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Abstract: The goal of nutrition of the preterm infant is to meet the growth rate of the healthy fetus of the same
gestational age and to produce the same body composition of the healthy fetus in terms of organ growth, tissue
components, and cell number and structure. Nutritional quantity and quality are fundamental for normal growth and
development of preterm infants, including neurodevelopmental outcomes. Failure to provide the necessary amounts of
all of the essential nutrients has produced not only growth failure, but also increased morbidity and less than optimal
neurodevelopment. Growth velocities during the NICU hospitalization period for preterm infants exert a significant effect
on neurodevelopmental and anthropometric outcomes. Despite the obvious need for optimal nutrition, growth failure is
almost universal among preterm infants. There is every reason, therefore, to optimize nutrition of the preterm infant, in
terms of total energy and protein, but also in terms of individual components such as amino acids, specific carbohydrates
and lipids, and even oxygen. This review presents scientific rationale for nutrient requirements and practical guidelines
and approaches to intravenous and enteral feeding for preterm infants. Intravenous feeding, including amino acids,
should be started right after birth at rates that are appropriate for the gestational age of the infant. Enteral feeding should
be started as soon as possible after birth, using mother’s colostrum and milk as first choices. Enteral feeding should
begin with trophic amounts and advanced as rapidly as tolerated, decreasing IV nutrition accordingly, while maintaining
nutrient intakes at recommended rates. Feeding protocols are valuable for improving nutrition and related outcomes.
Further research is needed to determine the optimal nutrition and rate of growth in preterm infants that will achieve
optimal neurocognitive benefits while minimizing the longer-term risk of chronic diseases.

[Chin J Contemp Pediatr, 2017, 19(1): 1-21]
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Introduction

The goal of nutrition of the preterm infant is to
meet the growth rate of the healthy fetus of the same
gestational age'". It also is important to produce the
same body composition of the healthy fetus in terms of
organ growth, tissue components, and cell number and
structure. Failure to provide the necessary amounts
of all of the essential nutrients has produced not only
growth failure”, but also increased vulnerability to
infectious diseases arising from suboptimal immune
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defenses", increased respiratory distress from lung
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injury due to muscle weakness', impaired tissue
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repair in response to injuries (such as oxygen toxicity
and barotrauma in the lung, inflammation in the gut,
and wound healing), and general underdevelopment of

all other organs such as intestine, skeletal muscle'”,

and brain™”,

As documented by many studies over many
years, neuronal underdevelopment may be the most
serious adverse consequence of under nutrition of
preterm infants, which clearly leads to later life
cognitive deficiencies'*"”). The most severe adverse
neurodevelopmental outcomes occur in preterm
infants who had IUGR and also suffered postnatal

under nutrition. While it remains uncertain whether
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improved neuronal development, brain growth,
and cognitive outcomes are the direct result of
improved nutrition or whether healthier infants can

be fed more!*

, studies clearly are documenting the
association of improved neurodevelopmental outcome
with improved nutrition and growth of preterm
infants'*"".

Despite such needs, it remains a challenge to
consistently provide adequate nutrition to preterm
infants, particularly right after birth when nutritional
support is largely dependent on intravenous nutrition
and often is complicated by glucose and lipid

intolerance!'*"".

During this period, large nutritional
deficits, in particular protein deficits, can rapidly
accumulate in preterm infants. In such infants, protein
stores can decline by as much as 1.5%/day, in contrast
to the normally growing fetus that has a positive

net protein balance of ~2%/day"™”.

Many studies
from around the world have provided consistent
evidence that early amino acid intake, at least
3 g/kg/day, before 5 days of life, can reduce protein
breakdown and deficits and improve protein balance
and growth outcomes in preterm, very-low-birth-
weight infants”'*”. This is one of the most consistent
observations among controlled research trials and
observational studies in neonatal medicine"”.
Nevertheless, growth failure is almost universal
among preterm infants®®. 80% of very low-birth
weight preterm infants involved in studies conducted
by the NIH Neonatal Research Network from 2008

[29-30], and

to 2010 had documented growth failure
among infants within the Vermont Oxford Hospital
Network, at least 50% were growth-restricted at the
time of discharge from the NICU™. Such growth
failure is, however, preventable, and so is the
neurodevelopmental impairment that comes from
insufficient nutrition. Protein deficiency is critical, in
this regard, as protein is the nutritional component
most essential for development of neurological

function®"

, but overall nutritional quantity and
quality also are fundamental for normal growth

and development, including neurodevelopmental

outcomes. Growth velocities during the NICU
hospitalization period for preterm infants exert a
significant, and possibly independent, effect on
neurodevelopmental and anthropometric outcomes'".
As shown by Lucas and colleagues””, 4 weeks of
enriched formula with greater amounts of energy as
well as protein fed to preterm infants improved growth
and neurodevelopmental outcomes at 18 months
corrected gestational age when compared to preterm
infants fed lower amounts of energy and protein
in standard term formulas. At 7.5 years of age, the
infants fed the enriched preterm formula demonstrated

B3 and even at age 16,

higher cognitive functions
these infants had larger brain size and larger volumes
of the caudate nucleus measured using MRI F:\
Documents\Neonatal Nutrition, for Bo Sun, Chinese
Journal of Comtemporary Pediatrics\Nutritional
support_for_extremely low-birth weight infants
abandoning cat.html - 134 and higher intelligence

quotient (IQ) scores!'***.

Regression analysis of
infants from several studies have shown a significant
positive correlation between both cumulative energy
and protein intakes and greater head circumference
at 36 weeks postmenstrual age””’, F:\Documents\
Neonatal Nutrition, for Bo Sun, Chinese Journal of
Comtemporary Pediatrics\Nutritional support for
extremely low-birth weight infants abandoning
cat.html - 136and better mental and psychomotor
developmental index (MDI and PDI) scores at 3

36 Furthermore, a recent

months' corrected age
retrospective study showed that the MDI of ELBW
infants at age 1.5 years increased by 8.2 and
4.6 points, respectively, for every extra gram of
protein/kg per day or every extra 10 kcal/kg per day
they received during the first week of life"”””. This early
postnatal period appeared to be critical, as nutritional
intakes during the next few weeks of life did not show
correlations with neurocognitive outcome. While
continued nutritional support during the NICU period,
as well as after discharge, is fundamental, clearly,
the first few days after birth are most important for

achieving positive protein and energy balance and for
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promoting improved growth and development.

There is every reason, therefore, to optimize
nutrition of the preterm infant, in terms of total energy
and protein, but also in terms of individual components
such as amino acids, specific carbohydrates and lipids,
and even oxygen. If this is the case, how successful
is current nutritional practice for preterm infants in
terms of producing optimal nutrition and growth
and development of preterm infants? The answer is,
universally, not as well as it should. It is imperative,
therefore, to reassess the rate of growth that should be
achieved in preterm infants and the basic nutritional

requirements needed to achieve this growth rate.

How fast should a preterm infant grow?

Direct measurement of normal human fetal
growth is not possible. Most commonly, therefore,
fetal growth rates have been estimated from
anthropometric measurements at the time of birth
among “healthy”, normal appearing preterm infants
of viable gestational age through to term. Using
this approach, multiple studies have shown that the
average fractional fetal weight gain from 24 to 38

weeks gestation is 17 g/kg/d"** (Figure 1).
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Figure 1 Birth weights by gestaional age™**"
Regardless of the growth curve, normal human fetal growth rate is

~17 g/kg/day from 28-40 weeks.

Most studies also show, however, that most
preterm infants fail to grow well after birth, usually for

many days. They also don’t keep up with intrauterine

growth and thus end up growth restricted by term™*'*”

(Figure 2). This problem has not improved over the past

almost 70 years'™".
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Figure 2 Postnal growth of VLBW infants vs.
expected intrauterine growth'*”

While there are many possible reasons why
preterm infants do not grow after birth as well as the
normal fetus of the same gestational age, including
stress responses (e.g., increased secretion and
plasma concentrations of catabolic hormones such
catecholamines, glucagon, and cortisol, intermittent
hypoxia, respiratory distress, mechanical ventilation,
sepsis, inadequate body temperature maintenance,
etc.), a principal cause is insufficient nutrition, as
evidenced by cumulative deficits in energy and
protein, even with more “aggressive” nutrition that

provides closer to estimated nutrient requirements'*

(Figure 3) .
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Figure 3 Energy and protein intake and cumulative deficits in the first 28 postnatal days

Why are preterm VLBW infants not fed enough
to grow as well as the fetus? There are several
practical and common reasons. First, most preterm
infants have a delayed start to receiving nutrients,
e.g., low rates of or even no IV amino acids on the
first day of life (to sometimes several days after
birth). Second, enteral feedings often are withheld,
sometimes for days. Third, most infants receive very
slow advances of nutrient supply, e.g., IV amino acid
infusion rates of <3 g/kg/d. Fourth, there are usually
rather slow advances of IV amino acids and lipids
after starting, and slow advances of enteral feeds.
Fifth, most infants receive dilute nutritional mixes,
e.g., unfortified breast milk (mother’s own or banked),
and insufficient amounts of essential amino acids in
TPN mixes. There also are many excuses offered as
“reasons” for withholding, slowing down, or stopping
feedings, practically none of which has a rational basis
from controlled trials. For the most part, it is simply
assumed that infants with any kind of physiological
instability cannot tolerate normal amounts of nutrition,
either parenteral or enteral (Table 1). As a result,
preterm infants commonly are under nourished from
birth and often for days to sometimes weeks, and all
of the practical reasons and excuses, justified or not,
reduce nutrient intake, which leads to growth failure
and impaired neurodevelopment. It is not unexpected,
therefore, that growth, which for the fetal period of
human development requires constant supplies of

nutrients, does not occur or even decreases relative to

[44]

that of the normally nourished and normally growing

human fetus of the same gestational age.

Nutrient requirements for preterm infants

If we are going to feed preterm infants to grow
as well as the normal, healthy human fetus, we should
consider the normal fetal nutrient and co-factor
requirements and at least provide those. There may
be additional adjustments for conditions that arise
after birth, but it is unreasonable to consider nutrition
sufficient if it provides less than what the normal fetus
receives. What nutrients and co-factors, therefore,
should we provide to the preterm infant at the same
gestational age of the fetus in utero?

Oxygen

First, while not actually a nutrient, oxygen is
necessary for the metabolism of all nutrients and
particularly for producing growth. Numerous studies
have shown that hypoxia and oxygen consumption
rates less than normal restrict growth. The normal
fetus exposed to hypoxia responds by increasing
erythropoietin, producing more red blood cells,
thereby increasing its blood oxygen content to
compensate for the reduction in molecular oxygen
supply'*”. Also, many studies have shown that preterm
infants who receive blood transfusions for severe
anemia not only increase their blood oxygen content
but also improve their growth rate. In one study, for

example, preterm infants did not gain weight as well
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Table 1 “Excuses” for withholding, slowing down, or stopping feeding of preterm infants, with comments about why this

might be done and why it might not be rational

Item Excuse

1. abdominal distension fear of NEC

2. green gastric aspirates fear of NEC

3. UA and/or UV catheters fear of gut ischemia, and thus NEC

4. GER fear of apnea(actually, it probably is the other way around)
5. tachypnea fear of aspiration

6. heart murmurs fear of PDA and gut ischemia—and NEC

7. PDAs fear of gut ischemia—and NEC

8. indomethacin fear of gut ischemia—and NEC

9. high BUN fear of urea poisoning and amino acid toxicity

10. high bilirubin
11. high WBC/CRP

12. skin rashes
13. hyperglycemia

14. hypothermia

15. hyperthermia

16. hypo- or hyperkalemia
17. hypo- or hypernatremia
18. thrombotic episodes

19. polycythemia

20. SpO, values are low
21. On catecholamines

22. Anemia

23. Transfusions

24. on a ventilator

25. low energy expenditure

26. might need surgery

27. “Just doesn’t look good”—

28. Mother couldn’t be here so we held the feeding for her to give
29. Intermittent hypoxic episodes

30. We wanted “fasting” electrolyte values in the morning

31. We wanted to be sure the baby was stable
32. “The other attending” doesn’t like to advance feeds very fast

And more!

fear of FFA displacing bilirubin from albumin
fear of decreased metabolism, proteolysis

fear of allergies

fear of poor metabolism (though stopping IV lipids and reducing
dextrose infusion rates at least have a rational basis)

fear of sepsis

fear of sepsis

poor gut function, bad IV nutrient mix
bad IV nutrient mix, dehydrated

need to use heparin, reduce IV rate

risk of clots and gut ischemia and NEC
can’t metabolize nutrients

fear of gut ischemia, NEC, hyperglycemia
fear of gut ischemia

risks of NEC, transfusion related immunomodulation
how does this reduce digestion and nutrient absorption and

anabolism?
this one baffles me; of course it’s low if the baby is under-

nourished!
so they should be starved first?

1 have no response to this one!

good for the mother, but bad for the baby!
these get better with starvation??

What does fasting have to do with electrolytes?

well, sure, and starved, too
always a scapegoat around—the ubiquitous, infamous “other
attending”

when their Hb concentration was < 8.5 g/dL (Hct
< 25%), but their weight gain improved after
transfusion with red blood cells to a blood Hb
concentration of > 11.4 g/dL (Het > 34%). The more
severe the anemia (lower the blood oxygen content),
therefore, the more likely that growth failure will
develop™®. Commonly, however, current practice
usually reduces blood oxygen content by allowing

preterm infants to be more anemic (hematocrits in

lower 20 s) to limit transfusion risks (transfusion-
related inflammatory disorders, e.g., NEC, strokes,
lung injury) and to be maintained at lower PaO,
values to prevent oxygen toxicity (e.g., ROP,
BPD). Furthermore, preterm infants lose, by adult
standards, enormous amounts of blood for all sorts
of biochemical and hematological measurements.
Unfortunately, we have little capacity to measure

the clinical effect of low O, supply on nutrient
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metabolism (energy + protein), protein accretion,
and neuronal growth and development, limiting our
ability to assess the impact, in any given infant, of
different low blood oxygen contents on producing
growth restriction. Our goal, therefore, should be to
determine optimal nutrient and anabolic hormone
supplies to promote growth, especially of neurons/
dendrites, at lower blood O, levels. We also might
improve our administration of erythropoietin (give
more, or develop more effective protocols), provide
safer transfusions, use delayed cord clamping and cord
stripping routinely, reduce blood sampling, microsize
blood sample assays, and provide more and better
noninvasive monitoring.
Glucose

Adequate glucose also must be provided to
ensure appropriate growth rates. Glucose is essential
for normal metabolism in all cells, but as the principal
energy substrate of the normal fetus and thus the
preterm infant, glucose is necessary to support growth,
particularly protein synthesis from amino acids and net
protein balance. In fetal studies, for example, reduction
in glucose supply and plasma glucose concentrations

lead to growth failure™”

. This is a relatively uncommon
problem in preterm infants, however, as most of the
time, they are infused with more glucose than they
can use, resulting in hyperglycemia. Normal neonatal
glucose production and utilization rates have been

8 and measured in

estimated from animal studies
infants with stable isotope techniques™ ™", Preterm
infants at ~28 weeks gestation maintain hepatic
glucose production rates of 2-3 mg/min/kg which are
not easily suppressed, either by glucose or insulin, as

BY Glucose utilization rates

they are in normal children
can be as high as 7-9 mg/min/kg, however, largely
for the brain, but also for the heart. Term infants
also produce ~2-3 mg/min/kg of glucose, but their
glucose utilization rates are lower at ~3-5 mg/min/kg
(still largely for the brain). The decrease in weight-
specific glucose utilization rates from very preterm to
term gestational age is the result of increasing body

proportions of organs, such as bone, muscle, lung,

and the gastrointestinal tract, that do not use glucose
as much as the brain and heart. Regardless of the
utilization or production rates, preterm infant plasma
glucose concentrations should be in the same range
as normal human fetuses of the same gestational age,
i.e., between 3.0 mmol/L and 6 mmol/L"*. This is the
same range achieved by normal, healthy term newborn
infants after the first 12-24 hours from birth following
the normal nadir in glucose concentration from 1-3
hours of age"”.
Lipids

Normal human fetal development involves
considerable fat deposition in adipose tissue, primarily
peripherally in subcutaneous regions of the body.
Normal human fetuses produce about 15 g/kg body
weight as fat by term. Early in the third trimester
(24-28 weeks), however, there is little lipid uptake,
oxidation, or accretion as fat by the fetus. Lipid supply
and fat accretion increase progressively over the
third trimester. It remains uncertain how much lipid
is oxidized in the human fetus, but likely not very
much, as the concentrations of carnitine palmitoyl
transferase, the enzyme that transports long chain fatty
acids into the mitochondria for lipid oxidation, are
quite low, and glucose and amino acid supplies are
more than sufficient to meet most energy requirements.
After birth, however, even in very preterm infants and
even quite soon after birth, supplemental carnitine
(e.g., in mother’s milk) promotes lipid oxidation.

Extremely preterm infants often are slow to
clear plasma of lipid due to maturational deficiency
of lipases (inversely related to GA), low levels of
carnitine palmitoyltransferase (CPT), and chronically
reduced carnitine intakes >2 weeks after birth with

prolonged IV nutrition*",

There also is competition
of free fatty acids for oxidation due to early postnatal
hyperglycemia. As a result of such conditions, many
recommend limiting lipid intake to 0.5-1 g/kg/day
in presence of other disorders that limit fatty acid
oxidation, such as sepsis, severe lung disease, surgical
stress, steroid use, persistent hyperglycemia, and

cholestasis. This practice is poorly justified, however,
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with little evidence for mechanisms involved and
how to manipulate them, other than added carnitine to
promote better fatty acid oxidation.

The quality of fatty acids and triglycerides
and other lipid products also is important"”. Little
information exists, however, about the actual mix of
such substances in fetal plasma that might provide
guidance for the optimal mix of plasma lipid substances
after birth. A major concern, however, is how to
provide sufficient long chain polyunsaturated essential
fatty acids that are fundamental components of the
developing nervous system"”®. Normal fetal white
adipose tissue accumulation in the 3rd trimester of the
essential omega 3 long chain polyunsaturated fatty acids
(PUFASs), particularly docosahexaenoic acid (DHA,
22:6n-3) ranges from ~45 to ~70 mg/day. According to
current practice, at 3.7g fat/dL. human milk with 0.2-
0.4% fatty acids as 22:6n-3, a 1 kg preterm infant fed
at full enteral feeds of 180 mL/day would get only 13-
25 mg 22:6n-3/day, clearly far below normal in utero
accretion rates. As shown by Lapillone and colleagues,
therefore, postnatal DHA deficiency is an inevitable
consequence of current recommendations and practices
for feeding milk, milk supplements, and formulas in
preterm infants”. In terms of potential benefits of
providing greater amounts of DHA, one recent study
has shown that higher DHA and lower linoleic acid
levels in the first few weeks of life are associated with
decreased intraventricular hemorrhage, improved
microstructural brain development, and improved
outcomes in preterm infants”". Several other studies
also have shown that preterm infants fed increased
DHA have higher visual acuity, particularly at 2 and 4
months and improved Bayley mental development and
MacArthur Communicative inventories at 12 months™”,
but longer term studies do not show a clear benefit.

Thus, the current diet for preterm infants is deficient in

at least this one essential fatty acid, but the long term
significance of this deficiency is not known or how
these infants would develop if fed to sufficiency.
Energy

In terms of total energy (primarily from
carbohydrates and lipids), there is a persistent but
unsubstantiated concern that higher intake rates of
amino acids and protein won’t produce more growth
unless higher calorie intakes also are provided. This
concern is based on the unjustified fixation on a
continuous 22 kcal/g protein ratio. Actually, excessive
caloric intake simply increases body fat content
relative to lean mass. Above 80-90 kcal/kg/day non-
protein caloric intake, there is no further increase in
net protein balance for any further increase in energy
intake. Protein gain primarily depends on protein
intake, regardless of the energy intake'®”. This has
been corroborated by elegant nutritional balance
studies by Kashyap and collegues'®"’ (Figure 4), who
showed that while greater protein intakes would
increase weight, length, and head circumference,
additional lipid with the greater protein intakes only

increased weight and subcutaneous fat.

30 1.6 1.6 12 . mmgroup |
25 T 1‘2‘ T [ 1‘2‘ | T 10 ]- group 2
= : e mmgroup 3
5 20 {_ T £1.0 T § Lof 1 ; 0.8
215 g 0.8 g 0.8 £ 0.6
* 10 0.6 0.6 0.4 T
0.4 0.4
3 0.2 0.2 0.2
0 0.0 0.0 0.0
weight length head triceps

circumference skinfold

Figure 4 Growth rates with varying protein and
energy intakes'®! Preterm infants, birth weight 900-1750g:
Group 1, 2.24 g/kg/day and 115 kcal/kg/day; Group 2, 3.6 g/kg/day and
115 keal/kg/day; Group 3, 3.5 g/kg/day and 149 kcal/kg/day.

'P<0.05: weight in group 1 less than in group 2 and group 3;
head circumference in group 1 less than in group 2 and group 3; triceps

skinfold greater in group 3 than in group 1 and group 2.
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Despite such evidence, recent observations of
actual intake of nutrients in clinical neonatal practice
has been weighted to energy, both carbohydrates
and lipids, and not to protein, leading to problems
of carbohydrate and lipid excess and protein

(621 Such a diet mix leads to fatter,

insufficiency
shorter, less muscular infants, and perhaps to longer
term neurological deficits. Unfortunately, this problem
is most common among the smallest, most preterm
infants who are fed far more energy and much less
protein than needed to meet appropriate growth rate

and body composition'®’,

Amino acids and protein

The most important requirement for growth is
protein intake, as amino acids intravenously and as
intact to partially or fully hydrolyzed protein enterally.
Lean body mass, which consists mostly of protein,
accounts for 90% of growth in the 3rd trimester
of gestation. Without sufficient protein, cellular
replication, hypertrophy, and development cannot take
place as optimally as they should, and insufficient
protein intake will adversely affect proliferation and

growth of all cells in all organs (Table 2)**.

Table 2 Feeding guidelines: intake amounts (mL/kg/day), by day of feeding (DOF)

Gestational age

(weeks) DOF 1 DOF 2 DOF 3 DOF 4 DOF 5 DOF 6 DOF 7 DOF 8 DOF 9 DOF 10
<26 < 20 < 20 < 20 < 20 < 50 < 80 < 110 < 140 < 160 160-180
(fortify 5
26-29 =< 20 =< 20 =< 20 = 50 = 80 < 110 =< 140 160-180
(fortifymssss—
29-32 =< 20 <20 =< 50 =< 80 < 110 < 140 160-180
(fortify m )
32-34 < 20 < 50 =< 80 < 110 < 140 160-180
(fortify e —
34-37 < 40 < 80 < 120 < 140 160-180
(fortify m—)
Caveats

» Withhold feeds in infants with defined intestinal obstruction or ileus.
* Asphyxia, respiratory distress, sepsis, hypotension, glucose disturbances, ventilation, and umbilical catheters are not contraindications for

trophic feeds.

* Infants at higher risk (two or more risk factors) may have feeding amounts reduced or initiated at GI priming volumes with advancement as

medically appropriate.

« Infants may nipple bottle feeds up to the maximum feeding volume, or breastfeed as able. Infants should not initially be placed on ad lib

nippling or advanced to higher volumes, due to increased risk for feeding intolerance.
* Breast milk is preferred. Donor milk also is acceptable, but will need fortification even more than mother’s own breast milk.
» Human Milk Fortifiers (HMFs) should contain hydrolyzed protein if based on cow milk protein, or use “human” HMFs.

Risk factors for “more conservative” (but not stopping) advancement of feeding

1) Non-reassuring fetal heart rate tracing with need for resuscitation of the infant after delivery and evidence of asphyxia (severe and prolonged

metabolic acidosis from persistent hypotension).

2) More severe and asymmetric [IUGR or [UGR with reversed or absent end-diastolic flow on fetal Doppler ultrasound.

3) Monochorionic twin gestation with twin-twin transfusion syndrome.

4) Marked polycythemia (Hct >65).

5) Significant cardiovascular instability: need for chest compressions, use of vasoactive agents, or need for aggressive volume expansion to

achieve sufficient circulation.
6) Marked and prolonged and recurrent apnea.

7) Symptomatic patent ductus arteriosus with reduced urine flow rate and progressive metabolic acidosis.

8) Clinically significant (cardiovascular compromise) sepsis.
9) Prolonged (> 7 days) absence of enteral feedings.
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The reason for this need for protein is that protein
synthesis and accretion rates are very high in the fetus
(net protein balance of ~2%/day) and therefore the
preterm infant of the same gestational age, requiring
large amino acid uptake rates. Fetal animal growth
data, when scaled to human fetal growth rate, predict
fetal amino acid requirements ~ 3.6-4.8 g/kg/day
at ~24-28 weeks of human gestation. This animal
data has been corroborated for human fetuses by
the Factorial Method®, which predicts that human
fetal amino acid requirements = 4 g/kg/day at 24-28
weeks of gestation. It is important to note, however,
that fractional protein synthesis rates decrease with
gestational age and development. Thus, between 30
and 37 weeks, the protein requirement for growth
decreases to ~ 2-3 g/kg/day and by term, protein
requirements decrease to those of the normal breast
fed infant, or ~ 1.5-2 g/kg/day. Among many studies
in preterm infants, net protein balance as measured by
net nitrogen retention is directly and linearly related
to protein intake'**). Specific studies demonstrate the
same linear relationship between IV amino acid intake

[22,66]

and protein balance through 3 to 4 g/kg/day

Practical feeding guidelines: intravenous
feeding

The goal of early intravenous feeding is to
maintain normal cellular energy and amino acid
supplies. Metabolic and thus nutritional requirements
do not stop with birth, and the smaller the infant, the
less body stores of nutrients are available to provide
nutrients for metabolic needs. Intravenous feeding,
therefore, is always indicated when normal metabolic
and nutritional needs are not met by normal enteral
feeding. Furthermore, the metabolic and nutrient
requirements of the newborn preterm infant are
equal to or greater than those of the fetus of the same
gestational age. It is reasonable, therefore, to provide
the preterm infant with at least the same nutrient
supplies that the fetus of the same gestational age

receives for nutrition. Although early intravenous

nutrition appears to be a beneficial clinical strategy®”,

the optimal amount of that support is not fully

known!"”

, including the time after birth to start, the
doses to use, and the rate of advancement'®®. The
Current recommendations are that IV nutrition should
be initiated within a few hours of birth".

Amino acids

At least 2.0 g/kg/day of amino acids should be
started within 2-3 hours of birth, and increased to 3.5-
4.0 g/kg/day over the first 24-48 h for infants <30
weeks gestation (up to 4.0 g/kg/day for extremely low
birth weight infants <27 weeks gestation).

Even when solutions are infused at these or
yet higher rates, intakes of certain essential amino
acids, particularly the branched-chain amino acids
such as leucine and isoleucine'®’, but also threonine

7% may not produce high enough plasma

and lysine
concentrations to promote the rate of cellular essential
amino acid uptake needed to produce appropriate
protein accretion. There has been some concern for
excessively high plasma amino acid concentrations
at infusion rates >3.0-4.0 g/kg/day, particularly in
sick and physiologically unstable preterm infants'™"),
Also, infants who experienced severe and chronic
intrauterine growth restriction may have developed
adaptations that actually limit amino acid synthesis
into protein[m. There is little evidence, however,
that most preterm infants will have significant
complications from the amino acid infusion rates
noted as necessary to produce in utero protein
accretion and growth rates. In fact, most studies have
noted that current [V amino acid mixtures and infusion
rates produce lower plasma concentrations than are
needed for optimal amino acid metabolism and protein
balance'™* 7. The overall impact of such temporarily
insufficient amounts of essential and total amino acids
on growth and neurodevelopment of preterm VLBW
infants is uncertain, but it is quite likely that even
temporary shortfalls limit growth.

Glucose

Glucose (as 10% Dextrose in water) should

be infused as soon as possible after birth to prevent
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hypoglycemia and at the highest rate tolerated without
causing hyperglycemia.

Hypoglycemia, defined arbitrarily as a plasma
glucose concentration <45 mg/dL in the 1st 2 days
after birth and <50-60 mg/dL after 2 days of life,
should be avoided as much as possible. While low
glucose concentrations do occur even among preterm
infants receiving IV dextrose infusions or TPN, there
is no evidence that occasional transiently low values
in the 40-50 mg/dL range are a problem.

Hyperglycemia, defined arbitrarily as a plasma
glucose concentration >120 mg/dL at any time
after birth, is a more common glucose metabolic
disorder than hypoglycemia in preterm infants”*,
largely the result of excessive dextrose infusion rates
(>6-8 mg/kg/min) in the first hours to days after birth
when stress reactive hormones that independently
contribute to glucose production, such as
norepinephrine and cortisol, are commonly present’*.
Hyperglycemia increases energy expenditure
(glucose-to-fat synthesis is energy expensive), oxygen
consumption (leading to hypoxia), carbon dioxide
production (leading to tachypnea), fat deposition in
excess of lean mass, and fatty infiltration of heart
and liver. Hyperglycemia in preterm infants also
is a potentially serious cause of cellular and even
systemic inflammation from excess reactive oxygen

. - [75-76
species production'”>”®

. Such effects may underlie
the increased risk of retinopathy of prematurity
[77-79] As

noted in one recent study, at every time point in the

noted among infants with hyperglycemia

first 12 hours after birth, hyperglycemia produces
more unfavorable outcomes in infants with hypoxia-
ischemia™”. There also is the potential for sustained
hyperglycemia in preterm infants to diminish longer
term growth and even cognitive development, while
also more positively diminishing body fat content.
Down-regulation of the growth IGF-1/growth
hormone axis may be responsible""’.

While hyperglycemia usually occurs in the
first few days after birth, particularly among the

most immature infants, it can be found at any time

during IV nutritional support. In addition to the most
common cause of hyperglycemia, which is excessive
dextrose infusion, hyperglycemia also is the result

[50]

of persistent hepatic glucose production™ that is not

down-regulated by increasing plasma concentrations

of glucose or insulin®"!

. Hyperglycemia also is caused
by catecholamine treatment of low blood pressure,
hydrocortisone treatment of low blood pressure and
evolving chronic lung disease, and high IV lipid
infusion rates.

Mixed hyper- and hypoglycemia occur quite
commonly in very preterm, [UGR infants, but should
be considered in any very preterm infant, as many
of these infants experienced IUGR before their
preterm birth. Hyperglycemia is common in such
infants due to reduced pancreatic B-cell number and
insulin production, hepatic insulin resistance and
increased glucose production, decreased glucose
disposal capacity because of their smaller brains and
reduced muscle, and higher secretion rates and plasma
concentrations of catecholamines and cortisol that
limit insulin production and action. Hypoglycemia
is common in such infants due to their greater head/
brain to body/liver ratio and thus greater body weight-
specific glucose utilization rate, increased peripheral
tissue glucose uptake capacity from increased or at
least maintained tissue glucose transporters, increased
fractional insulin secretion and susceptibility to
metabolic stimulation of insulin secretion, and good
health and care that reduces catecholamine and cortisol
secretion and concentrations and their negative impact
on insulin secretion and action™”.

Prevention and treatment of hyperglycemia is
important and is best accomplished by using lower
IV dextrose infusion rates in the first place and
lowering them, along with reducing lipid infusion
rates and catecholamine and cortisol treatments and
preventing hypoxic episodes. Use of insulin should
be reserved for the most serious hyperglycemic
conditions (plasma glucose concentrations >200-
250 mg/dL and unresponsive to other approaches).

There are many complications of using insulin to
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prevent or treat hyperglycemia. Insulin actually
makes the baby fatter (including fatty infiltration
of heart and liver). Insulin increases complications
of excess allostatic load (reactive oxygen species
production and inflammation). Insulin increases the
risk of hypoglycemia™. Furthermore, although not
studied yet in preterm infants, in children with cardiac
disorders in intensive care, tight glucose control did
not improve outcomes, but did result in more cases
of hypoglycemia, and those children had poorer
neurodevelopmental outcomes'®". Infused insulin does
not promote glucose uptake or utilization by the brain
or enhance neuronal growth or dendritic development.
Not the least, negative feedback mechanisms limit
the effect of insulin to promote protein synthesis,
net protein balance, and growth; insulin just does
not work as a growth hormone to augment growth
when given in excess. When insulin infusion was
compared to reduced IV glucose infusion rate to treat
hyperglycemia in 500-750 g infants"™, there were
no differences in all age/weight groups for rates of
death, sepsis, ROP, NEC, intracranial hemorrhage,
chronic lung disease, days in the NICU, or rates of
growth. It makes more sense to just limit the glucose
infusion rate, and perhaps to increase IV amino acid
infusion rates to 4 g/kg/day, which has been shown to
reduce the number of episodes of hyperglycemia and
the time-averaged plasma glucose concentration™”.
Lipids

Intravenous lipid infusion should be started
within 24 hours of birth and advanced from 2.0
to 3.0-3.5 g/kg/day as tolerated, usually over 2-3
days. Intravenous lipids provide essential carbon for
oxidative metabolism and also provide essential fatty
acids that promote membrane formation, particularly
in the brain, but also in all cells in the body. Excess
lipid infusion rates, however, commonly produce
hypertriglyceridemia (arbitrarily defined as plasma
triglyceride concentrations >150 mg/dL), which has
been associated with adverse lipid deposition and
subsequent inflammation in hepatocytes'®™®, that may

underlie the common problem of cholestatic jaundice

and liver failure in infants who experience prolonged
Intravenous nutrition™. ELBW infants often are
slow to clear plasma of lipid due to maturational
deficiency of lipases (inversely related to GA), low
levels of carnitine palmitoyltransferase (CPT) and
chronically reduced carnitine intakes >2 weeks after
birth, and competition of FFA oxidation with carbon
from hyperglycemia. In response, many recommend
limiting lipid infusion rates to 0.5-1 g/kg/day in
the first few days of life, particularly in presence of
infection, severe lung disease, surgical stress, and
steroid use. There is little rational justification for this
practice, except when hypertriglyceridemia occurs
in the presence of hyperglycemia, and to prevent
cholestasis. Some have added carnitine to promote
better fatty acid oxidation, but possible benefits only
appear after total IV nutrition of more than 2 weeks™".

It is clear, however, that postnatal deficiencies
of essential fatty acids, particularly the long
chain polyunsaturated fatty acid (LCPUFA)
docosahexaenoic acid or DHA is an inevitable
consequence of current recommendations and
practices of intravenous lipid feeding, as well as for
feeding milk, milk supplements, and formulas in
preterm infants, leading to increasing cumulative
DHA deficits. Unfortunately, to date, long term
neurodevelopmental benefits of DHA or omega-3
LCPUFA supplementation are equivocal and shorter
term improvements in BPD, ROP, NEC, sepsis, and
death are uncertain.

Total energy: Intravenous nutrition should
achieve a caloric intake of 50 kcal/kg/day on day 1
and 80 kcal/kg/day by day 3.

Amino acids: Intravenous amino acid infusion
should be started right after birth, at least at 2.0 g/kg per
day, and advanced to gestational age specific protein
needs by day 2 to 3.

Between 24-30 weeks, initial intravenous amino
acid infusion rates should range from 3.5 to 4.0 g/kg/
day. Between 30 and 36 weeks, as fractional protein
synthesis rates decline, intravenous amino acid

infusion rates of 3.0 to 3.5 g/kg/day are appropriate.
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At term, amino acid requirements decrease to those
of the normal breast fed infant, or 1.5-2.0 g/kg/day.
While some have questioned whether the early, high
amino acid infusion rate in very preterm infants
might lead to potential adverse outcomes, previous
observational and randomized controlled trials have
not found smaller head circumferences in response

[23-27,89]

to higher amino acid intakes , and one recent

randomized controlled trial showed that higher amino
acid intakes resulted in greater head circumferences””.
Even small differences in head circumference are
unlikely to demonstrate developmentally important
differences in brain volumes when early, higher
amino acid infusion rates are used, and the studies
addressing this issue actually have shown that the head
circumferences measured are just above or just below
the 50th percentile for head circumference at 40 weeks
corrected gestational age”, representing improved
head circumference percentiles from those measured at
birth!"”. Furthermore, even at 3.5 g/kg/day (if actually
achieved), there may be inadequate essential amino
acids to produce plasma concentrations sufficient to
achieve appropriate cellular amino acid uptake rates

and, thus, rates of protein synthesis®7%**!),

Practical feeding guidelines: transition from
intravenous to enteral feeding

During the transition from parenteral to enteral
nutrition, a shortfall of nutrient intakes may lead to
insufficient protein and energy intakes"'. This problem
arises when parenteral nutrition is diminished or
terminated early in order to limit the use of indwelling
catheters because of the associated risk of infection
(central line associated blood stream infection) and
to limit total water intake and its potential to produce
metabolic (dilutional acidosis, hyponatremia) and
®31As noted by

Hay and Ziegler™, practical solutions to this problem

cardiopulmonary (PDAs) disorders

include temporarily increasing the total and especially
the essential amino acid concentrations in parenteral

nutrition solutions, continuing parenteral nutrition

for longer periods, and advancing enteral nutrition
and milk fortification sooner and at faster rates™".
Fortification also should be started before full enteral
feeding rates are achieved, perhaps at 50 mL/kg/day"”.
A recent study in 100 VLBW infants randomized
to early fortification of enteral feeding at a feeding
volume of 20 mL/kg/day or delayed fortification at a
feeding volume of 100 mL/kg/day (all infants were
fed according to a standardized enteral and parenteral
feeding protocol; fortification was with Mead Johnson
Nutrition acidified human milk fortifier) reported that
the infants randomized to early fortification had a
higher median daily protein intake at 1, 2 and 3 weeks
of age as well as a higher cumulative protein intake
in the first 4 weeks of life. There was no difference
in days to reach full feeding volumes, episodes of

. . . . =00 [95
feeding intolerance or necrotizing enterocolitis".

Practical feeding guidelines: enteral feeding

There are many adverse consequences of
intravenous feeding only with no enteral nutrition.
Problems of exclusive intravenous feeding include
increased rates of sepsis (both due to suppressed
immunity, reduced milk-associated immune function,
and abnormal gut microbiome, as well as central
line associated bacterial infections or CLABSI),
gut mucosal atrophy and lack of production of gut-
derived trophic hormones, increased adipose tissue
and fatty infiltration of the heart and liver, systemic
inflammatory response syndrome, reduced mucosal
IgA from unstimulated and under developed Payer’s
patches, and increased adhesion molecules and
polymorphonuclear cell attraction. Animal models
such as the neonatal piglet have shown reduced
accretion of lean mass and bone mineral content as
well as increased fat mass when neonatal piglets
were fed TPN exclusively vs. enteral nutrition over

6% and older

a 16-day period"*. Studies in adults
infants and children including term infants”” have
shown greater rates of various morbidities and even

mortality when enteral nutrition is withheld and
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intravenous nutrition is used exclusively. Some of
these problems most likely are the result of excessive
glucose infusion with hyperglycemia, even when
insulin is added as part of “tight glucose control” to
maintain normal glycemia'®”. For older infants, as
in children and adults, delaying intravenous nutrition
while optimizing very early enteral nutrition appears
to be safer, with fewer cases of infection and fewer
days to discharge.99 Starting enteral nutrition as
soon as possible, therefore, is beneficial, particularly
when combined with appropriate early intravenous
nutrition"*' ",

Of particular note is the improvement in gut
development and growth using “trophic” or “gut
priming” enteral feeds. Benefits include improved
mucosal growth and development that clearly depend
on enteral (not parenteral) nutrients, improved feeding
tolerance and growth, less need for phototherapy,
decreased cholestasis, decreased osteopenia, improved
gastrointestinal trophic hormone surges, and improved
GI motility, all with no increase in complications (e.g.,
NEC, particularly with colostrum and milk)"*"*. It
also is important to note that enteral feeding increases

. . 1
superior mesenteric artery blood flow!'””!

, which may
account for the lack of a causal role for PDAs or early
indomethacin treatment to lead to early NEC!'*!. A
recent retrospective cohort study from a single NICU
evaluated 415 infants over a 5-year period who were
treated with indomethacin for PDA closure. The
infants were divided into three groups based on enteral
feed volume during treatment: those whose feeds were
held (n=229), those whose feeds were <60 mL/kg/day
(n=142), and those whose feeds were >60 mL/kg/day
(n=44). This study found no significant difference in
incidence of NEC (> Bell stage Ila) and noted that a
preemptive reduction in enteral feeds was associated
with a significantly longer time to reach full feeds""”.
As with intravenous nutrition, enteral nutrient
regimens also must provide sufficient protein to
meet the growth rates of the normally growing fetus
of the same gestational age. Several studies have

noted declining growth and head circumference

Z-score changes (birth to hospital discharge) by
year of study as human milk (mother’s and donor)
feeding increased""”. For infants <28-30 weeks
gestation, to provide about 4.0 g/kg/day of protein,
the amount needed to duplicate fetal growth, a protein
concentration of >2.8 g/100 mL of milk must be
reached. While mother’s milk primarily, but also
donor milk (secondarily), are the recommended enteral
feeding products for newborn infants, their nutrient
concentrations generally are too low, particularly of
protein, to meet the growth requirements of preterm
infants. This cannot be reached with a powder fortifier;
thus, protein intakes remain below adequate intake
levels with use of powder fortifiers. Liquid fortifiers
add greater amounts of protein (around 1.7 g of protein
per 100 mL of milk) and satisfactory protein intakes are
achieved most of the time. The customary formulation
to do this involves adding 1 mL of liquid protein
fortifier per 25 mL of milk, which will increase protein
intake by 1 g/kg/day at 150 mL/kg/day of enteral
feeds'"”.

growth, as nearly all milk but particularly donor milk

This approach increases protein gain and

contains insufficient amounts of protein, especially
as lactation matures''”""". While a systematic review
did not find significant increases in the rate of NEC
infants whose mother’s milk was supplemented with

cow milk derived protein fortifiers'"'”,

recent studies
have documented lower rates of NEC when human

milk derived protein fortifiers were used" ",

Summary and recommendation

Growth outcomes of ELBW infants remain
suboptimal, because they are not fed enough,
especially of protein. Early protein losses are
minimized by providing 3-4 g/kg/day of amino acids;
less amino acids and protein could lead to neurological
deficits. In general, preterm infants have been fed
excessive energy, which only makes them fatter;
but they still lack essential fatty acids, particularly
the LC PUFAs, particularly DHA. Providing at

least ~70 (intravenous) to 90 (enteral) non-protein
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kcal/kg/day and 3-4 g/kg/day of amino acids or protein
may approximate fetal protein accretion and growth
in reasonably healthy ELBW infants. Late preterm or
moderately preterm infants also receive suboptimal
nutrition and do not grow optimally for the same
reasons—insufficient protein and suboptimal amounts
of mother’s milk with insufficient fortification.
Research also is needed to determine optimal amino
acid and energy supplies in sick infants and those who
have experienced significant intrauterine and postnatal
growth restriction.

Only a few pre-discharge intervention studies
to promote growth in preterm infants during their
NICU stay have information on later neurocognitive,
adiposity, and insulin resistance/cardiovascular risk
factor outcomes. Abundant and consistent evidence
from observational studies link faster postnatal
growth to better neurocognitive outcomes in preterm
infants, but these studies show no obvious windows of
association and there is a high risk of confounding by
other factors/disease processes that affect both growth
and cognition. Where associations are reported in
observational studies linking faster postnatal growth to
adverse cardiovascular risk markers in preterm infants,
the findings have often not been adjusted for body size
at the time of the outcome measurements. Moreover,
comparisons were often not made to the normal
ranges of these outcome parameters in unselected
populations. Present evidence suggests that even brief
periods of relative undernutrition during a sensitive
period of development have significant adverse effects
on later development!"*),

It also is worth noting that there still is much yet
to learn about how to optimally feed preterm infants.
The balance of studies, for example, have shown that
growth between birth and expected term and 12-18
months post-term has little or no significant effect on
later blood pressure and metabolic syndrome, whereas
reduced growth during the NICU hospitalization very
clearly adversely impacts later neurodevelopment.
There is, however, a paucity of well-designed,

controlled studies in preterm infants of the effects

of nutrition during NICU hospitalization and after
discharge on neurodevelopment or the risk of
developing later life disorders such as hypertension,
obesity, or insulin resistance!'"”. Further research is
needed to determine the optimal nutrition and rate of
growth in preterm infants that will achieve optimal
neurocognitive benefits while minimizing the longer-

term risk of chronic diseases.

Practical recommendations

Normal fetal nutrition is a reasonable guide to the
nutrient requirements for preterm infants of the same
gestational age. Several aspects of fetal nutrition are
important to recognize. First, amino acids are pumped
into the fetus by active transport in the placenta at
rates that are higher than the fetus can use for protein
synthesis and net protein accretion. The excess amino
acid load is oxidized for energy. Secondly, glucose
is taken up and used to meet energy needs according
to the metabolic rate of the fetus, which does not
increase significantly with excess glucose. Excess
glucose not only causes hypoxia and acidosis, but
also leads to various forms of toxicity that impair
insulin secretion and induce cellular and systemic
inflammation. Fetal nutrition, therefore, is designed
for growth and to maintain energy balance. In contrast
“customary” ELBW/VLBW Nutrition is aimed at an
excess of energy and insufficient amounts of protein.
Glucose is pumped into the infant at rates that are
higher than the infant can use. The excess glucose load
produces hyperglycemia, which leads to inflammation
and cellular toxicity. Furthermore, amino acids are
provided at rates that are less than needed for normal
growth rates.

To more appropriately support growth of the
preterm infant to meet the growth rates and body
compositions of the normal fetus of the same
gestational age, preterm neonatal nutrition should be
aimed at supporting growth and maintaining energy.
IV nutrition should begin right after birth, and amino

acids should be infused at rates just higher than
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the infant needs (3-4 g/kg/day). The excess amino
acid load will be oxidized, providing useful energy
and diminishing hyperglycemia. Glucose should be
infused to meet glucose needs, adjusting the infusion
rate to maintain normal glucose concentrations (50-
100 mg/dL). Maximum intravenous glucose infusion
rates should not exceed 6-10 mg/kg/min = 27-
42 kcal/kg/day. Lipids should be provided to meet
additional energy (and EFA) needs: 2-3 g/kg/day = 18-
36 kcal/kg/day. Intravenous feeding should be started
right after birth.

Enteral feeding should be started as soon as the
infant is stable"'*""”), but for most preterm infants,
mother’s colostrum should be provided within the
first hour or two after birth, and buccal swabbing
with colostrum should be done immediately to help
establish an appropriate oral and gastrointestinal
microflora in the infant"'. Subsequent feeding should
preferably use fresh mother’s milk, with donor milk an
acceptable alternative. Protein (and minerals) should
be used to supplement mother’s milk and especially
donor milk to meet the gestational age-specific protein
requirements necessary for normal fetal growth rates.
Liquid fortifiers provide more protein than powder
fortifiers and they do not lead to infections since they
can be sterilized in contrast to the powder fortifiers.

Trophic or gut priming enteral feeding with
milk should be advanced progressively according
to standard protocols to avoid too many delays or
stopping feedings for events, such as gastric residuals,
that have no bearing on adverse clinical conditions,
particularly necrotizing enterocolitis'"'”. An every
3-hour feeding schedule works for most preterm
infants, though there might be an advantage to every
2 hour feeds in the smallest infants. Many studies
and meta-analyses have documented that there is no
increase in the rate of NEC or other major morbidities
when feedings were advanced at 30-35 mL/kg/day vs.
slower rates of advancement(15-20 mL/kg/day"**"*").
Achieving full enteral feedings sooner reduces the
risk from TPN and infections associated with invasive

catheters!*.

There also is little evidence to support delayed
enteral nutrition, both in terms of starting time after
birth and rate of advancement, in infants who had
IUGR with abnormal antenatal Doppler values,
particularly absent or reversed end diastolic flow
(AREDF) in the umbilical artery, in whom elective
preterm delivery is common!”. Such infants do have
increased rates of NEC and feeding intolerance, which
indicates that in addition to using fresh mother’s
milk, feedings should not be started until the infant
is physiologically stable, and should be advanced
cautiously, though there is no reason to restrict early
oral colostrum administration both to the buccal
mucosa and into the stomach!"**' |

Table 2 below is one example of a feeding
advancement protocol that adjusts for gestational age

and prior growth restriction.
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