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ABSTRACT Achieving appropriate growth and nutrient accretion of preterm and low birth weight (LBW) infants is often
difficult during hospitalization because of metabolic and gastrointestinal immaturity and other complicating medical
conditions. Advances in the care of preterm-LBW infants, including improved nutrition, have reduced mortality rates for
these infants from 9.6 to 6.2% from 1983 to 1997. The Food and Drug Administration (FDA) has responsibility for
ensuring the safety and nutritional quality of infant formulas based on current scientific knowledge. Consequently, under
FDA contract, an ad hoc Expert Panel was convened by the Life Sciences Research Office of the American Society for
Nutritional Sciences to make recommendations for the nutrient content of formulas for preterm-LBW infants based on
current scientific knowledge and expert opinion. Recommendations were developed from different criteria than that
used for recommendations for term infant formula. To ensure nutrient adequacy, the Panel considered intrauterine
accretion rate, organ development, factorial estimates of requirements, nutrient interactions and supplemental feeding
studies. Consideration was also given to long-term developmental outcome. Some recommendations were based on
current use in domestic preterm formula. Included were recommendations for nutrients not required in formula for term
infants such as lactose and arginine. Recommendations, examples, and sample calculations were based on a 1000 g
preterm infant consuming 120 kcal’kg and 150 mL/d of an 810 kcal/L formula. A summary of recommendations for
energy and 45 nutrient components of enteral formulas for preterm-LBW infants are presented. Recommendations for
five nutrient:nutrient ratios are also presented. In addition, critical areas for future research on the nutritional require-

ments specific for preterm-LBW infants are identified. J. Nutr. 132: 1395S-1577S, 2002.

PREFACE

The Life Sciences Research Office (LSRO) of the Ameri-
can Society for Nutritional Sciences (ASNS) provides scien-
tific assessments of topics in the biomedical sciences. Reports
are based on comprehensive literature reviews and the scien-
tific opinions of knowledgeable investigators engaged in work
in relevant areas of biology and medicine. This LSRO/ASNS
report was developed for and supported in part by the Center
for Food Safety and Applied Nutrition, Food and Drug Ad-
ministration (FDA) under Task Orders #11 & 13 of Contract
No. 223-92-2185. During the course of this project, adminis-
trative responsibility for LSRO transitioned from the Federa-
tion of American Societies for Experimental Biology in 1998
through the ASNS to separate incorporation as LSRO, Inc in
2001. The ASNS acknowledges the cooperation of LSRO,
Inc. in preparation of this report.

An Expert Panel provided scientific oversight and direction
for all aspects of the project. The LSRO independently appointed
members of the Panel based on their qualifications, experience,
and judgment, with due considerations for balance and breadth in
the appropriate professional disciplines. Notices in the Federal
Register of November 15, 1996 and January 15, 1998, invited
submission of data, information, and views bearing on the topic
under study. LSRO held two Open Meetings, March 26, 1997
and March 27, 1998, and accepted written submissions. The
Expert Panel convened six times (four full meetings and two
conference calls) to assess the available data. Drs. William Heird,
C. Lawrence Kien, Michael Georgieff, Ephraim Levin, and ]. Ce-
cil Smith made significant contributions to the writing and con-
struct of sections of the report. Special appreciation is expressed
to Dr. William Hay for his contributions during final review.
Because the Committee on Nutrition of the American Academy
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of Pediatrics, the Food and Nutrition Board of the Institute of
Medicine, and Health Canada provide professional advice on
issues related to the topics of this report, these organizations
received notices of progress of this study and opportunity for
review. The LSRO staff, special consultants, and members of the
Expert Panel considering all available information drafted the
report, incorporated reviewers' comments and provided addi-
tional documentation and viewpoints for incorporation into the
final report. The final report was reviewed and approved by the
Expert Panel and the LSRO Board of Directors. On completion
of these review procedures, the report was approved and trans-
mitted to the FDA by the Executive Officer, ASNS, and the
Executive Director, LSRO.

The listing of members of the Expert Panel and others who
assisted in preparation of this report does not imply endorsement
of all statements in the report. Although this is a report of the
LSRO/ASNS, it does not necessarily reflect the opinion of the
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1. INTRODUCTION

This report is the second prepared for the U. S. Food and
Drug Administration (FDA) under FDA contract 223-92-
2185 by the Life Sciences Research Office (LSRO) to review
the medical and scientific literature regarding the nutrient
needs of infants and the composition of infant formulas. The
first report, Assessment of Nutrient Requirements for Infant For-
mulas (Raiten et al.,, 1998a), focused on formulas for term
infants. The present report concerns the nutrient requirements
for certain premature and low birth weight (LBW) infants and
the composition of formulas intended for feeding these infants.

Formulas for preterm infants were developed with a nutri-
ent profile different from that of human milk and term formu-
las, in part because of early observations that preterm infants
grew better when formula, human milk, or banked human milk
was supplemented with protein and minerals (Atkinson et al.,
1981; Atkinson et al., 1983; Lucas et al., 1984). Achieving
appropriate growth and nutrient accretion is often difficult
because of the special needs of the preterm infant as a result of
metabolic and gastrointestinal immaturity, compromised im-
mune function, and other complicating medical conditions
(Georgieff, 1999; Wright et al., 1993). Advances in the care of
preterm infants, including improvements in delivery of appro-
priate nutrition, have reduced mortality rates for infants born
weighing less than 2500 g from 9.6% to 6.2% between 1983
and 1997 (U.S.Department of Health and Human Services.
Centers for Disease Control and Prevention. National Center
for Health Statistics, 2000). Larger changes were seen within
certain weight ranges. For example, the mortality rate of
infants born weighing between 1000 and 1499 g decreased
from 16.2% to 6.2% during this period. As newer knowledge
related to special nutritional requirements of preterm infants
becomes available, existing formulas may be modified and new
products developed.

Birth weight and length of gestation are strong predictors of
an infant’s future health and survival. Of 3,959,419 births in
the United States in 1999, 11.8% were preterm (less than 37
completed weeks of gestation) and 7.6% were LBW (less than
2500 g) (Ventura et al., 2001). In 1998, 65% of all infant
deaths occurred among LBW infants, whereas the mortality
rate was less than 1% for infants born 2500 g and above
(Mathews et al., 2000). From 1990 to 1999, the percentage of
preterm births rose 11% and the rate of LBW births rose 9%
(Ventura et al., 2001).

The FDA, under the provisions of the federal Food, Drug,
and Cosmetic Act (FDCA) as amended, is responsible for
ensuring the safety and nutritional quality of infant formulas.
Regulations for infant formulas are codified in Title 21 Part
107 of the Code of Federal Regulations (21 CFR 107). For-
mulas for infants of LBW are regulated as exempt infant
formulas under the Infant Formula Act of 1980 and its 1986
amendment. Exempt infant formulas are typically prescribed

by a physician and are distributed directly to institutions such
as hospitals rather than through retail channels. Such formulas
are also generally represented and labeled solely to provide
dietary management for specific diseases or conditions that are
clinically serious or life threatening, and they are usually
required for prolonged periods (21 CFR 107.50). Exempt in-
fant formulas may have nutrients or nutrient levels that are
different from those specified in 21 CFR 107.100 after FDA
review of data submitted by the manufacturer pertaining to the
medical, nutritional, scientific, or technological rationale, in-
cluding any appropriate animal or human clinical studies.

Regulations establishing quality factors for infant formulas
are to be consistent, to the extent possible, with current
scientific knowledge. Consequently, the FDA requires evalu-
ation of the scientific literature and expert opinion constitut-
ing current scientific knowledge of nutrient requirements for
formulas for preterm or LBW infants.

SCOPE OF WORK

The LSRO performed an independent assessment of the
nutrient requirements for formulas for preterm-LBW infants to
answer questions posed by the FDA in task orders defining the
scope of work. These questions are as follows:

What scientific basis is there to support requirements for energy
and macronutrients (protein, fat, and carbohydrate) in infant
formulas intended for use by preterm infants as distinct from the
requirements for energy and macronutrients in formulas for term
infants? The American Academy of Pediatrics (AAP), the
European Society for Paediatric Gastroenterology and Nutrition
(ESPGAN), and the Canadian Paediatric Society (CPS) have
proposed some nutrient requirements for preterm infants distinct
from those for term infants. Has scientific knowledge advanced to
the point that distinct composition standards for energy and macro-
nutrients in formulas for these preterm infants are warranted?

Nutrient requirements of hospitalized preterm infants who are
fed enteral formulas are sometimes described according to stages
such as a first or transition stage (between birth and 10 days of
age), a stable growing stage (from about 10 days until discharge
from the hospital, 6—8 weeks after birth), and a postdischarge stage
(from discharge home to approximately 1 year of age). Is there
scientific evidence for more than one set of energy and macronu-
trient requirements to support growth and development of the
hospitalized preterm infant at the different stages of development? If
s0, how should the stages be defined? Are the energy and macro-
nutrient requirements for infant formulas for term infants sufficient
for healthy postdischarge preterm infants? Is there scientific evidence
to support specific deviations from current nutrient standards for
hedlthy postdischarge preterm infants and if so, what would they be and
at what stage (age/weight) should these special formulas be given?

Does available evidence establish essentiality of addition of sub-
components of the macronutrients [specifically, taurine, carnitine,
and long-chain polyunsaturated fatty acids (LCPUFAs)] to formu-
las for preterm infants, and if so, does the evidence establish what
the amount and ratios of these compounds should be in the formula?
For example, the Canadian Guidelines for the Composition and
Clinical Testing for Formulas for Preterm Infants finds that term
infant formulas containing adequate and balanced 18:2n-6 and
18:3n-3 fatty acids do not require addition of the 20- and 22-
carbon n-6 and n-3 fatty acids. Is there available evidence to suggest
that this is also true for preterm infant formulas? If so, is there an
optimum level and ratio of 18:2n-6 and 18:3n-3 fatty acids in
formulas for preterm infants?

Does the available evidence address the issue of safety of various
sources of these LCPUFAs for use in preterm infant formulas? If
50, is there a safe source of LCPUFAs?
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Does available evidence establish the essentiality of addition of
nucleotides to formulas for preterm infants and, if so, does the
evidence establish what the amounts should be in the formulas?

What scientific basis is there to specify requirements for micro-
nutrients in infant formulas intended for use by LBW premature
infants? The possibility that the micronutrient requirements of LBW
infants may be different from those of term infants was recognized
by their classification as “exempt” infant formulas by the Infant
Formula Act. The AAP, ESPGAN, and CPS have proposed
nutrient requirements for LBW infants distinct from those for term
infants. Has scientific knowledge advanced to the point that distinct
micronutrient composition standards for formulas for these preterm
infants are warranted?

Micronutrient requirements of preterm infants fed enteral for-
mulas are sometimes described according to a furst or transition stage
(between birth and 10 days of age), a stable growing stage (from
about 10 days until discharge from the hospital, often 6—8 weeks
after birth), and a postdischarge stage (from discharge home to
approximately 1 year). Is there scientific evidence for more than one
set of micronutrient requirements for infant formulas to support
hedlthy growth and development of the preterm infant at the different
stages of development? Are the micronutrient requirements for term
infant formulas sufficient for thriving postdischarge preterm infants?

What is the scientific evidence of dietary essentiality for a
minimum and/or maximum quantitative nutrient concentration for
selenium, chromium, molybdenum, and fluoride in preterm infant
formulas? What limits of intake would ensure safe and adequate
exposure to these nutrients? Is there a need to specify the chemical
form or other characteristics of these nutrients or their sources to
ensure safety and adequacy?

Can other micronutrient interactions be identified for preterm
infants besides those already established to ensure nutrient adequacy
for term infants, i.e., vitamin E-to-linolenic acid, vitamin Bg-to-
protein, and calcium-to-phosphorus ratios? Are there recommended
ratios for metal ions? Is the evidence of interaction between these
minerals sufficiently strong that the ratios should be ensured for the
health of preterm infants?

Is there adequate evidence of benefit of other substances not
listed above to support a requirement for their inclusion in preterm
infant formulas?

The FDA requested that this report focus only on nutrition
issues and not address manufacturing issues that also are rele-
vant to preterm formula nutrient content. For example, this
report does not address the important Good Manufacturing
Practice issues of processing overages and nutrient stability
that have a direct impact on ensuring the availability of
essential nutrients throughout a formula’s shelf life (Gelardi &
Mountford, 1999). Although the FDA considers manufactur-
ing issues in developing regulations, the Expert Panel also
interpreted these issues to be beyond the scope of work and
therefore they are not addressed in this report.

The LSRO conducted a review of published scientific stud-
ies to determine the availability of information pertaining to
the questions raised by the FDA regarding nutrient specifica-
tions for preterm infant formulas. To evaluate the information
gathered and to respond to the questions posed by the FDA,
the LSRO convened an ad hoc Expert Panel of scientists with
expertise in disciplines relevant to the study, such as neona-
tology, gastroenterology, trace mineral metabolism, and nutri-
tional biochemistry. Additional information and scientific ex-
pertise were obtained from scientists who were identified by
members of the Expert Panel as consultants. Public input into
this process was also obtained at two open meetings held on
March 26, 1997, and March 27, 1998. The LSRO staff incor-
porated relevant published literature identified by ad hoc re-
viewers, members of the Expert Panel, and electronic literature

searches during preparation of the final draft of the report in
2001. The Expert Panel considered the materials, information,
and opinions obtained from all of these sources, and the LSRO
staff drafted and edited the final report in consultation with
the Expert Panel.

2. PRINCIPLES AND CONCEPTS USED IN
DEVELOPING RECOMMENDATIONS

The Expert Panel used the following principles and con-
cepts to arrive at its conclusions and recommendations for
nutrient composition of preterm infant formula.

SCOPE AND DATA INTREPRETATION

The preterm infant is a hospitalized patient who requires
medical supervision and treatment in addition to the delivery
of preterm infant formula and who is often at risk of clinically
critical or life-threatening sequelae. The Expert Panel re-
viewed data with due consideration of limitations imposed by
a shortened period of gestation and the stage of development
at birth. Thus, multiple problems affecting premature infants
may confound nutritional issues.

The Expert Panel based its recommendations on the con-
cept that the formula would serve as the sole source of nutri-
tion for the preterm-low birth weight (LBW) infant. The
recommendations are for formulas as fed. The use of enteral
formulas as the sole source of nutrition for preterm infants is
limited by the developmental stage of the gastrointestinal and
renal systems (see Appendix A). The recommendations in this
report are intended for infants born preterm [before 36 weeks
of gestational age (GA)] and for those born small for GA
(SGA; SGA infants are LBW, i.e., weigh <2500 g). Insuffi-
cient data exist to distinguish between the nutrient require-
ments of these two groups, and many infants fit into both
categories. Recommendations in this report are appropriate for
preterm-LBW infants under medical supervision during their
initial hospitalization, which usually ends at a weight of 1800—
2000 g (Cruz et al., 1997). Whether these recommendations will
also meet the needs of infants weighing <750 g is not known,
because few data concerning their nutritional requirements are
available. In this report, recommendations, examples, and sample
calculations that are presented are often based on a 1000-g
preterm-LBW infant consuming 120 kcal/kg in 150 mL/d of an
810 kcal/L formula (Georgieff, 1999; Wessel, 2000).

The Expert Panel concluded that changes in nutrient needs
consequent to a clinical condition or medical care that would
not be met by changing the concentration or dilution allow-
able within the caloric range of a preterm formula should be
the responsibility of the clinician caring for the patient. Rec-
ommendations are intended to apply to most preterm infants
as supported by documented evidence, whereas the process of
achieving nutritional goals for a specific preterm infant is deter-
mined on a case-by-case basis according to that infant’s GA,
physiological development, and clinical condition. Goals (e.g.,
growth rate) are to be achieved over time and can be accelerated
or delayed based on the clinical judgment of the neonatologist.

Biochemical indices of deficiency, adequacy, and toxicity
developed in term infants, children, and adults may have
limitations when used for preterm infants. Nevertheless, ex-
trapolations based on body weight, metabolic capacity, or
nutrient load were made and served as a basis of consideration.

Human milk was not used as the primary model as a means
to identify the amount of each nutrient to be contained in
preterm infant formula. However, because there may be ingre-
dients in human milk that are essential for preterm infants,
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substances present in human milk were considered for inclu-
sion in preterm infant formulas. The Expert Panel endorsed
mother’s milk as the preferred source of nutrition for the
preterm infant, if the milk is fortified to ensure its nutritional
adequacy. In all cases, the level of nutrients delivered by the
fortifier and by the representative samples of expressed breast
milk fed at appropriate volumes should combine to meet the
LSRO nutrient recommendations for preterm-LBW infants
and not exceed the maximum recommended for each nutrient.
The Expert Panel considered the history of use of fortified
human milk as an effective source of nutrition for preterm
infants as providing evidence for the lack of adverse effects
attributable to naturally occurring ingredients at levels nor-
mally present in human milk.

The Expert Panel recognized that growth curves represent
observed patterns of fetal growth at various percentiles, whereas
standards define an established rate of optimal development that
can be used to identify clinically relevant growth deviations that
entail morbid consequences (Alexander et al., 1996). Notwith-
standing this caveat, the Expert Panel concluded that growth
curves could be used as standards in generating its recommenda-
tions. However, the Expert Panel limited that use to determining
the amounts of specific nutrients that allow this growth potential
to be realized by the 50th-percentile infant. This application
should not be construed to imply that this growth rate would be
maintained by every infant fed a formula with a composition
consistent with the levels recommended in this report. The
Expert Panel agreed with the clinical practice of using intrauter-
ine weight gain as a reference for growth and for evaluating the
adequacy of formula in meeting the nutritional requirements of
preterm-LBW infants.

The factorial approach for estimating nutrient requirements
considers that the total requirement for a nutrient is equal to
the sum of the obligatory losses (e.g., urine, feces, skin), plus
the amount incorporated into newly formed tissue (Beaton et
al., 1996; Sandstead & Smith, Jr., 1996). Factorial estimates of
requirements were used and were based on a variety of data for
preterm-LBW infants and other age groups. These estimates
may have included estimates of the intrauterine accretion rate
and percentage of retention. The Expert Panel is aware of the
limitations of the factorial method (Beaton et al., 1996).

Investigating the nutritional needs of preterm-LBW infants
is an active and dynamic field of research. For example, the
neurological and immunological systems, because of the nature
of their development, involve studies comparing feeding and
development after discharge from the hospital, including long-
term outcome in adolescence and adulthood. Limited studies
are available. The Expert Panel identified research needs in
various sections of this report.

CONCEPTS APPLIED IN ESTABLISHING MINIMUM
AND MAXIMUM NUTRIENT LEVELS

With regard to the charge to recommend minimum and
maximum levels for nutrients and substances covered in this
report, the Expert Panel recognized that various factors includ-
ing essentiality, stability, history of use, safety, and toxicity are
involved in the determination of safe and adequate levels of
nutrients for infant formula. Some or all of these factors are
relevant for each nutrient. The Expert Panel sought specific
evidence when its recommendations differed from the maxi-
mum and minimum recommendations presented in the earlier
report on term infant formula (Raiten et al., 1998a). The
Expert Panel made its recommendations for preterm formula
with the expectation of periodic reassessments of the appro-
priateness of the range for minimum and maximum values.

Definitions of optimal intakes of individual nutrients and
their relative concentrations in complete formulas are areas of
active research. The Expert Panel has specified ranges rather
than specific concentrations for the components of preterm
formula. Within these ranges, requirements are expected to be
met without adverse effects, similar to the use of ranges in the
Estimated Safe and Adequate Daily Dietary Intakes of Selected
Vitamins and Minerals (National Research Council. Food and
Nutrition Board, 1989).

Clinical experience and history of use of preterm formulas
and fortified human milk were accepted as evidence for rec-
ommending minimum and maximum levels of individual nu-
trients. The Expert Panel often considered this information
during assessment of minimum nutrient levels, when seeking
data related to the lowest levels fed to preterm infants without
observing adverse effects or indications of deficiency. When
these levels were above the lower limits recommended for term
infant formula, the Expert Panel judged, unless otherwise
stated, that such levels be exceeded in preterm formulas until
a compelling rationale is presented for change and clinical
studies of lower levels are completed.

The Expert Panel considered the basic nutrient requirements
supported by the literature and allowed an adequate range in
nutrient concentrations to achieve realistic goals of nutrient
accretion and growth. Thus, the Expert Panel recommended
minimum amounts of specific nutrients in formula to meet the
estimated requirements of preterm-LBW infants. Likewise, max-
imum amounts were recommended to prevent daily intake of
potentially harmful amounts of nutrients. The recommended
range of minimum and maximum levels of a specific nutrient was
intended to be adequate for catch-up growth.

Direct experimental evidence, when available or convinc-
ing clinical observations related to the requirement were used
to set a minimum recommended content. For example, clinical
studies were cited demonstrating that the amount of a nutrient
in term formula was too low to support that nutrient’s status in
preterm-LBW infants. Furthermore, clinical studies of supple-
mental feeding of preterm-LBW infants were cited that veri-
fied that preterm-LBW infants fed the minimum amount rec-
ommended for preterm formula had superior nutritional status
compared with similar infants fed the minimum amount rec-
ommended for term formula.

When data on intrauterine accretion were available, the
amount of nutrient required for attaining the mean rate was
used to estimate the minimum nutrient content for preterm
formula. When there were adequate bioavailability data on the
relative absorption of a nutrient from human milk and infant
formulas, the minimum amount for absorption that resulted in
a net retention rate of nutrients similar to the intrauterine
accretion rate was recommended. Current use, the amount in
domestic preterm formula, was also assessed. In some in-
stances, the minimum or maximum value was calculated from
a nutrient-to-nutrient ratio.

The Expert Panel’s judgment in establishing a maximum
content for a nutrient in preterm infant formulas depended on
scientific evidence of toxicity, the potential for adverse nutri-
ent interactions, and history of use and absence of evidence of
toxicity.

The maximum level was based on the highest intake for
which there was some information on the history of intake in
clinical studies or current use in domestic preterm formula
without adverse effects. In some instances, the maximum value
currently fed was obtained from the manufacturer’s product
brochure (Abbott Laboratories. Ross Products Division, 2001;
Mead Johnson Nutritionals, 2000), and this may underesti-
mate actual amounts fed because the Panel did not review data
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on manufacturing practices. In addition, the Panel did not
review data on changes in nutrient composition during storage
and administration.

3. FEEDING PRETERM-LOW BIRTH
WEIGHT INFANTS

This chapter briefly reviews the current state of knowledge
concerning typical feeding practices and sources of enteral
nutrition for preterm-low birth weight (LBW) infants.

INITIATION AND PROGRESSION OF FEEDING

The Canadian Paediatric Society (CPS) (1995) described a
transition period of about 1 week following birth and preced-
ing the period of weight gain during hospitalization. A goal for
the transition period was to provide sufficient nutrients to
prevent deficiencies and substrate catabolism (wasting). Dur-
ing this period, the patient often requires a combination of
parenteral and tube feeding, manipulation of fluids and elec-
trolytes, and other clinical procedures requiring monitoring
and clinical judgment. This period is characterized by higher
risk of metabolic instability, particularly among smaller and
younger infants. The Expert Panel agrees with the recommen-
dation of an ad hoc Expert Consultation Group to the Health
Protection Branch of Health Canada (Canadian Paediatric
Society & Nutrition Committee, 1995) that concluded that
the variability of nutrient requirements was insufficient to
justify specifying compositions for different formulas intended
as the sole source of nutrition for preterm infants during this
early postnatal period.

Many preterm-LBW infants require total parenteral nutrition
(TPN) for their initial nutritional support because their organ
systems are immature, particularly because of the functional im-
maturity of the gastrointestinal tract and their need for respiratory
ventilation (Georgieff, 1999). TPN is infused as soon as the
infant is metabolically stable, typically on the second or third day
of life (Georgieff, 1999; Papageorgiou & Bardin, 1999). Paren-
teral nutrition is associated with several complications, including
the increased risk of infection, mucosal atrophy, and cholestatic
jaundice (Georgieff, 1999). Therefore, the transition to full en-
teral feeding and the termination of TPN are accomplished as
soon as feasible and safe. The requirement for TPN varies with
gestational age (GA); the infants of youngest GA take longer to
begin enteral feeding and convert to full enteral feeding (Thorp
et al., 2000). The duration of TPN also varies among hospitals
because of differences in clinical practice (Papageorgiou & Bar-
din, 1999). Papageorgiou and Bardin (1999) reported a mean of
40 days (range: 9-120 days) of TPN use for surviving infants who
weighed less than 1000 g at birth, whereas preterm-LBW infants
who spend more time in utero may require only 4-10 days of
TPN (Georgieff, 1999; Lucas et al., 1992). A report from seven
medical centers participating in the National Institute of Child
Health and Human Development Neonatal Network between
1987 and 1988 determined that of surviving infants (n = 1306),
those with birth weights (BWs) of 501-750 g received TPN for
an average of 33 days, those weighing 751-1000 g received TPN
for an average of 25 days, and those weighing 1001- 1500 g
received TPN for an average of 15 days (Hack et al., 1991).

The CPS (1995) recommended fortified milk from the
infant’s own mother or formula designed for premature infants
for infants with BWs of 500-1800 g (and possibly up to
2000 g) or with a GA of between 24 and 34 weeks (and
possibly up to 38 weeks, often the age when the infant can
nurse effectively). Enteral nutrition can be initiated as early as
48 hours after birth by introducing small amounts (1 mL/h or

less) of preterm milk or formula via a tube into the stomach,
or less frequently, directly into the small intestine (Papageor-
giou & Bardin, 1999). Enteral feeding at this low rate has little
nutritional value but may enhance the development of the
gastrointestinal tract and for this reason is referred to as
“trophic,” “priming,” or “minimal enteral nutrition” (Geor-
gieff, 1999; Wessel, 2000) (See Appendix A). Schedules for
advancing from the initial rate to full enteral feeding of the
preterm-LBW infant have been developed on the basis of BW
(Georgieff, 1999; Wessel, 2000). Some clinicians administer a
20 kcal/fl oz preterm formula and progress to a 24 kcal/fl oz
preterm formula when the infant is consuming one-quarter to
one-half of the total required amount (Papageorgiou & Bardin,
1999). Others prefer to initiate enteral feeding with a 24
kcal/fl oz formula (Wessel, 2000). In general, full enteral
feeding can be achieved by 20-30 days of life for preterm-
LBW infants (Papageorgiou & Bardin, 1999). Wilson et al.
(1992) reported that, on average, enteral feeding was intro-
duced in preterm-LBW infants, who had a mean GA of 28
* 1.5 (sD) weeks and a BW of 1027 = 222 (sD) g, at 7 days
(range: 1-27 days) of life, yet infants did not reach full enteral
feeding until 31 days (range: 7-101 days) of life. The age when
full enteral feedings are achieved tends to decrease progres-
sively as BW increases (Ehrenkranz et al., 1999). On average,
infants of BW 1300-1500 g consumed more than 100 kcal/
(kg-d) by 11 days of life; whereas, this level of intake is not
achieved by infants of BW 900-1000 g until 21 days of life
(Ehrenkranz et al., 1999). Preterm-LBW infants receive al-
most all fluids via enteral formula once intravenous fluids are
discontinued. Some fluid is supplied by periodic flushes of
water to maintain patency of the feeding tube.

Conversion from tube feeding to feeding by bottle or breast
depends on the development of coordinated and adequate
sucking, swallowing, and breathing. Introduction of one oral
feeding per day can begin at approximately 33 weeks of
postconceptional age (Georgieff, 1999; Wessel, 2000). The
frequency of oral feeding increases as tolerated by the infant.
The energy required for oral ingestion can detract from weight
gain (Georgieff, 1999). The infant should be periodically mon-
itored to assess whether ad libitum, on-demand feeding will
provide adequate weight gain or whether other nutritional
support is required (Georgieff, 1999).

SOURCES OF EARLY ENTERAL NUTRITION

Human milk

Banking human milk donated from mothers of term infants
was a common practice to supply enteral nutrition for preterm-
LBW infants until the 1960s. During that period, alternative
sources including expressed human preterm milk and modified
cow milk protein-based formula preparations were introduced
for these infants. Raiten et al. (1998a) reported the energy and
nutritional composition of pooled banked human term milk.
Milk banks containing human milk from donors are presently
rare, in part because of problems controlling collection, stor-
age, distribution, contamination, and safety (e.g., human im-
munodeficiency virus) (Lucas, 1993).

Milk produced by mothers of infants born prematurely is
designated preterm milk. Typically, mothers’ preterm milk is
stored frozen at —20°C until needed for feeding (Lucas, 1993;
Schanler et al., 1999). The macronutrient composition of
preterm milk varies widely. Atkinson (1995) reported several
possible sources of variability, including intra- and interindi-
vidual variation, differences in collection methods, and a wide
range of GA for infants studied. The variability of the com-
position of preterm milk confounds its use as the sole source of
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essential nutrients for premature infants. In fact, in clinical
practice, the nutrient composition of the specific human milk
being fed is unknown. Preterm milk varies in nutrient com-
position from the milk of mothers of infants born at term.

The mean energy content of preterm milk from mothers of
infants of GAs of 26-36 weeks ranged from 51-58 kcal/100
mL in the first days postpartum (Anderson et al., 1981; Gross
et al., 1980) to approximately 66—75 kcal/I00 mL in the
second to fourth week of life (Anderson et al., 1981; Gross et
al.,, 1980; Hibberd et al., 1981; Lemons et al., 1982). The
energy content of milk from mothers of term infants in the first
month postpartum was 4873 kcal/100 mL—equal to or less
than that in preterm milk (Anderson et al., 1981; Gross et al.,
1980; Lemons et al., 1982).

The reported mean total fat content of preterm milk col-
lected in the first week postpartum from mothers of infants of
GAs ranging from 26 to 37 weeks was 2.6-3.1 g/100 mL
(Anderson et al., 1981; Bitman et al., 1983; Darwish et al.,
1989; Lemons et al., 1982; Sann et al., 1981). From 8 to 30
days postpartum, fat content in preterm milk ranged from 2.5
to 4.3 /100 mL (Anderson et al., 1981; Bitman et al., 1983;
Butte et al., 1984; Darwish et al., 1989; Lemons et al., 1982;
Sann et al., 1981). The fat content of milk from mothers of
term infants in the first month postpartum was 2.2-3.1 g/100
mL—similar to or less than that in preterm milk (Bitman et
al., 1983; Darwish et al., 1989; Sann et al., 1981).

The mean total protein content of preterm milk has been
reported to range from 2.1 to 3.2 g/100 mL during the first
week postpartum (Anderson et al., 1981; Chandra, 1982;
Gross et al., 1980). The protein concentration of preterm milk
ranged from 1.4 to 2.4 g/100 mL from 8 to 30 days postpartum
(Anderson et al., 1981; Chandra, 1982; Gross et al., 1980).
During the first month postpartum, term milk reportedly con-
tains 1.3-1.9 g/100 mL, less than that found in preterm milk
(Anderson et al., 1981; Chandra, 1982; Gross et al., 1980).

Atkinson et al. (1981) provided data in support of using
expressed human milk from mothers giving birth prematurely.
They compared growth, nitrogen balance, and biochemical indi-
ces during the first 2 weeks postpartum for infants of BWs less
than 1300 g. Despite the brevity of the study, the infants fed the
unfortified preterm human milk showed greater nitrogen accre-
tion and greater net fat absorption than those fed the unfortified
term milk (Atkinson et al., 1981). Moreover, fecal fat levels were
two- to three-fold higher for the infants fed unfortified pooled
term milk; fat intake was similar. Likewise, Gross (1983) com-
pared the growth of preterm-LBW infants fed isocaloric diets of
term milk or unfortified preterm pooled human milk until they
reached 1800 g. The protein intake differed because of the higher
protein concentration in preterm milk. The data confirmed ear-
lier results of less daily weight gain and slower head and linear
growth of infants fed unfortified term milk compared with infants
fed unfortified preterm breast milk.

Despite the aforementioned results, Atkinson (1995) noted
that there was no justification for assuming the composition of
unfortified preterm milk was optimal for or adapted to the nutri-
tional requirements of the preterm infant. Lucas (1993) identified
two problems that do not support the use of unsupplemented
human milk as a sole source of essential nutrients for premature
infants. First, both preterm milk and banked term human milk
provide insufficient amounts of energy, protein, sodium, calcium,
and phosphorus as well as a number of other essential nutrients
needed for rapid growth and normal development of infants as if
they had remained in utero. Furthermore, unlike term infants,
preterm infants cannot regulate their intake to compensate for
nutrient insufficiency (Lucas, 1993). The nutritional inadequacy
of human milk for the preterm-LBW infant has been reviewed

extensively (Schanler, 1989; Schanler, 1995; Schanler & Hurst,
1994). Therefore, although human milk is universally accepted as
the ideal food source for healthy term infants, unsupplemented
human preterm milk is inadequate for preterm-LBW infants.

Fortification of mothers’ own preterm milk with additional
human or bovine milk solids (protein, fat, minerals) offers a
partial solution to the problems of variability in composition and
nutrient inadequacy. A nutrient fortifier can provide improved
infant nutriture. The composition of commercially available hu-
man milk fortifiers was recently summarized (Sapsford, 2000).
The fortifier is typically added to preterm milk when the infant’s
intake ranges between one-quarter and one-half of the total
feeding goal (Papageorgiou & Bardin, 1999). There are limita-
tions, however, in using fortified preterm milk. For example, the
use of a standardized fortifier in a fixed proportion could lead to
inadequate nutrient intakes by larger infants or those having
higher requirements (Moro & Minoli, 1999). Due to the high
levels of protein often present in expressed breast milk produced
in the first few weeks by mothers delivering prematurely, infants
receiving protein-enhanced breast milk in the first month should
be monitored for the effects of protein excess. Furthermore, the
mother may not be able to express a sufficient volume of preterm
milk to be fortified; therefore, the preterm infant’s fluid and
nutritional requirements may not be met. Also, the use of preterm
milk is contraindicated if the mother has human immunodefi-
ciency virus infection and/or has ingested drugs of abuse, has been
exposed to toxic environmental agents associated with an effect
on breast milk or has received drug therapy that is a contraindi-
cation for providing human milk to the infant (American Acad-
emy of Pediatrics. Committee on Drugs, 1994; Anderson, 1995;
Berlin, 1995; Eidelman & Schimmel, 1995; Schanler & Butte,
1997). In addition to the difficulties of maintaining lactation and
providing an adequate and sustained supply of milk to infants
hospitalized for 10 weeks or more, the nutritional variability and
inadequacy of the mothers’ milk may not be totally restored by
fortification. For these reasons, preterm-LBW infants require pre-
term infant formula as an additional source of enteral nutrition.

For several reasons, including nutritional, immunological,
and psychosocial ones, feeding preterm-LBW infants their
own mothers’ expressed breast milk became conventional
practice (American Academy of Pediatrics. Committee on
Nutrition, 1998). Human milk contains cells and substances
such as macrophages, lymphocytes, enzymes, and various im-
munological factors that could promote the health of preterm-
LBW infants. Schanler et al. (1999) found that preterm-LBW
infants fed fortified mother’s milk and supplemented with
preterm formula as needed required fewer days of oxygen
therapy, had a lower incidence of late-onset sepsis, and were
discharged sooner compared with similar infants fed solely
preterm infant formula. McKinley et al. (2000) observed that
preterm-LBW infants fed some human milk had fewer hospi-
talizations by 18 months (corrected age) than infants fed only
formula. Although the infants fed preterm milk and supple-
mented with preterm formula had a better immunological
response, they had decreased fat absorption; had less gain in
weight [g/(kg-d)], length, and skinfold thickness; and required
more treatments for mild acidosis and low serum sodium levels
than did the infants fed solely preterm formula (Schanler et
al., 1999). Despite these limitations, Schanler et al. (1999)
promoted the feeding of fortified preterm milk, when available,
because of its immunological advantages.

Infant formula

As previously mentioned, milk from mothers of term in-
fants is inadequate to meet the nutritional requirements of
preterm-LBW infants. Likewise, because the nutrient compo-
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sition of term formula was modeled on mature breast milk,
formulas appropriate for term infants are inadequate for pre-
mature infants (Lucas, 1993). For example, in 1985 Hillman et
al. (1985a) reported that preterm-LBW infants fed standard
term formula exhibited low serum levels of 25-hydroxyvitamin
D and inadequate bone mineralization as assessed by radio-
graphs of the wrist. They concluded that standard term infant
formula did not provide the estimated fetal accretion rate of
calcium. Cooke and Nichoalds (1986) similarly concluded
that preterm-LBW infants who were fed standard term formula
retained only 50% or less of the calcium required to support
the estimated fetal calcium accretion rate.

Lucas et al. (Lucas et al., 1990b; Lucas et al., 1998; Morley &
Lucas, 2000) conducted a series of studies in the United Kingdom
to examine the influence of feeding term formula or preterm
formula to preterm-LBW infants until they weighed 2000 g or
were discharged from the hospital. At 18 months of age, the
infants who had been fed preterm formula as their sole source of
nutrients in the hospital (n = 61) had a greater daily weight gain
[g/(kg-d)], head circumference, and motor development than did
infants fed term formula (n = 58) (Lucas et al., 1990b). At 7.5-8
years of age, the children who had been fed preterm formula in
the early neonatal period scored higher on tests of intelligence
(revised Wechsler I scale) than did children who had been fed
term formula, particularly for boys (Lucas et al., 1998). At this
age, no differences in weight, height, or other anthropometric
measures were evident. Although the early 4 weeks of feeding
with preterm formula was of sufficient duration to induce an
effect on neonatal growth and long-term neurological develop-
ment, it remains to be determined whether a longer period of
formula enrichment would have had an effect on measures of
growth (Morley & Lucas, 2000).

Several of the earlier sources of nutrition are presently con-
sidered inappropriate for premature infants. These include formu-
las containing half-skimmed cow milk (because of inadequate
calories and a high renal solute load), acidified milk (because it
produces metabolic acidosis), evaporated milk (because of insuf-
ficient sodium, copper, and possibly other micronutrients), and
soy milk (because of decreased calcium and phosphorus absorp-
tion and an increased incidence of osteopenia and rickets) (Hill-
man et al., 1979; Hillman, 1990). Furthermore, the American
Academy of Pediatrics Committee on Nutrition (AAP-CON)
(1998) concluded that formulas derived from soy protein, rather
than animal casein and whey, were unsuitable for premature
infants. These discontinued sources of enteral nutrition will
therefore not be discussed in this report except in the context of
comparative nutritional studies.

The preterm-LBW infant formulas were developed on the
basis of classic fetal body composition data by Widdowson and
Spray (1951). In 1966, Mead Johnson and Company intro-
duced an enriched enteral formula developed specifically for
preterm-LBW infants. The initial preterm formulas were en-
riched with protein (18% whey:82% casein). By 1977, some
preterm formula contained 40% medium triglycerides, and a
portion of the lactose was replaced with sucrose to improve
digestibility and absorption. By 1979, the composition of pro-
tein in preterm formula had changed to 60% whey and 40%
casein, a ratio that was associated with less metabolic acidosis
than was the casein-dominant formula (Riihi, 1994a; Shenai
et al., 1986). Another compositional change at that time was
the substitution of glucose polymers for sucrose to decrease the
osmolality of the formula. Formulas were further modified after
the publication of various reviews undertaken to evaluate the
evidence regarding the nutritional requirements of preterm-
LBW infants, particularly after the classic reports by Tsang et
al. (1985;1993). A more detailed history of the feeding of

preterm-LBW infants is available (Abbott Laboratories. Ross
Products Division, 1998).

The preterm formulas currently provided in hospitals in the
United States were designed to serve as the sole source of
nutrition for the preterm-LBW infant. In general, these for-
mulas contain added whey protein, glucose polymers, medium-
chain triglycerides, calcium, phosphorus, electrolytes, folate,
and fat-soluble vitamins. The compositions of two preterm
formulas presently available in the United States are summa-
rized in Table 3-1 and Table 3-2 (Abbott Laboratories. Ross
Products Division, 2001; Mead Johnson Nutritionals, 2000).
These formulas can promote average rates of nutrient assimi-
lation and growth that approximate the rates typical for an in
utero fetus; however, because of initial weight loss after birth,
the total body weight may be lower than the expected intra-
uterine fetal weight for the same postconceptional age (Schan-
ler, 1999). Preterm formula is available for preterm infants
whose mothers are unable to express sufficient milk for forti-
fication. When postpartum mothers cannot provide milk, hos-
pitalized preterm-LBW infants receive solely preterm formula
for their enteral nourishment. In practice, the preterm formula
is fed until, in the clinical judgment of the responsible physi-
cian, the infant can be supported nutritionally by a term
formula. The decision to change from preterm formula is not
based on when an infant attains a certain age or weight, but
rather when it is deemed clinically appropriate.

FEEDING AT HOME

At present, preterm formulas are not usually available to
the infant after discharge from the hospital and may not be
appropriate for use at that time. For example, Georgieff (1999)
noted that the infant’s capacity for fat digestion improves after
34 weeks postconception and expressed concern that this
might lead to excessive vitamin A absorption if the infant
were to continue to be fed the preterm formula.

After discharge from the hospital, preterm-LBW infants
might be fed one of the commercially available formulas con-
taining nutrients at levels that are intermediary between pre-
term formula and term formula and have been referred to as
“transitional,” “expremie,” “follow-up,” and “postdischarge”
formulas (Georgieff, 1999; Lucas et al., 1992). The use of these
formulas has increased significantly since the mid-1990s (Wor-
rel et al., 2000). In 1992, Lucas et al. (1992) reported that
U. K. preterm infants (n = 16) fed an enriched formula until
9 months (corrected postnatal age) had greater weight gain
and linear growth than did similar preterm infants (n = 15)
fed standard term formula after discharge. In addition, the
infants fed the enriched formula had greater bone mineral
content at 3 and 9 months (corrected postnatal age) than did
the infants fed standard term formula (Bishop et al., 1993). In
contrast, there were no significant differences in weight,
length, head circumference, and Brazelton assessment results
(behavior) for preterm-LBW infants fed a standard term for-
mula (n = 10), a preterm formula (n = 12), or an intermediate
enriched formula (n = 11) for 8 weeks after discharge (Chan
et al., 1994). However, infants fed the preterm formula for 8
weeks after discharge had greater bone mineral content than
did infants fed the standard term formula or intermediate
formula for 8 weeks after discharge (Chan, 1993). Cooke et al.
(1998) determined that 16 male U. K. preterm-LBW infants
fed standard preterm formula from discharge to 6 months
(corrected age) had greater weight and length gains than did
similar infants (n = 11) fed standard term formula after dis-
charge; no differences were found for female infants (n = 13
and n = 20, respectively). On the basis of the results of Lucas
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TABLE 3-1

Composition of selected preterm infant formula per 100 kcal

20 calories per fluid ounce (68 kcal/100 mL) 24 calories per fluid ounce (81 kcal/100 mL)

Enfamil Premature Similac Special Care Enfamil Premature Similac Special
Constituent or variable with Iron®1 with Iron®2 with lIron®1 Care with Iron®2
Volume (mL) 148 148 124 124
Protein (g) 3.0 2.7 3.0 2.7
Fat (g) 5.1 5.4 5.1 5.4
Linoleic acid (mg) 1060 700 1060 700
Carbohydrate (g) 111 10.6 111 10.6
Vitamin A (IU) 1250 1250 1250 1250
Vitamin D (/U) 270 150 270 150
Vitamin E (mg) 6.3 4.0 6.3 4.0
Vitamin K (u.g) 8 12 8 12
Thiamin (vitamin B1) (u9) 200 250 200 250
Riboflavin (vitamin Bo) (ug) 300 620 300 620
Vitamin Bg (ug) 150 250 150 250
Vitamin B12 (1.g) 0.25 0.55 0.25 0.55
Niacin (ug) 4000 5000 4000 5000
Folic acid (folacin) (ug) 35 37 35 37
Pantothenic acid (ug) 1200 1900 1200 1900
Biotin (ug) 4 37 4 37
Vitamin C (mg) 20 37 20 37
Choline (mg) 12 10 12 10
Inositol (mg) 17 6 17 6
Calcium (mg) 165 180 165 180
Phosphorus (mg) 83 100 83 100
Magnesium (mg) 6.8 12.0 6.8 12.0
Iron (mg) 1.8 1.8 1.8 1.8
Zinc (mg) 1.5 1.5 1.5 1.5
Manganese (ug) 6.3 12 6.3 12
Copper (u9) 125 250 125 250
lodine (ug) 25 6 25 6
Selenium (ug) —3 1.8 —3 1.8
Sodium (mg) 39 43 39 43
Potassium (mg) 103 129 103 129
Chloride (mg) 85 81 85 81

1 Used with permission of Mead Johnson & Company, Evansville, IN 47721. From Enfamil Family Products Handbook, Mead Johnson Nutritionals,
Mead Johnson & Company. (Mead Johnson Nutritionals, 2000)

2 Used with permission of Ross Products Division, Abbott Laboratories, Columbus, OH 43215. From Pediatric Nutritionals Guide, March 2001,
Ross Products Division, Abbott Laboratories. (Abbott Laboratories.Ross Products Division, 1999).

3 Actual quantities not reported.

et al. (1992), the AAP-CON (1998) suggested that preterm- CONCLUSIONS
LBW infants who have been discharged from the hospital might

benefit from a formula that is enriched with nutrients at levels Many preterm-LBW infants require TPN for initial nutri-

above those provided by term formula. However, specific nutri- tional support. Frequently, the youngest GA infants with the

tional recommendations based on evidence of requirement are lowest BW require a prolonged course of TPN. Gradually,

not available for feeding preterm-LBW infants after discharge. preterm-LBW infants receive increasing amounts of enteral
TABLE 3-2

Selected compositional characteristics of preterm infant formulas

20 calories per fluid ounce (68 kcal/100 mL) 24 calories per fluid ounce (81 kcal/100 mL)

Enfamil Premature Similac Special Care Enfamil Premature Similac Special

Characteristic with Iron®1 with Iron®2 with Iron®1 Care with Iron®2
Energy (kcal/100 mL) 68 68 81 81
Water (9/100 kcal) 133 133 108 109
Osmolality (mOsm/kg water) 260 235 310 280
Osmolarity (mOsm/L) 230 211 270 246

1 Used with permission of Mead Johnson & Company, Evansville, IN 47721. From Enfamil Family Products Handbook, Mead Johnson Nutritionals,
Mead Johnson & Company. (Mead Johnson Nutritionals, 2000).

2 Used with permission of Ross Products Division, Abbott Laboratories, Columbus, OH 43215. From Pediatric Nutritionals Guide, March 2001,
Ross Products Division, Abbott Laboratories. (Abbott Laboratories.Ross Products Division, 1999).
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feedings until their total nutritional support is via tube feed-
ing. When preterm-LBW infants are approximately 33 weeks
of postconceptional age, they may be capable of beginning oral
feeding and prepare for the transition home.

When available, mothers’ preterm milk is a component of
the diet of preterm-LBW infants. Because human preterm milk
as the sole source of nutrients is deficient in several essential
nutrients, especially protein and minerals, the Expert Panel
concluded that the most appropriate source of essential nutri-
ents is fortified preterm milk of documented nutritional com-
position. However, because the quantities of mothers’ preterm
milk are unreliable and often inadequate, formulas designed to
meet the requirements of preterm-LBW infants can serve as a
more uniform and adequate source of nutrients to support
optimal growth.

FUTURE RESEARCH

The presently available enteral preterm formulas in the
United States use cow milk protein. Some preterm-LBW in-
fants develop an allergy to the milk protein used in preterm
formula. At present, there are no alternative enteral products
designed to meet the nutritional needs of these children. The
type of hydrolysate or elemental amino acid formulation that
would be best tolerated, absorbed, and utilized is yet to be
determined. Research is needed to develop an adequate alter-
native to formula containing cow milk protein.

Additional definitive data are required concerning the im-
pact of specific components of formula (e.g., glutamine) on
outcomes such as morbidity, growth, and length of time in the
hospital.

Crucial data should be obtained regarding the nutritional
requirements of preterm-LBW infants from the time of dis-
charge to their first birthday, including possible differences
between males and females and differences related to ethnic-
ity. The effects of various intermediary formulas fed after
discharge should also be definitively assessed.

4. WEIGHT GAIN

Weight gain is one of the main indices of growth of pre-
term-low birth weight (LBW) infants while they are under
medical supervision (American Academy of Pediatrics. Com-
mittee on Fetus and Newborn, 1998; Katrine, 2000; Napp &
Fink, 2000). A sustained pattern of weight gain is associated
with the adequacy of formula to meet the nutritional require-
ments of preterm infants and to promote improved general
health. Therefore, weight gain is central to the charge of the
Expert Panel to evaluate studies of LBW infants. In this
chapter, we review data and concepts supporting various
weight standards that may be useful in the evaluation of the
components and composition of infant formula. Among the
additional factors that need to be considered are the utility of

an “ideal preterm infant” in terms of gestational age (GA) and
birth weight (BW) and the validity and reliability of the data
used to establish a target growth rate (in terms of both body
composition and body mass) for this very heterogeneous pop-
ulation. This chapter identifies and reviews the key issues
concerning growth that formed the basis of the Expert Panel’s
deliberations and recommendations related to the nutrient
composition of preterm infant formula.

COMPOSITION OF WEIGHT GAIN

Putet et al. (1993) suggested that knowledge of the rate of
growth was insufficient to establish a diet for preterm-LBW
infants without additional knowledge of the composition of
that weight gain. They reasoned that optimal growth would
increase lean body mass as well as fat stores and that there is
probably an optimum energy-to-protein ratio above which an
increase in energy intake would result in mainly fat storage.

The historical references for the composition of fetal and
newborn term weight gain were the seminal studies of Fomon
(1967) and Ziegler et al. (1976). The data from these studies
are summarized in Table 4-1.

The standards for optimal postnatal growth by premature
infants have historically been the in utero rates of increase in
weight, length, and head circumference by fetuses of the same
postconceptional age (Putet, 1993). A more rigorous standard
would include both the rate of growth and the composition of
the weight gained (American Academy of Pediatrics. Com-
mittee on Nutrition, 1998). However, a combined standard of
weight and body composition for preterm-LBW infants has not
been identified and would be difficult to develop on the basis
of present knowledge. For example, preterm-LBW infants
weighing about 1100 g who are gaining weight at a rate
approaching that of a fetus of the same GA (about 29 weeks)
compartmentalize 32% of that gain to fat when fed commer-
cially available preterm infant formula (protein 1.5-1.8 g/100
mL, fat 3.6-4.3 g/100 mL) (Reichman et al., 1981). This
percentage is three times the proportion of fat in weight gained
by the comparable fetus [11% at 28 -32 weeks (Ziegler et al.,
1976)], and it approaches the proportion of fat gained by the
term infant of 16 weeks of age (1967) (Table 4-1). However,
it is not clear that this is undesirable, because rapid fat depo-
sition may be an important adaptation to extrauterine life
(Putet, 1993). Putet et al. (1993) suggested that a fat retention
of 20-25% of weight gain may be a reasonable goal for a
growing preterm-LBW infant.

ASSESSMENT OF POSTNATAL GROWTH

The most commonly used and practical method to assess
growth and well-being of preterm infants is weight gain, because
weight can be measured accurately, rapidly, frequently, and with-
out expensive, sophisticated instrumentation (Katrine, 2000;

TABLE 4-1

Variations in body composition as a percentage of weight gained during different postconceptional time periods

Age of infant

Gestational age of fetus (Ziegler et al., 1976) (Fomon, 1967)

Component of weight gained 24-28 wk 28-32 wk 32-36 wk 36-40 wk Birth to 16 wk
Protein (%) 11 12 13 14 11
Fat (%) 8 11 14 20 41
Other: e.g., water, minerals (%) 81 77 73 66 45
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Napp & Fink, 2000). However, observed extrauterine growth
rates of preterm infants with uncomplicated clinical courses may
not be appropriate for use as a general standard against which to
measure growth because the optimal nutritional intake for these
infants is not well documented.

The American Academy of Pediatrics’ Pediatric Nutrition
Handbook (American Academy of Pediatrics. Committee on
Nutrition, 1998) recommended that preterm infants be pro-
vided nutrients in amounts sufficient to allow growth similar to
that of a fetus of comparable postconceptional age. However,
difficulties in feeding newborn preterm-LBW infants, coupled
with some loss of extracellular fluid (Van der Wagen et al.,
1985), cause infants to lose weight during the first few days of
life (Brosius et al., 1984; Dancis et al., 1948; Shaffer et al.,
1987b). During this early, critical period of an infant’s life,
metabolic stability rather than rate of weight gain is of primary
clinical concern. Even without complications, these infants do
not regain BW until about 2 weeks of age (Ehrenkranz et al.,
1999; Hack et al., 1991), so their growth lags behind that of a
“normal” fetus of the same postconceptional age, even if they
were appropriate for gestational age (AGA) at birth (Wright
et al., 1993). The first few postnatal weeks may also be critical
for brain development (Heird & Wu, 1996), so that lag periods
in growth should be minimized. However, there seems to be no
direct evidence as to what extent catch-up growth is important
in this regard. Many preterm infants are also born small for
gestational age (SGA), so there is an additional need for
enough catch-up growth to bring them to the size of a normal
fetus of comparable GA. The amount of catch-up growth
required is the difference between the AGA fetal weight and
the BW observed, plus the growth deficit incurred neonatally
(Forbes, 1974). Clinical factors can also affect growth. For
example, in a randomized double-blinded controlled trial to
test the effects of a 12-day course of early steroid therapy on
chronic lung disease, those preterm-LBW infants receiving
treatment had poor weight gain compared to those not receiv-
ing treatment (Anonymous, 2001). Kuschel and Harding
(1999b) verifed that preterm-LBW infants who are critically
ill (e.g., BPD, NEC, unable to consume more than one mL of
milk every four hours at seven days of age) regained body
weight significantly slower than less ill infants. Lemons et al.
(2001) determined that 95-97% of infants born at 1001-1500
g weighed less than the 10™ percentile for expected weights at
36 weeks postmenstrual age based on the fetal growth curve
described by Alexander et al. (1996).

The preterm-LBW infant typically weighs 1800-2000 g when
discharged from the hospital (Cruz et al., 1997); however, the
clinical decision to discharge a patient is not based on attainment
of a specific weight but does consider whether the infant has a
sustained pattern of weight gain (American Academy of Pediat-
rics. Committee on Fetus and Newborn, 1998). Although a delay
of 2-4 weeks in maturation might appear very significant at
2000 g or less, it should become less important as the months pass
on and should be negligible by 1 year or more of postnatal age.
Casey et al. (1990) followed preterm-LBW infants from the 40th
postconceptional week to 1 year later and found that these infants
had a pattern of growth that was lower than published standards
(National Center for Health Statistics percentiles)(Hamill et al.,
1979) for term infants of the same age and sex. Moreover, after 1
year, full catch-up growth had not been achieved. A group of
preterm infants who weighed less than 1500 g at birth but were
AGA and who survived were examined at intervals by Ross et al.
(1990). These infants were smaller than their term peers in
height and weight, although not in head circumference, at 1 and
3 years of age. However, they did not differ from their term peers
in any growth parameter at 7 and 8 years of age. This was not true

for infants born SGA, whose somatic measures at the age of 7
years were lower than those of infants born AGA (Ounsted et al.,
1984). There is some evidence to suggest that metabolic bone
disease during the neonatal period may be associated with shorter
stature up to 12 years of age (Fewtrell et al., 2000).

Fetal growth is used as the primary standard for evaluating
growth of preterm-LBW infants (American Academy of Pedi-
atrics. Committee on Nutrition, 1998; Katrine, 2000). Data
used to construct fetal growth curves are obtained from cross-
sectional studies of preterm BWs and from ultrasound studies
of fetal weight gain in utero. The current limit of viability for
preterm infants is considered to be approximately 24 weeks of
gestation (Hoffman et al., 1974). The Expert Panel focused on
studies of fetal growth during the third trimester because this
represents the period most relevant to the charge of the panel.

ASSESSMENT OF INTRAUTERINE GROWTH RATE

Birth weight at various gestational ages

Cross-sectional studies of BW at different GAs have been
used to estimate fetal weight gain, although such studies have
certain disadvantages. Body weight can be reliably measured;
however, the results of cross-sectional studies are easily con-
founded by errors in establishing the GA at birth or when the
conceptus was spontaneously aborted (Sparks, 1984). The
estimation of GA is often in error because of bleeding in the
first trimester, which can be mistaken for a menstrual period
(Battaglia et al., 1966; Berg & Bracken, 1992; Naeye & Dixon,
1978). Such an error would result in the calculation of an
erroneously low GA and, therefore, an erroneously high ratio
of fetal weight to GA.

Another problem associated with the use of BW and GA to
determine intrauterine growth is that infants delivered at less
than 37 weeks of gestation may not be normal (Persson &
Weldner, 1986). They may be smaller than in utero fetuses of
the same age because a large proportion of preterm deliveries
occur after complications of pregnancy (Greisen, 1992). This
concept is supported by evidence that growth charts based on
data from selected low-risk pregnancies show higher weights
for GA than those based on the general population (Larsen et
al., 1990; Ulrich, 1982). According to Greisen (1992), infants
born at 28 weeks of gestation weigh nearly 10% less than
fetuses of that GA who remain in utero. This indicates that
the use of charts of optimal fetal weight would result in
approximately 40% of the infants who are born very preterm
in being (correctly) classified as SGA.

Sparks (1984) summarized previously reported cross-sec-
tional data in an effort to evaluate fetal growth during the
third trimester. Most of the studies he examined included
singleton infants born alive after spontaneous premature labor,
as indicated by postmenstrual dates. Even though these study
populations were diverse in ethnicity, varied in socioeconomic
status, and disparate in environmental conditions (altitude,
maternal nutrition), several common features emerged, as follows:

e Weight curves were a sigmoidal, curvilinearly increasing

function of GA, declining abruptly near term

e Growth was nearly linear between 24 and 37-39 weeks

e Differences in infant weights among these studies were

small, typically less than 10% for a given percentile at a
given GA

e Nearly all the studies recorded a median or 50th percen-

tile fetal weight of 1000—-1050 g at the 27th week of
gestation

Sparks (1984) concluded that for those infants who were
most frequently of perinatal clinical concern (GA of 24-37
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weeks), fetal growth could be approximated by nearly linear,
simple exponential curves.

One of the seminal works used to estimate fetal weight gain
was by Lubchenco et al. (1963) nearly three decades ago, in
which the BWs of low-income infants in Denver, Colorado,
were graphed as percentiles. Not only was this report the most
often cited of its era (Goldenberg et al., 1989) but the data for
the 10th percentile line were adopted by the American Acad-
emy of Pediatric’ Committee on the Fetus and Newborn
(1967) as the standard for intrauterine growth retardation.
The report by Lubchenco et al. (1963) appears to be the origin
of the frequently cited but rarely referenced statement that the
third-trimester fetus normally gains 15 g/(kg-d) (Bremer et al.,
1987; Waterlow, 1988). Using the data of Lubchenco et al.
(1963), Sparks (1984) calculated a weight gain of 1.5% of
body weight per day, or 15 g/d for a 1000-g fetus. The best-
fitting rate for the data of Lubchenco et al. (1963) is presented
in Table 4-2. Regression analysis was used to fit linear and
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exponential curves to the growth data in all studies cited when
possible.

Despite widespread use of the growth curve generated by
Lubchenco et al. (1963), the generality of the results is atten-
uated by the altitude at which the fetuses in the study were
gestated (>1600 m). An inverse relationship between fetal
weight and altitude is well documented (Lichty et al., 1957;
Unger et al., 1988). Moreover, Battaglia et al. (1966) reported
that the weights reported by Lubchenco et al. (1963) in
Denver were lower and less linear (closer to an exponential
curve) than values for median weight for GA in Baltimore and
New York City. In particular, the weights reported by Lub-
chenco et al. (1963) for about the 30th week to the 36th-37th
week were markedly lower compared with those from other
cities. However, the intrauterine growth rate calculated for the
data of Naeye and Dixon (1978) was similar to the rate
calculated for the Denver data of Lubchenco et al. (1963)
(Table 4-2). Naeye and Dixon (1978), like Hardy et al.

TABLE 4-2

Characteristics of selected studies used to estimate intrauterine fetal growth rate

Rate of weight gain at

Race or Weight (g) at
ethnicity 27-28 wk 33-34 wk 27-34 wk
Reference Typel n Site and sex 27 wk 34 wk (9/d) (g/d) [g/(kg - d)]
Lubchenco et al. (1963)
Pediatrics 32: 793-800 BW 5635 us 70% C 1045 2200 15.0 40.0 14.9
30% H
Babson et al. (1970)
Pediatrics 45: 937-944 BW 40,000 us 95% C 1022 2298 13.7 29.0 171
5% O
Hoffman et al. (1974)
Obstet. Gynecol. Surv.
29: 651-681 BW 1,164,871 us 7% AM 1484 2819 1.4 23.0 13.7
7% AF 1605 2725 20.9 17.4 11.2
44% CM 1260 2698 18.9 29.0 15.7
41% CF 1251 2628 24.9 32.1 15.4
Brenner et al. (1976)
Am. J. Obstet.
Gynecol. 126: 555-564 BW 30,772 us 51% C 990 2220 22.9 30.0 16.2
49% O
Naeye & Dixon (1978)
Pediatr. Res. 12:
987-991 BW 48,239 us 46% A —2 2160 —2 29.3 14.7
46% C
8% O
Arbuckle et al. (1993)
Obstet. Gynecol. 81:
39-48 BW 1,087,629 CA ~91% C ~1025 M ~2350M —2 —2 16.3M
~9% O ~975 F ~2285 F 169 F
Alexander et al. (1996)
Obstet. Gynecol. 87:
163-168 BW 3,134,879 us —2 1035 2667 23.0 29.9 20.0
Hadlock (1991)
Radiology 181: 129—
133 FW 392 us 100% C 1055 2377 22.1 30.7 16.6
Ott (1993)
Am. J. Obstet.
Gynecol. 168: 1710-
1717 FW 1583 us —2 1112 2322 20.9 28.3 15.0
Gallivan et al. (1993)
Ultrasound Obstet.
Gynecol. 3: 109-114 FW 70 UK 100% C 1096 2445 22.9 30.3 16.4

1 BW, birth weight; FW, fetal weight measured by ultrasonography; US, United States; CA, Canada; UK, United Kingdom; C, Caucasian; H,
Hispanic and Native Indian; A, African-American; O, other races; M, male; F, female; weeks are weeks of gestation. Weight and weight gain in g/d
are from reported 50th percentile values; weight gain from 27 to 34 wk is from exponential regression of reported 50th percentile values; weight and
weight gain values at various GAs were derived from subsets of the total number of subjects.

2 Data not reported.
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(1979), analyzed data collected between 1959 and 1966 from
12 hospitals in the United States, but only Naeye and Dixon
(1978) included the BWs of infants who survived the first year
and who did not suffer from any disorder that could have
caused fetal growth retardation. Naeye and Dixon (1978)
found that before 38 weeks of GA, BWs tended to cluster at
intervals consistent with monthly vaginal bleeding during
early pregnancy. This suggested that such bleeding was some-
times misinterpreted as a menstrual period by the pregnant
woman, and the GA had been erroneously dated from that
bleeding episode. To address this bias, Naeye and Dixon
(1978) used only the lowest weight cluster at each GA as the
database for that age, on the assumption that only this cluster
represented cases without postconceptional vaginal bleeding.
Therefore, BWs were lower than if this correction had not
been made. Often, low growth rates were associated with high
calculated or observed weights at the starting point, which was
not the case in the study by Naeye and Dixon (1978). In this
report, the 50th percentile and mean weights were exactly the
same, to the gram, for all GAs from 28 to 38 weeks, which is
not plausible for this large collection of births.

Brenner et al. (1976) surveyed births in Cleveland between
1962 and 1969. BWs were recorded for infants (from uncom-
plicated singleton pregnancies) who were alive at the onset of
labor in the 21st to the 44th week of gestation. The rate of
increase in fetal growth for the 50th percentile during weeks
26-35 was similar to mean values observed by Usher and
McLean (1969) (percentile values were not reported) and
calculated by Sparks (1984), at about 1.6% per day. The
results of Brenner et al. (1976) corroborated the results of the
earlier study by Hendricks (1964), who estimated the mean
daily growth increment to be 1.6-1.8% between 22 and 34
weeks of gestation, by using an earlier (1956-1962) 11,000-
birth sample from the same hospital (percentile values were
not reported). In addition, the results are consistent with the
data of Babson et al. (1970), whose study included 723 births
in the 27th to the 34th week of GA.

Hoffman et al. (1974) started with a 50% sample of all live
birth records in the United States from 1968 provided by the
National Center for Health Statistics, to which they applied a
number of exclusion criteria. They limited their analysis to sin-
gleton live births by Caucasian or African-American mothers in
the District of Columbia and the 36 states that at that time
recorded GA. Hoffman et al. (1974) and Hardy et al. (1979) did
not reject implausible weights for GA from their raw data. The
inclusion of the outliers produced a disproportionately large effect
on weight percentiles at early GAs, at which the number of
liveborn infants was limited (Alexander et al., 1996; Gruenwald,
1966; Milner & Richards, 1974; Naeye & Dixon, 1978). For
example, Hoffman et al. (1974) reported a 90th percentile BW of
more than 3500 g for Caucasian infants born at the 20th week,
which was higher than the 90th percentile observed in this same
data set at the 31st week. The weights reported by Hoffman et al.
(1974) for the 50th percentile in the 27th week were higher than
those in other studies (Table 4-2). The inclusion of outliers at
early ages could raise the weight percentiles and decrease the
apparent rate of subsequent weight gain. This probably contrib-
utes to the reason why the calculated exponential rate for growth
after the 27th week for the data of Hoffman et al. (1974) is low.
The cross-sectional weight percentiles in the study by Hardy et al.
(1979) were not useful for estimating fetal weight gain because
mean BWs for short gestations were too high to be credible and
because of the large variability in BWs at different GAs. Evi-
dently, the menstrual age data were not reliable.

The growth rates for fetuses of GAs 28-34 weeks that can
be calculated from the data of Milner and Richards (1974) in

the United Kingdom, who purged data of outliers, were lower
than rates calculated from the data of Hoffman et al. (1974).
This apparent slow growth was the result of an unusually high
50th percentile weight for infants at the 28th week (1360 g for
males; 1330 g for females).

A more recent study of BWs and GA was published by
Alexander et al. (1996), who used data from 82% of the
singleton live births to residents of the United States in 1991.
Like most of their predecessors, these researchers eliminated
all combinations of BW and GA that could not be encom-
passed in a unimodal curve or were otherwise unrealistic yet
reported high weights for GA. Alexander et al. (1996) calcu-
lated smoothed percentiles of BW for GA using the method of
Himes and Hoaglin (1989), whereas most other studies used
curve-smoothing techniques that were neither specified nor
referenced. The rate of weight gain at the 50th percentile for
the GA of 24-27 weeks was approximately 17 g/d. Between 27
and 34 weeks, the growth curve for the 50th percentile was
approximately a straight line with a slope yielding a weight
gain of 34.8 g/d. The weight-based [g/(kg-d)] rate of growth
between 27 and 34 weeks GA is 34% higher than the growth
rate obtained from the data of Lubchenco et al. (1963) (Table
4-2), whose growth curve is in present clinical use for preterm-
LBW infants (Katrine, 2000). In fact, rates of growth from the
data of Alexander et al. (1996) were higher than those from
nearly all previous reports of infants of 27-34 weeks GA.

Data from Arbuckle et al. (1993) resulted in a linear rate of
weight gain of 26.2 g/d for males and 25.9 g/d for females for
a similar GA (27-34 weeks). These values are nearly 10 g/d
lower (~30%) than values from the data of Alexander et al.
(1996) (34.8 g/d).

Data from Wong and Scott (1972) suggested fetal growth
rates of 32.2 g/d, averaged for males and females. However, this
study included only 437 Canadian infants of 30-36 weeks GA
born near sea level. Median and percentile values were not
provided.

In Figure 4-1, fetal growth rates from the data of Alexander
et al. (1996) are compared with the lower rates of fetal growth
from the data of Lubchenco et al. (1963).
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FIGURE 4-1 Linear (g/d) and exponential rates [g/(kg-d)] of fetal

growth calculated from the data (50th percentile) of Alexander et al.
(1996) and Lubchenco et al. (1963), showing a wide discrepancy be-
tween data from the two studies.
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Except for data from Hoffman et al. (1974), Milner and
Richards (1974), and Naeye and Dixon (1978), results from
cross-sectional BW studies have indicated that exponential
growth rates are higher than the 14.9 g/(kg-d) rate derived
from the work of Lubchenco et al. (1963).

Data from cross-sectional BW studies indicate that an in-
trauterine weight gain of approximately 16-17 g/(kg-d) be-
tween 27 and 34 weeks GA may be a reasonable standard
against which the effect of infant formula on extrauterine
growth of preterm-LBW infants can be evaluated.

Ultrasound studies of fetal weight gain

Certain disadvantages of using the cross-sectional studies of
BW to estimate fetal weight gain could be avoided by longi-
tudinal studies in which the growth of the fetus is followed in
utero. The only currently available noninvasive method for
longitudinal study of fetal growth is ultrasonography. By this
method, weight is inferred from the measured dimensions of
various body parts (Hadlock, 1990) or calculated from volume
on the basis of assumptions about body volume and density
(Combs et al., 1993; Deter et al., 1984). Although certain
disadvantages of using BW to estimate fetal weight gain are
avoided by ultrasonography, this method is not without bias.
Significant errors in the independent (GA) and dependent
(growth) variables have occurred, which underscores the dif-
ficulty in using ultrasonography (Scott et al., 1996). In addi-
tion, ultrasonography has had limited use in research protocols
performed in the United States and is impractical and expen-
sive to apply to a large population. In other countries, how-
ever, ultrasonographic methods have been used more exten-
sively to estimate fetal weight in the third trimester. Relatively
few ultrasound studies have repeatedly measured the same
fetus more than a few times, so these studies are primarily
composed of cross-sectional data or use regression analysis to
estimate fetal weight at the GA of interest. Studies in which
both GA and fetal weight are determined ultrasonographically
should be internally consistent.

In ultrasound studies, methods other than menstrual data
are typically used to estimate GA. Therefore, data from these
studies are often not comparable to data collected in older BW
studies, which typically used the date of the last menstrual
period to estimate fetal age. Secher et al. (1986) agreed with
Warsof et al. (1983) that GA is more reliably determined by
ultrasound studies than from menstrual data.

Nevertheless, changing the method of determining GA
makes it awkward to compare the weight gains measured in the
ultrasound studies to the preterm BW data. Fetal weights from
the BW data are lower than those from the ultrasound studies
for the same putative GA. In addition, it was reported that
smaller fetuses grow more slowly in the third trimester (Gal-
livan et al., 1993).

Although some reports of ultrasound studies are not useful
for establishing a reference curve of fetal weight gain because
they lack raw data or age-dependent medians, other investi-
gators have applied polynomial formulas to calculate expected
fetal weights at various weeks of gestation. For example, in the
Swedish study of Persson and Weldner (1986), ultrasound
measures were obtained from 89 pregnant women within 48
hours of delivery or abortion; fetal weights were stratified by
weight class from a minimum of 500 g to a maximum of
5000 g. An additional group of ultrasound measures of 19
normal fetuses was obtained an average of nine times each
during pregnancy. From the data obtained, Persson and Weld-
ner (1986) derived a third-degree polynomial equation to
estimate intrauterine weight; 50th percentile values were not

reported. When applied to 27-34 weeks GA, this equation
yields a rate of growth of 24.9 g/d.

Mongelli and Gardosi (1995) also generated an equation to
predict fetal weight. Their longitudinal study included 226
pregnancies in a group of U. K. women of whom 95% were
European. By applying their formula, an average growth rate of
27.9 g/d was calculated for 27-34 weeks GA (1021-2388 g);
50th percentile values were not reported.

Larsen et al. (1990) studied 35 Danish low-risk pregnancies
four or more times each from the 19th week of gestation until
spontaneous delivery and made an average of 8.7 sonographic
measurements on each fetus. Weight gains “showed only in-
significant non-linearity” after the 27th week, as calculated
from a polynomial regression equation. Larsen et al. (1990)
determined GA by both menstrual dates and sonographic
criteria, but the extent of disagreement between the methods
was not specified. The sonographic results apparently were
used to compute the growth rates, which yielded 28.4 g/d
for 22 males and 27.3 g/d for 13 females between 27 and 34
weeks GA.

Hadlock et al. (1991) observed, for predominantly middle-
class women in Texas, an in utero rate of growth of fetuses that
was similar to the rates derived from several of the cross-
sectional BW studies (Table 4-2).

Gallivan et al. (1993) limited their study to Caucasian fetuses
to avoid the ethnic and racial differences known to occur in the
London clinic population (Alvear & Brooke, 1978). In addition,
they excluded measures from women in whom sonographic esti-
mations of GA were more than 7 days different from the men-
strual dates. Their results suggested that growth was approxi-
mately linear for fetuses in the third trimester up to 36 weeks of
gestation. Although the linear model produced wider 95% con-
fidence limits than did more complex formulations, their data
were consistent with a 50th percentile growth rate of 27.7 g/d
from the 27th to 34th week. The exponential rate of fetal growth
obtained from the data by Gallivan et al. (1993) was near that
obtained from the data of Hadlock et al. (1991), and these rates
were virtually identical to the rate that emerged from the cross-
sectional data (Table 4-2).

Ott (1993) obtained BWs of 5757 infants born alive to
predominantly middle- and upper-class women in suburban St.
Louis, Missouri. Among these infants, 1583 were entered into
an ultrasound study of fetal weight, with two examinations
each (Table 4-2). Fetal weights estimated by ultrasonography
ranged from 75 to 83 g higher for the 50th percentile than
50th percentile values derived from actual weight measures of
live births; the difference between methods diminished from
the 28th to the 34th week. Nevertheless, the rate of weight
gain was nearly identical during this period, regardless of
which method was used. These data were consistent with a
fetal growth rate of 15.0 g/(kg-d) obtained from mean fetal
weight measured in an earlier study (Jeanty et al., 1984a) of
Caucasian middle-class women in Brussels that estimated fetal
age from menstrual data (Jeanty et al., 1984b); 50th percentile
values were not reported.

A longitudinal study, which reported rates of fetal weight
gains (not fetal weights) lower than those in most other
publications, was conducted in Dundee, Scotland, by Owen et
al. (1996). Low-risk pregnancies of 274 women were followed
with seven or eight scans each over 28-day intervals; 50th
percentile values were not reported. Overall, however, fetal
weight gains were approximated by a linear rate of 23 g/d or an
exponential rate of 15.4 g/(kg-d), nearly as low as the growth
rate described by Lubchenco et al. (1963) more than 30 years
earlier. Unlike the study by Lubchenco et al. (1963), high

altitude was not a factor. No explanation was apparent for this
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low rate of weight gain, as the women lacked the known risk
factors associated with delivering LBW infants.

De Jong et al. (1998) longitudinally followed 121 Dutch
women with high-risk pregnancies that had a favorable out-
come. Menstrual dates were used to ascertain GA, unless there
was more than a 7-day difference from dates by ultrasound
scans. The published graphs of growth appear to be linear from
the 27th to the 36th week, but they lack detail. However,
these investigators provided numerical data for the 30th and
34th week, which indicated an average weight gain of 27.7 g/d
during that period, identical to the rate obtained with data
from the study by Gallivan et al. (1993) for GA 27-34 weeks.

There are several limitations to using the fetal weight
ultrasound data. First, few studies have reported data on fetuses
in the United States (1991; Ott, 1993). Of the remaining
available studies, those of Owen (1996) and Jeanty et al.
(1984a) reported mean estimated weights rather than 50th
percentile values.

Opverall, an exponential rate of intrauterine weight gain of
15.0-16.6 g/(kg-d) was calculated from ultrasound studies,
slightly lower than that calculated from BW studies (Table
4.2). This was because fetal weights estimated by ultrasonog-
raphy at 27 weeks are higher than observed BWs at that GA
[see Ott (1993)], probably for the reasons already detailed.
Fetal weights determined by ultrasonography and BW mea-
surements must converge to the same median value at term;
therefore, the ultrasonographically determined growth rate
must be slower.

ADDITIONAL CONSIDERATIONS

Sex differences

Among the reports of BW data, those of Freeman et al.
(1970), Hoffman et al. (1974), Wong and Scott (1972), Mil-
ner and Richards (1974), and Arbuckle et al. (1993) provided
separate values for males and females. An additional study, by
Larson et al. (1990), provided fetal weight percentiles by
gender. The first three studies reported that preterm females
were heavier than preterm males; in contrast, the latter studies
found the reverse. However, Freeman et al. (1970) also found
that Caucasian females were smaller than males at 27 weeks
but grew faster, whereas African-American females were larger
than African-American males but grew slower. The sex dif-
ferences for weight in both races were less than 5% after the
29th week. Likewise, Milner and Richards (1974), in the
United Kingdom, found the difference in weight between
sexes was approximately 4% for the 50th percentile in the
third trimester; male infants were heavier. In the Canadian
study by Arbuckle et al. (1993), males were 3—7% larger than
females between the 27th and 34th weeks, the larger differ-
ences occurring most frequently for the younger GA infants.
In the longitudinal study of Larsen et al. (1990), weights
calculated from the 27th week until birth for males at the 50th
percentile were 4% higher than those for females.

Therefore, in the absence of definitive data, specifying
separate preterm infant growth rates for each sex cannot be
justified.

Racial differences

Whether there should be separate standards for weight gain
for African-American and Caucasian infants born preterm is
not clear from the literature. Lubchenco et al. (1963) noted a
difference in weights for African-American and Caucasian
infants, and although Hoffman et al. (1974) and Hardy et al.
(1979) separated racial data, neither provided enough infor-
mation to answer this question adequately. The results of these

analyses were interpreted as indicating a racial difference in
the BWs of preterm infants in the gestational range of 27-34
weeks. African-American infants had higher weights at 27
weeks, yet at 36 weeks or later they weighed less than Cauca-
sian infants of the same GA. After 27 weeks GA, African-
American fetuses apparently had a slower rate of weight gain
(Table 4-2). Hardy et al. (1979) ascribed this effect to a
near-term fall off of weight gain at an earlier GA by African-
American fetuses, whose length of gestation averaged 1.3
weeks shorter than that of Caucasian fetuses. The high weights
and the subsequently slower rates of weight gain could also
have resulted from the inclusion of some preterm infants for
whom GA was implausibly short. As might be expected, the
differences between the 50th percentile weights in Hoffman et
al. (1974) and weights in those studies that were purged of
extreme values become smaller closer to term, because errors
in GA become proportionately less significant as gestation
lengthens and fetal weight gain levels off near term.

At present, the only appropriate choice is to develop ref-
erence standards that will allow the growth of an African-
American premature infant of whatever BW to keep pace with
the 50th percentile growth rate of Caucasian infants of the
same GA. This in some cases may lead to an unwarranted
concern regarding “abnormal” weight gain rates of African-
American infants.

SUMMARY

Fetal weight gain from the 27th to the 34th week conforms
well to simple exponential curves (Sparks, 1984), or even to
straight lines (Dunn, 1985; Larsen et al., 1990). Therefore,
polynomial equations with multiple terms to describe the
slopes of the fetal growth curve, although available (Persson &
Weldner, 1986; Larsen et al., 1990) are unnecessary.

For fetuses who were appropriate for GA (AGA; approxi-
mately the 50th percentile), it mattered little whether an
exponential [g/(kg+d)] or linear (g/d) growth curve was as-
sumed for intrauterine growth for the 27th to 34th week. The
predictions did not differ sufficiently to have clinical signifi-
cance. However, fetuses who are SGA gain less total weight
than those who are AGA (Ehrenkranz et al., 1999; Gallivan et
al., 1993). For example, an 850-g fetus at 27 weeks GA will by
the 34th week weigh 311 g less than a 1000-g (AGA) fetus at
the same GA, if both are growing at 15 g/(kg-d); the difference
in their weights will have doubled in 7 weeks. Therefore, the
use of one linear daily rate (g/d) of intrauterine fetal growth to
evaluate the adequacy of infant formula could lead to the
conclusion that a formula is not adequate for the smaller,
younger infant; whereas, the use of a body weight-based ex-
ponential rate [g/(kg*d)] could result in the conclusion that
growth was adequate. However, a linear growth expectation
(g/d) could be satisfactory, and perhaps slightly more conve-
nient, when following any premature infant who is not SGA
for the purpose of evaluating infant formula.

Nevertheless, the question emerges of whether a growth
rate of 15 g/(kg-d), which has been used as a minimum growth
standard, is adequate. Neonatal undernutrition is hazardous to
both physical and mental development. On the other hand,
overfeeding is also problematic. The linear and exponential
growth rates of 34.8 g/d and 20.0 g/(kg-d) calculated from the
data of Alexander et al. (1996) were much higher than rates
calculated from earlier and smaller studies (Table 4-2). Al-
though no major flaw in that report has been identified, the
adoption of those rates would result in a drastic change in the
growth standard, requiring major alterations in feeding prac-
tices. Certainly, the risk of overfeeding preterm-LBW infants
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would increase, as would the incidence of adverse effects.
Arbuckle et al. (1993) proposed changing the growth standard
only gradually and revising norms of weight for age every 5-10
years, and this seems to be a prudent course.

The adoption of an exponential rate slightly higher than
the reference growth rates used at present would have several
advantages. It would change the weight gain standard toward
the higher rates found in the most recent data, while probably
requiring only incremental alterations in current feeding prac-
tices.

Therefore, on the basis of both cross-sectional BW data and
ultrasound fetal weight data, the Expert Panel concluded that
intrauterine fetal weight gain is approximately 16-17 g/(kg-d)
between 27 and 34 weeks GA. This growth rate is a reasonable
standard to evaluate the adequacy of formula to meet the
nutritional requirements of preterm-LBW infants of 1000 g or
more in the period from 27 to 34 weeks postconceptional age.
For example, for an exponential rate of 16.5 g/(kg-d), an
infant born at 27 weeks, weighing 1000 g (approximate 50th
percentile), would be expected to weigh approximately 2230 g
7 weeks later, at 34 weeks postconceptional age. Although
daily rates of infant growth, on average, can approximate the
rates typical for in utero fetuses, total body weight may be
short of the expected intrauterine fetal weight for the same
postconceptional age because of initial weight loss after birth.
The Expert Panel recognizes that comparison of an infant’s
growth to intrauterine growth may be best accomplished by
plotting averaged weekly weight for GA against a reference
curve and tracking the pattern of weight gain over time.

Slower rates of weight gain are apparent from 24 to 27
weeks GA (Alexander et al., 1996), although the shape of the
curve cannot be defined by only three points (weeks 25, 26,
and 27). The best available data (Alexander et al., 1996)
indicate that intrauterine fetal weight gain from the 24th to
the 27th week and/or for fetuses weighing less than 1000 g is
approximately 17 g/d.

FURTHER RESEARCH

Additional longitudinal ultrasound studies to measure in
utero fetal growth in the United States would be of benefit for
better estimation of intrauterine growth rate and for develop-
ment of a clinically useful growth curve for plotting extrauter-
ine infant progress beginning from the time of viability (23-24
weeks GA) until at least discharge from the hospital.

Whether a different postnatal growth rate should be ex-
pected for African-American premature infants than for Cau-
casian premature infants is an important question for further
research, because the rate of infants of LBW is higher among
African-Americans than among Caucasians (David & Collins,
1997; Hutchins et al., 1984). Certainly, collecting sufficient
data to produce percentiles of BW for African-American pre-
term infants of established GA and collecting definitive data
of growth of African-American fetuses would help establish
better nutrient specifications for feeding LBW infants.

Additional knowledge is needed about the optimal compo-
sition of the body weight gained by preterm-LBW infants. For
example, should the composition of the weight gained by
growing preterm infants be compared to that of the growing
fetus of the same postconceptional age? Furthermore, research
is needed to determine how the composition of formula affects
the composition of weight gained, particularly whether there is
an optimum energy-to-protein ratio above which an increase
in energy intake would result in mainly fat storage. To this
end, research is needed to develop more accurate and easier to
use measuring tools for composition of weight gain.

5. WATER AND POTENTIAL RENAL
SOLUTE LOAD

BACKGROUND

Water-soluble waste products that require excretion by the
kidneys are collectively referred to as the renal solute load
(RSL). Under most circumstances, the renal solute is of dietary
origin and is closely related to the nitrogen and electrolyte
content of the diet. To excrete these products, a certain
amount of water is required, and this affects the net balance of
water. As the RSL increases or the available water for urine
formation decreases, the kidneys must increase the solute con-
centration (osmolality) of the urine. The premature infant’s abil-
ity to concentrate urine depends on the development of the
kidneys and their physiological functions (see Appendix A).

Potential renal solute load (PRSL) refers to solutes of
dietary origin that would need to be excreted in the urine if
none were diverted into synthesis of new tissues and none were
lost through extrarenal routes. Under most circumstances,
urea, chloride, potassium, phosphorus, and sodium contribute
more than 90% of the PRSL (Ziegler, 1991b). The following
equation may be used to calculate an approximation of the
PRSL that will result from an infant formula (Fomon &
Ziegler, 1999):

PRSL = [N]/28 + Na + Cl + K + P,

In this equation, the dietary intakes of solutes are expressed in
millimoles (mmol, or milliosmoles, mOsm), [N] is milligrams
of nitrogen, and the factor [N]/28 represents the excretion of
nitrogenous substances as urea (urea contains two nitrogen
atoms, atomic weight 14). Na is sodium, Cl is chloride, K is
potassium, and P, is available (nonphytate) phosphorus, which
is the same as total phosphorus in milk-based formulas (Fomon
& Ziegler, 1999). Nitrogen is usually calculated as 16% of the
protein ingested (Fomon & Ziegler, 1993).

The PRSL of mature human milk is 14 mOsm/100 kcal
(Fomon & Ziegler, 1993), whereas that of currently available
premature infant formulas is approximately 26 mOsm/100 kcal
(American Academy of Pediatrics. Committee on Nutrition,
1998). The Expert Panel on Assessment of Nutrient Require-
ments for Infant Formulas calculated that its maximum rec-
ommended levels of nutrients precluded a value for PRSL
greater than 33 mOsm/100 kcal (Raiten et al., 1998a). By
setting this as the maximum allowable level, the panel mem-
bers signaled their conclusion that this load would not stress
the renal concentrating ability of term neonates.

The Canadian Paediatric Society (1995) and Health Can-
ada Guidelines (1995) have made recommendations regarding
the PRSL load of premature infant formulas. They noted that
the amounts of protein, sodium, potassium, chloride, and phos-
phorus in premature infant formulas need to be greater than
those of term formulas in order to meet the recommended
nutrient intakes for premature infants, and that it is important
that the PRSL of these formulas not exceed the renal excre-
tion capacity of low birth weight infants. On the basis of their
recommended maximum amounts of protein and electrolytes,
the maximum PRSL would be 28 mOsm/100 kcal.

Energy-dense formulas are recommended for premature in-
fants because their tolerance for volume is low. These formulas
are associated with relatively small fluid intakes, because the
quantity consumed ad libitum or by the choice of caregivers is
largely regulated by energy needs (Fomon & Ziegler, 1999). It
is thus important to specify a maximum PRSL that is safe for
formula-fed premature infants on a routine basis.
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REVIEW OF THE LITERATURE

Concerns about the PRSL are based on epidemiological
data indicating that term infants consuming formula with a
PRSL of 39 mOsm/100 kcal were predisposed to hypertonic
dehydration (Ziegler & Fomon, 1989). This information was
discussed in detail when a maximum PRSL of 33 mOsm/100
kcal for term formula was recommended by the expert panel
assessing nutrient requirements for term infant formulas
(Raiten et al., 1998a). Although some smaller premature in-
fants may be unable to concentrate urine above 600-700
mOsm/L early in life (see Appendix A), concern is reduced by
knowledge of the substantial component of the PRSL required
for newly formed tissues (Ziegler & Ryu, 1976). In fact, the
rapidly growing premature infant incorporates a larger percent-
age of the PRSL into new tissue than does the term infant
(Saigal & Sinclair, 1977). Brusilow (1991) noted that prema-
ture infants excrete on average less than 14% of their nitrogen
intake, which is ordinarily more than half of the PRSL, as urea
nitrogen when fed standard infant formula (Pencharz et al.,
1977).

Ziegler and Ryu (1976) related the PRSL of premature
infant formula to the actual RSL excreted by seven male
infants between 32 and 37 weeks of gestational age (GA) who
were fed 150 kcal/(kg-d) of preterm infant formula containing
80 kcal/100 mL. The PRSL values of the two different formu-
las fed these infants were 161 and 202 mOsm/L (20.1 and 25.3
mOsm/100 kcal), respectively. Urinary solute excretion in this
study accounted for 37.8% of the PRSL, ranging from 31.8%
to 50.1% while the infants were gaining 21-50 g/d, with a
mean of 36 g/d (18 g/kg daily). The mean osmolality of the
urine of these infants was 127 mOsm/kg water. The infants
were relatively large and the sample size was small; however,
there was a large margin of safety under these conditions. The
investigators noted that a greater concentration of solute in
the urine might be required if extrarenal fluid losses were to
increase or if fluid intake were intentionally decreased (as for
management of clinical problems such as chronic lung disease
or patent ductus arteriosus).

In a larger and more complex study of 77 relatively large
premature infants (mean birth weight of 1787 g, GA of 33
weeks) at 3 weeks of age fed human milk or a variety of
formulas, De Curtis et al. (1990) confirmed that the true
osmolar load of so-called adapted formulas is low for growing
premature infants. Mean intakes with the formula were 39.1
mmol/(kg-d) of nitrogen and 1.8, 3.2, 2.3, and 2.3 mmol/
(kg-d) of sodium, potassium, chloride, and phosphorus, respec-
tively. The calculated PRSL for these values would be 29
mOsm/(kg-d), or 23.8 mOsm/100 kcal ingested at the ob-
served intake of 122 kcal/(kg-d). The infants were observed to
gain 15 g/(kg-d), implying uptake of an osmolar equivalent of
approximately 13.5 mOsm/(kg-d) on the basis of assimilation
of 0.9 mOsm solute/g of weight gained (De Curtis et al., 1990).
This left only 15.5 mOsm/(kg-d) to be excreted. Urine volume
was 140 mL/(kg-d), at an average osmolality of 143 mOsm/kg,
or 20 mOsm/(kg-d), so 122% of the administered osmoles was
accounted for. The mean urine osmolality of the formula-fed
infants was higher than that of the human milk-fed control
group (102 mOsm/kg), but it was far below a level that would
stress an infant with normal kidneys.

DISCUSSION

The renal concentrating ability of premature infants is initially
less than that of full-term infants and depends on the GA.
Clinical observations suggest that any more severe limitation of

the concentrating ability of premature infants weighing more
than 1500 g compared with that of term infants (about 900
mOsm/L) would be transient. However, some infants weighing
less than 1000 g may not be able to concentrate urine beyond
500-600 mOsm/L. Using the methods of Fomon and Ziegler
(1993), the Expert Panel estimated the maximum PRSL for a 81
kcal/100 mL formula based on the water intake and water avail-
able for urine formation, as shown in Table 5-1.

This calculation of a PRSL limit is at a specific fluid intake
and assumes high values for extrarenal losses (11 mL of fecal
water loss and 63 mL of insensible water loss). Moreover, the
calculation assumes no sequestration of solutes by growth, but
a formula-fed premature infant receiving these intakes who
fails to grow for more than a day or two after the first week of
life is acutely or chronically ill and needs special management.
Thus, the concatenation of circumstances postulated in the
example is unlikely, yet possible, for it could occur if an ill
premature infant failed to grow for 2-3 days yet continued to
tolerate feedings, as is occasionally observed.

The PRSL can be calculated for both the maximum and
minimum concentrations recommended. This is done in Table
5-2, which shows that the PRSL for a preterm formula might
be as high as 35.4 mOsm/100 kcal if it contained the maxi-
mum level of nutrients recommended by the Expert Panel.
Producing a formula of lower PRSL would require adding less
of one or more of these components.

The Expert Panel observed that a PRSL upper limit of 32
mOsm/100 kcal would allow for substantial increases in the
concentration of relevant components, such as sodium and
protein, for which the recommendations in this report are
higher than those in contemporary preterm formulas.

The minimum PRSL calculated (Table 5-2) from the min-
imum levels of its component nutrients recommended in this
report is 22 mOsm/100 kcal. This number becomes important
for recommending a maximum energy density for premature
infant formula. For example, the actual water intake depends
on caloric density because the volume consumed depends
primarily on energy needs (Fomon & Ziegler, 1999). This
means that a caloric density is too high if it produces energy

TABLE 5-1

Estimation of maximum potential renal solute load based on
available water for an 81 kcal/100 mL formula

o A formula of 81 kcal/100 mL provides 93% of its volume as water
to meet metabolic needs and water losses. This is based on the
water used in formulation plus the water produced from the
metabolic oxidation of components of the formula (Fomon &
Ziegler, 1993; 1989).

® Consumed at 120 kcal/(kg - d), the formula provides (0.93 X 120/
0.81) = 138 mL/(kg - d) water.

® The maximum daily loss of water from the skin and lungs of a
healthy term infant not exposed to extreme environmental
conditions is 70 mL/(kg - d) (Fomon & Ziegler, 1993). In the
absence of specific data on preterm infants, the Expert Panel
assumed the maximum water loss by this route to be 90% of the
maximum for term infants, or 63 mL/(kg - d) for a premature
infant, leaving 75 mL/(kg - d) water available. This assumption
significantly affects the estimate of available water.

® Fecal loss of water by formula-fed preterm infants is 8-11 mL/
(kg - d) (Parmar et al., 1986), leaving 64 mL/(kg - d) available for
urine formation.

® The great majority of preterm infants without renal disease can
concentrate the urine to 600 mOsm/L (Chevalier, 1996).
Therefore, a maximal potential renal solute load by this
calculation (64 X 0.6/1.20) is 32 mOsm/100 kcal at 120
kcal/(kg - d).
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satiety in premature infants before they have consumed
enough water to provide for their insensible and fecal water
losses and renal excretory requirements. In other words, the
higher the energy density in formula, the lower the PRSL
value should be because less water is consumed.

At the minimum PRSL achievable from the recommenda-
tions in this report [22 mOsm/100 kcal or 26.4 mOsm/(kg-d),
assuming 120 kcal/d], excretion at the assumed urine concen-
tration limit of 600 mOsm/L would require 44 mL/(kg-d) of
water available for urine formation and 74 mL/(kg-d) of water
available for extrarenal loss, or an intake of 118 mL/(kg-d) of
water from 127 mL of formula (127 mL X 0.93 = 118 mL).
This fixes the maximum acceptable energy density as 94 kcal/
100 mL (120 kcal/127 mL = 0.945 kcal/mL).

All of the recommendations in this report are predicated
based on the assumption that the caloric density of the ad-
ministered formula would be 81 kcal/100 mL, at an average
intake of 110-135 kcal/(kg-d). Higher caloric densities are
possible and are sometimes used for preterm infants under
close medical supervision, usually because intake of fluid is
restricted. For example, Moro et al. (1984) fed a formula of
940 kcal/L, Roy et al. (1976) fed a formula of 1000 kcal/L and
Friedman et al. (2000) fed formula of 1010 kcal/L. These
studies are discussed in Chapter 6. The maximum tolerable
energy density will depend on the water intake and RSL.
Table 5-3 illustrates the relationship among these factors as
calculated according to the methods of Fomon and Ziegler
(1993) (see Table 5-1). No PRSL values are given for energy
densities lower than 67 kcal/100 mL, because that value is the
minimum energy density recommended for premature infant
formula. No PRSL values are given for energy densities higher
than 94 kcal/100 mL, because such densities would require a
PRSL lower than 22 mOsm/100 kcal, the minimum attainable
under the minimum content recommendations for relevant
mineral solutes and protein.

Recommendations

Minimum. The Expert Panel recommended that the min-
imum PRSL for preterm infant formula be set at 22 mOsm/
100 kcal, resulting from the minimum recommended
amounts of nutrients contributing to the PRSL. This fixes
the maximum acceptable energy density as 94 kcal/100 mL.

TABLE 5-2

Calculation of potential renal solute load resulting from the
maximum and minimum nutrient contents recommended by
the Expert Panel for preterm infant formula of 81 kcal/100 mL

Maximum content Minimum content

mg/100  mOsm/100 mg/100  mOsm/100

Nutrient kcal kcal kcal kcal
Nitrogen (N)1 576 20.6 400 14.2
Sodium (Na) 63 2.7 39 1.7
Chloride (Cl) 160 4.5 60 1.7
Potassium (K) 160 41 60 15
Available

Phosphorus (P) 109 3.5 84 2.7
Potential renal

solute load 35.42 21.8

1 Calculated by multiplying recommended protein g/100 kcal by 160
mg N/g protein to obtain mg N/100 kcal, and then dividing by 28 mg
N/mmol urea to obtain mOsm/100 kcal.

2 Exceeds the recommended maximum potential renal solute load.

TABLE 5-3

Relationship of energy density of formula, water available for
urine formation, and upper limit of potential renal solute load
for formula, assuming no growth of preterm infant

Water for urine

Energy density Formula volume formation PRSL upper limit2
(kcal/100 mL) [mL/(kg - d)] [mL/(kg - d)] (mOsm/100 kcal)
67 179 92 463
74 162 77 383
81 148 64 32
87 137 53 27
94 127 44 22

1 (Formula volume X 0.93) — 74 mL/(kg - d) extrarenal loss.

2 PRSL: potential renal solute load.

3 Theoretical limit because one or more nutrients would exceed the
recommended maximum.

None of the components of the PRSL can be present in a
formula of energy density 94 kcal/100 mL at any concentration
greater than the minimum recommended in this report.

Maximum. The Expert Panel recommended that the max-
imum PRSL for preterm infant formula be set at 32 mOsm/
100 kcal for a formula containing 81 kcal/100 mL. To
comply with this maximum PRSL, some components of the
PRSL (nitrogen, sodium, chloride, potassium and available
phosphorus) must be provided at less than their maximum
recommended level.

It is important to recognize that this calculation of permissible
PRSL applies only under a specific set of assumptions. The cal-
culation is very sensitive to these assumptions, especially to in-
sensible fluid loss, for which there are the fewest data. For this
reason, the Expert Panel urged that the recommended PRSL limit
not inhibit the clinical investigation of formulas with higher
concentrations of some of the solutes that contribute to the
PRSL, provided that testing of such formulas includes an evalu-
ation of the safety of the resulting PRSL.

This recommendation applies to formula for premature
infants who are thriving, gaining weight, and not being sub-
jected to extraordinary endogenous or exogenous variables
such as fever or excessive radiant warming. Il infants, over-
heated infants, or infants not growing because of congenital
conditions or intercurrent illnesses should not be maintained
solely by use of a fixed formula, regardless of its composition,
and recommendations in this report are not intended to pro-
vide adequate maintenance parameters for them. Their fluid,
calorie, mineral, and nitrogen balances can be maintained
only by using information gained from frequent physical ex-
aminations and laboratory measurements.

6. ENERGY AND THE PROTEIN-ENERGY
RELATIONSHIP

BACKGROUND

Energy balance

The energy demands for preterm infants depend on many
factors, including:

e Stages of fetal and neonatal development

e Genetic differences in metabolic rate

e Differences in thermal environment

e Variation in activity and sleep states

e Differences in state of nutrition and nutrient intake

e Variations in growth rate
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e Status of body composition

e Variations in postnatal development

e Metabolic demands of illnesses

The energy balance equation is defined (Sinclair, 1978) as

Energyintake = CNCIZYexcreted + ENECIZYseored + energYexpended

where energy, ... represents the metabolizable energy in the
food, energy.. eeq OCcurs primarily in the feces in the post-
natal period, energy,,,,.q is the metabolizable energy incorpo-
rated into lean body mass (LBM) and fat, and energy, ended
consists of four components:

1. Energy used in the maintenance of body functions (e.g.,

respiration, maintenance of cardiac output, digestion)

2. Energy used for thermoregulation

3. Energy used in physical activity

4. Energy used for the synthesis of new tissues

Energy required for catch-up growth

The American Academy of Pediatrics’ Pediatric Nutrition
Handbook (American Academy of Pediatrics. Committee on
Nutrition, 1998) recommended that premature infants be pro-
vided nutrients in amounts sufficient to allow growth similar to
that of a fetus of comparable postgestational age. However,
difficulties in feeding newborn low birth weight (LBW) in-
fants, coupled with some loss of extracellular fluid (Van der
Wagen et al., 1985) (see Appendix A), cause premature in-
fants to lose weight in the first few days of life (Heird & W,
1996). Even without complications, they do not regain birth
weight (BW) until about 2 weeks of age, so their growth lags
behind that of a “normal” fetus of the same postconceptional
age, even if they were appropriate for gestational age (AGA)
at birth (Wright et al., 1993). In addition, many premature
infants are born small for gestational age (SGA), so there is a
need for enough catch-up growth to bring them to the size of
a normal fetus of comparable gestational age (GA). The
amount of catch-up growth required is the difference between
the AGA fetal weight and the BW observed, plus the growth
deficit incurred neonatally (Forbes, 1974). Whether or not
there is a need for increased energy and nutrient requirements
to compensate for this deficit has been a subject of debate.

Although a delay of 2—4 weeks in maturation might appear
very significant at 2000 g or less, it should become less impor-
tant as the months pass on and be negligible by 1 year or more
of postnatal age. In fact, Wright et al. (1993) did find that
premature infants in different weight classes gained weight
along parallel lines from the 60th day of life through the 105th.
Earlier, Casey et al. (1990) had followed similar groups of
LBW infants from the 40th postgestational week to 1 year of

corrected GA and found that the average growth curves of
groups weighing less than 1251, 1251-2000, and 2001-2500 g
paralleled each other and were only slightly lower than the
National Center for Health Statistics average rate for term in-
fants. This means that the differences among term and preterm
infants became proportionately smaller with increasing age. This
result confirms the observation that the height and weight of 46
infants born at less than 35 weeks GA were normal when calcu-
lated as related to postconceptional age (Forslund & Bjerre,
1985). Premature infants weighing less than 1500 g at birth
(mean weight 1170 = 207 g) who were examined at intervals by
Ross et al. (1990) were smaller than their term peers in height
and weight, although not in head circumference, at 1 and 3 years
of age but not at 7 and 8 years. This is not true for infants born
SGA (Ounsted et al.,, 1984). It is possible that the first few
postnatal weeks may be critical for brain development (Heird &
Wu, 1996), so that the lag period should be minimized. However,
there seems to be no direct evidence as to what extent catch-up
growth is important in this regard.

Previous recommendations for energy density and intake

The report Assessment of Nutrient Requirements for Infant
Formulas recommended that the energy density of term infant
formulas fall in the range of 63-71 kcal/100 mL. These rec-
ommendations were based on the history of use and consider-
ation of the interactions of energy and fluid balance (Raiten et
al., 1998a). It was noted that if the energy density of formula
is low, the infants must consume a large volume to meet
energy needs; if the energy density is high, fluid intake is
decreased. The positions of some authoritative agencies re-
garding energy content of formulas intended for premature
infants are given in Table 6-1.

The caloric density of formulas currently available for pre-
term infants in the United States is 81 kcal/100 mL (American
Academy of Pediatrics. Committee on Nutrition, 1998).

A wide range of values has been reported for the caloric
density of milk from mothers who gave birth to infants pre-
maturely. This could be accounted for by differences in sample
collection procedures and a greater degree of interindividual
variability in preterm milk composition than in term milk
composition (Atkinson, 1995); although the energy content of
milk from mother’s who gave birth to infants prematurely does
not differ significantly from term milk (Butte et al., 1984).
Typically, the energy content of human milk from mothers in
the United States averages 670-690 kcal/L in the first few
months postpartum (Butte et al., 1984; Butte et al., 1990;
Nommsen et al., 1991). There is no evidence or rationale to
suggest that the composition of preterm milk is adapted to the

TABLE 6-1

Existing recommendations for energy intake by preterm infants and provision of energy in preterm formulas

European Society of Paediatric

American Academy of
Pediatrics Committee
on Nutrition, 1998

Gastroenterology and Nutrition
(ESPGAN) Committee on
Nutrition, 1991 1995

Health Canada, Health
Protection Branch,

Industry Desalino
Associoné
(IDACE), 1996

Energy intake Minimum 105 kcal/(kg - d)
recommendation? (70 kcal/100 mL
of formula)
Maximum 130 kcal/(kg - d)

(87 kcal/100 mL
of formula)

98 keal/(kg - d)
(65 kcal/100 mL
of formula)

128 kcal/(kg - d)
(85 kcal/100 mL
of formula)

105 kcal/(kg - d)
(67 kcal/100 mL
of formula)

135 kcal/(kg - d)
(85 kcal/100 mL
of formula)

98 keal/(kg - d)
(65 kcal/100 mL
of formula)

128 kcal/(kg - d)
(85 kcal/100 mL
of formula)

1 Calculated for 150 mL/(kg - d) of formula.
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needs of the premature infant (Atkinson, 1995), and in this
report, human milk is not being proposed as the standard for
the energy content of preterm formulas.

For energy intake, the Health Canada Guidelines for the
Composition and Clinical Testing of Formulas for Preterm Infants
(1995) states: “The P-RNI [recommended nutrient intakes for
preterm infants] for enteral energy intakes range from 105 to
135 keal/kg-d, and this can be achieved with a formula with
an energy density ranging from 67 to 85 kcal/100 mL, with a
carbohydrate:fat energy ratio of 1:1 and a protein:energy (P:E)
ratio not exceeding 3.5 g/100 kcal.” The European Commis-
sion Industry Desalino Associoné (IDACE) (1996) guidelines
recommended a minimum of 65 and a maximum of 85 kcal/
100 mL; these were identical to the recommendations of the
European Society of Paediatric Gastroenterology and Nutri-
tion Committee on Nutrition (ESPGAN Committee on Nu-
trition of the Preterm Infant, 1987).

REVIEW OF THE LITERATURE

Total energy intake

The following discussion is based solely on considerations
of weight gain and the tissue composition of that gain. Other
indicators of growth, such as changes in body length or head
circumference, are not consistently different by a magnitude
useful in discriminating among various feeding formulations.

A summary of published data (Putet, 1993) indicated that
premature infants can use 85-90% of energy intake after the
first 2-3 days of life. The remainder is lost in stool and to a
small extent as urea in the urine.

Gordon et al. (1940) found an average energy expenditure
of premature infants to be 68 kcal/(kg-d), with stool losses of
18 kcal/(kg-d), for a total maintenance requirement of 86
kcal/(kg-d). More recently, Reichman et al. (1981) adminis-
tered 149 kcal/(kg-d) to premature infants, of which 18 kcal/
(kg-d) was lost in the stool and urine and 68 kcal/(kg-d) was
stored, leaving a total maintenance expenditure of 63 kcal/
(kg-d). In a typical study of 1200-g formula-fed infants receiv-
ing about 150 kcal/(kg-d), the measured maintenance require-
ment was 51 kcal/(kg-d) (Reichman et al., 1982). Because the
energy cost of synthesis and composition of new tissue in this
study was measured at 4.9 kcal/g of weight gain, it can be
calculated that 83 kcal/(kg-d) above maintenance would be
required for a fetus-like weight gain of 17 g/(kg-d) (see Chap-
ter 4), and the total caloric requirement would be 134 kcal/
(kg+d). These and other studies show that a caloric intake
above 70-90 kcal/(kg-d) (allowing for wide variations in
energy expenditure for activity) is required for weight gain by
a premature infant.

Sauer et al. (1984) conducted longitudinal studies of me-
tabolism and energy costs in 14 LBW infants (BW of 920—
1850 g), in which they measured the infants’ metabolic rates
repeatedly up to 58 days of life. The daily resting metabolic
rate after the first week was calculated as y = a = bx, where a
= 246 k]/kg, b = 0.07, and X = age in days. At less than 100
days, the second term is certainly negligible, so the resting rate
is 246/4.175 or 59 kcal/(kgd). The mean energy used for
activity was about 7 kcal/(kg-d), slowly rising during that
period, and losses were estimated at 10% of intake, or 13
kcal/(kg-d). The total maintenance requirement was therefore
60 kcal/(kg-d). These infants were gaining at 17.8-19.0
g/(kg-d) after the 14th day. The investigators calculated that
a gain of 17 g/(kg-d) by an infant weighing between 1000 and
2000 g would require an intake of 535 kJ/(kg-d), or 128
kcal/(kg+d). This is very close to the optimal intake of 120
kcal/(kg-d) assumed as early as Gordon et al. (1940), and close

to the upper limit of many current recommendations (see
Table 6-1).

Brooke (1987) reviewed studies of the energy costs of
growth conducted until that time and concluded that 10-25
kcal/(kg*d) above maintenance would be required for a weight
gain of 15 g/(kg-d). Brooke estimated total energy expendi-
tures and losses to be 105 kcal/(kg-d), leading to an estimated
total requirement of 115-130 kcal/(kg-d).

Previously, Brooke (1980) studied variations in energy intake
during 7-10 days in 16 infants of BWs less than 1500 g when they
reached 32-39 weeks of postconceptional age. Energy intakes
ranged from 133 to 187 kcal/(kg-d). There were no significant
differences in weight gain, which varied from 26 to 29 g/d.
Because the weights were constantly increasing, it is not possible
to calculate the gain in g/(kg-d) from the data provided, but the
mean at the middle of the study would have been about 15
g/(kg-d). The important point is that although the infants ab-
sorbed more food energy with higher caloric intakes, they did not
grow faster. This could be due to an increase in energy expendi-
ture with high intakes of energy (Brooke, 1985), or by counter-
balancing loss of body water, perhaps in part caused by a gain in
the percentage of body fat. It should be noted that because the
increased energy was provided as fat, the protein-to-energy (P:E)
ratio was decreasing as the caloric intake was increasing (see
below).

The ability to achieve rates of weight gain and accumula-
tion of some nutrients, which are as much as 50% greater than
the intrauterine rates, has been demonstrated in a number of
studies (Heird & Wu, 1996). However, the high caloric in-
takes necessary to support such rates lead to the deposition of
a higher proportion of the weight gain as fat than occurs in
utero (Bell, 1994). This phenomenon can occur even at
growth rates comparable to fetal growth rates, if the P:E ratio
(in g/100 kcal) is low (Reichman et al., 1981). However, it is
not known whether a rapid accretion of body fat is an unde-
sirable accompaniment of the nutrition of premature infants or
an advantageous adaptation to postnatal life (Heird & W,
1996; Putet, 1993). In any case, rapid accretion of body fat
appears to be unavoidable, although it can be altered consid-
erably by manipulation of the P:E ratio (Bell, 1994; Kashyap et
al., 1994) (see below). A fat deposition of 20-25% of weight
gain has been proposed as a reasonable goal (Putet, 1993),
because with this proportion “normalization” of body compo-
sition can be expected within the first few years of life (De
Gamarra et al., 1987). There are, however, no long-term data
to justify this limit.

The Expert Panel estimated that energy intakes for pre-
term-LBW infants would be in the range of 110-135 kcal/
(kg-d). Unless otherwise noted, an energy intake of 120
kcal/(kg-d) was assumed when making a recommendation
for minimum and maximum levels of nutrients in this report.

Energy density

The energy density of premature infant formulas currently
available in the United States is 67.6 and 80.5 kcal/100 mL
(Abbott Laboratories. Ross Products Division, 2001; Mead
Johnson Nutritionals, 2000). The higher value of 81 kcal/100
mL seems to be an appropriate compromise between the lim-
ited ability of premature infants to tolerate volume and their
limited excretory ability. As mentioned earlier, all of the
recommendations in this report are predicated based on the
assumption that the caloric density of the administered for-
mula would be 81 kcal/100 mL, at an average intake of
110-135 kcal/(kg-d). Higher caloric densities are possible and
are sometimes used for preterm infants under close medical
supervision, usually because intake of fluid is restricted. In
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Chapter 5, the rationale for recommending a maximum energy
density of formula for premature infants of 94 kcal/100 mL
(940 kcal/L) was presented. A formula of 94 kcal/100 mL can
contain only the minimum recommended amounts of the
components of the PRSL (nitrogen, sodium, chloride, potas-
sium, and available phosphorus) in order to supply sufficient
water for urine production.

Moro et al. (1984) fed formula containing 94 kcal/100 mL
to 10 preterm-LBW infants (31-36 weeks GA), beginning the
first day of life, and formula containing 81 kcal/100 mL to 10
other similar infants. The ratio of fat to carbohydrate was
similar in the two formulas. Caloric intake was approximately
141 and 121 kcal/kg in the high and moderate calorie groups,
respectively. By 28 days, linear growth and head circumference
did not vary between groups; however, from the time that
weight was regained until day 28, mean daily weight gain was
significantly greater in the group fed the high calorie formula
(32 g/d) compared with the other group (22 g/d). One limi-
tation of this (Moro et al., 1984) study was the inability to
determine the composition of the weight gained. The authors
speculated that the increased daily weight gain may have been
due to increased fat accretion.

Roy et al. (1976) fed a formula of 1000 kcal/L to 17
preterm-LBW infants, who consumed 150-200 mL/(kg-d) for
an average of 33 days. Friedman et al. (2000) fed formula
containing 1010 kcal/L to 24 preterm-LBW infants (mean 28
weeks GA, 987 g) requiring oxygen and surfactant therapy.
Initially, daily goals for feeding were to provide 150 mL/kg
body weight and feeding continued with this formula until
within one week of discharge when body weight was 1800-
1900 g. No reported adverse effects were attributed to these
high-energy feedings that were administered under close med-
ical supervision.

In the past, the infant’s own mother’s breast milk (typical
value 67-69 kcal/100 mL) has been used for nourishing the
premature infant, but it is clearly not optimal for reasons
detailed in Appendix A and throughout this report. A formula
of such low energy density would necessitate a daily intake of
179 mL of fluid to achieve a dose of 120 kcal/(kg-d). This can
present serious difficulties with smaller premature infants.
Nevertheless, one recent study found that a nutrient-supple-
mented premature infant formula with 67 kcal/100 mL and
3.2 g of protein/100 kcal allowed premature infants to grow as
rapidly, and with greater LBM, than did a similar formula with
80 kcal/100 mL and 2.75 g of protein/100 kcal (Van Goudo-
ever et al., 2000). For these reasons, the Expert Panel recom-
mended the energy content of breast milk as the minimum
density for preterm infant formula.

Recommendations

Minimum. The Expert Panel recommended that the min-
imum energy density for preterm infant formula be 67 kcal/
100 mL.

Maximum. The Expert Panel recommended that the max-
imum energy density for preterm infant formula be 94 kcal/
100 mL.

Note. All of the recommendations in this report are
predicated based on the assumption that the caloric density
of the administered formula would be 81 kcal/100 mL, at an
average intake of 110-135 kcal/(kg-d).

Protein-energy relationship

An important restriction on formula composition imposed
by the rapid growth of the thriving preterm neonate is speci-
fication of the protein-energy relationship. Protein and energy
needs are reciprocally limiting, the intake of one affecting the

ability of the infant to assimilate the other. If the P:E ratio is
not in the optimal range, there are undesirable consequences
(Micheli & Schutz, 1993). If energy intake is inadequate,
protein is used as an energy source and the nitrogen balance
becomes less positive; increasing the caloric intake can spare
protein and allow it to be assimilated. Conversely, if protein
intake is low, a high caloric intake can spare protein. How-
ever, if there is a surfeit of energy with a limited protein intake,
the protein gain plateaus and the excess energy can be used for
only fat deposition (Micheli & Schutz, 1993). In their sum-
mary of numerous studies of the effect of energy intake on
protein gain of LBW infants fed a variety of protein intakes as
parenteral nutrition, human milk, and milk-based formulas,
Micheli and Schutz (1993) showed the plateau point at 100
kcal/(kg+d) for protein intakes of 2.0-4.0 g/(kg-d). This
would set the limits for the P:E ratio of 2—-4 g/100 kcal. P:E
ratios of the two formulas for premature infants available in
the United States are 2.7 and 3.0 g/100 kcal (American
Academy of Pediatrics. Committee on Nutrition, 1998).

Kashyap and Heird (1994) showed that the lowest mean
protein intake likely to result in mean rates of growth and
nitrogen retention in utero, which they took to be 15 g/(kg-d)
and 300 mg/(kg-d), respectively, is about 2.75 g/(kg-d), as-
suming energy intake is adequate. To attain acceptable mean
plasma indices of protein adequacy (transthyretin and albu-
min) as well, a mean protein intake of 3 g/(kg-d) appeared to
be required at an energy intake of 100—-150 kcal/(kg-d). By
using the estimated range of energy requirement of 110-135
kcal/kg set in the section on total energy intake, the minimum
P:E ratio would be 2.2-2.7 g/100 kcal. As indicated above,
however, these investigators pointed out that considerably
higher intakes of protein were not excessive.

An increase in the P:E ratio leads to the deposition of more of
the ingested calories as LBM (Bell, 1994), but an upper limit to
this increase is set by the ability of the premature neonate to
assimilate protein and excrete the obligatory breakdown products
of any excess. Kashyap et al. (1994) showed that the accretion of
protein is greater at a P:E ratio of 3.7 than at a ratio of 3.3 g/100
kcal, but the efficiency of utilization had begun to fall off. At the
higher intake, which provided 4.3 g of true protein/(kg-d), the
mean plasma concentrations of all amino acids except threonine
and tyrosine were within the 95% confidence limits of their cord
plasma concentrations in infants born between 29 and 40 weeks
GA. In another report, Kashyap and Heird (1994) summarized
their data from earlier publications that described feeding formu-
las with different protein intakes to 12 groups of infants receiving
energy intakes ranging from 100 to 150 kcal/(kg-d). The mean
blood urea nitrogen level remained below 10 mg/100 mL in every
group that received a protein intake of less than 4 g/(kg-d), and
mean plasma concentrations of most amino acids were within the
95% confidence limits of the plasma concentrations in LBW
infants who were fed their own mothers’ milk. At a caloric intake
as low as 110 kcal/(kg-d), this would conservatively indicate a
maximum P:E ratio of 3.6 g/100 kcal (see Chapter 7).

It is generally believed that the administration of diets
containing more than 120 kcal/(kg-d), even at relatively high
levels of protein [3.8 g/(kg-d) (Pencharz et al., 1977),(Ziegler,
1986) which gives a P:E ratio of <3.2 g/100 kcal], will lead to
a deposition of fat unlike that in the fetus. For example, when
premature infants were given 149 kcal/(kg-d) at a protein
intake of 3.5 g/(kg-d) (a P:E ratio of 2.3 g/100 kcal), they did
not gain more weight than those given 115 kcal/(kg-d) at a
protein intake of 3.6 g/(kg-d) (a P:E ratio of 3.13 g/100 kcal)
(Kashyap et al., 1986). However, the rates of increase of their
skinfold thicknesses were greater, indicating that they had
accumulated more fat. Polberger et al. (1989) came to a similar
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conclusion from their study of infants fed either preterm hu-
man milk or preterm human milk supplemented with fat
and/or protein derived from mature human milk. No weight or
length benefits were obtained by administering protein at more
than 3 g/(kg-d) or by exceeding a total energy intake of 120
kcal/(kg-d) at a protein intake of 3 g/(kg-d) (P:E = 2.5). Moro
et al. (1989) found growth no faster with a formula delivering
145 kcal/(kg-d) than with fortified human milk at 124 kcal/
(kg'd) when both groups were receiving protein at 3.7
g/(kg-d) (P:E ratio = 2.6 and 3.0, respectively). Of course,
because both protein intakes were in the surfeit range, the
additional daily energy intake of 21 kcal/(kg-d) would be
stored as just over 2 g of additional fat, which might have been
difficult to detect statistically in a 2-week study involving only
20 subjects. In contrast, Fairey et al. (1997) reported nitrogen
retention to be no higher with a P:E ratio of 3.2 g/100 kcal
than with a ratio of 2.6 g/100 kcal when the energy intake was
fixed at 120 kcal/(kg-d).

Bell (1994) reviewed 21 studies of premature infant feed-
ings that had been carried out between 1940 and 1988 and did
not cite any feeding protocol in which the P:E ratio was higher
than 3.1 g/100 kcal after the pioneering work of Gordon et al.
(1940), in which it was 4.0 g/100 kcal as a mean. Growth of
the infants in the Gordon et al. (1940) study was the least of
any in the review, at 2.3 kcal/g of weight gain [not 2.1 as
reported in Bell (1994) because of a printing error], for a gain
of 16 g/(kg-d), except for one of the studies reviewed by Bell
et al. (1988), in which caloric storage was 2.1 kcal/g for a gain
of 17 g/(kg-d). However, this study of Gordon et al. (1940)
was performed with prematurely born infants whose average
weight at the time was 2294 g; whereas, at present many
preterm-LBW infants are discharged from the hospital weigh-
ing 1800-2000 g (Cruz et al., 1997). Nevertheless, the obser-
vations of Kashyap and Heird (1994) and Kashyap et al.
(1994) have demonstrated the desirability of P:E ratios as high
as 3.7 g/100 kcal, without adverse effects.

Bell’s (1994) literature review led him to generalize about
the P:E ratio and weight gain. One generalization was that
“there is no clear relation between energy intake and weight
gain” within the range of energy intake studied (92-181 kcal/
kg). This surprising conclusion is not precisely correct, because
there is a small relationship (r* = 0.13 for a straight line). This
relationship rises significantly (r* = 0.42) if one outlying point
is omitted, where caloric intake was very high but weight gain
low (Brooke et al., 1979). Brooke et al. (1979) assumed 81.7
kcal/100 mL for the formula that they used, which they based
on bomb calorimetry (includes nonmetabolizable energy)
rather than the manufacturer’s stated 62 kcal/100 mL. The
caloric content calculated from an assumption of 9 kcal/g of
fat, 5.65 kcal/g of protein, and 4.0 kcal/g of carbohydrate is 66
kcal/100 mL. Bell noted a relationship between caloric intake
and energy stored (7 = 0.56 for a straight line), which
becomes more robust (> = 0.79) without the Brooke et al.
(1979) point. This again indicates that an increase in calories
without a concomitant increase in protein results in an in-
creased percentage of growth as fat. This can be seen directly
in a plot of energy stored [kcal/(kg-d)] against weight gain
[g/(kg+d)]; the #* for this is 0.41, with a slope of 2.6. There was
no correlation between the weight gain and the P:E ratio of
the diet (r* = 0.004), whereas the energy stored is to some
extent inversely related to the P:E ratio (r* = 0.26).

None of the studies reviewed by Bell (1994) had a P:E ratio
as low as 2.0 g/100 kcal, but the study by Reichman et al.
(1981) at 149 kcal/(kg-d), and that of Whyte et al. (1983) at
126-127 kcal/(kg-d), had P:E ratios of 2.1 g/100 kcal. Each of

these protocols led to high-energy tissue deposition, indicating
a high percentage of fat.

Conclusions and recommendations. P:E ratios of the two
formulas for premature infants available in the United States
are 2.7 and 3.0 g/100 kcal (American Academy of Pediatrics.
Committee on Nutrition, 1998).

Minimum. A P:E ratio as low as 2.1 g/100 kcal apparently
leads to high-energy tissue storage, i.e., predominantly fat, and
unless the energy intake is at least 135 kcal/(kg-d), is likely to
provide insufficient protein. Although this may not be harmful, it
does not have demonstrated advantages. In the series of reports
collected by Putet (1993), there were nine in which a weight gain
of more than 15 g/(kg-d) was composed of less than 25% fat. The
lowest P:E ratio offered in any of these studies (3 of 22) was 2.4
g/100 kcal. In two others, it was 2.5-2.6 g/100 kcal. For a weight
gain of 17 g/(kg-d) (see Chapter 4), and the rule of thumb
described above that this weight gain comprise no more than
25% fat, the Expert Panel suggested that the reasonable recom-
mendation for a minimum P:E ratio is 2.5 g/100 kcal. This is
consistent with the estimation of the minimum acceptable pro-
tein intake derived in Chapter 7.

Maximum. Contemporary experiments that justify a P:E
ratio higher than 3.1 g/100 kcal are summarized by Kashyap
and Heird (1994) and Kashyap et al. (1994). There is another
report of a gain of 17 g/(kg-d) at a ratio of 3.5 g/100 kcal with
fortified human milk, but this was at a caloric intake of 106
kcal/(kg-d) (Putet et al., 1987). Protein intake in that study
was calculated as nitrogen intake X 6.25, which means that
nonprotein nitrogen would have been included. Weight gain
comprised only 14% fat, which could be inadvisably low. The
limited available information on the effects of high protein
intakes led the Expert Panel to recommend a value of 3.6
g/100 kcal as a maximum.

Recommendation

Note. On the basis of studies of the effects of diet on
composition of weight gain, the Expert Panel recommended that
the P:E ratio for preterm infant formula be 2.5-3.6 g/100 kcal.
This recommendation provides limiting parameters for a protein
intake recommendation based on the provision of a quantity of
protein needed to achieve fetal rates of lean tissue growth and
nitrogen accretion, as considered in Chapter 7. A P:E ratio of
2.5-3.6 g/100 keal at a caloric intake of 110-135 kcal/(kg-d)
restricts the limits of protein intake to 2.8—4.9 g/(kg-d).

7. PROTEINS, AMINO ACIDS, AND OTHER
NITROGENOUS SUBSTANCES

TOTAL PROTEIN

Background

The goal in estimating the protein nutritional needs of the
preterm infant is to provide the quantity and quality of protein
needed to achieve fetal rates of tissue growth and nitrogen
accretion (Ziegler, 1986). This goal must be accomplished in
the context of the level of physiological and metabolic devel-
opment of the infant in order to avoid accumulation of po-
tentially harmful protein metabolic products (Ziegler, 1986).

The ratio of protein gain to protein intake is defined as the
“coefficient of protein utilization” (Micheli & Schutz, 1993)
and represents the efficiency with which protein intake can be
used for anabolic processes. The coefficient of protein utiliza-
tion is influenced by several factors, some of which may be
more important for preterm infants than for other populations,
but each of which should be considered in the evaluation of
the protein content of formula. These factors are
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e Quality and quantity of the protein ingested

e Ratio of protein to energy intake

e Developmental maturity of the infant

o General nutritional state of the infant

e Infant’s physiological state (e.g., temperature, basal met-

abolic rate)

e Infant’s capacity for nitrogen absorption and retention

On the basis of the relative amounts of essential amino
acids supplied by an adequate intake of human milk, the report
Assessment of Nutrient Requirements for Infant Formulas recom-
mended a minimum of 1.7 g of “true protein”/100 kcal of
formula. True protein (a-amino nitrogen X 6.25) included
only those nitrogenous compounds that are the major sources
of amino acids for tissue growth. Not included were the non-
protein nitrogen (NPN) sources in formula. That panel rec-
ommended a maximum for crude or “total” protein (total
nitrogen X 6.25) of 3.4 g/100 kcal in formulas for term infants
on the basis of the potential renal solute load produced by
dietary protein.

Table 7-1 summarizes the recommendations for protein
content of formulas designed for preterm infants offered by
several agencies and groups.

In a recent revision of its guidelines, the European Commis-
sion (1996) proposed that the minimum protein content for
preterm formulas be raised from 2.2 to 2.4 g [from 2.6 to 2.9 g/kg
at 120 kcal/(kg-d)] while retaining the recommended maximum
of 3.1 g/100 kcal (3.7 g/d). The recommendation to increase the
protein content was based principally on the study by Lucas et al.
(1990) in which low birth weight (LBW) infants who were fed
standard infant formula with a protein content of 2.2 g/100 kcal
[2.6 g/(kg-d)] had inferior cognitive development. Eighteen
months after the expected term date, these infants demonstrated
lower scores on the Bayley Scales of Infant Development, espe-
cially for motor function, than did infants fed preterm formula
providing 3.0 g/100 kcal [3.6 g/(kg-d)].

The European Society of Paediatric Gastroenterology and
Nutrition (ESPGAN) (ESPGAN Committee on Nutrition of
the Preterm Infant, 1987) proposed guidelines for preterm infant
formulas that recommended a minimum protein content of 2.25
g/100 kcal [2.7 g/(kg-d)] and a maximum of 3.1 g/100 keal (3.7
g/kg). ESPGAN was concerned that a protein intake of 2.2 g/100
kcal might be too low when consumption is less than 130 keal/
(kg-d) and an intake of 3.1 g/100 kcal might be too high when
consumption is greater than 130 kcal/(kg-d).

The report from Health Canada (1995) identified a “rea-

TABLE 7-1

Previous recommendations for protein in preterm formula

Protein content
(9/100 kcal)

Organization Minimum Maximum
European Society of Paediatric

Gastroenterology and Nutrition

(ESPGAN) (1987) 2.25 3.1
Health Canada (1995) 2.5 3.0
Association of the Food Industries for

Particular Nutritional Uses of the

European Union (Industry Desalino

Associoné (IDACE), 1996) 2.4 3.1
European Commission? (1996) 2.4 3.1
American Academy of Pediatrics

Committee on Nutrition (1998) 2.9 3.3

1 Specified only for preterm infants of birth weight higher than 1000 g

sonable range” of 2.5-3.0 g/100 kcal, which if fed at the mean
energy requirement of 120 kcal/(kg*d) would provide between
3.0 and 3.6 g/(kg*d). The report recommended that the pro-
tein concentration of a premature infant formula using current
whey-dominant proteins should not exceed 3.5 g/100 kcal,
because at that concentration infants fed at 120 kcal/(kg-d)
would ingest about 4.2 g/(kg-d) of protein.

The values in Table 7-1 resemble the recommendation for
protein of 2.5-3.6 g/100 kcal derived from considerations of
the appropriate protein-to-energy (P:E) ratio but are not iden-
tical with it. Formulas currently marketed for preterm infants
in the United States contain protein concentrations of 22 and
24 ¢/L (2.7 and 3.0 g/100 kcal, respectively); when given at
120 kcal/(kg-d), these provide 3.2 and 3.6 g of protein/(kg-d),
respectively (American Academy of Pediatrics. Committee on
Nutrition, 1998).

Review of the literature

Dietary protein needs for preterm infants have been esti-
mated by two different methods. The first, the factorial ap-
proach, considers that the requirement for a nutrient is equal
to the sum of the obligatory losses (e.g., urine, feces, skin), plus
the amount incorporated into newly formed tissues. The sec-
ond method, the empirical approach, measures biochemical or
physiological responses to graded intakes of the nutrient.

The factorial approach

This method, originally described for use in humans by
Hegsted (1957), has been useful for estimating requirements
and designing experiments for obtaining definitive empirical
data. For the fetus and the preterm infant, protein is the
predominant component of the requirements for developing
new tissue. Compositional analysis of fetal tissues has been a
valuable source of data for our understanding of the nutrient
needs of the fetus, and by extension, those of the growing
preterm infant.

Fetal accretion rates of protein have been compiled from
compositional analyses of aborted fetuses or stillborn infants
(Forbes, 1989). In these analyses, fetal nitrogen accretion has
been expressed in terms of both gestational age (GA) (24
weeks to term) and birth weight (BW) (700-2500 g). For
example, the nitrogen accretion rates in mg/d [or mg/(kg-d)]
for fetuses of GAs 25, 30, and 35 weeks have been reported to
be 273 [341], 435 [294], and 741 [302], respectively (Forbes,
1989). This fetal nitrogen accretion model is limited because
of the large variations in the rates of fetal weight gain, partic-
ularly at early time points. Nevertheless, from such data
Ziegler (1986) had composed a table of nitrogen and protein
requirements derived by the factorial approach (Table 7-2).
The recommended protein intakes were obtained by adding
8-10% to the estimated requirements, in part to address
individual variation.

Fomon et al. (1986) noted that these allowances, even with
the margin provided by the advisable intake, do not meet the
protein requirements of infants for rapid catch-up growth,
which may be expected to average an additional 1 g/(kg-d) or
more. The advisable intakes of protein calculated on the basis
of the factorial method are higher for all weight classes than
the minimum acceptable P:E ratio, 2.5 g/100 kcal, and lower
than the maximum acceptable ratio chosen, 3.6 g/100 kcal.

The empirical approach

This approach evaluates physiological and biochemical
variables to determine protein sufficiency or excess in the
growing preterm infant. Among the outcome measures used in
these types of studies are the following.
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TABLE 7-2

Estimates of protein requirements and advisable intakes using
the factorial method

Birth weight (g)

Variable <1000 1000-1500 1500-2000 2000-2700
Tissue accretion (g/d)1 1.75 2.47 3.30 4.09
Dermal loss (g/d)1 0.14 0.21 0.30 0.39
Urinary loss (g/d)1 0.79 1.17 1.64 2.20
Required absorbed

(g/a)1.2 2.68 3.85 5.24 6.68
Required intake

(g/ayt 3.27 4.53 5.82 7.34

l9/(kg - d)I1 3.85 3.62 3.33 3.12
Advisable intake

l9/tkg - d)]1-3 4.0 3.8 3.5 3.2

(9/100 kcal) 3.3 3.2 2.9 2.7

1 From Ziegler, 1994.

2 Assumes relative absorptions of 82%, 85%, 88%, and 90%, for
the respective strata (Snyderman et al., 1969, 1970).

3 Allowing for 8-10% above requirement for individual variability;
averaged for the range of weights.

4 Assumes a caloric intake of 120 kcal/(kg * d).

Anthropometry.  Variables measured have been weight,
crown-heel or crown-rump lengths, head circumference, and
skinfold thickness (usually in the triceps or subscapular re-
gions).

Nitrogen balance or retention. The nitrogen balance tech-
nique accounts for the difference between nitrogen intake and
excretion. Despite having a number of potential complicating
variables, the nitrogen balance technique has been shown to
be a reliable and consistent method (Micheli & Schutz, 1993).
Nitrogen losses from skin have been estimated to be 27 mg/
(kg-d) (Ziegler, 1986), but there are few data (Snyderman et
al., 1969); most investigators evaluating nitrogen balance have
utilized only fecal and urinary nitrogen excretion, as these are
the most significant and easiest measures to quantify in small
infants.

Metabolic or chemical indices. Most often, these indices
provide an indirect reflection of protein synthesis. The most
commonly used measures are levels of serum or plasma com-
ponents such as serum albumin, total protein, immunoglobu-
lin, retinol-binding protein, and transthyretin (prealbumin).
This last variable has been proposed as a sensitive indicator of
protein nutritional status because of its rapid turnover (Gia-
coia et al., 1984; Moskowitz et al., 1983). In some cases,
biochemical markers of toxicological or adverse effects of
protein excess have been measured, such as blood urea nitro-
gen (BUN), and pH, Pco,, and bicarbonate, to monitor for
metabolic acidosis.

Amino acid analyses. Serial measurements of plasma and
urinary amino acids have been included in several studies.
These measures are useful for evaluating the effects of the level
of protein intake and protein quality (such as differences in
whey-to-casein ratios) and the metabolic pathways involved in
the synthesis of nonessential amino acids.

Developmental assessment. Increased scientific interest in
the effect of the quantity and quality of protein on neurolog-
ical development is reflected in the incorporation of various
neurometric tests, most notably the Neonatal Behavioral As-
sessment Scale (NBAS) and the Bayley Scales of Infant De-

velopment, in recent studies of preterm infants.

Isotope studies of whole-body nitrogen kinetics. In these stud-
ies, a "’N- or PC-labeled amino acid is administered orally or
parenterally and is distributed throughout the body’s free ni-
trogen pool. Urinary isotope dilutions in ammonia or urea are
then used as indirect measures of protein synthesis rates (Bier
& Young, 1986).

Tissue accretion. Some of the early empirical studies of
nutrition for LBW infants were obscured by a controversy
about the effects of the protein and electrolyte components of
the diet. After Gordon et al. (1947) demonstrated that human
milk did not support as rapid a growth or retention of nitrogen
by premature infants as did a skim milk formula with higher
levels of protein, it was suggested that the formula increased
fluid retention because of its higher ash content (Snyderman
et al., 1969). However, increasing protein intake up to 4
g/(kg-d) (3.3 g/100 kcal) had a direct effect on weight gain,
regardless of electrolyte intake in the range from 0.43 to 1.3
g/(kg-d). A study by Babson and Bramhall (1969), by using
isocaloric feedings, evaluated growth as a function of different
levels of electrolyte and protein intake. Infants of BW less
than 1500 g were fed isocaloric diets that provided protein at
either 2.25 or 5.25 g/(kg-d) (1.8 or 4.3 g/100 kcal, respec-
tively) in combination with ash contents of 0.45 or 0.9
g/(kg-d) (0.37 or 0.73 g/100 kcal, respectively). Despite small
sample sizes, significantly greater increases in crown-heel and
tibial bone lengths were observed with the higher protein diet
during the 42-day study. The diet with the higher ash content
did contribute to increased weight gain, but without an effect
on linear or tibial growth. Later, it was shown that a high ash
formula with protein at 3.9 g/100 kcal led to better linear
growth than low ash human milk at 1.6 g/100 kcal (Davies,
1977). It is probably significant, however, that the amounts of
calcium and phosphorus in the formula were, respectively,
three and five times as high as those in the milk.

Intravenous amino acid requirement. One approach to esti-
mation of a standard protein intake for premature infants has
been the consideration of the amounts of intravenous amino
acids necessary to achieve a positive nitrogen balance. Initial
studies in the immediate newborn period of preterm infants
who are stable and not stressed from life-threatening illnesses
seemed to indicate that about 0.6 g/(kg-d) of free amino acids
would achieve this goal (Anderson et al., 1979; Duffy et al.,
1981; Zlotkin et al., 1981b). More recently, Heird (1999b)
suggested a higher value, such that the mean nitrogen loss by
newborn LBW infants receiving no protein or amino acid
intake was 180 mg/(kg-d), the infant equivalent to about 1%
of body protein stores. An amino acid intake of 1.0 g/(kg-d)
was needed to reverse negative nitrogen balance in the last
study. Further, an amino acid intake of at least 3 g/(kg-d) is
probably required to support a rate of deposition of lean body
mass (LBM) approaching the intrauterine rate (Heird, 1999b).

Studies of banked human milk. Feeding banked human milk
was a common practice for preterm infants until the 1960s,
when alternative sources such as expressed human preterm
milk and modified cow milk protein-based formula prepara-
tions began to be used. The first study comparing human milk
and cow milk protein for nourishing preterm infants was
conducted by Gordon et al. (1947). It showed that preterm
infants (BW 1022-1621 g) fed a skimmed cow milk that
provided 6 g of protein/(kg-d) had a greater weight gain during
a 21-day period than those fed pooled “mature” (term) human
milk that provided a protein content of 2.2 g/(kg-d). Omans et
al. (1961) tested human milk and cow milk formulas (protein
contents ranging from 1.7 to 7.7 g/100 kcal) at varying caloric
intakes, in an attempt to relate growth to protein intake. They
noted that preterm infants fed less than 2.5 g of protein/(kg-d)
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gained weight poorly. Those infants fed 3-8 g/(kg-d) all
gained weight equally, whereas those inadvertently receiving
protein intakes in excess of 8 g/(kg-d) had diminished growth
and significantly higher mortality than those fed other diets.
The BUN value in all infants was proportional to the protein
content of the formula, but infants receiving more than 5 g of
protein/(kg-d) had elevated levels.

The failure of mature human milk to support growth ade-
quately in LBW infants was further confirmed by Davies
(1977), who evaluated 28 preterm infants of GA 28—-32 weeks.
Half the infants received expressed mature human milk con-
taining 1.1 g of protein/100 mL and the remainder received a
cow milk formula containing 2.7 g of protein/100 mL. Daily
water and calorie intakes were similar in the two groups. The
mature human milk-fed group had slower weight gain and
significantly lower linear and head growth during the first
month of life. The differences in growth rates were transient,
however, as growth between groups during the second month
of the study was similar, without evidence of catch-up growth.

It should be noted that Jarvenpi et al. (1983b) found that
premature infants fed 180-200 mL/(kg+d) of preterm milk
could gain weight at a growth rate equal to the intrauterine
rate, which they took to be 29.6 g/d [14.8 g/(kg-d), assuming
an average weight of 2000 g]. Their protein intake from breast
milk was presumably 1.8-2.0 g/(kg-d), or no more than 1.5
g/100 kcal. The BW of these infants averaged 1789 g, and all
were less than 2200 g (GA of 31-36 weeks); they were studied
until they reached 2400 g. Thus, they were apparently larger
during this study than those reported by Gordon et al. (1947),
Davies (1977), and others who found human milk to contain
too little protein for small premature infants.

Additional reports demonstrated that mature milk provides
insufficient protein to support growth rates similar to intra-
uterine rates, although in many trials protein was not the only
variable. In the study of Svenningsen et al. (1982), 48 LBW
infants received protein at 1.9 g/(kg+d) (human milk) or at 2.3
or 3.0 g /(kg*d) (formula), all at 116-118 kcal/(kg-d). The
formula-fed infants gained weight and length more rapidly, but
the differences were not significant. Significant differences in
the gain of both weight and length occurred when premature
infants were fed human milk with a protein intake of 2.4
g/(kg-d) or formula with a protein intake of 3.1 g/(kg-d) by
Putet et al. (1984), but energy intake and absorption were also
higher with the formula. Tyson et al. (1983) demonstrated
that LBW infants fed mature human milk with a protein
content of 1.8-2.1 g/100 kcal had substantially lower growth
in weight, length, and head circumference than those fed
premature infant formula with a protein content of 2.6 g/100
kcal. Again, in the protein-enriched formula, mineral and
calorie levels were also higher than those in the milk. Never-
theless, these studies strongly suggest that mature milk or
formula with protein concentrations of 1.0 g/100 mL or 1.5
g/100 kcal are insufficient for premature infants. In those
studies in which premature infants were fed sufficient calories,
protein concentrations of at least 2.2 g/100 kcal appeared to be
necessary to support acceptable growth rates. At 120 kcal/
(kg-d), this is 2.6 g/(kg-d).

Studies of preterm human milk. The use of expressed human
milk from mothers delivering prematurely was prompted by
the findings of Atkinson et al. (1978; 1981). They compared
growth, nitrogen balance, and biochemical variables in infants
of BW less than 1300 g during the first 2 weeks of life who were
given feedings of banked mature milk, expressed preterm
breast milk, or infant formula (670 and 810 kcal/L) (Atkinson
et al., 1981). Although the study lasted only 2 weeks, feedings
of preterm human milk and the higher energy formula were

associated with greater nitrogen accretion than were the other
two feeding regimens. In addition, preterm infant formulas
containing 2.3 g of protein/100 kcal seemed to be an adequate
nutrient source and preferable to pooled mature human milk
in supporting growth. These formula-fed infants were actually
ingesting protein at 3.4 g/(kg-d). Subsequent to these findings,
the feeding to LBW infants of expressed breast milk from their
own mothers became a conventional practice for nutritional,
immunological, and psychosocial reasons.

Atkinson (1995) reviewed the literature on the composi-
tion of milk from mothers who had delivered prematurely
(“preterm milk”) and offered several generalizations about its
protein content, as follows.

Total nitrogen concentration in preterm milk is generally
higher than that in milk from mothers of full-term infants
(“term milk”) during the first month of lactation. Total nitro-
gen concentration in preterm milk decreases throughout the
course of lactation, as it does in term milk. The range of values
for protein content in 10 different reports was 2—3 g/100 mL in
colostrum, 1.3-7.8 g/100 mL in transitional milk, and 1.3-1.8
g/100 mL in later milk. For transitional milk, only one study in
the review reported a concentration greater than 2.4 g/100
mL. In comparison, the protein content of term milk has been
reported to decline from 1.4 to about 0.8 g/100 kcal through
the first 6 months of lactation (Raiten et al., 1998a). The
average proportion of total protein contributed by NPN has
been reported to be similar in preterm milk and term milk,
although highly variable in preterm milk. Even though this
proportion remains relatively stable over the course of lacta-
tion, in preterm milk the major contributors to the NPN
content, urea and free amino acids, become increasingly pre-
dominant with advancing stages of lactation.

As noted previously in this report, there is no indication
that the composition of preterm milk is adaptive (Atkinson,
1995).

A study by Gross (1983) compared growth of 60 infants fed
isocaloric diets of term human milk (protein content 1.0 g/100
mL), preterm human milk (protein content 1.5 g/100 mL), or
whey-based cow milk formula (protein content 1.93 g/100
mL). This study confirmed earlier findings of lower weight gain
and slower head and linear growth of the term milk-fed group
than in the groups fed expressed breast milk and cow milk
formula. The infants fed the banked term milk took an average
of 19 days to regain BW, the formula and preterm milk-fed
infants only 10 and 11 days, respectively. Later, however,
Tudehope et al. (1986) found similar advantages in the growth
rate variables of weight, length, and head circumference for
infants fed preterm formula rather than their own mothers’
preterm milk.

Boehm et al. (1987) thought that a protein intake of more
than 2.5 g/(kg-d) created a metabolic overload, as evinced by
higher urinary nitrogen losses proportional to the increased
intake. At this limit, the milk of mothers delivering prema-
turely would be adequate for protein if the premature infant
could tolerate feeding volumes of 180200 mL/(kg-d). This is
consistent with the findings of Jarvenpii et al. (1983a).

Studies of supplementation (fortification) of human milk. De-
spite its shortcomings, human milk has several advantages
over formula for feeding infants (Riihd, 1994b): protection
against infections and necrotizing enterocolitis, high tolerance
characteristics, and perhaps improved absorption of fat (Rénn-
holm et al., 1986). For these reasons, various approaches to
enhancing the protein nutrient quality of banked term human
milk have been evaluated. These studies provide additional
insight into the levels of protein that are required to support
growth at rates similar to intrauterine accretion rates.
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Ronnholm et al. (1982) studied the effect of supplementing
pooled term milk with human milk protein for 12 weeks on
growth and plasma amino acid levels. The study was con-
ducted with 18 LBW infants fed diets of their own mothers’
milk or banked milk that averaged 0.9 g of protein/100 mL
(control groups), or the same milk types supplemented with
0.8 g of protein/100 mL isolated from banked term human
milk (supplemented groups). The average protein intake for
the control groups was 2 g/kg-d; the supplemented groups
averaged intakes of 2.6, 3.6, and 3.4 g/(kg-d) at 2, 6, and 12
weeks, respectively. No growth differences were noted among
groups for the duration of the test feeding, but the study was
confounded by a variable provision of protein within the
control group. The lack of demonstrable differences in growth
between the groups may have been due to the small numbers
of subjects in each group and the inclusion of infants who
received preterm milk (with higher protein levels) in the
control group. An important point, however, is that the in-
fants in the control group became hypoproteinemic at about 2
months of age, whereas the infants in the supplemented group
did not. The serum concentrations of phenylalanine and ty-
rosine were not significantly different between the two groups,
but their concentrations were correlated with the protein
intake. According to a regression line for the correlation
between serum urea nitrogen and protein intake, intakes of 2.8
and 3.5 g/(kg+d) would result in serum urea nitrogen concen-
trations of 15 and 20 mg/100 mL, respectively. The authors
interpreted these observations as indicating that a maximum
limit for protein intake without adverse effect would be about
3 g/(kg-d) at 2 weeks of age.

In a subsequent study, Rénnholm et al. (1984) evaluated
the effect of supplementation of banked human milk with fat
and/or protein on plasma amino acid concentrations. Using a
design similar to their earlier one, they fed 44 LBW infants
one of the following types of milk: mature human milk pro-
viding 0.9 ¢ of protein/100 mL, mature milk supplemented
with fat [medium-chain triglyceride (MCT) oil, 1 g/100 mL],
mature milk with human milk protein supplementation pro-
viding 1.8 g of protein/100 mL, or mature milk with both
MCT oil and protein supplementation. They found that the
levels of amino acids at 2, 8, and 10 weeks of age were 1.5- to
3-fold higher in the groups that had protein supplementation.
Fat supplementation alone had no effect on plasma amino acid
levels.

Finally, some of these same investigators succeeded in dem-
onstrating that intakes of human milk supplemented with
human milk protein produced much greater gains in weight
and length between 2 and 6 weeks of age than did isocaloric
unsupplemented milk, whether preterm or banked (Rénnholm
et al., 1986). Intrauterine rates of weight gain were equaled
during the first 6 weeks.

Polberger et al. (1989) demonstrated in thriving premature
infants of BWs about 1200 g that daily weight gain and weekly
length increments correlated with protein intake up to about
2.8-3.0 g/(kg-d) at an energy intake of 120 kcal/(kg-d). Later
work showed that with a protein intake of 2.6 g/(kg-d), nitro-
gen retention rates of infants in this BW range increased from
65% to 76% of intake between the first and sixth week ex
utero (Boehm et al., 1990b). This is substantially higher than
the nitrogen retentions of less than 47% seen with full-term
infants fed protein at 1.8—-4.0 g/100 kcal (Fomon et al., 1986;
MacLaurin et al., 1975). In general, protein intake positively
affects the rate of nitrogen accretion throughout the range of
usual protein intakes unless caloric intake is growth limiting.

Polberger et al. (1990c) contributed the observation that
levels of the plasma proteins transthyretin, retinol-binding

protein, and transferrin were correlated with protein intake in
LBW -appropriate for gestational age (AGA) infants at up to
3.3 or posssibly 3.9 g/(kg-d). The concentrations of the first
two of these proteins were also correlated with increases in
weight and length of the infants, as well as with preprandial
concentrations of plasma amino acids. These data support the
suggestion that that these substances can be used as indicators
of protein nutritional status (Moskowitz et al., 1983). Enrich-
ment of human milk with human milk protein to provide 3.6
g/(kg-d) (2.8 g/100 kcal) also results in significantly increased
plasma concentrations of 15 of 18 amino acids, and the total
essential amino acid concentration in plasma is significantly
correlated with observed gain in weight and length (Polberger
et al., 1990a). Moreover, in this study the plasma concentra-
tions of essential amino acids in the protein-supplemented
infants corresponded well to plasma concentrations found in
breast-fed term infants at 1 and 3 months of age. The serum
urea concentrations of infants receiving up to 3.9 g/(kg-d)
were never higher than 25 mg/100 mL (Polberger et al.,
1990b).

Neither preterm milk nor adequate supplies of human milk
protein are always available. This led Putet et al. (1987) to
investigate the effect of supplementation of pooled mature
human milk with cow milk protein on growth and nitrogen
balance. In this study, 16 LBW infants were fed either pooled
human milk with a protein content of 2.3 g/100 kcal [mean
intake 107 kcal/(kg-d)] or pooled human milk with cow pro-
tein supplementation that provided 3.5 g/100 kcal [mean
intake 106 kcal/(kg-d)]. The growth differences did not reach
significance during a 2-week period, but nitrogen retention,
BUN, total protein, and individual amino acid levels were
higher in the protein-supplemented group. Higher energy ex-
penditures were noted in the supplemented group, and a
higher percentage of the weight gain was due to protein
accretion. Thus, this study demonstrated that providing a
protein intake greater than 2.3 g/100 kcal resulted in higher
nitrogen retention. The higher protein accretion coupled with
the lack of difference in weight gain between groups in this
study may be attributable in part to the small number of
patients (i.e., insufficient power to distinguish differences) and
the relatively short study period, but it could also indicate that
a higher fraction of the weight was gained as LBM.

The effect of supplementing preterm human milk with
protein has been studied in terms of weight gain, nitrogen
retention, and metabolic responses (Kashyap et al., 1992). In
this study, one group of infants received their own mothers’
expressed breast milk, a second group received the same kind
of feeding with a protein supplement (whey-to-casein ratio of
60:40) prepared from cow milk, and a third group received
pasteurized term breast milk plus the same supplement. The
mean protein intakes of the three groups were, respectively,
2.5, 3.2, and 2.8 g/(kg-d) (1.9, 2.4, and 2.4 g/100 kcal). The
supplement also contained calcium, phosphorus, and sodium.
The unsupplemented group gained weight at 16.4 g/(kg-d)
(thought to be the fetal rate) and the supplemented group
gained weight at 20.5 g/(kg-d), although caloric intakes of the
two groups were virtually the same, with mean values of 129
and 131 kcal/(kg-d). Moreover, nitrogen retention rates were
higher in those infants provided with supplementation [353
mg/(kg-d)] than in the unsupplemented group [270 mg/
(kg+d)], and their mean plasma serum albumin and transthy-
retin levels were higher. The infants fed protein-supplemented
milk gained a smaller proportion of the weight as fat (26%)
than did the unsupplemented group (34%).

The results of these supplementation studies indicated that
LBW infants receiving human milk have improved growth
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when provided protein intakes above 2.1 g/100 kcal. Addi-
tional protein intake results in higher levels of putative indi-
cators of protein nutritional status, higher levels of plasma
amino acids, and possibly a greater accretion of LBM.

In a study intended to evaluate protein quality (see below),
Moro et al. (1995) fed 12 premature infants (BWs of 900—
1500 g) fortified human milk at 3.7-4.0 g/(kg-d) at a P:E ratio
of about 3 g/100 kal. No untoward effects could be ascribed to
this feeding, but growth was not better than that of infants
receiving 3.4-3.7 g/(kg-d).

Protein supplementation of infant formula. Snyderman et al.
(1969) showed that nitrogen retention was higher in preterm
infants fed 9 g of total protein/(kg-d) (n = 11) than in those
infants receiving 2 g/(kg-d) (n = 15); however, no differences
in growth were noted between the groups. Other studies at
about the same time, however, showed that weight gain is
higher with protein intakes of 4.0-5.25 g/(kg-d) than with
2.0-2.25 g/(kg-d) (Babson & Bramhall, 1969; Davidson et al.,
1967).

Goldman et al. (1969) conducted one of the first studies of
the effect of different levels of protein intake from formula on
the growth of LBW infants. In this study, incremental in-
creases in weight and changes in biochemical variables (e.g.,
pH, albumin, and urea) were compared in 304 LBW infants
fed isocaloric cow milk-based formulas containing either 2.5 or
5 g of protein/100 kcal, which provided 3.0-3.6 and 6.0-7.2 ¢
of protein/(kg-d), respectively. Despite significantly different
protein intakes, no differences in weight gain were observed
between the groups. Those fed the higher level of protein
intake had higher plasma protein levels and less edema. How-
ever, the possibility that adverse effects could result from
protein intakes substantially higher than those provided in
human milk was raised by the observation that infants fed the
higher protein intake had an increased incidence of fever,
lethargy, and poor feeding than did those fed the lower level of
protein.

Schanler et al. (1985a) evaluated protein balance of LBW
infants of GA 28-30 weeks by comparing isocaloric diets of
either commercial formula designed for preterm infants (n
= 14) or expressed human milk from mothers delivering
prematurely (n = 17). The preterm milk was modified by
adding skim milk and cream components derived from donor
mature human milk, so that nitrogen and energy levels were
similar to those in the formula. During the first of two study
periods, infants were fed diets containing 100 kcal/100 mL for
about 2.5 weeks, with intake increasing according to each
infant’s tolerance up to 125 kcal/(kg-d). In the second period,
lasting until the infants reached 1800 g (about 8 weeks of age),
they received diets containing 80 kcal/100 mL. Growth and
biochemical parameters were measured, and 96-hour balance
studies were conducted when the infants were 2 and 6 weeks
of age. Protein intakes (calculated as reported nitrogen values
X 6.25) during the first period were 2.9 gf/(kg-d) for the
fortified preterm human milk and 2.8 g/(kg-d) for the formula.
During the second study period, protein intakes were 2.9
g/(kg-d) for the fortified milk group and 3.4 g/(kg-d) for the
commercial formula group. Caloric intakes were 128-134
kcal/(kg-d) with all the feedings.

Both the breast milk and formula preparations led to gains
in weight and length similar to intrauterine rates during the
full 8 weeks of the investigation. The total nitrogen retention
was higher for both groups during the second study period
compared with the first, although the percentage of protein
retention did not differ. These findings indicated an ability of
the premature infant to utilize available nitrogen when pro-

vided at 3.4 g of protein/(kg-d), or 2.7 g of protein/100 kcal.

Brooke et al. (1982) evaluated growth, nitrogen retention,
and energy balance during a 2-week period in 37 LBW infants
who were fed expressed mature human milk; a standard term
infant formula; a standard formula with added protein; or a
special adapted preterm formula modified to provide increased
protein, minerals, and energy (76 kcal/100 mL instead of 67
kcal/100 mL). These feedings contained protein contents at
1.2, 2.1, 2.7, and 2.8 g/100 kcal, respectively. The infants fed
the premature “adapted” formula had greater mean gains in
weight, length, head circumference, multiple skinfold thick-
nesses, and nitrogen retention than did the infants fed the
other diets.

In another study, conducted for 3.5 weeks, Brooke et al.
(1987) evaluated growth, nitrogen retention, and energy bal-
ance in two groups of LBW infants, who weighed less than
1300 g or greater than 1300 g at the beginning of the inves-
tigation, nourished with expressed preterm human milk (pro-
tein content 1.8 g/100 kcal) or preterm infant formula (protein
content 2.7 g/100 kcal). Although caloric intakes were similar
among the groups, a greater rate of weight gain was observed
in both groups fed the preterm formula. Nitrogen intake and
retention were also higher in those infants fed the preterm
formula, thus indicating that protein intake up to a level of at
least 3.7 g/(kg-d), or 2.7 g/100 kcal is beneficial to preterm
infants.

A similar finding was reported by Lucas et al. (1984), who
studied the growth of 62 infants weighing less than 1850 g who
were fed either preterm infant formula with a protein content
of 2.5 g/100 kcal or banked mature human milk with a protein
content of 2.3 g/100 kcal (1.07 g of protein and 46 kcal/100
mL). Infants fed the preterm infant formula had significantly
greater gains in weight, length, and head circumference. The
result is flawed, however, because the pooled sample of 340
individual collections of milk for banking contained only 46
kcal/100 mL, apparently a result of the collection of drip breast
milk, which has a low fat content.

A second trial in this study evaluated the same diets used as
supplements for 132 infants who were also being fed expressed
breast milk (preterm milk). Growth differences were again
noted, with the rate of increase in weight gain and length
being greater in those infants supplemented with preterm
formula. These growth effects were most prominent in infants
with a BW less than 1200 g. Moreover, the group of infants
who were fed exclusively banked milk required 3 weeks longer
to reach a discharge weight of 2000 g than did those fed
preterm formula or expressed breast milk with preterm formula
supplementation. It may be important that the high protein
preterm formula also provided a higher energy density and a
greater mineral content.

Later on, members of this same research group found that
despite the differences in growth of premature infants fed
differently during their initial hospitalization, the nature of the
feedings at that time, which differed in protein, energy, and a
wide range of mineral, micronutrient, and non-nutrient
(breast milk) factors, did not result in dissimilarities in body
size or fatness at 9 months, 18 months, or 7.5-8.0 years of age
(Morley & Lucas, 2000). This was in contrast to the findings
with respect to cognitive function, which demonstrated that
increased nutrition in the neonatal period had beneficial ef-
fects on long-term neurodevelopment (Lucas et al., 1998) (see
below). The mean values for height and weight of the prema-
ture infants were about 0.5 sb lower than recent norms for the
national population.

Some attempts have been made to evaluate the effect of
variations in protein intake to nitrogen retention and in-
creases in LBM. Kashyap et al. (1986) tested three formulas
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that provided, respectively, actual daily intakes of (1) 2.24 g of
protein/kg and 115 kcal/kg (1.9 g/100 kcal); (2) 3.62 g of
protein/kg and 114 kcal/kg (3.2 g/ 100 kcal); and (3) 3.5 g of
protein/kg and 149 kcal/kg (2.34 ¢/100 kcal). These formulas
were administered to infants of BW 900-1750 g (GA of 27-37
weeks), beginning as soon as oral feedings were tolerated and
continuing until weight reached 2200 g.

Weight gain was significantly less in the first group fed 1.9
g/100 kcal than in the other 2 groups, as was the growth in
head circumference. Nitrogen retention was higher than 420
mg/(kg-d) in the latter two groups, compared with 268
g/(kg-d) in the first group. Weight gain was 20% greater in the
last group, fed 2.34 g/100 kcal, than in the second group fed
3.2 g/100 kcal, but the difference did not reach statistical
significance. In contrast, fat formation (as judged by skinfold
thicknesses) was much greater in the last group, which re-
ceived almost as much protein as the second group but con-
siderably more calories. Chemical indicators of protein intake
adequacy (i.e., plasma albumin and transthyretin) were better
at higher protein intakes, and mean BUN values were below
3.0 mg/100 mL. The investigators concluded that the lowest
protein intake was inadequate, that higher protein intakes
were well tolerated, and that a marked increase in calories at
the higher protein intake would only lead to fat deposition.

Some of the same investigators later conducted a similar
trial with a different set of values for the variables (Kashyap et
al., 1988). This time the daily intakes were (1) 2.8 g of
protein/kg and 119 kcal/kg (2.36 g/100 kcal); (2) 3.8 g of
protein/kg and 120 kcal/kg (3.17 g/100 kcal); and (3) 3.9 g of
protein/kg and 142 kcal/kg (2.75 g/100 kcal). The weight gain
and nitrogen retention on even the lowest protein intake were
greater than intrauterine rates, and plasma indicators of pro-
tein nutritional status were considered to be “adequate.” The
mean BUN value was 8.1 mg/100 mL in the second group fed
3.17 g/100 kcal and 5.5 mg/100 mL in the last group fed 2.75
g/100 kcal, a difference that was thought to reflect a favorable
influence of increased calories on nitrogen retention. These
relatively high values were not thought to represent toxicity,
because BUN values in excess of 10 mg/100 mL were uncom-
mon and no infant developed acidosis. The ratio of protein
stored to fat stored in each group reflected the protein contri-
bution to the total energy intake in that group.

In another study in this series, the infants received daily
protein and calorie intakes of (1) 3.3 g of protein/kg and 98
kcal/kg (3.36 g/100 kcal); (2) 4.3 g of protein/kg and 117
keal/kg (3.7 g/100 kcal); and (3) 4.2 g of protein/kg and 142
keal/kg (2.95 g/100 kcal) (Kashyap et al., 1994). This time,
weight gains in the three groups were, respectively, 16.7, 21.7,
and 24.0 g/(kg-d); the amounts of protein stored were, respec-
tively, 2.28, 2.75, and 2.80 g/(kg-d); and the fat accretions
were, respectively, 2.42, 3.56, and 5.54 g/(kg-d). The ratio of
protein deposition to fat deposition was 1.0 in the first group,
0.8 in the second group, and 0.5 in the third group. Appar-
ently, increasing calories above about 120 keal/(kg-d) would
not facilitate protein deposition, even at a high protein intake.
Because Kashyap and Heird (1994) surmised that 5 g/(kg-d)
would not be tolerated, it appeared that a maximum was being
approached. Once again, there was no indication of protein
toxicity on these intakes.

These reports, taken together, suggested that adequate pro-
tein intake for LBW infants can be provided satisfactorily, but
not optimally, by formula with a protein content of approxi-
mately 2.5 g/100 kcal, and that little benefit and potential
adverse effects are observed when they are fed formula with a
protein content greater than 3.6 g/100 kcal [4.3 g/(kg-d) at an
energy intake of 120 kcal/(kg-d)].

Neurodevelopment. Several investigators have specifically
addressed the effect of protein intake levels on the neurode-
velopment of premature infants. Tyson et al. (1983) measured
behavioral pattern differences among 76 LBW infants who
were fed either mature human milk with a protein content of
1.8 g/100 kcal [intake 118 kcal/(kg-d)] or preterm formula
with protein content of 2.6 g/100 kcal [intake 143 kcal/
(kg+d)]. The NBAS (Brazelton & Nugent, 1995) was used at
a postconceptional age of 37 weeks to measure the infants’
coping capacities and adaptive strategies. Higher scores for the
orientation scales of the NBAS were noted in the group of
infants fed preterm infant formula, whereas no differences
were observed in the auditory or visual components of the
scales.

Bhatia et al. (1991) evaluated early neurobehavioral effects
in 15 healthy preterm infants of a BW less than 1550 ¢ who
were fed formulas with contents of low protein (2.2 g/100
kcal), mid protein (2.7 g/100 kcal), or high protein (3.2 g/100
kcal) for 2 weeks. Within 5 days of completing the feeding
study, the infants were administered six of the seven items of
the NBAS (Lester et al., 1990) by a psychologist who was
blinded to the diet assignment. Infants fed the mid protein or
high protein intakes achieved significantly higher scores on
the orientation, habituation, and stability clusters, although
not in the regulation, range, or motor clusters. Associations
were also observed between specific behavior clusters and
individual plasma essential amino acid levels of these infants.
Positive correlations were reported for the orientation, habit-
uation, and stability clusters with plasma levels of valine,
isoleucine, leucine, and the sum of large neutral amino acids.
These small-scale, short-term studies have not been confirmed
or extended. Furthermore, the NBAS scores have been shown
to be influenced by a variety of confounding variables (Lester
et al., 1990).

Lucas et al. (1990b) used the Bayley Scales of Infant Mental
and Psychomotor Development (Bayley, 1969) to evaluate
development at 18 months after the term date of 377 AGA
infants and small for gestational age (SGA) infants with BWs
less than 1850 g. These scales are generally recognized as
broadly based measures of developmental functioning in in-
fancy up to the age of 42 months (Bayley, 1993). When
applied to infants of ages 18—24 months, the Bayley Mental
Development Index (MDI) has been shown to have a small
correlation with 1Q measured later in childhood.

The first part of the Lucas et al. (1990b) study involved
infants of mothers who had elected not to provide breast milk.
The infants were randomized to receive term infant formula
(2.1 g of protein/100 kcal) or preterm formula (2.5 g of
protein/100 kcal) until they weighed 2000 g or were dis-
charged from the neonatal unit, whichever came first. Infants
receiving the formula with the higher protein content were
found to have a later advantage of 15 points in the MDI scores;
the difference was most pronounced in the SGA subset of the
study—23 points, almost 1.5 sb. Moreover, there was half the
incidence of moderate developmental impairment (Bayley
score <86, when 100 is normal) in those receiving the higher
protein formula, both in the MDI and in the Psychomotor
Development Index.

In the second part of the study, infants were fed their own
mothers’ expressed breast milk, with the addition of either
term infant formula or preterm formula. The diet-related ef-
fects on Bayley scores were not as striking as those observed in
the first trial. Nevertheless, the developmental test scores also
tended to be higher for those infants fed expressed human milk
with added preterm formula than in those with added term
formula, most significantly in those infants that received for-
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mula as more than 50% of total intake. As noted by the
authors, the study was designed to investigate outcome differ-
ences dependent on total diet, not individual nutrients. Al-
though the protein and energy contents of the preterm formu-
las were, respectively, 38% and 18% higher than those of the
term formula, the differences in mineral intake were even
more substantial. Additional possible confounding variables,
such as socioeconomic status and other parental factors, were
ruled out by the study design or the analyses.

Some of these same children were later followed up with IQ
tests at age 7.5-8 years (Lucas et al., 1998). There was a
marked sex difference in the impact of the diet, males being
much more affected. Males fed the higher protein (and oth-
erwise supplemented) formula had a 12-point advantage in
verbal IQ. More infants of both sexes fed the term formula had
a verbal 1Q less than 85 (31% versus 14%), and they had a
higher incidence of cerebral palsy.

These neurodevelopmental studies provide an additional
reason for giving a higher protein formula to premature infants
compared with term infants. Although these studies do not
provide the quantitative information that the growth studies
furnish, they do demonstrate that the diet administered to
preterm infants in just the first 3 or 4 weeks postpartum has a
significant effect on neurodevelopmental status months or
years later. The data support the hypothesis (Dobbing, 1974;
Heird & Wu, 1996) that a critical neonatal period in brain
development of premature infants depends on nutrition.

Protein turnover. Preterm neonates have a higher rate of
protein turnover compared to full-term infants (Denne et al.,
1996; Poindexter et al., 2001). The effects of graded amounts
of protein feeding on rates of proteolysis were not considered
in determining recommendations for the protein content of
preterm formula. This is an area of research that would benefit
from definitive studies.

Toxicity. There seems to be a limit to the neurodevelop-
mental benefit provided by increased protein intake. Long
before the work of Bhatia and Lucas and their respective
coworkers, Goldman et al. (1974) demonstrated a significantly
increased incidence of low IQ scores in infants with a BW
below 1300 g who received high protein diets [6-7.2 g/(kg-d)].
There was also a higher incidence of strabismus in children
born at less than 1700 g who received the high protein diet,
not remarked upon in other reports.

Toxicity of high protein intakes from formula or supple-
mented human milk given to preterm infants has not been a
major focus of recent clinical studies. A report of higher
mortality from an extremely high protein intake [>8 g/(kg-d)]
was made by Omans et al. (1961). Previously mentioned were
the reports of Goldman et al. (1969) and Goldman et al.
(1974) of increased incidences of fever, lethargy, poor feeding,
and low IQ in small premature infants receiving protein at
6-17.2 g/(kg-d). Reports of elevated BUN levels with protein
intakes greater than about 3-3.5 g/(kg-d) have been described
in previous sections and have also been noted by others (Réiha
et al., 1976). The last-named study found BUN levels to be
8-20 mg/100 mL with protein intakes of 3.8 g/100 kcal, which
was 4.4 g/(kg-d), whereas Kashyap et al. (1988) found BUN
levels always below 10 mg/100 mL with protein intakes of 3.8
g/(kg-d). Because the former study used nondialyzable nitro-
gen to assay protein in the diet and the latter study used total
nitrogen, which would misleadingly decrease the apparent
difference between the calculated protein intakes, the results
are in general agreement. Snyderman et al. (1970) noted that
when high protein diets are given to premature infants, bio-
chemical immaturity of metabolic pathways can result in the
accumulation of certain amino acids.

In most situations in adult humans or experimental ani-
mals, urea production increases with dietary protein intake
(Morris, 1992), but this is not established in premature infants.
Activities of urea-synthesizing enzymes in human fetal liver
develop early but are lower than those in the adult, and the in
vivo rates and maturation rates of these enzymes are not
known (Boehm et al., 1991). The overall urea-synthesizing
capacity is limited in the premature infant, especially those of
less than 31 weeks GA (Boehm & Kirchner, 1988). On the
eighth day of life in those infants (but not the more mature
ones), the urea-synthesizing capacity was not higher with
fortified human milk [3 g of protein/(kg-d)] than with unfor-
tified human milk [2.1 g of protein/(kg-d)] (Boehm et al.,
1988). Urea-synthesizing capacity seems to rise between the
third and eighth weeks of life, although it does not reach adult
values during this time (Boehm et al., 1990a; Boehm et al.,
1991). Indeed, transient hyperammonemia (values twice nor-
mal) associated with low blood levels of arginine and ornithine
has been found in many preterm infants fed proprietary for-
mula (Batshaw et al., 1984), but it does not seem to be
associated with neurological or developmental problems at 18
months of age and its relationship to protein ingestion is
unclear. The hyperammonemia responds to administration of
oral arginine (Batshaw et al., 1984).

A more serious form of nongenetic neonatal hyperammone-
mia (values 50-100 times normal), associated with lethargy
and coma, can occur in the first 2 days of life (Ballard et al.,
1978). Because it can start as early as 4 hours after birth, it is
presumably unrelated to feeding and may result from shunting
of blood away from the portal circulation and into the systemic
circulation, resulting in a lack of ammonia removal (Tuchman
& Georgieff, 1992). Protein hydrolysates administered paren-
terally can cause hyperammonemia with symptoms in prema-
ture infants, especially those who have sepsis (Thomas et al.,
1982). So, too, can crystalline amino acid solutions if the
arginine content of the mixture is low.

Toxicological issues regarding individual amino acids are
addressed in the section on amino acids (below). Menkes et al.
(1972) reported about learning disabilities in infants who had
developed tyrosinemia with an intake of formula with 3.9%
protein (Menkes & Avery, 1963), containing 4.8 g/100 kcal.
At 120 kcal/(kg-d), this protein intake was 5.8 g/(kg-d).

Conclusions and recommendations

Almost all of the studies cited in this section considered total
nitrogen rather than a-amino nitrogen as representative of the
protein content. Some nonprotein nitrogenous compounds are
thus included. Nevertheless, this report is concerned with formula
derived from animal milk, usually cow, in which the total NPN
content is only about 5% of the total nitrogen content (Alston-
Mills, 1995). The Expert Panel, therefore, made its recommen-
dations in terms of total protein, i.e., total nitrogen X 6.25.

The factorial and empirical data clearly indicate that ma-
ture human milk (derived from mothers delivering term in-
fants) cannot serve as a standard for establishing the minimum
protein content for preterm infant formula. Many studies have
indicated that insufficient growth is achieved when such milk
is the sole source of nutrition (Atkinson et al., 1981; Davies,
1977; Gross, 1983; Lucas et al., 1984; Putet et al., 1984; Tyson
et al., 1983). Protein concentrations in milk from mothers
delivering prematurely are higher than those in milk from term
infants’ mothers but also are probably inadequate to support a
rate of growth like that of the fetus, especially for infants of
BW less than 1000 g (Tudehope et al., 1986).

Under these circumstance