (14–16).

Antarctic krill, a small crustacean belonging to the order
Euphausiacea, is by far the most dominant member of the
Antarctic zooplankton community, and also represents a rich
source of n-3 LCPUFAs (i.e., DHA and eicosapentaenoic

Abbreviations: AA, arachidonic acid; ALA, alpha-linolenic acid; BM, breast

milk; BPD, bronchopulmonary dysplasia; DHA, docosahexaenoic acid; EPA,

eicosapentaenoic acid; FAMEs, fatty acid methyl esters; FFQ, food frequency

questionnaire; IQR, interquartile range; IVH, intraventricular hemorrhage;

LA, linoleic acid; LCPUFAs, long-chain polyunsaturated fatty acids; MSD,

mass spectrometric detector; PTV, programmed temperature vaporizing; RDA,

recommended daily allowance.

acid [EPA]). Differently from other LCPUFAs sources, krill
oil DHA and EPA are mainly bound to phosphatidylcholine,
resulting in a significantly improved bioavailability (17). Hence,
maternal krill oil supplementation might represent an effective
strategy to enhance LCPUFAs contents in human milk, with
possible beneficial effects on visual and brain development of
breastfed neonates, especially if born preterm. To date, however,
whether oral maternal supplementation with krill oil during
breastfeeding increases BM concentration of LCPUFAs has not
been investigated yet.

The aim of this pilot study was to evaluate the effect of a
combined krill and fish oil oral supplementation, administered
in breastfeeding women, on LCPUFAs composition of BM.

METHODS

Study Population and Ethics
Breastfeeding mothers of infants admitted at the Neonatal
Intensive Care Unit of Sant’Orsola-Malpighi University Hospital,
Bologna, Italy, were consecutively enrolled between 4 and 6
weeks after delivery, when peak lactation was already established
and breast milk can be considered fully mature (18), if a
written informed consent to participate in the present study was
obtained. Ongoing LCPUFAs supplementation at the time of
enrollment was considered an exclusion criterion.

The study protocol was approved by the Ethics Committee
of Sant’Orsola-Malpighi University Hospital, Bologna, Italy
(Study ID: 114/2015/U/Sper) and is registered in the Protocol
Registration System ClinicalTrials.gov (NCT03583502).

Study Design
The lactating women enrolled in this open, randomized,
controlled trial were randomly allocated to 2 groups. Group 1
received 2 gelatin soft capsules per day of a combined krill and
fish oil supplement (Krilling D R©, Italchimici S.P.A., Milan, Italy),
providing 250 mg/day of DHA and 70 mg/day of EPA, for overall
30 days, whereas group 2 served as control. Approximately 10ml
of fresh mid-BM samples were collected from both groups at
baseline (T0) and at day 30 (T1). In order to minimize the
effect of dynamic changes in LCPUFAs excretion within the day
(18, 19), the study samples were collected at early morning. After
collection, the samples were stored at −80◦C until ready for
extraction to minimize lipid oxidation and degradation.

At T0, the enrolled women were also asked to fill out a food
frequency questionnaire (FFQ, Supplementary Table 1), aimed
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at calculating individual dietary intakes of LCPUFAs based on
their food habits over the last month. This FFQ investigated the
consumption of 20 food types containing polyunsaturated fatty
acids, including supplements. For each one, average portions
(never consumed, less than once a week, 1/week, 2/week,
3/week, or more than 3/week) were reported. If the average
portion consumption was >3 times a week, the patient was
instructed to provide the exact number of portions actually
consumed per week. Once the FFQ was completed, the average
consumption of linoleic acid (LA), alpha-linolenic acid (ALA),
AA, EPA, DHA, n-6, and n-3, expressed in grams per week, was
calculated for each study subject. Based on population reference
intakes in pregnancy and breastfeeding, according to the Italian
recommended daily allowance (RDA) (20), the proportion of
breastfeeding women who did not reach the recommended EPA
and DHA intakes (EPA+DHA: 2.8 g/week) was calculated.

An intermediate evaluation (by visit or phone call) of group 1
compliance and adherence to the ongoing supplementation was
performed at day 15.

Gas Chromatography/Mass Spectrometry
(GC-MS) Analysis
Qualitative analysis of BMLCPUFAs composition was performed
at the laboratory of the Center for Applied Biomedical Research
(CRBA) of Sant’Orsola-Malpighi University Hospital, Bologna,
Italy, by means of GC-MS.

After bringing BM samples at room temperature
under continuous mixing, 0.5ml from each sample were
transferred to Sovirel extraction tubes and extracted twice with
chloroform/methanol (2:1 vol/vol, 3+2ml) containing butylated
hydroxytoluene 0.01% as anti-oxidant10.

After centrifugation (400xG, 10min 25◦C), the organic phases
were combined, re-extracted with chloroform/H2O (1:1, vol/vol,
2+2ml) and separated by centrifugation; the lowest organic
phase was then transferred to a new tube and dried under
nitrogen stream at 30◦C.

The phospholipid fraction was saponified into free fatty acids
via a base-catalyzed reaction (KOH 0.5M, 2ml in methanol) and
esterified to fatty acid methyl esters (FAMEs) by acid reaction
with boron trifluoride (14% in methanol), 1ml for 10min at
80◦C.

After cooling, FAMEs were extracted twice into hexane
(3+2ml), dried under nitrogen stream and dissolved in
cyclohexane for direct injection into a gas chromatograph
(Agilent HP5890), equipped with a programmed temperature
vaporizing (PTV) injector.

FAMEs were then separated and identified by a mass
spectrometric detector (MSD, Agilent 5973, Agilent Technologies
Cheadle, UK) in electron impact ionization mode (70 eV) using
a Supelco SPTM 2330 column (30 mt × 0.25mm × 0.2µm film
thickness) with helium as carrier gas (initial flow 0.5 ml/min,
constant pressure mode, 10.8 psi).

PTV injections were carried out in solvent vent mode; the
initial temperature was set at 60◦C, with a purge flow of 50
mL/min for 0.30 sec; the temperature was then ramped at
720◦C/min to 220◦C, and held for the whole analysis period.

The oven temperature was initially held at 100◦C (cold-
trapping technique) for 1.25min, then ramped at rate of
30◦C/min to 185◦C, held 10min, further increased at 5◦C/min to
205◦C and held 10min (total run time: 28.08min). The MSD ion
source, quadrupole and transfer line temperatures were 150, 230,
and 280◦C, respectively. Total ion chromatography (40–550 m/z,
100 dwell time) was used for spectral percentage quantitation.

The analytes were identified by comparison with standards
retention time (Supelco 37 Component FAME Mix, Sigma
Aldrich), whereas mass spectral identity was confirmed by
comparison withWileyN andNISTmass spectral databases. Peak
areas calculations were performed using the Agilent G1701 BA
software.

Within-batch and day-to-day reproducibility were calculated
splitting a basal sample into 3 aliquots, which were independently
analyzed on the same day; the obtained values are reported in
Supplementary Table 2. Accuracy was tested vs. FAMEs certified
standard material (Supelco, CRM 47885).

Percentage quantitation of each FA was expressed as its
percentage over total fatty acid contents (i.e., palmitic, stearic,
oleic, docosapentaenoic acid, LA, ALA, AA, EPA, DHA),
calculated according to the following formula:

Analyte percentage(%) =
Analyte Peak area ∗100

(
∑

peak areas of the identified analytes)

Statistical Analysis
IBM SPSS Statistics (Statistical Package for the Social Sciences,
SPSS Inc., Chicago, IL, USA) version 25 was used for statistical
analysis. Intra-group differences in median percentage values
of DHA, EPA and AA between T0 and T1 were evaluated by
Wilcoxon signed-rank test. Mann-Whitney U-test was used to
compare clinical characteristics, LCPUFAs dietary intakes and
percentage changes from baseline of DHA, EPA, and AA between
the two study groups. Fisher’s exact test was used to compare
the prevalence of inadequate DHA+EPA dietary intakes between
the two groups. Eventually, a linear regression model was built
to adjust the results for possible influencing factors. Significance
level was set at p < 0.05.

RESULTS

In total, twenty breastfeeding women were enrolled and
randomly allocated in the two study groups. Of these, 4 (2
in group 1 and 2 in group 2) had a significant decrease in
breast milk supply between T0 and T1, and were excluded from
the study due to the unavailability of T1 sample; therefore,
8 women in group 1 and 8 in group 2 were included in
the study. The flowchart summarizing the progress of women
enrolled through the trial is provided in Figure 1. Baseline BM
samples were collected at a median of 34 (interquartile range
[IQR]: 31–38) days after delivery. No difference between the
two groups was observed in LCPUFAs dietary intakes, estimated
by FFQ and summarized in Table 1. The infants’ characteristics
are provided in Supplementary Table 3; no between-group
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FIGURE 1 | Flow diagram of the main study phases.

TABLE 1 | Weekly dietary intakes of linoleic acid (LA), alpha-linolenic acid (ALA), arachidonic acid (AA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), ω-6

and ω-3 in the study groups, estimated by food-frequency questionnaire.

Dietary intakes, median (interquartile

range [IQR])

Group 1 (n = 8) Group 2 (n = 8) Group 1 vs. 2,

p-value

LA, g/sett 33.70

(24.82–48.25)

36.41

(32.20–44.41)

0.606

ALA, g/sett 3.15 (2.64–4.65) 3.39 (2.92–4.31) 0.797

AA, g/sett 0.94 (0.53–1.24) 1.04 (0.72–2.41) 0.298

EPA, g/sett 0.77 (0.65–1.55) 0.76 (0.50–2.28) 0.898

DHA, g/sett 1.42 (1.03–2.65) 1.12 (0.67–3.95) 1.000

ω-6, g/sett 34.78

(25.79–49.24)

37.30

(32.99–46.83)

0.606

ω-3, g/sett 5.67 (4.64–8.12) 5.53 (4.12–10.39) 1.000

difference in postconceptional age was observed at the time of
sample collection (p= 0.798).

Based on FFQ reports, 5 women in group 1 and 3 in group
2 (between-group difference p = 0.399) had lower DHA intakes
than the recommended dietary reference. Of interest, DHA
and EPA supplementation (250 and 75 mg/die, respectively)
normalized DHA and EPA intakes in the 5 women, randomized
to group 1, with inadequate dietary intakes.

Median percentage values of DHA (%DHA), AA (%AA), and
EPA (%EPA) for the two study groups are detailed in Table 2.
Baseline %DHA, %AA, and %EPA did not differ between groups.
Group 1 showed a significant increase in %DHA and %EPA and
a significant reduction of %AA between T0 and T1. Group 2
showed a decrease in %DHA, %EPA, and %AA between T0 and
T1; statistical significance was observed for %AA reduction.

Consistently, a significant between-group difference was
observed in percentage changes from baseline of DHA (1%DHA,

group 1: median 64.2% [interquartile range, IQR: 27.5;134.6],
group 2: −7.8% [−12.1; −3.13], p 0.025) and EPA (1%EPA,
group 1: median 39% [IQR 15.7;73.4]; group 2: median−25.62%
[−32.7;−3.4], p 0.035).

The ratio between AA and DHA (AA:DHA), which provides
an estimation for n−6/n−3 fatty acid ratio, was also calculated
for each study group at T0 and T1. As shown in Figure 2, a
significant decrease (p = 0.012) in AA:DHA was observed in the
supplemented group between T0 an T1, resulting in significantly
lower AA:DHA values at T1 compared to the control group (p=
0.010).

Given the well-known influence of maternal dietary intakes
on BM LCPUFA composition, a multivariate linear regression
model was built to adjust 1%DHA and 1%EPA (dependent
variables) for the respective dietary intakes calculated by the FFQ
and baseline %DHA and %EPA concentrations (independent
variables). The regression analysis, whose results are summarized
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TABLE 2 | Median percentage values of docosahexaenoic acid (DHA), arachidonic acid (AA) and eicosapentaenoic acid (EPA) for the two study groups and results of

intra-group comparison between T0 and T1.

Percentage values, median

(interquartile range [IQR])

Group 1 (n = 8) Group 2 (n = 8)

T0 T1 T0 vs. T1,

p-value

T0 T1 T0 vs. T1,

p-value

DHA, % 0.23 (0.19–0.38) 0.42 (0.32–0.49) 0.012 0.38 (0.21–0.57) 0.28 (0.20–0.50) 0.208

EPA, % 0.10 (0.04–0.11) 0.11 (0.04–0.15) 0.036 0.14 (0.08–0.20) 0.10 (0.08–0.13) 0.093

AA, % 0.48 (0.42–0.75) 0.43 (0.38–0.61) 0.017 0.65 (0.52–0.95) 0.60 (0.44–0.74) 0.036

FIGURE 2 | Arachidonic (AA) to docosahexaenoic acid (DHA) ratio (AA:DHA), expressed as median, interquartile range and range, at baseline and T1 in breast milk of

supplemented (group 1) vs. non-supplemented (group 2) lactating women.

in Table 3, confirmed a significant effect of DHA and EPA
supplementation on the percentage observed.

DISCUSSION

According to the present results, a 30-day combined
supplementation with fish and krill oil in breastfeeding
women significantly increases BM DHA and EPA levels.

The supportive effects of n−3 fatty acids and, in particular, of
DHA, on visual and cognitive development in early life have long
been known. On the other hand, poor dietary intakes of DHA
have been shown to decrease DHA contents in cerebral cortex
and retinal membranes, with possible consequences on visual and
cognitive functions (21), and low blood levels in preterm infants
have been associated with increased rates of IVH (10), late-onset
sepsis and BPD (11).

Human milk is considered the best nutritional choice for
both term and preterm infants; BM LCPUFAs composition,
however, reflects the nutritional status of the breastfeeding
mother. Consistently, either 6 or 12-week maternal DHA
supplementation effectively increased plasma DHA levels in
breastfed infants compared to the placebo group (22, 23).

According to a recent meta-analysis, maternal DHA
supplementation during breastfeeding is associated with an
improved neurodevelopmental pace up to 3 years of life
in BM-fed preterm infants (24); moreover, term neonates
whose mothers underwent DHA supplementation for the
first 4 month of breastfeeding scored significantly better than
controls on sustained attention scales at 5 years of age (25),
further contributing to support the beneficial effects of DHA
supplementation during breastfeeding.

DHA supplements (22, 26, 27) or fish oil administration (28)

during lactation have proved to effectively modify LCPUFAs
concentration not only in maternal plasma, but also in BM.

However, to the best of our knowledge, this is the first study

aimed at investigating the effects of a combined krill and fish
oil supplementation on BM LCPUFAs composition. Differently
from fish oils, whose EPA and DHA are predominantly bound
to triglycerides, Antarctic Krill LCPUFAs are incorporated into
phospholipids, which seem to be associated with enhanced
bioavailability and better absorption (29).

According to our results, a 30-day combined krill and fish oil
supplementation has led to a significant increase in BM %DHA
and %EPA. On the other hand, a slight decrease in %DHA
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TABLE 3 | Linear regression model for percentage changes of docosahexaenoic acid (1%DHA) and eicosapentaenoic acid (1%EPA) from baseline.

Dependent variable Model B SE B Beta t P

1%DHA R20.495 Constant 2.331 55.345 0.042 0.967

dietary DHA intake -7.860 14.416 -0.135 -0.545 0.599

baseline%DHA -10.435 123.660 -0.022 -0.084 0.935

supplementation 98.833 36.782 0.666 2.687 0.025

1%EPA R20.569 Constant 16.614 33.868 0.491 0.635

dietary EPA intake -8.108 18.968 -0.112 -0.427 0.679

baseline %EPA -246.928 265.832 -0.256 -0.929 0.377

supplementation 60.321 24.395 0.579 2.473 0.035

(−25%) and %EPA (−29%) was observed in the control group,
whereas %AAwas significantly reduced in both the study groups.

The latter finding is consistent with the progressive decrease
in BM LCPUFAs for increasing lactation phases (30). Moreover,
n−3 fatty acids such as DHA and EPA act as competitive
substrates for the enzymes and products of arachidonic acid
metabolism (31), and this may have further contributed
to the significant %AA reduction in the supplemented
group.

AA:DHA ratio has been used as a marker for DHA variations
in biological samples (22), and its decrease may also reflect
the biological effect of n−3 series, due to the above mentioned
enzymatic competition between DHA and AA production (32).
In neonatal rat models, changes in the dietary n−6/n−3 ratio
significantly altered the fatty acid composition of neurons,
glial membranes, and developing retinal photoreceptors, which
reflected the administered dietary proportion (33, 34). In human
preterm neonates, higher DHA and lower LA blood levels in
the first few weeks of life, resulting in a decreased AA:DHA
ratio, have been associated with improved microstructural brain
development, reduced IVH incidence and better developmental
scores at follow-up (10).

Placental transfer of DHA is greatest during the third trimester
of pregnancy, consistently with the LCPUFAs-dependent growth
spurt of human brain occurring during this period (35). In case of
premature birth, this transfer is disrupted and inadequate dietary
intakes of LCPUFAs may be detrimental. In this phase, particular
attention should be paid to achieve and maintain appropriate
DHA levels, as suggested by the evidence of improved brain
development and better cognitive outcomes in preterm infants
with higher DHA levels in red blood cells over the first weeks of
life (10).

According to our preliminary results, combined krill and
fish oil supplementation might represent an easy and feasible
strategy to increase BM DHA levels not only in breastfeeding
mothers of preterm neonates, but also in donors of Human Milk
Banks, whose milk is often used for preterm infants’ enteral
nutrition when own mother’s milk is lacking, but it is reported

to contain significantly lower DHA levels than published values
for maternal milk and infant formula and thus may not meet the
recommended provision for this delicate population (36).

The following study limitations need to be acknowledged.
First, sample size calculation was not performed due to the
pilot nature of the study. However, a post-hoc calculation based
on the observed %DHA values has shown that the actual
power of the study is 66.5%, whereas 10 women per group
would be adequate to achieve a power of 80%. Moreover,
LCPUFAs concentration in maternal plasma, which may have
provided additional information on the supplement absorption
and excretion rate, was not investigated. Eventually, in this
study supplement krill oil was combined to fish oil; hence, it is
not possible to determine the exact impact of each of them in
determining the observed increase in %DHA and %EPA.

Further studies are needed to confirm these preliminary
findings, and to quantify krill oil absorption and excretion in
breastfeeding women. Furthermore, potential benefits of krill
oil supplementation, such as the increase in LCPUFA blood
levels in preterm infants fed either maternal or donor milk,
and the improvement of these infants’ neurocognitive and
visual outcomes, deserve to be assessed in targeted clinical
trials.
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Background: A mother’s own milk (MOM) is the gold standard for the feeding and

nutrition of preterm and full term infants. When MOM is not available or there is

not enough, donor human milk (DHM) should be used. Milk delivered to Human

Milk Banks (HMBs) should be pasteurized to inactivate viral and bacterial agents.

Currently, a pasteurization process at 62.5◦C for 30min (Holder pasteurization, HoP)

is recommended in all international HMBs guidelines.

State of the art: It is known that HoP affects some of the nutritional and biological

components of human milk. Studies have demonstrated that temperature cycle in

HoP is not always controlled or calibrated. A better check of these parameters in the

pasteurizers on the market today may contribute to an improvement of the quality of HM,

still maintaining some of the negative effects of the heat treatment of human milk. So,

food industry, and dairy industry in particular, are evaluating innovative methodologies

alternative to HoP to better preserve the nutritional and biological properties of

fresh human milk, while assuring at least the same microbiological safety of HoP.

The most studied processing techniques include High-Temperature-Short-Time (HTST)

pasteurization, High Pressure Processing (HPP), and Ultraviolet-C (UV-C) irradiation.

HTST is a thermal process in which milk is forced between plates or pipes that are heated

on the outside by hot water at a temperature of 72◦C for 5–15 s. HPP is a non-thermal

processing method that can be applied to solid and liquid foods. This technology
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inactivates pathogenic microorganisms by applying a high hydrostatic pressure (usually

300–800 MPa) during short-term treatments (<5–10min). UV irradiation utilizes short-

wavelength ultraviolet radiation in the UV-C region (200–280 nm), which is harmful to

microorganisms. It is effective in destroying the nucleic acids in these organisms, so that

their DNA is disrupted by UV radiation.

Aim: The aim of this paper is to present the EMBA recommendations on processing of

HM, based on the most recent results obtained with these new technologies.

Conclusions: Although research on the most promising technologies that will represent

an alternative to HoP (HTST, HPP, UV-C) in the future is progressing, it is now important

to recognize that the consistency and quality assurance of the pasteurizers on the

market today represent a fundamental component that was previously lacking in the

Holder approach.

Keywords: processing of human milk, donor human milk, human milk, human milk bank, preterm infants, infant

nutrition

BACKGROUND

The increasing number of infants who are born extremely
preterm and survive at birth and beyond, with a gestational
age as low as 22 weeks, represents a new challenge for
neonatal nutrition. In the last few decades, human milk
(HM) has been identified as the normative standard for
premature infant feeding and nutrition by health organizations
and scientific societies (1–3). HM confers to these infants
protection against necrotizing enterocolitis, sepsis and other
infections, and severe retinopathy, decreases the risk of death,
and improves their long-term neurocognitive development
and cardiovascular health. In addition, the benefits of breast-
feeding to promote psychological health and mother-infant
bonding are well-known. A mother’s own milk (MOM) is
the first choice for premature infant feeding. When there
is not sufficient MOM (a common occurrence in Neonatal
Intensive care Units), donor human milk (DHM) obtained
from well-established human milk banks (HMBs) is the
best alternative. The WHO/UNICEF Joint Statement clearly
indicates: “HMBs should be made available in appropriate
situations” (4).

DHM delivered to HMBs should be pasteurized to inactivate
viral and bacteriological agents (5). The ideal pasteurization
process should consist of a rapid heating phase, followed by
a phase in which the temperature is maintained constant, and
a final rapid cooling phase. Currently, a pasteurization process
performed at a temperature of 62.5◦C for 30min, which is known
as the Holder pasteurization (HoP) method, is recommended
in all international guidelines for the establishment and
management of HMBs (5, 6). Pasteurized HM is known to
retain many beneficial and protective components of fresh
HM (5). However, it also affects some of the nutritional
and biological properties of HM and eliminates the beneficial
microbiota of fresh HM, thus resulting in the reduction of some
bacteriostatic mechanisms that render milk more susceptible
to postheating bacterial contamination, and decreases in its
nutritional value (5).

Due to the present limitations of HoP in processing of HM,
there is the need to evaluate alternative processing methods
able to preserve better the bioactivity of a higher number
of HM components in order to improve the nutritional and
immunological quality of DHM.

New technologies are under study and the purpose of this
manuscript is to evaluate the results obtained from the most
promising ones.

STATE OF THE ART AND FUTURE TRENDS

HM is a functional and dynamic biologic system: it provides
nutrients, bioactive components and immune factors, and it
promotes an adequate and healthy growth of newborn infants.
Milk delivered to HMBs should be pasteurized to inactivate viral
and bacterial agents, as well as a mother’s own milk in specific
clinical situations.

Currently, HoP is the most frequently studied and
recommended method for the heat treatment of donor
HM (5–8). A recent review has shown a significant variability in
the data reported in scientific literature concerning the effects
of HoP on the biological components of HM (9). Possible
explanations for this variability could be the heterogeneity of the
test protocols applied in the studies, the fact that HoP is often
simulated in laboratories on small aliquots of milk rather than
being performed with commercial instruments on the larger
volumes of milk utilized inside the HMBs, and, last but not least,
modern pasteurizers require significantly less time for heating
and cooling than older ones, thus changing the kinetics of the
thermal response for heat-sensitive compounds (9–12).

The loss of some biologically active components as a result
of HoP, including immunological components, is the main limit
to the spread of donor HM utilization in the feeding of preterm
infants (10, 11).

The optimization of the biological and nutritional quality of
DHM is considered, by the European Association of HumanMilk
Banks (EMBA), as a scientific and social priority. In order to
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investigate this aspect, the EMBA Board of Directors set up a
Working Group (WG), that is, a dynamic network of scientists
who perform research in the field of HMBs and HM treatment,
and who operate in different European countries. This WG
is aimed to evaluate old and new methodologies in order to
determine their effects on the final quality of DHM delivered
from HMBs. The objective is to obtain optimum levels of quality
and safety of DHM from milk banks in Europe and to decrease
the variability of HM, at least as far as the aspects related to
the effects of heat treatment are concerned. Quality has been
discerned as a powerful tool for the improvement of the well-
being of premature infants. A better management of DHM in
HMBs will improve the services for donor women (those who
donate milk) and for the recipients (the newborn infants who
receive it).

The main technologies taken into considerations by this
WG are the following: low-temperature long-time pasteurization
(LTLT), which has been evaluated by a French group in Lyon (RB
and JCP); high-temperature short-time pasteurization (HTST),
evaluated by two Italian groups located in Turin and Milan (EB,
LC, DL, and GEM); high pressure processing (HPP), evaluated by
a French group located in Bordeaux (CB and GD) and a Polish
group located inWarsaw (AW); and ultraviolet (UV) irradiation,
performed by the Spanish group located in Palma deMallorca (JC
and AG).

Low-Temperature Long Time
Pasteurization
At present, the most common practice utilized for the treatment
of DHM is a low-temperature (62.5◦C) long-time (30min)
pasteurization (LTLT), which is known as Holder pasteurization
(HoP). HoP is recommended in all the international guidelines.
Milk pasteurization with HoP is known to retain many of the
beneficial and protective effects of HM, such as a reduction
in NEC and sepsis, protection against bronchopulmonary
dysplasia, and a lower rate of long-term complications, such as
cardiovascular diseases and neurodevelopmental disabilities (3).

However, some significant concerns have arisen, related to the
possible alterations of the nutritional and biological properties
of DHM, as a result of the heat treatment. HoP produces a loss
in the quantity and/or activity of some biologically functional
milk components to varying degrees (9). Other nutritional
and biological components, such as oligosaccharides, lactose,
glucose, LCPUFAs, gangliosides, vitamins A, D, E, and B12,
folic acid, some cytokines, and some growth factors are instead
preserved (9).

Different devices have been produced to perform LTLT
pasteurization. The most common heat source for pasteurization
is hot water, but moving hot air has also been used in some other
devices. In 2017, Buffin et al. showed that air pasteurizers have a
very different pasteurization pattern fromwater pasteurizers (12).
When the temperature recorded in the different bottles inside at
pasteurizer’s bath was measured, it was not homogenous, with a
difference of 21.7min between the first probe and the last probe
reaching 62.5◦C. Moreover, the plateau duration was on average
10min longer in air pasteurizers than in water pasteurizers.

Therefore, the exposure to temperature seems to be more
prolonged in the former devices (12). In fact, air is a less effective
thermal conductor than water. Its propulsion is uneven and leads
to temperature inhomogeneity in pasteurizer. This phenomenon
leads to the bottles undergoing a different treatment from each
other, and it is difficult to provide adjustments to improve
the process.

Water is the most homogeneous environment heat
conducting source, and it is therefore the most widely used
medium for HoP. Different devices exist on the market today,
but not all of them are provided with a temperature control
system. The duration of the heat treatment and the maximum
temperature of milk exposure have been shown to be essential
for the preservation of human milk. Evans et al. already
showed, back in 1978, that the alteration of the immunological
components of human milk began at a temperature of 60◦C and
became more significant at 65◦C (13). This was later confirmed
by Czank et al. who demonstrated a significant impact of the
temperature and an early alteration starting at 58◦C (14).
The study also demonstrated the influence of the duration of
pasteurization, with a loss of 1.6, 1.7, and 2.4%, respectively,
for IgA, lysozyme and lactoferrin per each minute spent at a
temperature of 62.5◦C (14).

The recording of the temperature of milk in several bottles,
by means of external probes, during the pasteurization cycle
showed significant differences, in terms of temperature or
the duration of exposure of HM, depending on the device.
The increase in the temperature of milk is in fact fast up
to 58◦C, but the inertia of heating is then responsible for
a slowing down of the rise in temperature up to 62.5◦C. It
has been demonstrated that HM immune components start to
be damaged significantly from 58◦C (14). The regulation of
each pasteurizer is therefore crucial to minimize the exposure
time responsible for the damage to HM. Buffin et al. reported
that the difference in exposure above 58◦C could be as much
as 10min longer, depending on the device. In addition, the
average temperature of the plateau can vary by nearly 0.8◦C.
These effects are only visible when several calibrated probes
are used (12, 15). It is important to note that the milk was
shaken during the heat treatment in both types of tested
pasteurizers (12).

A single recording probe in just one of the bottles does not
allow either the whole pasteurizing process to be understood
or deviances in the system to be detected. Since HoP is
currently conducted at a relatively high temperature (62.5◦C),
it is important to control this temperature and the duration
of exposure (12, 15). Furthermore, most of the studies that
have evaluated or compared HoP with other techniques have
not described the pasteurizer cycle precisely. The differences
that exist between pasteurizers can be important and can have
an important impact on the assessed components. This could
explain the discrepancies that have been found between the
different results in literature. These inconsistencies make it
difficult to make a definitive statement on the effects of HoP.
For these reasons, any future study on HoP should adopt a
standardized approach to ensure consistency. However, it is
important to recognize that where research on HoP is being
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carried out, consistency, and quality assurance adds a necessary
component that was previously lacking in the approach.

Therefore, a routine recording of the milk temperature in
one bottle located in the middle of a bath is important to
control each pasteurization cycle. This probe is not present
in all the pasteurizers available on the market today, and is
present even less in a simple water bath. Each pasteurizer
should be made to undergo regular quality controls, performed
by each HMB using several external probes. Some criteria
have recently been proposed (Table 1) (12, 15). Since 2016,
such quality controls have been performed regularly, at least
once a year, in the 36 French HMBs. Manufacturers should
provide these criteria when they propose qualified pasteurizers
to HMBs.

This qualification has two purposes:

• The first is to highlight a dysregulation of the pasteurizer;
• The second, which is based on the results, is to require the

manufacturer to adjust and optimize the regulation of the
pasteurizer in order to minimize the temperature plateau
range, the duration of the pasteurization plateau, and to ensure
cycle accuracy and repeatability.

Moreover, since HoP is the most frequently used technique, it
should be considered, as part of the optimization, whether a value
of 62.5◦C is the best temperature for the treatment of human
milk. Czank et al. have shown the effectiveness of pasteurization
on bacteria at temperatures above 57◦C. However, it is known
that Cytomegalovirus persists at this temperature, but it could be
useful to test intermediate temperatures, such as 60◦C and / or
shorter exposure times (14).

Finally, it should be kept inmind that the heating phase should
be followed immediately by a rapid chilling phase to 4◦C to
minimize the additional time during which the milk is exposed
to the high water bath temperatures and to reduce the further
destruction of heat labile components. This thermic shock could
also prevent aerobic spore-forming bacteria from multiplying.

As long as HoP remains the main technique utilized in HMBs,
it should be made as optimal as possible, with quality assurance
being obtained through checks and calibration.When comparing
HoP with new techniques, it should be ascertained that HoP
is performed correctly, and the comparison should be made in

TABLE 1 | Criteria for qualification of human milk pasteurizers (12, 14, 15).

• Measurement by calibrated temperature probes Independent of the

pasteurizer

• Regular distribution of the probes inside the pasteurizer

• One probe for 8–10 bottles

• Qualification repeated once a year and after major intervention, and

performed on three pasteurization cycles

• Temperature of the plateau as close as possible to 62.5◦C and below

64◦C

• Duration of the plateau as close as possible to 30min and <35min (time

calculated when all probes have reached 62.5◦C)

• Exposition time over 58◦C <50min for each probe

• Exposition time from 62.5 to 6◦C ≤ 1 h

conditions as close as possible to the routine daily practices in
the HMBs.

High-Temperature Short-Time (HTST)
Pasteurization
HTST was the first non-HoP technique tested to improve the
nutritional and immunological quality of milk, and it was first
established in the dairy industry in the 1930s (16). HTST is
usually performed by heating thin layers of milk in continuous
flow systems at 72◦C for 15 s. This technology has been
applied to the treatment of DHM with promising results (9).
Immunological components, and in particular immunoglobulins
(Igs), are known to be affected by HoP (17–19), and have often
been targeted as qualitative/functional parameters in studies on
alternative HM pasteurization technologies. Goldsmith et al.
were the first to test HTST pasteurization on HM using a
stainless steel laboratory capillary heat exchanger (20). They
reported comparable degradation after HTST and HoP for Igs
and lactoferrin. The retention of HM Igs was found to decrease
as the temperature and holding time increased. Therefore, the
search for an optimal compromise between microbiological
safety and biological quality should be made considering the
pasteurization equipment and the working conditions. Data
regarding the effect of HTST pasteurization on lactoferrin and
lysozyme concentrations and activities are sometimes divergent,
due to the fact that different methods were used to apply the
HTST technology in the different studies.

Overall, it has emerged that HTST performed at a laboratory
scale or pilot scale is at least equivalent to HoP in ensuring
HM microbiological safety, but is better at preserving the HM
antioxidant potential, lactoferrin content and structure, B and C
vitamins, and some cytokines.

Two HTST pasteurizers have recently been specifically
designed and validated for human milk processing (21, 22).

In the first study, a new small-scale, continuous-flow, HTST
pasteurizer was designed to treat HM. The efficacy of the new
HTST device was assessed on inoculated Listeria monocytogenes,
Staphylococcus aurous, and Chronobacter sakazakii, as well as
on raw human milk bacteria. The biological quality of the milk
was assessed after HTST pasteurization and compared with a
standard HoP, by determining the secretory IgA (sIgA) content,
the protein profile, lysozyme and the Bile Salt Stimulated Lipase
(BSSL) activities. No pathogen or bacterial growth was detected
after HTST pasteurization with the new instrument. Changes
in the protein profile were observed in the milk pasteurized
with both processes. The sIgA content and BSSL activity were
significantly higher in the milk pasteurized with the new device
than in the same milk treated with the standard HoP. In
conclusion, the new HTST apparatus was able to effectively
pasteurize HM and showed a better retention of the sIgA content
and a better BSSL activity (21). However, these results still have
to be confirmed in HMB conditions.

Escuder-Vieco et al. described HTST equipment designed
specifically for the continuous and adaptable (time-temperature
combination) processing of DHM, considering the specific needs
of a human milk bank (22). Microbiological quality, the activity
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of the indicator enzymes and indices for thermal damage to
HM were evaluated before and after HTST treatment using
different temperature and time combinations and the results
were compared with the results obtained after HoP (22). The
HTST system had an accurate and simple operation mechanism,
which allowed the pasteurization of variable amounts of DHM
and reduced both the processing time and the labor force.
HTST processing at 72◦, for at least 10 s, effectively destroyed
all the vegetative forms of the microorganisms that were initially
present in the raw DHM. Alkaline phosphatase was completely
destroyed after HTST processing at 72 and 75◦, but γ-glutamil
transpeptidase showed higher thermoresistance, thus indicating
that this could be used as a quick, simple, and inexpensive test.
The furosine concentrations in HTST-treated donor HM were
lower than those obtained after HoP, and the lactulose content
for HTST-treated DHM was below the detection limit of the
analytical method (10 mg/L). The absence of lactulose and the
small amount of furosine found in HTST-treated DHM indicated
that a heat treatment with this new HTST equipment did not
induce any significant heat damage to DHM. In addition, a higher
retention of immunoglobulins, some hormones, BSSL activity
and antioxidant capacity were found in HTST-treated DHM
samples than in the samples treated by means of HoP (22).

High Pressure Processing (HPP)
HPP is a well-known technique in the food industry, and it is
considered a promising alternative to the thermal pasteurization
of HM. HPP is a non-thermal processing method that can be
applied to solid and liquid foods to provide microbiologically
safe, nutritionally intact, and sensory high-quality products
(23). This technique inactivates pathogenic microorganisms
by applying high hydrostatic pressure (usually 400–800 MPa)
through short-term treatments (<5–10min) (24).

Viazis et al. were the first to point out the retention of
nutrients and the bioactivity and microbial safety of pascalized
HM (25, 26).

Other researchers have shown that HM activity after processed
over a 300 to 650 MPa HPP range is similar to heat-treated
milk. IgA, IgM, IgG, lysozyme, lactoferrin, cytokines (EGF, TGF-
β1 and TGF-β2, IL-6, IL-8, TNF-α, IL-12, IL-17, and IFN-γ) α-
and δ-tocopherol, and free nucleotidemonophosphates are partly
preserved (27–32).

The destruction of Listeria monocytogenes, Eschericha coli,
Staphylococcus aurous, and Salmonella spp, within the 300–400
MPa pressure range, is comparable with the microbiological
purity obtained after thermal pasteurization (25, 28, 33).

Moreover, recently obtained results suggest that anHPP
treatment, at pressures below 600 MPa for 15min, allows the
antirotaviral activity to be retained (34).

This technique respects the sensorial and nutritional
properties of food better than HoP, because of the absence of a
heat treatment (35, 36). As far as the safety and taste satisfaction
of donor milk recipients are concerned, the profile of the
volatile milk components has been examined after processing.
Generally, the change in the sensory quality of human milk after
a high-pressure treatment has been found to be less than that
caused by HoP (35, 36).

It should be taken into consideration that a change in the
lipid fraction may take place as a result of HPP. Milk fat
is distributed as globules in colloidal fluid produced by the
mammary gland. Any physical factor that is able to influence the
stabilization of this component, either pressurization or a warm
temperature, causes a decreased fat globule size, which is defined
as a homogenization (37).

Exposure to pressures below 600 MPa has not been found
to influence the content or composition of the lipid fraction of
HM. However, increasing pressure above this limit might result
in undesirable changes in the content of selected fatty acids in
human milk. A risk of lipid oxidation products in HM after
processing has been reported (38, 39).

The HPP technique seems to offer clear advantages over
HoP: it results in an improved nutritional quality product; it
is faster and perhaps more convenient than HoP; it can be
applied to frozen milk samples and it can be used on samples of
variable size.

A French team from Bordeaux and a Polish team from
Warsaw, with representatives from the EMBA Working Group
(CB and AW), have evaluated this technology with positive
results. HPP seems to be able to better maintain some milk
proteins (HGF, lactoferrin, IgG), and to preserve active hormones
(leptine, adiponectine, insulin, erythropoietin) and enzymes
(lipase) (EMBA International Conference on Donor Human
Milk, Glasgow, October 5–6th, 2017). Until recently, it was
considered that vegetative cells are more effectively destroyed
by HPP than endosporic forms. Billaud and Demazeau have
recently optimized the operational parameters (pressure, rate,
decompression, and application mode) and this has allowed the
inactivation of B. cereus spores. Under these conditions, the
activity of certain important human milk biological components,
such as lipase activity and immune proteins, is maintained. These
results were obtained with a pressure of 350 MPa (40).

Themain obstacle to the use of HPP in humanmilk treatment,
is the scaling down of the equipment and the investment and
operating costs. It has been calculated on the basis of a cost
consequence analysis conducted with a regional model of human
milk banking operating in Poland, that the cost of pascalized
donor milk will be 130% higher than milk treated by means of
Holder (unpublished data). However, there are some small and
medium-size enterprises in Poland that are interested in investing
in the human milk bank market. The prototype equipment for
human milk pascalization has already been described, and the
next step will be to obtain the money to construct and validate
the device (Figure 1).

At present, only prototypes of these HPP devices exist, and
this technique still has to be tested under HMB conditions.

Ultraviolet-C Irradiation
Ultraviolet (UV) irradiation utilizes short-wavelength ultraviolet
radiation in the UV-C region (200–280 nm), which is harmful
to microorganisms. It is effective in destroying the nucleic acids
in these organisms, so that their DNA is disrupted by the UV
radiation, leaving them unable to perform vital cellular functions.
The greater the exposure to UV rays, the better the result, and this
ensures a complete destruction of all the microorganisms (1, 3).
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FIGURE 1 | Prototype and parameters utilized for high pressure processing of human milk.

UV light only penetrates food materials by several millimeters,
depending on the optical properties of the product. Ultraviolet
light penetrates the cells, but does not alter the food that is being
treated. The color and/or turbidity of the liquid influences its
optical absorption coefficient. UV light cannot penetrate milk or
other cloudy foods, like other opaque foods. As a consequence,
these substances must be presented to the system as a thin layer,
and this constitutes a concern when large volumes of donor HM
in HMBs are being treated daily (41, 42).

Some preliminary reports have shown that UV irradiation is
able to produce a reduction of 5 log 10 in the exogenously-added
bacteria in HM, without affecting the lipase activity (43). The
concentrations of lactoferrin, lysozyme and immunoglobulin A
(IgA) have been described as basically being unaltered (44), and
it has also recently been reported that ultraviolet -C radiation
is able to inactivate cytomegalovirus in HM under the correct
conditions (45).

The main challenge to testing this methodology is the lack of
appropriate equipment in the humanmilk bank context. In order
to further analyze the potential application of UV-C irradiation
in this context, a Spanish group from Palma de Mallorca (JC and
AG), has designed an instrument in whichmilk is kept in motion,
through the use of a magnetic stirrer bar, which creates a low
velocity, laminar flow vortex, thus transporting and overcoming
the low penetrance of UV irradiation. Figure 2 demonstrates
the instrument, which allows 500ml of milk to be processed: it
consists of a graduated cylinder glass tube in which a 26 cm long
UV-C lamp with 8w power has been introduced, so that 10min
of treatment equals 9,600 Joules/Liter (LIT-06; Instrumentación
Científico Técnica S.L., La Rioja, Spain). In this treatment, the
milk is kept at room temperature and agitated with a magnetic
bar and a stirrer at 200 rpm.

With this device, Calvo and Gaya tested five different 500ml
batches of DHM that had been discarded during routine

FIGURE 2 | Schematic representation of the device used to treat donor

human milk with UV-irradiation.

processing in their HMB due to the presence of high levels of
contamination. Of the five analyzed samples, two presented>105

CFU/ml and three >106 CFU/ml. In all cases, the contamination
was due to a mixed flora, including gram-negative bacteria. A
sample was taken at different times after the treatment was
started (0, 15, 30, 45, and 60min) and the number of CFU was
quantified by means of conventional microbiological techniques.
These experiments showed that, after 30min of treatment, the
amount of CFU/ml was reduced by five orders of magnitude
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(log10) in all cases. The fact that the used samples were
representative of the DHM samples usually treated in a HMB is of
particular relevance.

Bacillus is a bacteria genus that is frequently found in DHM,
and it represents a special concern for HMBs, as these bacteria
are capable of producing heat-resistant toxins and forming spores
that are resistant to pasteurization (46, 47). In the HMB of Palma
de Mallorca, about 10% of the milk is generally discarded due
to the presence of Bacillus sp. In order to test the susceptibility
of Bacillus sp to the UV treatment, the researchers used two
different batches of donormilk that had been discarded as a result
of contamination with Bacillus sp., 3,000 CFU/ml in both cases.
The results showed that after 45min of treatment, the Bacillus sp.
were eliminated.

The Spanish group then evaluated the effect on the biological
components of HM. One of the main biological components is
IgA, which constitutes 90% of all the immunoglobulins present
in colostrum and HM. Its importance lies not only in its
concentration, but also in its biological activity (48). It has been
pointed out that pasteurization affects IgA levels to different
extents, depending on the pasteurization temperature (14). In the
case of HoP, a clear decrease in IgA concentration was observed,
although there were large discrepancies in the range of reduction,
from 20 to 60% (9). The results of this group have shown that,
after testing seven different batches of DHM, the IgA levels
measured by conventional nephelometry techniques, were 96%
of the pre-treatment levels, and in five samples, a 100% activity
was preserved.

From these results, it can be concluded that the treatment
with UV-C light has a number of features that make it a good
candidate as an alternative to HoP. In addition to providing
a better protection of the biological components than other
methods, it is also capable of producing an at least 5-log10
decrease in the number of bacteria (including Bacillus sp)
present in DHM. Furthermore, the ability of UV-C radiation to
eliminate active forms of Cytomegalovirus in HM has also been
demonstrated (45). Unfortunately, until now, there is neither a
device nor even a prototype that would enable the use of this
technology in an HMB setting.

EMBA Working Group Recommendations
One important aspect that should be considered when evaluating
the processing of humanmilk is the viral inactivation effect of the
new methodologies.

The ability of LTLT pasteurization to inactivate viral
pathogens is well-known. The list of human viruses inactivated
by HoP includes pathogens for which transmission through
breastfeeding has been conclusively demonstrated (i.e., the
human immunodeficiency virus, human T-cell lymphotrofic
virus, cytomegalovirus), and viruses that can be transmitted via
breast milk, such as human papillomavirus, Zikavirus, Ebola and
the Marbourg virus (49–55).

On the other hand, virus inactivation still has to be carefully
evaluated for each alternative technique and device designed to
treat breast milk. This is an important issue for future research.

We can state that fundamental knowledge of new technologies
of HM processing is still lacking. Their effects on safety and

bioactive components of HM need further evaluation. Table 2
presents the “state of the art” at the moment, explaining
advantages, and disadvantages of the processing techniques
described in this paper.

On the basis of evidence taken from the literature and
on the personal experience of its members, the Working
Group on the Processing of Human Milk makes the
following recommendations:

When testing new technologies, the following requirements
should be fulfilled:

- The equipment should be described precisely
- The control of the equipment and repeatability of the process

should be demonstrated
- The process parameters should be recorded
- Tests should not be performed only at a lab scale, but also in

an HMB environment

The final aim ofHMprocessing performedwith new technologies
should be:

- To improve the preservation of the nutritional and bioactive
components of raw HM (in order to at least ensure the same
microbiological safety as HoP)

- To improve the microbiological safety of treated DHM, taking
into account the inactivation of spores, even though this aspect
is not at present considered in all the guidelines that regulate
the activity of HMBs

- To inactivate the viral effect on human viruses for which
transmission through breastfeeding has been demonstrated

FIGURE 3 | Workflow for assessing the performance of new pasteurization

technologies for human milk. *For the qualification of the Holder pasteurizer,

see Buffin et al. (12).
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TABLE 2 | Advantages and disadvantages of the processing techniques described in this paper.

Processing Technique Advantages Disadvantages

Low-Temperature Long-Time

Pasteurization (LTLT), known as

Holder Pasteurization (HoP)

- Best known methodology

- Recommended in all international guidelines for the

constitution of Human Milk Banks

- Well-established antimicrobial and antiviral activity

- Retention of many beneficial and protective effects of

human milk

- Reduction/disruption of important nutritional and

immunological factors of human milk

- Ineffective against bacterial spores (Bacillus cereus)

- Need of regular requalification of the pasteurizer

High-Temperature Short-Time

Pasteurization (HTST Pasteurization)

- Utilized in dairy industry since 1930s

- Less thermal stress (processing time in seconds and not in

minutes)

- Better retention of sIgA and lipase activity in comparison to

HoP

- Smaller loss in antioxidant potential than HoP

- Prototypes have been used for comparative studies

- No device available on the market today

- Ineffective against bacterial spores (Bacillus cereus)

High Pressure Processing (HPP) - No thermal stress (processing at low temperature)

- Better retention of some important biological components

(lipase, lysozyme, lactoferrin, IgA) in comparison to HoP

- Inactivation of bacterial spores

- Higher microbial safety

- Antiviral activity needs a more deep evaluation

- Investment and operating costs are significantly higher than

a conventional pasteurizer

- Scaling down of the equipment represents a practical

problem

- Dimensions and weight of the apparatus make difficult the

placing in human milk banks

Ultraviolet-C irradiation (UV irradiation) - Emerging food preservation technique that retains higher

quantities of bioactive components

- Better retention of IgA in comparison to HoP

- Effective on elimination of Bacillus cereus spores

- Application of UV-C technology is difficult in human milk

- Only few preliminary reports are available

- Antiviral activity has to be evaluated

- Lack of appropriate equipment in a human milk bank setting

TABLE 3 | Parameters to evaluate for validation of new pasteurization technologies.

BIOCHEMICAL QUALITY

Parameter Unit Method

sIgA ng/ml Giribaldi et al. (21)

BSSL activity µmol/min/ml Giribaldi et al. (21)

Lysozyme activity U/µl Giribaldi et al. (21)

MICROBIOLOGICAL QUALITY§

Inoculated bacteria Initial loads in raw milk (CFU/mL) Final loads in pasteurized milk (CFU/ml) Method

Listeria monocytogenes 1.2 × 106 Absent in 25ml EN/ISO 11290, 1996 (21)◦

Staphylococcus aureus 3.0 × 106 <100 EN/ISO 6888, 1999 (21)◦

Chronobacter sakazakii 1.6 × 106 Absent in 10ml AFNOR V08-054, 2009 (21)◦

CMV Absent Hamprecht et al. (51)◦

HIV Absent Giribaldi et al. (21)◦

§ For the design of the microbiological challenge test, see Giribaldi et al. (21).
◦ Or equivalent methods.

- Easy placement of the new plant in HMBs
- Low cost, in order to overcome the problem of the limited

financial resources of the majority of HMBs.

A workflow that can be considered suitable to assess the
basic performance of new pasteurization technologies
for HM is shown in Figure 3 and Table 3. Since Holder
pasteurization is not efficient in eradicating spore-forming
bacteria, this parameter has not been included in the validation
targets. However, any new pasteurization system that could
prove to be efficient against spore-forming bacteria (while
maintaining all the other aforementioned characteristics)
would represent a great advantage for the improvement of
HM safety.

CONCLUSIONS

This paper presents the recommendations of the EMBAWorking
Group on the “Processing of HM.” Although research on the
most promising technologies, which will represent a reasonable
alternative to HoP in the future (HTST, HPP, UV-C) is
progressing, at the moment it is important to recognize that the
consistency and quality assurance of the pasteurizers currently
available on the market today represent a fundamental approach
that was previously lacking in HoP practice.

EMBA recognizes that HoP is at present the safest
compromise for the treatment of DHM; however, further studies
are needed to improve this technology in order to minimize
its effects on the biological components of HM. The new
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technologies evaluated and studied by the Working Group are
being developed rapidly, and EMBA recommends that the final
aim of these technologies should be an improved preservation
of the nutritional and bioactive components of raw human milk,
while assuring microbiological safety of the product, at least at
the same level as optimized HoP.
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Objectives: To develop recommendations from the European Milk Bank Association

(EMBA) for the establishment and operation of human milk banks (HMB) in Europe.

Method: A working group comprising members of the EMBA was convened in 2015 to

develop Europe-wide recommendations for milk banks. Each member had experience of

guideline development and/or milk banking operations. An initial survey was agreed using

collated published global recommendations. A total of 108 potential recommendations

were included in the survey; responders noted which were included in their national

guidelines. The responses were collated, compared, and discussed and the group

determined where there was consensus and where substantial or minor differences

were identified. Where there was consensus or robust published evidence on which

to base recommendations these were included. When there was no consensus and

no clear evidence base, a statement of explanation based on collective expert opinion

was agreed.

Results: Published, internationally available guidelines with recommendations for

human milk banks from France, Italy, and the UK, together with guidelines from Austria,

Denmark, Germany, Norway, Slovakia, Spain, Sweden, and Switzerland were included

as source materials. These covered: General recommendations; Donor recruitment and

screening; Expression, handling, and storage of donor human milk (DHM); Pooling of

DHM; Milk screening; Milk treatment (pasteurization); Delivery of DHM to recipients.
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Conclusions: Evidence based recommendations and consensus statements from the

EMBA will now be published on the EMBA website to assist in the safe establishment

and operation of HMBs throughout Europe. These have also been used to inform the

chapter on human milk to be included in the 2019 edition of the Guide to the quality and

safety of tissues and cells for human application, published by the European Directorate

for the Quality of Medicines & HealthCare (EDQM).

Keywords: donor human milk (DHM), Human Milk Bank (HMB), breastfeeding, pasteurization, donor screening,

bacteriology testing

BACKGROUND

Human milk (HM) is the preferred nutrition for preterm infants
(1), but not all mothers are able to provide their child with
enough milk. There are specific beneficial effects of breastfeeding
in these infants as HM feeding reduces the risk of short term
and long term complications related to prematurity. Donor
HM (DHM) can supplement the supply of maternal breastmilk

when it is insufficient or provide the preferred alternative when
the mother is not breastfeeding. DHM is beneficial for the
health of preterm infants, first because significant properties
are preserved following holder pasteurization (2) and secondly
because it prevents feeding these infants with a preterm formula.
According to the World Health Organization (1) the American
Academy of Pediatrics (3) and the European Society of Pediatric
Gastroenterology, Hepatology, and Nutrition (4) the feeding of
preterm infants with mother’s own milk is recommended as the
first choice and if this is not available pasteurized DHM from an
established milk bank should be the next alternative.

The main benefits for preterm infants that receive DHM
instead of formula are faster gastric emptying, faster attainment
of full enteral feedings, improved gut growth and maturation,
decreased risk of necrotizing enterocolitis and late onset sepsis,
improved neurodevelopmental outcomes, less retinopathy of
prematurity and improved visual development (5–9).

HMBs have existed since 1909 in Europe and countries
that supported the development of a significant number of
HMBs developed national guidelines to harmonize practices.
The European Milk Bank Association1 (EMBA) was officially
launched in October 2010. According to the definitions agreed
by the EMBA Board of Directors:

• Human milk banks (HMB) collect, screen, store, process, and
distribute DHM.

• DHM is breastmilk that has been expressed by a mother
and provided freely to a HMB to be fed to another
mother’s child.

The EMBA constitution is available to view on the EMBA
website1. The Association welcomes membership from HMBs,
milk bank associations and individuals who support the aims
of the Association. Membership affords the opportunity to
access conference presentations from the past 6 years as
well as additional materials of interest to those who bank
or use DHM.

1http://europeanmilkbanking.com

The EMBA is a non-profit organization that was established
to promote milk banking and to encourage international co-
operation between the HMBs of the countries of Europe as
well as globally. The association’s headquarters are in Milan,
Italy but association meetings and conferences are held in
different locations within Europe. The primary aim of the EMBA
is to support and promote exclusive breastfeeding, which is
universally acknowledged to be the optimal method of feeding
all infants. The use of DHM from HMBs for preterm and sick
infants temporarily without access to their ownmother’s milk has
been widely shown to be linked to increased rates of exclusive
breastfeeding on discharge from neonatal units (10, 11).

The EMBA was also established to support human milk
banking in Europe by promoting safe practices and fostering
sustainable operations. Hence a further aim of the association,
as listed in the EMBA Constitution1 is to “Prepare international
and regularly revised guidelines to set standards for the practice
of milk banking.” The usual methodology for establishing
guidelines is to convene appropriate multidisciplinary expertise,
consider all of the stages of a process and conduct a review of the
evidence before making recommendations linked to the strength
of the evidence. In the absence of such a published guideline,
aimed at milk banks throughout Europe, it is expected that the
development of Europe-wide recommendations by EMBA for
HMBs will promote best practice, optimize quality, and safety
within the HMBs that are currently operational as well as offer
valuable assistance to those who are establishing a new HMB.
Evidence and expert opinion based recommendations should be
the standard throughout Europe to promote consistent practices
both within and between countries.

There are currently 226 HMBs operating in 28 countries in
Europe. These include the first milk banks in Estonia, Lithuania,
Poland, Portugal, and Russia. A further 16 HMBs are planned.
The current status of HMBs in Europe is maintained on the
EMBA website1.

The 226 HMBs in Europe incorporate newly established
organizations with a limited history of operational expertise as
well as ones that have links to the very early milk banks founded
over a century ago. They include national and regionalized
services as well as small operations serving a single neonatal
unit. The volumes of DHM that are tested and processed and
provided mainly to sick and preterm infants vary widely from
country to country1 as well as within a single country (12) as do
the criteria for receipt of DHM. An EMBA coordinated survey
of all the HMBs in Europe will be carried out in 2019. This will
gather up to date information about the extent of milk banking
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activity including the number of donors recruited, volumes
of milk donated and processed, volumes of milk provided to
hospitals, and the number of recipients. It will also collate further
information about milk banking practices.

There are currently no published Europe-wide guidelines
however internationally published guidelines for HMBs are freely
available from France2, Italy (13), and the UK (14). Countries
with nationally agreed and recognized guidelines include Austria,
Denmark, Germany, Norway, Slovakia, Spain, Sweden, and
Switzerland. English translations of recently updated (2017–
2018) national guidelines from Sweden and Spain can be
downloaded via links from the EMBA website. Differences
exist between national guidelines as a result of variations in
practices, regulation, and organization of HMBs in each country.
Differences in practices are due to the lack of evidence for some
points related to the operation of a HMB. DHM status globally
is variable; it is either considered a food, a health product food
or a tissue; the latter ones being subject to stricter regulation.
Organization of HMBs is different when collecting and delivering
DHMonly for infants hospitalized in the same building, or over a
more or less wide area including several health care institutions.

The HMBs of Europe also have very different historical
backgrounds1 and in most cases have operated independently of
each other although regular meetings take place between milk
banking practitioners in Norway and Sweden and between those
of Austria, Germany, and Switzerland.

A major role of the EMBA has, since its inception, been
the provision of education, largely via the organization of
international congresses. Presentations at these congresses
have revealed similarities between the milk banking practices
throughout Europe and have also revealed fundamental
differences. These have substantiated the results of surveys of
HMBs carried out both before and after the establishment of
EMBA in 2007 and in 2012. In some cases the official national or
local recommendations from various countries lead to significant
differences in practice. For example most published guidelines
recommend that all DHM should be heat treated [using the
standard holder pasteurization method2 (13, 14)]. However,
in Norway mainly raw (non-heat treated) DHM is provided
by the country’s 12 milk banks. This is considered possible
and reasonable because (1) the demand can be met due to
very high breastfeeding rates, even with extremely strict donor
screening, (2) there is complete traceability of milk from donor
to consumer, (3) there is a small population with very low HIV
and hepatitis rates, (4) extremely rigorous and regularly repeated
testing of donors (every 3 months) is practiced (15, 16). However,
in almost half of the 20 official HMBs in Germany both raw
and pasteurized DHM is available and used in accordance with
local clinical judgment based on the gestation and health of the
recipient (17).

OBJECTIVE

One of the clear objectives of the EMBA1 has been to develop
Europe-wide recommendations for HMBs. This is especially

2http://ansm.sante.fr/Activites/Elaboration-de-bonnes-pratiques/Bonnes-

pratiques-des-lactariums

needed by countries without experience of human milk banking
or the use of DHM. Such recommendations should optimize
safety and draw upon the available evidence. The processes and
practices within human milk banking do not lend themselves
to randomized controlled trials and there are few meta-analyses
or systematic reviews available to refer to. In the absence of
these, expert opinion is required and where this differs, a
consensus and in some cases compromise is sought. The EMBA
Guideline Working Group was formed in 2015 to undertake
this task. EMBA members from 13 countries contributed to
the work of the group. Throughout its 3 year existence,
members of the Guideline Working Group have included
representatives from Austria, France, Germany, Italy, Norway,
Poland, Portugal, Serbia, Slovenia, Slovakia, Spain, Switzerland,
and the UK.

METHOD

The three main tasks of the group were:

1) to complete a comprehensive survey of current practices
within their national milk banks (See Appendix for details of
the 108 survey questions)

2) to use the known guidelines to assess where consensus could
be achieved

3) identify where research evidence is available to
support recommendations.

A useful tool in developing the structure for the survey was
the global implementation framework (18) published by the
NGO PATH3. The framework includes a compilation of practices
in HMBs from donor recruitment to delivery of DHM to
the recipient.

Each of the group members completed the survey in
accordance with their local/regional or national guidelines and,
if not included in the guidelines, in accordance with local
practice. Once completed, the survey responses were collated and
highlighted according to whether international consensus was
apparent, whether there was near consensus and where practices
and recommendations differed significantly. The next step was to
note where no published evidence was available. A list of agreed
recommendations that were evidence based and that could
form the basis of EMBA recommendations was drawn up and
presented to the wider EMBA membership at further meetings.
Where there was no consensus and no evidence upon which to
determine a recommendation, expert opinion within the group
was used to decide whether to include a recommendation or to
provide an explanation of why no clear recommendation could
be made at that time.

RESULTS

The recommendations that were found to be included in all of
the published guidelines or accepted as best practice according
to the available evidence or expert opinion and have therefore
been agreed by the Working Group are presented below. Many
of these are underpinned by principles of good manufacturing

3PATH: http://www.path.org
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process (GMP) especially those related to consistency and
quality control.

EMBA Recommendations for the

Establishment and Operation of Human

Milk Banks in Europe
General Recommendations
1. A robust quality assurance plan (e.g., HACCP—Hazard

Analysis Quality Control Points) should be in place to ensure
the safe operation of the HMB (13, 14).

2. All equipment should be maintained in accordance
with manufacturers’ instructions and checked
and qualified annually to ensure conformity with
recommendations (GMP).

3. Containers should be closed or sealed in accordance with
manufacturers’ recommendations (GMP).

4. Containers should not be overfilled as DHM will expand
when frozen (GMP).

5. Containers of human milk should at all times be labeled with
the donor’s name or unique ID and the date the milk was
expressed. In addition, depending on the stage in the process,
DHM should also be labeled with the name of the HMB,
whether the milk is raw or processed, the milk’s expiry date
and if the milk is ready (cleared) to use (14).

6. HMBs should at all times minimize exposure of the human
milk to sunlight and/or phototherapy lights.

7. HMB staff should have health checks when employed and
be immunized in accordance with local hospital or national
health service protocols (14).

8. Staff should undertake training by an experienced member
of staff (or in accordance with national accredited training
programs where available) before undertaking unsupervised
work in a HMB (14).

9. DHM should be handled hygienically and HMB staff should
wash their hands in accordance with local protocols prior
to entering clean areas, handling DHM or equipment
used in the collection, storage, testing and processing of
DHM (GMP).

10. HMB staff should at all times consider the ethical
implications of their work with donors, parents, carers, and
infants. For example donors should not be encouraged or
coerced to donate more milk than may be optimal for
themselves or their infants. The use of DHM should not
undermine or interfere with the mother’s provision of her
ownmilk or of breastfeeding unless there are concerns about
its safety.

11. Records should be kept of all donors and their donations of
milk including volumes, dates and any additional relevant
information (traceability).

12. Prioritization of recipients should be locally determined (14).
13. Steps should be taken to prevent the temperature of DHM

rising during transport e.g., by the use of insulated transport
containers (boxes or bags) and thermal (ice) packs or the use
of dry ice where necessary (14).

14. The use of tamper evident transport containers is
recommended and the temperature of the interior of

the container should be monitored during transport using
data loggers or checked on arrival. A record of this should
be maintained as part of the HMB records (GMP).

15. Transport boxes/bags in which containers of DHM are
carried should be insulated and easy to clean.

16. The transport container should be decontaminated between
batches of milk. Keep raw milk from different mothers
separate. Avoid using the same transport container to
transport raw and pasteurized DHM.

17. Containers of DHM should not be placed directly into the
transport container—use of clear polythene bags helps the
HMB identify the contents and check that they are correctly
labeled without the need for unnecessary handling.

Donor Recruitment and Screening
1. Recruit donors using clear, non-technical language in

printed and digital media.
2. Screening of donors should include both an oral interview

and completion of a health questionnaire.
3. Inform prospective donors that they will be required to

undertake serological testing.
4. Exclude prospective donors if they:

• Smoke cigarettes or use nicotine containing products
including “vaping,” gums, and other products

• Use any recreational or “street” drugs.
• Are known or found to be infected with HIV, hepatitis B

or hepatitis C (13, 14)2. Additional screening for HTLV
(human T-lymphotropic virus), syphilis, and other viral
and bacterial infections may be screened for according to
local evaluation.

• Use medications other than those on the EMBA approved
medication list1.

• Have received a recent blood transfusion, tattoo or
piercing, or needle stick injury. The. determination of
“recent” should be locally determined in accordance with
blood donation/transfusion services andmethods used for
serology testing.

• Follow a vegan diet without supplementation with
Vitamin B12.

• Have a sexual partner who has, or is at risk of acquiring,
sexually transmitted infections.

5. There is no consensus on safe amounts of alcohol
consumption prior to expressing human milk for donation.
EMBA recommends therefore that donors avoid alcohol
and never donate milk expressed whilst they are under the
influence of alcohol or are likely to secrete human milk
containing alcohol (within 4 h of moderate drinking). Local
guidelines on alcohol consumption by breastfeedingmothers
should also be considered.

6. Donors should inform the HMB if there are any changes in
their behavior or health status that affects their answers to
questions related to any of the above.

7. Before accepting a donor’s milk, receive written informed
consent for its use in accordance with the HMB’s protocols
including for approved research if relevant.
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8. Train all new donors in hand washing and hygiene
requirements for expressing, handling, storing, cooling,
freezing, and transporting human milk (GMP).

9. Provide appropriate ongoing support for all donors,
including where possible, those rejected by the HMB.

10. Provide additional training and support for donors
who repeatedly donate milk that does not meet the
microbiological or other testing criteria.

11. Do not exclude bereaved mothers from donating their
breastmilk if they meet the donor recruitment and screening
requirements (19).

12. Once recruited, exclude donation of HM on a temporary
basis in the case of any of the following:

– the presence of mastitis
– temporary use of some pharmacologically active substances1,4

– the presence of acute infectious diseases and skin diseases such
as herpes simplex or varicella zoster

– fungal infection of the nipple, areola, mammary or
thoracic region.

The extent of the temporary deferral of donors will vary
according to the duration of the circumstances and medical
advice should be sought to exclude the possibility of acceptance
of contaminated, unsuitable, or suboptimal milk.

Expression, Handling, and Storage of Human Milk for

Donation to the HMB
1. Advise donors to collect expressed milk rather than drip

milk (14).
2. Accept hand expressed, manual pump-expressed, and

electric pump expressed milk.
3. Advise donors to ensure all breast pump equipment is

cleaned and disinfected in accordance with manufacturer’s
recommendations or local hospital protocols if
different (GMP).

4. Emphasize the importance of good hygiene and hand
washing at all times when communicating with donors about
expressing their milk.

5. Discourage the sharing of breast pumps outside of hospital
and the use of second hand or pumps on loan unless by a
hospital or health care provider.

6. Request that donors freeze milk for donation as soon as
possible but within a maximum of 24 h (48 h if collected and
stored in hospital refrigerator/freezer).

7. Only containers provided by or approved by the HMB
should be used by donors

8. Ensure donated milk is checked for labeling compliance
prior to collection or on arrival at the HMB if delivered by
the donor.

9. On its arrival at the milk bank, place donated human milk
in a suitable holding freezer (freezer for raw milk only and
maintaining−20◦C).

10. All refrigeration, freezing, and other chilling equipment
should only be used for human milk.

4http://ukamb.org/medication-and-breastfeeding

11. Monitor and record refrigeration and freezing equipment
continuously or at least every 24 h.

12. Store raw and pasteurized human milk in separate clearly
labeled refrigerators and freezers or if not possible in separate
clearly labeled fridge and freezer compartments.

13. Thaw frozen raw human milk in a refrigerator to prevent
its temperature rising above 8◦C or if impractical because of
time constraints on a counter where it can be monitored and
transferred to a refrigerator immediately once thawed.

14. Pooling of DHM.

14.1 The pooling of DHM from the same donor is
acceptable prior to any heat processing

14.2 Maintain records of all pooling including the names/ID
numbers of the donors, dates the milk was expressed
and any medications taken.

Milk Screening; Pre- and Post-pasteurization Testing
Within Europe, as well as globally, there is no consensus
for recommendations for the microbiological testing of DHM
either before or after pasteurization (see Table 1). Throughout
Europe, local and national guidelines vary both in the timing
and frequency of testing and in the acceptance criteria. There
is a lack of published evidence to inform decision making
and the working group members concluded that to maximize
safety of vulnerable immune-compromised recipients, best
practice suggests:

• Before pasteurization

– All pools of milk be tested prior to pasteurization
– Each batch of milk be tested after pasteurization
– Acceptance criteria: 105 cfu/ml or less of non-pathogenic

organisms and no pathogens for each pool of milk tested
prior to pasteurization. Discard all samples of milk from a
pool that does not meet this standard.

• After pasteurization

– Discard the batch if there is any microbial growth detected
in a random sample taken after pasteurization.

It is recognized that most published guidelines include less
stringent screening criteria (Table 1) as part of the overall
recommendations. The EMBA therefore recommend that where
milk banks follow nationally or locally agreed guidance,
alternative microbiological screening criteria may be adopted
if done so as part of the overall adherence to the guideline
being followed.

Milk Treatment (Pasteurization)
1. Current recommended heat treatment/pasteurization

temperature and time is 62.5◦C for 30min followed by rapid
cooling to at least 10◦C and preferably 4◦C prior to transfer to
a freezer (2).

2. Monitor the process and record temperatures throughout the
treatment (2).

3. Pasteurized milk that has been freeze dried and vacuum
packed if performed in a milk bank in accordance with GMP
and all relevant safety procedures may be used.
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TABLE 1 | Published microbiological screening criteria for acceptance of donor human milk prior to and after pasteurization.

Guideline Pre-pasteurization: Total

confluent bacterial growth

Pre-pasteurization: Additional criteria Post-pasteurization

France: Bonnes pratiques des lactariums2 Total (aerobic) flora ≤106

CFU/mL

Staphylococcus aureus ≤104 CFU/mL Any microbial growth

Italy: Guidelines for the establishment and

operation of a donor human milk bank (13)

≤105 CFU/mL Enterobacteriaceae or Staphylococcus aureus

≤104 CFU/mL

≤10 CFU any organism

Sweden: Guidelines for the use of human milk

and milk handling in Sweden1
Total aerobic bacteria: No upper

limit

• Any pathogenic bacteria from the following‘:

• Betahemolytic Streptococci group A, C, or

G, Streptococci group B, Listeria, or

Salmonella

<104 CFU/ml

• Enterobacteriaceae

• Staphylococcus aureus

• Pseudomonas aeruginosa or other

Pseudomonas species

• Stenotrophomonas maltophilia

• Acinetobacter species

Total aerobic count ≤10 CFU/ml.

No pathogenic bacteria are

accepted

United Kingdom: NICE Clinical Guideline 93.

Donor milk banks; service operation (14)

≤105 CFU/mL Enterobacteriaceae or Staphylococcus aureus

≤104 CFU/mL

≤10 CFU any organism

Australia: Best practice guidelines for the

operation of a donor human milk bank in an

Australian NICU (20)

≤105 CFU/mL Any Enterobacteriaceae, Enterococci or

potential pathogens capable of producing

heat-stable enterotoxins

Any microbial growth

United States of America (HMBANA):

Guidelines for the Establishment and Operation

of a Donor Human Milk Bank 2018a

Pre-pasteurization testing not

included in the recommendations

Pre-pasteurization testing not included in the

recommendations

“Any bacteriological growth is

unacceptable for

heat-processed milk”

aHuman Milk Bank Association of North America. http://hmbana.org.

Delivery of DHM to Recipients
1. Never use a microwave oven to defrost or warm milk.
2. All donor milk and containers should be labeled at each stage

to ensure traceability and tracking of the milk.
3. The receiving hospital should record/document how donor

milk is used including in the infant’s hospital notes.
4. Before administration of donor milk, informed consent is

required from recipient’s mother/parent/carer in accordance
with local protocols.

5. It is recognized that some religious beliefs and practices
influence the acceptability of anonymized donor human milk
and these should be taken into account when discussing donor
milk with donors and with parents and carers and when
drawing up local protocols.

DISCUSSION

The Working Group was able to arrive at a consensus
for recommendations covering most of the major processes
involved in recruiting and screening donors, storing, handling,
and transporting DHM and in its testing and processing.
In these cases, the evidence, as referenced in the relevant
national guidelines was checked and noted. Where published
evidence was not available, expert opinion was the basis for the
recommendation. The group also highlighted several areas for
which consensus could not be achieved and where there was no
clear evidence to inform a recommendation. In these instances
the group provided a statement of explanation and suggested best
practice. The group also acknowledged that not all countries that

have milk banks were represented within the guideline group.
A further consideration was that HMBs are funded in different
ways and have varying resources. It was agreed that to make a
single recommendation that may undermine a milk bank’s ability
to continue to operate would not be in the best interests of the
overall population of recipients.

The process by which DHM is tested to provide
microbiological safety is an example of where no consensus
could be found. Very divergent practices are currently in place
throughout Europe and there is no agreement within the
published guidelines as to the optimal testing regime either
before or after pasteurization or both. There is also no clear
evidence base on which to determine the recommendations.
However, it is possible to make a recommendation as to
which practice will offer optimal safety for all recipients,
including the most vulnerable neonates, and through which no
untested milk reaches the recipients and the strictest published
acceptance criteria are used. Recommended testing regimes
exist in Europe that include less frequent sampling [e.g., only
testing the first donation and randomly testing subsequent
donations as in the Italian guidelines (13)]. There are also
recommendations in which the acceptance criteria are less
strict (e.g., pre-pasteurization criteria of 105cfu/ml or less of
any organisms and 104cfu/ml or less of Staphylococcus aureus
and Enterobacteriaceae and the presence of <10 cfu/ml of any
organism post-pasteurization as per the UK’s NICE guideline
(14). These are acceptable alternatives but do not provide the
same assurance of safety. It should be noted however that less
strict testing regimes will lead to more processed milk being
available. An additional consideration is that if DHM is fed
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without any heat treatment (as occurs in some parts of Europe),
stricter local microbiological testing protocols should be adopted
to increase the safety of the recipients.

The tracking of DHM and the traceability of the milk
throughout all the HMB processes is an essential component of
safety and quality assurance. This is enhanced by the availability
of customized and purpose developed barcode tracking systems
and the use of the internationally agreed coding system, ISBT128
(21). Regular strict quality control of pasteurization equipment
is necessary to maintain optimum safety and quality of DHM
(2, 22, 23).

Whilst safety is at the forefront of all recommendations
pertaining to HMBs and the use of DHM it is important to ensure
that the ethical considerations of banking and sharing human
milk and duties of care to the donors as well as the recipients are
not overlooked (24).

A limitation of this consensus statement is that no
recommendations were made regarding the analysis of HM.
HM analysis is a means of assessing protein and energy
contents and to facilitate targeted fortification of HM (i.e.,
to fortify milk according to its individual composition to
reach a target composition as a means of helping to cover
the theoretical nutritional needs of each infant). Some HMBs
include the assessment of HM composition in their practice.
This is done either to perform targeted fortification or to
select HM with the highest nutrient content for the smallest
babies. However, there is no consensus about the best strategy
for fortification. Only adjustable fortification, which does not
require HM composition assessment, has been shown to improve
postnatal growth.

CONCLUSIONS

There are no Europe-wide guidelines covering practices within
HMBs. Historically national and/or local guidelines have
been developed and although the recommendations include
many similarities, clear differences also exist. Developing
recommendations for HMBs operating throughout Europe
was a challenging task because of the diversity within
European countries. However, with the input of leading milk

banking experts from a wide range of countries and with
additional help from the EMBA Board it was possible to
agree a pragmatic approach to where differences could not
be resolved through reference to published research. The
resultant guidance will now be freely available on the EMBA
website to assist in the safe establishment and operation
of HMBs throughout Europe. The recommendations have
also been used to help inform the chapter on human milk
to be included in the 2019 edition of the Guide to the
quality and safety of tissues and cells for human application,
published by the European Directorate for the Quality of
Medicines & Health Care (EDQM).
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Evidence indicates that human milk (HM) is the best form of nutrition uniquely suited

not only to term but also to preterm infants conferring health benefits in both the short

and long-term. However, HM does not provide sufficient nutrition for the very low birth

weight (VLBW) infant when fed at the usual feeding volumes leading to slow growth

with the risk of neurocognitive impairment and other poor health outcomes such as

retinopathy and bronchopulmonary dysplasia. HM should be supplemented (fortified)

with the nutrients in short supply, particularly with protein, calcium, and phosphate to

meet the high requirements of this group of babies. In this paper the European Milk Bank

Association (EMBA) Working Group on HM Fortification discusses the existing evidence

in this field, gives an overview of different fortification approaches and definitions, outlines

the gaps in knowledge and gives recommendations for practice and suggestions for

future research. EMBA recognizes that “Standard Fortification,” which is currently the

most utilized regimen in neonatal intensive care units, still falls short in supplying sufficient

protein for some VLBW infants. EMBA encourages the use of “Individualized Fortification”

to optimize nutrient intake. “Adjustable Fortification” and “Targeted Fortification” are 2

methods of individualized fortification. The quality and source of human milk fortifiers
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constitute another important topic. There is work looking at human milk derived fortifiers,

but it is still too early to draw precise conclusions about their use. The pros and cons

are discussed in this Commentary in addition to the evidence around use of fortifiers

post discharge.

Keywords: nutrition, prematurity, human milk, adjustable fortification, individualized fortification, growth, protein

INTRODUCTION

Inadequate nutrition during the critical periods of brain
development alters the growth trajectory of the brain and can
have permanent negative consequences. The most critical period
of brain growth and development for humans corresponds to
the third trimester of pregnancy and for very low birthweight
(VLBW) infants these developmental processes take place in
the neonatal intensive care unit (NICU) environment (1, 2).
Inadequate nutrition and/or poor postnatal growth during the
NICU stay has been associated with neurocognitive impairments
(3–11) and poor renal function (12) in preterm infants. Recent
studies suggest that not only the growth per se, but also the
quality of growth counts. Better linear growth and early gains
in fat-free body mass have been found to be associated with
improved neurodevelopment in VLBW preterm infants (13, 14).
Thus, optimization of the nutritional care for the preterm infants
has a key role in improving neurodevelopmental outcomes and
has become a priority.

Despite the advancements in nutritional support over 20
years and current focus on “early intense nutrition” in NICU,
undernutrition and extrauterine growth restriction (EUGR) are
still important problems for VLBW infants (15–18).

Evidence indicates that human milk (HM) is the best source
of nutrition for both term and preterm infants conferring health
benefits both in the short and long-term (19, 20). Unfortified HM
however does not provide sufficient nutrition to VLBW infants
when fed at the usual feeding volumes. Human milk should
be supplemented (fortified) with the nutrients in short supply,
particularly with protein, calcium, and phosphate to meet high
requirements of this group of tiny preterm infants as discussed
in the next sections. Although HM fortification is widely adopted
in the NICUs all over the world, there is still much inconsistency
and variability and even some skepticism around this practice.
During the last decade optimization of HM fortification- mainly
individualization, and the quality of the fortifiers have been the
hot topics of discussion.

The European Milk Bank Association (EMBA) Working
Group on HM Fortification aims to document the existing
evidence on this field, overviews different fortification
approaches, clarifies the terminology and definitions, outlines
the gaps in knowledge, and gives recommendations for practice
and suggestions for future research.

METHODS

EuropeanMilk Bank Association (EMBA)Working Group (WG)
on HM Fortification was formed by a group of experts on this

field in 2013. In 2016 WG planned to review the related research
and to write a position paper with recommendations on HM
fortification for preterm infants. The first face-to-face meeting
in Milan resulted in organizing the paper into 10 different
sections. These sections were then assigned to working subgroups
within theWG. The literature review included electronic searches
of MEDLINE (1966-30 June 2018), EMBASE (1980-30 June
2018), CINAHL (1981-30 June 2018), the Cochrane Library, and
conference proceedings. The electronic search used the following
key words: human milk fortification, breast milk fortification,
donor milk fortification, banked milk fortification, [human
milk OR breast milk] AND [fortification]. All types of articles,
including original papers, reviews, and recommendations were
considered. Furthermore, the reference lists of the previous
reviews and relevant studies were examined. The searches were
limited to human studies, and to the published articles written
in English. Trials that had been reported only as abstracts were
eligible for inclusion if sufficient information was available from
the report.

Following the first meeting, a total of 4 face-to-face meetings
were held in Milan, Lyon, and Glasgow to formulate and agree
on all of the recommendations. All group members interacted
during these face-to-face meetings, and by iterative e-mails
between them. All conclusions and recommendations were
discussed until a full consensus was achieved for each statement.

THE RATIONALE FOR HUMAN MILK
FEEDING AND HUMAN
MILK FORTIFICATION

Human Milk as the Best Feeding Option for
Preterm Infants
Evidence-based data show that HM is the best nutritional and
normative standard for infant nutrition (19, 20). Its particular
composition—“nutrients with optimal bioavailability, hormonal
and enzymatic components, anti-infective, trophic and growth
factors, stem cells, prebiotics and probiotics and a myriad of
bioactive proteins” -makes HM suited not only to term but
also to preterm infants (21–26). Feeding preterm infants with
HM, indeed, confers protection against the most important
NICU challenges such as necrotizing enterocolitis (NEC) and
sepsis (27–33), retinopathy of prematurity (ROP) (34–36),
bronchopulmonary dysplasia (BPD) (37, 38) and decreases
mortality in a dose-dependent manner (31). Humanmilk feeding
improves long-term neurocognitive development (39–41) and
cardiovascular health outcomes (29). Studies comparing solely
donor human milk vs. formula show that donor human milk
confers protection against NEC (27, 29) and improves feeding
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tolerance (29). That is why HM is the recommended feeding
for all neonates including premature infants. The European
Society for Pediatric Gastroenterology Hepatology and Nutrition
(ESPGHAN) (29), American Academy of Pediatrics (AAP) (19),
and Milan EMBA/ESPGHAN/AAP Joint Meeting Consensus
(42) in their most recent recommendation papers stated that
“mother’s own milk (MOM) is the first choice in the feeding of
preterm infants. When mother’s milk is not available, pasteurized
donor human milk (DHM) should be used.”

The Rationale for Human Milk Fortification
Infants born early in the third trimester miss the placental
transfer of nutrients which would create stores for use in the
postnatal period. Human milk while acting as “a preventive
therapeutic drug,” doesn’t provide sufficient amounts of many
nutrients for premature infants when fed at the usual feeding
volumes. The main challenge is to meet the high and variable
nutrient requirements of these preterm infants during the whole
hospitalization period. Insufficient nutrient intakes place the
infant at risk of impaired neurodevelopment. To prevent EUGR,
which is associated with poor neurocognitive outcome, and to
avoid specific nutrient deficiencies, nutrient fortification of HM
is necessary (19, 29, 42–46).

The consequences of intakes falling short of requirements
vary from nutrient to nutrient. Evidence suggests that inadequate
intake of protein is important for slow growth and it is
particularly responsible for decreased fat-free mass (FFM) gains
which are directly related to poor neurocognitive outcomes (14,
47). Intake of energy is also clearly important. In a single blinded
randomized clinical trial, Bellagamba et al. (48) showed that
increasing only protein intake by 1 gram during parenteral and
enteral nutrition did not improve growth and neurodevelopment
of preterm infants with a birthweight 500–1,249 g. Insufficient
intake of some nutrients leads to specific deficiency states,
such as osteopenia (due to insufficient intake of calcium and
phosphorus) and to various micronutrient deficiencies, such
as zinc deficiency. It is important that VLBW infants receive
adequate amounts of iron, zinc, copper, selenium, and iodine.
The need of fortification is less clear with regard to manganese,
chromium, andmolybdenum (49). For the greatmajority of other
nutrients, small shortfalls may have less serious effects, especially
when they are temporary. With protein however, any shortfall
is prone to affect growth and carries the risk of neurocognitive
impairment. Thus, protein supply needs special attention in early
life and meeting the requirements should be the goal (43, 44).

The objective of fortification is to increase the concentration of
nutrients to the levels that at the recommended feeding volumes
(135–200 ml/kg/d) preterm infants receive amounts of all
nutrients that meet requirements (43, 50). Nutrient requirements
of preterm infants are defined as intakes that enable the infant
to grow at the same rate as a fetus (44). Requirements for most
nutrients have been derived from accretion rates of protein, fat
and minerals obtained by the analysis of fetal body composition
at various stages of gestation (44, 50, 51). Additionally, empirical
methods have been employed to define requirements including
those for nutrients such as vitamins (44, 51) (Tables 1, 2).
However, these requirements are variable depending on the

TABLE 1 | Requirements for protein and energy; best estimates by factorial and

empirical methods (44).

Body weight, g 500–1,000 1,001–1,500 1,501–2,000

Weight gain of

fetus,

g/kg/d

19.0 17.4 16.4

Protein,

g/kg/d

4.0 3.9 3.7

Energy,

Kcal/kg/d

106 115 123

Protein/energy,

g/100 kcal

3.8 3.4 3.0

clinical condition and characteristics of each infant either present
at birth or evolving during NICU stay (such as IUGR or severe
BPD). Therefore, HM fortification needs to be adapted to the
specific needs of each infant at each time.

The EMBAWorking Group on HM Fortification summarizes
the latest recommended intakes for protein, carbohydrates,
lipids, and energy in Table 3. This table comprises the
recommendations of the experts and expert panels (50, 52, 53).

CURRENT HUMAN MILK FORTIFIERS
AND SUPPLEMENTS

There are a number of products available for fortifying
human milk for preterm babies which differ by the origin
of milk used (bovine, human or donkey), and by nutrient
composition (multi-nutrient fortifiers or supplements of protein,
lipids, carbohydrates).

Multi-Nutrient Fortifiers
Bovine-based multi-nutrient fortifiers contain varying amounts
of protein, energy, minerals, trace-elements, vitamins, and
electrolytes (Table 4). The addition of lipids to multi-nutrient
fortifiers with a concomitant reduction in carbohydrate content
has allowed a reduction in osmolality of these products
(54). In addition, lipids provide a source of essential fatty
acids (EFA) which has been shown to improve EFA status
in preterm infants (55). As indicated, standard fortification
using previously available products was unable to support a
satisfactory postnatal growth (See Current Fortification Practices
in Neonatal Intensive Care Units: Terminology-Definitions).
New fortifiers with higher protein content have been shown
to improve short term weight gain (56). Most multi-nutrient
fortifiers contain bovine milk protein. Donkey milk was more
recently proposed as its composition is very close to human
milk (57).

During the past 15 years, some for-profit companies have
been set up to collect and buy HM, to manufacture and to sell
HM-based products. Prolacta Bioscience is the only one which
produces pasteurized HM and HM-based fortifiers. They adhere
to the Human Milk Banking Association of North America
(HMBANA) guidelines, but test also bacterial content before
heat treatment (including pathogens, such as Bacillus cereus,
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TABLE 2 | Requirements for major minerals and electrolytes determined by factorial method, listed by body weight (51).

500–1,000 g 1,001–1,500 g 1,501–2,000 g

Accretion Requirem. Accretion Requirem. Accretion Requirem.

Ca (mg) 102 184 99 178 96 173

P (mg) 66 126 65 124 63 120

Mg (mg) 2.8 6.9 2.7 6.7 2.5 6.4

Na (meq) 1.54 3.3 1.37 3.0 1.06 2.6

K (meq) 0.78 2.4 0.72 2.3 0.63 2.2

Cl (meq) 1.26 2.8 0.99 2.7 0.74 2.5

TABLE 3 | Recommended enteral protein and energy intakes for clinically stable

very low birthweight infants (50, 52, 53).

Munich

consensus 2014

ESPGHAN 2010 Ziegler et al.

Energy

(kcal/kg/d)

110–130 110–135 105-127

Protein

(g/kg/d)

3.5–4.5 4.0–4.5 (<1 kg)

3.5–4.0 (1–1.8 kg)

3.9-4.0

Protein/Energy

(g/100 kcal)

3.2–4.1 3.2–4.1 3.1–3.8

Lipids

(g/kg/d)

4.8–6.6 4.8–6.6 –

Carbohydrates

(g/kg/d)

11.6–13.2 11.6–13.2 –

Escherichia. coli, Pseudomonas aeruginosa, Salmonella spp., yeast
and mold), recreational drugs, nicotine, prescription drugs,
milk adulteration and breast milk DNA fingerprint for donor
identification. To treat huge volumes of HM (1,200 L from
250 donors) they use Vat pasteurization (63◦C, ≥ 30min). Vat
differs from Holder pasteurization which is the commonly used
method in non-profit HM banks. Meredith-Dennis et al. (58)
showed that Vat pasteurization significantly reduced lactoferrin
and total HM oligosaccharide concentrations when compared to
Holder pasteurization. Human milk-based fortifier is obtained
by concentrating heat-treated donor HM and then adding
vitamins and minerals. Various caloric densities of this fortifier
allow for individual adjustment based on growth or blood
urea nitrogen (BUN). More recently, a novel HM derived
cream supplement has been produced by the same company
(59, 60).

Although some studies suggested a benefit in terms of
morbidity and mortality when babies are fed an exclusively
human milk based diet including HM-based fortifier, leading to
a reduction of costs (33, 61), much of the work is observational
(62–64), and there are still concerns about the efficacy of
these products (65). For example, Sullivan et al. (33) showed a
significant reduction in NEC rates from 16 to 6%, but this needs
to be confirmed in large, independent randomized control trials
conducted in units where baseline NEC rates are lower. Sullivan
et al. evaluated an exclusive HM-based diet, which consisted of
donor HM if no mother’s own milk was available and a HM–
based fortifier in place of bovine-based formulas and fortifiers.

However, the HM-based fortifier was never directly compared
with the bovine based fortifier and many of the babies who
developed NEC on the bovine fortifier were also on the bovine
formula. The OptiMoM study, recently published by O’Connor
et al. (66), is the first trial comparing the efficacy of HM-based
fortifier to bovine-based fortifier in the absence of formula. There
was no difference in feeding tolerance, postnatal growth and
morbidity, including NEC ≥ grade 2 (4.7 vs. 4.9%). In 2015,
most facilities in US fortified human milk, and approximately
one out of five used a HM-based fortifier (67). In summary,
HM-based products have been adopted in neonatal care despite
being costly and supported by limited efficacy data. Some aspects
have not been fully investigated yet, such as metabolic effects
and body composition, which are needed before considering
these products to be totally safe and effective. It is essential
to evaluate the benefit-risk ratio, particularly as these products
are very expensive and use large amounts of donated milk
to make the fortifier which could be used more directly to
feed preterm babies. At the present time these products are
available mainly in North America. According to regulations
in some European countries, only HM banks in each country
are authorized to collect, treat and distribute HM or HM-based
products (68, 69). Finally, there could be some ethical concerns.
According to available information ethical concerns seem to be
well-controlled by present manufacturers but, if the evidence
confirms a benefit, the need for these products could increase
sharply and ethical questions related to the origin of HM could
become a major concern.

In some fortifiers, manufacturers used a hydrolyzed protein
source (Table 4). There is no evidence supporting the use of
such a protein source. It has been shown that preterm infants
fed a formula with partially hydrolyzed protein have a shorter
transit time, but also a reduced intestinal absorption (70). The
rationale cannot be related to the hypothetical prevention of
allergy. Indeed, no increased risk of allergy was detected with
preterm infants fed on formulas based on cow’s milk even those
with a high protein content. It has even been suggested that
preterm birth reduces the chances of the subsequent development
of severe atopic disease (71). Nevertheless, the use of a hydrolyzed
protein source is a response to clinicians’ preferences, as a lot
of professionals are reluctant to add whole bovine protein to
HM. This current opinion of professionals comes from a study
suggesting that, in a subgroup of preterm infants with a family
history of atopy, early exposure to cow’s milk increased the risk of
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TABLE 4 | Nutrient composition of selected fortifiers and supplements.

Bovine-based products (per gram of powder) Human milk-based fortifier (per volume)

Multicomponent fortifiers Protein supplements

Fortifier A B C D E F G H I J K L M N

Volume (ml) / / / / / / / / / / 20 30 40 50

Energy (kcal) 4.4 (L) 3.5 3.6 4.9 (L) 3.9 (L) 3.4 3.6 3.6 4 3.7 28 42 56 71

Protein (g) 0.36PH 0,25EH 0.2EH 0.4 0.3 0.82EH 0.72EH 0.86W 0.8W 0.9W 1.2 1.8 2.4 3

Na (mg) 9.2 8,0 5.4 5.6 4.2 7.8 8.2 2.1 2 0 20 40 42 45

Ca (mg) 18.9 14.9 10 32 33 5.2 12.8 0 4 0 103 106 108 111

P (mg) 11 8.7 7 18 19 5.2 0.73 0 3 0 53.8 54.9 56 57.5

Iron (mg) 0.5 0 0 0.5 0.1 0 0.007 0 0 0 0.1 0.15 0.2 0.25

L, lipids; PH, partially hydrolyzed; EH, extensively hydrolyzed; W, whole protein; HMBF, human milk-based fortifier. A-Fortipré®, Nestle; B-Fortema®, Danone; C-FM85®, Nestle; D-

Enfamil®, Mead Johnson; E-Similac®, Ross; F-Aptamil PS®, Danone; G-Preemie®, Nestle; H-Beneprotein®, Nestle; I-Pro-Mix®, Corpak; J-Protein instant®, Resource; K- HMBF+4®,

Prolacta; L- HMBF+6®, Prolacta; M- HMBF+8®, Prolacta; N- HMBF+10®, Prolacta.

allergic reaction (72). However, more recent studies showed that,
compared to exclusively breastfed, preterm infants supplemented
with HMF or fed exclusively a preterm formula for 4 months
after discharge did not have an increased risk of developing
allergic diseases during the first year of life (73). Furthermore, it
was previously shown that protein supplementation using whole-
protein is efficient (43, 74, 75). In summary, there is no strong
evidence to support the use of hydrolyzed protein source in
fortifiers, but it is current practice.

Single-Nutrient Supplements
Other products containing only protein, lipids, or carbohydrates
are also available. They are useful when individualizing
fortification (74–76). Usually, carbohydrate supplements are
composed of dextrin maltose, and lipids are composed of
medium chain triglycerides. More recently, a novel HM-derived
cream supplement has been produced to enhance the energy
density of feeds. Infants were supplemented with the 2.5 kcal/ml
cream supplement whenever their mother’s own milk or donor
HM was found to be below 67 kcal/dl (20 kcal/oz) (60). When
compared to the control group these infants had improved
weight and length growth rates and were discharged slightly
earlier. This reduction in length of stay was greater in the
subgroup of preterm infants with bronchopulmonary dysplasia
(59, 60). However, this finding needs to be replicated in other
settings to ensure that this can be done without compromising
protein to energy ratio.

Protein supplements have been available for years in some
countries, but are not specifically designed for neonates (74–
77). One of them contained extensively hydrolyzed protein
source (56). Recently a new protein supplement—including
partially hydrolyzed protein source–specifically designed for
preterm infants, became available in most European countries
(54) (Product G, Table 4). There is no consensus about how
to use these products as studies are scarce. That being said,
protein supplements are essential to enable individualized
fortification, particularly for Adjustable (ADJ) fortification which
has been shown to be associated with clinical benefits (74) (see
Individualized Fortification).

CURRENT FORTIFICATION PRACTICES IN
NEONATAL INTENSIVE CARE
UNITS: TERMINOLOGY-DEFINITIONS

Following the first introduction of the commercial HM fortifiers
in the 1980s, HM fortification has become part of the standard
nutritional care for preterm infants inmost NICUs. The quality of
the fortifiers and the methods of HM fortification have improved
over time but nutrient fortification remains suboptimal. An
optimal approach to fortification is to provide each individual
baby with her/his needs, which might be different from the
average of the group (44).

Most of the available commercial fortifiers contain varying
amounts of protein, carbohydrate, calcium, phosphate, other
minerals, trace elements (zinc, manganese, magnesium, copper),
vitamins, and electrolytes and are defined as “multi-nutrient
HM fortifiers” (see Current Human Milk Fortifiers and
Supplements) (43).

In an attempt to clarify the terminology regarding HM
fortification practices, in 2010, World Association of Perinatal
Medicine (WAPM) Working Group on Nutrition defined the
fortification methods in current practice as follows (43):

1. Standard (STD) HM fortification
2. Individualized HM fortification:

a. Adjustable (ADJ) HM fortification (74, 77, 78)
b. Targeted HM fortification (76, 79–81)

The EMBA Working Group on HM Fortification adopts this
terminology and Table 5 summarizes the characteristics of
these methods.

STANDARD (STD) FORTIFICATION

This is the most widely used fortification method. The standard
practice is to add a fixed amount of multinutrient fortifier
per 100ml of HM to achieve the recommended nutrient
intakes. This fixed amount has been calculated and determined
by the manufacturer assuming a fixed protein content for
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TABLE 5 | Current human milk fortification methods (43, 74, 76–79).

Fortification method Principle Advantages disadvantages

1. Standard (STD) Fortification Fortification method currently in use in most of the

neonatal units. A fixed amount of fortifier is added to

a fixed volume of HM according to the

manufacturers’ instructions.

Practical.

But has not solved the problem of protein undernutrition for VLBW

infants.

Despite STD fortification many VLBW infants continue to have

suboptimal growth.

2. Individualized HM Fortification Methods

a. Adjustable (ADJ) Fortification

b. Targeted Fortification

Protein adequacy is monitored by BUN twice

weekly, cut-off levels of BUN are 10–16 mg/dl*. If

the level is <10 mg/dl extra protein is added to the

STD fortification.

Macronutrient concentrations in HM are analyzed

and based on the results milk is supplemented with

extra protein and/or fat.

Practical, not labor intensive.

Doesn’t need expensive devices.

Monitors protein intake of each infant.

Safeguards also against excessive protein intake.

Proven to be effective in optimizing growth and protein intake with

a RCT.

A real individualization method taking into consideration each

infant’s protein requirement.

All macronutrients can be supplemented.

Bedside HM analyzers are required.

May be labor intensive.

Supplementation is done according to the population

recommendations, does not take into consideration that each

individual infant’s requirement may be different.

HM, human milk; VLBW, very low birth weight; BUN, blood urea nitrogen; RCT, randomized controlled trial. *BUN levels of 10–16 mg/dl correspond to blood urea concentrations of

21.40–34.24 mg/dl (3.57–5.71 mmol/l).

all milk samples without considering intra-, inter-individual
and temporal variations. Standard fortification is initiated
usually when the fed milk volume is 50–100ml/kg. Milan
EMBA/ESPGHAN/AAP Joint Meeting Consensus recommends
fortifying HM for preterm infants with a birthweight <1,800
g (42).

The updated Cochrane review (82) addressed the impact of
STDmulti-nutrient fortification of HM on growth, development,
feeding tolerance and NEC in preterm infants. The systematic
review evaluated 1,071 infants in 14 trials. The trials were
generally small and weak methodologically. Meta-analyses
provided low-quality evidence that STD multi-nutrient
fortification of HM, in comparison to the unfortified HM,
improved in-hospital weight gain, linear growth, and head
circumference growth. Only very little data were available for
growth and developmental outcomes beyond infancy and these
did not show long-term advantage.

However, when comparisons are made between fortified
HM in STD fashion and preterm formula (PF) (83–85) the
findings indicate that despite fortification, HM fed preterm
infants continue to grow more slowly than PF fed infants.
Henriksen et al. (86) reported that 58% of VLBW infants fed
predominantly fortified HM had EUGR at discharge. Maas et al.
(87) evaluated in-hospital growth of 206 very preterm infants
and found that standard deviation score for weight from birth to
day 28 decreased more in infants with a cumulative milk intake
>75% of all enteral feeds compared to those <25% HM intake.
The trend toward poorer weight gain with higher proportions
of HM intake persisted also at the time of discharge. Of course
these findings cannot be a reason to favor preterm formula
vs. HM to promote growth of VLBW infants. Considering all
the clinical benefits deriving from the use of HM as already

stated in the previous Sections, fortified HM should be the
first feeding option for these infants. However, HM fortification
should be optimized.

Shortfalls With “Standard Fortification”
The reasons for the limited success with STD
fortification include:

Undernutrition, particularly protein undernutrition: STD
fortification does not take into account the variability of
HM macronutrient content and variability of the infants’
requirements. Preterm infants fed fortified HM in STD
fashion receive less protein than they need due to “customary
assumptions” as explained in the following paragraph. Protein
is essential for tissue and organ development, and is a rate
limiting factor for growth. A rate of postnatal growth similar
to the intrauterine growth can be reached only with adequate
protein and energy intakes (3.5–4.5 g/kg/d, 110–130 kcal/kg/d,
respectively, Table 3). Standard fortification usually provides
the recommended energy intakes, but cannot provide the
adequate protein intakes for many VLBW infants (actual protein
intake 2.8–2.9 g/kg/day) (88). Arslanoglu et al. (88) compared
the assumed protein content of fortified HM samples and
derived protein intakes to actual (measured) protein content/
intakes in a group of preterm infants. Actual protein intakes
were consistently and significantly lower than assumed when
fortification was performed in STD fashion (range of discrepancy
between 0.5 and 0.8 g/kg/day). On the other hand, the differences
in energy intake were small and not consistently significant. This
observation was important, because it provided a rational basis
for simply adding more protein to milk in those infants whose
enteral diet came from milk, especially over long periods after
birth (89). Similar findings have been reported in the following
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years by other researchers (75, 90, 91). Picaud et al. (75) showed
that one third of extremely low birth weight infants (ELBW)
infants needed supplementary protein to reach the expected
weight gain. In the recent systematic review and meta-analysis
regarding the macronutrient and energy composition of preterm
human milk, Mimouni et al. (92) stated that protein content
decreased massively (by one-half) and significantly from day 1–
3 at week 10–12. During the same time frame; fat, lactose and
energy content showed a significant linear increase. Very recently
in PREMATURE MILK study Maly et al. (91) reported that
protein content decreased during the first 3 weeks of lactation
and the recommended protein intakes couldn’t be reached with
STD fortification in the majority of the infants.

The main reason for ongoing protein undernutrition despite
HM fortification is that the STD regimen is based on assumptions
about the protein content of the milk. Usually the assumed
protein concentration by the manufacturers is 1.4–1.5 g/dl which
only occurs during the first 2–3 weeks of lactation. HM protein
concentration decreases with the duration of lactation and drops
to around 1 g/dl by week 4–6 (43, 91). Thus, the protein
intake would be inadequate most of the time throughout the
fortification period (43, 44, 93).

Optimization of HM fortification is being widely studied.
Improvement of the quality and source of the fortifiers,
increasing the protein content of the products, early initiation
of fortification are all efforts to improve STD fortification. An
attempt at earlier initiation of fortification has resulted in better
in-hospital head growth and weight gain in a very recent pre-,
post- implementation study (94). However, a systematic review
and meta-analysis aiming to ascertain whether randomized
controlled trials determined the efficacy of early vs. late initiation
of fortification on clinical outcomes gave inconclusive results.
In this review Mimouni et al. (95) concluded that there is little
evidence that early introduction of human milk fortification
affects important outcomes.

Individualization of fortification is believed to be a
solution to the problem of protein undernutrition with STD
fortification and is currently the recommended method
by scientific authorities and expert panels (29, 42, 43).
The two methods of individualized fortification (Table 5);
Adjustable and Targeted methods are discussed in the following
Sections separately.

INDIVIDUALIZED FORTIFICATION

Adjustable (ADJ) Fortification
ADJ method was designed specifically to avoid both protein
undernutition and overnutrition. With this method, protein
intake is adjusted on the basis of each infant’s metabolic response.
Human milk fortification is initiated with a multi-nutrient
fortifier in a STD fashion and as soon as full strength fortification
is tolerated, it is guided by blood urea nitrogen (BUN) levels
as a surrogate for assessing protein adequacy. If BUN level is
below a pre-defined threshold value (<10 mg/dl according to
2012 protocol) (77), extra protein is added in the form of protein
supplement. If BUN level is above a specified value suggesting

excessive protein (>16mg/dl), the level of fortification is reduced
(Tables 6, 7) (74, 77).

This model was evaluated in a randomized controlled trial
(RCT) by Arslanoglu et al. (74) and was found practical, feasible
and effective to provide the preterm infants with adequate protein
intakes approximating intrauterine protein intakes and better in-
hospital growth compared to STD fortification. In this study the
mean actual (measured) protein intakes reached 3.5 g/kg/d in
ADJ group in the second week of the study, while it remained
2.8–2.9 g/kg/d in the STD group. During the 3 weeks intervention
period the infants in ADJ group had better weight and head
circumference gains compared to STD group (17 vs. 14 g/kg/d
and 1.0 vs. 0.7 cm/wk, respectively).

ADJ fortification; i.e., adding extra protein on the basis of
BUN measurements, has been in use since this publication with
the protocol being refined in 2012 (77).

The Updated Protocol for ADJ Fortification
The threshold range of BUN used to adjust protein supply
was selected arbitrarily in the first study (9–14 mg/dl) (74).
Adjusting the protein intake according to these values (74), the
investigators observed that there was the need to increase the
level of fortification during most of the fortification period; and
the protein intakes could not reach the recommended intakes
at the first week of the fortification. There was need to refine
the protocol, and to be cautious only a small increase has been
suggested. The threshold values for BUN were modified as 10–16
mg/dl (77, 78). Tables 6, 7 show the details of the current ADJ
fortification regimen.

ADJ fortification starts as STD fortification when the fed
milk volume reaches 50–80 ml/kg/d with multi-nutrient fortifier
(Level 0). Protein adequacy is evaluated by twice weekly BUN
determinations. Extra-protein is added in the form of protein
supplement according to the protocol in 3 levels up to 1.2 g per
100ml of HM (Table 7).

In 2013, Alan et al. (96) utilized a slightly modified form
of ADJ fortification in their observational study and compared
protein intakes and growth in VLBW infants fed HM fortified
according to ADJ regimen to those fed in STD fashion (historical
controls). The study replicated similar results in terms of higher
protein intake and better in-hospital growth including linear
growth with ADJ fortification.

Picaud et al. (75) in their recent retrospective study conducted
on the preterm infants weighing <1,250 g at birth reported that
1/3 of extremely low birth weight infants required additional
protein to supplement the standard fortification to achieve
satisfactory weight gain. According to the practice in their
NICU they used weekly measured urea levels and growth
together to determine the need for extra protein. They confirmed
the findings of Arslanoglu et al. (74) that extra protein
supplementation not only improved weight gain but also head
circumference gain.

In two observational studies, slightly modified forms of
ADJ fortification were associated with both better growth and
better neurodevelopmental outcomes. Ergenekon et al. in their
retrospective study (97) reported better head growth and weight
gain in NICU with ADJ fortification in very preterm infants.
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TABLE 6 | The products required and the threshold values of the metabolic marker used for the Adjustable (ADJ) fortification method (77).

Fortifier/supplement required

1. A multi-nutrient fortifier

2. A protein supplement

Metabolic marker and threshold values used to adjust protein supply

Blood urea nitrogen (BUN) <10mg/dl–increase the fortification to the next level

10–16 mg/dl–no change

>16mg/dl–decrease the fortification by one level

TABLE 7 | The scheme for adjustable fortification (updated in 2012) (77).

Fortifier/supplement Fortification levels and the amount of fortifier/supplement to be added (g per 100 ml HM)

−2 −1 0 Standard (STD) +1 +2 +3

Multi-nutrient HM fortifier 1/4 strength Half strength Full strength Full strength Full strength Full strength

Protein supplement − − − 0.4 0.8 1.2

This improvement in growth was associated with significant
improvement of Bayley scores at 18 months corrected age. Also,
in the observational study of Biasini et al. (98), the improved
growth with higher protein intakes in ELBW infants was
associated with better neurodevelopment evaluated by Griffiths
Mental Development Scores at corrected 12 months of age. At 24
months, small for gestational age (SGA) preterm infants having
higher protein intake had higher scores.

Very recently, Mathes et al. (99) showed a highly positive
correlation between plasma urea concentrations and actual
protein intakes and urinary urea-creatinine ratio. They suggest
that urinary urea-creatinine ratio, just like plasma urea
concentrations may help to estimate the actual protein supply in
preterm infants.

TARGETED FORTIFICATION

The concept of targeted fortification is to analyze macronutrient
composition of HM and to fortify it in such a way that each
infant always receives the amount of nutrient that is suggested in
population-based recommendations. This method was proposed
and studied first by Polberger et al. in 1999 (79) named as
“individualized protein fortification of HM.” In this study,
protein was the only nutrient considered for supplementation in
addition to STD fortification. The milk was analyzed periodically
and a target nutrient intake (protein) was delivered, which was
3.5 g/kg/day.

Parallel to the introduction of bedside human milk analyzers
it has become possible for the researchers and neonatologists
to analyze and tailor the macronutrient content based on real-
time analysis of HM. In an observational study de Halleux
et al. (81) compared standard vs. targeted (mentioned as
“individualized” by the authors) fortification approaches; daily
breastmilk composition was measured with a mid-infrared milk
analyzer. They added modular fat to HM to reach a target fat
content of 4 g/dl. A fortifier was added to reach a protein intake
of 4.3 g/kg/day. As a result, the variability of macronutrients

in the individualized approach was significantly decreased, but
the average fat intake was 8.6 g/kg/day which exceeded the
recommendations (see Table 3). Weight gain was superior to the
STD fortification group and was similar to the formula fed group.
Data regarding head circumference gain and linear growth were
not shown.

Using a different approach, Hair et al. (59) in a two-center
RCT measured breast milk energy density with a near-infrared
analyzer. Infants received HM derived cream in addition to
HM derived fortifier if energy density was <20 kcal/oz (67
kcal/100mL). The HM derived cream was standardized to 25%
lipids and contained 2.5 kcal/ml. Infants randomized to the HM
derived cream group showed superior weight and length gain vs.
the control group without cream. However, the validation studies
with infrared analyzers have determined that the measurement
of calories is not precise because of the inability to accurately
measure lactose with these devices (80).

A pilot study conducted by Rochow et al. (76) has been
the first to show the feasibility of targeted fortification of all
macronutrients through twice daily breast milk analysis (near-
infrared), using modular products to bring levels of fat to
4.4 g/dl, protein to 3 g/dl and carbohydrates to 8.8 g/dl.
Matched pair analysis of 20 infants fed STD fortified milk was
performed. Growth rates of the infants with targeted fortification
were similar to the group with STD fortification (∼20 g/kg/d).
However, the authors showed a high correlation between volume
of fed HM and weight gain only in the targeted group. They
calculated an additional workload of 5–10min per milk batch.
The similar growth rate could be due to the fact that the STD
group had higher milk intake than the targeted group (155 +

5 vs. 147 + 5 ml/kg/d). Another limitation to be improved was
the 24 h delay between the milk analysis and the addition of
the macronutrients.

Targeted fortification requires a milk analyzer, which is an
expensive device, requiring careful calibration. Fusch et al. (100)
draw attention to the need of recalibration of these analyzers
since they were originally developed for use in the dairy industry

Frontiers in Pediatrics | www.frontiersin.org 8 March 2019 | Volume 7 | Article 76167

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Arslanoglu et al. Optimization of Human Milk Fortification

and HM has a different matrix and optical characteristics from
cow’s milk. They conclude infrared analysis seems to be a
promising tool for fat and protein with calibration, but lactose
and therefore energy cannot be assessed with the current state
of technologies.

Buffin et al. (101) compared fat and protein concentrations
using two infrared analyzers and reference laboratory methods
indicating the same important finding that bedside HM analyzers
require recalibration before their use in practice.

In a recent RCT comparing targeted fortification to standard,
McLeod et al. (102) did not find any improvement in growth
and nutrition in a group of preterm infants born below 30
weeks of gestation. Interestingly, meanmeasured protein content
in the targeted group was higher than the assumed value
(1.6 vs. 1.4 g/100ml), leading to lower amounts of fortifier
added to the milk in the intervention group. The authors
concluded that targeting fortification on measured composition
is labor intensive requiring frequent milk sampling and precision
measuring equipment.

POST DISCHARGE FORTIFICATION

There is no consensus about post discharge nutrition,
however there is a position paper from ESPGHAN (103)
and recent reviews (104–106), including one focusing on
HM supplementation (106). The ESPGHAN position paper
evaluated randomized trials published before 2004 and proposed
fortifying HM up to at least 40 and possibly up to 52 weeks
postconceptional age when infants were small for gestational
age at discharge. However, the definition of being small for
gestational age was not presented: bodyweight at discharge below
10th (moderate growth restriction) or 3rd percentile (severe
growth restriction)? Meta-analysis and reviews suggested that
there was evidence to use enriched nutrition [preterm formula
(PF) rather than post discharge formula (PDF)] after discharge
for formula fed babies. But this evidence was not strong enough
to recommend fortification of HM after discharge (105, 106).

The last decade was marked by two trends. Firstly, a decrease
in the incidence of extra-uterine growth restriction (16, 17, 107).
Secondly, an increase in breastfeeding rates at discharge in
these infants, despite significant heterogeneity between different
neonatal units suggesting that there is room for improvement
(108). Post discharge studies comparing enriched vs. standard

nutrition highlighted the ability of some preterm infants -like
term counterparts- to regulate their intake volume to compensate
for differences in energy density between formulas (109–111).
However, this is only true for preterm babies reaching term due
date and beyond as it has been reported that many less mature
preterm babies are not able to compensate for a low nutrient
intake feed due to immature feeding skills (112). Therefore, there
is a window of opportunity to optimize nutrition post discharge,
which might explain why few studies reported a benefit for
growth and mineralization of enriched post discharge nutrition.

Despite the widespread use of human milk fortifiers (HMF)

for preterm babies on neonatal units there has been little
reporting of its use post discharge. It might seem best practice to

mirror the principle behind the use of post discharge formulas for

formula fed babies, i.e., the bridge between a nutrient dense milk
to one of lower density. In accordance with this there have been

recommendations that fortifier is continued in preterm breast

fed babies either to term or around 52 weeks post conceptional
according to their growth trajectory (103, 113). Although the
practicality of putting this into practice has been questioned by
some reviewers because of the availability of HMF in different
countries and the perceived, but not proven, problems with
practicability (106), evidence is accruing that it is possible using
many different methods (114).

It is known that babies exclusively breastfed post discharge

can have reduced bone mineral density and lower lean body mass
than formula fed babies (115), although this may have improved

with more recent feeding practices on neonatal units. But it does
suggest that some fortification of breast milk post discharge will
help nutritional status as well as growth.

There have been 3 reports of randomized controlled trials

fortifying breast milk post discharge, to 4 months corrected
age (116), for around 5–6 months after discharge (117), and to

around 12weeks after discharge (118). Two used commercial HM

fortifiers (116, 118) and one (117) a powdered preterm formula.
Table 8 shows the nutrient intervention and numbers of infants
in these trials. No difference in growth was found by Zachariassen
et al. (116). However, this group did find better lung function
in the fortification group at 6 years old (119). O’Connor et al.
(118) found better weight, length and bone mineral density and
better head growth in babies <1,250 g birth weight, all of which
were maintained to 1 year (120). There is also evidence of better
visual function (121). Neurodevelopmental outcome at 12–18

TABLE 8 | Nutrient interventions in the randomized controlled trials addressing the effects of fortifying human milk post discharge (116–118).

O’Connor et al. (118) Zachariassen et al. (116) Da Cunha et al. (117)

Additional Protein (g) 0.8/kg 1.37/day 0.5/day

Additional energy (kcal) ∼10–15/kg 17/day 20/day

Numbers

assessed–intervention

19 102 26

Numbers assessed-Control 20 105 27

Outcomes Growth at 4,8,12 weeks after discharge

Energy and some nutrient intakes (diaries)

Growth at 2,4,6,12 months corrected age

Blood urea nitrogen, phosphorus,

hemoglobin levels

Neurodevelopment assessed by Bayley III

Scale at 12 months corrected age
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months was not found to be different between groups (117, 120).
In these studies there may not have been sufficient protein given
to achieve an optimal growth and possibly neurodevelopmental
outcome. In contrast energy should not be a limiting nutrient for
a baby feeding fully responsively at the breast as they will access
all the energy rich hind milk they require.

All studies found the HMF to be well-tolerated however each
used a different method to administer the fortifier, one adding
the entire dose into one bottle per day (116) with no adverse
gastrointestinal symptoms reported. Another was by bottle but
given spread out over the day (117) and the third by cup twice
a day (118). None reported any adverse effect on breast feeding
rates in the fortified group. A finger feeding device to administer
fortifier has recently been evaluated and was well-accepted (122).
Technical improvements are required and a large randomized
study will be necessary to evaluate the benefits of such a strategy.

There are 2 reports looking at the effect of fortifier
post discharge on breastfeeding. One is a case study where
breastfeeding was maintained by the addition of fortifier post
discharge rather than formula in a baby failing to thrive on the
breast (123). A second suggests an improvement in breastfeeding
rates at 6 weeks post conceptional age in a group of babies
discharged on fortifier compared to a group on breast milk
alone (124).

In theory, a gradual step down from full fortification
would seem appropriate for breastfed babies to allow adaption
to the lower nutrient intake of unfortified breast milk
and to support the rapid growth that occurs around term
due date.

As studies that evaluated post discharge HM fortification
showed no deleterious effect on breastfeeding rates, it is proposed
that HMF post discharge is considered in breastfed babies
where a post discharge formula would be used were they
formula fed, particularly if they have not grown well while
on the neonatal unit. One group who might benefit being
babies with bronchopulmonary dysplasia BPD (125). More work
is needed to assess an optimal amount, length of time and
method of administering fortifier in a breast feeding baby
post discharge.

CONCLUSIONS-COMMENTS,
RECOMMENDATIONS

Conclusions-Comments

• Evidence indicates that HM is the best nutrient uniquely suited not only to

term but also to preterm infants conferring health benefits at short and long-

term including protection against NICU challenges such as NEC, ROP, BPD

sepsis and neurocognitive improvement. Therefore, it is the first choice in

preterm feeding.

• Unfortified HM doesn’t provide sufficient amounts of nutrients to tiny

preterm infants when fed at usual feeding volumes. To prevent EUGRwhich

is associated with poor neurocognitive outcome and to avoid specific

nutrient deficiencies, nutrient fortification of HM is necessary.

• The fortification methods in current use are: 1. Standard

fortification, 2. Individualized fortification: “Adjustable fortification”

and “Targeted fortification.”

• Despite STD fortification many VLBW infants continue to have suboptimal

growth. Optimization of HM fortification is necessary.

• ADJ fortification has been shown to improve protein intakes, somatic

and head growth and seems to be a practical method to optimize

HM fortification.

• Targeted fortification, being feasible and effective in some trials, needs to

be improved.

• Improvement of the quality of HMF is another important issue. Although

HM-based fortifier seemed to be promising and some studies suggested

a benefit in terms of morbidity and mortality when babies are fed an

exclusively human milk based diet using these products, there are still

concerns about the efficacy, safety and ethical issues.

• There is no strong evidence to support the use of hydrolyzed protein source

in fortifiers.

• There is no consensus about post discharge nutrition. Studies that

evaluated post discharge HM fortification showed no deleterious effect on

breastfeeding rates, and suggested some advantages.

Recommendations

• Given the solid evidence, HM feeding has become a basic right for preterm

infants. Mother’s own milk is the first choice in preterm infant feeding and

strong efforts should be made to promote lactation. When mother’s milk is

not available, donor human milk is the best alternative.

• EMBA WG on HM Fortification, in parallel with Milan Consensus

(42) recommends fortification of HM for preterm infants with a

birthweight <1,800 g.

• Human milk fortification can be started safely with multi-nutrient fortifiers

when the milk volume reaches 50–80 ml/kg/d.

• Optimization of HM fortification is required. Individualized fortification

(Adjustable or Targeted) is the recommended method for HM fortification.

Targeted Fortification may need some fine tuning.

• Quality improvement of the fortifiers is an ongoing process. Because of the

limited efficacy and safety data and ethical concerns, it is too early to draw

conclusions about the use of HM-based fortifiers.

FUTURE RESEARCH DIRECTIONS

• Research addressing the nutritional management in specific groups of

preterm infants (such as BPD, IUGR)

• Randomized controlled trials assessing the efficacy and safety of HM

fortification after discharge in different groups depending on their status

at discharge

• Randomized trials comparing the efficacy and safety of ADJ vs.

Targeted Fortification

• Defining the reasonable and replicable study endpoints

including neurocognitive outcomes, body composition in

large cohorts

• Optimization of the quality of fortifiers (amount and quality

of protein, source of energy, EFA content) while considering

ethical dilemmas
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Background: Bronchopulmonary dysplasia (BPD) is the most common complication of

very preterm birth and can lead to lifelong health consequences. Optimal nutrition is a

cornerstone in the prevention and treatment of BPD. In very preterm infants, mother’s

own milk (MOM) feeding is associated with lower risks of necrotizing enterocolitis,

retinopathy of prematurity, and sepsis. Although several studies have shown that MOM

may protect against BPD, a systematic analysis of the evidence has not been performed

to date.

Methods: A comprehensive literature search was conducted using PubMed/MEDLINE

and EMBASE, from their inception to 1 December 2017. Longitudinal studies comparing

the incidence of BPD in preterm infants fed with exclusive MOM, MOM supplemented

with preterm formula (PF), and/or exclusively fed with PF were selected. A random-effects

model was used to calculate the Mantel Haenszel risk ratio (RR) and 95% confidence

interval (CI).

Results: Fifteen studies met the inclusion criteria (4,984 infants, 1,416 BPD cases).

Use of exclusive MOM feedings was associated with a significant reduction in the risk

of BPD (RR 0.74, 95% CI 0.57–0.96, 5 studies). In contrast, meta-analysis could not

demonstrate a significant effect on BPD risk when infants fed with more than 50% MOM

were compared with infants fed with <50% MOM (RR 0.98, 95% CI 0.77–1.23, 10

studies) or when infants fed withMOM supplementedwith PFwere comparedwith infants

fed with exclusive PF (RR 1.00, 95% CI 0.78–1.27, 6 studies). Meta-regression showed

that differences in gestational age were a significant confounder of the effect of MOM.

Conclusion: To our knowledge, this is the first systematic review and meta-analysis

that specifically evaluates the role of MOM on BPD. Our data indicate that MOM may

reduce the incidence of BPD when used as an exclusive diet, but this result needs to
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be interpreted with caution. We did not find the same difference in analyses with other

dosages of MOM. Further studies adequately powered to detect changes in BPD rates

and that adjust for confounders are needed to confirm the beneficial effects of MOM

on BPD.

Keywords: mother’s own milk, human milk, bronchopulmonary dysplasia, preterm formula, meta-analysis,

systematic review, meta-regression

INTRODUCTION

Mother’s own milk (MOM), fresh or frozen, is the normative
standard for preterm infant feeding and nutrition (1–4). If MOM
is unavailable despite significant lactation support, pasteurized
donor human milk (DHM) is the recommended alternative
over the use of bovine milk-based preterm formula (PF) (1–
4). However, it is increasingly recognized that numerous MOM
components which could contribute to its protective effects
against adverse outcomes of prematurity are reduced or absent
in DHM (5).

Bronchopulmonary dysplasia (BPD) is one of the most
common complications of prematurity, and it predicts multiple
adverse outcomes including chronic respiratory impairment and
neurodevelopmental delay (6, 7). Optimal nutritional support is
considered a cornerstone in the treatment/prevention of BPD
(8). Recently, we performed a systematic review and meta-
analysis on the effects of DHM on BPD (9). Meta-analysis
of randomized controlled trials (RCTs) could not demonstrate
that supplementation of MOM with DHM had a significant
effect on BPD risk when compared to supplementation
with PF. However, meta-analysis of observational studies
showed a protective effect of DHM supplementation on
BPD (9). Two very recent systematic reviews confirmed that
the protective effects of human milk (i.e., MOM and/or
DHM) on BPD are only observed in meta-analysis of
observational studies (10, 11). Using the GRADE-system (12),
the authors of these meta-analyses consider the evidence to
be inconclusive.

Despite the important differences between DHM and MOM,
the umbrella term “humanmilk” is frequently used to encompass
both MOM and DHM, implying that the beneficial effects of
MOM can be directly extrapolated to DHM (5, 13). Moreover,
many of the studies and meta-analyses have compared PF
feedings with various combinations of PF, MOM, and DHM.
A recent meta-analysis evaluated the effects of MOM on
retinopathy of prematurity (ROP) (14). This analysis excluded
data on DHM and showed that the overall incidence of ROP
was reduced among infants fed MOM compared with those fed
PF. To the best of our knowledge, no systematic review has
focused on the role of MOM in the development of BPD. The
analysis of exclusive MOM vs. PF was beyond the scope of our
previous study (9), and Miller et al. and Huang et al. did not
study the effect of MOM separately from that of DHM (10, 11).
Therefore, we aimed to conduct a systematic review and meta-
analysis on the association between MOM/PF feeding and BPD
development. The present meta-analysis does not include data
on DHM.

METHODS

This study is a continuation of our previous review on DHM
and BPD (9), and shares much of the same methodology. We
expanded on the protocol of our earlier study, and specified the
objectives, criteria for study inclusion, method for evaluating
study quality, outcomes and statistical methodology. We report
this study according to the guidelines of the Preferred Reporting
Items for Systematic Reviews andMeta-Analysis (PRISMA) (15).
The PRISMA checklist for this report can be found in the
Supplementary Material.

Data Sources and Search Strategy
We modified and expanded on the search strategy of our earlier
review (9). We carried out a comprehensive literature search
using PubMed/Medline and EMBASE, from their inception
to March 1, 2018. The search strategy for PubMed used the
following terms, including Mesh terms: (breast milk OR infant
feeding OR mother’s own milk) AND (preterm infant OR very
low birth weight infant) AND (outcome OR bronchopulmonary
dysplasia OR BPD) AND (observational study OR cohort study
OR case-control). We used a similar strategy in EMBASE. We
applied no language restrictions. We translated articles when
needed. We included cohort and case-control studies in this
review, as well as RCTs with an observational arm. Other types of
studies were excluded, but when considered relevant, they were
read to identify additional studies to include. We also used the
“cited by” tool in Google Scholar and Web of Science to identify
studies for inclusion. Moreover, we included articles which we
came across in the elaboration of our earlier review (9).

Eligibility Criteria and Study Selection
We included studies if they were original cohort or case-control
studies, which examined very preterm (gestational age, GA <32
weeks) or very low birth weight (VLBW, BW <1,500 g) infants
receiving either MOM or PF, and which included at least two
groups divided according to feeding policy. Only full-length
published studies were considered for inclusion. Studies were
included if they reported results on the incidence of BPD. We
defined BPD as oxygen dependence at 28 days of life (BPD28)
or as oxygen dependence at 36 weeks adjusted gestational
age (BPD36). Studies were excluded if the group receiving
MOM or PF also received DHM. Two reviewers (EV-M, EV)
independently screened the results of the searches, and included
studies according to the inclusion criteria using EndNote
(RRID:SCR_014001), using the methodology of Bramer et al.
(16). Studies on which reviewers disagreed for inclusion were

Frontiers in Pediatrics | www.frontiersin.org 2 June 2019 | Volume 7 | Article 224175

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Villamor-Martínez et al. Mother’s Own Milk and Bronchopulmonary Dysplasia

identified, and discrepancies were resolved through discussion or
by consulting the other authors.

Data Extraction
We collected the following information per study: citation
information, study design, number of patients, number of
centers, location of study, inclusion and exclusion criteria, patient
characteristics (GA, BW), type of feeding received (MOM,
PF, combination of MOM and PF, and type of fortifier), and
incidence of BPD per group. Two researchers (EV-M, EV)
extracted the data using an Excel sheet designed for this review.
We resolved discrepancies in data extraction through discussion,
or by consulting the other authors. Another researcher (MP)
independently validated the accuracy of the data extracted.

Assessment Risk of Bias
Two researchers (EV-M, MP) assessed the risk of bias in included
studies. We used the Newcastle-Ottawa Scale (NOS) for quality
assessment of cohort and case-control studies. The NOS is
used to assign a score to studies on selection (0–4 points),
comparability (0–2 points), and outcome/exposure (0–3 points),
for a total score of up to 9 points. Discrepancies were resolved
through discussion.

Statistical Analysis
We used Comprehensive Meta-Analysis V3.0 software
(RRID:SCR_012779) to combine and analyze studies. The
Mantel Haenszel (MH) risk ratio (RR) for BPD with 95%
confidence interval (CI) was calculated in each study. Due to
anticipated heterogeneity, we used a random-effects model to
combine studies. This model accounts for heterogeneity between
and within studies and it does not assume that “true” effect sizes
are identical across studies. Subgroup analyses were conducted
according to the mixed-effects model (17). In this model a
random-effects analysis is used to combine studies within each
subgroup, and a fixed-effect model is used to combine subgroups
and yield the overall effect. The model does not assume study-
to-study variance (tau-squared) to be the same for all subgroups.
We assessed statistical heterogeneity using the Cochran’s Q
statistic, and the I2 statistic which is derived from it. We planned
to evaluate the risk of publication bias through visual inspection
of the funnel plot and with Egger’s regression test (18). We
decided a priori to analyze the effect of GA as a confounding
factor, by analyzing the mean difference in this covariate between
groups, and through subgroup analysis, by removing studies
with large differences in GA from analysis. We decided to use
the group with the higher MOM intake as the reference group in
all our analyses. We carried out sensitivity analyses by removing
one study from analyses at a time. We used an α = 0.05 for
statistical significance (α = 0.10 for statistical heterogeneity).

RESULTS

After removing duplicates, our comprehensive search found 965
articles, of which we identified 84 as potentially relevant, and
15 met our inclusion criteria (19–33) after full-text review. The
PRISMA search diagram is shown in Figure 1. The characteristics

of the included studies are shown in Supplementary Table 1.
Fourteen included studies were observational cohorts, of which
seven were prospective (20, 21, 23, 25, 30, 31, 33) and seven
were retrospective (19, 22, 24, 26, 28, 29, 32), and one study was
a retrospective case-control (27). One study was excluded from
meta-analysis because it did not group by type of feeding (22).
We divided studies according to the proportion of feeding that
was MOM or PF in each group, and we made three comparisons
for analysis: (1) Exclusive MOM vs. Any PF; (2) Mainly MOM vs.
Mainly PF; (3) Any MOM vs. Exclusive PF.

Quality Assessment
Three studies scored six points on the NOS, 10 studies scored
seven points, and two studies scored the maximum of 9
points. We downgraded studies in quality for not adjusting for
confounders (k = 13), for excluding infants who were lost to
follow-up (k= 2) and for not defining BPD clearly (k= 1).

Exclusive MOM vs. Any PF
Five studies (19–21, 27, 30) compared infants who received a
diet of exclusive MOM to infants who received MOM and any
supplementation with PF. Meta-analysis of these studies found
that the exclusive MOM group had a reduced risk of BPD (RR
0.74, 95% CI 0.57–0.96, p = 0.021, Figure 2). When we excluded
the study of Fewtrell et al. which used a different definition of
BPD (BPD28), the effect of MOM on BPD remained significant
(RR 0.71, 95% CI 0.54–0.93 p = 0.014). Sensitivity analysis
showed that removing the study of Madore et al. (27) or the study
of Schanler et al. (30) made the overall association no longer
significant (Supplementary Figure 1).

When we analyzed the difference in GA between groups,
meta-analysis did not find a significant difference (MDGA−0.06
weeks, 95% CI−0.38–0.25, p= 0.689, Supplementary Figure 2).
None of the included studies had a mean difference in GA
between groups which was larger than 0.3 weeks.

Out of the five studies which had an exclusive MOM group,
three studies (19–21) also provided data on a group of infants
receiving exclusive PF. We carried out a subgroup analysis of
these studies. When pooled, meta-analysis could not find a
significant difference in BPD risk between groups (RR 1.08, 95%
CI 0.63–1.87, p = 0.770 Figure 3). When we excluded the study
of Fewtrell et al., which defined BPD as BPD28 instead of BPD36,
the effect of MOM did not change in significance (RR 1.10,
95% CI 0.58–2.09, p = 0.777). When we removed the study of
Assad et al. for having a MD in GA (of 1.5 weeks) between
groups ≥0.5 weeks, the results did not change in significance
(RR 0.88, 95% CI 0.57–1.37, p = 0.583). An analysis on the
difference in GA between groups did not find a significant
difference overall (MD −0.41 weeks, 95% CI −1.19–0.36, p =

0.295, Supplementary Figure 3).

Mainly MOM vs. Mainly PF
Ten studies compared infants receiving mainly MOM vs. infants
receiving mainly PF. We included studies which had stricter
criteria for comparison (i.e., exclusive MOM vs. exclusive PF) in
this analysis as well. Meta-analysis could not find a significant
difference in risk of BPD between the mainly MOM and the
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FIGURE 1 | PRISMA diagram of the search.

mainly PF group (RR 0.98, 95% CI 0.77–1.23, p = 0.833,
Figure 4). When we excluded the study of O’Connor et al. for
using a definition of BPD at 28 days of life instead of at 36 weeks
PMA, the effect of MOM on BPD development remained non-
significant (RR 0.99, 95% CI 0.75–1.31, p= 0.938). Excluding any
study one at a time did not change the significance of the effect of
MOM on BPD (Supplementary Figure 4).

We used meta-analysis to study the differences in GA
between the MOM and PF groups in each study. Meta-
analysis found no significant MD in GA when pooling all
studies together (MD −0.31 weeks, 95% CI −0.78–0.17, p =

0.204, Supplementary Figure 5). However, individual studies
showed significant differences in GA between groups, and the
heterogeneity was very high (p < 0.001, I2 = 92.1%), which
indicated that GA could be a significant confounder. When we
used subgroup analysis to exclude studies where the difference

in GA between groups was larger than 0.5 weeks, we were left
with 6 studies, but the effect of MOM on BPD did not change
significantly (RR 0.99, 95% CI 0.82–1.18, p= 0.890).

We used meta-regression to explore the role of GA in
potentially modifying the effect of MOM on BPD development.
Meta-regression found a significant association between MD in
GA and the risk of BPD in the MOM group (Coefficient: −0.59,
95% CI −0.95 to −0.23, p = 0.001, R2 = 1.00, Figure 5). This
indicates that in studies where the MOM group had a higher risk
of BPD, this group was also more premature than the PF group,
and in studies where the MOM group had a lower risk of BPD,
this group was also more mature than the PF group.

Any MOM vs. Exclusive PF
Six studies (19, 20, 23–25, 33) compared infants who received any
MOM to infants who received exclusive PF. We also included
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FIGURE 2 | Meta-analysis of exclusive MOM vs. any PF and risk of BPD. MOM, mother’s own milk; PF, preterm formula; BPD, bronchopulmonary dysplasia; CI,

confidence interval; MH, Mantel-Haenszel.

FIGURE 3 | Meta-analysis of exclusive MOM vs. exclusive PF and risk of BPD. MOM, mother’s own milk; PF, preterm formula; BPD, bronchopulmonary dysplasia; CI,

confidence interval; MH, Mantel-Haenszel.

FIGURE 4 | Meta-analysis of mainly MOM vs. mainly PF and risk of BPD. MOM, mother’s own milk; PF, preterm formula; BPD, bronchopulmonary dysplasia; CI,

confidence interval; MH, Mantel-Haenszel.
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FIGURE 5 | Meta-regression of MD in GA between the MOM and PF group,

and risk of BPD. CI, confidence interval; BPD, bronchopulmonary dysplasia.

studies in this comparison where the infants of the MOM group
received larger proportions of MOM (e.g., infants receiving
mainly MOM or exclusive MOM). Meta-analysis could not find a
significant effect of any MOM on the risk of developing BPD (RR
1.00, 95% CI 0.78–1.27, p = 0.975, Figure 6). When we removed
the study of Hylander et al. from the analysis, which did not
clarify their definition of BPD, the effect of any MOM remained
non-significant (RR 1.07, 95% CI 0.80–1.42, p= 0.665). Removal
of any one study did not affect the significance of the results
(Supplementary Figure 6).

Meta-analysis found that there was a significant difference in
mean GA between the any MOM group and the exclusive PF
group, with the infants receiving any MOM being born earlier
(MD−0.50 weeks, 95% CI −0.99 to−0.01, p= 0.045, Figure 7).
Removing studies where the groups differed by more than 0.5
weeks in GA left us with three studies (20, 24, 33), but the effect
of MOM on BPD remained non-significant (RR 0.93, 95% CI
0.82–1.05, p= 0.236, Supplementary Figure 7).

Publication Bias
We tested the three comparisons for publication bias
(Supplementary Figure 8), but neither visual inspection of
the funnel plot nor Egger’s regression test could find significant
evidence of publication bias. A small number of studies made the
analyses on “Exclusive MOM vs. Any PF” and “Any MOM vs.
Exclusive PF” inconclusive (Supplementary Figure 8).

Adjusted Data
Two studies (23, 26) reported data on BPD incidence that was
adjusted for confounders. Furman et al. (23) reported incidence
of BPD by amount of maternal milk received, and they adjusted
for several confounders (BW, sex, and ethnicity). They found
no significant difference in BPD risk for varying levels of MOM
intake, compared to receiving exclusive PF. Maayan-Metzger
et al. (26) used logistic regression to adjust for confounders
including GA, BW and sex. They found that receiving only or
mainly MOM, compared to receiving only or mainly PF, did not

significantly affect the risk of developing BPD. They found the
same result in the subgroup of infants with GA 24–28 weeks.

Other Studies
One study (22) did not group according to MOM or PF intake.
Instead they compared infants with BPD to infants without BPD
and studied median intake of MOM in the first 6 weeks of life.
In their study infants were given MOM, supplemented by PF
when necessary. They found infants with BPD had a significantly
lower median daily MOM intake compared to infants without
BPD (2.3 mL/kg/d vs. 10.8). The protective effect on BPD of a
higher MOM intake at 42 days remained after adjustment for
confounding factors (RR 0.98, 95% CI 0.96–0.99, p= 0.030).

DISCUSSION

RCTs are widely regarded to provide the highest degree of
evidence (34). However, the random allocation of infants to a
group receiving PF instead of MOM is not ethical and, therefore,
evidence must be based on observational studies (14, 35). To our
knowledge, this is the first systematic review and meta-analysis
that specifically evaluated the role of MOM on BPD. We found
that MOM reduced the risk of developing BPD but only when
used as an exclusive diet. In contrast, meta-analysis could not
find significant changes in BPD risk when comparing infants
fed mainly with MOM with those fed mainly with PF, or when
comparing any MOM vs. exclusive PF.

The reduction of BPD rates whenMOM is used as an exclusive
diet may have various explanations. The major pathogenetic clue
of BPD is the arrest in the alveologenesis and vasculogenesis
of the lung due to very preterm birth (36). Superimposed
inflammatory events complete this detrimental picture (37, 38).
Prenatally, in the setting of chorioamnionitis, the overwhelming
inflammatory cascade may interfere with lung development
(37). Postnatally, the intensive care support needed by very
preterm infants, including resuscitation, mechanical ventilation,
and oxygen administration, carries a high grade of inflammation
to the immature lung, leading to the establishment of BPD (38).
When postnatal infections occur, the incidence of BPD sharply
increases (39–41). Finally, inadequate nutrition can further
worsen BPD (42).MOMmay reduce the incidence of BPD thanks
to nutritional and bioactive components, counteracting oxidative
stress (43), inflammation (44, 45), and nutritional flaws involved
in the BPD pathogenesis (46, 47). In addition, MOM may also
impact the risk of BPD indirectly by reducing the incidence of
necrotizing enterocolitis (NEC) and late-onset sepsis (LOS).

Due to the observational character of the studies included
in the meta-analysis, the MOM and PF groups may differ
in a number of maternal and infant characteristics which
may affect the development of BPD. Previous studies
have shown associations between characteristics such as
ethnicity, socioeconomic status, maternal education, pregnancy
hypertensive disorders, smoking during pregnancy, GA, BW,
infant sex, Apgar score, or respiratory distress syndrome, and
rate of MOM feeding in preterm infants (32, 48–54). We
evaluated one possible major confounder: difference in GA
between groups. GA played a role in modifying the association
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FIGURE 6 | Meta-analysis of Any MOM vs. Exclusive PF and risk of BPD. MOM, mother’s own milk; PF, preterm formula; BPD, bronchopulmonary dysplasia; CI,

confidence interval; MH, Mantel-Haenszel.

FIGURE 7 | Meta-analysis of Any MOM vs. Exclusive PF, mean difference (MD) in gestational age (GA) between groups. MOM, mother’s own milk; PF, preterm formula.

between MOM and BPD, as we have shown through meta-
regression and sub-group analyses. This is relevant since the
incidence of all the complications of prematurity, including
NEC, LOS, and BPD, is inversely related to GA. In studies which
compared mainly MOM vs. mainly PF, the comparison that
included the highest number of studies, meta-regression showed
a significant correlation between difference in GA and the
protective effect of MOM on BPD (Figure 5). In other words, in
the studies where the mainly MOM group had a higher BPD risk,
this group was also more premature than the mainly PF group.
Interestingly, in the comparison where we found a significant
positive result (exclusive MOM vs. any PF), the differences in
GA between groups were small. This suggests that the protective
effects of exclusive MOM are not affected by GA as confounder
in this analysis.

Several studies have reported that the effects of human milk
in reducing the incidence of adverse outcomes of prematurity are
dose-dependent (14, 23, 31, 55–58). It has been suggested that at
least 50% of the infant’s total enteral intake should be MOM in
order to achieve a decreased incidence of NEC (13). With regards

to BPD, Patel et al. have shown a 9.5% reduction in the risk of
BPD for each 10% increase in MOM received from birth to 36
weeks PMA. This may generate a reduction in BPD risk up to
63% when an exclusive MOM diet is compared with an exclusive
PF diet (55). Surprisingly, the present meta-analysis could not
demonstrate a different rate of BPD in infants fed exclusiveMOM
when compared with infants fed exclusive PF. However, this
analysis was based on only three studies (Figure 3). Moreover,
in one of the studies the infants in the PF group had a markedly
higher GA (1.5 weeks) than the infants of the MOM group. To
date, there are no exact limits set in the amount of MOM that
would produce benefits in terms of BPD reduction (59). The
studies that we analyzed documented a high variability of MOM
amount in their study groups. Since the relation between MOM
and BPD, may not be as direct as for NEC and LOS, it is possible
that higher minimum amounts of MOMmay be needed to detect
significant differences. In addition, the conditions of storage and
the use of fresh, refrigerated, frozen, or deep-frozen MOM may
affect the antioxidant as well as other biological properties of
MOM (60).
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CONCLUSION

Our data indicate that MOM may reduce the incidence of BPD
when used as an exclusive diet, but this result needs to be
interpreted with caution. We did not find the same difference in
analyses with other dosages of MOM, whichmay be related to the
high variability in the available studies and the dose-dependent
beneficial effects of MOM. It may also be due to differences
in GA between infants who receive MOM and infants who
receive PF, which we found had modified the protective effects
of MOM against BPD. Moreover, there may be other differences
in infant and maternal characteristics that play a role and which
we could not account for. Further studies, adequately powered
to detect changes in BPD rates, and that adjust for the different
characteristics of infants who receive MOM and PF are needed to
confirm the beneficial effects of MOM on BPD.
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The objective of early premature infant nutrition is to maintain, during the turbulent early

days of life, a flow of nutrients that differs only minimally from that which would have

prevailed had the infant remained in utero. Out of necessity, nutrients have at first to

be provided mainly via the parenteral route. While that is going on, the feeding of small

amounts of human milk (gut priming) is initiated as soon as practical. As mother’s own

milk is not available in sufficient quantity at this time, donor milk needs to be used

temporarily. If not available, formula should be used. Gastric residuals are physiologic at

this stage and aremonitored to guide the increase of the size of feedings. As the volume of

milk is gradually increased, nutrient fortification is initiated when the milk volume reaches

around 20 ml/kg/day. There is no need to start with less than full-strength fortification.

Fortification should employ one of the liquid fortifiers. Adjustable fortification may be

employed but is labor-intensive and is not a necessity as long as full feeding volumes

of around 170 ml/kg/day are maintained. As the infant grows beyond 1,500 g the level

of fortification can be reduced gradually by omitting fortification first from one, and then

from more feedings. After discharge there is still a need for fortification, which requires

the mother to express some of her milk so it can be fortified. Nutrient supplementation

directly to the infant would obviate the need for milk expression.

Keywords: human milk, early, premature infant, parenteral nutrition, avoidance of nutrient deficit

INTRODUCTION

There is no time in the premature infant’s life that is more important than the first few days.
It is a time when the provision of nutrients meets with technical difficulties and nutrient
intakes frequently fall short of needs. It is a time when the rich flow of nutrients that
has been supporting rapid growth and development in utero has just been cut off abruptly.
The trauma of this disruption is intense and has severe consequences unless the flow of
nutrients is restored promptly. Restoring the flow of nutrients is challenging, technically, and
otherwise, and that is the reason why prompt restoration is so often not occurring. But this
is a time of exquisite vulnerability to the lack of adequate nutrients and prompt restoration
is mandatory. Failure to provide adequate amounts of protein and energy during this early
period has serious consequences (1). Whether and to what extent nutrient deficits can be
made up later is not known exactly, but the widespread occurrence of impaired cognitive
development among former preterm infants suggests that the ability to make up is limited (2).
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Fortunately, we have the techniques for promptly restoring the
flow of key nutrients. If nevertheless the restoration of nutrient
intakes does not always occur in a timely fashion, it is because of
misperceptions and misinterpretation of physiologic signs, such
as gastric residuals. While restoration of the nutrient flow has
absolute primacy, it is closely followed in urgency by the need
to establish enteral feedings. This is where human milk with its
unique properties plays a crucial role, a role that is not always
fully utilized.

The benefits of human milk for the premature infant are
well-established. They are of particular importance during the
early days and weeks of life. The property of human milk that
makes it so valuable at this time is its strong trophic effect
on the immature gut. This maturational effect not only enables
earlier establishment of full feedings, it also provides protection
against necrotizing enterocolitis (NEC) and against late-onset
sepsis. But for these effects to come to bear, human milk must
be fed, and not be withheld, as is too often the case, for
various reasons. That is why sound feeding practices are of such
crucial importance during the early days of life. One essential
condition is the acceptance of gastric residuals as what they
are, namely mere manifestations of gut immaturity rather than
as signs of “feeding intolerance” or, worse, “impending NEC.”
Gastric residuals eventually subside, the faster so if the necessary
stimulation by feeding of human milk is provided. The only
disadvantage of human milk is its low nutrient content relative
to the high needs of the premature infant that must be overcome
by nutrient fortification.

The objective of the present essay is to foster feeding practices

that maximize the utilization of the beneficial effects of human

milk. Good feeding practices are part of the overall effort to
minimize the hazards that premature birth presents to the baby.

The present discussion makes the assumption that parenteral

nutrition is being provided starting within hours of birth, that
it is providing adequate amounts of amino acids and energy,
and that it is not terminated until enteral nutrition has reached
near-full levels.

The opinions offered are derived largely from personal
experience and anecdotal reports, but are overall consistent with
the current literature.

To begin with, it is useful to review some basic facts about the
preterm infant and to agree on some of the principles that govern
nutrition of the premature infant:

1. The amounts of nutrients the fetus is receiving are known

and serve as a model of the nutrient needs of the

preterm infant.
2. The flow of nutrients to the recently born preterm infant

should not be interrupted for more than a few hours.

3. The gastrointestinal (GI) tract of the preterm infant is at

birth in an immature state and incapable of handling a full
load of nutrients.

4. If properly stimulated (primed), the GI tract acquires, in a
matter of days, the functional maturity for accepting and
absorbing full nutrients.

5. While the GI tract is immature, maintaining an adequate
supply of nutrients requires the use of parenteral nutrition.

6. The GI tract is susceptible to necrotizing enterocolitis (NEC)
and is presumed to remain so for a while even after acquiring
adequate motility.

7. The risk of NEC is not modified by the volume and timing
of feedings.

8. The risk of NEC increases if formula instead of human milk
is fed.

9. The infant should incur no weight loss except that which is
explained by the birth-related shrinking of the extracellular
fluid space.

10. If weight loss is greater, every effort must be made to recover
lost ground as quickly as possible.

PARENTERAL NUTRITION

As the gut is at the outset unable to absorb nutrients, the
provision of nutrients must of necessity be via the parenteral
route, which has been shown to be effective and safe (3).
Parenteral nutrition administered through an umbilical vessel
is initiated within a few (preferably <2) hours of birth. It
should provide protein/amino acids of at least 2.0 g/kg/day
but preferably 3.0 g/kg/day. Blood glucose concentration
must be monitored at regular intervals, and hyperglycemia
and hypoglycemia, if present, must be treated appropriately.
Monitoring of blood urea is not necessary, but monitoring
of acid-base status is. After a few days, the administration of
parenteral nutrition is shifted to a peripherally placed central
venous catheter. As the volume of enteral feedings increases,
parenteral nutrition is tapered while maintaining at all times an
adequate total nutrient intake. Parenteral nutrition should not be
discontinued prematurely as that practice leads to a temporary
slowdown or cessation of growth. Parenteral nutrition should
be continued until enteral feeds have reached at least 90% of
full feedings.

THE INITIATION OF FEEDINGS (GUT

PRIMING)

The main reason for the common hesitation to provide enteral
feedings during the early days of life is the frequent occurrence
of gastric residuals. It is therefore, important to recognize that
residuals are merely a manifestation of immaturity of the GI tract
and have nothing to do with NEC. Immature motility needs to
be overcome by GI priming, which is done better by human
milk than by anything else. Until immaturity is overcome, full
feedings are not possible. The manifestations of gut immaturity
are physiologic and subside in time with proper management.
The risk of NEC, while ever present, is not eliminated by
withholding of feedings.

The sole purpose of providing enteral feedings early on,
also known as trophic feedings or gut priming, is to facilitate
maturation of the immature gastrointestinal tract. The progress
of gut maturation is, for lack of a better parameter, judged by
the decrease of the size of gastric residuals. The goal of gut
priming is to reach a rate of gastric emptying that permits
the administration of full or near-full feedings. Until that goal
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FIGURE 1 | Growth of premature infants.

FIGURE 2 | Growth of premature infants.

is reached, parenteral nutrition must be continued to ensure
an adequate supply of nutrients at all times. In practice, the
initiation of feedings is often delayed by one or more days
after birth due to the belief that the risk of NEC is thereby
reduced. Practice for many years has shown that such a delay

does not reduce the risk of NEC and only causes a delay in
reaching full feeds. Thus, gut priming should always be initiated
within a few hours of birth, at the latest within the first 24 h
of life, and should not be interrupted due to the occurrence of
gastric residuals.
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There is no evidence that the frequency of early feedings or the
strength of feedings are of importance. What is important is that
gastric residuals are monitored because the rate of advancement
of feeds needs to be based on the occurrence and size of gastric
residuals. Historically, before the phenomenon of gut immaturity
was fully appreciated, feedings were often advanced too rapidly,
and the ensuing gastric residuals were interpreted as constituting
NEC grade I (incipient NEC) and prompted the withholding of
feedings for 24 h or longer. Today we know that gastric residuals
are physiologic, as long as they are of modest size and of normal
color, and may require a reduction in the size of feedings but not
a cessation of feedings. There is no evidence that the volume of
feedings or the rate of advancement of feedings impacts the risk
of NEC.

The choice of feeding for GI priming is important because
human milk offers several strong advantages, including that
it enhances the maturation of the GI tract. Every effort must
therefore be made to secure the mother’s milk for gut priming.
Freezing of milk entails loss of all cellular components and
diminution of some of the valuable components of human milk.
But the logistics of providing fresh milk are such that much milk
is provided after a shorter or longer period of freezing.

Since the availability of mother’s own milk is typically limited
in the first few days after birth, the temporary (until mother’s
milk comes in) use of donor milk is necessary. Donor milk is
pooled milk from multiple donors who are typically in advanced
stages of lactation with its decreases of some components of
breast milk. It is always frozen and heat treated, which causes a
decrease of the content of nutrients and other components, and
the complete elimination of components such as lipase. Despite
these decreases, donor milk is the preferred feeding during the
first few days after birth when mother’s own milk is not available
in sufficient quantity. It is also the preferred feeding whenever a
mother experiences diminishing milk supply in spite of efforts
to maintain her milk supply, which, unfortunately, is a rather
common occurrence. If donor milk is not available, formula is
a second choice for gut priming. NEC is extremely uncommon in
the first few days of life and the feeding of formula temporarily is
preferred over not giving any feedings at all.

FORTIFICATION OF HUMAN MILK

Growth and nutrient needs of premature infants are shown in
Table 1. Infants weighing <1,200 g require an intake of protein
of around 4.0 g/kg/day in order to grow like the fetus. If human
milk is fed at 150 ml/kg/day, it provides only about 2 g/kg/day
of protein (except during the first 2 weeks of lactation when the
protein content of human milk tends to be higher). The need for
extra protein is thus evident. Although their requirements are
not shown in Table 1, the intakes of electrolytes, minerals, and
vitamins from human milk are similarly not adequate to cover
the needs of the small premature infant. Most of the nutrients
in short supply are provided by fortifiers. Powder fortifiers have
been available for some time but were woefully inadequatemainly
in the amount of protein they provide. If used, the addition of
extra protein is mandatory (4). The newer liquid fortifiers provide

more protein so that the total intake from fortified human milk
approaches the required 4.0 g/kg/day.

Initiation of Fortification
Fortification with a liquid multicomponent fortifier should be
initiated when the feeding volume reaches around 25 ml/day,
which has been the practice at the author’s institution for many
years. There is nothing gained by waiting any longer, nor is there
any advantage from starting at less than full strength fortification.
Concerns about an increase in osmolality of feedings caused by
the fortifier are unfounded. It has been the practice in many
NICU’s to initiate fortification when feedings reach a volume of
around 100 ml/kg/day. The origin of this practice is murky as
is its rationale. The disadvantage from delaying fortification is a
deficit in nutrient intakes and a delay in the achievement of a full
nutrient intake. Whether the early addition of fortifier delays the
attainment of full feedings is a matter of debate. Individualized
fortification, if used, is usually initiated only after the first week
of life. Fortification with one of the liquid fortifiers in standard
fashion is recommended as individualized methods have not
been shown to yield superior nutrient intakes.

MONITORING OF GROWTH

As growth provides the ultimate proof of nutritional adequacy
(or inadequacy), the monitoring of growth assumes central
importance. It is complicated by the fact that all infants undergo
a physiologic weight loss, which is not caused by nutritional
inadequacy but which is due to constriction of the infant’s
body water after birth. The decrease of body water is somewhat
variable but usually is equivalent to about −0.6 weight z-scores.
A loss of 0.6 weight z-scores is therefore physiologic, but any
greater weight loss is abnormal and is associated with a risk of
neurocognitive impairment.

Daily weight is routinely monitored in every unit, and length
and head circumference are measured periodically in most units.
The problem lies in the interpretation of measurements. The
calculation of average weight gain over some period of time is
not an appropriate method because normative values decrease
with increasing body weight and are generally not known. An
acceptable way of interpreting growthmeasurements is to display
them on charts of fetal growth, where growth in parallel to
percentile lines is the expected norm (Figure 1). A fall-off from
percentile lines indicates growth failure. The preferred way to
interpret growth measurements is to transform them into z-
scores derived from current references of fetal growth (5) and
to express them as deviations from the birth z-score (Figure 2).
The weight z-score should not drop by more than 0.6, and if it
does, every effort should bemade tomake up the deficit as soon as
possible. The z-scores for length and head circumference should
not drop at all.

The widespread notion that some degree of postnatal weight
loss is unavoidable is slowly giving way to the notion that loss
of more than water is avoidable and loss of water only should be
the norm. Examples of avoidance of weight loss are provided by
Senterre and Rigo (6).
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TABLE 1 | Estimated protein intakes needed for weight gain like the fetus.

Body weight (g) 500–700 700−900 900–1,200 1,200–1,500 1,500–1,800 1,800–2,200

Fetal weight gain (g/d) 13 16 20 24 26 29

(g/kg/d) 21 20 19 18 16 14

Protein (g/kg/d)

Loss 1.0 1.0 1.0 1.0 1.0 1.0

Growth (accretion) 2.5 2.5 2.5 2.4 2.2 2.0

Required intake

Parenteral 3.5 3.5 3.5 3.4 3.2 3.0

Enteral 4.0 4.0 4.0 3.9 3.6 3.4

Protein/Energy (g/100 kcal)

Parenteral 3.9 3.8 3.5 3.1 2.9 2.7

Enteral 3.8 3.7 3.4 3.1 2.8 2.6

TAPERING OF FORTIFICATION

Human milk fortified with a liquid fortifier meets approximately
the high nutrient needs of the infant weighing <1,500 g. As the
infant grows beyond 1,500 g, this regimen provides a surfeit of
nutrients that becomes larger as the infant grows larger. While
no adverse consequences of the nutrient surfeit in the short run
are known, it is counterintuitive to burden the infant with an
excess of nutrients. An excess of a comparable size is not routinely
provided to any other group of infants. And, if data in full term
infants may be used as guidance, the provision of unduly high
intakes of protein in early life has been shown to lead to an
increase in adiposity and to a greater risk of obesity later in life
(7). It is, of course, not known whether the same mechanismmay
be at work in premature infants, but prudence would suggest that
an excess of protein ought to be avoided.

It is suggested that nutrient intakes be reduced as the infant
grows. There are no established methods or schedules for the
tapering of fortification. A decrease of nutrient intakes could
be brought about by diminishing the amount of fortifier added
to each feeding. Alternatively, omitting fortification from some
feedings and not from others seems to be a simpler way of
accomplishing tapering. A suggested schedule would be to omit
fortification initially from one feeding per day, then from two
feedings per day, and so forth, until at the time of discharge only
about 30% of feedings are fortified.

Transition to Breastfeeding
Infants to be discharged from the hospital must be able to feed
by mouth. The transition to breastfeeding can be a protracted
process. It is sometimes aided by the use breast shields.

FORTIFICATION AFTER DISCHARGE

The usual criteria of discharge readiness include the ability to

take all feedings by mouth, whether it is directly from the
breast or from a bottle. This readiness is usually reached, in

the absence of complications, before the infant’s weight reaches
3 kg. Because mother’s milk alone does not meet the nutrient
needs of infants weighing 3 kg or less, fortification is needed
after discharge. Furthermore, infants at discharge are often
undergrown and thus have additional nutrient needs for catch-
up growth. Post-discharge fortification schemes vary and range
from full fortification to token fortification with small amounts of
protein. A rational approach would be to fortify two feedings per
day in the case of a liquid fortifier, and three feedings per day if a
powder fortifier is used. How long fortification should continue
is not settled, but a reasonable point at which to discontinue
fortification would be the attainment of a weight of 4 kg.

Post-discharge fortification places a large burden on the
infant’s mother as she needs to express her milk for a portion of
the infant’s daily consumption. It would be a major advantage
if the supplemental nutrients were to be available in the form
of a liquid that could be administered in small volume directly
to the infant. The infant could then receive all its milk directly
from the breast. Unfortunately, such a nutrient solution is not
commercially available and would be difficult to prepare in
the home.

CONCLUSION

For human milk to exert all its benefits for the premature infant,
it has to be fed right from birth when its trophic effects are of
crucial importance. As gastric residuals decline and human milk
feedings progress, nutrient fortification must be initiated. Weight
monitoring must ensure that postnatal weight loss never exceeds
−0.6 weight z-scores. As the infant’s nutrient needs decline, the
level of human milk fortification can be tapered. But at discharge
most infants still require nutrient fortification.
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For its specific qualitative characteristics human donor milk (DM) is the main

alternative to preterm infants nutrition and growing. How several studies suggest child’s

physical and mental development is influenced by breastfeeding that prevents the

necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP), and sepsis common

in preterm newborns. Our research was conducted in NICU’s Human Milk Bank (HMB)

“Allattiamolavita.” Our study was based on macronutrients analysis (MA) of 100 DM

samples taken until 10 days since childbirth and analyzed by spectroscopic infrared

innovative method (MIRIS). This is a specific method to analyse fat (F), crude proteins

(CP), true proteins (TP), carbohydrate (CHO), and total solids (TS). We also analyzed

the 100 donors’ clinic-metabolic profile by blood tests (PMT). Both data was collected

between September 2015 and February 2018. The research was structured in two parts.

In the first part we compared PMT with qualitative and quantitative characteristics of

MA while in the second one we studied every DM macronutrient finding furthermore

possible relations between them. Statistical Package for Social Sciences (SPSS-IBM 24)

was used to compare data and reporting coefficient of determination using Spearman’s

Rho and Kendall’s Tau. We also analyzed samples using Kolmogorov–Smirnov test,

Student T-test, ANOVA, Whitney U-test, and chi-square test. Statistically significant

correlations were noted between maternal serum proteins and CP—TP of DM. The

research showed also significant correlations between azotaemia and TP and an inverse

correlation between serum creatinine and CP. No statistically significant correlation was

observed between donors’ glycaemia and CHO. Mineral concentrations of DM emerged

independent of blood minerals (P, Ca, Fe, Na). We also calculated a normal range for

individual macronutrient of human transitional milk (TM) that was not established in

literature yet. Our experience allowed us to underline that human milk is a privileged site

compared to donors’ clinical and metabolic disorders. Our analysis showed the major

role of the HMB to provide DM to improve clinical status, growing, and neurocognitive

short and long term outcome of preterm infants.

Keywords: donor human milk, human milk bank, breast milk, macronutrients human milk, clinic-metabolic profile

of donors, preterm newborns, infrared spectroscopy
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INTRODUCTION

Breast milk (BM) is the first-choice food for the preterm
newborn: it brings important benefits at gastrointestinal,
immunological, nutritional, and cognitive levels (1). When this
food is not available or not sufficient, such as in cases of very
critical maternal conditions or transient separation by transfer
of the newborn, DHM is the most suitable alternative. The
main advantages of using BM in the diet of preterm infants
are: low incidence of necrotizing enterocolitis (2, 3), reduced
incidence of sepsis and other infections (4–7), reduced incidence
of bronchopulmonary dysplasia (8), high food tolerance (9),
prevention of arterial hypertension and insulin resistance (10,
11). The national guideline on the protection, promotion, and
support of breastfeeding states that “breast milk is, where not
contraindicated, the most appropriate food for the nutritional
needs of premature and hospitalized infants” (12). Breast milk is
currently being researched—several new bioactive components
have been identified and described, thanks to the advancement
of biotechnology (13). It is important to focus on the aspects of
its composition in order to optimize the use, especially for the
VLBW for whom it is considered a life-saving drug (14, 15).

PURPOSE

This study aims to:

• establish ranges of normal values for human transitional milk;
• research possible correlations between the clinical-metabolic

situation of mothers and the nutritional values of their milk;
• analyze individual macronutrients of donor human

milk (DHM);
• search for possible correlations between the above nutrients;
• study how to positively deal with the caloric-energetic

contribution of BM.

METHODS

The HumanMilk bank (HMB) “AllattiamolaVita” of the Hospital
“Casa Sollievo della Sofferenza” (CSS) in San Giovanni Rotondo
is part of NICU. It provides the donated human milk for the
feeding of preterm newborns onmedical prescription. A database
containing all the data useful for the objectives of the research has
been created at the beginning of our study, namely:

• identification code referred to units;
• personal data of mothers: date of birth, age at the delivery, date

of donation to HMB;
• clinical situation of the pregnant woman;
• date of hospitalization for delivery;
• fill personal forms “Donors’ Form”: free donation of milk,

explain exclusion criteria;
• infection of HBV, CMV, HIV, HCV, Syphilis, smoke, drugs

and tattoos, piercing and surgical operations on last 6 months;
(Image 1)

• blood tests of mothers;

Abbreviations: BM, Breast Milk; CSS, Casa Sollievo della Sofferenza; DHM,

Donor Human Milk; HMB, Human Milk Bank; VLBW, birth weight < 1,500 g.

• macronutrients of DHM.

The status of the blood tests has been defined according to the
reference parameters of the CSS Analysis Laboratory.

Laboratory examinations on undiluted human milk were
carried out without additives at the HMB of the same hospital,
via Miris-HMA, an infrared spectroscopic analyzer. This method
permitted to detect, specifically: fat (F), crude-proteins (CP),
carbohydrates (CHO), total solids (TS), true-proteins (TP), and
energy (E).

PARTICIPANTS AND PROCEDURES

The analysis of the blood tests of 100 women who have
given birth at the CSS Gynecology and obstetrics department
are related to glucose, azotemia, creatininemia, total proteins,
sodium, phosphorus, calcium, and iron. The macronutrients
of 100 samples taken within the 17th post-partum day, were
subsequently analyzed by the methodical MIRIS. The study
included samples of fresh donated milk and stored refrigerated
milk at −20◦C. Both analyses were carried out between
September 2015 and February 2018. In detail, correlations have
been sought between:

• levels of maternal blood glucose and CHO concentration
in DHM;

• levels of maternal azotemia and TP in DHM;
• levels of maternal creatininemia and CP in DHM;
• maternal serum proteins and CP-TP proteins of DHM;
• maternal blood trace elements and mineral concentration

of DHM;
• maternal iron and macronutrients of DHM.

STATISTICAL ANALYSIS

The group comparison was made using the statistical software
Package for Social Sciences version 24 (SPSS-IBM). The results
were expressed as mean ± standard deviation with confidence
interval to 95% for continuous variables and as percentages
for categorical and discrete variables. The computation of the
Spearman Rho coefficients and the Kendall Tau βwere performed
to assess the degree of correlations between the variables. The
Kolmogorov–Smirnov test was used to sample the normality
of the data. Finally, the data were analyzed by Student T-
tests, ANOVA,WhitneyU-test, and Chi-Quadro test. Statistically
significant values were considered with p < 0.05.

RESULTS

Analysis of the Blood Tests
The data obtained in our study are presented in Tables 1–5. The
tested blood glucose is 77.29 ± 14.80 mg/dl, range 53.00–151.00
mg/dl, and median 76.00 mg/dl. In the sample analyzed, 30
subjects report a condition of hypoglycemia (30% of the general
population), 6 subjects (6%) hyperglycemia, and the remaining
64 (64%) average blood glucose. Serum nitrogen is 18.75 ± 5.14
mg/dl, range 6.00–34.00 mg/dl, and median 18.00 mg/dl. In
the general population 18 donors (18% of the sample) report
azotemia values below the lower limit and the remaining 82%
(82 subjects) report the standard serum values. The creatininemia
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TABLE 1 | Descriptive statistics of blood glucose, azotemia, creatitinemia, and

total maternal serum proteins and concentrations of carbohydrates, true proteins,

crude proteins, and energy of DHM.

N Minimum Maximum Middle Standard

deviation

CHO in hypoglycemic 30 1.40 8.50 5.1733 1.90334

CHO in normoglycemic 64 1.40 8.50 5.3953 1.69719

CHO in hyperglycemic 6 5.00 6.80 6.2500 0.66858

Number of valid cases 100

TP in ipoazotemic 18 0.40 1.90 1.2056 0.37647

TP in normoazotemic 82 0.08 3.60 1.0654 0.60167

Number of valid cases 100

CP in ipocreatininemic 50 0.50 5.70 1.6300 1.03967

CP in normocreatininemic 50 0.10 4.20 1.3500 0.95538

Number of valid cases 50

Total proteins low 34 5.66 6.48 6.1665 0.20084

CP in total proteins low 34 0.10 1.80 0.8906 0.49541

TP in total protein low 34 0.10 4.40 1.1824 0.78450

Total proteins normal 66 6.50 7.52 6.9202 0.27871

CP in total proteins normal 66 0.10 5.70 1.6485 1.07033

TP in total proteins normal 66 0.08 3.60 1.1936 0.57994

Number of valid cases 100

Energy 100 6.00 110.00 57.3100 17.58598

Number of valid cases 100

values of people belonging to the population are 0.55 ± 0.11
mg/dl, with range 0.18–0.94mg/dl, andmedian 0.93mg/dl. In the
sample, 50% (50 subjects) of the donors report the creatininemia
below the normal range, the remaining 50 (50%) have values
compatible with the standard. Serum values of total proteins
within the entire population are 6.66 ± 0.44 g/dl, with a range of
5.66–7.52 g/dl, and median 6.70 g/dl. In the sample, 30 donors
(30%) show blood concentrations of total proteins below the
normal range. The sodium blood concentration is equal to 138.11
± 2.09 mMol/L, with a range of 132.00 ± 143.00 mMol/L,
and median of 138.00 mMol/L. Ninety-two patients (92%) have
normal sodium blood values while the remaining 8 (8%) show
mild hyponatremia conditions (132 mMol/L). The blood values
of phosphorus showed the average of 3.23 ± 0.48 mg/dl, range
2.20–4.60 mg/dl with median 3.20 mg/dl. Six percent (3 donors)
of the blood phosphorus test has a ipofosforemia condition, while
the remaining 94% (47 donors) has blood phosphorus levels
compatible with the standard. Serum calcium of 51 blood samples
with an average of 8.77± 0.37 mg/dl, range 8.10–9.59 mg/dl, and
median 8.80 mg/dl was evaluated. The totality of the population
in analysis, 51 subjects, has ordinary calcium values. Finally, in a
sub-sample of 80 subjects, the iron was found to be equal to 84.10
± 42.33 mcg/dl, with range 21.00–221.00 mcg/dl, and median
75.00 mcg/dl. A partial deficiency is reported in 21 individuals
(26.25% of the entire sub-sample), 3 individuals (3.75%) have an
increase of the iron values (>221 mcg/dl) and the remaining 56
(70.00%) show iron blood values in the standard.

Population Overview and Nutrient Analysis
It was observed that:

• lipids of the 100 samples are 3.26 ± 1.77 g/dl, with range
0.20–9.70 g/dl, and median 2.90 g/dl;

TABLE 2 | Statistical analysis by Rho Spearman of the correlations between

azotemia and true proteins, creatitinemia, and crude proteins, maternal total blood

protein, respectively, with crude proteins and true proteins of BM.

Azotemia TP

Rho of Spearman Azotemia Correlation coefficient 1.000 −0.259**

Sign. (two tails) . 0.009

N 100 100

TP Correlation coefficient −0.259** 1.000

Sign. (two tails) 0.009 .

N 100 100

Creatininemia CP

Rho of Spearman Creatininemia Correlation coefficient 1.000 −0.246*

Sign. (two tails) . 0.014

N 100 100

CP Correlation coefficient −0.246* 1.000

Sign. (two tails) 0.014 .

N 100 100

Total proteins CP

Rho of Spearman Total proteins Correlation coefficient 1.000 0.241*

Sign. (two tails) . 0.016

N 100 100

CP Correlation coefficient 0.241* 1.000

Sign. (two tails) 0.016 .

N 100 100

Total proteins TP

Rho di Spearman Total proteins Correlation coefficient 1 0.232*

Sign. (two tails) 0.020

N 100 100

TP Correlation coefficient 0.232* 1

Sign. (two tails) 0.020

N 100 100

*The correlation is significant at level 0.05 (two-tailed).

**The correlation is significant at level 0.01 (two-tailed).

• the full sample CPs are 1.49 ± 1.00 g/dl, with range 0.10–5.70
g/dl, and median 1.30 g/dl;

• CHO have an average value of 5.36 ± 1.72 g/dl, range 1.40–
8.50 g/dl, and a median of 6.10 g/dl;

• the proportion of minerals in the BM tested is 10.10 ± 2.86
g/dl, with range 1.20–17.10 g/dl, and median 10.61 g/dl;

• total sample energy is included in a range of 6.00–110.00 g/dl,
with an average value of 57.31 ± 17.59 g/dl, and median
56.21 g/dl;

• TP are 1.09 ± 0.57 g/dl, with range 0.8–3.60 g/dl, and median
1.00 g/dl (Table 5).

Blood Glucose Levels and Correlation With
CHO Concentration in DHM
The first correlation is between levels of blood glucose and CHO
concentration. We analyzed the data of the entire population and
the related milk samples, noting that:
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TABLE 3 | Student T-Test for independent samples between the concentrations of crude and true proteins of DHM in the two levels of total maternal blood proteins.

Test of Levene Test t for the equality of the averages

F Sign. t

independent

gl Sign.

(two tails)

Difference

middle

Difference

error

standard

Range of confidence

of the 95% difference

Inferior Superior

Total proteins Var. equal alleged 7.783 0.006 −12.983 98 0.000 −0.75890 0.05846 −0.87491 −0.64290

Var. equal not

alleged

−15.391 83.087 0.000 −0.75890 0.04931 −0.85698 −0.66083

CP Var. equal alleged 1.235 0.269 −2.102 98 0.038 −0.45238 0.21525 −0.87954 −0.02522

Var. equal not

alleged

−2.310 68.97 0.024 −0.45238 0.19586 −0.84312 −0.06164

Total proteins Var. equal alleged 7.783 0.006 −12.983 98 0.000 −0.75890 0.05846 −0.87491 −0.64290

Var. equal not

alleged

−15.391 83.087 0.000 −0.75890 0.04931 −0.85698 −0.66083

TP Var. equal alleged 0.052 0.820 −2.579 98 0.011 −0.31133 0.12071 −0.55088 −0.07179

Var. equal not

alleged

−2.777 65.525 0.007 −0.31133 0.11211 −0.53521 −0.08746

TABLE 4 | Statistically significant correlations between energy and other nutrients of BM.

Energy Fat CP CHO Total solids TP

Rho of Spearman Energy Correlation coefficient 1.000 0.797** 0.428** 0.229* 0.872** 0.330**

Sign. . 0.000 0.000 0.022 0.000 0.001

N 100 100 100 100 100 100

Fat Correlation coefficient 0.797** 1.000 0.235* −0.099 0.533** 0.088

Sign. 0.000 . 0.018 0.326 0.000 0.382

N 100 100 100 100 100 100

CP Correlation coefficient 0.428** 0.235* 1.000 0.108 0.531** 0.887**

Sign. 0.000 0.018 . 0.283 0.000 0.000

N 100 100 100 100 100 100

CHO Correlation coefficient 0.229* −0.099 0.108 1.000 0.494** 0.234*

Sign. 0.022 0.326 0.283 . 0.000 0.019

N 100 100 100 100 100 100

Total solids Correlation coefficient 0.872** 0.533** 0.531** 0.494** 1.000 0.489**

Sign. 0.000 0.000 0.000 0.000 . 0.000

N 100 100 100 100 100 100

TP Correlation coefficient 0.330** 0.088 0.887** 0.234* 0.489** 1.000

Sign. 0.001 0.382 0.000 0.019 0.000 .

N 100 100 100 100 100 100

**The correlation is significant at level 0.01 (two-tailed).

*The correlation is significant at level 0.05 (two-tailed).

➢ 30 subjects have blood glucose values below normal values
(70–100 mg/dl):

� carbohydrate levels in milk equal to 5.17 ± 1.90 g/dl with
range 1.40–8.50 g/dl;

➢ 6 subjects have blood glucose values above the normal values:

� carbohydrate levels in milk equal to 6.10 ± 0.34 g/dl with
range 6.10–6.80 g/dl;

➢ 64 subjects have glucose values in the standard:

� carbohydrate levels in milk equal to 5.40 ± 1.70 g/dl with
range 1.40–8.50 g/dl (Table 1).

The correlation between blood glucose and carbohydrate
concentration in DHM was statistically insignificant according
to the coefficient of Spearman (p = 0.093; Table 2). We
compared, moreover, the averages of carbohydrates between
hypoglycemic donors and hyperglycemic ones: they were
found to be not statistically different from the Student
T-Test (p= 0.131).
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TABLE 5 | Prospectus of normal values of macronutrients of human

transitional milk.

Fat 1.49–5.03 g/dl

Crude protein 0.49–2.49 g/dl

Carbohydrate 3.64–7.08 g/dl

Total solids 7.24–12.96 g/dl

Energy 39.72–74.90 g/dl

True protein 0.52–1.66 g/dl

Azotemia and Correlation With TP in DHM
On 100 samples analyzed:

➢ 18 donors have azotemia values below normal range (15–
38 mg/dl):

� true protein levels in milk equal to 1.21 ± 0.38 g/dl, with
range 0.40–1.90 g/dl;

➢ 72 donors present blood nitrogen values compatible with the
normal range:

� true protein levels in milk equal to 1.07 ± 0.60 g/dl, with
range 0.80–3.60 g/dl (Table 1).

We have demonstrated the presence of an inverse correlation
between Azotemia and concentration of True proteins by the
coefficient of Spearman (p= 0.009; Table 2).

Creatininemia and Correlation With the CP
of DHM
The subsequent step is represented by the analysis of the blood
creatinine levels and the concentrations of crude proteins. We
observed that:

➢ 50 donors have values below the normal range of
creatininemia (0.55–1.02 mg/dl):

� levels of crude protein are equal to 1.63 ± 1.04, with range
0.5–5.70 g/dl;

➢ 50 remaining donors have normal values of Creatininemia:

� levels of crude protein are equal to 1.35 ± 0.14 g/dl, with
range 0.10–4.20 g/dl (Table 1).

The correlation coefficient has shown a reverse condition
between creatininemia and crude protein concentrations (p =

0.014; Table 2).

Correlations Between Serum Proteins and
Crude-True Proteins
The following step was to look for possible correlations between
the total serum proteins and the CP-TP of the BM in analysis. We
have therefore observed that:

➢ 30 subjects have total protein values below the standard
(6.40–8.20 g/dl):

� the concentrations of crude proteins in DHM are equal to
0.89± 0.50 g/dl with range 0.10–1.80 g/dl;

� the concentrations of true proteins are instead of 1.18 ±

0.78 g/dl with range 0.10–4.40 g/dl;

➢ 70 subjects have total protein blood values in the
standard, moreover:

� the concentrations of crude proteins are equal to 1.65± 0.28
g/dl, with range 0.10–5.70 g/dl;

� the concentrations of true proteins are equal
to 1.19 ± 0.58 g/dl with range 0.08–3.60
g/dl (Table 1).

We therefore observed that there are statistically significant
correlations between the crude protein concentrations and
the total blood proteins, and between the latter and the
true proteins, both represented by the correlation coefficient
(respectively, p = 0.016 and p= 0.020; Table 2). It was thus
demonstrated by the Student T-test that the two averages of
the crude protein concentrations (with total blood proteins
below the standard and in the norm) are statistically different
from each other (respectively, with p = 0.006 with test of
Leneve and p = 0.024 with T-Test for the comparator of the
averages; Table 3). The same statistically significant correlation
was, finally, demonstrated with the true proteins by means
of the Student T-Test (with respectively, p = 0.006 with
test of Leneve and p = 0.007 with tests of equality of the
averages; Table 3).

Correlations Between Blood Trace
Elements and the Concentration of
Minerals
It also sought to demonstrate the possible correlations
between calcium, sodium, blood phosphorus, and the
concentration of minerals. With regard to blood calcium
concentrations we analyzed a sub-sample of 51 subjects
and the corresponding samples of BM. It was therefore
observed that there are no statistically significant correlations
between the blood calcium and the concentrations of the
minerals in the milk (p = 0.116). The totality of the sample
has been analyzed as regards the possible correlations
between blood sodium and the concentration of minerals.
It has therefore been shown that there are no statistically
significant correlations between these two independent
variables (p = 0.327). Finally, the possible correlation
between phosphorus levels and the concentration of minerals
in BM samples was sought by analyzing a sub-sample of
50 individuals within the general population with their
corresponding milk.

Correlations Between Iron and Nutrients of
BM
We also sought the possible correlations of iron with each
nutrient of DHM observing iron serum levels of 84.10 ± 4.73
mcg/dl, range 21.00–221.00 mcg/dl, and median 75.00 mcg/dl.
No statistically significant correlations between the iron and each
nutrient of DHM have been highlighted.
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Descriptive Analysis of the Components of
Transitional DHM
In this part of the study we focused on the macronutrient
composition of DHM samples. We established a
range of concentrations for each nutrient and the
possible correlations between the variables in question,
i.e., fat, carbohydrates, crude proteins, true proteins,
total solids, and energy of DHM have been changed.
Considering the caloric intake of transitional DHM, it was
observed that:

• energy levels are represented by 53.31± 17.59 g/dl, with range
6.00–110.00 g/dl, and with median 56.21 g/dl;

• statistically significant correlations between the energy and
the other nutrients of the 100 samples can be pointed
out (Table 4).

DISCUSSION

Breast Milk is a complex and dynamic fluid comprising
numerous bioactive factors and different cellular populations
making it the natural food par excellence, optimal for the
newborn and for the preterm infant (16–19). One of the strengths
of our analysis consists in the infrared spectroscopy because it
does not foresee neither coloration nor dilution of the sample
with a good preservation of the properties of the nutrients
promoting the collection and the analysis of more accurate and
reliable data (20).

The study is divided into two main phases. In the first phase,
the possible influence of the clinical-metabolic structure of the
mothers on the qualitative and quantitative characteristics of
DHMnutrients was sought. The second phase was based, instead,
on the study of the macronutrients of human milk and their
possible correlations. The first figure that emerges from our
results is the non-correlation between donor blood glucose and
the glucose profile of the corresponding milk samples. In fact,
there is no statistically significant correlation between the blood
glucose itself and the carbohydrates (p= 0.093).

Another datum in favor of this thesis is the non-
statistically significant difference of the average concentrations
of the milk carbohydrates grouped by conditions of
hypo/normo/hyperglycemia (p = 0.131). At this point we
can say that it would be interesting to increase the number of
the sample in analysis because, despite being not statistically
significant, the increase in blood glucose showed a slight increase
in the average concentration of carbohydrates and a gradual
reduction in the dispersion of relative values (s.d.).

Our sample presented a close correlation between azotemia
and true proteins of DHM (p = 0.009). In particular, it was
observed that between these two variables there is a reverse
relationship represented by the reduction of true proteins in
response to the increase of azotemia. As shown in literature,
the nitrogen balance, in the assessment of the nutritional status,
is calculated as the difference between the intake and the
elimination of the nitrogen itself. This balance is positive during
pregnancy and breastfeeding but becomes negative in the case
of insufficient protein and energy intake and when there is an

imbalance between essential and non-essential amino acids (21).
It is therefore important not to increase the intake of nitrogen
in order to ensure a correct concentration of true proteins
in BM.

The data analyzed later were related to creatininemia.
A reverse correlation was observed regarding the crude
proteins of the corresponding samples of DHM, statistically
significant (p= 0.014).

We can therefore say that it would be desirable to maintain
levels of creatininemia on the lower threshold of the normal
limit as this would result in an increase of the concentration of
crude proteins within BM. We also remember, as found in the
literature, that the latter are responsible for the actual protein
content necessary for the correct nourishment of the newborn
(21). Another blood test taken into account regarded the total
serum proteins. We have researched how these could affect the
concentration of macronutrients of human milk. We therefore
found a correlation between the total serum proteins (SP) and the
protein categories of the milk. Both crude and true proteins are
proportional to the value of total blood proteins (p = 0.016 and
p= 0.020, respectively). In this regard, observing that the sample
showed 34 values of total proteins lower than the normal range,
we divided the general sample into two subsamples relative to
the value of the SP calculating the average concentrations of the
corresponding rates of BM.

We also found average concentrations between the two
statistically different subsamples to confirm the above (p= 0.006
and p = 0.024). The monitoring of total serum protein values
during pregnancy would be useful for a correct protein intake
in BM.

We continued our study by analyzing sodium, phosphorus,
calcium, and blood iron. We expected to find a close correlation
between these and the macronutrients of milk. In particular, a
regulation of BM minerals was expected through blood calcium.

These expectations were refuted because all the parameters
taken into account, were not statistically correlated with the
macronutrients of human milk.

These latest evidences associated with blood glucose results
demonstrate that milk is certainly a privileged site because its
nutritional characteristics cannot change on the basis of clinical-
metabolic alterations.

After the first part of the study, we focused exclusively on
milk and its components. Assessed the number of the sample,
once the normality of the data has been obtained by means
of the Kolmogorov-Smimoy test, we have set ourselves to
bring back a range of normal values of the human transitional
milk (Table 5).

Then we analyzed the possible correlations between the
macronutrients of human milk, discussing in particular on
the caloric aspect. We can say that all macronutrients play
a fundamental role in the caloric-energetic contribution
of breast milk, showing statistically significant positive
correlation coefficients.

Significant importance in the increase of caloric intake is
given by fats and true and crude proteins, according to what is
known in the literature (p < 0.001, p = 0.001, and p < 0.001,
respectively) (22).
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Finally, we found that carbohydrates contribute to caloric
intake with a lower significance (p= 0.020).

CONCLUSION

This study has given us the opportunity to understand and
demonstrate how much BM is a privileged site in relation to
certain alterations of maternal biochemical profile. Nitrogen
and creatinine are implicated in this process, having observed
a reverse proportionality with the increase of true and crude
proteins and, respectively, the reduction of the azotemia and
the serum creatitinemia (p = 0.009 and p = 0.014; Table 2).
Moreover, by observing a directly proportional correlation
between the total blood proteins and the overall protein structure
of the BM (p = 0.016 and p = 0.020) during pregnancy and
breastfeeding a more careful monitoring of these parameters
may be useful (Table 2). It would be desirable to continue these
studies by increasing the number of the sample and including
metabolic growth and clinical parameters of the newborn.
Finally, we want to emphasize the role of the HMB which allows

preterm infants to benefit from DHM. This proves to be an
irreplaceable resource, as widely promoted during the course
of this study, for the improvement of the clinical conditions,
for the growth and the short and long term outcomes of our
newborns (23–29).
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