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Preterm infants are extremely vulnerable to a range of morbidities and mortality. Underdeveloped cardiac, respiratory, gastrointestinal, and immune
systems in the preterm period increase the risk of necrotizing enterocolitis (NEC), a serious disease of the gut. NEC affects 5-12% of very—low birth-
weight infants, leads to surgery in 20-40% of cases, and is fatal in 25-50% of cases. There are multiple factors that may contribute to NEC, but the exact
cause is not yet fully understood. Severe cases can result in intestinal resection or death, and the health care costs average >$300,000/infant when
surgical management is required. Different types of nutrition may affect the onset or progression of NEC. Several studies have indicated that bovine
milk—based infant formulas lead to a higher incidence of NEC in preterm infants than does human milk (HM). However, it is not clear why HM is linked
to a lower incidence of NEC or why some infants fed an exclusively HM diet still develop NEC. An area that has not been thoroughly explored is the use
of semielemental or elemental formulas. These specialty formulas are easy to digest and absorb in the gut and may be an effective nutritional

intervention for reducing the risk of NEC. This review summarizes what is known about the factors that contribute to the onset and progression of NEC,

discusses its health care cost implications, and explores the impact that different formulas and HM have on this disease. Adv Nutr 2017,8:80-91.
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Introduction has been coupled with health and developmental complications

Preterm infants: Prematurity and risk of mortality and
morbidity

Prematurity in infants is defined as birth at <37 wk gestation
(1). The preterm birth rate was 7.7% in Canada in 2010 (2),
9.57% in the United States in 2014 (3), and 11.1% worldwide
in 2010 (4). Of the premature infants in Canada and the United
States, 6% and 8% were low birth weight (LBW)® (<2500 g), re-
spectively (1, 3). Medical advancements have improved the rate
of survival for preterm infants; however, survival in many cases
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later in life (1). Preterm birth is a major cause of LBW (1), which
is a preliminary indicator for health status. Although LBW is not
a direct cause of mortality, the literature indicates that it is asso-
ciated with adverse outcomes (e.g., respiratory distress syndrome,
cardiovascular disorders, compromised immune system, limited
ability to mitigate inflammation and infections, neurological im-
pairments) that may lead to mortality (1, 5). A recent Japanese
study found that the odds of mortality increase as the SD for birth
weight decreases for growth-restricted extremely preterm infants
(6). LBW (1500-2499 g), very low birth weight (VLBW) (1000—
1499 g), and extremely low birth weight (<1000 g) have been
linked to several morbidities, including chronic lung disease, ret-
inopathy of prematurity, sepsis, and necrotizing enterocolitis
(NEC) (1, 6-8). Preventing and ameliorating the effects of these
morbidities is an ongoing challenge in neonatology.

NEC

Description and incidence of disease. NEC is a serious in-
testinal inflammatory disease in neonates first described in
1965 by Mizrahi et al. (9). The disease is characterized by
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inflammation and injury of the gut wall barrier that may ad-
vance to necrosis and, potentially, perforation of the gut (10,
11). The diagnosis of NEC is commonly determined with the
use of Bell’s modified staging criteria (12). Mild cases of NEC
may be effectively treated by withholding enteral feeds, de-
compressing the stomach with a nasogastric tube, and starting
broad-spectrum antibiotics. Advanced cases, however, may
lead to surgery, extensive intestinal necrosis (NEC totalis),
and death (10).

In Canada, 5.1% of infants aged <33 wk are affected by
NEC (10). The incidence of NEC across developed countries
is ~5-12% for VLBW infants (13-18), depending on certain
risk factors. Three major risk factors for NEC are <32 wk ges-
tational age, <1500 g at birth, and cardiac complications (10).
NEC is more prevalent in preterm infants (19), with ~85% of
cases occurring in infants born <35 wk gestation, whereas
only 7-15% of cases occur in late-preterm (35-36 wk gesta-
tion) or term infants (37-42 wk gestation) (20-22). The inci-
dence of NEC also drastically increases from 0.7% to 6.6% for
infants with a birth weight <1500 g (10). NEC is less common
in infants with a birth weight >1500 g, but the expected prog-
nosis of larger infants is worse than smaller infants (23).

NEC has been studied for decades. Although some evidence
has been found to elucidate the potential causes and progres-
sion of the disease, minimal advancements have been made in
this field because of its complex nature. Clinical and theoretic
knowledge of the disease mechanisms and interventions to
protect an infant from NEC, including nutritional approaches,
require further research.

Multifactorial causes of NEC. Prematurity is a risk factor
for poor health outcomes, largely because of the underdevel-
opment of cardiac, respiratory, gastrointestinal, and immune
systems. Immaturity of the lungs, a problem especially affecting
infants born <32 wk gestation, results in impaired gas exchange
and insufficient oxygenation of tissues (24). Cardiac complica-
tions during the preterm period, such as a large patent ductus
arteriosus, limit the availability of oxygen and nutrients to other
tissues and organs (25). Immaturity of the gut is also a concern.
The preterm gut is characterized by reduced peristalsis, a thin
mucous layer, reduced tight junctions, increased enterocyte ap-
optosis, and impaired enterocyte regeneration (26, 27). These
deficiencies may result in a “leaky” gut barrier, thereby facilitat-
ing the penetration of bacteria from the lumen (26, 27). De-
creased structural integrity and functionality of the gut result
in poor digestion and absorption of energy, protein, and other
nutrients necessary for growth, the development of organs, and
immunoprotection (26). Last, there are distinct differences be-
tween term and preterm infants in regard to the expression of
immune cells and signaling pathways. A preterm immune sys-
tem cannot readily detect pathogens and protect against infec-
tions due to multiple associated factors such as 1) the decreased
production of IgA, IgM, IgG, and defensins; 2) changes in the
expression of toll-like receptors (TLRs), especially TLR4 and
TLRY, which are involved in pathogen recognition and the ac-
tivation of the innate immune system (14, 28, 29); and 3) upre-
gulation of proinflammatory TLRs (26) and/or proinflammatory

cytokines such as TNF-a, IL-6, IL-8, and IL-13 (26, 27). The cul-
mination of these factors increases a preterm infant’s vulnerability
to infections and disease, particularly NEC.

Prematurity is a predominant risk factor for NEC, but
several other medical risk factors have been identified. In-
fants with high clinical acuity or severe comorbidities may be
at a greater risk for NEC. Low Apgar scores at birth, cardiac le-
sions, bowel obstruction, the use of =1 inotropes, and compro-
mised respiratory function are a few indicators of clinical
severity (26). Medical events or pharmaceuticals that reduce
perfusion to the gut or oxygen saturation of the blood have
also been linked to NEC (10, 26). Hypoperfusion or hypoxic
conditions in the intestine occur when the metabolic require-
ments of epithelial cells are not met by the mesenteric blood
supply. Incomplete reduction of oxygen in the mitochondria
during hypoxic conditions produces reactive oxygen species,
which in turn activate adenosine monophosphate-activated
protein kinase through calcium-dependent channels (30).
Adenosine monophosphate-activated protein kinase down-
regulates energy-consuming anabolic mechanisms such
as Na'/K*-ATPase activity and favors catalytic processes in
an effort to spare energy (30). These ensuing intracellular re-
sponses may set the stage for NEC. Over time, this catabolic,
oxidative system may fail to maintain digestive and absorp-
tive functionality and cellular integrity and increase the gut’s
susceptibility to uncontrolled inflammation and necrosis.

For preterm infants, hypoxia-ischemia and respiratory
complications such as bronchopulmonary dysplasia limit
nutrient and oxygen delivery to the gut (9). Vasoconstrictive
medications such as cyclooxygenase inhibitors (e.g., indo-
methacin), which are used in the treatment of patent ductus
arteriosus in preterm infants, can also impair gut perfusion
(10, 31). In a hypoxic gut environment, the introduction of
enteral nutrients may cause oxygen to be preferentially used
for digestion at the expense of maintaining the physical gut
wall barrier (32). At the tissue level, hypoxic conditions or
vasoconstrictive medications may lead to an inadequate sup-
ply of nutrients and oxygen needed to generate energy, pro-
duce immune cells, build membrane proteins to protect the
integrity of the gut wall, and perform digestive and absorp-
tive processes. Therefore, an inability to maintain the struc-
ture and function of the gut wall because of hypoperfusion
may be an underlying catalyst for NEC.

Interestingly, NEC only occurs after infants have been en-
terally fed (26). This may be related to the gut microbiome.
Preterm infants have a lower diversity of microbiota (10, 26)
and higher proportion of potentially harmful species such as
Proteobacteria (10, 33) than term infants. Disruptions of the
microbiota have been attributed to the prophylactic use of
antibiotics at birth, contact with harmful bacteria on the
mother’s skin during a cesarean delivery, or the inability
to transfer beneficial bacteria and prebiotics through breast-
feeding or pasteurized donor human milk (DHM) shortly
after birth. Ineffective digestion and absorption of enteral feeds
in the lumen allows the microbiota to use these nutrients for
their own growth and proliferation (27, 34). Bacterial overgrowth
combined with an underdeveloped immune system and
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gut structure can facilitate bacterial adherence to the gut
wall and increased mucosal permeability. Intestinal bacterial
overgrowth, diagnosed by clinical symptoms (e.g., vomiting,
diarrhea, gas, abdominal pain, etc.), breath testing measur-
ing hydrogen and methane gas, or the aspiration and culture
of intestinal fluids, is typically treated with antibiotics (35).
Eradicating existing bacterial colonies by antibiotics com-
bined with an underdeveloped immune system and gut
structure can facilitate the adherence of successive bacterial
colonies to the gut wall and mucosal permeability. The
translocation of bacteria may, in turn, initiate the inflamma-
tory processes involved in NEC.

Proton pump inhibitors or H, blockers have been linked
to NEC because of changes to the intestinal microbiota (27,
33). The mechanism of action is not clear, but researchers sus-
pect that H, blockers increase the intestinal pH, consequently
promoting the growth of Proteobacteria and overgrowth of
the microbiota. The interaction between these microbiota
and the intestinal epithelium has been associated with in-
creased leukocytes and calprotectin, indicating mucosal in-
flammation (36). This inflammation may predicate NEC.

Health consequences. NEC is associated with widespread
effects. The length of hospital stay (LOS) is considerably longer
for NEC patients than infants without NEC. One study that
evaluated 291 VLBW infants found that LOS was much longer
for infants with NEC than without (85 = 36 d compared with
70 = 33 d, respectively) (13). Another study reported similar
differences in LOS, in which infants with NEC had a mean in-
cremental LOS of 11.7 d (95% CI: 6.9, 16.5) compared with
infants without NEC (16). Prolonged hospital stay is often
used as a proxy for illness severity, but it may also be a risk fac-
tor for nosocomial infections and further complications.
Severe forms of NEC lead to surgery in ~20-40% of
cases (37, 38). Surgery involves laparotomy (often with in-
testinal resection) and ostomy creation, with potential
long-term health effects and a mortality rate of =50% (27,
37, 39). Surgical NEC survivors may be affected by short-
bowel syndrome or intestinal failure, with attendant failure
to thrive and postoperative complications such as intestinal
strictures, bowel obstruction, enterocutaneous fistulas, in-
traabdominal abscess, wound dehiscence, central line sepsis,
or poor neurodevelopmental outcomes (14, 19, 37, 40—42).
Long-term outcomes for NEC survivors are also concern-
ing. Ganapathy et al. (17) found that surgical NEC survivors
were much more likely to have feeding difficulties and gastro-
intestinal ostomies from chronological ages 6-36 mo than
matched controls with no diagnosis of NEC during birth hos-
pitalization. Medical NEC infants (those treated with nonsur-
gical approaches) were more likely to have a higher risk of
failure to thrive, feeding difficulties, neurodevelopmental delay,
and open gastrointestinal ostomies between 6 and 12 mo than
matched controls with various chronic conditions (17).

Health care costs. The health care costs associated with

NEC are exponential. Data from the United States in
2011 and 2012 indicate that the cost of NEC is $180,000

82 Shulhan et al.

to $198,000/infant (13, 16) and nearly doubles to $313,000/in-
fant for surgically treated NEC (13). By comparison, the mean
neonatal intensive care unit (NICU) hospitalization cost for
infants without NEC is ~$134,500/infant (13). In the first 3
y of life, NEC survivors also accrue substantially higher outpa-
tient costs. Ganapathy et al. (17) determined that between 6
and 36 mo of age, the cost difference between surgical NEC
survivors and matched controls (no diagnosis of NEC) was
~$97,000/infant. Medical NEC survivors incurred a mean
$5000 more in health care costs than controls from 6 to
12 mo (17).

The type of enteral nutrition product used for preterm in-
fants affects health care costs. Human milk (HM) may be sup-
plied by a baby’s mother [mother’s own milk (MOM)] or
a human donor (DHM). An exclusive HM diet for preterm
infants weighing typically <1800 g and with a gestational
age <32 wk at birth also includes an HM-based human
milk liquid fortifier such as Prolact+ H*ME, which is man-
ufactured by Prolacta (43). One study has found that an ex-
clusive HM diet resulted in net hospital cost savings
(excluding physician fees and posttreatment care costs)
of $8167/extremely premature infant (95% CI: 4405,
11,930; P < 0.0001) and 3.9 fewer days in the NICU
(95% CI: 3.25, 4.58; P < 0.0001) (16). However, an exclu-
sive HM diet is substantially more expensive than a diet
containing bovine milk-based products. The mean cost
of 0.8 kcal enteral feed/mL that uses bovine milk—based
products is $0.03/mL for preterm formula or ~$0.05/mL
MOM with human milk fortifier (16, 44) (Table 1). Alter-
natively, MOM with Prolact+ H>MF costs ~$1.25/mL, and
DHM with Prolact+ H*MF costs $1.33/mL for 0.8 kcal
feed/mL (16, 43) (Table 1). Another retrospective study
calculated hospital and physician costs for preterm infants
=28 wk gestation and/or VLBW fed 4 different diets (45).
The authors determined that total hospital charges per in-
fant were much lower for the exclusive HM diet ($237,647)
than diets consisting of MOM with a bovine milk—
based fortifier ($265,035), formula only ($266,825),
and a combination of MOM, bovine-based fortifier,
and formula ($344,615). A caveat to this study is that selec-
tion bias may have been a concern given the single-center
design and small sample size (n = 293). In addition, the
study commenced in March 2009, the exclusive human
milk diet was introduced in March 2012, and the study
ended in March 2014. Confounding factors such as changes
to clinical practices other than infant diets over the 5-y pe-
riod may have affected the results. Nonetheless, these results
suggest that nutritional interventions have an impact on ser-
vice utilization and health care expenses. It is unknown how
these costs compare to other nutritional products such as
semielemental or elemental formulas because, to our knowl-
edge, this topic has not yet been studied.

Clearly, NEC is a multifactorial disease with substantial
health consequences and costs. There are many research
avenues available on this topic, but the focus of this review
is on different types of enteral nutrition for the prevention
of NEC.



TABLE 1
of 0.8 kcal/mL for a preterm infant

Cost comparison of Enfamil HMF (Mead Johnson Nutrition) and Prolact+ 4 (Prolacta Bioscience) H>MF to prepare enteral feeds

Enfamil HMF’ (powder)

Prolact+4 H>MF (liquid)

Cost of fortifier $1.20/sachet® X 4 sachets = $4.80

Volume to prepare 0.8 kcal/mL

(0.71-g sachet? X 4 sachets X 0.84 mL/g*

20 mL Prolact+4 H*MF X $6.25/mL® = $125
20 mL Prolact+4 H2MF + 80 mL breast milk® = 100 mL

displacement) + 100 mL breast milk = 102.4 mL

If mixed with MOM
If mixed with donor human milk

$4.80/1024 mL = $0.05/mL

mL = $0.14/mL

[$4.80 fortifier + (50.10/mL3)(100 mL))/102.4

$125/(100 mL) = $1.25/mL
[$125 + ($0.10/mL>)(80 mL))/100 mL = $1.33/mL

T HMF, human milk fortifier; MOM, mother's own milk.

? From reference 44.

3 From reference 16.

4 From Mead Johnson Nutrition product information database.
° From reference 43.

Feeding protocols for preterm infants

Typical feeding progression. Several challenges exist for
preterm nutritional support. Many preterm infants, espe-
cially those born <1500 g and/or <34 wk gestation, are
not able to breastfeed or start enteral feeds shortly after
birth. The suck-swallow-breathe rhythm of oral feeding
may not be possible for preterm infants because of coordi-
nation issues and/or low body stores of energy (27). Intense
respiratory or cardiac support can limit or preclude an infant
from oral or enteral feeds. The use of high-dose or multiple
medications that compromise gut perfusion, cardiac lesions,
substantial bladder pressure, acute abdominal issues, 48-h
posthypoxic-ischemic encephalopathy or cardiopulmo-
nary resuscitation, or persistent feeding intolerance are also
contraindications for enteral feeds. Aggressive enteral feeding
in the presence of =1 of these contraindications may poten-
tiate NEC (46, 47). For these reasons, intravenous delivery of
nutrients [parenteral nutrition (PN)] is often initiated for
preterm infants after birth. PN is initiated slowly, individually
prescribed to ensure tolerance and safety, and advanced to
meet the infant’s nutritional and fluid needs. There are several
risks associated with PN, such as line infections, liver damage,
or gut atrophy (48, 49). A clinician’s aim is to wean PN and
start enteral feeds as soon as possible while maintaining ade-
quate energy and protein intake to promote appropriate growth
velocity.

Nutritional practices of feeding initiation and advance-
ment vary among neonatal practitioners, but enteral feeds
typically follow a standard progression (50). Trophic feeding,
also known as minimal enteral feeding or gut priming, of
10-24 mL - kg™ '-d™' HM is started for 1-4 d when appro-
priate to stimulate gastrointestinal functioning and promote
endocrine and metabolic maturity (50-52). If tolerated, feeds
are advanced by 20-30 mL - kg~ ' - d~' for VLBW infants and
15-25 mL - kg™ ' - d”! for extremely-low-birth-weight in-
fants (50) or more slowly (10 mL - kg_1 - d™Y for infants
with gastrointestinal or cardiac issues (11). Advancements
continue until goal feeds are achieved. Enteral feeding goals
are monitored daily and adjusted based on estimated energy
requirements, fluid restrictions, medications, and clinical sta-
bility. PN is weaned as enteral intake increases to ensure nutri-
tional goals are met. In general, caloric and protein goals for
normal preterm development are 110-135 kcal - kg~ ' - d™'

and 3—4.5 g protein - kg~ ' - d~' (8, 50, 53). Most preterm in-
fants cannot meet these high needs through enteral intake of
breast milk or standard formula alone (53-55). Therefore, for-
tification is required. Bovine milk-based and HM-based HM
fortifiers (HMFs) contain additional energy, protein, fat, vita-
mins, and minerals (56) to ensure adequate growth, neurode-
velopment, and bone mineralization (53). HMFs are typically
added once enteral intake reaches 100 mL - kg™ ' - d™' to en-
sure the gut can tolerate more concentrated feeds. Some clini-
cians prefer to start the fortifier at 80 mL - kg~ - d™' or
earlier to meet protein and energy goals sooner. HMFs are
discontinued when the infant is 32-34 wk corrected gesta-
tional age and meeting growth expectations. Preterm infants
are constantly monitored for feeding intolerance, including
excessive gastric residuals, vomiting, diarrhea, distended
abdomen, or bloody stools. If signs of feeding intolerance
are observed, enteral feeds are either reduced or discontin-
ued (50) to prevent exacerbating a problem that may trig-
ger NEC.

Growth and development goals. A tool used to monitor
and evaluate health and nutritional status for preterm in-
fants is the Fenton preterm growth charts for boys and girls
(57). Expected postnatal growth velocities of preterm infants
are based on an intrauterine growth of ~15¢g - kg™ ' - d™!
(8, 54). Although this approach may not be precise given the
differences between intra- and extrauterine environments,
to our knowledge there are currently no alternative stan-
dards (57).

Nutritional goals for clinically stable infants are set to help
them reach their genetic growth potentials and track on cor-
rected gestational age- and sex-specific Fenton growth chart
centiles for weight, length, and head circumference. After
birth, it is expected that infants lose =10% of their birth
weight (mean: 5.7-6.6%), but this weight is normally re-
gained within 2 wk (58). Preterm infants often require enteral
or parenteral nutritional support to help them achieve their
growth potential. There is no need, however, to accelerate
weight gain beyond the centile that the infant is tracking pro-
vided that growth is meeting patient-specific expectations.
Doing so may lead to further harm from overfeeding. The key
message is that although many preterm infants have consid-
erably lower birth weights than their term counterparts and
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LBW is a risk factor for morbidities and mortality, preterm in-
fants can still grow and develop at a rate that tracks the pre-
term growth chart and is appropriate for each infant’s genetic
and physiologic potential. The difficulty of nutritional sup-
port is balancing adequate growth while avoiding complica-
tions and comorbidities that may predispose an infant to
diseases such as NEC.

Sources of nutrition.

MOM. HM includes breast milk from an infant’s mother
(MOM) or DHM. There are many benefits of HM, including
improved gastrointestinal functioning, protection against res-
piratory illnesses and infections (e.g., sepsis, urinary tract in-
fections), improved bonding between the mother and baby,
faster achievement of full enteral feeds, shorter LOS, and im-
proved cognitive and visual development (54, 59). Breast milk
is a functional food that contains the appropriate proportion
of macronutrients for the optimal growth and development
of infants (60-62) and bioactive agents to help them grow and
mount immunologic defenses against diseases such as NEC
(26, 63). For instance, lactoferrin is a glycoprotein in breast
milk that is believed to aid in iron transport, but it also has an-
timicrobial properties. Lactoferrin has been found to mitigate
the release of proinflammatory cytokines from monocytic cells
in the presence of lipopolysaccharides (11). Breast milk also
contains a host of immune cells such as mucosal-protective
IgA; growth factors to promote enterocyte development; a
phospholipid mediator, platelet-activating factor acetylhy-
drolase, which may be protective against NEC; Igs, cytokines,
chemokines, prostaglandins, neuropeptides, and nucleotides;
an appropriate pH and osmolarity for a newborn’s naive
gut; microbiota to colonize the gut and establish a healthy
mucosal layer; and probiotic human milk oligosaccharides
to facilitate the colonization of beneficial bacteria such
as Lactobacillus and Bifidobacterium (7, 64, 65). Together, these
active breast milk components promote the proliferation of
beneficial microbiota relative to enterobacteria and influence
immune system responses to favor an anti-inflammatory
environment that is suspected to be protective against
NEC and other diseases (26, 33).

MOM has been recognized as the best source of nutrition
for term and preterm infants (Figure 1) (7, 11, 54, 64, 66).
The composition of breast milk changes over time to sup-
port an infant’s nutritional needs at different developmental
stages. Notably, protein content in the first 8 wk of the pre-
term period is higher in preterm breast milk than in term
breast milk (Table 2) (67). Colostrum contains the highest
protein content in both term and preterm breast milk,
with preterm colostrum having the highest concentration
at 2.7 g compared with 2 g/100 mL in term colostrum (67).
Higher protein intake is especially important to preterm in-
fants given the accelerated rate of growth, anabolism, and
brain development during the preterm period (55). Despite
the benefits of preterm MOM, its macro- and micronutrient
content alone is not sufficient to meet a preterm infant’s esti-
mated high needs. As discussed previously, to meet the caloric,
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protein, and micronutrient requirements for most preterm
infants, MOM must be fortified with HMFE. Another
consideration for preterm nutrition in the NICU is the avail-
ability of MOM. Delayed milk letdown, illness, psychologic
stress, lack of understanding or social support (68), inability
to put the baby to breast to stimulate milk production, or
drug use may limit a mother’s supply. In these cases, alterna-
tive sources of nutrition are necessary.

DHM. Pasteurized DHM is the next best source of nutrit-
ion for preterm infants if MOM is unavailable (Figure 1)
(55, 66, 69). Compared with bovine milk-based formula,
HM is efficiently digested and absorbed and contains immu-
nologic cells and bioactive factors for infant growth and de-
velopment. Although DHM shares some of the benefits of
preterm MOM, its nutritional profile is different (Table 2).
In accordance with the Human Milk Banking Association
of North America, DHM is batched at human milk banks
from 3 to 5 donors to maintain similar composition and
quality of the milk across batches (70). Most donors have
older infants or term infants and have been lactating for
weeks or months (71). Because protein content decreases
over time, the mean protein content of batched DHM is
lower than preterm breast milk (67, 72). Adequate protein
intake is essential for preterm infants given their rapid rate
of weight gain and anabolism, so the limited protein content
in DHM is a concern. As with preterm MOM, protein and
energy deficits are corrected with fortification; however,
more fortification may be required for DHM to compensate
for its low mean protein content (73). Furthermore, the
heating process of pasteurization can denature proteins
and immunologic agents in DHM (74), possibly reducing
the effectiveness of DHM in developing a preterm infant’s
gut and immune systems. Despite these shortcomings,
DHM is recommended as an alternative form of nutrition
for preterm infants (66) because it is well-tolerated and still
contains many beneficial bioactive components.

Standard infant formula. Bovine milk—based preterm for-
mulas are another option. The advantages of formula are
that it provides a consistent amount of calories and macro-
nutrients for adequate growth (75) and is less expensive than
DHM (16). Several studies, however, have indicated that
bovine milk—based products may increase the risk of NEC
(8, 13, 18, 76). The mechanism of action is unclear. A pos-
sible explanation is that formula or bovine milk—based HMF
does not contain oligosaccharides such as HM and that this
deficiency may select for potentially pathogenic microbiota
such as enterobacteria (26). The overgrowth of pathogenic
microbiota and proinflammatory immune responses to the
microbiota may contribute to the initiation of NEC (26).

Some researchers have suggested that casein rather than
whey protein may be responsible for the gut lesions and pro-
inflammatory immune responses that precede NEC (77).
However, evidence regarding this hypothesis is conflicting.
Thymann et al. (78) compared preterm piglets fed formula
containing 100% whey to 40% whey and 60% casein for
30 h. Both formulas were isocaloric and equivalent with respect
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to the total amount of protein, maltodextrin, lactose, and fat.
The piglets were killed after 30 h of feeding to determine
NEC development and gut function. No significant difference
was found with respect to the incidence and severity score of
NEC, diversity of anaerobic and aerobic bacteria, glucose ab-
sorption, and lactase activity between the groups. The authors
concluded that factors other than casein should be investigated
in relation to NEC.

The processing of formula also leads to the removal of the
milk fat globule membrane (79). One study found that the
supplementation of the bovine milk fat globule membrane
in infant formula for term infants led to several beneficial
outcomes, including the decreased incidence of acute otitis
media, decreased use of antipyretic medications, and in-
creased production of serum IgG in response to the pneu-
mococci vaccine (79). Effects from plant-based lipids such
as soy oil added to infant formulas may also be problematic
for the developing immune system of preterm infants.
Higher ratios of w-6 to -3 FAs and a higher proportion
of arachidonic acid in soy oils are associated with proinflam-
matory responses (80, 81). The synthesis of leukotrienes and
prostaglandins from arachidonic acid may propagate in-
flammation in response to cellular injury or infection (81),
as seen with NEC. Therefore, the current composition or
structure of bovine milk-based or artificial formulas may
be unfavorable for certain infants, but again, this mechanism
is not completely understood.

Preterm formula

(bovine milk-
based)

FIGURE 1 Preference for type of preterm
nutrition. Mother's own milk is the first choice
of nutrition for preterm infants, followed by
pasteurized donor human milk (66) and then
bovine milk-based preterm formula. The
composition of each nutrition source is
different.

* 74 kcal/100 mL
* Protein: 2.1 g/100 mL

Hydrolyzed formula. The other types of enteral formula
for preterm infants are semielemental or elemental formu-
las. These formulas are primarily made from broken-down
proteins (semielemental or protein-hydrosylated formula)
or amino acids (elemental formula), medium-chain TGs,
and a carbohydrate source (e.g., corn syrup solids) (Figure
2) (82, 83). The purpose of semielemental or elemental for-
mulas is to facilitate nutrient digestion and absorption be-
cause there is minimal reliance on the gut to produce the
enzymes, bile salts, and gastric juices needed to digest com-
plex nutrients (84). Amino acids or small peptides, easily
absorbed fats (e.g., medium-chain TG oil), and simple sug-
ars (e.g., glucose) are especially beneficial for patients that
are severely ill, have a feeding intolerance, or are at risk of
gastrointestinal complications (84). In relation to NEC, semi-
elemental or elemental formulas may protect against cytotox-
icity of enterocytes and the propagation of proinflammatory
processes. A cell-based study by Penn et al. (85) designed to
test the cytotoxicity of enzymatically digested breast milk
and infant formulas on intestinal epithelial cells offers a poten-
tial mechanism of action for the effectiveness of hydrolyzed
formulas. The authors hypothesized that unbound free FAs
(FFAs) produced by lipase digestion of standard formula
would be cytotoxic to rat intestinal cells but that the digestion
of fresh breast milk would not. Cytotoxicity was defined as the
death of >5% of rat intestinal epithelial cells or >15% of neu-
trophil death. In total, 9 different infant formulas were tested,

TABLE 2 Nutritional comparison of preterm MOM, donor human milk, and preterm formula'

Preterm MOM

Preterm formula
Donor human milk (bovine milk-based)

Calories, kcal/100 mL (67) 68
Protein, g/100 mL (67)
Days 1-3 2.7
Days 4-7 1.6
Week 2 13
Weeks 3-4 1.1
Fortification Needed

Bioactive components Present
(e.g., immune cells,

growth factors, prebiotics)

More fortification needed than preterm breast
milk given the low protein content

Present but reduced by processing and
pasteurization

67 74
09 21

Concentrate as needed
(patient-specific)
Absent

" MOM, mother's own milk.
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Polymeric Formulas - standard bovine milk-based infant formula
Intact proteins, long-chain fats, lactose and polysaccharides

NS

Human Breast Milk - preferred choice of nutrition for term and preterm infants
Predominantly whey proteins (82), long-chain triglycerides (oleic, palmitic and linoleic

fatty acids) (83), and lactose (82)

FIGURE 2 Breakdown of macronutrient
composition in infant nutrition sources and

NI

corresponding uses (82, 83).

Semi-elemental Formulas - facilitates digestion and absorption
Proteins broken down into small peptides, medium- or long-chain fats, polysaccharides

from corn

\Z

Elemental Formulas - optimizes digestion and absorption, hypoeallergenic
Protein in the form of amino acids, medium- or long-chain fats, polysaccharides from

corn and tapioca

and all 9 resulted in significantly greater cytotoxicity after
digestion with lipase or lipase plus proteases (P < 0.007;
P < 0.025 was considered significant), as determined by greater
epithelial cell death. Fresh breast milk digestion did not result
in cytotoxicity. Interestingly, the addition of orlistat (a lipase
inhibitor) (P < 0.0023; P < 0.017 was considered significant),
bovine serum albumin (BSA) (P < 0.00008; P < 0.05 was con-
sidered significant) or proteases (P < 0.008; P < 0.025 was con-
sidered significant) reduced cytotoxicity significantly. The
authors reasoned that the inhibition of lipase reduced the pro-
duction of unbound FFAs and BSA bound and neutralized
the unbound FFAs, thereby minimizing cell death. Similarly,
proteases may help deactivate unbound FFAs by opening
intact proteins, exposing their hydrophobic core, and increas-
ing the ability of proteins to bind unbound FFAs. Fresh breast
milk was suspected to resist cytotoxicity, potentially through
the deactivation of pancreatic lipases and its lipid profile,
which consists of fats that are less susceptible to lipase
digestion.

Studies in piglets that compared elemental diets with bo-
vine milk—based diets have also uncovered potential benefits
of elemental diets. Piglets are the best nonprimate model for
studying neonatal nutrition because the gastrointestinal
anatomy, physiology, and nutrient requirements of pigs
are the most similar to humans (86). In one such study,
Connor et al. (87) compared polymeric and elemental for-
mulas for 3 surgically created short-bowel syndrome groups:
1) midintestinal resection with a jejunoileal anastomosis
(equal amount of jejunum and ileum remaining) (n = 16);
2) distal intestinal resection, including the ileum, cecum,
and 5 cm of the spiral colon, with a jejunocolic anastomosis
(n =17); and 3) sham surgery (n = 15). After surgical treat-
ment, enteral nutrition was initiated with either a polymeric
or isocaloric and isonitrogenous elemental formula on post-
operative day 2. The polymeric formula contained nonfat
milk and whey protein concentrate, lactose and glucose poly-
mers, and high-fat oleic sunflower or safflower, soy, and coconut
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oils. The authors did not specify whether the polymeric for-
mula was bovine milk-based, but this was likely the case.
The outcomes of interest were functional and structural adap-
tations of the intestine, as well as glucagon-like peptide 2
(GLP-2), a gut-specific hormone that improves nutritional
absorption and intestinal barrier function (87). No difference
was found in structural measures such as intestinal lengthen-
ing, villus height, crypt depth, and colon weight between the
diet groups. The concentration of plasma GLP-2 was higher
at the end of the trial for the jejunocolic anastomosis piglets
fed the polymeric formula than those on the elemental for-
mula. The authors reasoned that higher GLP-2 concentrations
for the polymeric diet may have resulted from undigested poly-
meric nutrients being used by bacteria in the colon that pro-
duced short-chain FAs and, in turn, GLP-2. However, in the
same jejunocolic anastomosis group, the elemental diet led
to significantly fewer days of diarrhea (9.9 = 0.8 d on the el-
emental diet compared with 12.3 = 0.4 d on the polymeric
diet; P=0.023) and PN support (12.7 = 0.6 d on the elemental
diet compared with 14.1 = 0.1 d on the polymeric diet;
P = 0.047). These improved functional measures with the
elemental diet were deemed to be highly beneficial for an
animal model with a surgically removed ileum.

With the use of a healthy piglet model, Stoll et al. (88)
investigated the effects of bovine milk—based formula and
an elemental formula fed over 6 d in piglets aged 3 wk.
The elemental diet consisted of crystalline amino acids,
glucose, and a lipid emulsion, and the polymeric diet was
a bovine milk-based formula. Piglets on the elemental
diet were fed intragastrically at a continuous rate, whereas
piglets on the polymeric formula were fed orally 3 times/d.
The elemental diet provided less calories and protein than
the polymeric diet (165 kcal - kg~ ' - d~' and 10.6 g amino
acids - kg™ ' - d”' compared with 195 kcal - kg ™' - d ' and
12.5 g protein - kg~ - d”', respectively). The main pur-
pose was to compare small intestinal growth and function
between the 2 diet groups. There was no difference in total



body weight or intestinal cell morphology (crypt depth, villus
height, and muscle thickness) at the end of the 6-d trial. In
contrast to the aforementioned piglet study (86), Stoll et al.
(88) found that cell proliferation and protein synthesis, mea-
sured by the percentage of labeled crypt cells in the S-phase
and ornithine decarboxylase activity, were considerably
higher in the proximal jejunum and ileum of the piglets
fed an elemental diet. Furthermore, concentrations of gut
hormones GLP-2 and glucose-dependent insulinotropic
polypeptide, but not peptide YY, were considerably higher
in the elemental diet group. The authors concluded that
an elemental diet matches a polymeric diet with respect to
intestinal growth and cell morphology, with an added ben-
efit of stimulating gut hormone production, cell prolifera-
tion, and protein synthesis. These conclusions should be
interpreted with caution because of the difference in feeding
protocols between the diet groups and short study duration
(i.e., observations over several weeks would provide more
robust results regarding cell morphology and gut function).

Opverall, these cell and animal studies highlight the possi-
ble benefits of hydrolyzed formula in terms of intestinal
structure, function, and absorption and provide insight for
future clinical studies.

Current Status of Knowledge

In this section, we evaluate several randomized controlled
trials (RCTs) and a Cochrane systematic review that com-
pared the effect of different types of nutritional products
(MOM, DHM, bovine milk-based formula, and an elemen-
tal fortifier) on the incidence of NEC in preterm infants.

MOM compared with preterm formula. Sullivan et al.
(18) conducted a multicenter RCT to evaluate the health ef-
fects of an exclusive HM diet compared with a diet contain-
ing both HM and bovine milk-based products. This study
analyzed 207 preterm infants. Eligibility criteria included a
birth weight between 500 and 1250 g, mothers’ intention to
provide breast milk, enteral feedings started within 21 d of
life, and PN started within 48 h of life. Infants with major
congenital malformations were excluded from enrollment.
The authors did not mention whether gastrointestinal co-
morbidities were considered a part of the eligibility criteria.
Randomization to 3 groups occurred in blocks of 4 that were
stratified by birth-weight categories (500-750, 751-1000,
and 1001-1250 g) and whether the infants were appropriate
or small for gestational age. Comparison groups were based
on the type of enteral feeds and when fortifier was added.
These groups were defined as follows: 1) HM100: HM-based
fortifier was added once enteral feeds of MOM reached
100 mL - kg™ - d™', and DHM was used if MOM was un-
available; 2) HM40: same intervention as the HM100 group,
except the fortifier was started once enteral feeds reached 40
mL - kg_1 - d™% and 3) BOV: after enteral feeds of MOM
were started, bovine milk—based fortifier was added once feeds
reached 100 mL - kg™ ' - d~', and bovine milk-based preterm
formula was used if MOM was unavailable. Standard feeding
protocols were maintained for all infants. OQutcomes were

measured until the earlier of 91 d of life, hospital discharge,
or 50% of oral feed goals were achieved.

No significant differences were found for days of PN,
LOS, late-onset sepsis, or growth, although a subsequent
analysis found that the probability of needing PN was signif-
icantly reduced by 11-14% for an exclusive HM diet (89).
There were no differences between the HM100 and HM40
for any of the outcomes. After adjusting for confounding
factors with the use of multivariate logistic regression, the
OR for NEC was 0.23 (95% CI: 0.08, 0.66), or a 77% reduc-
tion in the odds of developing NEC, in favor of an exclusive
HM diet.

A criticism of the study is that the method of randomiza-
tion was not clear. The randomized block number (blocks of
4) was not divisible by the 3 comparison groups or 3 birth
weight strata. This approach may have led to imbalances be-
tween the groups for known and unknown factors. A more
transparent method would have been to create random blocks
of a number divisible by 3 (90). Another important note is that
3 infants (4.5%) in the HM100 group and 5 (7.0%) in the
HM40 group developed NEC (Table 3). Of these cases, NEC
led to mortality for 1 infant in each of the HM groups, al-
though the authors reported that both of these infants were
protocol violators who had received some amount of bovine
milk-based formula or fortifier during the study. Nonetheless,
this finding reinforces that NEC is a multifactorial disease, and
an exclusive HM diet may not fully protect infants from NEC.

DHM compared with formula. Cristofalo et al. (76) per-
formed an RCT that paralleled Sullivan et al. (18) in objec-
tives and methodology. The difference in Cristafalo et al.
(76) was that MOM was not used—only DHM. In this mul-
ticenter blinded trial, 53 preterm infants weighing between
500 and 1250 g at birth were randomly assigned to 2 groups:
DHM with HM-based fortifier (concentration not reported)
(n = 29) or preterm formula concentrated to 0.8 kcal/mL
(n=24).

Unlike Sullivan et al. (18), Cristafalo et al. (76) found a sig-
nificant reduction in the days of PN (27 compared with 36;
P =0.04) in favor of the HM group. Surgical NEC was signif-
icantly lower in the HM group (0 compared with 4 cases;
P = 0.036), but the incidence of NEC (1 compared with 5
cases; P = 0.08) (Table 3) and NEC and/or death (1 compared
with 5 cases; P = 0.08) were not significant. The findings were
affirmed even after controlling for race, antenatal steroids, Ap-
gar score, and age at the first enteral feed. Note that because the
study was powered on the duration of PN as the primary out-
come, it may not have been adequately powered to detect dif-
ferences between the groups on NEC outcomes. The authors
acknowledged that a potential issue with the study was that el-
igibility included no intention to provide MOM. The unavail-
ability of MOM may have been caused by exposure to
medications or medical problems, mother’s absence, or illicit
drug use. These variables may have been confounders for NEC.

On the whole, the study found no significant difference
between the DHM and preterm formula on the incidence of
NEC (possibly because of the smaller sample size), but
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TABLE 3 Summary of studies that have evaluated the effect of infant diets on the incidence of NEC'

References  Study design Population Duration of intervention Comparison groups NEC, n (%)
182 RCT 500-1250 g =91 d old, hospital discharge, or 50%  HM100, HM40, and BOV ~ HM100: 3 (4.5%); HM40:
oral feeds (4 complete feeds/d) 5 (7.0%); and BOV:
achieved 11 (15.9%)*
76 RCT 500-1250 g =91 d old, hospital discharge, or 50%  HM and BOV HM: 1 (3%); BOV: 5 (21%)
oral feeds (4 complete feeds/d)
achieved
75 SR—4 RCTs of  500-1250, <1600, =91 d old, hospital discharge, or 50%  DHM and BOV DHM: 3 (1.6%); BOV:
relevance <1850, and oral feeds achieved (76); until 13; (7.6%)**
(76, 91-93) <1500 g weight reached 1800 g (91); until
discharge or transfer, or 2000 g (92);
and from the 10th day of life until
2000 g or illness requiring intrave-
nous nutrition (93)
53 RCT <33 wk GA and Until 29 d after fortification or hospital ~ LE-HMF and PI-HMF LE-HMF: 1 (1.5%); PI-HMF:

700-1500 g discharge

2 (3.2%)

" *HM100 compared with BOV, P = 0.04; HM100 + HM40 compared with BOV, P = 0.02; and HM40 compared with BOV, P = 0.09. **DHM compared with BOV, P = 0.009. BOV,
bovine milk-based preterm formula provided if MOM unavailable or bovine milk-based fortifier added when breast milk intake reached 100 mL/kg; DHM, donor human milk
as sole diet; GA, gestational age; HM, pasteurized donor human milk plus human milk-based human milk fortifier; HM40, exclusive human milk diet, fortifier added when feeds
reached 40 mL/kg; HM100, exclusive human milk diet, fortifier added when feeds reached 100 mL/kg; LE-HMF, liquid human milk fortifier with extensively hydrolyzed proteins;
MOM, mother's own milk; NEC, necrotizing enterocolitis; Pl-HMF, powdered human milk fortifier with intact proteins; RCT, randomized controlled trial; SR, systematic review.

2 In both the HM100 and HM40 groups, 1 NEC case was a protocol violator that had received some amount of bovine milk-based formula or fortifier.

the incidence of surgical NEC supported the previous study.
Both Sullivan et al. (18) and Cristofalo et al. (76) recom-
mended an exclusive HM diet as a strategy for improving
clinical outcomes, namely to reduce the incidence of NEC.

In 2014, a Cochrane systematic review compared bovine
milk—based formula with DHM for feeding preterm or LBW
infants (75). Nine RCTs, including the RCT conducted by
Cristofalo et al. (76), involving 1070 infants were analyzed.
The included RCTs compared formula with DHM in preterm
or LBW infants in regard to short- and long-term (6 mo post-
term) growth and neurodevelopmental outcomes. Secondary
outcomes were all-cause mortality, NEC, days to full enteral
feeds, feeding intolerance, and invasive infections. Most stud-
ies analyzed included patients who were stable, aged <2 wk,
and weighed <1800 g at birth. Four trials compared term
formula with DHM, and 5 trials compared preterm formula
with DHM. One trial used unpasteurized DHM.

A meta-analysis that included 5 studies (n = 802 patients)
on preterm formula and 1 study (n = 67 patients) on term
formula determined that formula had a 2.77 greater risk
of NEC than DHM (95% CI: 1.4, 5.46; I = 0). There was
a slightly lower risk for preterm formula-only compared
with DHM (RR: 2.61; 95% CI: 1.27, 5.35; I> = 0). A sub-
group analysis of 360 patients further examined the effect
of preterm formula as a sole source of nutrition or supple-
mental nutrition. Preterm formula as a sole source of nutrit-
ion was associated with a significantly higher risk of NEC
(RR: 4.62; 95% CI: 1.47, 14.56). The CI around the risk ratio
was wide, suggesting either a small sample size or consider-
able heterogeneity within the sample with respect to the
treatment effect. As supplemental nutrition, there was no
significant difference between DHM and preterm formula
for the incidence of NEC (RR: 1.96; 95% CI: 0.82, 4.67);
however, there were twice as many NEC cases in the formula
group (n = 15) than there were in the DHM group (n = 7)
(Table 3).
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A limitation of this evidence is the unclear or high selec-
tion bias for nearly half of the included studies and unclear
performance and detection bias for most. Unclear allocation
concealment and lack of blinding may have influenced the
results; therefore, the findings should be interpreted with
caution. The authors also noted that several included studies
were conducted >20 y ago, but formula, DHM technologies,
and clinical practice have evolved since that time. Outdated
evidence poses even more questions for clinical practice.
This limitation emphasizes the need for more trials to accu-
rately assess the harms and benefits of current nutritional
products.

Hydrolyzed nutrition products. Kim et al. (53) conducted
a nonblinded, multicenter, noninferiority RCT that in-
volved protein-hydrosylated HMF. The trial compared
liquid HMF with extensively hydrolyzed proteins (LE-
HMF) to powdered HMF with intact proteins (PI-HMF) for
enterally fed preterm infants. All infants were born <33 wk
gestation, had a birth weight between 700 and 1500 g, and
were fed MOM. DHM was not used during the study unless
indicated by the clinician or principal investigator. HMF
was added once feeds reached 100 mL - kg~ ' - d™'. The
HMFs were similar in caloric density, fat, carbohydrate,
phosphorus, and vitamin D content. However, LE-HMF had
more protein (3.6 compared with 3 g/100 kcal), twice the
amount of docosahexaenoic acid, less calcium (153 compared
with 175 mg/100 kcal), higher osmolality (450 compared with
385 mOsm water/kg), and added lutein (23 g/100 kcal). In-
fants were followed for 29 d after HMF was started or until
hospital discharge. The primary outcome was weight gain
per day.

There were 63 and 66 infants included in the intention-to-
treat analysis for the PI-HMF and LE-HMF groups, respec-
tively. Noninferiority was achieved for the primary outcome,
weight gain, because there was no significant difference



between the study groups when the intention-to-treat anal-
ysis was used. However, the analysis that compared only the
strict protocol followers found a substantially higher weight
for the infants fed LE-HMF in the last 14 d of the study. Both
HMFs were well-tolerated. There were no significant differ-
ences between the groups for length and head circumference
gain, stool characteristics, and energy intake. The LE-HMF
contained more protein than the PI-HMF and, as expected,
infants in the LE-HMF group had higher protein intake (3.9
compared with 3.3 g - kg71 - d™ % P <0.0001), blood urea
nitrogen (9.31 * 0.53 compared with 5.81 = 0.38 mg/dL),
and prealbumin concentrations (10.01 = 0.35 compared
with 9.08 = 0.35 mg/dL). All biochemistries were within
normal limits. NEC incidence was low in the LE-HMF
and PI-HMF groups (1.5% and 3.2% of infants, respec-
tively). The incidence of sepsis was also low in both groups
(4.5% of infants fed LE-HMF and 3.2% of infants fed PI-
HMF). Of note, significantly fewer infants discontinued
HMEF because of feeding intolerance in the LE-HMF (2% of
infants) than the PI-HMF (10% of infants) group (P = 0.048).

The authors concluded that the use of both HMFs
achieved weight gain goals. Feeding intolerance and
morbidities were minimal in the 2 groups; therefore, both
HMFs were deemed safe. LE-HMF may have the potential
to optimize growth without increasing the risk of morbidities,
as evidenced by the significantly higher mean weight of in-
fants by the study endpoint and low incidence of NEC and
sepsis. A larger equivalence trial or one powered to detect a
significant difference for the incidence of NEC is needed to
support this hypothesis.

Conclusions
In summary, HM has been acknowledged as the best source
of nutrition for preterm infants and those at risk for NEC
(8,13, 16, 18, 26, 75, 76, 94-96). Two RCTs on preterm in-
fants weighing between 500 and 1250 g at birth compared
the effect of bovine milk-based preterm infant formula to
MOM or DHM on the incidence of NEC (18, 76). Both trials
found that an exclusive HM diet results in a lower incidence
of NEC. A Cochrane systematic review that evaluated the ef-
fect of DHM or bovine milk-based formula on health out-
comes for preterm infants also determined that formula
significantly increases the risk of NEC (75). The review au-
thors cautioned, however, that potential sources of bias, partic-
ularly the lack of blinding and unclear allocation concealment,
may have influenced the results. These pivotal studies have
prompted the ongoing research and development of HM-
based products such as pasteurized DHM and Prolacta forti-
fiers. Indeed, several questions remain. Based on previous
trials and a Cochrane systematic review, ~1-3% of infants
fed an exclusively human milk diet develop NEC (18, 75,
76). These studies have not explained why HM is superior
or why some infants, albeit a small percentage, fed an exclu-
sively HM diet still develop NEC.

Semielemental or elemental formulas may be an effective
nutritional intervention to reduce the risk of NEC in preterm
infants. The nutrients in semielemental or elemental formulas

are easy to absorb, which is expected to reduce stress on the
gut and potentially avoid the proinflammatory processes
that lead to NEC. Although semielemental or elemental for-
mulas do not contain immunologic factors such as MOM,
the benefit of readily absorbed nutrients may outweigh this
deficit. Limited research on semielemental or elemental for-
mulas and NEC was found for this review; hence, more research
evaluating the effect of these specialty formulas on the incidence
of NEC is warranted. This is an area of study our group is
pursuing.
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