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As research and experience over the past century
have advanced our knowledge of the nutrient
requirements and digestive functions of infants
and children in health and illness, enteral formu-
las have become more sophisticated and diversi-
fied to meet their nutritional and metabolic needs.
These liquid meals, together with advances in
enteral feeding techniques, have contributed to
the increased survival and shorter hospitaliza-
tions of pediatric patients with severely compro-
mised intestinal function as well as other children
with chronic health conditions. This chapter will
provide a brief historical perspective of the devel-
opment of infant formulas, review the composi-
tion of the major groups of available formulas for
infants and children, and discuss their use in gen-
eral. Breast- and formula feeding of infants and
the enteral nutrition support of children with spe-
cific chronic illnesses are discussed in detail in
other chapters. The composition of many formu-
las available in the United States and other indus-
trialized countries is also listed in detail in
Appendix III, grouped by category and by use.

HISTORICAL BACKGROUND

Human milk was the principal source of nutrition
for newborns and infants up to the mid-nineteenth
century. Wet nurses provided an alternate source
of milk when the mother’s milk was not adequate
or available. Milk from donkeys, horses, and
cows was used as a substitute when human milk
was not available. The mortality of bottle-fed
infants was 4 to 10 times greater than breastfed
infants in the early part of twentieth century
mainly because of unsanitary methods of prepa-
ration and storage of the milks. Innovations
toward the end of the nineteenth century and
beginning of the twentieth century, such as evap-
orated cow milk, the rubber nipple, pasteuriza-
tion, and the introduction of refrigeration into
most households in the industrialized world, led
to a greater use of formula feeding, and the prac-
tice of wet nursing was gradually replaced by
cow milk formula."* In the 1970s infectious diar-
rhea and malnutrition, two interrelated causes of
morbidity and mortality in infants in the develop-
ing nations, were linked to the unsanitary and
inappropriate preparation of infant formulas. The
marketing techniques employed by the infant for-
mula industry were blamed, among other factors,
for the decline of breastfeeding in these nations.
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In 1981 the World Health Organization and
UNICEF developed the International Code of
Marketing of Breast Milk Substitutes, the pur-
pose of which was to promote breastfeeding. The
Code set restrictions on direct marketing of the
formulas by manufacturers to the general public,
display of formulas in the health care facilities,
and distribution of formulas by health workers to
mothers of infants.> The United States gave
endorsement to the Code only in 1994, when it
was presented again at the World Health Assem-
bly. Implementation of the Code by member
nations has been incomplete, however, and viola-
tions of the Code continue.*

The modification of cow milk to make it more
similar to the nutrient composition of human
milk began in a scientific way with the German
pediatrician, Philip Biedert, who added cream,
whey, and sugar to cow milk to make it suitable
for young infants. Meigs’ mixture, formulated
by the American physician, John Meigs, was
similar in composition to Biedert’s mixture.’ In
addition to changing the quantity of cow milk
constituents, the quality of the protein, fat, and
carbohydrate in cow milk was also a subject of
research and in some cases changed, as with the
acid treatment of casein curds to render them
smaller and softer.® These early formulas formed
the basis for the modern formulas with a defined
nutrient composition that are currently fed to
human infants.

STANDARD INFANT FORMULAS

In spite of Abraham Jacobi’s admonition that
“Cow’s milk cannot be changed into woman’s
milk. . . . The efficiency of all alleged improve-
ments in artificial feeding is liable to be overes-
timated, and not always received with sound
criticism,”” modern proprietary formulas
intended for infants continue to attempt to sim-
ulate human milk. In doing this, however, the
nutrient composition has also been adjusted to
provide what are currently established as the
nutrient requirements of growing infants. The
levels of nutrients present in all infant formulas
in the United States are subjected to regulations
established by the FDA (Table 1).* For many
nutrients, minimal and maximal amounts are
specified. Modifications in nutrient and nonnu-
trient content are generally based on recom-
mendations from the scientific and medical

communities. In the United States, the Commit-
tee on Nutrition of the American Academy of
Pediatrics has had an important role in the
development of these recommendations. The
Codex Alimentarius Commission, created by
the Food and Agriculture Organization of the
United Nations (FAO) and the World Health
Organization in 1963 to develop global stan-
dards for food items, includes a standard for
infant formula composition that was first
adopted in 1981. An update on the global

Table 1 Recommended Nutrient Levels for Infant

Formulas (per 100 kcal)

Nutrient Minimum Maximum
Protein (g) 1.8 4.5
Fat (g) 33 6.0
Calories 30.0 54.0
Essential fatty acids
Linoleic acid (mg) 300.0 —
Calories 2.7 —
Vitamins
A (IU) 250.0 750.0
D (IU) 40.0 100.0
K (mcg) 4.0 —
E (IU) 0.7 —
C (ascorbic acid) (mg) 8.0 —
B1 (thiamine) (mcg) 40.0 ==
B2 (riboflavin) (mcg) 60.0 —
B6 (pyridoxine) (mcg) 35.0 —
B12 (mcg) 0.15 —
Niacin (mcg)” 250.0 —
Folic acid (mcg) 4.0 —
Pantothenic acid (mcg) 300.0 —
Biotin (mcg)" 1.5 —
Choline (mg) 7.0 —
Inositol (mg)" 4.0 —
Minerals
Calcium (mg) 50.0 —
Phosphorus (mg) 25.0 —
Magnesium (mg) 6.0 —
Iron (mg) 0.15 3.0
Iodine (mcg) 5.0 75.0
Zinc (mg) 0.5 —
Copper (mcg) 60.0 —
Manganese (mcg) 5.0 —
Sodium (mg) 20.0 60.0
Potassium (mg) 80.0 200.0
Chloride (mg) 55.0 150.0
From Section 412, Food, Drug and Cosmetic Act®
“Includes niacin (nicotinic acid) and niacinamide
(nicotinamide).
"Required only for non-milk-based infant formulas.

With permission from Duggan C, et al. Nutrition in Pediatrics. 4th ed. Hamilton, Ontario, Canada: BC Decker Inc; 2008.
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standard was prepared in 2005 by a group of
international nutritional experts coordinated by
the European Society of Pediatric Gastroenter-
ology, Hepatology and Nutrition at the request
of the Codex Committee on Nutrition and Foods
for Special Dietary Uses.’

The Infant Formula Act of 1980 and the
amendments of 1986 mandate the quality con-
trol standards under which all infant formulas
are manufactured in the United States. These
government regulations on good manufacturing
practices came about following reported cases
of hypochloremia and alkalosis in infants fed
with a chloride-deficient soy formula.'® How-
ever, the potential for error in preparation and
contamination of infant formulas pre- and post-
marketing continues even in the twenty-first
century in different parts of the world. Several
infants in Israel, which has similar regulatory
safeguards as the United States, developed signs
of beriberi, including death in two, as a result of
a thiamine-deficient soy formula imported from
Germany.'! One infant died of meningitis due to
Enterobacter sakazakii in Tennessee, USA,'"?
and another infant developed botulism due to
Clostridium botulinum type B toxin in the
United Kingdom." Bacterial contamination of
infant formulas remains an active issue in the
formula industry because, unlike liquid formu-
las, powdered formulas cannot be sterilized dur-
ing the manufacturing process. Enterobacter
sakazaki is the most common organism isolated,
though Salmonella species has also been identi-
fied in outbreaks.'* Batches of formulas have
also been recalled because of metal pieces found
in the formula, or because of an inadequate seal
that could lead to oxidation and depletion of
vitamin C in the liquid formula.'>'® These epi-
sodes emphasize the continuing need for con-
stant monitoring of infant formula composition
and quality as required by statute, including
postmarketing surveilance.

The enteral formulas can be categorized either
by their protein composition (cow-milk-, soy-,
protein hydrolysate-, and amino acid-based), or
by the intended consumer groups (eg, premature
infants, healthy infants, children with special
metabolic needs).

COW-MILK-BASED FORMULAS

Standard cow-milk-based formulas are marketed
in ready-to-use, concentrated liquid and pow-
dered forms. All are based on nonfat cow milk, to
which lactose and vegetable oils have been added.
These formulas are low in cholesterol because
the fat is derived from vegetable sources. In addi-
tion, emulsifiers (eg, lecithin) and thickeners (eg,
carrageenan) have been added. Their mineral and
vitamin content have also been adjusted to suit
the needs of human infants.

Experience accumulated over the past
50 years has shown that casein-predominant
milks support normal growth in both premature
and full-term infants.!” Casein has served as a
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standard reference protein by which to measure
the biologic value of other proteins such as soy-
bean or egg protein. The measure of the biologic
value is the grams of weight that reference animal
gains for each gram of protein fed. Setting casein
as 100%, FDA regulations require protein at a
minimum level of 1.8 g/100 kcal of formula. For
proteins with a lower biologic value, the formula
must contain proportionately more protein. No
protein source can be used with a biologic value
less than 70% of casein. Cow milk has a rela-
tively greater amount of casein than human milk.
Those formulas that are based on casein have an
amino acid and mineral composition that more
closely resembles that of cow milk than human
milk. The osmolality and potential renal solute
loads of these standard formulas fall intermediate
between human and cow milk, although these
values increase, as do those of the other constitu-
ent nutrients, if the formulas are prepared to
be more concentrated than indicated by the
manufacturer.

Renal solute load refers to the sum of solutes
filtered by the kidneys. These solutes include
amino acids, urea, and electrolytes. The potential
renal solute load (PRSL) of an enteral formula
refers to the sum total of the solutes present in the
preparation, as approximated by the equation'®

PRSL (mOsm) = N/28 + Na + Cl + K + P,

where N is total nitrogen in mg. Assuming that
1 g of protein contains 0.16 g of nitrogen, the
equation can also be written as

PRSL (mOsm) = (Protein(g) X 5.714) + Na +
Cl+ K+ P.

As the nutrients are digested, absorbed, and
metabolized, and waste products are generated,
the actual amount of solutes that reach the kid-
neys may be quite different. Nevertheless, when
the solute load is above the handling capacity of
the kidneys, dehydration from osmotic diuresis
and metabolic derangement, for example, hyper-
natremia, metabolic acidosis, and an elevated
BUN, may occur.

Infants who are fed a casein-predominant for-
mula have a different profile of amino acids in
their serum after feeding than breastfed infants,
and some have developed metabolic derangements
on casein-predominant formulas.'” For this reason
and others, including attempts by manufacturers
to simulate human milk, whey-predominant and
whey-only formulas have achieved popularity for
both premature and full-term infants. By increas-
ing the amount of whey proteins, mainly alpha-
lactalbumin and beta-lactoglobulin, the amino
acid composition of the formula is altered so that
it resembles human milk more than cow milk.
This is particularly so for the sulfated amino acids,
cystine, taurine, and methionine. Clinical studies
have demonstrated the adequate growth of full-
term infants taking these formulas. Serum amino
acid profiles of infants fed whey-predominant
formulas are different from those fed human or
cow milk, with a higher percentage of branched-
chain amino acids and threonine in circulation.

However, the significance of this finding is
unclear.**!

Iron is added to the standard formulas in order
to prevent iron deficiency in newborns in the first
year of life. Iron supplementation is particularly
important for premature or small-for-gestational-
age infants, who have reduced iron stores. The
amount of iron present in the formulas range from
approximately 4.7 to 14.5 mg/L (equivalent to
0.7 mg to 1.8 mg/100 kcal) in the United States
and 4 to 7 mg/L in Europe.** The proposed global
standard is a range of 0.3 mg to 1.3 mg/100 kcal.’
The designation “low-iron” on infant formulas
now refers to an iron content at the lower end of
the range.

Nucleotides are now being added to many of
the standard cow-milk-based formulas based on
the presence of nucleotides in human milk. The
addition of nucleotides is supported by the find-
ing of a decreased incidence of diarrheal disease
in a few studies of infants fed formulas supple-
mented with nucleotides.?>?* Furthermore, nucle-
otides added to infant formula have also increased
plasma lipoproteins and enhanced the growth of
small-for-gestational-age infants.”>?® In a study
of term infants, cow-milk-based formula supple-
mented with nucleotides enhanced antibody
responses to Diphtheria and Hemophilus influen-
zae vaccinations, but antibody responses to polio
and tetanus were unaffected.?’ In preterm infants
on formula supplemented with nucleotides, serum
IgM and IgA levels were higher, while IgG and
lymphocyte subsets were unaffected.”® The full
clinical significance of these observations remains
to be demonstrated.

The fatty acid composition of infant formulas
remains an area of intense investigation. Oils
from a variety of plants such as palm, coconut,
corn, safflower, and soybean are used instead of
the animal fat in cow-milk-based formulas. For-
mulas that contain palm olein as part of the oil
mixture were designed to imitate the palmitic
acid profile of human milk. However, several
studies have shown that babies fed with formulas
with palm olein had lower calcium and fat absorp-
tion and lower bone mineralization compared to
those on a formula without palm olein.?**° The
position of the palmitic acid in the triglyceride
molecule affects its absorption in the gut. Human
milk fat has a greater proportion of triglycerides
with palmitic acid in the beta position of the glyc-
erol backbone than palm olein. Infants on a for-
mula with a high portion of triglycerides with
palmitic acid in the beta position have better fat
and calcium absorption than those on a formula
with a low percentage of palmitic acid in the beta
position.?!

Human milk contains relatively more mono-
unsaturated fatty acids than regular infant
formulas and also contains long-chain polyun-
saturated fatty acids (LCPUFA) such as arachi-
donic (AA) and docosahexaenoic acids (DHA).
Arachidonic acid and DHA are important struc-
tural components of cell membranes in the brain
and retina. Studies have shown enhanced cogni-
tive development and visual acuity in premature

With permission from Duggan C, et al. Nutrition in Pediatrics. 4th ed. Hamilton, Ontario, Canada: BC Decker Inc; 2008.



infants fed with formulas supplemented with
AA and DHA.**% Another study in preterm
infants found increased lean body mass and
reduced fat mass by | year of age for those fed
with AA and DHA supplemented formulas.**
Studies in term infants, however, have shown
mixed results.>*¢ A follow-up study at 39 months
of age of these infants who had received AA and
DHA supplemented formulas up to 1 year found
no difference with respect to their visual and cog-
nitive functions when compared to infants fed
either breast milk or unsupplemented formula.’’
LCPUFAs also influence the maturation of the
immune system. The expression of CD45RO
(mature phenotype) on CD4+ cells and IL-10
production were higher in preterm infants fed
human milk and those fed with infant formula
supplemented with LCPUFAs compared to those
in infants fed with unsupplemented infant for-
mula alone, although it is unclear whether this is
a clinically important phenomenon.*® The supple-
mented formulas appear to be safe, as all studies
have shown no adverse outcomes and no signifi-
cant difference in the growth parameters for
infants on supplemented formulas with appropri-
ate ratios of AA and DHA 3%

Cow-milk-based formulas with lactose are
contraindicated for infants with galactosemia,
cow milk allergy, or lactose intolerance. However,
a lactose-free cow-milk-based formula with corn
syrup solids as the carbohydrate is an appropriate
choice for infants with lactose intolerance.
Another cow-milk-based formula with added rice
starch was specifically marketed for infants with
uncomplicated gastroesophageal reflux. Rice
cereal is frequently added to thicken the formula
in the management of uncomplicated gastroesoph-
ageal reflux. This practice increases the amount of
carbohydrate relative to protein in the feeding and
potentially may lead to intake of either excessive
calories or inadequate protein by the infant. This
formula addresses this concern by replacing part
of the lactose with rice starch so that the protein:
calorie ratio remains at 2.5 g/100 kcal.

A formula containing oligosaccharides as
part of the carbohydrates and the synthetic tri-
glyceride with palmitic acid in the beta position
is already commercially available in Europe.
Besides lactose, oligosaccharides make up
approximately 10% of carbohydrates in human
breast milk. The oligosaccharides are a mixture
of short chain carbohydrates with sialic acid,
fucose, and galactose residues. They are poorly
digested like soluble fiber and serve as sub-
strates for intestinal bacterial metabolism. They
promote growth of Bifidobacteria and Lactoba-
cillus species in the gut.*'** The incidence of
moderate to severe diarrheal disease in a group
of breastfed infants was found to be inversely
related to the concentration of fucosyloligosac-
charides in the breast milk.*> Human infants on
a formula with added oligosaccharides had
softer and more frequent stools and had a lower
risk for atopic dermatitis than those without the
oligosaccharide supplement.** Future studies
will determine whether this type of formula has
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other long-term advantages over those without
the oligosaccharides.

Formulas for Premature Infants

Milk feedings formulated specifically for prema-
ture and small-for-gestational-age infants are sold
in a liquid ready-to-use form for use in hospitals
and postdischarge. These formulas differ from
the standard formulas by attempting to meet the
nutritional requirements of rapidly growing low-
birth-weight infants within the limitations of
intestinal and renal functions seen in these infants.
These formulas have 20, 22, or 24 kcal/oz. When
prepared at 20 kcal/oz, these formulas contain
more protein than standard formulas. Fat malab-
sorption is a common occurrence in the low-
birth-weight infant. Therefore, a high percentage
of the fat in most of these formulas is in the form
of medium-chain triglycerides, which have been
shown to reduce steatorrhea, enhance calcium
absorption, and improve nitrogen retention in
low-birth-weight infants.*>*¢ Carbohydrate is
provided as a mixture of lactose, maltodextrins,
and glucose polymers. Glucose polymers appear
to be well tolerated by prematures.*’ Finally, the
concentrations of calcium and phosphorus, in a
2:1 ratio, are increased above levels found in
standard formulas. These nutrient concentrations
are necessary to support a rate of growth similar
to that of a full-term infant in utero. Although the
breast milk of mothers delivering premature
infants has higher protein and vitamin A concen-
trations than breast milk of mothers of full-term
infants, the amounts of these nutrients are still
insufficient to provide the daily requirements. A
human milk “fortifier” formula can be added to
breast milk to provide additional calories, cal-
cium, phosphorus, other minerals, and vitamins.

Soy-Based Formulas

The soy protein formulas were introduced for
use in infants who are cow milk intolerant.
Although soy formulas are often fed to cow
milk-allergic infants, soy protein is also anti-
genic and concomitant allergic reactions to soy
may occur in cow milk allergic infants. Soybean
protein is readily available and is a high-quality
protein. Soy protein isolate is supplemented
with L-methionine and taurine to balance the
amino acid composition relative to animal milks
and improve its biologic value.*® Soy formulas
are also supplemented with carnitine, which is
found only in animal proteins. Nucleotides are
not added to the soy formulas, as studies of
infants fed nucleotide-supplemented soy for-
mula failed to show any obvious immunological
advantages, such as an enhanced response to
vaccines or enhanced lymphocyte matura-
tion.*** The carbohydrates in soy formulas con-
sist of sucrose, corn syrup solids, and/or
maltodextrin. These formulas are therefore use-
ful in infants with clinically significant lactose
intolerance. Infants with acute lactose intoler-
ance fed soy formula may have a shorter duration
of diarrhea, although for most infants with acute
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infectious diarrhea, lactose intolerance is not
clinically significant.’'-

While earlier studies showed that bone miner-
alization was reduced in infants fed a soy-based
formula compared to infants fed a cow-milk-
based formula,> studies from the 1990s of soy
formula with improved mineral suspension
showed no difference in bone mineralization in
term infants fed soy- and cow-milk-based formu-
las.>*>° The bioavailability of phosphorus, zinc,
manganese, copper, and iron is reduced by phytic
acid and polysaccharides present in the soy pro-
tein isolate.’® Soy formulas are therefore supple-
mented with zinc and iron. Iron status appears to
be equivalent in infants fed soy and cow milk
formulas.’’

Aluminum has been found in soy formulas at
concentrations of 600 to 1,300 ng/mL, compared
to concentrations of 4 to 65 ng/mL found in
human milk.’®*>? Aluminum is the most abun-
dant metal in the earth’s crust and is present in
many plants. It is present in the formula as a
contaminant of calcium salts and the soy protein
isolate. Aluminum-induced encephalopathy has
been reported in patients with renal disease and
those who were taking aluminum salts as an ant-
acid or as phosphate binders. Aluminum also
competes with calcium for absorption and may
contribute to the osteopenia seen in infants with
compromised renal function. No adverse effects
of aluminum have been seen in healthy infants
consuming soy formulas.

Soy protein isolate also contains isoflavones
with estrogenic activity. Plasma concentrations
of the isoflavones in infants fed with soy formu-
las were two orders of magnitude higher than
levels found in infants fed with cow milk formu-
las or human milk. The high concentrations of
isoflavones found in infants fed with soy formu-
las have raised concern regarding the long-term
health effects on infants exposed to soy. While
many studies have demonstrated adequate growth
for infants fed with soy formulas, up to now only
one study has reported on the sexual develop-
ment of infants fed on soy-based formulas. This
retrospective cohort study of young adults who
had participated in studies on soy- and cow-milk-
based formulas in their infancy found no substan-
tial effects of soy formulas on either growth or
sexual maturation of human infants.®'

Other specific indications for use of the soy
formulas, in addition to lactose intolerance,
include galactosemia and parents who prefer to
avoid feeding their infants animal products, that
is, vegetarians, or those whose specific religious
dietary laws preclude the use of animal-based
milks. The majority of infants with cow milk pro-
tein intolerance can tolerate soy formula. How-
ever, 15-40% of those with cow milk protein
intolerance may have concomitant soy intoler-
ance.®>% There is no benefit from the use of soy
formulas to treat common problems in infancy
such as gastroesophageal reflux, colic, and con-
stipation unless these are symptoms of cow milk
intolerance. Weight gain and bone mineralization
in preterm infants fed soy formula have been

With permission from Duggan C, et al. Nutrition in Pediatrics. 4th ed. Hamilton, Ontario, Canada: BC Decker Inc; 2008.
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reported to be lower than those fed cow-milk-
based formulas.®*%° Because of this and a concern
for aluminum toxicity associated with soy formu-
las, the American Academy of Pediatrics issued a
policy statement that “soy protein-based formu-
las are not designed or recommended for prema-
ture infants who weigh < 1800g.”% For the same
obvious reason, soy formulas should also be
avoided in patients with renal disease, and
patients with fructose intolerance should avoid
soy formulas that contain sucrose.

Other Non—Cow Milk-Based Infant Formulas

Goat milk has been frequently used to feed cow
milk-sensitive infants although studies show that
it is as antigenic as cow milk. Like almost all
mammalian milks (the California sea lion is an
exception), lactose is the carbohydrate in goat
milk. Goat’s milk is high in essential fatty acids
and has a higher percentage of medium-chain
triglycerides than cow milk. It is low in folate,
and because of more useful and effective com-
mercial formula alternatives, its popularity has
markedly waned in the United States. Goat milk
remains a significant source of nutrition for
infants after weaning in other countries. Infants
fed with home preparations of goat milk are at
risk for nutritional deficiencies and infections if
the milk is contaminated. A goat milk formula,
commercially produced in New Zealand, has
been reported to be equivalent to a cow milk for-
mula in terms of its growth-promoting effect and
frequency of adverse events in term infants.®’

Meat-based formula is yet another lactose-
free, cow milk protein-free alternative for infant
feeding. Its nutritional adequacy for healthy
infants has been demonstrated, and it may be used
in the management of children with food-induced
atopic dermatitis,’ but currently there is no com-
mercial preparation of it.

PROTEIN HYDROLYSATE FORMULAS

Protein hydrolysate formulas, sometimes referred
to as semielemental formulas (a vague term,
implying that the hydrolysis process results in a
source of nitrogen close to the free amino acids
found in an “elemental” formula), are intended
for patients with disorders associated with com-
promised enteric digestion, such as short bowel
syndrome, food protein allergy, autoimmune
enteropathy, HIV-associated enteropathy, cystic
fibrosis, pancreatic insufficiency, and hepatobili-
ary disorders such as biliary atresia. The casein or
whey in these formulas (Appendix III) is modi-
fied by hydrolysis and the addition of free amino
acids. The casein hydrolysates are supplemented
with L-cystine, L-tyrosine, and L-tryptophan to
increase their biologic value to the infant. The
major portion of the nitrogen in the formulas is in
the form of oligopeptides. While the hydrolyzed
protein peptides are less likely to induce an anti-
genic response than whole protein molecules,
they are not nonallergenic.” 7! One study sug-
gests that peptides consisting of 5, 4, or even
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3 amino acids can still activate T cell clones in
vitro.”? There is evidence to support the consider-
ably faster rate of intestinal amino acid uptake
from solutions containing dipeptides, tripeptides,
or partially hydrolyzed proteins than from solu-
tions composed solely of free amino acids.” For-
mulas with oligopeptides have a lower osmolality
than a free amino acid-containing formula, and
therefore may have a theoretical advantage over
the amino acid-containing formulas for young
infants and patients with short bowel syndrome.
With immaturity of the intestine or loss of absorp-
tive surface area, either following bowel resec-
tion or as a result of inflammation, all of the
disaccharidases, but most commonly lactase, may
be diminished.”* The use of sucrose or glucose
polymers (partially hydrolyzed corn starch)
would therefore be useful in circumventing the
absence of lactase or both lactase and sucrase.
Monosaccharides are not used exclusively in any
of the prepared formulas because of their high
osmolality, which may inhibit gastric empty-
ing”>"® and further impair intestinal function.

Medium-chain triglycerides form a large per-
centage of the total fat content of these formulas.
Medium-chain triglycerides can be absorbed
from the intestine with minimal lipolysis to enter
the portal circulation. Because of the enhanced
solubility of medium-chain fatty acids in aqueous
fluids, absorption of this form of fat can also take
place in the absence of bile salts in the intestinal
lumen and unstirred layer. None of these formu-
las contains only medium-chain triglycerides
since they would then be devoid of the essential
fatty acids. Medium-chain triglycerides increase
the osmolality of a formula more so than long-
chain fatty acids, and the excessive use of this
form of fat may also contribute, in some patients,
to excessive losses of stool water.

FREE AMINO ACID FORMULAS

The principal difference between these formulas
and the peptide-based formulas is in the amino
acid composition. The lipid component is a mix-
ture of safflower, coconut (or MCT), and soy oils
to provide essential and nonessential fatty acids.
The carbohydrate is from corn syrup solids or
maltodextrins, which are both derived from corn
starch, differing only in the size of glucose poly-
mers. As free amino acids by themselves are non-
immunogenic, these formulas are most useful for
infants and children with multiple food allergies
that do not tolerate even the peptide-based for-
mulas. Several studies have shown that most
infants with cow milk or multiple food allergies
are able to grow adequately on amino acid-based
formulas.””-”® However, depending on the manu-
facturing and purification process, the soy oil
may be contaminated by trace amounts of soy
protein and may trigger an allergic response in
susceptible individuals.” Children with severe
enteropathy or short bowel syndrome unable to
tolerate protein hydrolysates can use the amino
acid-based formulas as an alternative or as an
adjunct to parenteral nutrition.*

FOLLOW-UP FORMULAS

Follow-up formulas are defined by the joint
FAO/WHO Codex Alimentarium Commission
(1988) as: “A food intended for use as a liquid
part of the weaning diet for the infant from the
6th month on and for young children.”®" Cur-
rently, several formulas for this use are mar-
keted in the United States. These formulas are
either cow milk or soy based, differing from the
standard infant formulas only slightly in nutri-
ent concentrations. Even though follow-up
formulas are nutritionally adequate, they have
no advantage over a combination of solid foods
and standard infant formulas and/or human milk
and may interfere with the normal weaning pro-
cess. Ideally, the weaning process should take
place over a period of several months, effecting
a transition to a solid food diet comprising 30 to
50% of total calories. Solid foods should com-
plement infant formula/breast milk in mineral
and vitamin composition.*?

FORMULAS FOR CHILDREN
1TO 10 YEARS OF AGE

Although the use of formulas among healthy chil-
dren decreases significantly after the first year of
life, some children may require continued nutri-
tional support with a liquid formula for a variety
of reasons, including inadequate nutrient intake,
perhaps as a result of chronic infections or single
or multiple organ system dysfunction, compro-
mised digestion or absorption, or inherited
disorders of metabolism. These formulas can be
cow milk-, soy-, peptide-, or amino acid-based.
The carbohydrate is usually corn starch-derived
glucose polymers and sucrose, and the fat is a
blend of vegetable oils, such as safflower, soy,
canola, and coconut oil to provide both medium-
and long-chain triglycerides. These formulas are
different from the infant formulas with a higher
caloric density and protein concentration. The
mineral and vitamin concentrations are intended
to support the daily requirements for this age
group.

Children who are unable to chew and swallow
adequately due to neurological impairment, but
who have intact intestinal motility, digestion, and
absorption, exemplify those with a need for such
a liquid enteral formula. For these children, the
formulas are often administered via a gastros-
tomy. Children with critical illnesses or conditions
who are unable to eat by mouth due to airway
issues may use an enteral formula in the short
term via a nasogastric or nasojejunal tube. Until
recently, both adult and infant formulas have
been used for preschool and school-aged children
because of a lack of specific formulations for
these age groups. If such formulas are “tailored”
and their use is monitored to meet individual
patient needs, they can be used successfully in
this age group. However, vitamin and mineral
deficiencies/excesses, osmotic diarrhea, and an
excess renal solute load are a few of the concerns
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with the use of adult products in young children.
Current products specifically manufactured for
this age group have made it easier provide the
nutrients required to optimally support their
growth. Some of the formulas have added soy
fiber. Studies in adult patients have shown fewer
problems with diarrhea (and constipation) when
fiber is added to the enteral nutrition.3*%

Peptide- and amino acid-based formulas
designed for older children are often used for
patients with limited digestive and absorptive
capacity, such as those with Crohn disease, pan-
creatitis, and chemotheapy-induced enteropathy,
in addition to those disorders mentioned above.
In the case of Crohn disease (see also Chapter 48)
peptide- and amino acid-based formulas have
been used successfully to induce and maintain
remission. While a meta-analysis of several ran-
domized, controlled trials indicated that enteral
nutrition was less effective than corticosteroids in
induction of remission in adults with active Crohn
disease,® studies in children suggest the oppo-
site.3® Several studies have also demonstrated that
enteral nutrition begun early in the course of
acute pancreatitis was superior to parenteral nutri-
tion, with fewer septic complications and lower
cost.” 3% A recent meta-analysis of enteral nutri-
tion in patients with pancreatitis confirms the
safety and efficacy of this route of nutrition.”
Children requiring long-term tube feeding sup-
port, without any oral supplementation, should be
monitored for the development of macro- and
micronutrient deficiencies, for example, vitamin
B,,, zinc and selenium, especially in those with
chronic disease processes and severe diarrhea.
Children with severe developmental delay and
mental retardation are also at risk for obesity and
osteopenia because of a low resting energy expen-
diture and inactivity. Since vitamins and trace
elements in these formulas are present in propor-
tion to the calories, provision of supplemental
vitamins and minerals may be necessary if the
amount of calories provided is substantially less
than the usual recommended dietary allowance
for age.

MODULAR FORMULAS

Modular formulas may be complete or intended
to supplement the diet, and can be used to satisfy
a particular nutrient requirement or to augment
an already established feeding regimen (eg,
caloric supplementation). For example, a carbo-
hydrate-free product containing protein, fat, vita-
mins, and minerals can be mixed with another
carbohydrate source in the treatment of condi-
tions such as fructose intolerance or galactose-
mia. Carbohydrate-free formulas are also used in
a ketogenic diet for infants and young children
with intractable seizure disorders. Protein prepa-
rations of casein or whey are available separately
without lactose and fat. Human milk fortifiers
provide a mixture of protein (cow milk), fat
(medium-chain triglycerides), carbohydrate (corn
syrup solids), vitamins, and minerals to provide
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additional nutrients to premature and full-term
infants who are fed with breast milk. Problems
may arise with their solubility in various com-
mercial formulas, and they may also cause a sig-
nificant increase in the osmolality of the new
mixture.”’ Additionally, when modular formulas
are prepared by supplementing a standard liquid
diet with extra carbohydrate or fat, changes in the
calorie-to-nitrogen ratio occur which may not
support optimal growth. In spite of these limita-
tions, when used appropriately, these formulas
and additives provide a means of specifically tai-
loring formulas to meet the nutritional needs of
infants and children for whom no standard
prepared formula is available. Children with
congenital heart disease, renal disease, liver
disease, and bronchopulmonary dysplasia are
representative of those requiring formulas of
increased caloric density because they are often
fluid-restricted and have increased calorie
requirements.

FORMULAS FOR METABOLIC
DISORDERS

Liquid feedings are available to support patients
with specific inborn errors of metabolism. These
formulas generally use a mixture of amino acids
as the protein source, without the specific amino
acid(s) that can cause toxicity in patients with
that specific metabolic disorder (eg, phenylala-
nine in phenylketonuria). These formulas are
also available for different age groups. Some for-
mulas can be used for more than one metabolic
disorder. The formula for patients with Maple
Syrup Urine Disease is free of the branched-
chain amino acids leucine, isoleucine and valine,
and it may also be used for patients with
hypervalinemia, methylacetoacetic aciduria, iso-
valeric acidemia, hyperleucine-isoleucinemia,
and leucine-induced hypoglycemia. However,
since the omitted amino acid(s) are also essential
for growth, a certain minimal amount of addi-
tional protein containing the missing amino
acid(s) needs to be provided in the diet for these
patients. For patients with metabolic disorders of
fatty acids, such as long-chain- and very-long-
chain acyl CoA dehydrogenase deficiencies, a
formula with medium-chain triglycerides as the
predominant fat source is used.

The metabolic status of these patients can be
easily deranged by an acute viral infection that
affects their oral intake. The mainstay of a “sick-
day plan” is provision of adequate calories using
a glucose polymer to prevent starvation-induced
gluconeogenesis and lipolysis and subsequent
accumulation of toxic metabolites.”? Patients
must be monitored closely for clinical and labo-
ratory indices of toxicity and deficiency. These
formulas include vitamins and minerals age-
adjusted to meet the patients’ needs. However,
one study, based on 3-day diet records, indicated
that children with maple syrup urine disease were
getting only 21 to 66% of recommended daily
allowance for selenium.”® Until further studies
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have been completed, the long-term efficacy and
safety of some of the metabolic formula products
remains to be determined.

FORMULAS INTENDED FOR OLDER
CHILDREN WITH CHRONIC ILLNESS

Enteral formulas intended for adults can generally
be used for children older than 10 years of age
with chronic illness. The osmolality of these for-
mulas varies from 280 to over 600 mosm/L.
Sucrose is often one of the carbohydrate ingredi-
ents, perhaps to make these formulas more palat-
able. The sources of protein, carbohydrate, and fat
are similar to those used for younger children and
infants, but differ in their concentrations. Fiber is
added in many of the formulas. In addition to
standard formulas for the chronically feeding
tube-dependent population, a number of disease-
specific formulas are available (see Appendix III).
Patients with severe pulmonary compromise may
benefit from formulas that provide 40 to 55% of
calories from fat, which has a lower respiratory
quotient—that is, lower CO, production—than
carbohydrates.” In contrast, formulas with a high-
carbohydrate and low-fat content are preferred for
patients with burn injury,” and patients with renal
failure may benefit from formulas with low pro-
tein and salt concentrations. Some enteral formu-
las have increased concentrations of
branched-chain amino acids (BCAA) that may be
protein-sparing or reduce ammonia production in
patients with chronic liver failure. Recently, sin-
gle photon emission computed tomography
(SPECT) in patients with cirrhosis and healthy
controls showed that cirrhotic patients had reduced
cerebral perfusion in bilateral, central, parietal,
angular, and left pericallosal segments as com-
pared to the healthy controls. The cirrhotic patients
had improved cerebral perfusion 70 minutes after
taking BCAA compared to those given placebo.”®
One randomized, controlled trial in adults with
cirrhosis found that those given BCAA supple-
mentation for 1 year had a risk for death or clinical
deterioration lower than those given lactalbumin
but not lower than those given maltodextrins.”” A
second randomized, controlled trial examined the
effect of BCAA supplementation at 12 g/day in
comparison to a diet with defined daily protein
(1-1.4 g/kg) and caloric (25-35 kcal/kg) intake
for 2 years in adults with cirrhosis. The primary
end point was a composite of death, liver cancer,
rupture of esophageal varices, or progress of
hepatic failure, and secondary end points were the
serum albumin concentration and quality of life
measures. The BCAA group had better outcomes
for both primary and secondary endpoints.”

FORMULAS FOR CRITICALLY
ILL PATIENTS

A number of nutritional substrates may modulate
the host response to critical illness including
major trauma. Included among these are zinc,
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glutamine, arginine, and omega-3 fatty acids.
Animal, human, and/or epidemiologic data sug-
gest that one or more of these nutrients may be
beneficial in the treatment of diseases such as
AIDS,**1% ylcerative colitis,'"! lupus,'*’ rheuma-
toid arthritis,'” major burns,'*!% and coronary
heart disease.'” Possible effects include an
improvement in nitrogen balance (arginine), nor-
malization/reduction of platelet aggregation
(arginine),'"” substrate availability for energy uti-
lization in rapidly replicating cells such as entero-
cytes and lymphocytes (glutamine),'*®!% a
decrease in the incidence of bacterial transloca-
tion (glutamine),''* and alterations in eicosanoid
and cytokine production (omega-3 fatty
acids).“l’m

Some randomized trials have demonstrated
decreased infection rates, improved nitrogen bal-
ance, a decrease in hospital stay, and decreased
cost of care in adult patients on an enteral for-
mula supplemented with glutamine or with added
fish oil, arginine and nucleotides.''*"''® These
findings were corroborated in a systematic review
of 22 randomized, controlled trials involving
2,419 surgical and critically ill patients on either
an immune-modulating formula or a standard
formula.''” However, none of the studies has
shown any difference in mortality in patients as a
result of these supplements, and few studies have
been performed in children.

In addition to the “conditional essential nutri-
ents” mentioned above, there is also research
interest in the potential therapeutic role of cyto-
kines and growth factors found in the whey frac-
tion of cow milk. Bovine colostrum is currently
available as a diet supplement and has been
reported to protect against the nonsteroidal antiin-
flammatory drug-induced increase in intestinal
permeability.!'® Studies in vitro have demon-
strated that a bovine whey protein concentrate
protected against chemotherapy-induced cell
injury and suppressed T and B lymphocyte prolif-
erative responses to mitogens.''**'* Transforming
growth factor beta (TGFf) is present in bovine
whey and especially that of colostrum,'?!' but it
can account for only some of the effects seen with
the use of the bovine whey extract or colostrum.
An enteral formula with bovine TGFB adminis-
tered to 29 children with Crohn disease was effec-
tive in causing clinical remission in 79% after 8
weeks, though it was not a randomized or con-
trolled study.'?? Further research will determine
whether TGF( or other factors in bovine whey are
useful in the management of patients with severe
enteropathies.

In all patients with critical illness on a defined
diet, the potential for the development of serious
metabolic complications, such as azotemia,
hypocalcemia, and hypomagnesemia, is high.
Thiamine deficiency has been reported in 10 of
80 critically ill children admitted to the intensive
care unit for more than 2 weeks and in 4 of 6
patients on chemotheapy.'?* Thus, in spite of their
label as “complete” enteral feedings, chemically
defined diets may lack essential nutrients,
especially trace nutrients. A regular system for
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monitoring nutritional adequacy, including
anthropometric determinations, must be under-
taken. Laboratory tests such as complete blood
count, total protein, albumin, ferritin, electrolytes,
BUN, creatinine, Ca, Mg, and P require only
small volumes of blood, while additional tests
such as zinc, copper, folate, B,, vitamin A, vita-
min E, and so on may also be indicated, depend-
ing on the underlying medical condition.

CONCLUSION

Standard infant formulas have evolved signifi-
cantly since the turn of the century and now pro-
vide some but not all of the advantages seen with
breastfeeding. There has also been a significant
advance in our ability to provide adequate and
appropriate nutrition by the enteral route to
infants and children who would otherwise have
required extended parenteral nutrition support. In
spite of the relative ease of enteral feeding,
patients must be carefully observed to ensure that
they are growing and developing appropriately
and that nutritional deficiencies are not develop-
ing. Physicians have the responsibility to inform
their patients about the risks of enteral formulas.
They must also be informed themselves about the
evidence for the purported advantages of various
formulas, as research efforts continue to define
the role of nutrients and nonnutritive substances
in the diet that will promote the health and the
normal growth and development of infants and
children.
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