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Preface

Humans, like all mammals, have an inborn desire to nurture and suckle their young
and the act of feeding is important for the bonding between mother and child. The birth
of a critically ill preterm infant disrupts this, but for a mother, the use of her milk to
feed her infant may be the most tangible role she has in the medical care of her criti-
cally sick child. Parents and caregivers see growth and feeding as important milestones
first demonstrating increasing stability, then signaling the start of recovery, and
finally showing readiness for discharge home.

Despite our intuitive and emotional connection with growth, preterm infants grow
poorly after birth and very commonly develop ex utero growth restriction (EUGR)
or postnatal growth failure. There are many reasons for this including the associ-
ated medical conditions of prematurity, but inadequate nutrient intake plays a large
part. This results both from technical difficulties in providing adequate nutrition,
and from fears about the complications associated with doing so, including meta-
bolic derangements such as hyperglycemia and hyperlipidemia, and diseases such as
necrotizing enterocolitis.

At the time of hospital discharge, many preterm infants are profoundly growth
retarded, and their average weight is as little as 70% of that expected for their peers
who were not born prematurely. Preterm infants show variable amounts of catch-
up growth after discharge, but typically remain smaller than the term-born peers
throughout childhood and adolescence.

This pattern of early growth restriction followed by variable amounts of catch-up
growth has drawn parallels with the in utero growth-restricted (IUGR), small-for-
gestational-age, infant. The ITUGR infant is at increased risk of long-term metabolic
complications, such as insulin resistance, type 2 diabetes, and hypertension, and the
risks are worsened by rapid postnatal catch-up growth. This has led to the belief that
catch-up growth in the preterm infant is undesirable, and even that slower early (in-
hospital) growth may be beneficial. This idea is seductive. It means that the goal that
is so difficult to achieve (reducing EUGR or ensuring catch-up growth) is not actu-
ally in the newborn infant’s best interest. The alternative, tolerating poor postnatal
growth, is not only easier but is to be preferred. It is not surprising that such an idea
is popular, but what is sometimes overlooked is the real evidence addressing the risks
and benefits of different growth rates in preterm infants.

In this volume, we will discuss three main areas. We will begin by discussing the
advances in growth standards for preterm infants, the diagnosis of EUGR, the causes
of EUGR in preterm infants, and whether other assessments may assist in the evalua-
tion of the nutritional adequacy of the diet we are feeding preterm infants.

We will next consider the extensive human literature examining the effect of
IUGR, EUGR, and catch-up growth on long-term metabolic outcomes (including
obesity, insulin resistance, type 2 diabetes, dyslipidemia, hypertension, and cardiac
disease) and long-term neurodevelopmental outcomes (including cognition). We will
assess the evidence for the effect of growth on these outcomes in term infants (either
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appropriate-, small-, or large-for-gestational-age) and in preterm infants. From this
review, the risk—benefit balance between relatively slower and relatively more rapid
growth in preterm infants is clear.

Finally, given the benefits of avoiding EUGR, we will consider how we might
reduce the incidence of EUGR in preterm infants, and optimize catch-up growth if
it does occur. To achieve this, we have two main choices to make: to concentrate on
inputs (e.g., optimizing nutrient intakes) or concentrate on outputs (e.g., growth or
other proxy markers); and to customize targets (and adjust them based on individual
needs) or to generalize targets (and aim for similar nutrient intakes or similar growth
rates in a broad group of infants). These are not mutually exclusive. For example, one
may modify energy intake to reach a general goal for growth, or customize protein
intake to achieve a general goal for blood urea nitrogen concentration. Optimizing
nutrient intakes is especially difficult for the human-milk-fed intake due to the wide
variability in the composition of human milk. We will review approaches to improv-
ing the nutritional management of preterm infants, both from enteral and parenteral
sources, customizing human-milk fortification to account for differences in baseline
composition, and assessing growth to more quickly identify growth faltering when
it develops.

EUGR is common in preterm infants and has serious long-term adverse conse-
quences. However, we must continue to try to prevent EUGR, and new tools and
techniques may provide methods that can help us do better.



Additional Files

Additional files that allow the calculation of age- and gender-specific Z-scores for
term and preterm infants, display the results graphically, and identify periods of
growth faltering are available online at www.iangriffin.net.
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Causes and Assessment
of Ex Utero Growth Restriction
in Preterm Infants

INTRODUCTION

Preterm birth represents a profound and sudden divergence from the expected trajec-
tory for growth and development. It is therefore difficult to consider what “normal”
postnatal growth should be in such an abnormal condition. Aiming to match the
growth of other infants in similar conditions lets us define normal growth in a statis-
tical sense, but has no real physiological meaning.

Our current goals for growth are typically to match the in utero growth that might
have occurred had the baby not been born prematurely. In recent years, there have
been significant advances in the amount of data available to construct such growth
references, and in the mathematical techniques used to do so (Chapter 1). These
growth references allow us to examine how closely we meet these targets, and which
babies are most at risk of poor growth (Chapter 3).

Growth is, however, a crude and imprecise assessment. Slow growth may result
from a variety of causes including an inadequate protein intake, inadequate energy
intake, electrolyte imbalances, etc. Conversely, just because body size and weight
gain are within the normal range, does not mean that the composition of weight gain
is either normal or appropriate. Nor should it reassure us that the intake of all indi-
vidual nutrients is adequate. For this reason, biochemical assessments are often used
in addition to growth measures to assess nutritional adequacy in preterm infants
(Chapter 2). There is now increasing interest in the use of metabolomic profiling
to identify novel markers for nutritional adequacy in preterm infants (Chapter 2),
although none are ready for clinical use at present.






’I Growth Charts for
Preterm Infants and
Related Tools for
Growth Monitoring

Tanis R. Fenton

INTRODUCTION

Growth charts help health professionals provide size-appropriate care to preterm
infants. Preterm infants are not mature enough to adequately communicate their
nutritional needs as do older infants, so health professionals must determine each
baby’s individual needs. Without awareness of an infant’s growth pattern, nutrition
decisions are based on average estimated needs, which is not likely appropriate for
all individuals.

For example, enteral energy requirements likely vary from 110 to 135 kcal/kg/
day, in healthy preterm infants.! If an infant requires the upper end of the range, but
is being fed at the lower end, the infant will not likely grow at a desirable rate, which
would show its growth curve as flatter than desired.

Health professionals need to know three things about the growth chart they are using:

1. What type of growth reference it represents (fetal estimates, previous pre-
term infants, or term infants)

2. The strengths of that methodology

3. The limitations of the methodology

This chapter will review the history of growth chart development for preterm
infants, outline the strengths and weakness of each type, discuss the use of addi-
tional tools (percentiles and z-scores), as well as provide some perspectives on the
growth goals of preterm infants.

Growth charts also can provide a quick assessment of whether an infant’s head
and length are growing appropriately relative to the infant’s weight gain. A check of
head size against a growth reference could identify pathological head growth such as
hydrocephalus. Evaluation of length assists assessment of whether the infant might
be gaining too much weight for its length growth. Growth of very low birth weight
infants has been observed to be a predictor of neurodevelopmental outcomes.>”” Low
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weight,>*7 head,’ and length® growth have all been associated with poorer develop-
ment. Recognizing instances of faltering growth enables the health care team to
institute changes that not only may improve growth outcomes but also may improve
neurodevelopmental outcomes.

HISTORY OF GROWTH CHARTS FOR PRETERM INFANTS

GROWTH STANDARDS AND GROWTH REFERENCES

With the production of the World Health Organization’s (WHO) recent growth charts
based on their Multicentre Growth Reference Study, a growth standard now exists
for term infants.® This new growth standard has been designed to represent “healthy
children living under conditions likely to favor the achievement of their full genetic
growth potential.””®

These charts are growth standards that would describe “what growth should be.”
However, there is no growth standard for preterm infants. Thus, the growth charts
available for use are all growth references. Growth references provide a comparison
of growth with others who may have been representative of a population. Without
the designation as a growth standard, growth references just provide a comparison,
or reference, to another population. Thus, preterm growth charts, being growth refer-
ences, describe “what growth is”!° without a claim about health status.

Historically, three types of growth references have been used for preterm infants,
and these have usually been referred to in the literature as postnatal, intrauterine, and
fetal-infant growth charts. It is helpful to understand the development, advantages,
and limitations of these growth charts to use them to their best advantage.

PosTNATAL GROWTH CHARTS

The first growth chart developed specifically to monitor the growth of low birth
weight and preterm infants was published in 1948 by Dancis et al.!! This chart was
a postnatal or peer growth chart that extended to 50 days, and it demonstrated the
actual growth pattern of low birth weight infants after birth. Postnatal growth charts
display the initial weight loss experienced by the infants after birth, regain of birth
weight, as well as the subsequent growth pattern.

The smallest babies represented in the Dancis chart had birth weights of approxi-
mately 750 g, although none of these small infants survived.!! Despite still being
used until recently,'? this growth chart had limitations especially because the popu-
lation represented likely differed from the infants in the NICU decades later."* For
example, at the time this growth chart was developed, low birth weight infants who
were likely to survive were likely near term but small for gestational age, since neo-
natal care in the 1940s could not support very preterm infants.

More recent postnatal growth charts for preterm infants have been developed
including the large multicenter growth survey by the National Institute of Child
Health and Human Development of infants born in 1994-1996' and the widely dis-
tributed survey by the Infant Health and Development Program of infants born in
1985.15 These surveys were conducted prior to widespread use of early parenteral
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protein on the birth or first day of life. Postnatal growth charts are limited by the fact
that the growth patterns displayed in these charts are influenced by the medical and
nutritional care for the time and may not represent ideal growth of preterm infants at
a future date. Recent reports suggest that present day very low birth weight infants
do not lose as much weight after birth, and also regain their birth weight faster than
they did in the past.'® 7 Improved recent weight status may be due at least in part to
earlier and better protein nutrition in the early weeks of life.!8-20

An additional limitation to postnatal charts, beyond the fact that these charts
reflect the care the infants received, is the limitation that these charts only illustrate
the mean curves for each infant weight category. Postnatal charts do not show the
distributions, the variation above and below the averages, so it is not possible to
evaluate how well or poorly an infant is growing relative to the chart, or to calculate
infant percentiles or z-scores.

INTRAUTERINE GROWTH CHARTS

Intrauterine growth charts, which are sometimes referred to as fetal or birth-size growth
charts, are based on the size at birth of infants born at various gestational ages. These
charts are considered to provide estimates of the size of the fetus at each week of gestation.

Perhaps the most well known of the intrauterine charts are those published by
Lubchenco et al. in 1966, sometimes referred to as the Denver charts. These charts
are still used as a growth reference?”->* and were recommended for the classification
of size for gestational age as recently as 2010.° This may be in part because this
chart was endorsed by the American Academy of Pediatrics for the assessment of
intrauterine growth restriction in 1967.2° A limitation of this chart is that the infants’
gestational ages were classified prior to the routine assessment of gestational age, so
their sample likely included infants with misclassified gestational ages.

Intrauterine growth charts have been criticized as not representative of fetal size
because some growth-restricted infants may be preferentially delivered before term.
The birth of growth-restricted infants might create a difference in the size from those
who remain in utero. No solution to this problem has been found to date. Some have
considered ultrasound measurements of healthy fetuses; however, this method may
not be ideal because ultrasound estimates of weight and head circumference are
determined from two-dimensional measurements.

Inaccuracies in assessments of gestational age in the earlier intrauterine studies of
size at birth created bimodal or exaggerated S-shape curves due to misclassification
of gestational age. For example, the 90th centile at 33 weeks of a large intrauterine
study was 3536 g,%” likely due to some term infants being considered preterm based
on inaccurate maternal dates.?® In contrast, others have estimated the 90th percentile
at 33 weeks to be 2400?! and 2600 g.> This bimodal shape is not representative of the
growth patterns of infants. Additionally, the Lubchenco et al.?! data were collected
at a time when maternal weight gain restriction was encouraged for various obstetric
goals? 3%, Restricted maternal weight gains have been associated with lower birth
weights.3% 3! For these reasons, older intrauterine growth charts are likely not repre-
sentative of the growth pattern of more recent infants.
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FIGURE 1.1 Girls’ birth weight percentiles (3rd, 50th, and 97th) from six countries:
Germany, Italy, United States, Scotland, Australia, and Canada.

More recent intrauterine-type growth charts for preterm infants are based on
larger sample sizes—for example, the British charts based on 9443 infants*? and
several large (45,000 to 2,300,000 infants) intrauterine studies of birth weight from
Germany,* Italy,> United States,?? Scotland,? Australia,’® and Canada?® (Figure 1.1),
and of birth length and head circumference from the United States?? and Italy.3* The
birth weights of these six large studies?> *2-3 show similar patterns and close agree-
ment for the 50th and 3rd centiles. The 97th percentiles of these studies show some
differences, with the lowest values for the Italian infants and the highest values for
the Canadian (before 32 weeks gestation), Australian (between 32 and 35 weeks),
and American (after 35 weeks) datasets.

FETAL INFANT GROWTH CHARTS

Fetal infant growth charts for preterm infants are based on two types of merged sets
of reference data: data on the size of the fetus (estimates from intrauterine data) and
the term infant (usually postnatal surveillance data of term infants). Typically, fetal
infant growth charts include weight, head, and length parameters on one chart.
Currently, the growth goal for preterm infants is to approximate the growth pat-
terns of the normal fetus and of the term-born infant. Fetal infant growth charts
incorporate both of these growth references, with some degree of smoothing between
the datasets. Therefore, fetal infant growth charts reflect the recommended growth
goals for preterm infants: the fetus and the term infant. These charts demonstrate a
distribution of sizes at the various ages, usually illustrated as major percentiles.
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Gairdner and Pearson®’ and Babson and Benda* developed the first fetal infant
growth charts in the 1970s. Babson and Benda referred to their chart as a “fetal
infant growth chart.” These early charts extended from 28 weeks gestational age to
2 years’” or 26 weeks preterm to 1 year post-term.* With x-axes of these early charts
beginning at 26 to 28 weeks of gestational age, younger gestational age preterm
infants (i.e., 23 to 25 weeks gestational age) could not be plotted during their first
weeks of life, a time of some of the greatest growth and assessment challenges for
the neonatal health care team.

A more recent fetal infant growth chart was developed in 2003,'? and recently
revised in 2013.% This growth chart extended from 22 weeks to 50 weeks (10 weeks
post-term) of post-menstrual age, to support growth monitoring through the transi-
tion to term growth charts.

The 2013 revision of the 2003 Fenton preterm growth chart was set equal to
the WHO Growth Standard at 10 weeks post-term age (longitudinally measured).
We defined the curves for younger than 40 weeks based on a systematic review
and meta-analysis with strict inclusion criteria.*® The 2013 version used the large
recent intrauterine studies from Germany,* Italy,3* United States,?> Scotland,* and
Canada?® for the fetal estimates, which had a combined sample size of almost 4 mil-
lion babies (Figure 1.2). This fetal infant growth chart is consistent with the fetal
estimate data to 36-38 weeks, and thus can be used to assign newborn size for ges-
tational age up to and including 36 weeks.

An advantage of fetal infant growth charts is that they provide an assessment of
whether a preterm infant is achieving catch-up growth or if growth velocity may be
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FIGURE 1.2 Comparison of the Fenton/Kim 2013 boys’ meta-analysis percentiles (3rd,
50th, and 97th) (black solid) along with the six recent population-based birth-size studies’
percentiles from developed countries: Germany, Italy, United States, Scotland, Australia, and
Canada (grey dashed).
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TABLE 1.1

Table of Strengths and Weaknesses of the Various Types of Preterm

Growth Charts

Type Strengths Weaknesses
Postnatal/peer Illustrates the growth pattern of Growth patterns reflect the neonatal care
preterm infants after birth, including received
weight loss after birth Inability to calculate percentiles and
Longitudinal data Z-scores
Intrauterine/fetal, ~ Usually based on large numbers Cross-sectional data

or birth-size

Fetal-infant

Based on the size of infants at birth,
estimated to reflect the size of the
fetus

Ability to calculate percentiles and
Z-scores

Combines intrauterine data on the size
of infants at birth, estimates of the size
of the fetus with a term growth chart
to permit growth comparisons with
the recommended growth reference:
the fetus and the term infant

Gestational age errors lead to
misclassification, which appears as an
exaggerated S-shape

Infants who are born may not be the
same size as those who remain in utero

Cross-sectional data (for the fetal
estimates)

Gestational age errors lead to
misclassification, which appears as an
exaggerated S-shape

Infants who are born may not be the

Ability to calculate percentiles and same size as those who remain in utero
z-scores

The World Health Organization
Growth Standard can be used for the

infant estimates.

inadequate or excessive relative to the recommended growth references for preterm
infants: the fetus! 4>-4! and then the term infant.**-4

ACCURACY OF MEASUREMENTS

Growth assessments are only as accurate as the precision of the infant measure-
ments. If inaccurate, the measurements will not provide a correct growth assessment,
regardless of the choice of growth chart (Table 1.1). Typically, weight measurements
are fairly accurate when calibrated electronic scales are used, and any equipment
attached to the infant (ventilator tubes, arm or leg boards) are correctly accounted for.

Length is more difficult to measure accurately than is weight or head circumfer-
ence.*? Several infant length measurement techniques have been compared (includ-
ing laying the infant on top of a tape measure, marking a paper laying under the
infant, or using a head/foot board to ensure vertical barriers for the measurement)
and all were found to have standard deviation errors of 0.6 to 1 cm,* while smaller
errors were obtained by others using a limited number of trained measurers imple-
menting a head and foot board.** To obtain the most accurate length measurements,
experts recommend that whichever techniques are used, they be used consistently
and that the length measurements should be interpreted with some caution.*
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PERCENTILES AND Z-SCORES

Health practitioners find it useful to be able to define a child’s size as a percen-
tile or z-score. With size defined by these numerical values, one can determine
whether the child is catching up or losing status relative to a growth reference. For
example, an infant may have a percentile value of 40 (z-score = —0.25) at birth,
decrease to the 11th percentile (z-score = —1.2) at one week of age, have a percentile
value of 20 (z-score = —0.8) at discharge, and then gradually regain percentiles to
be close to the birth percentile (35th percentile (z-score = —0.4)) by two months of
corrected age.

Percentiles and z-scores are related but different measurement tools, and each
has its uses. Z-scores define how far a measurement is above or below the median,
expressed in standard deviation units. Percentiles define a child’s position within a
reference population, in numbers that range from 0 to 100."° Percentiles are most
useful when the measurements fall between the 2nd and the 98th percentiles, and
they become almost meaningless outside of this range (Table 1.2, Figure 1.3). In
contrast, z-scores are still very useful when measurements are outside of this range.
For example, a small-for-gestational-age infant who has a percentile value of 0.1
(z-score = —3) at birth, may have a percentile value of 2 (z-score = -2) at discharge.
The z-score change from -3 to —2 shows a meaningful change while the percentile
values at the extreme changed only from 0.1 to 2, which may be harder to interpret.

Z-scores and percentiles are derived from the distribution of the infants at
each age from a growth reference. LMS parameters are used in the background to

TABLE 1.2
Comparison of Percentiles and the Equivalent Z-Scores
z-score 4 3 2 1 0 -1 -2 -3 —4
Percentile ~ 99.99  99.9 977 84 50 16 23 0.1 0.01
-4 3 -2 -1 0 1 2 3 4
Z-Scores
(=} = w = N [°Al ~ \O O O O
= 1S a S A S S0 O
O

FIGURE 1.3 Percentiles (lower numbers) and z-scores (upper numbers) in relation to the
normal distribution.
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calculate percentiles or z-scores. The LMS parameters summarize the distribution
at each age: L refers to any skew in the distribution, M refers to the mid-point or the
median, and S summarizes the width of the distribution.*® To date, only intrauterine
and fetal-infant growth charts have LMS parameters summarized.

GRrOWTH VELOCITY ESTIMATES

Clinically it can be useful to add a calculation of growth velocity to a growth assess-
ment. Although various calculations have been used, perhaps the most valid calcula-
tion uses the average weight from the time interval as the denominator."”

(end weight — start weight) / average weight

time interval
If an early weight is used as the denominator, for example,

(end weight — start weight) / start weight

time interval

as has been done in some studies,*” growth rates are overestimated."” For example, if
the early weight is used as the denominator, growth estimates can be as high as 22
to 24 g/kg/day, while when the average weight is used, the growth estimates were
15 to 16 g/kg/day."® This overestimate of 7 to 8 g/kg/day was due to the choice of
denominator in the calculation. If growth over a longer time interval were estimated,
the error would be magnified. It is important that any comparisons made between
studies or infants use the same calculation method.

A recent study of growth velocity, based on a systematic review of size at birth stud-
ies, with strict inclusion criteria,* found that the estimated growth velocity (g/kg/day)
of the fetus is not constant between 22 and 40 weeks.”” The estimates of fetal growth
velocity ranged from a high of approximately 18 g/kg/day between 24 and 30 weeks,
to a low of about 5 g/kg/day at 38 to 39 weeks. Overall, a growth velocity rate of
15 g/kg/day, which is often quoted,*->° was found to be a reasonable growth rate for
infants up to about 36 weeks.!”

The historic target for weight gain of 15 g/kg/day should be considered a mini-
mum goal and not a maximum. There is no firm evidence to support recommenda-
tions for a maximum desirable gain; the desirable growth rate for a given infant at
a specific point in time will depend on his or her size for gestational age, weight
loss after birth, time to regain birth weight, and current percentile or z-score. If an
infant was small for his or her genetic potential at birth, had a larger than expected
weight loss after birth (e.g., 15 to 20%), took an extended time to regain his or her
birth weight, and had periods of suboptimal feeding for a variety of reasons, one
might expect that this infant may achieve a higher growth velocity once receiving
adequate nutrition than the infant born with an appropriate birth percentile size, had
less weight loss (e.g., 5 to 10%),2° and took to feedings well.
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A few weeks after birth preterm infants have been noted to place low in weight
percentiles relative to fetal estimates,'> 1+ 5152 due to postbirth weight loss. If the
time to regain their birth weight is lengthy, their weight percentiles are further
reduced relative to the reference fetus. However, if this weight loss and the time to
regain birth weight can be minimized!® 7 due to earlier and better nutrition in the
first days and weeks of life,'®-2 the need for catch-up growth will be dramatically
reduced.

Some cautions should be taken with the use of growth velocity calculations. These
calculations of growth in g/kg/day should not be conducted on too short an interval,
as daily weight fluctuations can obscure the longer-term growth trends and lead to
micromanagement of the nutrition care. Ideally, calculations of growth velocity are
part of a growth assessment that includes consideration of the infant’s genetic poten-
tial, of which parental height is an imperfect but helpful guide,’* 3* nutrition history,
as well as the infant’s placement and trajectory on a growth chart.

Over the years in an attempt to estimate the range of fetus growth rates, clinicians
have calculated the growth velocity of intrauterine charts along the 3rd, 50th, and
97th percentiles. This method is problematic for several reasons, primarily because
the data was cross-sectional, and thus it is not known whether infants actually grew
following along the various percentiles. Ideally, growth velocity is calculated using
longitudinally collected data, as was done by the WHO in preparation of their
Growth Standard data for the first 2 years of life. Second, it has been established
that term infants often cross percentiles as they grow,’® > presumably as they find
their genetically determined growth trajectory, and preterm infants may do the same.
Given these limitations, perhaps the most valid calculation of growth velocity is
to estimate along the median (50th percentile), while noting that some variation is
always present in biological systems.

GROWTH-RESTRICTED INFANTS

Beginning in the first days of life, growth-restricted infants tend to follow a slightly
different growth pattern compared to appropriately grown infants. Since growth
restriction is defined as size smaller than the 10th percentile, this category includes
normally small infants as well as infants with a pathological reason for their small
size. The etiology of their small size will determine subsequent growth potential.
Small size at birth can be due to genetically small size, maternal origins (such as
preeclampsia, malnutrition, and exposure to drugs, tobacco, or alcohol), placental
and cord origins, and infant origins (congenital conditions). If an infant’s small
size does not originate with the infant, growth-restricted infants have a potential to
lose less weight relative to their larger cohorts, and then their subsequent growth is
often faster.!> 420 Some small-for-gestational-age infants grow rapidly and achieve
weights much higher than their birth percentiles.”® Adult-onset diseases have been
associated with small infants growing faster;'? however, a superior or ideal pattern of
growth has not been defined for these infants.>*-¢!
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BALANCING THE RISKS—NEURODEVELOPMENT
AND CARDIOVASCULAR RISKS

Slow growth of preterm infants has been associated with poorer neurodevelopmental
status>” (see Chapter 8), and rapid growth of infants born small for gestational age
has been associated with higher risk of metabolic syndrome® (see Chapters 3 and 8).
It is biologically plausible that for optimal brain growth, infant growth should not be
interrupted in the phase of very rapid brain growth. Of importance, not all studies
have supported that the association between rapid infant growth and higher risk of
metabolic syndrome is of importance as the development of adult obesity may have
a greater impact.® Further, for infants born small for their genetic potential, perhaps
the most important part of the insult may be the growth restriction, which in the case
of intrauterine growth restriction has already taken place prior to admission to the
neonatal unit.

What should health practitioners do to balance the risks between neurodevelop-
ment and metabolic syndrome in later life? Perhaps the optimum balance between
these risks is to find the middle ground, to minimize postnatal weight loss through
nutrition support on the infant’s birthday, followed by optimal nutrition to support
growth throughout the neonatal period. Ziegler advocates for aggressive nutrition
support,®* designed to meet the estimated nutritional needs of the infants. While
Ziegler refers to these guidelines as aggressive, they are actually adequate nutrition
support. Adequate nutrition support has been shown to reduce or prevent extra uter-
ine growth restriction.!® 1 Of importance, more involvement of dietitians in neonatal
units is associated with superior nutrition support.%

APPROPRIATE GROWTH GOALS

Parents have difficulties understanding growth charts and some parents wish their
children to have high percentiles.®® " Perhaps this desire for high percentiles is a
wish for high “marks” for their child or perhaps it is a reassurance that they are doing
well at nourishing their child, a primary parental responsibility.®® In spite of wishes
for large children, it is normal for sizes in a population to range between the first and
ninety-ninth percentiles.

Experts on child feeding recommend that a child’s eating be guided by their hun-
ger and satiety, and not by artificial guides of finishing a portion of food.® For the
first months of life, preterm infants are unable to adequately express their hunger
and satiety, and are schedule fed. Prior to discharge, parents need to be instructed to
focus on hunger and satiety cues, so they can learn the division of feeding responsi-
bilities. Satter recommends a division of feeding responsibilities: the role of parents
is to supply nutritious food, while a child’s responsibility is to decide how much to
eat or whether to eat at all.®

Appropriate growth goals need to be set for preterm infants, to help the transition
from the high focus on the need to aggressively nourish newborn preterm infants in
the first weeks of life to prepare for discharge under the parents care, keeping in mind
parents’ desires for high percentiles. Nutrition post-discharge should be provided as
cue-based feeding; that is, the amount taken should be decided by the infant. Growth
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goals should generally aim for size within the growth chart distribution range, perhaps
in some cases to return to an infant’s birth percentiles, with appropriate weight-for-
height, while considering whether the infant is genetically small or growth restricted.
Although nutrition and medical care has changed and what is achievable may have
changed over time, in the past not all small-for-gestational-age infants were able to
fully “catch up” in height.”® 7! Thus, if full catch-up is not achievable, catch-up should
not be set as the goal because pushing calories may only increase weight and body fat.

IMPORTANCE OF EARLY NUTRITION TO SUPPORT GROWTH

Adequate early protein and energy nutrition are required to support infant
growth.’®-20 There is also observational evidence of an association between linear
growth and adequate bone mineralization,’> 7 thus suggesting that adequate cal-
cium and phosphorus are also important to enable preterm infants to achieve their
growth genetic potential.

In conclusion, growth charts are useful tools for nutrition and growth assessments
of preterm infants. Health practitioners have several preterm growth charts to choose
from, and each has strengths and weaknesses. Knowing the strengths and weakness
of the growth charts can help health practitioners make the most accurate assess-
ments of infant size and growth, and then set appropriate growth goals and appropri-
ate provision of nutrition for the individual infant. Size and growth assessments can
be by a visual analysis of the growth trajectories, or by using a detailed comparison
of percentiles, z-scores, and possibly an assessment of growth velocity.
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2 Assessment of Short-
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Outcomes in Preterm
Infants
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INTRODUCTION

Survival rates for preterm infants have increased dramatically in the last few years,
and in most developed countries. Infants born at 24 weeks gestation have a greater
than 50% chance of survival. This has led to a greater focus on long-term outcomes
and the need to assess how early nutritional interventions can optimize them.

The ultimate goal of care is to enhance survival both in quantitative and qualitative
terms. This includes optimizing growth, cardio-metabolic and neuro-cognitive pheno-
types in later life, and maximizing long-term Health-Related Quality of Life (HRQoL).

Nutrition is a key to improving health status and should be seen as the bedrock
on which good neonatal care can be delivered. Auxological measures are the most
commonly measured nutritionally related outcomes in neonatal care. However, their
relationship to longer-term outcomes remains to be determined. In addition, a range
of other short- and medium-term outcomes and biomarkers deserve consideration
when assessing the effects of nutritional exposures.

Nutritional interventions are complex and assessing their effects is not straight-
forward. Although most high-quality nutritional trials now use a pharmacological
approach, for example, randomization to either high or low intakes, nutrients do not
function in isolation. For example, additional protein may only be functionally avail-
able if sufficient additional energy is available for lean tissue accretion. Nutrition
is undoubtedly a complex intervention, so any assessment of short- and medium-
term outcomes requires an appreciation of confounding, interacting, and modulating
influences. It is likely that responses to nutritional interventions will differ between
populations, so an intervention that appears beneficial in one setting might not be
associated with similar effects elsewhere.
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HOW DOES NUTRITION MODULATE
OUTCOMES IN PRETERM INFANTS?

There is likely to be a range of mechanisms linking nutrition to later outcomes.
These include:

1. Structural effects whereby inadequate nutritional substrate may result in
decreased cell number, for example, nephrons or pancreatic beta cells, that
lead to an increased risk of renal disease or decreased insulin sensitivity.

2. Programming effects that include epigenetic or hormonal mechanisms.

3. Altered cellular aging such as effects on telomere length.

Preterm infants may be affected by several of these processes, which themselves
are likely to interact and overlap. It is now increasingly apparent that short-term
measures of “nutritional adequacy,” such as a weight gain trajectory that follows
a percentile line on a growth reference, are insufficient on their own to predict or
optimize longer-term outcomes.! Nutritional status might be difficult to precisely
define, but it is the combination of nutritional and other past history (e.g., prematu-
rity, previous growth, etc.), ongoing demands (e.g., illness, recovery from chronic
lung disease, etc.), and current nutrient intakes (e.g., parenteral nutrition, breast
milk fortification, etc.). Nutritional status is a more complex concept than dietary
intake alone.

CHOICE OF OUTCOMES FOR ASSESSMENT

There is a potentially inexhaustible list of assessments that might be worthy of con-
sideration in both the short and longer term. In this chapter, we will focus on short-
term assessments, defined as parameters (both exposures and outcomes) that are
measured prior to routine hospital discharge, and medium-term outcomes that can be
assessed in infancy and early childhood and are used as clinical or research assess-
ments (Table 2.1). It is important to consider whether outcomes are functional, and
whether they are likely to have an impact on HRQoL. For example, neuro-cognitive
functioning is of considerable relevance to health, and economic and social status,
whereas being of any specific weight or height may not be of such functional rel-
evance, unless the measures are well outside the normal range.

TABLE 2.1

Examples of Short- and Medium-Term Outcomes Affected by Nutritional Status
Measures Examples

Auxological Length, weight, OFC, skin-folds

Biochemical Electrolytes, serum proteins, plasma amino acids

Body composition Bone mineral density, fat and lean mass, fat mass index

Neurological function Developmental status, visual evoked potentials

Novel biomarkers Metabonomics, proteomics and DNA methylation
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WHY ASSESS NUTRITIONAL OUTCOMES?

Clinicians can only determine optimal nutritional management if the outcomes are
clearly defined. Health practitioners are trained to assess growth, and the longer-
term relevance and interpretation of this is rarely questioned. However, the long-term
relevance of short-term growth outcomes is open to interpretation.

In the past, it was universally assumed that higher rates of growth were “good”
and that these inevitably led to better health outcomes.? In most societies, bigger and
typically fatter babies are considered to be healthier, and feeding regimes seemed
to encourage growth promotion. This view was compounded by the use of growth
charts based on references of both breast- and formula-fed babies. Breast-fed babies
gain weight more slowly perhaps leading practitioners to incorrectly assume that
they are not growing adequately.

A series of studies published by Barker et al. and by other groups in the 1990s
suggested that poor fetal growth was associated with worse long-term outcomes,
specifically cardiovascular disease and other markers of the metabolic syndrome.3-°
The risk appeared to be greatest in those born small and thin (i.e., lower ponderal
index), but there was also an inverse relationship between weight at 1 year of age
and later risk. Closer examination of this epidemiological data (the ‘“Fetal Origins
of Adult Disease” hypothesis) also demonstrated that the greatest risk was in those
not only born small and thin, but in whom there was poor early weight gain in the
first few months.” Although, now there is evidence that growth acceleration in term
infants in the first few weeks is likely to be harmful.3

Growth in preterm infants is often sub-optimal.>!® Most authorities continue to
recommend that postnatal growth should approximate that of the in utero fetus.!
However, there are few data to show that this necessarily results in the “best” out-
comes. Despite this, it is difficult to identify a reference that is more valid, and clini-
cians must use some sort of reference on which to make a pragmatic assessment of
growth.!>13 Regardless of the reference, most preterm infants grow poorly in the first
few weeks, and move down percentile positions on a growth chart.

There is a close relationship between this early growth failure and inadequate
nutrient intakes. Studies have shown that in preterm infants born before 30 weeks
gestation, the cumulative deficits at the end of the first week are approximately 400
Kcal/kg and 14 g/kg of protein.'” The true protein deficit is likely to be significantly
higher as these figures were calculated assuming a recommended protein intake of
3 g/kg/day. Newer recommendations are for approximately 4 g/kg/day meaning the
likely first week protein deficit would be closer to 21 g/kg, compared to a “recom-
mended” intake of approximately 28 g/kg. !' Providing only 25% of protein needs
is equivalent to the fetus receiving his or her required protein intake in just 2 days
each week. This data might then argue that a key assessment of short-term outcomes
should be that of nutrient intake, that is, “inputs.”

An inadequate balance of nutrients compounds growth failure in preterm infants.
While protein needs are frequently not met, it is generally easier to meet energy
requirements. Indeed, many preterm infants may receive excess energy and demon-
strate excess fat mass deposition.'* Protein deficiency and a high-fat, high-carbohydrate
diet via either the parenteral or the enteral route are typical of preterm nutrition in the
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first few weeks. Low protein-to-energy ratios are associated with decreases in lean
mass accretion and increased deposition of adipose tissue. Weight gain per se may
not be as important as weight gain composition. Low-protein, high-carbohydrate diets
may also be associated with adverse programming. However, the effects of growth on
later insulin sensitivity are limited and conflicting. In one study in preterm infants,'?
there appeared to be no association between growth (defined in this study as change in
weight SD score) between birth and discharge and later insulin sensitivity. There were
relationships between nutritional intakes in the first 3 months and weight SD score,
but no relationships between total calorie intake, protein, lipid, and carbohydrate, and
subsequent insulin sensitivity.

BENEFITS OF ASSESSING SHORT-TERM NUTRITIONAL OUTCOMES

The principal reasons for assessment of outcomes prior to hospital discharge are
so that clinicians can maximize quality and minimize harm. The old management
adage “you can’t manage what you can’t measure” is relevant. The principles guid-
ing assessments are similar for both nutritional (e.g., growth) and non-nutritional
(e.g., respiratory) exposures and include:

1. Direct clinical care: improved ability to direct follow-up programs and tar-
get early intervention to those at greatest risk, for example, dietetic follow-
up for those with poor growth, or high-risk neuro-developmental follow-up
for those who developed necrotizing enterocolitis (NEC).

2. Informing parents: providing parents with a better understanding of poten-
tial longer-term outcomes, for example, likely long-term growth outcomes
of extremely in utero growth-restricted (JUGR) infants.

3. Audit, service review, and clinical governance: measurable outcomes
of neonatal care provide quality assurance and contribute to identifying
“potentially better practices.”

4. Research: retrospective and prospective studies require robust assessments
in the short and medium term in order to improve understanding of nutri-
tional management and how to improve future outcomes.

Although there are strong associations between nutritionally related neonatal
morbidities (e.g., NEC) and worse neuro-developmental outcome,' prediction at the
individual level is poor. Parents deserve the right to information, but should not be
subject to unnecessary tests or provided with “predictions” that are often inaccu-
rate. Audit is a vital component of clinical care, and assessment of both exposures
(e.g., breast milk intake) and outcomes (e.g., weight gain) can improve care. Several
studies have shown the development and implementation of multidisciplinary evi-
dence-based guidelines and subsequent appraisal focusing on both intakes and out-
comes (“potentially better practices”) leads to better nutritional care.”

In general, our current state of knowledge is such that we are better at explaining
outcomes than predicting them. Our understanding and prediction for individual
babies is poor. From the perspective of providing good clinical care, assessment of
nutritional exposures (i.e., inputs such as use of parenteral nutrition, or duration and
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amount of breast milk), growth, and biochemical outcomes (i.e., outputs) appears to
be the minimum required for good clinical care. At present, based on our current
understanding, there is little to argue for more assessments that are complex.

BIOCHEMICAL MEASURES AS ASSESSMENTS
OF SHORT-TERM NUTRITIONAL MANAGEMENT

ELECTROLYTES

Biochemical monitoring is an important component of neonatal care, but obsessive
monitoring of serum parameters as a means of assessing nutritional adequacy is fre-
quently misplaced. Measurement of electrolytes is an important guide to determin-
ing nutritional needs at that point in time, but rarely reflects total body stores. While
it is important to maintain serum sodium, a normal value does not necessarily indi-
cate sufficiency, and urinary sodium levels may be a better indicator of adequacy.
Serum phosphate levels are extremely useful in determining needs especially for
infants receiving breast milk,'® whereas assessment of serum calcium is generally
not useful in determining nutritional adequacy as most body calcium is present in
bone, and only a tiny, highly regulated, fraction is present in the serum.!

SERUM PROTEINS

Measurement of plasma proteins might be a useful means of assessing nutritional
adequacy over the short term?®2!and a wide range of different plasma proteins have
been considered as markers of protein status in preterm infants.?%-?> The most com-
monly used proteins are albumin and transthyretin (pre-albumin).

Albumin has a long circulating half-life (21 days) and a large volume of distribu-
tion as it exists in both the intra-vascular and extra-vascular compartments. Serum
albumin concentration is considerably lower in preterm than in term infants, as is
true for many other serum proteins.?® There is little data to support the notion that
the lower levels seen in well preterm babies are associated with harm or cause the
peripheral edema commonly observed in otherwise well infants.

Transthyretin (pre-albumin) and retinol binding proteins (RBPs) have much
shorter half-lives and are more reflective of nutritional adequacy over the preceding
few days.? Pre-albumin is available in many clinical biochemistry laboratories, but
the use of RBP protein measurement is largely restricted to research settings.

Serum concentrations of transthyretin (pre-albumin), RBP, and transferrin are cor-
related with protein (but not energy) intake in preterm infants.? Serum pre-albumin is
also correlated with other possible markers of protein sufficiency such as pre-prandial
amino acid levels, urine urea, and blood urea nitrogen (BUN),?’ and with relevant
short-term outcomes such as weight and length growth.?-2¢ Changes in pre-albumin
concentration may precede accelerations in growth in preterm infants.?* Investigations
of these potential markers are likely to continue, in part due to a renewed interest in
using the serum protein mass (the product of the serum protein concentration, the
blood volume, and 1-hematocrit), rather than the serum protein concentration, as a
marker of protein sufficiency. 222
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Whichever serum protein one considers, there is no evidence that manipulations
of protein intake in response to the serum protein level alter clinically relevant short-
or long-term outcomes.

SerumM URea/BLoob Urea NITROGEN (BUN)

BUN is widely used as a marker of protein adequacy in the NICU, although its use
is confounded by its relationship to renal function.?? BUN seems to perform much
better as a marker of sufficiency of protein intake when preterm infants are being
enterally fed than when they are receiving parenteral feeds.?® Generally, BUN does
not appear to correlate with enteral amino acid intake in early life.?” For example,
in a randomized controlled trial of high and low parenteral amino acid intakes in
preterm infants, the higher intake was associated with improved nitrogen balance,
increased leucine flux, increased leucine oxidation, and increased non-oxidative leu-
cine disposal.?® Despite this, BUN did not differ between the high and low amino
acid groups.?® The failure of BUN to respond to changes in protein intake at this age
may be due to immaturity of urea synthesis in preterm infants, especially those with
in utero growth retardation® or the confounding effects of maturing renal function.

The situation may be different with respect to enteral nutrition. Higher enteral
protein intakes in hospital lead to higher BUN (and also with higher retinol binding
protein concentrations).’® Similarly, increased enteral protein intakes after hospital
discharge lead to higher BUN concentrations, but do not affect either serum albumin
concentration or the total serum protein concentration.’!

The most compelling evidence to support the assessment of BUN during enteral
feeds is the study by Arslanoglu et al.* In this controlled study, preterm infants were
randomized to a standardized enteral regimen or one where human milk fortifica-
tion was individualized based on the BUN concentration.?> When the fortification of
human milk was adjusted to maintain the BUN in the range of 9 to 14 mg/dL (3.2 to
5 mmol/L) preterm infants had significantly higher growth of weight and length than
in the standard fortification group.3?

SeErUM CALCIUM AND PHOSPHATE

Serum calcium is under tight homeostatic control, and very little of the total body
calcium is present in the serum.” Although serum phosphate does correlate with
dietary phosphate intake, serum calcium is poorly responsive to changes in cal-
cium intake."”

ALKALINE PHOSPHATASE

Alkaline phosphatase is often used in neonatal units as a marker of mineral bone dis-
ease, and both total and bone-specific alkaline phosphatase levels can be measured.'®
One reason for the widespread use of alkaline phosphatase measurements is prob-
ably the finding from a 1989 study that a serum alkaline phosphatase concentration
greater than 1200 was associated with reduced long-term linear growth.*?
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FIGURE 2.1 Distribution of serum alkaline phosphatase values in ELBW infants evaluated
for rickets and those not evaluated for rickets (left panel), and in those who were evaluated
and found to either have rickets or not have rickets (right panel). (From Reference 35.)

Alkaline phosphatase levels may relate to bone mineral turnover and are indicative
of mineral and vitamin D intakes; however, it is not particularly useful on its own in
terms of determining management.'s'>3* For example, Mitchell et al. assessed alka-
line phosphatase levels in 113 extremely low birthweight (ELBW) infants and found
elevated levels to be common, especially in more preterm infants.’> Thirty-two of
these infants had knee radiographs taken to assess for rickets based on a variety of
criteria. Those infants who were assessed for rickets had significantly higher alkaline
phosphatase levels than those who did not (Figure 2.1), in part because persistently
high alkaline phosphatase levels were a frequent reason for radiological evaluation.®
However, among the infants assessed for rickets, there was no difference in peak
alkaline phosphatase level between those who did and did not have rickets (1078 +
356 vs. 943 + 346) (Figure 2.1).

Another study in preterm infants less than 34 weeks gestation found an alkaline
phosphatase level of greater than 700 to be a predictor of later osteopenia’® with a sen-
sitivity of 73% and a specificity of 73%.3 However, the area under the receiver operator
characteristic curve was only 0.74 for alkaline phosphatase and 0.72 for bone-specific
alkaline phosphatase.’® This would usually be considered only “fair”” agreement.”

Alkaline phosphatase does not seem to predict later functional outcomes such as
rickets or bone mineral density.'®3*37 Some have suggested benefits to combining
alkaline phosphatase measurements with the measurement of serum phosphorus,'
but further data is needed.

* The usual convention for the area under the ROC curve is to consider areas between 0.6 and 0.7 as
“poor” test, between 0.7 and 0.8 as “fair,” between 0.8 and 0.9 as “good,” and between 0.9 to 1.0 as an
“excellent” test.
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SeruM LiPIDS

Measurement of serum lipids is not a useful clinical marker of short-term adequacy,
except in research settings specifically looking at, for example, polyunsaturated lip-
ids. High levels of cholesterol and LDL in the neonatal period may relate to longer-
term harm,? but optimal serum levels have yet to be determined.

VITAMIN LEVELS

Serum measures of most vitamins and growth factors are generally unhelpful or
unnecessary in the clinical environment except in complex cases such as prolonged
parenteral nutrition usage (greater than 3 to 4 weeks) or where fat soluble vitamin
status may become marginal for other reasons (e.g., cholestasis).

NEURO-DEVELOPMENTAL ASSESSMENTS
OF NUTRITIONAL MANAGEMENT

While optimizing neuro-cognitive outcome by careful nutritional management is
an important goal, there are no studies that show any short-term developmental
assessment (i.e., pre-discharge) to be useful in routine clinical practice. In addition,
the predictive value of early developmental assessments appears limited. In one
study, there was little evidence that a commonly used tool—the Neurobehavioral
Assessment of the Preterm Infant (NAPI)—prior to discharge was of any use in
predicting later neuro-developmental outcomes determined using Bayley Scales of
Infant Development (BSID).*

In the immediate post-discharge period, neuro-developmental outcome is a key
parameter, with use of BSID being the most widely used measure. Classic studies
conducted by Lucas and others demonstrated that BSID at 18 months corrected age
was sensitive to early nutrient intakes.**-*3 BSID might be considered as a key out-
come for nutritional trials comparing group differences but it lacks precision and
predictive value at the individual level. A low score on the BSID is an indication of
delayed development but does not necessarily predict cognitive impairment. Most
children with scores <2 SDs below the mean will still end up with a good HRQoL.

PRreDICTIVE VALUE OF EARLY DEVELOPMENTAL ASSESSMENTS

In a recent follow-up study, rates of moderate and severe cognitive impairments
were much lower at 5 years than at 18 months.** Less than 20% of the children who
had a BSID score <70 (2 SDs below the mean) at 18 months had an IQ <70 at 5 years
of age.**

Several other studies have found similarly disappointing predictive value for early
assessments of development. Assessments made at early ages seem to over-identify
impaired infants. For example, in a cohort of over 300 ELBW infants the rates of
cognitive impairment fell from 39% at age 20 months to 16% at age 8 years.¥ In
ELBW infants, the Bayley score at 2 years and at 3 years explains only 44% and 57%
of the variation in full-scale IQ at 8 years, respectively.*®
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When data is expressed as nominal categories, the tests do not perform substan-
tially better. A geographically defined cohort of ELBW infants was classified as
have either no disability, or mild, moderate, or severe disability at 2 years of age,
and again at 8 years.*” The concordance between the two assessments was evaluated
using Cohen’s Kappa.*” A kappa statistic less than 0 indicates no agreement between
the two time points, a kappa of 0 to 0.20 is slight agreement, 0.21 to 0.40 is fair, 0.41
to 0.60 is moderate, 0.61 to 0.80 is substantial, and 0.81 to 1 is almost perfect agree-
ment.*® In this cohort, kappa was 0.20 (slight agreement) for ELBW and 0.37 (fair
agreement) for term infants.*’” A similar study compared 18-month and 24-month
Bayley scores with 8- to 9-year IQ in ELBW infants.** The 24-month Bayley per-
formed better as an assessment of 8-year 1Q (kappa = 0.43, “moderate” agreement)
than did the 18-month Bayley (kappa = 0.25, “fair” agreement).*

In one large cohort, a marital development index (MDI) score <70 at 20 months
had a positive predictive value of 37% for identifying a mental processing composite
less than 70 at 8 years.*> For scores of <85 at both time points, sensitivity was 91%
and specificity 71%.% The likelihood ratio for a positive test was 3.7 (i.e., infants with
an MDI < 70 at 20 months, had a 3.7-fold higher mental processing composit (MPC)
< 70 at 8 years than those with an MDI > 70), and the likelihood ratio for a negative
test was 0.19 (i.e., infants with a normal test at 20 months were 0.19 times more likely
to have an abnormal test at 8 years).

This suggests that both short- and medium-term neuro-developmental assess-
ments might be of limited usefulness, particularly in relation to nutritional manage-
ment. Although BSID at 18 to 24 months is viewed by many as the gold standard
outcome for both assessment/audit of clinical outcomes and for neonatal trials, it was
designed to detect developmental delay and not school age cognitive attainment—
the outcome most practitioners (and perhaps parents) are interested in. As recently
stated, “. .. the BSID is not an adequate indicant of specific cognitive skills that may
be differentially affected by interventions or exposures, nutritional or otherwise, and
so its use to evaluate the construct of infant cognition is seriously deficient in the
context of recent advances in developmental science.”°

CNS IMAGING

Cranial ultrasound and magnetic resonance imaging (MRI) are specific markers of
brain injury, but neither has sufficient sensitivity using current methodologies to be
useful as measures of nutritional adequacy prior to discharge. While the negative
predictive value of MRI at discharge for later delay (BSID MDI or PDI <70) is as
high as 95%, the positive predictive value is only around 30%.>' Even when used for
the presence of brain injury, MRI is poorly predictive, so it is unlikely to be useful in
assessment of nutritional adequacy. Most authors now agree that neuro-developmen-
tal assessment of extremely preterm infants requires a follow-up period of at least
6 years in order to make reliable statements.”> More detailed neuro-imaging tech-
niques, for example, volumetric analysis of specific brain areas such as the caudate,
are useful in later childhood in a research setting,> but have not been examined in
relation to nutritional management in the short and medium term.
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NovVEL NEUROPHYSIOLOGICAL MARKERS

In recent years more specific assessments of potential neurological function have
started to be developed, and might be considered valid measures of short- and
medium-term nutritional adequacy, for example, the use of electro-retinograms as
a marker of fatty acid or vitamin A status.>*> Event-related potentials (ERP) have
been used to compare the response of infants to their own mothers’ voices and a
stranger’s voice.>® These techniques have been used to demonstrate evidence of CNS
iron deficiency in infants of diabetic mothers*® and to demonstrate function correla-
tions with more simple measures of iron status such as serum ferritin.”” Although
such novel methods are largely restricted to research settings, they are intriguing
and point to the development of function assessments of brain development and the
effect of nutrition on them. Functional MRI imaging may provide similar insights
in the future.

DO EARLY GROWTH PATTERNS PREDICT
WEIGHT AND HEIGHT IN LATER LIFE?

Early postnatal growth of preterm children is almost inevitably compromised, although
approximately 80% demonstrate catch-up growth.”® Catch-up growth occurs mainly
within the first two years after birth,>* but also during childhood and through ado-
lescence into adulthood.®'-%* Preterm born children continue to lag behind; most indi-
viduals born preterm remain shorter and lighter than term-born peers at all time points
during childhood, adolescence, and adulthood (see Figure 2.2).

One prediction model for growth in a cohort of very low birth weight (VLBW)
survivors found that mid-parental height SD score, birth weight SD score, and height
and weight SD scores at 1 year could predict height SD score at 5 years,* but the
model remains untested for tracking growth through to adulthood. A further study
suggested that infants who reach a length within the normal range by 3 months of
age display a virtually normal growth pattern in childhood, adolescence, and adult-
hood, but infants who do not catch up show a similar growth pattern as term-born
small-for-gestational-age (SGA) babies.”

Being preterm and SGA (likely to be a marker for [IUGR) appears to be associ-
ated with reduced catch-up growth; in one study, only 46% of VLBW SGA showed
complete height catch-up by adulthood, again with worse outcomes for the males.%
Specific genetic polymorphisms have also been implicated, including polymor-
phisms of the growth hormone receptor gene® and glucocorticoid receptor genes.®

AccuRrAcY, PRecISION, AND USEFULNESS OF SHORT-
AND MEDIUM-TERM ASSESSMENTS

When assessing outcomes of clinical relevance, it is important that the parameter
be measured accurately. Accuracy tells us how close to the real value the measure-
ment is, whereas precision indicates repeatability or reproducibility. Most weighing
scales are both accurate and precise, whereas many length measures tend to lack
precision. If a parameter is to be measured repeatedly and used to guide clinical
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decisions, it is important it is precise. A descriptive study examined intra- and inter-
examiner reliability of four techniques: crown-heel, supine, paper barrier, and neo-
infantometer length. Measurements were undertaken by nurses blind to their own
and to the other nurse’s measurements.’ Intra- and inter-examiner differences were
significantly larger when examiners used the crown-heel measurement technique.
Although the intra- and inter-examiner reliability of length measurements obtained
with the other techniques did not differ significantly, the amount of error in these
measurements was large. Similar work has examined the intra- and inter-examiner
reliability of weight, occipitofrontal circumference (OFC), and other auxological
measures.'% Intra-examiner differences tended to be smaller than inter-examiner
differences for all measures except weight, which remained stable for intra- and
inter-examiner comparisons. The findings also suggested that weight and OFC were
the most reliable measures, whereas length and mid-arm circumference were the
least reliable measures.

ReLATIONSHIP OF MEDIUM-TERM GROWTH AND FINAL ADULT S1ZE

Several longitudinal studies of growth in extremely preterm or ELBW infants have
been published since 20000646871 (Figure 2.2A—~C). By 2 years of age, catch-up in
height for age z-score is largely complete. An assessment of body length at age 2 years
should be relatively well correlated with height as an adult. If groups on different nutri-
tional protocols are to be compared, then at 2-3 years seems a reasonable age at which
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FIGURE 2.2 Longitudinal measurements of weight (A), length/height (B), and head cir-
cumference (C) in extremely low birth weight (ELBW) infants between birth and 20 years of
age. (Data are from References 61, 64, 68-71.) (continued)
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FIGURE 2.2 (CONTINUED) Longitudinal measurements of weight (A), length/height (B),
and head circumference (C) in extremely low birth weight (ELBW) infants between birth and
20 years of age. (Data are from References 61, 64, 68-71.)
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to assess height/length achievement. After this age, subjects will continue to grow, but
as a group, their place within the population distribution is fairly well set (Figure 2.2B).
The situation for weight is very different (Figure 2.2A) where catch-up growth
relative to the general population continues into the teenage years and for head cir-
cumference (Figure 2.2C) where little catch-up growth is seen in ELBW infants.

BODY COMPOSITION

While the quantity of growth (i.e., how much weight or length babies accrue) is clearly
relevant, the quality of growth in terms of the relative balance of lean and fat mass,
that is, body composition, may be more important for longer-term cardio-metabolic
phenotype. Although measures of body composition are largely research tools, accu-
racy and precision are important considerations. Dual X-ray Absorptiometry (DXA)
provides precise measures of fat and lean mass, and accurate and precise measures
of bone mineral content. However, the technique involves many assumptions and it
is virtually impossible to determine accuracy especially for fat and lean mass, as no
gold standard exists.”> Furthermore, because DXA provides a 2-dimensional assess-
ment of body tissues (which are 3-dimensional) additional difficulties in interpreta-
tion arise, especially when comparing groups of different body size.

While DXA appears to provide reasonably accurate measures of fat mass, it does
not measure adipose tissue directly and therefore is unable to determine partitioning
between subcutaneous and intra-abdominal stores. This is important, as it appears
that the abnormal partitioning of fat stores, rather than the total fat mass, is the key
component determining cardio-metabolic risk. MRI provides an accurate measure
of intra-abdominal fat and measures lipid deposition within metabolically important
tissues such as liver and muscle, but it remains a research tool.”* Air-displacement
plethysmography provides a precise measure of body volume from which fat mass
can be estimated. Comparison against stable isotope studies suggests it might be
accurate.” As it is non-invasive, quick, and low cost (after initial capital investment),
it might provide for repeated measures over time.

The usefulness of any parameter is determined by whether it enables better deci-
sion making in clinical practice, and whether it promotes interpretation in a research
setting. Auxological measures are generally useful in clinical settings, whereas most
imaging techniques currently fail to provide data of direct relevance for clinical care.
Overall, while there is a range of robust data on short-term group outcomes, their
validity for predicting long-term outcomes for individuals remains limited. Better
measures in the short and medium term are needed in order to provide a more reli-
able assessment of nutritional adequacy, as well as to give a better indication of
longer-term outcomes at the individual level.

NOVEL METHODS OF SHORT- AND MEDIUM-TERM
ASSESSMENT: THE “OMICS” AND BIOMARKERS

Identifying validated biomarkers with high specificity and sensitivity for long-term
outcomes is a “needle-in-a-haystack™ search. To expedite the process, researchers
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have turned to high-throughput technologies that are non-invasive, utilize small
sample volumes, and allow screening of large numbers of potential biomarkers
simultaneously. The development of analytical platforms capable of measuring
multiple analytes in a single sample simultaneously has enabled the proliferation of
“omic” technologies. The suffix “—ome” implies a degree of totality: an ability to
measure and describe all attributes of an entity. A number of distinct, yet compli-
mentary “omic” fields, (e.g., lipidomics, proteomics, genomics, and metabonomics;
each respectively setting out to describe the global characteristics of the lipid, pro-
tein, genetic material, and metabolites within a biological system) have developed
individually, although in tandem, each employing distinct modalities, but also with
considerable overlap of analytical and bio-informatic platforms. The use of “omic”
technologies in searching for biomarkers of long-term outcomes of preterm birth is
gathering pace. However, to date, no high-specificity and high-sensitivity biomarkers
have been published and validated.

METABONOMICS

The terms metabonomics and metabolomics are often used interchangeably, although
they were respectively originally defined as: “the quantitative measurement of the
dynamic multi-parametric metabolic response of living systems to pathophysiologi-
cal stimuli or genetic modification”” and “a comprehensive and quantitative analysis
of all metabolites””¢ in a given system. Because metabonomics measures chemical
phenotypes that are a net result of genomic, transcriptomic, and proteomic variabil-
ity, it provides the most integrated profile of biological status. Metabonomic analysis
can be applied to samples of urine and stool water, collection of which is minimally
invasive, and open to serial sampling. The metabolic profile of urine may accentuate
the changes in response to disease-induced stress, because of the body’s attempt to
maintain homeostasis’”’ while metabonomic analysis of stool water is a useful tool
for obtaining some idea of microflora colonization of the infant.”® Similarly, there is a
range of rapidly developing in vivo metabonomic technologies that could be utilized
within clinic settings, although current knowledge is mainly limited to the field of
oncology.”*80

It is important to appreciate when carrying out any “omic” analysis in preterm
infants that body organ systems follow two broad trajectories postbirth. The first
tracks postconceptual age and is largely genetically defined. This includes aspects
of renal and brain development. The second tracks postpartum age, and is followed
by organ systems that mainly mature postpartum, for example, the skin and the gut.
Consequently, it is important to compare within groups, or control data analysis,
independently for both postconceptual and postpartum age. Metabonomic studies of
urine from preterm compared to term infants have unsurprisingly shown large differ-
ences in their metabonome at both birth and term-corrected age.3"-82 Such studies are
complicated by the presence of large differences of creatine and creatinine. Indeed,
a recent study reporting differences in the metabonome of intrauterine growth-
restricted neonates, compared to normal birth weight controls, reported creatine
and creatinine to be two of the major metabolites differing between the groups.®?
It is likely these metabolites are noninvasively measurable biomarkers of lean
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muscle mass with limited use as biomarkers for long-term outcomes. Consequently,
it remains an ongoing issue as to whether metabolite profiles should be normalized
to these metabolite peaks (in essence correcting the metabonome for muscle mass),
or whether they should be discarded from the final analysis.

To date, the most promising potential biomarkers for long-term outcome identi-
fied from urinary metabonomics have been identified in the urine of asphyxiated
babies.®* Work comparing the metabonome of urine samples from infants who went
on to develop type 1 diabetes and those who did not has also located putative bio-
markers for early determination of risk of developing type 1 diabetes, with elevated
concentrations of glutamic acid preceding the production of glutamic acid decarbox-
ylase antibodies.® The use of metabonomics in neonatal studies has been recently
reviewed.30-88

One of the difficulties with all these techniques is that large numbers of metabo-
lites from multiple subjects generate complex datasets, the analysis and interpreta-
tion of which relies on statistical software and multivariate data analysis to classify
subjects into groups by common metabolites.?>°° Complex modeling seeks the opti-
mal discrimination between groups. Discriminant metabolites can be considered as
biomarkers for the phenotype of interest, or by matching metabolites with specific
enzymes and metabolic pathways using databases, thus determining the underly-
ing metabolic mechanisms potentially driving the phenotype of interest. Biomarkers
essentially fall into three categories:

1. Direct measures, which arise from an actual disease or aberrant physiological
process; for example, retinol-binding protein is a measure of protein status.

2. Indirect measures, which are a surrogate for a disease or aberrant physi-
ological process; for example, growth as a marker of nutritional status.

3. Indicators of risk or benefit, which are associated with an outcome but may
not be causally linked; for example, presence or absence of a specific gene
may correlate with disease risk.

GENETIC AND EPIGENETIC PROFILING

Of the other “omic” technologies, genomic and epigenetic profiling are probably key
for perinatal research. In terms of genomics, telomere length has possibly been one
of the potential biomarkers that have received most interest. Telomeres are lengths
of non-coding DNA at the ends of the chromosome, which help prevent loss of cod-
ing DNA during the life of a cell. Loss of telomeres is thought to increase risk of
teratogenesis and mutagenesis, and has been considered as a marker of the aging
process, although there remains doubt as to how good a marker of aging telomere
length really is.! It has been suggested that the increased presence of oxidative stress
in preterm infants may reduce their telomere length during infancy, and may explain
why young adults born preterm manifest symptoms associated with aging.”> A few
studies have shown reduced telomere length in low birth weight infants compared to
normal birth weight infants.”

Recent work has highlighted that early life events program later life outcomes
via epigenetic mechanisms.”* There is a range of epigenetic mechanisms that involve
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chemical alterations to DNA without changing the DNA sequence. The most com-
monly researched of these are DNA methylation and histone acetylation, and it seems
likely that these then affect gene expression and subsequent transcription. Data has
shown correlations between DNA methylation in early life biological samples and
later obesity phenotype.”> Studies have also determined relationships between pat-
terns of early catch up growth in preterm infants and DNA methylation of certain
candidate genes, although determining direction of causality is complicated.”®°7 In
the future, it might be possible to predict later life risks of health and disease pheno-
type based on epigenetic modifications present at the time of initial hospital discharge.

These techniques using samples from preterm babies only identify biomarkers
that discriminate the infants at the time of sampling, based on their known pheno-
type. How these biomarkers may project as predictors of future outcome is difficult
to determine, and requires work from both ends, with tandem studies to identify
biomarkers in children and adults born preterm, with a range of long-term outcomes.
The only way to accurately identify and determine the specificity and sensitivity of
biomarkers during the perinatal period for long-term outcomes is the establishment
and full “omic” characterization of a large prospective cohort of preterm and term-
born infants, who can be then be tracked over the life-course. While the costs of
“omic” analyses are decreasing on a per sample basis, the analytical platforms are
unlikely to become easily accessible to most clinicians in the near future. Instead,
once biomarkers have been identified, the next race will be to produce cot-side tech-
nology for their immediate measurement.

CONCLUSIONS

Promoting good nutritional status is a key to improving short- and long-term out-
comes in preterm infants. When assessing these outcomes though, it is important to
consider who the key stakeholders are. For neonatal nutrition there are likely to be
many: babies and parents, because “better” outcomes mean something to them; soci-
ety, because the burden of sub-optimal health status is associated with significant
costs; health care systems that need to provide quality assurance; and research that
might improve outcomes for future generations. All these groups may have different
priorities, and it is all too easy to allow the intellectual curiosity of health profession-
als cloud what might be best for their patients. Brain MRI has become a standard
component of care in many units but there is scant evidence it really helps parents or
provides better information to plan individual care over and above that which could
be ascertained from a good history and examination.’®

The personalized long-term growth potential for each preterm child remains to
be elucidated and growth patterns at early ages may not predict later growth trajec-
tories. Ongoing research into the control of growth and factors that influence later
growth attainment is required. Whether it really matters to preterm born adults that
they are slightly smaller than their peers is uncertain. Most individuals would not
want to be more than 2 to 3 SDs from the mean, but whether being on, for example,
the 10th height percentile long term for ex-preterm adults really matters is question-
able. Assessments that predict later metabolic disease, for example, insulin resis-
tance or hypertension, are likely of greater importance.
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Biochemical assessments in general do not predict later outcomes. Body com-
position is a key to interpretation of growth, but virtually no data allow prediction
at the individual level. Clinicians and researchers must work with parents to deter-
mine which outcomes matter. Neuro-cognitive outcome is likely to be of major inter-
est, and while we know that the presence of risk factors such as NEC dramatically
increase the risk, there are no good short-term assessments that predict outcome at
the individual level. The new “omics” may ultimately provide an insight into better
understanding nutritional exposures and their relationships to meaningful long-term
outcomes, but prediction at the individual level seems a long way off. Determining
novel biomarkers in adults that explain the effects of early life exposures is impor-
tant, but relate to neonatal care practices and populations 20 to 30 years ago and may
not be relevant today. It could be argued that what matters most is HRQoL.* This
reflects total well being and includes aspects of emotional, social, and physical func-
tioning, and how it is impacted over time by health, disease, and disability. Current
short- and medium-term assessments of nutrition in early life currently tell us only a
little about long-term HRQoL.
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LIST OF ABBREVIATIONS

AGA: adequate for gestational age
BPD: bronchopulmonary dysplasia
ELBW: extremely low birth weight
EUGR: extrauterine growth restriction
GA: gestational age

LBW: low birth weight

LGA: large for gestational age
NICU: neonatal intensive care unit
PNGF: postnatal growth failure
SD: standard deviation

SDS: standard deviation score
SGA: small for gestational age
VLBW: very low birth weight

INTRODUCTION

The postnatal growth pattern of preterm infants is markedly different from that of
full-term infants. The American Academy of Pediatrics suggested that the goal for
nutrition of the preterm infant should be to achieve a postnatal growth rate approxi-
mating that of the normal fetus of the same gestational age (GA).! However, such a
pattern is seldom attained in premature neonates, who almost always show a postna-
tal cumulative nutritional deficit and a so-called Post-Natal Growth Failure (PNGF)
or Extra-Uterine Growth Restriction (EUGR).23

DEFINITION AND INCIDENCE

There is no consensus among neonatologists regarding the best way to define EUGR.
Suggested definitions include a weight-for-age below the 10th percentile of the
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reference anthropometric charts at 36-weeks-corrected gestational age,>*” at the
time of hospital discharge,® or at 28 days of postnatal life.>® Such definitions are
similar to the WHO definition of intra-uterine growth restriction (IUGR), that is a
weight-for-age below the 10th percentile for the reference population.? Makoul et al.
describe EUGR as weight standard deviation score (SDS) below —1.88 at discharge
(which is equivalent to a weight-for-age below the 3rd percentile).!

In older children, the definition of failure to thrive often combines both a smaller
body size and a reduced rate of weight gain.!"! One typical definition is a body weight
below the 5th percentile for age, or downward crossing of two “major” percentile
lines.”? In some studies, EUGR is defined based on the decrease in weight SDS
between birth and discharge.'*’> Whereas Cooke et al.’* did not exactly quantify
their definition, others have defined EUGR as a fall in weight SDS of at least 1.0 or
2.0."% This negative difference between SDSs appears on distance charts as a down-
ward percentile crossing.

At present, a definition based on the negative change of SDS from birth to term-
corrected age is probably the most appropriate!® because age at discharge could be
biased by different discharge policies over time and between centers. These differ-
ences would affect the estimated prevalence of EUGR.

The heterogeneity of definitions, clinical interventions, and the populations
involved in the various studies makes it difficult to establish the incidence of EUGR
in preterm neonates. This explains why the reported incidence of EUGR for weight
ranges from 11% to 97%>#+3>810.141517.18 (Table 3.1).

Usually the term EUGR is used to define a failure in weight growth, but length
and head circumference may be taken into account as well. An EUGR for length or

TABLE 3.1

Incidence of Ex Utero Growth Restriction by Various Definitions

Author Population Definition Incidence (%)

Lemons et al.* VLBW, GA <30 w  Weight < 10th percentile at 36 w PMA 97

Radmacheretal.’” ELBW, GA <29w  Weight < 10th percentile at discharge 59

Clark et al. LBW, GA <34 w Weight < 10th percentile at 36 w PMA 28

Marks et al.'s VLBW Decrease in weight SDS score >2 11
from birth to discharge

Franz et al.'4 VLBW, GA <26 w  Decrease in weight SDS score >2 50
from birth to discharge

Martin et al.’ ELBW Weight < 10th percentile at age 28 d 75

Makhoul et al.'? VLBW Weight < 10th percentile at discharge 26

Karagol et al.® ELBW, non-SGA Weight < 10th percentile at age 28 d 26

Karagol et al.® ELBW, non-SGA Weight < 10th percentile at discharge 17

Roggero et al.'® VLBW, AGA Decrease in weight SDS score >2 13-30°

from birth to discharge

@ Historical rate of 30%, which was reduced to 13% following institution of comprehensive range of
nutritional interventions.
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head circumference has been observed by various authors.>!°-?2 For example, Clark
and co-workers have reported an incidence of EUGR of 34% based on changes in
length, and 16% based on changes in head circumference.?

BODY COMPOSITION AND EUGR

Standard anthropometry alone is inadequate to fully assess the growth and nutri-
tional status of preterm infants, and the evaluation of body composition would ide-
ally be integrated into both clinical practice and research.!® In several studies, it has
been observed that preterm infants at term-corrected age show an increased adipos-
ity compared with infants born at term.?

According to a recent systematic review,”* preterm infants at term-equivalent age
are shorter and lighter and have a smaller head circumference than neonates born at
term. However, this review found that the higher percentage of total body fat was in
large part explained by a lesser fat-free mass rather than a true increase in fat mass.?*
The increase of fat mass could reflect a physiological adaptation to postnatal life of
these infants to provide storage of energy and to reduce heat loss (as also observed
after birth in term infants). On the other hand, the relative paucity of lean tissue could
be due to morbidities, hormonal influences (including the postnatal use of cortico-
steroids that can decrease protein accretion®), and inadequate protein and energy
intakes.>?627 Costa-Orvay et al. demonstrated greater weight gains in preterm infants
receiving high protein and energy intakes compared with preterm infants receiving
standard intakes.?® The greater weight gains reflected a greater increase in fat-free
mass assessed by total body electrical impedance analysis.?® Other authors showed
that, while increased energy and protein intakes improved the growth with regard to
weight and head circumference, there was no significant effect on body composition
at term-equivalent age when compared with historic controls.'®? Overall, these obser-
vations may suggest that the quality of proteins provided in the diet and the relative
adequacy in terms of dietary essential amino acids should be considered as well.

The independent effect of EUGR on adiposity has still to be quantified. However,
more rapid growth is associated with increased adiposity at hospital discharge, at
term-expected age, and at 3, 6, 9, and 12 months corrected age.>* The finding of a
positive relationship between discharge weight and percentage adiposity does not
suggest that EUGR leads to short-term changes in adiposity. However, whether these
early changes are beneficial or harmful is not clear.

BIOLOGICAL VARIABLES AND THE ETIOLOGY OF EUGR

GESTATIONAL AGE

The effect of gestational age on the incidence of EUGR has been stressed by several
authors who observed that the percentage of infants with severe EUGR increased
significantly with decreasing gestational age.?*" Other authors have confirmed this
observation, reporting a marked downward percentile crossing from birth to term
in groups with lower gestational age, even after adjustment for gender, gestational
age-corrected size at birth, major morbidities, need for nutritional and respiratory
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support, and age at discharge. We, for example, have examined weight gain veloc-
ity in preterm infants born at different gestational ages: 23 to 28 weeks, 29 to 30
weeks, 31 to 32 weeks, or 33 to 38 weeks.® At term-corrected age, achieved body
size was very different between the groups, but by 12 months of age the groups had
approached each other. Growth velocities (i.e., weight gain in g/d) during the first
13 weeks of postnatal life also differ substantially, with more preterm babies having
slower growth velocity than more mature infants.’® However, after approximately 13
weeks of age, the growth velocities of the groups are indistinguishable.’® This sug-
gests that EUGR becomes established early in life, and that interventions in the first
2 to 3months of life are required to prevent it.

GENDER

The physiological growth difference between males and females is also present in
preterm infants. For example, the anthropometric data of Italian neonates®' show that
males are heavier than females are at all gestational ages (Figure 3.1).

We have also studied the growth velocity of 262 very low birth weight (VLBW)
infants.’® Growth velocity in both males and females was initially poor, with females
having a lower growth velocity than males. The difference was highest at 13 weeks
of postnatal age before gradually declining (Figure 3.2).3°
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FIGURE 3.1 Mean birth weight for males and females at gestational ages from 23 weeks to
42 weeks, from the Italian Neonatal Anthropometric Charts.’!
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female VLBW infants. (Reproduced from Reference 30, with permission.)
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The body weights of male and female preterm infants (expressed as weight-for-
age SDS computed on gender-specific anthropometric charts) corrected for GA,
major morbidities, and nutritional and respiratory support are similar in males and
females at birth (—0.99 and —0.97) and at term-corrected age (-2.02 and —1.97).3°
Therefore, female gender does not appear to be a risk factor for EUGR per se.?°

Other studies have not seen differences in weight gain between VLBW girls and
boys,*>-3* perhaps because the higher morbidity in boys counterbalances their higher
growth potential.® Hack et al. reported higher increase in weight SDS from term
to 8 months in girls and ascribed this finding to the lower morbidity shown by girls
during the neonatal period.*

PATHOLOGICAL CONDITIONS AND EUGR

Both nutritional and non-nutritional factors contribute to EUGR.3” However, it is dif-
ficult to define the specific and independent role of each factor because most of them
are intertwined. Embleton et al. have shown that only 45% of variation in postnatal
growth can be attributed to energy intake and protein intake.?* Non-nutritional factors
affecting growth, such as illness severity and stress, are varied and operate across a
wide temporal continuum. It is possible that critical illnesses and surgery occurring
in preterm neonates alter metabolism and divert proteins and energy from growth to
tissue repair.®®

Moreover, in a recent retrospective study, it has been demonstrated that the
influence of critical illnesses on the risk of adverse outcomes and poor growth in
extremely low birth weight (ELBW) infants is mediated by early nutrition, particu-
larly by energy intake in the first week of life.

SMALL-FOR-GESTATIONAL-AGE (SGA) INFANTS

We have observed a slight divergence in weight growth up to term between appropri-
ate for gestational age (AGA) and small-for-gestational-age (SGA) babies, suggesting
a greater risk of EUGR in SGA babies.*°

In contrast, Ehrenkranz et al. reported that, from birth to discharge, VLBW
infants of the same birth weight grow faster if they are SGA;*® however, this finding
could be ascribed to the confounding effects of GA and GA-related morbidities. It is
of note that, in several studies, the weight growth impairment in SGA VLBW infants
has been observed to persist even after term.3-3940

Lower postnatal weight loss and shorter time required to regain birth weight have
been reported in SGA VLBW infants® and in SGA ELBW infants.*> But Diekmann
et al.*? observed that the growth curves of AGA and SGA ELBW infants diverge
between 15 and 98 days of life, due to slightly slower growth velocity of SGA infants,
and Radmacher et al. noted that SGA ELBW infants have significantly higher inci-
dence of EUGR at discharge.!”

The analysis of growth kinetics is revealing. The weight gain of SGA is initially
similar to that of AGA infants.*! However, between 4 and 26 weeks of age, weight
gain is slower in SGA infants. After 26 weeks of age, through to 104 weeks, the
growth rates of the two groups are virtually identical. The largest differences in
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growth rate occur between the 2nd and 4th months of life.*! This implies that there
is a critical period of postnatal age, when SGA babies grow more slowly. This is not
immediately after birth when infants might be expected to be sicker and less stable,
but begins 4 to 8§ weeks later. The growth impairment that occurs in this period is
still apparent at 2 years of age.*! This may suggest either an intrinsic lower growth
potential, or a persistent postnatal effect of the growth restriction experienced in
utero. This difference in growth velocity emerges during a period when, according
to Boehm,* an improvement of the ability to utilize or metabolize proteins occurs
in preterm SGA; this fact should be considered when planning more appropriate
nutritional strategies.

BRONCHOPULMONARY DyspLAsIA (BPD)

Failure to thrive is frequent in bronchopulmonary dysplasia (BPD) infants.>* Such
growth failure is multifactorial. Among the various causes, increased energy expen-
diture consequent to the shunting of energy toward respiratory needs, and subopti-
mal nutritional intake including fluid restriction play a major role.**%

Further difficulties in nutritional management of these infants, for example due
to swallowing dysfunction of gastro-esophageal reflux, may also worsen BPD by
compromising lung growth.#+

Hypoxia per se can be related to growth failure in BPD infants. The mechanism
responsible for the effect of oxygen on growth is not precisely known. However, ani-
mal studies have documented decreased protein synthesis rates and DNA synthesis
under experimental conditions of hypoxia.¢47

Medications such as methylxanthines, B-sympathomimetics, and steroids can
interfere with growth by increasing energy expenditure.** Dexamethasone admin-
istration produces a state of protein catabolism, and numerous animal and human
studies have confirmed both transient and long-term negative effects of steroids on
growth 444

We have examined the effect of BPD in a cohort of Italian VLBW infants
(Figure 3.3).3° The growth pattern of the BPD group is interesting. The group that
will develop BPD is more preterm and appears at first to be relatively better grown
in utero. However, the large differences in birth weight disappear after adjusting
for gestational age and the other covariates, indicating that most of this difference
depends on the difference in gestational age, which emerges as the most important
risk factor for BPD. During the neonatal period, the adjusted difference in growth
pattern between the two groups is negligible; therefore, the growth deficit during the
first month, reported in neonates who will develop BPD, is likely due to inadequate
nutrition as a consequence of major morbidities (Figure 3.3).3° Subsequently, babies
with BPD suffer from a more severe EUGR and their growth impairment increases
through the first year, mainly because of the lower growth velocity. The nutritional
strategies required to contrast such a complex impairment should consider this criti-
cal period (from the second to fourth month) when most of the growth impairment
in BPD neonates occurs.?”

To date, few evidence-based recommendations exist for the nutritional manage-
ment of infants with BPD. However, early enteral feeding*® as well as a higher intake
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FIGURE 3.3 Comparison between babies with and without BPD. (a) Growth curves. (b)
Weight velocity curves (log scale). (Reproduced from Reference 30, with permission.)
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of proteins and calories has been suggested to reduce EUGR and to decrease the
incidence of BPD. 224448

SEPSIS

Some studies have shown an association between neonatal infections and EUGR in
preterm infants,'7# but the precise responsible mechanisms for this growth impair-
ment have not yet been clarified. Studies in adults have shown that the metabolic
response to sepsis is characterized by hypermetabolism and by increased tissue
catabolism.*® In neonates with sepsis, there are increases in oxygen consumption
and a negative effect on nitrogen balance, proportional to the severity of illness.>!
Moreover, sepsis has been reported to be associated with gastrointestinal symptoms,
that is, anorexia, vomiting, and abdominal distention, which can contribute to reduce
nutrient intake and EUGR.?

OTHER MEDICAL CONDITIONS

Many other morbidities can be involved in the pathogenesis of EUGR, such as respi-
ratory disorders, neurological complications (i.e., severe intraventricular hemorrhage
or periventricular leukomalacia), necrotizing enterocolitis, kidney failure, and any
condition requiring surgery (i.e., patent ductus arteriosus). However, the role of most
morbidities in the etiology of EUGR has not been yet precisely defined.

NUTRITION AND EUGR

Although not all variations in growth can be attributed to nutrient intakes, insuffi-
cient nutritional support is certainly one of the most important factors to be consid-
ered in the etiology of EUGR, and it may even be the factor that explains the poor
growth of critically ill patients.

Embleton et al. reported a large cumulative deficit in energy and protein intakes
in preterm infants during the first weeks of life.> These deficits explained approxi-
mately one-half of the variability in in-hospital growth.3

In recent years, the recommended range of protein and energy supplies for
preterm infants has been increased, for which the term “aggressive nutrition” has
become widely used.’>->” The aim of this approach is to prevent a catabolic state in
the first few days after birth and later to ensure appropriate growth.>® Some of these
approaches have been shown to improve short-term growth outcomes>>-73%% and
may reduce the rate of EUGR at 36 weeks corrected age or at hospital discharge.>*

Given the heterogeneity of these newborns and the complexity of their morbidi-
ties, optimal nutrition strategies for preterm infants are still debated. Nevertheless,
several studies reported that aggressive regimens of early parenteral and enteral
nutritional support can be safely provided to critically ill VLBW infants and that the
use of these regimens is associated with improved growth, without an increased risk
of adverse clinical outcomes.!461-62

As regards parenteral nutrition, studies confirmed that preterm infants who
received parenteral nutrition enriched with higher supplies of energy and proteins
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soon after birth show an improvement of postnatal growth and a reduction in the
cumulative deficits of both energy and protein.®3-63

However, various questions still have not been solved. For instance, the time of
the initiation of parenteral lipid infusion to VLBW infants varies widely among dif-
ferent neonatal intensive care units (NICUs). A recent review showed that the addi-
tion of lipids within the first 2 days of life in VLBW infants appears to be safe and
well tolerated; however, according to Vlaardingerbroek et al. this treatment or the
type of lipid emulsion did not have any beneficial effect on growth.%

As for enteral nutrition, early postnatal feeding with small amounts of human
milk or formula and the rapid advancement of enteral feeding® can decrease the
incidence of EUGR.?%¢7

Human milk, adequately fortified, is the best choice for feeding of preterm
infants.6268-71

However, according to current standard methods, infants fed with fortified human
milk show a consistently lower postnatal growth when compared with infants receiv-
ing apparently isocaloric volumes of preterm formula. This fact appears mainly due
to inadequate protein intake as a consequence of the wide inter-individual variability
of the protein content in human milk.”’=7

To deal with this problem, two different approaches have been suggested:

1. Standardized feeding regimen using new fortifiers with protein content
higher than conventional human milk fortifiers.*”’® New fortifiers have
been shown to improve growth in weight,*7¢ length,*”’¢ and head circum-
ference,’® thereby reducing EUGR.

2. Individualized fortification. Currently, two methods have been proposed:
the first, “targeted fortification,” is depending on analyses of human milk
composition; the second, “adjustable fortification,” is depending on the
metabolic response of each infant,6>7>7778

A combination of these two methods, based on the evaluation of growth and met-
abolic parameters of preterm infants, performing human milk analyses and tailoring
fortification only when growth or blood urea nitrogen deviate from the ranges of
normality, has been also suggested.”

When human milk is not available, enriched preterm formulas have been devel-
oped to meet preterm infants’ high nutritional requirements. The optimum compo-
sition of these preterm formulas is still debated’3°. In 2010, guidelines developed
from the European Society of Pediatric Gastroenterology, Hepatology and Nutrition
have suggested major changes in protein and energy requirements. These recom-
mendations are useful to define preterm milk formula composition and to optimize
nutritional intakes and postnatal growth. As to protein and energy intakes, at present,
the use of formula milk with a protein/energy ratio of 3.3 to 3.5 g/100 kcal appears to
be safe and could represent a possible choice for these infants.3! It has been observed
that the variation in nutrition explains much of the difference in growth among dif-
ferent NICUs.?’

Recent reviews have demonstrated that there is still a marked variation in
nutritional practices within and among centers in both enteral®® and parenteral
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nutrition.>>$” The standardization of nutritional protocols in NICUs has been shown
to allow better growth and a reduction of EUGR during hospital stays.?6578.83

ENVIRONMENTAL FACTORS AND EUGR

The reduction of stressful environmental stimuli may allow the potential benefits of
nutritional strategies to be realized. In animals, early environmental stressors have
been shown to reduce body weight gain.?*3 Reduced weight gain has also been
reported in rat pups exposed to repetitive pain in the first seven days of life.? A recent
study on human preterm neonates has shown that procedural pain in the NICU was
associated with decreased early postnatal body weight and head growth, indepen-
dently of other medical confounders.®” These observations suggest that appropriate
nursing care and a reduction of stressful stimuli may have a positive influence on
incidence and severity of EUGR.

SYSTEM FACTORS AND EUGR

Embleton et al. reported a cumulative deficit in energy and protein intakes in pre-
term infants during the first weeks of life. They calculated the difference between
the intakes the infant actually received from that recommended. Deficits in energy
intake developed rapidly. By the end of the first week of life, infants of GA >31weeks
had received a mean of 355 kcal/kg less energy than recommended, and those of GA
<30 weeks, a mean of 406 kcal/kg less. Deficits continued to increase during hospi-
talization and, by the end of 5 weeks, were, as mean, 382 kcal/kg and 813 kcal/kg in
those 231 weeks and <30 weeks, respectively. Variations in nutrient intake accounted
for almost half the variation in growth.

These deficits can be tackled in two ways: (1) ensuring that what is prescribed is
the same as what is recommended and (2) ensuring what is ordered is actually given.

Providing prescribers (usually but not always physicians) with clear visual feed-
back of how closely their nutritional orders correspond to recommended intakes,
for example, using a “traffic light” system (see Chapter 12), can help to improve
prescribing practices. This leads to significant improvements in nutrient intake and
in growth (see Chapter 12).

Ensuring that prescribed intakes are received is difficult. There are multiple rea-
sons why nutrition may be delayed or held; for example, parenteral nutrition infusions
cannot be given without intravenous (IV) lines, so if an IV needs replacing, nutrition
must be held while this is done. Although it would be possible to account for this by
increasing the infusion rate of parenteral nutrition over the next 4 to 6 h or longer, this
is time-consuming and rarely done. Enteral feeds may also be given at amounts less
than prescribed. For example, during the establishment of oral feeds, if the infant takes
“almost all” of a feed by mouth, there may be reluctance to place a gastric tube to give
the remaining small amount of feed, or even a reluctance to a gavage tube feeding even
if it is present. The effect of this decision on each individual feed may be small, but
as we will see later, small systematic changes can make a large difference over time.

As an example, let us imagine a preterm infant who is enteral fed and grows along
the 50th percentile line of 2003 Fenton growth curves®® and who is prescribed to receive
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120 kcal/kg/d. Each day, on rounds, the feeding prescription is written, based on the
infant’s reported weight. However, in some units the weight is measured by the night
shift (often 8 to 12 hours earlier), to be ready to be presented by the day shift on rounds.
The weight used for calculations is therefore between 12 hours out-of-date (imme-
diately after rounds) and 36 hours out-of-date (immediately before rounds the next
morning). Figure 3.4 shows the cumulative energy intake of the hypothetical infant if
ordered using the actual weight of the baby on rounds, and the dotted line shows the
cumulative energy intake if feeds are based on a weight that was measured 12 hours
before rounds. The absolute daily error is small, but by 36 weeks post-menstrual age,
these small errors have accumulated and reduced the cumulative energy intake by
over 100 kcal/kg (Figure 3.4). Furthermore, in some units, feed orders for more stable
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FIGURE 3.4 (a) Cumulative energy intake according to the intake is on the weight immediately
before rounds, or 12 h earlier (b), and whether the weight is updated every day or every third day.
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“feeder grower” babies are not re-written every day, sometimes only twice a week (for
example, every Monday and Thursday). This practice worsens the unplanned reduction
in calorie intake, so that by 36 weeks post-menstrual age over 200 kcal/kg less energy
have been prescribed than would otherwise be the case.

Other, apparently inconsequential, decisions can also significantly affect nutrient
intake. For example, imagine that our hypothetical infant is receiving 24 kcal/oz (80
kcal/dL) formula-fed every 3 hours. The desired energy intake is converted to a volume
to be fed every 3 hours. A very common practice would be to round up or round down
the calculated amount to the nearest 1 ml. The seeming trivial, probably subconscious,
decision can also significantly affect nutrient intake. The difference between rounding
up and rounding down leads to a small daily difference in energy intake, but repeated
over the entire period between 28 weeks and 36 weeks post-menstrual age equates to a
difference of over 200 kcal/kg in the energy prescribed (Figure 3.5).

There are multitudes of other potential “small” decisions that can accumulate and
quickly become important. A few milliliters of a feed can easily be lost if feeding
syringes contain inadequate overfill to flush the extension tubes, if feeds are left in
extension tubes and discarded rather than being flushed to the baby, if the “last few”
milliliters of an oral feed are not gavage-fed in a baby working on oral feeds, etc.
Similarly, the “occasional” feed being held for procedures or for blood transfusions
can lead to surprising large effects if these procedures are common in the infant
(which they can be, especially in the sickest infants).

Caregiver behaviors can also reduce the amount of parenteral nutrition: new
orders for parenteral nutrition are written in the morning but not started until that
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afternoon or evening, changes in parenteral nutrition rates are delayed until the new
bags of parenteral nutrition (TPN) are delivered, the time that parenteral nutrition is
held for line changes, reinsertion of I'Vs, for medication infusions, etc.

When repeated frequently, or even systematically day after day, these “small”
or “unimportant” system/process issues can lead to effects that are neither small
nor unimportant.

CONCLUSIONS

The causes of EUGR are multiple and varied. Therefore, the strategies to con-
trast EUGR must take into account nutritional factors, as well as environmental
factors and morbidities. Improvements in perinatal care should have reduced
the incidence of EUGR, but at present, given the heterogeneity of the published
studies it is difficult to detect changes in incidence and severity of EUGR over
the years.

The fact is that the ideal model of postnatal growth of preterm infants has not
yet been defined. The increased metabolic risk associated with over-nutrition and
rapid catch-up growth needs to be balanced against the risk of impaired neurode-
velopmental deficit observed in cases of postnatal under-nutrition with concurrent
EUGR.* The difficult question that remains is how to optimize neurodevelopment
and appropriate extrauterine growth in this population. In this sense, the optimal
postnatal growth of preterm infants has to be considered not only in quantitative
terms (i.e., anthropometry), but also in qualitative terms (i.e., body composition).
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What is the future direction? As suggested by Vasu and Modi, “the systematic
documentation of nutritional intakes coupled to standardized clinical variables, in
powerful electronic database should be promoted as a means to explore variations
in practice and outcome, to generate hypotheses and to facilitate clinical trials.”
Necessarily, such trials have to consider a long-term follow-up evaluating auxologi-
cal, metabolic, and neurodevelopmental outcomes.
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Section | Conclusions

Well-constructed growth references are available to assess the growth of preterm
infants (Chapter 1). They clearly show that the growth of preterm infants is much
slower than the in utero reference, both in the short-term (Chapter 2) and in the long
term (Chapter 3). This should not be a surprise. The growth rate of the fetus during
the last trimester is more rapid than at any other time in life, and at its peak (in g/d)
is almost three times that seen during the adolescent growth spurt (Figure 1.1). When
fractional growth rates (g/kg/d) are considered, this is even more striking. For much
of the third trimester, the fetus gains 15 to 20 g/kg every day. This rate decreases
rapidly, and after 2 years of age growth rates are below 1 g/kg/d (Figure 1.2).

Growth among preterm infants is typically far lower than this, and ex utero growth
restriction (EUGR) is the rule rather than the exception. By 36 weeks corrected age,
the average weight of preterm infants born at 26 to 27 weeks is approximately 1.8 to
1.9 kg, only 70% of that expected had they continued to grow at in utero rates. There
is some subsequent catch-up growth in preterm infants after hospital discharge, but
the average weights, heights, and head circumferences of former preterm infants
remain below their peers through to late childhood and beyond.

We will now consider what, if any, are the long-term consequences of such slow
early growth.
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FIGURE 1.1 Growth rate in g/day of the female (prenatal data from Reference 2 and post-
natal data from Reference 3) from approximately 24 weeks gestation to 200 months.
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FIGURE 1.2 Growth rate in g/kg/day of the female (prenatal data from Reference 2 and
postnatal data from Reference 3) from approximately 24 weeks gestation to 200 months.
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Section 1]

The Effects of In Utero
and Ex Utero Growth in Term
and Preterm Infants

INTRODUCTION

The high incidence of ex utero growth restriction seen in preterm infants, and
the partial catch-up growth that occurs later should lead us to question the effect
this abnormal growth pattern has on long-term outcomes. The so-called Barker
Hypothesis is now over 30 years old. There is now strong epidemiological data in
humans, and experimental data in animal models, linking early growth patterns with
the long-term risk of insulin resistance, type II diabetes, hypertension, and coronary
heart disease. In this section, we will examine the evidence supporting a relation-
ship between in utero growth and postnatal growth with these metabolic disorders
in term infants (Chapter 4), small-for-gestational-age infants (Chapter 4), and large-
for-gestational-age infants (Chapter 5). We will also examine the effect of preterm
birth, and of ex utero growth restriction and subsequent catch-up growth in preterm
infants on these outcomes (Chapter 6). Finally, we will assess the effect of in utero
and ex utero growth on cognitive and neurodevelopmental outcomes in term and
preterm infants (Chapter 7).






Fetal and Postnatal
Growth, and the
Risks of Metabolic
Syndrome in the AGA
and SGA Term Infant

lan J. Griffin

INTRODUCTION

The widespread appreciation that the in utero environment may have long-term
effects on the risk of adult diseases is now over 30 years old.":? The idea has been
called the Barker hypothesis or the fetal (or developmental) origins of adult dis-
eases.>* It is hypothesized that the fetus has developmental plasticity, and that the
final phenotype depends on environmental exposure during critical periods.’ For
example, exposure to nutritional restriction in utero may shift the phenotype toward
one that is better adapted to tolerate lower nutrition intake. These adaptations may
be beneficial and increase the survival of the fetus, albeit at reduced body weight.
Subsequently, however, this plasticity is lost and those phenotypic changes become
fixed or programmed.’ If the individual is now exposed to conditions of nutritional
excess, those same adaptations that were advantageous in utero may become mal-
adaptive and increase the risk of adult diseases such as coronary heart disease
(CHD), type 2 diabetes, and hypertension.

Although it is now widely accepted that the heart attack suffered by an elderly
man or the diabetes mellitus affecting his wife may be partly due to events that
occurred before they were born, it is informative to review some of the classic cohort
studies that have contributed to this understanding, and to other possible explana-
tions for the possible link between poor in utero growth and chronic adult diseases.

HERTFORDSHIRE COHORT

In the late 1980s, David Barker and colleagues published the first of a series of papers
on a cohort of predominantly human-milk-fed infants born in Hertfordshire between
1911 and 1930. Birth weights had been collected and recorded by the midwife
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attending the delivery, and the infant’s weight and mode of feeding recorded at 1
year of age.® Almost 6000 men were identified and their mortality from CHD was
determined from centralized records. Of the 5654 men, 1186 had died between age
20 years and age 74 years® and death from CHD was related to lower birth weight
and to lower weight at age 1 year.® The highest-risk population were those in the
lowest weight tertile at birth and at age 1 year (Figure 4.1). The authors concluded,
“measures that promote prenatal and postnatal growth may reduce deaths from isch-
aemic heart disease. Promotion of postnatal growth may be especially important in
boys who weigh below 7.5 pounds (3.4 kg) at birth.”

Subsequently, the authors revisited the cohort and reported cardiovascular mor-
tality in over 15,000 subjects of both genders.” This confirmed the inverse relation-
ship between birth weight and premature cardiovascular mortality in both men and
women (Figure 4.2).7 Lower weight at 1 year of age was also a risk factor for cardiac
mortality, but only in men (Figure 4.3). The highest-risk groups were males who
were light at birth and light at 1 year, and females who were light at birth, but heavy
by 17 years of age.”

The associations of low birth weight were not limited to cardiovascular mortality.
A subgroup of men from the cohort had oral glucose tolerance tests.® The odds of
having an abnormal glucose tolerance test were inversely related to birth weight, and
to weight at age 1 year (Figure 4.4).3
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FIGURE 4.1 Standardized mortality ratios for coronary heart disease in men depending on
their weight tertile at 1 year of age (below average, average, or above average) and their birth
weight (BW) tertile (below average, average, or above average). The highest mortality is seen
in men who were below average weight at birth and at 1 year of age. (Data from Reference 6.)
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FIGURE 4.2 Standardized mortality ratios for coronary heart disease in males and females
depending on their birth weight. Highest mortality rates are seen in those with the lowest
birth weight. (Data from Reference 7.)
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FIGURE 4.3 Standardized mortality ratios for coronary heart disease in males and females
depending on their weight at age 1 year. Highest mortality rates in males are seen in those
with the lowest weight at 1 year. There is no significant relationship between weight at 1 year
and mortality in females. (Data from Reference 7.)
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FIGURE 4.4 Odds ratio (and 95% confidence interval) for abnormal glucose tolerance test
depending on birth weight and weight at age 1 year. Lower weight at either age is associated
with an increased risk for abnormal glucose tolerance. (Data from Reference 8.)

OTHER EARLY RETROSPECTIVE COHORT STUDIES

Similar findings were reported by the authors in unrelated cohorts. For example,
systolic blood pressure (BP) in two separate adult cohorts was highest in those born
at lower birth weight.>° In 10-year-olds, systolic BP is higher in those with higher
current weight. However, within each weight tertile, lower birth weight is associated
with higher blood pressure.?

POSTNATAL COHORT STUDIES

Although Barker and colleagues were not the first to suggest a relationship between
low birth weight and later metabolic or cardiovascular diseases,!® their results
sparked a wave of epidemiological studies examining a variety of other cohorts.

TyPes OF STUDIES

These studies can be divided generally into four main types: (1) retrospective cohort
studies, (2) prospective cohort studies, (3) case-control studies that typically com-
pare small-for-gestational-age (SGA) infants to appropriate for gestational age (AGA)
infants, and (4) famine studies.

Retrospective Population-Based Cohort Studies
The studies described previously>°- are typical examples of retrospective popula-
tion-based, or geographically defined, cohort studies.

In these studies, data is usually collected for administrative or bureaucratic rea-
sons, rather than for research purposes. Many years later, the subjects may be traced
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and their long-term health outcomes compared to measurements of growth made
many years previously. In some cases, the birth details can be combined with other
records, such as school records, military conscription records, or centralized records
of the cause of death.

These retrospective records can be supplemented by prospectively collected data.
For example, a subset of the cohort may be recruited for assessment of body compo-
sition, insulin sensitivity, IQ, or biochemical outcomes.

The strengths of such cohorts are that data on thousands, or tens of thousands
of subjects may be available. However, the quality control of the historical data is
unclear, although in many cases it seems to be very good. In addition, the long-term
health outcomes are available without waiting for a prospectively enrolled cohort of
newborns to age 60 or 70 years.

The main weaknesses of these designs are that they are observational and unable to
prove a cause and effect relationship. The association between poor growth in the first
year of life and later mortality from heart disease (for example) may indeed be a caus-
ally one, so measures to improve growth during this vulnerable period might reduce
the risk of later cardiovascular mortality. However, it is also possible that a separate
condition, for example an unfavorable genotype (see later), leads to both slower post-
natal growth and to later mortality from heart disease. In this case, interventions that
change to the rate of postnatal growth would not be expected to affect later mortality.

The most productive of the retrospective studies are probably the Helsinki Birth
Cohort studies,> 112 which are reviewed later.

Prospective Population-Based Cohort Studies

In prospective cohort studies, a large population of pregnant women, or newborn
infants, is identified and enrolled. The populations are typically geographically or
administratively related—for example, all being born in the same hospital or in the
same administrative region of a country. Subjects are followed prospectively and
data collected as they age. This allows greater quality control of data collection, but
is more burdensome for study participants, so retention rates may fall as patients
withdraw their consent for ongoing participation with time. The studies are also
more expensive, time consuming, and involved for researchers.

As is the case with retrospective studies, they examine the effects of naturally
occurring variability in birth weight and its relationship to subsequent outcomes.
They are, therefore, able to identify associations, but cannot prove cause and effect.

An example of such a study is the Avon Longitudinal Study of Parents and
Children (ALSPAC),'*> ' which is reviewed later.

Case-Control Studies of SGA Infants

Some of these studies have a prospective, longitudinal design. Subjects born small
for gestational age (SGA, cases) and those born appropriate for gestational age (AGA,
controls) are recruited at birth, and outcomes assessed prospectively at predetermined
intervals. Cases may be matched to controls (e.g., by gender or current body size).
These studies are typically much smaller than many cohort studies, but the outcome
measures may be more intensive. Other case-control studies are cross-sectional. For
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example, SGA and AGA infants are recruited based on their attendance at a specific
health care facility, or by public enrollment, sometime after birth.

These studies are most useful for assessing whether being SGA is a risk factor
for later disease, so that high-risk subjects can be identified earlier and interventions
provided. It is not clear, however, how applicable they are to the case of ex utero
growth restriction in preterm infants (see later).

Famine Studies

These can be considered as “natural experiments.” They take advantage of histor-
ical events that led to periods of profound nutritional deprivation for identifiable
cohorts.!> ¢ Subjects can be recruited as adults and their exposure to famine condi-
tions determined from the date and place of birth, from their own recollection, or
from historical records. Subjects with famine exposure can then be compared to
controls without famine exposure. In some such famines, for example the Dutch
Hungerwinter (see later), the exposure to severe malnutrition was relatively short so
the effect of the timing of famine exposure on outcomes can also be examined.'> 16

RETROSPECTIVE POPULATION-BASED COHORTS

HeLsinki BIRTH COHORTS

The Helsinki Birth Cohorts are two related population-based cohorts born at the
Helsinki University Central Hospital.!!:'> The first cohort of 7086 individuals was
born between 1924 and 1933,!-12.17.18 and the second cohort of 8760 between 1934
and 1944.11.12.19.20 Ty 1971, adults from the cohorts were traced and 92% of the first
cohort were found and were still living in Finland, as were 83% of the second cohort.!!
Both cohorts contain birth data and data on childhood growth (more for the second
cohort than the first). Individuals have been linked to child welfare records, school
records (which included such data as father’s occupation, apartment size, number
of siblings, diet, etc.), records collected in early adulthood when men presented for
military service (Which includes anthropometric assessments and standardized cog-
nitive assessments), and national registries of mortality.!!:?

Coronary Heart Disease

Small body size at birth is a risk factor for later CHD in both Helsinki cohorts, and
in both genders."-1%21-24 In males, thinness at birth (i.e., a low body weight) appears
to be more important than being short at birth (i.e., a low birth length),!”-!° while in
females, birth length seems more important than birth weight.!8:22

Slower weight gain in the first year of life was also a risk factor for later CHD!%23
as was smaller body size at 1 to 2 years of life.!*2!-2

Although smaller body size at age 2 years was generally associated with higher
cardiac risk, the effect may be modified by size at birth. For example, in one study,
increasing body mass index at 2 years was only associated with cardiac risk in
infants born at lower birth weight.?!

Although more rapid growth in infancy (until 1 to 2 years) reduced the risk of
CHD, more rapid growth after 3 years (especially in BMI) increased it.?> For example,
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among women in the 1934-1944 cohort, an increase in BMI Z-score between 3 years
and 11 years was a significant risk factor for CHD, particularly in the women with
lower birth lengths.?? Similarly, higher BMI at 6 years was associated with CHD,
but only in individuals who were thin at birth (Ponderal Index < 26).!° Lower BMI
remained a risk factor in infants who were larger at birth.!” By 11 years of age, BMI
was associated with increased risk especially in those who were already at higher
risk due to a lower BMI at 2 years.”!

Summary of High-Risk Growth Pattern

The growth pattern most associated with an increased risk of CHD from the Helsinki
cohorts is one of:

e Low body size at birth (especially weight in males, and length in females)
e Slow growth during the first 1 to 2 years

* Small body size (especially BMI) at 2 years

e Rapid growth (especially BMI) between 3 and 11 years

Obesity
In both the 1924-1933% and the 1934-1944%7 cohorts, approximately one-third of adults
were obese (based on BMI), and larger body size at birth was associated with a higher
adult BMI. In males, both birth weight?%-?” and birth ponderal index?%2” were positively
associated with adult BMI, while in females only birth ponderal index was associated
with adult BMIL.?” As subjects progressed through infancy and childhood, the positive
association between size (either the ponderal index or the BMI) and the incidence of
adult obesity (based on adult BMI) increased (Figure 4.5).
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The relationship between birth size and adult CHD, and between birth size and
adult obesity (based on the BMI) is, therefore, very different. However, BMI is not
an ideal proxy for body adiposity or for percentage body fat.

Yliharsila et al.?® recruited over 2000 subjects from the 1934-1944 cohort at age
56 to 70 years and assessed their weight, height, and BMI, and their body composition
using bioelectrical impedance.?® Consistent with prior reports,?®2’ higher body size
at birth (in this case birth weight) was associated with a higher adult BMI in males,
and less significantly in females as well. However, higher birth weight was associ-
ated with a greater lean body mass in adulthood. In males, each additional 1 kg birth
weight equated to an additional 4.1 kg of adult lean mass; in females, there was an
additional 2.9 kg of adult lean mass for each additional 1 kg birth weight.?® Fat mass
also increased with higher birth weight in males, but not in females.?® The result was

a significant decrease in percentage body fat as birth weight increased (Figure 4.6).28
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FIGURE 4.6 Effect on birth weight on the adult BMI (A, upper panel) and percentage body
fat (B, lower panel) in males and females. Increasing birth weight is associated with higher
adult BMI but lower adult percentage body fat. (Data from Reference 28.)
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Summary of High-Risk Growth Pattern

The growth pattern most associated with increased obesity (based on adult BMI)
from the Helsinki cohorts is one of:

e Higher body size at birth
* Higher body size after 6 months of age and throughout childhood

Type 2 Diabetes

In both cohorts, small size at birth (either weight, length, or ponderal index) and small
placental size were associated with increased risk of type 2 diabetes.?*?° Each 1 kg fall
in birth weight increased the odds ratio for the development of types II diabetes by 38%
(95% confidence interval 15% to 66%).% The effect of birth weight appeared to be due
to an increase in insulin resistance and a decrease in insulin secretion.® These findings
are consistent with other retrospective cohorts born in the 1920s.3!

Slower growth in the first 2 years was a significant risk factor for the development
of type 2 diabetes.*? Slower growth during the first 6 months of life appears to be
particularly detrimental,3?> growth between 6 months and 12 months was less impor-
tant, and growth between 12 months and 24 months was least important of all.3> The
effect of growth rate during the first 24 months was most significant for subjects with
the lowest birth weight (i.e., at the highest initial risk of type 2 diabetes).*

Although slower infantile growth was a risk factor for type 2 diabetes,® more
rapid growth in childhood also increased the risk of type 2 diabetes.*? In the 1924—
1933 cohort, a 1-SD gain in weight Z-score between 7 and 15 years of age was
associated with an odds ratio for the development of type 2 diabetes of 1.39 (95%
confidence interval 1.21 to 1.61),%° and a similar effect has been seen in the 1934—
1944 cohort.?? The effect of rapid childhood growth is more marked in those with
lower birth weights.?® 32 For example, if birth weight was less than 3 kg, a 1-SD gain
in weight Z-score between 7 and 15 years was associated with an odds ratio (OR) of
1.83 (95% confidence interval 1.37 to 2.45) for the development of diabetes,* com-
pared to an odds ratio of 1.25 (95% confidence interval 1.06 to 1.48) if birth weight
was greater than 3 kg.?

In the two cohorts combined, type 2 diabetes, CHD, and hypertension are associ-
ated with a smaller body size at birth and during the first year of life, and an increase
in BMI Z-score between 3 and 11 years.?*

BMI usually reaches a nadir in early childhood before steadily increasing. This
nadir is called the BMI rebound. An early age of BMI rebound was associated with
increased risks of development of type 2 diabetes,?-33 as was a higher BMI at age
11 years.?

Summary of High-Risk Growth Pattern

The growth pattern most associated with an increased risk of type 2 diabetes from
the Helsinki cohorts is one of

e Low body size at birth
e Slow growth during the first 1 to 2 years
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e Small body size at 2 years

e Rapid growth starting between 3 and 7 years of age
e An earlier age of BMI (or adiposity) rebound

e Higher body size (BMI) by age 11 years

Hypertension

Once again, small body size at birth was associated with the development of hyper-
tension, and this is true whether birth weight, length, or ponderal index was consid-
ered.** As seen for CHD and type 2 diabetes, slower size during the first 1 to 2 years
of life, and accelerated growth between 3 and 11 years were risk factors,?* particu-
larly if subjects were above average size by 8 years of age.?

Summary of High-Risk Growth Pattern

The growth pattern most associated with an increased risk of hypertension from the
Helsinki cohorts is one of

e Low body size at birth

e Slow growth during the first 1 to 2 years
¢ Small body size at 2 years

e Rapid growth starting after 3 years

Mortality

Both greater birth weight and greater birth length are significantly associated with
lower mortality prior to the age of 55 years in males and females® (Table 4.1). The
only beneficial effect of lower birth weight on mortality was a significantly reduced
mortality from cancer.’ Mortality is also associated with weight at 1 year of age, and
this effect is more significant that the effect of birth weight3¢ (Figure 4.7).

Cognition

Raikkonen et al.’’ examined the results of standardized cognitive scores in men
aged 20 years. Three separate scales were measured. Higher birth weight and higher
birth BMI were associated with significantly higher scores on at least one of the
scales.’” Birth length had no such effect.’” Greater weight, length, or BMI growth
between birth and 6 months, and greater weight, length, or BMI growth between 6
and 24 months were also associated with improved scores.?’

The same investigators also measured IQ in a subset of this cohort at age 68 years
and compared it to measures of body size taken at birth, 2 years, 7 years, 11 years,
20 years, and 68 years.’® Once again, cognitive scores at age 20 years were directly
correlated with body size at birth. Each 1 SD increase in birth weight, birth length,
or birth head circumference was associated with a 1 to 1.5 point increase in 1Q.38

IQ at 68 years was positively associated with weight at birth, 2 years, 7 years, and
20 years, but not 11 years or 68 years; with length or height at birth, 2 years, 20 years,
and 68 years (not at 7 years or 11 years); and with ponderal index or BMI at 2 years,
7 years, and 68 years (not at birth, 11 years, or 20 years). Head circumference was
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TABLE 4.1

Odds Ratio (95% Confidence Interval) for the Effect of 1 kg Change in Birth
Weight or 1 cm Change in Birth Length on All Causes of Mortality at Any
Age, All Causes of Mortality before 55 Years, Non-Cardiovascular Mortality,
and Mortality from Cancer in Males and Females

Effect of 1 kg Change Effect of 1 cm Change
in Birth Weight in Birth Length
Males Females Males Females
All causes of mortality at any age 1.08 1.25 1.01 1.10
(0.96-1.19)  (1.05-1.49)  (0.98-1.02)  (1.05-1.15)
All causes of mortality before 55 years 1.23 1.45 1.05 1.15
(1.06-1.45)  (1.09-1.92)  (1.01-1.10)  (1.08-1.23)
All causes of mortality after 55 years 0.94 1.16 0.97 1.06
(0.82-1.10)  (0.93-1.45)  (0.83-1.02)  (1.00-1.12)
Non-cardiovascular mortality 0.93 1.25 0.99 1.09
(0.81-1.06)  (1.01-1.54)  (0.95-1.03)  (1.03-1.15)
Mortality from cancer 0.76 1.09 0.97 1.06

(0.61-0.95)  (0.82-1.43)  (0.91-1.03)  (0.99-1.14)

Note: Odds ratios significantly different from 1 are shown in bold.
Source: Data from Reference 35.
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depending on birth weight (left panel) and weight at age 1 year (right panel) for males and
females. Higher weight at birth and at age 1 year is associated with higher hazard ratios for
mortality before age 65 years. (Data from Reference 36.)
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only measured at birth and at 68 years; at both time points it was positively associated
with IQ at 68 years.?

Finally, higher birth weight, length, and head circumference were associated with
a reduced decline in test scores between 20 and 68 years. Each 1 SD increase in
birth weight, length, or head circumference reduced the decline in cognitive scores
by 0.1 SD.

In other words, larger size at birth was associated with improved cognitive scores
at 20 years and at 68 years, and with reduced cognitive declines between the ages of
20 years and 68 years.*

Other Effects
Lower birth size increased the risk for

 hyperlipidemia,®

e thrombotic strokes (birth weight more significant than birth head
circumference),*®

e hemorrhagic strokes (birth head circumference more significant than
birth weight),*® and

e poorer physical function in the elderly.*!

Similarly, slower growth in the first 2 years of life increased the risk of

¢ lower non-LDL cholesterol and higher LDL cholesterol,*
e strokes,*? and
e poorer physical function in the elderly.*!

Interactions between Growth and Other Risk Factors

High-risk growth patterns may have their largest impact in combination with other
risk factors for CHD, including socioeconomic, dietary, or behavioral risk factors.

Social Factors

Men in the 1924-1933 cohort were at increased risk of CHD if they were of lower
social class and this effect was most marked in men who were thin at birth.* A
similar interaction was seen with ponderal index at birth and household income
(Figure 4.8).** Lower social class also worsened the adverse effect a rapid weight
gain between 1 and 12 years had on CHD risk.** Unmarried men have a higher risk
of CHD, but this is only seen in males with lower birth weight.**

Social class also modifies the risk of hypertension in men in the 1934-1944
cohort. Lower birth weight significantly increased the incidence of hypertension,
but this effect was only seen in those of lower social class and not in those of higher
social class.?® Conversely, higher IQ reduced later mortality in the 1934-1944
cohort. However, this effect was only seen in higher-social-class men and not in
lower-social-class men.*> Men with increased risk of CHD or hypertension due to
small size at birth were therefore most affected by adverse social risk factors.?0:43-4
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in subjects with low birth PI, but not in those with higher birth PI. (Data from Reference 43.)

Other Factors

Salt intake is known to affect the rates of hypertension, but in the 1934—1944 cohort,
salt intake was not correlated with systolic blood pressure at age 62 years.*® However,
in the highest-risk individuals (birth weight < 3.05 kg), a significant positive correla-
tion was seen—Ig/day additional salt intake increased systolic blood pressure by an
average of 2.5 mmHg.*¢ In other words, low birth weight predisposed to the adverse
effects of high dietary salt intakes*® just as it did to adverse social risk factors.?%-43-43

Exercise is known to reduce the risk of metabolic syndrome, and adults who were
small at birth appear to exercise more than those who were larger at birth.’ They
may also benefit more from the exercise than their higher birth weight peers do.
Exercising more than three times a week significantly reduced the risk of type 2 dia-
betes in subjects born below 3 kg, but has little effect on those born weighing more
than 3 kg. Similarly, it benefited those with a lower ponderal index at birth more than
those with a higher ponderal index (Figure 4.9).47

Summary of High-Risk Growth Pattern from Retrospective Cohort Studies
The Hertfordshire cohort,®® the other early Barker cohorts,? and the Helsinki
cohort studies!!- 12 17-25.29.32,34-41.43 hroadly agree that risk factors for a wide range of
adult diseases including hypertension, hyperlipidemia, CHD, strokes, type 2 diabe-
tes, mortality, and impaired cognitive function are:

e Small size at birth
e Slow growth between birth and 1 to 2 years
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FIGURE 4.9 Effect on exercise (<3/wk or >3/wk) on the incidence of type 2 diabetes in
subjects with higher or lower birth weights (left panel), and higher or lower ponderal index at
birth (right panel). More exercise reduces the incidence of type 2 diabetes in subjects with low
size at birth (weight or ponderal index), but not those with higher weight or ponderal index at
birth. (Data from Reference 47.)

e Small body size at 1 to 3 years
* Faster growth after about 3 years of age
e Larger body size in later childhood

These high-risk group patterns are summarized in Figure 4.10.
The exception appears to be obesity, whose risk is increased by larger body size at
birth than at any time afterward, and with more rapid postnatal growth.

PROSPECTIVE COHORT STUDIES

THe AvoN LONGITUDINAL STUDY OF PREGNANCY AND CHILDHOOD

The Avon Longitudinal Study of Pregnancy and Childhood is an ongoing pro-
spective study. Pregnant women were recruited from a geographically defined
area and they and their children were followed longitudinally.'**® Detailed pre-
natal and postnatal information was collected via questionnaires, and linked to
medical records.'* Physical examination and blood sampling were carried out in a
subset."* A total of 14,541 pregnant women who delivered infants between April
1, 1991 and December 31, 1992 were enrolled from a socially diverse area of
Avon, in the West of England."® This represented approximately 85% of the eli-
gible population.'?
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The study has several advantages over the Helsinki cohorts including the prospec-
tive design, the more intensive early data collection, and early physical examinations
and blood samples in a subset of children.

Obesity

The effect of growth rate between birth and 3 years was assessed by dividing the
cohort into three groups:

e “Catch-up™: weight Z-score increased at least by 0.67 units between birth
and 3 years (=31% of the sample)

e “Catch-down™ weight Z-score decreased at least by 0.67 units between
birth and 3 years (=25% of the sample)

e “Normal growth™ weight Z-score changed less than 0.67 units between
birth and 3 years (= 44% of the sample)

The catch-up group had higher weight/height Z-scores and BMI at 2 years
and 5 years of age,* and higher percentage body fat at 5 years* and at 8 years>®
(Figure 4.11).

Cohorts from Germany,’’, the United States,’? and the Seychelles> also reported
a positive association between rapid weight gain in the first 1 to 2 years and the later
risk of adiposity, as does a recent systematic review.>*

Insulin Sensitivity

Using a similar catch-up/catch-down/normal classification as used for obesity, Ong
et al. demonstrated that more rapid early weight gain was associated with poorer
insulin sensitivity and increased insulin secretion® (Figure 4.12).
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FIGURE 4.11  Effect of growth rate between birth and 2 years of age (“catch-up,” “normal,”
or “catch-down”) and BMI Z-score (mean and 95% confidence interval; left panel) and per-
cent fat mass (mean and 95% confidence interval; right panel) at age 5 years. Catch-up growth
is associated with higher BMI and higher percentage body fat. (Data from Reference 49.)
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FIGURE 4.12 Effect of growth rate between birth and 3 years of age (“catch-up,” “normal,”
or “catch-down”) and insulin sensitivity (%HOMA and 95% confidence interval; left panel)
and insulin secretion (mean and 95% confidence interval; right panel). Catch-up growth
is associated with increased insulin resistance and reduced insulin secretion. (Data from
Reference 55.)
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Not all studies agree, however. In a prospective cohort study of almost 1500 sub-
jects from India, adult insulin resistance or diabetes was associated with lower BMI
at age 2 years of life, an early age of adiposity rebound, and upward percentile cross-
ing after age 2 years.”®

Blood Pressure

Birth weight showed a significant inverse relationship with blood pressure at 3 years>’
and 10 years.”® The effect is seen in males and in females, but is stronger for systolic
blood pressure than for diastolic blood pressure.’”8

Faster postnatal weight gain was also associated with higher blood pressure. A
1-kg increase in weight gain between birth and 3 years of age was associated with an
increase in systolic blood pressure of 1.6 mmHg and an increase of 0.5 mmHg in dia-
stolic blood pressure.’” Both infantile (0 to 2 years) and childhood (2 to 10 years) weight
gains were significantly positively associated with blood pressure at age 10 years.*®

Greater height after age 4 months or greater weight-for-height after 3 years was
associated with higher systolic blood pressure.’® Only weight-for-height after 3 years
was associated with higher diastolic blood pressure.

Cognition

Larger head circumference at birth and more rapid head circumference growth
between 0 and 1 year were associated with higher full-scale IQ, verbal 1Q, and per-
formance 1Q at 4 years.”® A 1 SD difference in birth head circumference was asso-
ciated with a 2.4-point benefit in full-scale 1Q, a 1.7-point benefit in verbal IQ, and
a 2.5-point benefit in performance 1Q.” A 1 SD increase in head circumference
growth between birth and 1 year was associated with increases of 2.0 points (full-
scale 1Q, and verbal IQ) and 1.4 points (performance 1Q).> The rate of head circum-
ference growth between 1 and 4 years had no effect on IQ at 4 years.>® Effects were
less marked at 8 years.”

Early growth faltering (between birth and 9 months of age) was associated with
a significant reduction in IQ at age 8 years.®®* When this time period was examined
in more detail, there was a significant linear association between gain in weight
Z-score between 0 and 8 weeks and IQ at 8 years, but not between weight Z-score
gain between 8 weeks and 9 months and 1Q% (Figure 4.13).

In a modern cohort (born in the 1980s) recruited in Helsinki, larger size at birth
and faster growth after birth were significantly associated with improved cognitive
scores at 4.5 years.®' For example (Table 4.2), a 1 SD increase in birth weight was
associated with a 1.85-point increase in general reasoning and a 3.23-point increase
in visual motor score (both significant), but no significant change in verbal or lan-
guage competences.®! Growth between birth and 5 months of age appears to be most
important than at later periods, and gains in length or head circumference seem
more important than gains in weight or BML¢' This is broadly consistent with the
ALSPAC data showing that early weight gains (birth to 8 weeks) were significantly
positively associated with cognitive outcomes, but later growth rates (8 weeks to 9
months) were not.%
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FIGURE 4.13 Effect of growth rate between birth and 8 weeks of age (expressed as change
in weight Z-score [A, lower panel]) and 8 weeks and 9 months of age (B, upper panel) on
full-scale IQ (mean, 95% confidence interval). Increasing catch-up growth between 0 and 8
weeks, but not between 8 weeks and 9 months is associated with higher full-scale 1Q. (Data
from Reference 60.)

THE StockHOLM WEIGHT DEVELOPMENT STUDY

In the prospective Stockholm Weight Development Study, weight was measured at
birth, and at 6 months, 3 years, 6 years, and 17 years of age.5? % The effects of infan-
tile weight gain (between birth and 6 months) and childhood weight gain (between
3 years and 6 years) were examined for a range of measurements of body size, body
composition, and metabolic risk (using a cluster metabolic risk score) at age 17.6263

Weight gain during infancy (0—6 months) and weight gain during childhood (3 to
6 years) was positively associated with BMI, waist circumference, absolute fat mass
(kg), and relative fat mass (%) at 17 years.”? In each case, the 3-coefficient was higher
for childhood weight gain than for infantile weight gain, suggesting a stronger cor-
relation.®® Height at age 17 years was significantly associated with infantile but not
childhood weight gain.®?

When the cohort was divided into those who gained weight rapidly (an increase
of >0.67 SD), slowly (decrease of >0.67 SD), or normally (Z-score did not change
>0.67 SD), two different patterns were seen. Fat mass, waist circumference, and BMI
at 17 years were highest in the rapidly growing group, but similar in the other two
groups.5? In contrast, height and fat-free mass were highest in the groups that grew
more quickly or grew at a normal rate, and lowest in the group that lost more than
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TABLE 4.2

Effect of 1-SD Difference in Body Size (Weight, Length/Height, Head
Circumference, and BMI) and Growth Rate (0-5 months, 5-20 months, and
20-56 months) on General Reasoning, Visual-Motor, Verbal Competence,
and Language Competency Score

General Visual Verbal Language
Reasoning Motor Competence Competence
Weight At birth 1.85 3.23 ns ns
0-5m 1.08 1.93 ns ns
5-20 m ns ns ns ns
20-56 m ns ns ns ns
Length/height At birth 0.58 0.84 0.77 0.55
0-5m ns ns ns ns
5-20m ns 1.29 ns ns
20-56 m ns ns 1.57 1.03
Head circumference At birth 0.78 1.34 147 ns
0-5m ns 1.46 ns ns
5-20 m ns 1.29 ns 1.17
20-56 m ns ns ns ns
BMI At birth ns 0.86 ns ns
0-5m 0.97 2.20 ns ns
5-20 m ns ns ns ns
20-56 m ns ns ns ns

Note: Significant differences are shown in bold, non-significant differences are shown as ns.
Source:  Data from Reference 61.

0.67 SD.®2 The same patterns were seen for weight gain in infancy and for weight
gain in childhood.

In other words, the optimum growth pattern between birth and 6 months and
between 3 years and 6 years was for subjects to grow along their percentile line.
Upward percentile crossing (weight SD-score increasing more than 0.67) was associ-
ated with adverse changes in measures of body fatness (BMI, waist circumference,
and fat mass). Downward percentile crossing (weight SD decreasing more than 0.67)
was associated with adverse changes in height and lean body mass.®?

More rapid infantile (birth to 6 months) growth was associated with an increase
in the clustered metabolic risk at 17 years, and this remained true even adjusting for
birth weight Z-score, gestational age, gender, current height, maternal height, and
social class (none of which were significant).®® Higher weight gain between birth and
6 months was also associated with higher waist circumference, higher blood pres-
sure, higher serum triglycerides, higher HDL cholesterol, and a trend toward lower
serum insulin (P = 0.08), but no effect on blood glucose.®
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Summary of Effects of Early Growth from Prospective Cohort Studies
Lower birth weight was associated with:

e No difference in blood pressure at age 3 years®’

e Lower systolic and diastolic blood pressure at 10 years®

e Reduced insulin secretion at 8 years>

¢ Decreased cardiovascular fitness at 8 years®

* Increased optimality deviance and retinal tortuosity at 12 years (a possible
marker for early endothelial dysfunction)®

e Lower full-scale, performance, and verbal 1IQ at 4 years of age (head
circumference)®

e No effect on full-scale, performance, and verbal IQ at 8 years of age
(head circumference)®

Faster growth between birth and 3 years of age was associated with:

e Higher BMI at 5 years and 8 years (49,50,55), and at 17 years®

e Higher fat mass (%) at 5 years (49) and 17 years®

e Lower insulin sensitivity at 8 years>

e Higher systolic and diastolic blood pressure at age 3 years>’

* Higher systolic blood pressure at 10 years>®

e Higher full-scale, performance, and verbal IQ at 4 years of age (head cir-
cumference growth 0 to 1 year)*

* Higher full-scale and performance IQ at 4 years of age (head circumference
growth O to 1 year)®

Larger body size at 3 years was associated with:

e Higher BMI in later childhood*®->°
» Higher systolic and diastolic blood pressure at age 3 years (height and BMI)*’

Faster childhood growth (after 3 years) is associated with:

e Higher BMI at 17 years®
e Higher fat mass (kg or %) at 17 years®

CASE-CONTROL COHORTS

One limitation of the large retrospective or prospective cohort studies is that they
contain a relatively small proportion of SGA infants. An alternative study design is
to recruit SGA infants and compare them to AGA infants (a case-control design).

In one series of papers from Barcelona, Spain,®®¢7 small groups (n = 20-30) of
SGA and AGA infants were followed prospectively. The SGA group, as expected,
was of significantly lower birth weight than the AGA group (2.1 [SD 0.5] vs. 3.3 kg
[SD 0.5], P < 0.001) but of similar gestation age.®® The SGA caught-up with the AGA
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group by 2 years of age and the groups were of similar weight, length, and BMI at 2
years, 3 years, and 4 years of age.5

At 2 years, the SGA group had significantly lower fasting insulin levels and sig-
nificantly higher insulin sensitivity than the AGA group.® These differences were
lost by 3 years of age, and by 4 years of age the situation had reversed—the SGA
group now had significantly higher fasting insulin levels and significantly lower
insulin sensitivity than the AGA group.

There were no significant differences between groups in lean body mass, percent-
age body fat, or abdominal fat mass at 2 years or 3 years of age, but by 4 years of
age the SGA group had significantly higher percentage body fat, higher abdominal
fat mass, and lower lean mass.®® The major determinant of either abdominal fat mass
or percentage body fat in the SGA children at 4 years was the rate of weight gain
between 0 and 2 years.%® Weight gain between 2 and 4 years was significantly related
to percentage body fat, but not to abdominal fat mass.%

When the cohort was re-studied at age 6 years, the SGA infants now had higher
BMI than the AGA infants®” and greater visceral fat mass by X-ray absorptiometry
(DXA).%7 The previous differences in total fat mass, abdominal fat mass, percentage
body fat, and fasting insulin were even more marked at 6 years than they had been at
age 4 years.” In other words, markers of adiposity and insulin resistance continued
to diverge between 4 years and 6 years,” even though the groups gained similar
amounts of weight between 4 years and 6 years.®’

In a comparison of 32 SGA and 32 AGA children matched for weight, height,
and BMI at 6 years of age, the SGA infants had significantly higher fasting insulin,
higher subcutaneous fat, higher visceral fat, and higher visceral-to-subcutaneous fat
ratio.®® At 8 years of age, the differences in fasting insulin were maintained but the
differences in body composition had diverged further.® Between 6 years and 8 years,
the SGA children gained approximately 25% less lean mass than the AGA children
(p=0.01) and 33% more fat mass (p < 0.05).® The SGA infants also had a larger
increase in BMI between 6 years and 8 years than the AGA infants did.®

The effect of catch-up growth among SGA infants has been examined in a number
of studies. Soto et al. compared 23 AGA infants and 85 SGA infants.”” Approximately
75% of the SGA infants had rapid weight gain in the first year of life (an increase in
weight Z-score >0.67) and approximately 50% had rapid length gain. At age 1 year,
rapid weight gain was associated with a higher BMI, but rapid length gain was not.”
SGA infants with rapid weight or length gains had higher fasting insulin levels than
SGA infants without rapid gains and AGA infants. Rapid length gain was also asso-
ciated with poorer glucose tolerance.”

When this cohort was re-examined at age 3 years’! the SGA infants still had
significantly lower weight, height, and BMI than the AGA infants. Despite this, the
SGA infants had higher fasting insulin levels, worse insulin resistance, and lower
glucose disposal index (a measure of beta-cell function).”! Increased weight gain
during the first 3 years of life was associated with significantly higher insulin resis-
tance.”! Of note, this relationship did not differ whether subjects were SGA or AGA.
In other words, the higher insulin resistance in SGA infants was not due to their
SGA-status itself, but was instead due to the more rapid growth rate seen in SGA
infants. Therefore, early growth rate may mediate the apparent relationship between
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SGA and insulin resistance. When glucose disposal rates were examined in the AGA
and SGA infants combined, a higher glucose disposal rate (i.e., improved beta-cell
function) was positively associated with both birth weight and postnatal growth
rate.”! Lower birth weight, therefore, reduces glucose disposal rate, but faster postna-
tal growth (including catch-up growth) improved it.”!

Ibanez et al. compared 32 AGA infants, 32 SGA infants with catch-up in height,
and 24 SGA infants who remained short’ at approximately 6 to 7 years of age. The
short SGA infants had significantly lower fasting insulin, lower insulin resistance,
lower fat and lean mass (by DXA), and lower subcutaneous fat mass (by MRI) than
the other two groups. The short SGA children also had higher visceral fat mass than
the SGA group with catch-up, and higher visceral-to-subcutaneous fat ratio than the
AGA infants.”? Similarly, in a Chinese cohort, SGA infants with catch-up growth had
higher fasting insulin and worse insulin resistance at age 6 years than AGA infants,
or than SGA infants without catch-up growth.”

In a diverse cohort of adults with short stature (SGA n =25, AGA n=23) or
with normal height (SGA n =23, AGA n = 26), faster weight gains between 0 and
3 months appear to affect later adiposity and insulin resistance more than growth
between 3 and 6 months, 6 and 9 months, or 9 and 12 months.” Higher gains in
weight Z-score between 0 and 3 months were associated with higher waist circum-
ference, lower insulin sensitivity, higher acute insulin response, higher total-to-HDL
cholesterol ratio, and higher serum triglycerides.” Growth between 3 and 6 months
was positively associated with acute insulin response but not to BMI, percentage
body fat, trunk-to-total fat ratio, waist circumference, waist-to-hip ratio, insulin
sensitivity, glucose disposal index, serum cholesterol, serum triglycerides, or blood
pressure. Growth between 6 to 9 months and 9 to 12 months had no detectable effect
on these outcomes.™

CAse-CoNTROL COHORTS—SUMMARY

Case-control cohorts are consistent in demonstrating that SGA status at birth is asso-
ciated with improved insulin sensitivity and reduced adiposity in early life, but this
situation is soon reversed and SGA infants are at long-term risk of increase adipos-
ity, increased visceral adiposity, and poorer glucose tolerance. More rapid postnatal
“catch-up” growth appears to further worsen the situation and increases the risk of
both insulin resistance and increased adiposity.

FAMINE STUDIES

Episodes of famine, from failure of harvests, social upheaval, or war, constitute what
have been called “natural experiments” in which to study the effect of maternal (and
hence fetal) malnutrition.” Many such cohorts have been reported, dating from 19th
century crop failures in Sweden, to seasonal famines in Bangladesh from 1970 to
the 2000s."> Two of the more widely studied famines are the Dutch Famine of 1944
(the Hunger Winter) and the Siege of Leningrad (1941-1944), both of which resulted
from human actions at the end of World War II.
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FIGURE 4.14 Conceptual model of the similarities between maternal famine exposure and
preterm birth. EDD = expected date of delivery.

Superficially, the famine model is reminiscent of what happens to preterm infants
(Figure 4.14). Similar to fetal malnutrition during a famine, preterm birth leads to
a reduced body weight at the expected date of delivery (EDD, term corrected age).
By comparing subjects exposed and not exposed to famine conditions, we may gain
insight into the metabolic risks that preterm babies with ex utero growth restriction
may be exposed to.

DutcH FAMINE (THE HUNGER WINTER)

In 1944, toward the end of World War I, large parts of the Netherlands were block-
aded by German forces leading to a widespread, severe famine (the Hunger Winter,
Hongerwinter). As the nutritional insult was relatively short, this has allowed
researchers to examine the effects of nutritional deprivation at different stages
of gestation as well as at different ages during postnatal life.> !> Several different
cohorts have been examined and published that may differ in their degree and dura-
tion of famine exposure.!

Obesity
One of the first follow-up studies of adults affected by the Hunger Winter prenatally
was published in 1976, pre-empting the later work of Barker and colleagues by more
than 20 years.!"” Approximately 300,000 men who presented for military service at
age 20 years were examined.” Rates of obesity depended on the timing of famine
exposure, with those exposed in early pregnancy being at increased risk of adult
obesity, while those exposed later in pregnancy being at reduced risk."”

Subsequent studies showed that at 50 years of age, women with early gesta-
tional famine exposure had increased BMI and waist circumference compared to
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non-exposed women,” but there was no such effect in men.” Exposure to famine in
mid- or late gestation had no effect in either gender at age 50 years.”

Mortality

One closely followed cohort is that born in Amsterdam at the Wilhelmina Gasthuis
Hospital, who have had their mortality rates assessed at multiple times.

At age 50 years, mortality rates were 11.5% for those exposed in early preg-
nancy, 11.2% for those exposed in mid-pregnancy, 14.2% for those exposed in late
pregnancy, 15.2% for those exposed postnatally, and 7.2% for those who were not
exposed to the famine.”® However, this difference in mortality was entirely explained
by differences in mortality in the first week of life.”® There were no differences in
adult mortality rates depending on famine exposure either at age 50 years’ or at
age 57 years.”” However, by age 60 to 64 years, women exposed to famine in early
pregnancy had significantly increased adult mortality rates than non-exposed sub-
jects.”® Significant differences were identified both for adult mortality from cancer,
and from cardiovascular disease, as well as overall mortality.”® No differences were
apparent in males.”® The dominant effect on cancer appears to be an increase in
breast cancer.” Mid- or late pregnancy exposure had no effect on mortality.”

Summary of Outcomes at Different Exposure Times

The effect of the Dutch Famine appears to depend on the time of exposure.
Periconceptional exposure is associated with:

e Decreased fertility!'®
¢ Increased neural tube defects!®

Exposure during early pregnancy is associated with:

e Increased stillbirths'¢

e Normal birth weight?

e Increased mortality in first week of life!
e Increased obesity at 19 years'”

e Adverse blood lipid profile®®

e Increased CHD??

e Schizophrenia®!

e Personality disorders?®!

Exposure in late pregnancy is associated with:

e Preterm birth'

e Low birth weight birth®!

e Increased mortality in the first week of life'

e Reduced obesity at 19 years!'” but no difference at age 50 years™
e Poorer glucose tolerance®-82

e Increased hypertension®
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Postnatal exposure is associated with:

e Early menopause?®!
¢ Increased breast cancer rates®!

In general, famine exposure during early pregnancy significantly increased still-
birth rates, but those who survived were of normal birth weight, had higher early
neonatal mortality, and developed later obesity, atherogenic lipid profiles, and
CHD.>16:30 Exposure later in pregnancy increased the risk of preterm birth and low
birth weight birth and reduced rates of adult obesity, but was associated with insulin
resistance and hypertension as an adult.'®80-8!

LENINGRAD SIEGE

The Siege of Leningrad began on September 8, 1941 and continued until January 27,
1944, a total of 874 days. At least 1.5 million people died and as many as another 1.4
million were evacuated (many of whom also died). The survivors suffered dramatic,
profound, and sustained starvation. In contrast to the Dutch Famine, fetuses who
were malnourished prenatally usually also suffered prolonged postnatal starvation
as well. Catch-up growth was much less common than seen in the Dutch Famine.

One of the first published medical reports of the neonatal effects of the Siege was
in 1947.8 The Siege led to dramatic increases in the stillbirth rate, reduced average
birth weight by 500 to 600 g, and greatly increased neonatal mortality (to as high
as 32%).%% Despite this, adults who experienced the Siege prenatally showed no dra-
matic changes in adult weight, height, or BMIL.3* Nor were blood pressure, glucose
tolerance, lipid profiles, or CHD significantly different.?* It has been speculated that
this may be because the prolonged duration of the Siege (= 900 days) meant that sub-
jects were exposed pre- and postnatally to starvation, and there was no “‘mismatch-
ing” between in utero and postnatal nutritional availability.’

Exposure to the Siege and the resultant famine conditions as children does have
detectable long-term consequences. For example, adult blood pressure is increased
with exposure between 6 and 8 years in females, and between 9 and 15 years in
males.®> Mortality from CHD is increased in men exposed between 6 and 8 years of
age, or between 9 and 15 years of age.®

OTHER FAMINES

In an extensive review of the diverse famine literature, Lumey et al. conclude that the
best evidence for an effect of prenatal famine is on adult obesity, glucose intolerance,
and schizophrenia.!?

One confounding effect of all famine studies is that the stillbirth rate is usu-
ally high during famine conditions.” It is possible that the newborns who survive
to be born alive during severe famines are not representative of all fetuses, or of the
fetuses born in non-famine conditions. Famine, therefore, may select for a popu-
lation of fetuses able to withstand nutrition deprivation in utero, perhaps through
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genetic differences. It is possible that the same genotype modifies the later risk of
insulin resistance (see “Thrifty Genotype”™).

The same, of course, may be true of preterm infants as well. Subjects that deliver
prematurely may have genotypic differences from those who are not born preterm,
and those who survive extremely preterm birth may have genotypic from those who
do not. In theory, at least, these differences could be related to differences in long-
term outcomes between preterm infants and those born at term.

CONFOUNDING FACTORS IN COHORT STUDIES

IN Utero (FETAL) STUDIES

One major limitation of these studies is the use of birth weight as an assessment of
adequacy of the fetal nutritional environment. A neonate may be born below the
third percentile at birth for a variety of reasons. For example, the fetus may have
(1) suffered a sustained nutritional insult through much or all of pregnancy, (2) suf-
fered a brief nutritional deficiency immediately before birth, (3) suffered a short-
term nutritional insult early in pregnancy that they have partially (but incompletely)
caught-up by the time of delivery, or (4) been genetically “predetermined” to be
below the third percentile and have grown appropriately in utero and been born at his
or her genetically optimal body size. Some SGA infants, therefore, may be growth
restricted, but not all. One way to overcome the difficulty in using body weight as a
proxy measure of in utero growth is to directly measure growth in the fetus before
delivery. As growth is a dynamic process, serial measurements of in utero size can
identify true fetal growth restriction from an adequate rate of weight gain between
two timed assessments.

BIRTH Si1zE As A PrROXY FOR FETAL GROWTH

Cross-sectional studies of fetuses with a diagnosis of in utero growth restriction
(IUGR) have demonstrated decreased fetal fat deposition at 30 to 31 weeks of ges-
tation® and at 33 to 34 weeks gestation.” However, to really assess the effect of in
utero growth rates, serial, longitudinal, assessments are required.

Hemachandra et al.?® used serial ultrasounds to diagnose IUGR, and then mea-
sured body size at birth. Fetuses with growth restriction during the third trimester
had lower weight and ponderal index at birth.®8 However, fetuses with first trimester
growth retardation “caught-up” and had similar body weight to controls at birth®®
(Figure 4.15).

Ay et al. estimated weight of fetuses at 20 weeks of gestation and at 30 weeks of
gestation by ultrasound, and measured body weights at birth, 6 weeks, and 6 months
postnatal age in the same subjects. Body composition was assessed at 6 months.%
The association between weight and later measures of adiposity increased with
advancing age. Neither estimated fetal weight at 20 weeks or 30 weeks was signifi-
cantly related to total percent fat, truncal fat percent, or peripheral fat percent at 6
months.® However, birth weight was significantly positively associated with total fat
percent and peripheral fat percent, and weight at 6 weeks was significantly positively
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FIGURE 4.15 Effect on birth weight (mean and 95% confidence interval) of fetal growth
restriction at different times during gestation. Fetal growth restriction during the third tri-
mester, not at other times, is associated with lower birth weight. (Data from Reference 88.)

correlated with total fat percent, peripheral fat percent, and truncal fat percent.®
Growth rates between 20 and 30 weeks of gestation were positively correlated with
fat mass, lean mass, and percentage fat at 6 months of age. Growth rate between 30
weeks gestation and birth had no such effects. Postnatal growth between birth and 6
weeks, and between 6 weeks and 6 months, were both positively associated with fat
mass and fat mass percent, but not with lean mass at 6 months.%°

Subjects were then classified into those with catch-up growth (an increase in
weight Z-score of >0.67 between two sequential measurements), catch-down growth
(a fall in weight Z-score of >0.67 between two sequential measurements), and “non-
changers” (sequential measurements of weight did not differ by more than 0.67 SD)¥
(similar to that described in the postnatal ALSPAC*-> and the Stockholm Weight
Development Study®>%* cohorts). At each time interval (20 to 30 weeks gestation,
30 weeks gestation to term, term to 6 weeks, 6 weeks to 6 months), catch-up growth
tended to be associated with higher percentage fat at 6 months of age compared to
non-chargers. Catch-down was similarly associated with a lower percentage fat mass
at 6 months with the exception of the period between 30 weeks and term. Over this
time, both catch-up and catch-down growth were associated with increased body fat
percentage at 6 months.%

Beltrand et al. used fetal ultrasound examinations at 22, 26, 32, and 36 weeks
to identify a cohort of fetuses with and without fetal growth restriction.”® Postnatal
body size was followed at birth, 4 months, and 12 months of age. At birth, the fetal
growth-restricted subjects had lower BMI, lower BMI Z-score, lower sum of skin
folds, and lower upper arm muscle circumference than the subjects without fetal
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growth restriction. There were no differences in any of these four outcomes at 4
months or 12 months of age.”® Among the subjects diagnosed with fetal growth
restriction, sum of skin folds at 4 months was significantly associated with change
in weight Z-score between 22 weeks and term, with birth weight (p = 0.06), and
with change in BMI Z-score between birth and 4 months.”® Similarly, the sum of
skin folds at 12 months in the subjects with fetal growth restriction was signifi-
cantly associated with change in weight Z-score between 22 weeks and term, with
birth weight (p = 0.10) and with change in BMI Z-score between birth and 4 months,
and between 4 and 12 months.”® Significant effects of fetal growth on sum of skin
folds at 4 months or at 12 months was not seen for those subjects who had not been
diagnosed with fetal growth restriction, but the effects of postnatal changes in BMI
Z-score did remain significant.”®

Summary of Effects of Fetal Growth Rate
Fetal growth during the first 20 weeks of gestation is associated with no effect on
birth weight.®

Fetal growth rate during the second 20 weeks of gestation may be associated with:

e lower birth weight?®

e lower BMI, lower BMI Z-score, lower sum of skin folds, and lower upper
arm muscle circumference at birth®

e lower sum skin folds at 4 and 12 months (only if diagnosed with fetal growth
restriction [FGR])*

e lower fat mass, lean mass, and percentage body fat at 6 months (only for
growth 20 to 30 weeks, not growth 30 weeks to birth)®

Dier AND EXERCISE AS CONFOUNDING VARIABLES

Diet and exercise are known to affect the risk of long-term cardiovascular mortality
and the risk of type 2 diabetes. However, in the 1934-1944 Helsinki cohort, size at
birth was also associated with nutritional intakes in later life.”! For example, lower
ponderal index at birth and lower birth weight are associated with a significantly
lower intake of fruits and berries, rye and rye products, a trend toward higher intakes
of potatoes and potato products, and a trend toward higher intakes of processed
meats in adults.”!
One can ask why these different food preferences are seen.

e Are they “programmed” by the different nutritional exposures in utero?

e Are the results of learned food preferences in childhood reflecting the dif-
ferent foods offered due to differences in factors (social or lifestyle) that
were associated with lower body size at birth?

e Are the results of learned food preferences in childhood reflecting the dif-
ferent foods offered to children because they were known to have been
small at birth and needed “feeding up”?
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The difficulty distinguishing between these mechanisms demonstrates the limi-
tations of even the best observational cohort studies. Whatever the reason, these
differences (especially in fruits and berries and in processed meats) could confound
the presumed relationship between low size at birth and later cardiovascular or meta-
bolic outcomes.

These differences in types of food consumed are reflected in the intake of specific
nutrients. Elderly subjects whose birth weight or birth ponderal index was higher
consumed a larger proportion of their total energy intake as sugars, fructose, sucrose,
and fiber and a lower proportion as fat, especially as mono-unsaturated fats.”!

As discussed earlier, the adverse effects of higher salt intakes on hypertension*
and the beneficial effects of exercise on type 2 diabetes (Figure 4.9)*” were only seen
in subjects in the Helsinki cohort who had smaller body size at birth, not in those
with larger body size at birth.

The Helsinki cohort also identified associations between infantile body size and
the amount of leisure time physical activity (LTPA).”> Among 2003 subjects from
the 1934-1944 cohort, LTPA at age 57 to 70 years was significantly higher in sub-
jects who were heavier or longer at birth, or heavier at 2 years of age.’> These effects
persisted even when adult BMI was taken into account.”> Once again, this could
confound the apparent association between lower body size at birth or at age 2 years
and later development of CHD or type 2 diabetes.

Physical fitness (as measured by the VO,,,,,) in adulthood was unaffected by body
size at birth,”? but was positively associated with height or weight at 2 years.”> Adult
VO,,..x Was also associated with greater height gains between O to 2 years and 2 to 7
years, but not between 7 and 11 years, and greater weight gains between 0 to 2 years
but not between 2 to 7 years or 7 to 11 years.

Although birth weight does not seem to affect VO,,,,, in the elderly,” it may affect
resting metabolic rate.** From the 1934-1944 Helsinki cohort, 896 elderly men and
women had resting energy expenditure assessed.”* In the women, the resting meta-
bolic rate adjusted for current age and fat-free mass was negatively correlated with
birth weight, that is, those of lighter birth weight had higher adjusted resting energy
expenditure. In men, the pattern was different, and a U-shaped relationship between
birth weight and adjusted resting energy expenditure was seen. Males with the high-
est or lowest birth weight had the highest adjusted energy expenditure as adults.**

CATCH-UP GROWTH OF PRETERM INFANTS

Postnatal growth of preterm infants is known to be poor between birth and the time
of hospital discharge or near term-expected age,”'° but after hospital discharge
some degree of catch-up growth occurs in most preterm infants.?>%68-190 Catch-up
is largely complete by 2 to 3 years but may continue to a lesser degree throughout the
rest of childhood and adolescence.%>%6-98-100

For example, in one cohort of very low birth weight infants (VLBW, birth
weight < 1.5 kg) 20% were below the third percentile for weight at birth, increas-
ing to 54% at term.” Subsequent catch-up growth reduced the number below the
third percentile to 33% at 8 months and to 8% at 8 years.”> Similar changes were
seen for length-for-age.”> Between 8 and 20 years there was no further weight or
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height catch-up in males, but some catch-up in weight, but not height, in females.?
Catch-up growth is slower in SGA preterm infants than in AGA preterm infants,”
and at age 8 years approximately 18 to 20% of SGA VLBW infants are below the
third percentile for weight or height, while only 6% of AGA VLBW infants are
below the 3rd centile.?

Catch-up growth may be less complete, or slower, in infants with major mor-
bidities,”® SGA infants (especially males),”® and in more preterm infants.”®'% For
example, Farooqi et al. examined the growth of 246 very preterm (23 to 25 weeks
gestation) infants born in Sweden.'”" In this population, growth continued to worsen
between term and 3 months corrected age, with decreases noted in both weight
and length Z-score.'”! After this, there was steady catch-up growth in weight and
length/height until at least 11 years of age. However, almost no further catch-up in
head circumference was seen after 3 months corrected age (Figure 4.16).

Late preterm infants (gestational age 32 weeks to 35 weeks 6 days) may also have
ongoing growth deficits. They appear to be smaller than their term-born peers until
at least 4 years of age!® and even over this narrow range of gestational ages, more
preterm infants seem to grow more slowly.!%3

In summary, the growth pattern of preterm infants is one of:

e Ex utero growth restriction after birth

* A high incidence of small body size at discharge and at term-corrected age
(both weight and height below the third percentile)

e Increased rates of growth between birth and 2 to 3 years (early catch-up growth)

* Reduced weight, height, head circumference, and BMI at age 2 to 3 years

e Rates of growth after 2 to 3 years are probably also increased, but less so
than before age 2 to 3 years

The growth pattern of preterm infants is very reminiscent of the high-risk pattern
of growth seen in term infants.'% If the in utero effects in the fetus are applicable
to the ex utero events in preterm infants, then small body size at term-expected age
should increase the risk for CHD, type 2 diabetes, hypertension (based on retrospec-
tive cohort, prospective cohort, and case-control studies), and poorer cognitive out-
come. More rapid growth during the first 2 to 3 years after term-expected age would
be expected to increase the risk of CHD, type 2 diabetes, hypertension, and obesity,
but may improve cognitive outcome (based on prospective cohort studies and case-
control cohorts).

The obvious implication for neonatologists is to minimize the amount of ex utero
growth restriction (EUGR) in preterm infants, as this would reduce the risk of both
cognitive deficits and long-term adverse metabolic outcomes.

In later chapters, we will review the evidence that catch-up growth in preterm
infants affects cognitive (see Chapter 7) or metabolic outcomes (see Chapter 6).
However, putting those questions aside for now, if EUGR does develop in preterm
infants, one is left with the classic dilemma;'* does encouraging catch-up growth
improve neurodevelopmental outcomes at the cost of metabolic outcomes, or does
avoidance of catch-up growth reduce the risk of adult-onset diabetes, hypertension,
and CHD, but at the cost of impaired neurodevelopment?
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FIGURE 4.16 Comparison between weight Z-score (mean +1 SD), height/length Z-score,
BMI Z-score, and head circumference Z-score in extremely preterm and term infants between
birth and 11 years of age. Catch-up growth in weight, length, and BMI occurs between 3
months and 11 years of age, catch-up in head circumference is complete by 8 months of age.
(Data from Reference 101.) (continued)
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FIGURE 4.16 (CONTINUED) Comparison between weight Z-score (mean +1 SD), height/
length Z-score, BMI Z-score, and head circumference Z-score in extremely preterm and term
infants between birth and 11 years of age. Catch-up growth in weight, length, and BMI occurs
between 3 months and 11 years of age, catch-up in head circumference is complete by 8
months of age. (Data from Reference 101.)
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THRIFTY PHENOTYPE

The thrifty phenotype hypothesis is a popular explanation for the link between low
birth weight or [UGR and later metabolic diseases. It states that the phenotypic devel-
opment of the fetus is modified by in utero exposures including dietary, toxic, and
endocrine factors. For example, when a fetus is exposed to malnutrition in utero,
phenotypic changes occur due to the developmental plasticity of the individual at
that critical time period. If these changes are adaptive (beneficial) and increase the
chance of the fetus surviving to birth, the fetus may be born alive but with low birth
weight. After birth, however, the phenotypic changes that developed in utero continue
(are programmed). Postnatally the infant may be exposed to different conditions than
existed prenatally, for example nutrient supply may be less limited or even available
to excess (i.e., there is mismatching between pre- and postnatal conditions). In these
new conditions, the previously beneficial adaptations that become programmed in
utero may become maladaptive and increase the risk of adult diseases such as insulin
resistance/diabetes or hypertension. The fetus has therefore traded short-term benefit
(survival) for long-term harm (an increased risk of adult-onset diseases).

Animal models support the relationship between nutritional (or other) exposures
in critical fetal periods and an effect on long-term postnatal phenotype, and suggest
multiple mechanisms that may link the two.> 105-109

As these nutritional insults lead to IUGR, it is an obvious supposition that physi-
cal growth of tissues, or of specific cell types, may be partly responsible for the
increases in hypertension and diabetes.!%%16:108 Decreases in pancreatic beta-cell
mass have been reported in animal models of ITUGR and could predispose to devel-
opment of diabetes in later life.!0%107.108. 110 Simjilarly, reductions in nephron number,
glomeruli number, or renal size in utero are observed in animal models and could
predispose to the development of hypertension as animals age.!0-106.108,109 Tt jg also
possible that exposure to elevated levels of maternal corticosteroids, which is com-
mon in maternal dietary manipulation studies, may either accentuate other effects or
be directly response for the change in phenotype.!03 108

EPIGENETICS AND FETAL “PROGRAMMING”

Another popular and intensively studied mechanism is in utero epigenetic modifica-
tions.'!-11° The term epigenetics was first used in the 1940s to describe the process
by which the environment interacted with the genotype to produce a phenotype.''”- 118
It is now usually defined as “heritable changes in gene expression not attributable to
nucleotide sequence variation.”''> There are multiple ways in which the long-term
expression of genes can be modified without altering the underlying base sequence.
The two most widely studied mechanisms are changes in DNA methylation and his-
tone modifications.!12-114

DNA Methylation'"®

Cytokine residues within CpG islands in DNA can be enzymatically methylated,
which reduces the binding of transcription factors and so reduces expression of the
gene.'' Specific transcription blocking proteins can also bind to the methylated
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DNA and further limit gene transcription.!’3 In the process of normal development,
DNA becomes demethylated in germ cells''> and methylation patterns become re-
established during development, partly in response to in utero conditions.!'> DNA
methylation patterns are relatively stable during later life, but do diverge in mono-
zygotic twins with increasing age and with exposure to different life events.? DNA
methylation is an attractive and plausible mechanistic explanation for the thrifty phe-
notype as it presents the prospect of the fetus as an epigenetic “blank sheet” follow-
ing DNA de-methylation, in which in utero exposures (including maternal diet) can
“write on” during DNA re-methylation, leading to long-lasting, possibly permanent,
changes in gene expression.

Histone Modifications'?'

The DNA helix is condensed in nucleosomes where the DNA is wrapped around his-
tone proteins. These proteins can be modified by methylation, acetylation, or phos-
phorylation. The process is complex and still incompletely understood, but histone
modification can either open-up local DNA structure and make genes more assess-
able and therefore increase transcription, or decrease gene transcription.'?!
Epigenetically modified genes are typically either imprinted or metastable epial-
leles."'? In imprinted genes, either the maternal or paternal copy of the gene is deacti-
vated epigenetically and individuals only express one copy of the gene.!'? For example,
genes promoting fetal growth are typically paternal imprinted (the paternal copy is
expressed) while those moderating fetal growth are usually maternally imprinted. In
metastable epialleles, both copies of the gene are expressed, but one or both haplotypes
can be modified epigenetically to alter the level of expression of the gene.!'”
Epigenetic modification has been an active area of research to try to identify
mechanisms underlying the thrifty phenotype because of their biological plausibil-
ity, the development of high-throughput automated methods of quantifying DNA
methylation, and because the agouti mouse provides such a compelling “proof of
concept” of the link between in utero exposures (including dietary exposures), epi-
genetic modifications, and long-term phenotype (including the risk of diabetes).

THE AGouTi MOUSE

The agouti gene codes for either a black pigment (eumelanin, “a” allele) or a yellow
pigment (phaeomelanin, “A” allele) and brief expression of the A allele in hair fol-
licles leads to a brown “agouti” coat color in AA or Aa genotypes, rather than the
black coat of the aa genotype.!?

In the agouti viable yellow (Avy/a) mouse, a retrotransposon (IAP) inserted
upstream of the agouti promoter leads to ectopic expression of the agouti gene in all
tissues, and results in a yellow coat, obesity, adult onset diabetes, and tumor devel-
opment.'?? The level of agouti gene expression is affected by methylation of CpG
islands in the IAP region. Increased methylation leads to reduced expression of the
agouti gene and is seen phenotypically as a darker coat, and reduced rates of obesity
and adult onset diabetes. The change in coat color (from yellow to mottled to tan)
provides a simple phenotypic marker of the level of DNA methylation (from low to
medium to high) and predicts the development of other phenotypic changes such as
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obesity and diabetes.!?> 123 The agouti gene is therefore an example of a metastable
epiallele—epigenetic changes (in this case, DNA methylation) are able to alter the
expression of the gene without changes in the nucleotide sequence.!'?

In utero exposures have been shown to affect the agouti phenotype. Maternal
BPA treatment decreases agouti gene methylation, increases agouti gene expres-
sion, and shifts the phenotypic distribution toward the yellow coat/diabetic end of
the spectrum.'?? In contrast, a maternal diet rich in methyl donors (choline, betaine,
folate, B,,) increases DNA methylation, decreases gene transcription, and pushes the
phenotype of offspring toward the brown coat/non-diabetic end of the spectrum.'?*
As Avy/a animals pass through multiple generations, the phenotype gradually shifts
toward the yellow coat/high-risk phenotype via the maternal line. This trans-genera-
tional effect is also prevented by maternal methyl donor supplementation.!?3

Another example of isogenic rodents with obvious changes in phenotype due to
a metastable epiallele is the Axin fused mouse. These animals show wide variations
in the amounts of tail kinking despite being genetically identical. Once again, the
explanation is variable amounts of methylation in a retrotransposon, this time in the
Axin'* gene. The degree of tail kinking is inversely correlated with the amount of
methylation of the gene.'?® A methyl donor supplemented diet given to the pregnant
dams increases DNA methylation of Axin fused gene in the fetuses, reduces gene
transcription, and changes the phenotype of the offspring (reducing the amount of
tail kinking by 50%).12¢

The agouti mouse provides dramatic “proof of concept” that the epigenome of the
offspring is susceptible to modification based on maternal dietary exposures. There
is now a large amount of literature on epigenetic modifications and its role in the
developmental origin of adult diseases.!'> !¢ Intervention shown to lead to epigenetic
changes includes maternal or paternal dietary changes (low-protein, low-calorie, or
high-fat diets), other exposures during pregnancy (smoke, uterine artery ligation, or
toxic exposures), or postnatal dietary restriction or nutritional supplementation (see
reviews).!12 115116 Here, we will concentrate on the effect of epigenetic modifications
in human cohorts.

EpiGeNETIC EFFeCcTS IN HUMAN COHORTS

The Dutch Famine

The epigenetic effects of exposure to the Dutch famine have been examined in a
number of studies.'?’-13! Famine exposure has been shown to reduce the methylation
of several genes including IGF2!2%129 (especially at DMRO0)"*! and INSIG1 insulin
induced gene 1 (INSIG1)'* and increase the methylation of the leptin gene'?® and
the DMRI1 region of IGF2.13! Periconceptional famine exposure may have a larger
effect on DNA methylation than exposure in mid- or late pregnancy,'?® 12 but later
exposure is also associated with changes in methylation.'?

Effect on Birth Weight and Later Body Size

Levels of methylation of some genes can affect body size at birth.'3? For example,
methylation of LINE-1 and AluYb8 in the placenta is positively associated with birth
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weight,'*3 and decreased methylation of IGF2'* or increased methylation of leptin
DMR!'® increases the incidence of being born SGA.

Methylation levels of exon 1F of the glucocorticoid receptor are similar in SGA
and AGA newborns, but are significantly increased in those born LGA.*® LGA
infants may also have increased methylation of a PLAGL1 DMR.'3

In preterm infants, no differences in methylation of the leptin, INSIGI, or IGF2
genes are seen between those with a birth weight Z-score less than —1 and those with
a birth weight Z-score greater than —1.137

Lower levels of leptin DMR methylation are associated with higher serum leptin
concentrations and increased BMI at 17 months of age,'* and at 12 months of age,
overweight infants have higher levels of H19 methylation, but no differences in IGF2
DMR methylation.!3

THE THRIFTY GENOTYPE

The thrifty phenotype is not the only possible explanation for the link between low
birth weight and insulin resistance in later life. An alternative explanation is that
both low birth weight and later development of type 2 diabetes are manifestations of
the same insulin-resistant genotype.'* This has been called the fetal insulin hypoth-
esis or the thrifty genotype.'®

Insulin is a potent fetal growth factor and changes in fetal insulin concentration
or fetal insulin action are known to affect birth weight.'*" Decreased fetal insulin
secretion (e.g., in pancreatic agenesis) or decreased insulin action (e.g., Donohue or
Leprechaun syndrome, due to a mutation in the insulin receptor) leads to birth weights
well below the fifth percentile for age.'*® Conversely, in the infant of a diabetic mother,
maternal hyperglycemia leads to fetal hyperglycemia, fetal hyperinsulinemia, and
macrosomia (or large-for-gestational-age).'** The classic example of a genotype lead-
ing both to low birth weight and later diabetes is the glucokinase mutation.

THE GLUCOKINASE MUTATION

Glucokinase is important in glucose sensing and is a rare cause of mono-genic dia-
betes.'*! Subjects who are heterozygous for the mutation have decreased insulin
secretion by about 30%."4° A father carrying the mutation is at increased risk of
development of type 2 diabetes (maturity onset diabetes of the young 2, MODY?2)
and has a 50% chance of passing the mutation on to his children. A fetus carrying the
mutation has decreased insulin secretion in utero and as a result is born with a birth
weight approximately 500 g less than otherwise expected, and is also at increased
risk of later insulin resistance.*! In twins discordant for the mutation, the affected
twin is approximately 500 g lighter than the non-affected twin.'*! Thus, the same
mutation causes both low birth weight and later insulin resistance.

If the mother is a carrier of the glucokinase mutation, maternal hyperglycemia
(secondary to maternal insulin resistance) occurs.'*! This leads to fetal hyperglyce-
mia and fetal hyperinsulinemia with the result that birth weight is increased by 600
2.4 If both parents carry the mutation, the opposing effects of fetal hyperglycemia
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and decreased fetal insulin secretion cancel each other out and birth weight is similar
to cases where neither parent carries the mutation.'*!

The glucokinase mutation is rare, but data from the Pima Indians (who have a
very high rate of diabetes) suggest that this model may have wider applicability.'+>
In the Gila River Indian community, paternal diabetes is associated with a small but
significant decrease in birth weight (by 78 g)."*? This suggests that the fathers may
have some genetic predisposition to lower insulin secretion or action, which increases
their risk of diabetes and impairs insulin-stimulated growth in their offspring.'4>

For genetic factors to explain the relationship between birth size and later insulin
resistance, one would expect that heritable genetic traits are responsible for both
variations in birth size and variations in the incidence of type 2 diabetes, and that
some genetic traits are responsible for both such effects.

HeriTABILITY OF PHENOTYPIC TRAITS

The heritability of a trait is an estimate of how much of the variation in the trait is
explained by heritable genetic factors. It can be estimated by comparing parents and
offspring, siblings, or, most classically, twins. For example, if the heights of pairs of
monozygotic twins were more closely correlated than height for pairs of dizygotic
twins, this would suggest that common genetic factors (which are shared by monozy-
gotic twins) were responsible for some of the variation in height. The greater the dif-
ference between pairs of monozygotic twins and pairs of dizygotic twins, the greater
the role of genetic factors and the less the role of environmental factors (which are
shared to a similar degree by monozygotic and dizygotic twins).

Many measures of body size in adults and children, including weight, height, and
BMI, are moderately or highly heritable.'*3-4> Heritability of birth weight is low to
moderate,'*6-148 but heritability of body weight increases considerably within the first
6 to 12 months of life!“-'* and beyond.!%>- 146 Heritability of fetal weight in the second
trimester is lower than during the third trimester, and lower than the heritability birth
weight.!*0 It is also lower in preterm than in term infants.!%

Postnatal growth rates are highly heritable in both term infants between 1 and 6
months, 6 and 12 months, and during childhood,'** ! and in preterm infants,'>? but
much less heritable for term infants in the first month of life.!!

There is a much higher than expected concordance rate for the diagnosis of type
2 diabetes in monozygotic twins than expected by chance.'>® If a monozygotic twin
had a diagnosis of type 2 diabetes at age 52 to 65 years, 58% of the co-twins also had
diabetes, compared to 17% of dizygotic, and 10% expected by chance.'>* However,
at earlier ages (42 to 55 years) the concordance rate is similar for mono- and dizy-
gotic twins.!33 Despite this, estimates for the heritability of fasting glucose or fasting
insulin levels are variable.'3:%4 The heritability of systolic blood pressure in adults
is also moderately high.143154.155

PotenTIAL CONFOUNDING GENETIC FACTORS

The glucokinase gene mutation is the best-known potential genetic cause for both
lower birth weight and increased risk of insulin resistance, and is an important
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“proof of concept” for the fetal insulin hypothesis.'**-1¥> Although there is not clear
evidence that such “thrifty genes” are the frequent cause of such an association, sev-
eral candidate gene mutations and polymorphisms have been described.

INS VNTR

Difference in repeat number in the variable nucleotide tandem repeat region
(VNTR) of the insulin (INS) gene have been associated with the development of
higher BMI and insulin resistance,'3-138 although this may only occur when trans-
mitted via the paternal line."” Polymorphisms within INS-VNTR may also sig-
nificantly affect birth weight, length, and head circumference,'>* 0 particularly if
paternally transmitted.'0

ACE I/D POLYMORPHISMS

The insertion/deletion (I/D) polymorphism in intron 16 of the angiotensin-convert-
ing enzyme (ACE) gene affects adult disease risk. The D allele is associated with an
increased risk of diabetes and with increased cardiovascular mortality in subjects
with type 2 diabetes from genotype II to ID to DD.!®! In adults, the low-risk I allele
is associated with higher birth weight and birth length Z-scores.!®> The high-risk
D-allele of the ACE I/D polymorphism may, therefore, present phenotypically as
both smaller size at birth and as increased risk of type 2 diabetes.

The same polymorphism may also modify the relationship between small size at
birth and later insulin resistance. The low-risk I allele has been shown to improve
insulin response and reduce serum glucose during an oral glucose challenge, but
only in subjects who were small at birth.!9>163 The relationship between low birth
weight and later glucose intolerance may therefore be reduced by the presence of the
D allele.

PPAR-GAMMA

A polymorphism in the PPAR-gamma gene affects the risk of type 2 diabetes.
The Prol2Pro variant has increased transcription activity and is associated with
poorer insulin sensitivity and a higher risk of type 2 diabetes than the low-risk
Prol2Ala allele.'%*

The Prol2Pro mutation has not been directly correlated with birth weight,'®> but
higher placental expression of PPAR-gamma (which would be expected in Prol2Pro
individuals) is seen in AGA and LGA subjects compared to SGA subjects'®® and
PPAR-gamma gene expression does correlate with birth weight.!%¢

The main effect of Prol2Pro appears to be permissive. In the presence of the
high-risk Prol2Pro mutation, low birth weight is a risk factor for the development
of type 2 diabetes.!®> In subjects with the lower risk Prol2Ala variant, birth weight
does not affect the risk of type 2 diabetes.'%> The polymorphism may act in a similar
way to the ACE I/D polymorphism by modifying the relationship between low birth
weight and later insulin resistance.
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GrycoprroTEIN PC-1

Polymorphisms in the PC-1 gene also appear to have a modifying or permissive
effect on the relationship between low birth weight and type 2 diabetes.!**

In subjects from the 1923-1933 Helsinki birth cohort, the 121Q variant (which
has greater inhibitory effect on the insulin receptor) is associated with an increased
risk of type 2 diabetes or hypertension, but only in those with birth lengths less than
49 cm.'9” In those with birth length greater than 49 cm, the presence or absence of
the 121Q variant had no effect on the risk of type 2 diabetes.!” In the presence of the
121Q variant, insulin resistance is inversely related to birth length. In those without
the 121Q variant, birth length had such no effect.!s’

GrucocorTicoiD RecepToR HAPLOTYPES

Several other genetic markers, including the glucocorticoid receptor haplotype
3,198 may plan a permissive role in the fetal origins of adult disease. In the Helsinki
19241933 birth cohort, lower length at birth was associated with impaired glucose
tolerance or diabetes, but only if glucocorticoid receptor haplotype 3 was present.!o8
Haplotype 3 was associated with significantly higher cortisol levels (375 nmol/L
in non-carriers, 392 nmol/L in heterozygotes, and 431 nmol/L in subjects homo-
zygous for haplotype 3, p for trend = 0.05).1% Carriers of haplotype 3 also had an
inverse relationship between length at birth, and adult cortisol levels and free cor-
tisol index (lower birth weight subjects having higher adult cortisol levels and free
cortisol index). In subjects who did not carry the type 3 haplotype, length at birth
had no effect on cortisol levels or free cortisol index.!®® The same was also seen for
impaired glucose tolerance. In carriers of haplotype 3, the incidence of impaired glu-
cose tolerance decreased with increasing birth length from 60% in the lowest length
tertile, to 42% in the middle length tertile, to 37% in the highest length tertile (p for
trend = 0.0007). In subjects without the type 3 haplotype, the incidence of impaired
glucose tolerance was similar in all three birth length tertiles (47%, 55%, and 50%;
p for trend = 0.9).168

MitocHONDRIAL BP16189

A polymorphism (T->C) at bp 16189 of mitochondrial DNA has been associated with
higher fasting insulin levels in men, even accounting for age and BML,'® and it may
be expressed phenotypically as both low body size at birth and increase risk of type
2 diabetes.!”®

In subjects with rapid postnatal growth, the bp16189 mutation was associated with
lower ponderal index at birth and significantly increased risk of adult type 2 diabetes
(OR 5.1 [95% confidence interval 1.2-21.8])."° However, in subjects that did not have
rapid postnatal growth, the mutation had no effect on either ponderal index at birth
or the risk of developing type 2 diabetes.!”
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IGF2/H19

The IGF2/H19 complex is an example of the difficulty in distinguishing genetic
and epigenetic effects on gene transcription and fetal programming. The IGF2 and
H19 loci are closely related imprinted genes on human chromosome 11 (11p15.5).1"!
The IGF2 gene is paternally imprinted, meaning that the maternal copy has been
epigenetically silenced and only the paternal copy is transcribed.'”” The H19 gene is
maternally imprinted and only the allele inherited from the mother is expressed.'”

H19 appears to regulate the transcription of IGF2. For example, in mice over-
expression of H19 down-regulates IGF2 transcription and leads to reduced birth size.!”
Conversely, under-expression of H19 increases IGF2 transcription and increases size
at birth."”® A similar situation is seen in humans. Beckwith-Wiedermann syndrome
is a genetic disorder leading to marked overgrowth of the fetus, large body size at
birth, and increased risk of tumor formation. One cause of Beckwith-Wiedermann
syndrome is increased methylation of HI9 DMR,!”" which leads to decreased H19
transcription and increased IGF2 transcription. The opposite defect, a loss of meth-
ylation of H19, leads to fetal growth failure and to Russell-Silver Dwarfism.!!

In the Avon ALSPAC cohort, a common single nucleotide polymorphism
(2992C>T) in the H19 gene of the mother or the offspring was associated with a sig-
nificant increase in birth weight.!” The presence of the same SNP in the father had
no effect on birth weight,'”>!7* presumably because the paternal inherited allele is
silenced in the fetus. The presence of the 2992T allele in the mother was associated
with higher cord IGF2 levels and with an increased birth weight even if not transmit-
ted to the offspring.'* Postnatal growth between birth and 3 years of age was slower
in those with the 2992T allele, so that by 3 years of age weight, height, and head
circumference were similar in the CC, CT, and TT genotypes,'” suggesting that this
slower postnatal growth rate is to compensate for higher in utero growth rates.

Other studies have confirmed that maternally transmitted SNPs in H19 or IGF2
may affect fetal growth!>-177 and this is not due to changes in blood glucose levels
in the pregnant women."”® There is intriguing preliminary evidence that paternally
transmitted SNPs may, however, worsen maternal glucose tolerance.'”®

In recent years, the effect of methylation of DMRs in the IGF2 and H19 loci
has been the subject of many studies. Decreased IGF2 methylation is associated
with increased cord IGF-IL.'” Increased levels of IGF-II in cord blood, in turn, are
associated with higher birth weight."”” Decreased IGF2 methylation also appears to
decrease the risk of LBW or SGA birth.!3*

IGF2 methylation appears to be responsive to maternal nutritional status. Subjects
exposed to the Dutch Famine have decreased IGF2 methylation at the DMRO loci,
but increased DMR1 methylation.!*! H19 methylation, in contrast, does not affect
IGF-II levels'” or the risk of being overweight at 1 year,'?® and is not affected by
exposure to the Dutch Famine.!®' Increased average methylation across IGF2 and
H19 combined has no effect on birth weight but is associated with increased subcu-
taneous adiposity at 17 years, but not with total or visceral adiposity or with BM.!8

Indeed, it is probably simplistic to consider DNA methylation as a purely epigen-
etic event (independent from the underlying DNA base sequence). As DNA methyla-
tion occurs at cytosine bases in CpG islands, a polymorphism replacing a C witha T
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would obviously affect methylation, as it is impossible to methylate a C base that is
no longer present .!3! In subjects exposed to the Dutch Famine, several SNPs modify
the effect of the famine on DNA methylation.!* More broadly, it seems that local and
distant genetic factors modify DNA methylation throughout the genome.!8>-8* These
interactions are complex and are an active area of research.

OTHER MUTATIONS

The bpl192 mutation of the IGF1 promoter is known to increase circulating IGF-I
levels, and affect the risk of CHD, and type 2 diabetes and stroke in adults.!>-186 It is
also associated with increased blood pressure in children.'®” It leads to higher IGF-I
levels, and may increase birth weight in subjects either homozygous or heterozygous
for the mutation,'®> although data are contradictory,'®® but is associated with reduced
postnatal growth rates.!3 188

The TNF-alpha 308 A/G polymorphism may affect both body size in early life,
and the risk of later disease. The GG genotype is associated with lower birth weight
and lower birth length.'® In AGA (but not SGA) subjects, the GG genotype is also
associated with higher blood pressure and increased insulin resistance.'’

Pulizzi et al.*® examined the effect of nine genes (TCF7L2, HHEX, PPARG,
KCNIJ11, SLC30A8, IGF2BP2, CDKAL1, CDKN2A/2B, and JAZF1) known to be
associated with an increased risk of developing type 2 diabetes. None of the alleles
associated with increased risk of diabetes was associated with lower birth weight
(and one was associated with higher birth weight).® However, the high-risk variants
of HHEX, CDKN2A/2B, and JAZF1 (and all nine genes pooled) showed a signifi-
cant interaction with birth weight; that is, the effect of the genes on the risk of type
2 diabetes depended on the subjects’ birth weight.’° In each case, the high-risk allele
had more of an effect on the long-term risk of type 2 diabetes in low birth weight
individuals, and less effect on those born at higher birth weight.

GENOTYPE OR PHENOTYPE?

It seems clear that low body size at birth and more rapid postnatal weight gain are
risk factors for later insulin resistance, coronary artery disease, and hypertension.
Genetic factors are also important, but even in genetically identical individuals, in
utero growth modifies the risk of later metabolic diseases. For example, in an iso-
genic rodent model (where all individuals are genetically identical) naturally occur-
ring differences in birth weight (reflecting differences in in utero growth) modify the
risk of insulin resistance with the highest risk seen in pups of lower birth weight.'*
The same is seen in monozygotic twins (who are also genetically identical).””! When
twins are discordant for a diagnosis of type 2 diabetes, the diabetic twin is more
likely to have been born at a lower birth weight than the non-diabetic twin.!”! This is
seen also in dizygotic twins.!!

Just as first suggested by Hattersley,'* genotypic changes do not appear to be an
alternative to that thrifty phenotype hypothesis; instead, they appear to be compli-
mentary to it.
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We are therefore left with a model (Figure 4.17, A, upper panel) that combines
both phenotypic and genetic factors. In response to fetal under-nutrition, a series of
phenotypic changes occur (either through epigenetic mechanisms, alterations in tis-
sue size and growth, or by some other mechanism). This phenotype leads to survival
at lower birth weight, but at the cost of an increased risk of insulin resistance and
adult onset diseases. At the same time, genotypic factors may be at play. They may
act to increase the risk of both low birth weight birth and of later insulin resistance.
Potential genetic mechanisms that act in this way could include the glucokinase
gene mutation, INS VNTR polymorphisms, and the ACE I/D polymorphism. Other
genetic factors (e.g., PPAR-gamma Prol2Pro mutation, PC-1 mutation, and gluco-
corticoid receptor haplotype 3) may modify relationship between low birth weight
and final adult phenotype (e.g., type 2 diabetes).

Maternal In Utero (Fetal) Thrifty
Undernutrition Undernutrition Phenotype

Adaptive

Low
Birth Weight

Post-natal

Risk Factors
Maladapative

Observed

Adult Onset
Diseases

Increased Risk
Insulin Resistance

Relationship

‘Thrifty
Genotype

Early Post-natal
Risk Factors

-

EX UTERO
Growth Restriction

Preterm
Birth

Thrifty
Phenotype

Later Post-natal
Risk Factors

Low Weight [ _________ Increased Risk A4 Adult Onset
At Term/edd * Insulin Resistance Diseases

High-risk
Genotype
_>$ Potential modification by genetic factors
(b)

FIGURE 4.17 Conceptual model of the interaction between phenotype and genotype of the
relationship between low birth weight, insulin resistance, and adult onset diseases in subjects
exposed to in utero malnutrition (a, upper panel), and the interaction between phenotype and
genotype on the relationship between preterm birth, ex utero growth restriction, insulin resis-
tance, and adult onset diseases in subjects exposed to in utero malnutrition (b, lower panel).
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A similar but more complex mechanism could be at play in preterm infants
(Figure 4.17, B, lower panel). Preterm birth leads to ex utero growth restriction, the
risk of which is modified by a range of early postnatal actors (including nutrition
intake, co-morbidities, etc.; see Chapter 3). Ex utero growth restriction leads directly
to small body size at term-expected age, and may also lead to development of a
thrifty phenotype (through changes in tissue growth, epigenetic modifications, or
some other mechanism). The thrifty phenotype leads to both reduced body size at
term and to an increased risk of insulin resistance in later life. This in turn leads to
adult onset diseases (such as type 2 diabetes) although the likelihood of progression
may be modified by postnatal factors (such as diet, exercise, and social factors).
Genotypic factors may interact with this model at multiple steps. Genetic factors
may increase the risk of preterm birth, or reduce postnatal growth rates in infants
born preterm; they may affect body size at birth or the risk of insulin resistance
(e.g., the glucokinase mutation, or the INS VNTR and ACE I/D polymorphisms).
Alternatively, genetic factors may modify the link between body size at birth and
the subsequent development of insulin resistance and adult onset diseases (possible
examples include the Prol2Pro allele, the 121Q variant of the PC-1 gene, the ACE
I/D polymorphisms, and high-risk alleles of HHEX, CDKN2A/B, and JAFKI).
Finally, genetic factors may modify the effect of postnatal/environmental exposures
on the relationship between preterm birth and ex utero growth restriction in preterm
infants, or the effect of postnatal factors on risk of developing adult onset diseases
due to differences in insulin resistance.

SUMMARY AND CONCLUSIONS

It seems very likely that in term infants, small size at birth is associated with an
increase risk of some adult diseases (for example, insulin resistance and type 2 dia-
betes) and possibly poorer cognitive outcomes. More rapid growth in the first 2 to 3
years of life may also be associated with an increased risk of insulin resistance and
type 2 diabetes, but may be associated with improved cognitive outcomes.

The mechanisms linking early growth and long-term outcomes are still unclear,
and an active source of investigation. However, it seems likely that in utero changes
in tissue growth and structure, epigenetic modification of disease-associated genetic
loci, and underlying genetic susceptibilities to poor fetal growth, rapid postnatal
growth, and long-term insulin resistance, act in combination to result in the high-
risk phenotype.
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Effect of Postnatal
Growth in the Large-for-
Gestational-Age Infants

Rae-Chi Huang and Elizabeth A. Davis

INTRODUCTION

Large-for-gestational-age (LGA) neonates are defined as babies born weighing
greater than the 90th percentile for their gestational age as compared to their rel-
evant population and ethnic background. LGA is becoming increasingly prevalent
mostly due to increasing maternal obesity and to a lesser extent due to decreasing
maternal smoking.! This was illustrated by a Swedish study where the prevalence
of LGA births increased 23% between 1992 and 2001." There are many immediate
problems related to LGA deliveries such as prolonged vaginal delivery, shoulder
dystocia, brachial plexus injury, neonatal hypoglycemia, and respiratory distress.
However, there are also longer-term sequelae of LGA, in particular an increased risk
of the metabolic syndrome.

“Fetal programming” was first suggested by David Barker and his colleagues
when he observed that low birth weight babies in Hertfordshire in the United
Kingdom were at increased risk of subsequent coronary vascular disease,? type 2
diabetes,® and the metabolic syndrome.* As low birth weight is a surrogate measure
of suboptimal in utero environment/growth, the term “fetal programming” (or the
developmental origins of health and disease) was used to refer to the lifelong effects
on metabolism and other non-communicable diseases that result from in utero events.

In contemporary populations, it has been observed that both low and high birth
weight babies have a greater risk of the metabolic syndrome, as first observed in a
study of over 1000 Pima Indians followed up at 20 to 39 years of age with an oral
glucose tolerance test. In a contemporary Western population, a similar U-shaped
relationship was demonstrated, where both the highest and the lowest quintiles of
birth weight were associated with greater metabolic risk (Figure 5.1).3-67

The medical issue of high birth weight babies is increasing in both prevalence
and importance due to the escalation of maternal and childhood obesity. There is
evidence that high birth weight babies are at risk of subsequent development of the
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FIGURE 5.1 Proportion of subjects in the high metabolic risk cluster, by quintile percent-
age of expected birth weight (PEBW; * indicates a significant difference from the lowest
quintile, quintile 2.). (From Reference 5 with permission of the authors.)

metabolic syndrome.® The increased risk observed in high birth weight babies can be
exacerbated by early infant and childhood postnatal growth patterns.” This chapter
outlines the effects of pregnancy environment, large birth size, and early life growth
patterns on subsequent risk of the metabolic syndrome.

FETAL PROGRAMMING

Although “fetal programming” describes a phenomenon whereby the fetal environ-
ment affects risk of outcomes of offspring, including the metabolic syndrome, two
further concepts have emerged.

1. The long-term effects of a suboptimal antenatal environment are exacer-
bated by a suboptimal postnatal environment. There is evidence that the
full phenotypic manifestation of “fetal programming” may be contingent
on the additional exposure to a suboptimal postnatal environment. A subop-
timal postnatal environment includes a poor diet, lack of physical activity,
and environmental exposures that impact postnatal growth trajectories in
infancy and childhood.
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2. Animal studies show that in utero over-nutrition is also associated with an
increased risk of the offspring developing subsequent obesity and related
disease. The animal data relating to this includes work that shows that high-
fat maternal and paternal diets are associated with increased risk of adult
obesity,'? taste preference in the offspring for “junk” food,'" hypothalamic
leptin resistance,'? and altered hypothalamic!? and liver'? gene expression.

METABOLIC SYNDROME IN CHILDREN

The obstetrician, neonatologist, pediatrician, and public health physician have
increasing roles in managing and preventing the metabolic syndrome in children.
The importance lies in the increasing prevalence of the disease, its early develop-
ment, and persistent tracking from childhood into adult life.

INCREASING LEVELS OF CHILDHOOD OBESITY AND THE METABOLIC SYNDROME

There is a global epidemic of obesity that is projected to cause increases in adult
heart disease, diabetes, and a range of co-morbidities. Childhood obesity and over-
weight have increased two- to threefold in recent decades. With each of the National
Health and Nutrition Examination Survey (NHANES) follow-up studies, there have
been progressive increases in overweight. For example, among 12- to 19-year-olds,
5.0% were overweight in 1976 to 1980, 10.5% in 1988 to 1994, and 15.5% in 1995
to 2000."* Similar increases were seen in 6- to 11-year-olds as well, increasing from
6.5% to 11.3% to 15.3% over the three surveys.'*

The increases in childhood obesity are paralleled by increases in the metabolic
syndrome in children. Weiss and colleagues have shown that the prevalence of the
metabolic syndrome increased as the severity of obesity increased in childhood.
With each 0.5 Z-score increase in BMI, there is an increase in the risk of the meta-
bolic syndrome quantified by an odds ratio of 1.55 (95% confidence interval, 1.16 to
2.08) among overweight and obese children.!

METABOLIC SYNDROME IN CHILDREN

Defining the metabolic syndrome in children has been challenging and there is no
current consensus. In adults, the metabolic syndrome describes a cluster of abnor-
malities comprising four major components:

1. Central obesity
2. Insulin resistance
3. Hypertension

4. Dyslipidemia'®

Adult definitions of the metabolic syndrome differ. For example, the World Health
Organization (WHO) criteria include evidence of insulin resistance and two of the
following criteria: obesity, increased waist-to-hip ratio, elevated HDL cholesterol,
elevated triglycerides, hypertension, or proteinuria. In the metabolic syndrome, these
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individual risk factors impart synergistic effects for cardiovascular risk. Different
definitions have different criteria for the individual components of the metabolic
syndrome. For example, the cut-offs for fasting glucose levels vary for the different
consensus definitions: the International Diabetes Federation (IDF) criteria and the
National Cholesterol Education Program (NCEP) criteria are for a fasting glucose
>5.6 mM, the WHO criteria are for a fasting glucose >6.1 mM or a 2-h glucose of
>7.6 mM.'7-° The presence of a clinical diagnosis of diabetes mellitus would satisfy
all three groups.

There are numerous modifications of metabolic syndrome definitions for chil-
dren.?® Therefore, obtaining prevalence figures for the metabolic syndrome in chil-
dren is difficult. In the NHANES III cohort (1988-1994) (using an NCEP-related
definition), nearly 10% of adolescents aged 12 years or older met diagnostic criteria
for the metabolic syndrome. 2!

TRACKING OF THE METABOLIC SYNDROME FROM CHILDHOOD INTO ADULT LIFE

Type 2 diabetes, insulin resistance, and the metabolic syndrome are increasing in
prevalence in childhood and are increasingly the purview of the pediatrician. The
metabolic syndrome?? and its components (hypertension,?? dyslipidemia, obesity,*?
and insulin resistance?*) have been shown to track from childhood into adulthood.
Bao and colleagues investigated the large longitudinal Bogalusa Study cohort and
found that among subjects initially in the highest quintile of a multiple cardiovascu-
lar risk index, 61% remained there 8 years later. In adult life, these cardiovascular
risk factors translate into increased risk for atherosclerotic diseases.?

RISK FACTORS FOR LARGE-FOR-GESTATIONAL-AGE BIRTH

The causes of LGA are multifactorial. Significant risk factors include:

. Gestational diabetes

. Pregestational diabetes
. Maternal obesity

. Gestational weight gain
. Genetic predisposition
. Multiparity

. Male gender

. Ethnicity

09N BN

GESTATIONAL AND PREGESTATIONAL DIABETES

The most well recognized cause of LGA babies is gestational diabetes. Maternal
diabetes is associated with double to triple the risk of an LGA delivery. In a large
study of 12,950 deliveries, diet- treated gestational diabetes was associated with an
increased prevalence of LGA (29%) compared to those born to mothers without
diabetes (11%).2° Pregestational diabetes was also associated with increased preva-
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lence of LGA (38% compared to 12%). With each 1 mmol/L (18 mg/dL) increase in
maternal plasma glucose at 28 weeks, the baby was on average 48 g heavier at birth.?’

MATERNAL OBESITY

Maternal obesity is an increasing global problem. It is associated with more than
double the risk of stillbirth and perinatal deaths, as well as fetal birth defects such as
neural tube defects, abdominal wall defects, heart defects, and multiple congenital
anomalies. It is also associated with macrosomia and LGA. Because of these prob-
lems, babies born to obese mothers are 3.5 times more likely to be admitted to the
intensive care unit than their appropriate for gestational age peers.?® 2 Obesity is
increasing in many Western populations, including among men and women of repro-
ductive age.’® Combined with the decreases in maternal smoking during pregnancy,
observations of increased rates of LGA are being made.!

ExcessivE GESTATIONAL WEIGHT GAIN

Gestational weight gain is strongly associated with having an LGA neonate. It is also
associated with other adverse neonatal outcomes. Gestational weight gain of more
than 18 kg is associated with need for assisted ventilation, seizures, hypoglycemia,
polycythemia, and meconium aspiration syndrome as well as LGA.*' The Institute of
Medicine issued guidelines in 1990 for recommended weight gain during pregnancy
depending on pregravid BMI and other maternal factors.*

Recommended weight gain during pregnancy depends on the pre-pregnancy BMI
(Table 5.1). Additionally, adolescents and African-Americans should gain weight at
the upper end of the recommended range, and short women (<157 cm) should gain
weight at the lower end of the recommended range. Weight gains above these rec-
ommendations are consistently associated with greater risk for LGA and macroso-
mia, irrespective of whether the mother is underweight, normal or overweight, or

TABLE 5.1
Recommended Pregnancy Weight Gains in Underweight, Normal Weight,
and Overweight Mothers'**

Prepregnancy Maternal Weight Prepregnancy Recommended
Category Body Mass Index Weight Gain
Underweight <18.5 kg/m? 28-40 1b
(12.7-18.1 kg)
Normal weight 18.5-24.9 kg/m? 25-351b
(11.3-15.9 kg)
Overweight >25.0-29.9 kg/m? 15-251b
(6.8-11.3 k)
Obese >30 kg/m? 11-201b

(5.0-9.7 kg)
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her degree of obesity. In contrast, weight gains below the recommendations did not
necessarily protect against LGA.3

GEeNETIC FACTORS

Some genetic polymorphisms have been shown to modify the risk of LGA. The
737738 polymorphism of insulin-like growth factor 1 (IGF-1) comprises a vari-
able number of microsatellite repeats of the cystosine-adenine (CA) in the promoter
region of IGF-1. Homozygosity for variant type alleles was associated with a sig-
nificantly increased risk of being born LGA compared to appropriate for gestational
age (AGA), compared to the heterozygous state or homozygous wild type.** The
-11391G>A polymorphism of the adiponectin gene has also been associated with
LGA and subsequent plasma adiponectin levels at 23 to 25 years of age.**

OTHER Risk FACTORS

Multiparity and male gender are further factors associated with a greater risk of LGA.2°
African Americans have a lower rate of LGA than other American populations.?®

LONG-TERM SEQUELAE OF LGA

RELATIONSHIP BETWEEN SI1ZE AT BIRTH AND SizE IN LATER LIFE

Overall, increasing birth weight, adjusted for sex and gestational age, weakly predicts
larger childhood and adult body size and body mass index. In a meta-analysis, which
included 643,902 people from 66 studies, high birth weight (>4000 g) was associ-
ated with increased risk of overweight (OR = 1.66; 95% CI 1.55-1.77).3 In the East
Flanders Prospective Twin study, a 1 kg increase in birth weight is associated with a
4.2 kg increase in adult weight, a 3.3 cm increase in height, and 0.49 kg/m? increase
in BMI.?¢ These findings may reflect, in part, the U-shaped association between birth
weight and obesity-related disease that has been described (Figure 5.1).

A more consistent relationship has been seen between LGA and subsequent
obesity. LGA babies are at greater risk of obesity and probably more prone to fat
development in infancy compared to neonates of appropriate birth weight for their
gestational age.’” They develop greater childhood length, weight, BMI, skin fold
thickness, and head circumference.?®® Greater skin folds have been identified in LGA
babies by 3 years of age.’® These differences in skin fold thickness are present well
before overt onset of the metabolic manifestations. For example, those children who
will subsequently develop metabolic risk have greater skin fold thicknesses in young
childhood (by 3 years old) than those of lower risk.*

Extremes of birth weight also affect body composition (fat percentage and dis-
tribution). Lower birth weight is clearly associated with greater adiposity, greater
fat percentage, and greater central fat distribution in childhood and adulthood com-
pared to appropriately sized newborns (see Chapter 4). LGA is also associated with
increased adipose tissue development. This may already be developing in utero. A
study investigating newborns with dual X-ray absorptiometry (DEXA) within days
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of their delivery show that LGA infants have higher total body fat mass and bone
mineral content, and lower lean body mass expressed as an absolute amount and as
a percentage of total body weight.?

REeLATIONSHIP BETWEEN LGA AND METABOLIC SYNDROME

LGA is associated with greater body size through the neonatal period, infancy, and
early childhood and possibly with increased fat percentage. Therefore, Boney and
colleagues investigated the association between LGA and risk for the metabolic syn-
drome in childhood.? In this longitudinal cohort study of children aged 6 to 11 years,
they identified four groups of children:

1. LGA with control mothers

2. LGA with mother with gestational diabetes mellitus (LGA/GDM)

3. Appropriately grown neonates for gestational age (AGA) of control mothers
4. AGA with mothers with gestational diabetes

LGA status and maternal obesity increased the risk of metabolic syndrome approxi-
mately twofold, with hazard ratios of 2.19 (95% CI 1.25-3.82) and 1.81 (95% CI 1.03—
3.19), respectively. Gestational diabetes mellitus was not independently associated
with the risk of offspring metabolic syndrome. The interaction term between LGA
and GDM was significantly associated with insulin resistance between 9 and 11 years,
but not with the metabolic syndrome. The prevalence of the metabolic syndrome was
highest in the LGA/GDM infants, who had a 50% prevalence of metabolic syndrome.
LGA in the absence of GDM was associated with a lower prevalence of the metabolic
syndrome at 29%. The other two groups had a prevalence of 18 and 21%.

Obese mothers without clinical diagnosis of GDM had infants at higher risk of the
metabolic syndrome. This suggests that obese mothers without a diagnosis of GDM
already experience a level of maternal glucose dysregulation that is associated with fetal
hyperinsulinism and insulin resistance. This concurs with other studies that show that
even in the absence of overt gestational diabetes in the mother, LGA infants have greater
insulin resistance compared to those born to AGA.*° In another study, in utero exposure
to gestational diabetes increased insulin secretion and lowered HDL-C by 5 to 10 years
of age, independent of the child’s current weight status.*! The exposure also resulted in
greater central adiposity even for children within a normal weight range. Further work is
required to dissect out the relative causative roles of LGA, GDM, pre-gestational diabe-
tes mellitus, and maternal obesity upon offspring risk of the metabolic syndrome.

GENDER DIFFERENCES IN THE RELATIONSHIP BETWEEN
LGA wITH THE METABOLIC SYNDROME

Boney et al. did not show a gender difference in the relationship between LGA and
the metabolic syndrome.® However, our understanding is still incomplete; many ani-
mal and human studies on “fetal programming” suggest a strong effect of gender of
the offspring. It has also been observed that female fetuses are more likely to develop
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LGA due to excessive maternal weight gain in pregnancy than are male fetuses.*?
Huang et al. showed that females who developed metabolic syndrome risk in adoles-
cence were more likely to have been LGA compared to males, and to have increased
adiposity in infancy (apparent at 3 years old).*

RELATIONSHIP BETWEEN EARLY GROWTH AND ADULT HEALTH

Evidence over the last half century indicates that early nutrition and growth affect
long-term cardiovascular health. Early growth acceleration promotes abnormal vas-
cular biology® with early atherosclerosis.** Some studies show that rapid postnatal
growth is associated with increased risk of obesity-related disease.*>%6 Infant obesity
is also associated with childhood and adult obesity.??

The definition of rapid postnatal growth is variable in the literature; however,
the most frequent definition is a Z-score change greater than 0.67 in weight for age
between two different ages in childhood.*’ This has mostly focused on the concept of
“catch-up” growth related to rapid postnatal growth after a period of growth restric-
tion in utero (i.e., in IUGR or SGA infants). However, the detrimental effect of rapid
postnatal growth also holds for babies who are not growth retarded at birth and are
AGA at birth.*

There is a suggestion that LGA babies are independently at increased risk of the
metabolic syndrome. It is not as well established whether these individuals experi-
ence particular detrimental effects with continuation of postnatal weight gain. There
is, however, accumulating evidence that this is likely to be the case.® There is also an
emerging suggestion that “catch down” growth early in life in these babies may be
beneficial for reducing their long-term adverse metabolic profiles.

LONGITUDINAL STATISTICAL MODELS OF POSTNATAL GROWTH

Life course adiposity trajectories have been defined using longitudinal statistical
techniques, which are data driven. Different patterns of growth can be identified
using such techniques. Obesity trajectories have been identified with growth mix-
ture modeling techniques;”® for example, Li et al. demonstrated an “early-onset
overweight” trajectory,*® and Ventura et al.* used growth mixture modeling using
continuous BMI and identified four distinct BMI trajectories including an upward
percentile group, which was associated with more metabolic risk factors.

In an Australian study with longitudinal data from over 1000 children, seven
distinct growth trajectories during childhood were identified (Figure 5.2). Based on
body adiposity at seven time points between birth and 14 years, distinct growth tra-
jectories were identified using semi-parametric mixture modeling (Table 5.2).°

Trajectory 1 corresponds to babies that are above average size at 2 years and
remain so through childhood. Trajectory 3 starts with a similar high adiposity to
Trajectory 1 but decreases throughout childhood years to reach a similar level of
adiposity to the “reference/normal” population by 14 years old.>

While strictly speaking not all Trajectory 1 and 3 children are LGA, it does dem-
onstrate that postnatal growth plays a role in cardiovascular risk outside of the subsets
of SGA, AGA, and preterm babies. Comparisons of Trajectories 1 and 3 give some
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FIGURE 5.2 Seven growth trajectories between birth and 14 years. (Figure is copyright the
authors, and is reproduced from Reference 50. With permission of the authors.)

TABLE 5.2
Seven Distinct Growth Trajectories during Childhood Based on Data from
Over 1000 Australian Children

Childhood Adiposity
Percentage Adiposity Course in Z-score at Age
Trajectory of Cohort (%)  Z-score Birth Adiposity 14 Years
1, “stable high” 7.0 High Stable High
2, “rising to high” 10.2 Average Increasing High
3, “falling to moderate” 22.5 High Decreasing Average
4, “rising to moderate” 14.4 Low Increasing Average
5, “reference/normal” 27.5 Average Stable Average
6, “stable low” 152 Low average Stable Low
7, “stable very low” 32 Very low Stable Very low

Note: See Reference 50 and Figure 5.2.

insight into the associations of childhood growth with metabolic risk in larger infants.
As we will discuss later, catch-down growth (Trajectory 3) is associated with improved
metabolic outcomes such as lower blood pressure and reduced insulin resistance.
These longitudinal models also suggest that babies who have grown at greater rates
in utero and born at greater than average weight also have greater weight gain postna-
tally and develop risk for the metabolic syndrome (Trajectory 1 in Figure 5.2).° These
observational studies to date, however, cannot establish causation or direction of effects.
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ErrecT OF POSTNATAL GROWTH ON THE COMPONENTS
OF THE METABOLIC SYNDROME

Body Composition

Early life growth patterns affect subsequent body composition. Rapid postnatal
growth is associated with increased risk of later life obesity, central adiposity, and
increased fat percentage. Most of the literature has focused on the SGA neonate
with “catch-up” growth (see Chapter 4). For example, Ong and colleagues showed
that among 848 full-term singleton infants from the Avon Longitudinal (ALSPAC)
cohort, children who showed catch-up growth between birth and 2 years old had
greater total and central fat at 5 years old than other children.*® Of interest in the
ALSPAC cohort, almost a third of participants with rapid growth between 0 and 2
years were not initially growth restricted. Of those with rapid growth, the mean birth
weight and length measures were —0.53 and —0.23 Z scores, respectively. Therefore,
in a contemporary well-nourished cohort, average sized babies with rapid postnatal
growth were at increased risk of obesity.*® These studies show that catch-up growth
or postnatal growth is associated with a future risk of cardiovascular disease even in
normal sized newborns and that the effect is not restricted to SGA or preterm babies.
There is less direct evidence of the effect of postnatal growth on LGA babies. A
recent case-control study (n = 515) investigated LGA and AGA subjects at ages 9 to
10 years old and again at 23 to 25 years old. In comparison to those without catch-
down growth, LGA subjects with at least 0.67 SD catch-down growth in childhood
had lower BMI (23.5 + 4.4 vs. 24.9 + 4.1 kg/m?, p < 0.05) and waist circumference
(80.4 = 11.9 vs. 84.4 + 13.1 cm, p < 0.05) at 23 to 25 years of age.’

Insulin Resistance
As for the other cardiovascular outcomes, insulin resistance has also been associated

with rapid weight gain in early life. Similar to the other risk factors, the focus of most
studies has been on SGA babies.”!

Evidence in AGA and LCA Infants

The effect of accelerated postnatal growth on insulin resistance is also applicable to
AGA babies. Weight gain from birth to 3 months is significantly associated with raised
serum insulin levels and increased homeostatic model assessment of insulin resistance
(HOMA-IR) score in adolescents aged 17 years who were born SGA and AGA.»

Other supportive evidence for this comes from the Australian longitudinal pro-
spective cohort previously described (Figure 5.2, Table 5.2). Trajectories 1 and 3 both
showed high size at birth (3.53 kg) but Trajectory 3 had a lower BMI by age 14 years
old (26.4 vs. 29.4 kg/m?). Trajectory 1, which continued to show a rising adiposity
to middle childhood, was associated with increased homeostasis model of insulin
resistance (HOMA-IR) at age 14 years, compared to children who grew following
the optimal adiposity trajectory. However, Trajectory 3, which showed “catch-down”
growth, did not show elevated insulin resistance (Table 5.3).%°

Trajectories 1 and 3 are characterized by a mean birth size of approximately 1 SD
greater than the mean, so not all infants in these groups are LGA. However, they may
provide some insight into whether postnatal growth affects metabolic risk in LGA



Effect of Postnatal Growth in the Large-for-Gestational-Age Infants 129

TABLE 5.3
Trajectories 1 and 3 Demonstrate Different Levels of Insulin Resistance
Males Females
Trajectory 1 Trajectory 3 Trajectory 1 Trajectory 3
Fasting Insulin 16.4 10.8 18.2 11.3
(13.8-19.0) (9.5-12.1) (15.2-21.2) (10.5-12.2)
HOMA-IR 3.6 2.4 39 23
(3.04.2) (2.1-2.8) (3.24.5) (2.2-2.5)

infants. It is not possible to ascertain if the pattern of downward growth velocity is
protective against insulin resistance or if this growth pattern occurs independently
in those with a lower inherent risk of insulin resistance. This will only be untangled
with intervention studies.

Blood Pressure
Evidence in SGA and AGA Infants

Several studies demonstrate an association between early catch-up in weight (in
infants born SGA or AGA) and later-life blood pressure.’>-> Rapid weight gain from
birth to 1 year of age (adjusted for gestational age) was associated with increased sys-
tolic blood pressure in young adult life.>* Excessive weight gain between birth and 3
months of age was associated with increased systolic blood pressure in adolescents
who were born at full term.>? Yet another study of adult men and women who devel-
oped hypertension showed they were lighter and shorter at birth but became heavier
and taller between 7 and 15 years of age compared to those with normotension.>

Evidence in LGA Infants

Studies of the effect of weight gain in infancy and the effect on later-life blood pres-
sure have rarely looked at LGA neonates. One study showed that babies who are
LGA and do not cross down percentiles in early childhood are likely to develop
higher blood pressure. In this study, LGA subjects with at least 0.67 SD catch-down
growth in childhood had lower diastolic (77 £ 7 vs. 72 £ 11 mm Hg, p < 0.05) blood
pressure at 23 to 25 years of age, compared to those without catch-down growth.* In
another study comparing Trajectories 1 and 3 from the seven previously described
trajectories (Figure 5.2, Table 5.2), it has been shown that catch-down growth
(Trajectory 3) was associated with lower blood pressure than in those who remained
larger (Trajectory 1).>° These larger infants therefore show metabolic benefits in
catch-down growth with lower blood pressure and lower insulin resistance, even
though not all the infants were strictly LGA.

Serum Lipid Levels

The evidence for an association between early weight gain and subsequent lipid pro-
files is less robust than for body size, body composition, fasting insulin, or blood pres-
sure. Some studies show that rapid weight gain in the first 3 months of life is associated
with a more adverse lipid profile in adolescents and early adulthood.® A Japanese
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study showed that rapid weight gain between both the periods of 0 to 18 months and
18 months to 3 years was associated with an adverse lipid profile and elevated BMI.
However, the association with an adverse lipid profile disappeared after adjustment for
BML.% In contrast, weight gain in the first 20 months of life had no effect on serum
lipid levels in a group of >2000 males aged 18 years.”” Therefore, the association
between early weight gain and later serum lipid levels remains controversial.

To date, no studies have focused on LGA babies.

Coronary Artery Disease

Barker et al. investigated a cohort born at Helsinki University Central Hospital from
1934 to 1944 that had an average of 11 measurements of height and weight from birth
to 2 years and 6 measurements from 2 to 11 years. Males who developed coronary
heart disease as adults were born thin, and females who developed coronary artery
disease were thin by 6 months of age. On average, those who developed subsequent
coronary artery disease had a birth weight approximately 0.2 SD below the mean.
After 2 years of age, the BMI of subjects with coronary artery disease rose progres-
sively compared with other children. By 11 years old, their BMI exceeded the aver-
age BMI of 1l-year-olds. The increase in BMI after 2 years of age predicted later
coronary events more strongly than did BMI attained at a particular age.*

This is supported by animal studies that show that postnatal overfeeding of Wistar
rats in early life can induce persistent changes in the hypothalamus, which promotes
the subsequent development of the metabolic syndrome and obesity-related disease.*®

PATTERNS OF INFANT AND CHILDHOOD
GROWTH IN LGA INFANTS

SHORT- AND MEDIUM-TERM CHANGES IN WEIGHT

Babies born to mothers with gestational diabetes are at greatly increased risk of
LGA. The majority of studies show that in the first few months after birth, there is
slower growth in terms of weight and height, resulting in differences in weight and
height being lost by 12 months of age.®®-¢' Some studies show that the initial dif-
ferences in weight are no longer present by 3 months of age.®! Furthermore, higher
levels of maternal glucose are correlated with greater initial catch-down growth in
the first few months immediately after birth.>” However, this early normalization of
body weight was not maintained beyond infancy. By 5 years of age, weight increased
and by 8 years of age, more than half of the offspring from mothers with gestational
diabetes had a weight above the 90th percentile.>

In a study that excluded preterm babies,®> 38% of LGA babies born to mothers
with gestational diabetes were above the 90th percentile for BMI between 4 and 7
years old. There appears to be a dose effect with higher maternal glucose levels dur-
ing pregnancy being associated with higher subsequent body size at 7 years of age.
A small study (n =27) showed that higher 1-hour post-prandial glucose level of an
oral glucose tolerance test at 24 to 28 weeks gestation was associated with greater
lean and fat mass at 5 to 10 years of age.®* At 4 years old, female offspring of dia-
betic mothers had larger subscapular and triceps skin fold thickness, higher 30- and
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120-minute insulin levels, and clustering of cardiovascular risk factors compared to
control children.%6

CatrcH-DowN GROWTH

A study showed that LGA without catch-down growth by 5 to 8 years was associated
with greater BMI, central adiposity, and diastolic BP than in LGA subjects with catch-
down growth.** Huang and colleagues also showed two growth trajectories with birth
size that was 1 SD greater than the mean birth size (#1 and #3 in Figure 5.4). Trajectory
1, which did not show catch-down growth, was associated with higher levels of meta-
bolic risk. However, Trajectory 3, which did show catch-down growth, showed no evi-
dence of elevated metabolic risk.>® Therefore, currently there is evidence that LGA is
associated with increased subsequent metabolic risk coupled with some early evidence
that catch-down growth is associated with a decreased risk. Direct evidence that induc-
ing the catch-down growth will ameliorate risk is currently lacking. Nevertheless, it
seems likely that an intervention that induces catch-down growth by lifestyle changes
is likely to induce metabolic benefits. Therefore, the results of well-designed interven-
tion studies will allow recommendations to be made.

TIMING OF WEIGHT CHANGE

The timing of the critical period, or periods, of postnatal weight gain continues to
be debated. The current literature is mostly concerned with SGA infants, rather than
LGA infants, and has considered variable ages and variable intervals for the calcu-
lation of growth rates. The majority of studies have examined the period between
birth and 2 years of age, but results are very heterogeneous. Some studies suggest
that the period between birth and 6 months is critical.®>¢” Other studies favor the
first few months of life.®*% In some studies, later weight gain is a major determinant
of childhood obesity. For example, Law et al. showed in a systematic review that
weight gain before 12 months of age had no effect on blood pressure at 22 years,
but rapid weight gain between 1 and 5 years was associated with higher adult blood
pressure.’”® Still others have investigated rapid growth up to adolescence and beyond.
Ong et al. showed that “catch-up” growth between the ages of birth to 2 years old
was associated with greater BMI, percentage body fat, and waist circumference at
5 years.*® Barker et al. showed that those who went on to develop coronary heart
disease were still thin at 2 years and gained weight rapidly between 2 and 11 years
of age.* Despite the variable time periods, the majority of studies have reported a
strong positive relationship between rapid weight gain in earlier life (age < 5 years)
and obesity-related disease.?’

It is likely that there are multiple periods of critical weight gain or upward percentile
crossing and that there are likely to be multiple opportunities for intervention to prevent
future cardiovascular risk. Upward percentile crossing in infancy and childhood may
be different processes and amenable to separate opportunities for obesity prevention.”!
Ekelund showed that increasing weight gain during two separate time periods (infancy
and childhood) were both independently associated with larger body mass index, fat
mass, relative fat mass, fat-free mass, and waist circumference at 17 years old.”
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Therefore, there is still debate about whether infant or childhood weight gain has
greater effect on long-term outcomes of metabolic risk. The majority of the data
relating to timing of weight change is from observational studies, which cannot dem-
onstrate direction of causation.

Concerning LGA babies, the first question that needs to be focused on in future
studies is whether inducing catch-down growth can ameliorate metabolic risk. If so,
the timing and rapidity of this to maintain normal neurological development and
reduce metabolic syndrome risk will be an important question to investigate. The
initial work in this field suggests the need to focus on obesity intervention during the
early preschool years.”

AMOUNT OR RATE oF WEIGHT GAIN

There is no consensus on the amount of weight gain, or on the rapidity of weight gain,
that is required to have an effect on subsequent obesity-related metabolic disease.
However, in general, an increase in 0.67 SD has been considered to have significant
clinical effect and corresponds to an upward crossing of percentiles on growth charts.’

WHAT ABout AbpIPOsITY REBOUND?

Adiposity rebound has been defined as a period of increasing BMI that occurs after an
early childhood nadir. It marks the start of the second rise in BMI that usually occurs
between 3 and 7 years of age.”® At higher BMI percentiles, the age of adiposity rebound
tends to occur earlier (Figure 5.3). Both an upward crossing of percentiles of BMI and
a higher overall BMI percentile are associated with an early adiposity rebound. It pre-
dicts future adiposity. However, upward BMI percentile crossing rather than the early
timing of the adiposity rebound is a more direct indicator of future obesity.

MODIFIERS OF EARLY POSTNATAL GROWTH

BIRTH WEIGHT

Lower birth weight is associated with greater postnatal growth. However, it is likely
that postnatal growth from any birth size is associated independently with greater
metabolic risk. In Figure 5.2, Trajectories 1, 2, and 4 are all associated with greater
adolescent fasting insulin, homeostasis model of insulin resistance (HOMA-IR), and
blood pressure. These trajectories begin from different starting points: low, middle,
and high birth weights. They all share the characteristic of accelerated infant weight
gain. This suggests that accelerated weight gain across the whole spectrum of birth
weight occurs and is associated with increased metabolic risk.

BRreasT-FEEDING

Disentangling potential confounding variables from the effect of breast-feeding per
se is difficult, but overall the evidence suggests that artificial feeding stimulates a
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FIGURE 5.3 Age at adiposity rebound (black dots) for subjects with BMI on the 10th, 50th,
and 90th percentile for age.

higher postnatal growth velocity with the adiposity rebound occurring earlier, whereas
breastfeeding has been shown to promote slower growth.*

Breast-feeding is also associated with reduced metabolic risk later in life.
Systematic reviews suggest that breast-feeding is linked to a modest reduction in the
risk of later overweight and obesity. A recent meta-analysis investigated the effect of
infant feeding type on body composition in healthy, term infants.”> Fifteen studies
were included in the systematic review. At 12 months of age, fat mass was higher in
formula-fed infants compared to breast-fed infants. Interestingly, before 12 months,
the reverse was true and fat mass was lower in formula-fed infants compared to
breast-fed infants.

Furthermore, multiple meta-analyses have investigated the effect of the exclusiv-
ity and duration of breast-feeding on overweight and obesity later in life. Arenz et al.
showed that breast-feeding has a small but consistent protective effect on subsequent
overweight/obesity with adjusted OR 0.78 (95% C1 0.71 to 0.85).7 In 4 out of 8 of the
studies, a dose effect relationship was seen, with longer duration of breast-feeding
being more protective.”® Harder et al. showed that duration of breast-feeding was
inversely associated with risk of overweight with a 4% decrease in risk per additional
month of breast-feeding.”” Horta et al. showed a pooled estimate of the risk of over-
weight or obese of OR =0.78 (95% CI 0.72 to 0.84) with breast-feeding.
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Despite the consistent findings of these meta-analyses, some publication and
selection bias is probable. Smaller studies show greater protective effects than larger
studies,’® and the magnitude of the protective effect of breast-feeding is diminished
in studies that have more variables.”

There are many potential mechanisms for the differences between breast-feeding
and artificial feeding. The main difference in composition between breast milk and
infant formulas is that breast milk has lower protein concentration as well as the
presence of growth factors and hormones. The early protein hypothesis proposes
that higher infant protein intake results in increased growth rate and adiposity.®°
Increased protein intake in infants stimulates the release of insulin and IGF-1, which
stimulates growth.3! Infant formulas can contain up to 70% higher protein content
than breast milk. This effect could be especially important for preterm infants as
their protein requirements are much higher and there is an ongoing trend to further
increase protein intakes.

There may also be behavioral differences between breast- and bottle-fed babies.
Bottle-feeding is controlled by the parent and as a consequence the baby may develop
less self-regulation and internalization of satiety mechanisms, resulting in different
caloric intakes. A breast-fed infant is more likely to regulate his or her energy intake
based upon satiety cues.’

TIMING OF INTRODUCTION OF SOLIDS

Currently some studies show no evidence that earlier introduction of solids to infants
increases subsequent obesity risk,®> while others show an increased risk of obesity
at 3 years of age with introduction of solids before the age of 4 months.33 Other than
timing, the quality and quantity of foods may be a consideration.

PHysICAL ACTIVITY AND SEDENTARY BEHAVIORS IN CHILDHOOD

With increasing childhood obesity, there has been a public health focus on increasing
regular physical activity in children and minimizing the time children spend in sed-
entary pursuits such as television and computer viewing. From the National Health
and Nutritional Examination Survey 2003-2004, 42% of 6- to 11-year-olds in the
United States performed the recommended level of 1 hour of physical activity per
day and this fell to less than 8% among older children.®* Children also spend large
amounts of time in sedentary activities. For example, from the earlier NHANES III
survey (1988—1994) over a quarter of 6- to 18-year-olds watched more than 4 hours
of television per day and two thirds watched more than 2 hours per day.®

Nevertheless, it is currently not possible to provide an evidence-based answer to
whether regular exercise is necessary for normal childhood growth and body com-
position, but exercise has no effect on rate of height increase in childhood or on adult
stature. It does increase bone mineral density, muscle mass, volume, and cardio-
respiratory fitness during childhood and adolescence.?¢ 87
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MATERNAL SMOKING DURING PREGNANCY

Maternal smoking during pregnancy is associated with low birth weight, in the order
of 150 g less than babies of non-smoking mothers.3® However, LGA infants born to
mothers who smoked during pregnancy have increased metabolic risk compared to
LGA infants whose mothers did not smoke. In an Australian study, it was shown that
babies who were in the upper quintile of birth size and also had mothers who smoked
in pregnancy had an OR of 14.0 (95% CI 3.8 to 51.1) for high metabolic risk at 8 years
old compared to babies in quintile 2 of birth size born to mothers who did not smoke.’

A similar effect can be seen across the entire birth weight range. One meta-anal-
ysis showed maternal prenatal smoking had an adjusted OR 1.50 (95% CI 1.36-1.65)
for overweight at ages 3 to 33 years, compared with children whose mothers were
non-smokers during pregnancy.’

Animal studies support the relationship between in utero exposure to cigarette
smoke and metabolic risk. Prenatal nicotine exposure in rats has been shown to
affect the development of pancreatic islet cells and adipose tissue.”® Specifically, it
led to a reduction in pancreatic islet size and number. It was also associated with an
increase in regional white adipose tissue and adipose cell size. These and related
gene expression alterations could lead to future metabolic disturbance, increased
risk of obesity, and diabetes.

SOCIOECONOMIC STATUS

Postnatal growth patterns have been shown to be influenced by socioeconomic sta-
tus. Socioeconomic variables explained 21.4% of the variation in maximum gain in
weight-for-age Z-score achieved from birth to 12 months of age.’! In a British study,
lower socioeconomic status was associated with greater weight gain in infancy.”

GENDER

Gender differences have been observed in animals and humans. In an Australian
population study, the importance of accelerated adiposity gain was seen only in
males when the analysis was done separately for boys and girls.>® This needs to be
studied further to see if gender differences in fetal programming persist when the
subjects become adults.

MECHANISMS FOR “FETAL PROGRAMMING” OF METABOLIC RISK

EPIGENETICS

A potential molecular mechanism for the relationship between LGA and subsequent
offspring development of the metabolic syndrome is epigenetics. Epigenetics is
defined as the study of inherited changes in gene expression caused by mechanisms
other than changes in the underlying DNA sequence, such as DNA methylation and
histone acetylation. Epigenetics appears to be the key molecular mechanism for fetal
programming.
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An early life (in utero) environmental challenge can cause epigenetic changes
in the offspring.®* Such epigenetic changes can lead to long-term changes in gene
expression and metabolism, ultimately affecting long-term disease risk. Lillycrop
and colleagues showed that in utero protein restriction was associated with persistent,
gene-specific epigenetic changes that induced persistent changes in gene expression
and the metabolic processes that the genes controlled. They showed that peroxisome
proliferator-activated receptor alpha (PPAR-o) and glucocorticoid receptor (Nr3cl)
gene methylation in the liver was lower, and PPAR-o and Nr3cl expression higher, in
rodents exposed to a low protein in utero environment compared with control pups.
This was associated with a reduction in expression of a primary enzyme involved
in DNA methylation, DNA methyltransferase.”> Notably, the genes affected were
related to obesity and cardio-metabolic pathways. Other early life environments
(including maternal high-fat diet>* and maternal perinatal care®) have now been
associated with epigenetic changes in animal studies.

Similar findings have been seen in humans. For example, childhood stress®®
and maternal anxiety/depression during pregnancy®’ are associated with epigenetic
changes in offspring.”®

DNA methylation of specific CpGs within the promoter of retinoid X receptor
alpha (RXR-alpha) gene in umbilical cord at birth is associated with childhood fat
mass at 6 and 9 years in two independent cohorts.”® Greater methylation of RXR-
alpha was additionally associated with lower maternal carbohydrate intake in early
pregnancy, which had previously been linked with greater neonatal adiposity.

RoLe oF ADIPOKINES, GHRELIN, AND OTHER HORMONES ON POSTNATAL GROWTH

Ghrelin

Ghrelin is a peptide hormone that that has an effect on growth hormone secretion and
energy balance, and is likely to have a role in pre- and postnatal growth. Its serum
levels have been considered to have prognostic value for postnatal catch-up growth.
Higher ghrelin levels were associated with more weight gain over the first 12 weeks
of life.”” In addition, LGA-born, non-obese, prepubertal children have lower ghrelin
levels when compared with age and BMI matched AGA children.!?® Experimentally,
ghrelin infusion has been associated with increased weight and adiposity in mice.!"!

Adiponectin
Adiponectin is one of the main adipokines. It is produced by the adipose tissue and
has insulin sensitizing and antiatherogenic properties. Those with accelerated infant
growth have lowered levels of adiponectin.!> A fall in adiponectin levels in the first
two years of life is associated with greater weight gain in SGA infants.!%

LGA infants develop greater insulin resistance and lower adiponectin levels com-
pared to AGA infants despite similar BMI at a mean age of 4.8 + 0.3 years old.'*

Leptin
Leptin is associated with fat mass in adults. It appears that this is also true in neo-
nates and infants. LGA neonates have greater concentrations of leptin in the cord
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blood.!% The usual weight loss that occurs in breast-fed babies in the first 4 days after
delivery is associated with a 26% decrease in plasma leptin levels.

Vickers and colleagues demonstrated that neonatal leptin treatment in rats from
postnatal day 3 to 13 slowed postnatal weight gain and normalized long-term caloric
intake, body weight, and fasting glucose and insulin levels.!% The leptin administra-
tion reversed the effects of maternal under-nutrition. The equivalent study to show
if leptin administration reverses the programming effects of maternal over-nutrition
has not been done. In humans, cases of rare monogenic obesity clearly show that
genetic factors in the leptin signaling pathways affect infant appetite and therefore
postnatal growth.!0?

FTO Gene

The FTO (fat mass and obesity associated) gene was identified by several genome-
wide association studies to be associated with obesity. FTO encodes a protein with a
novel C-terminal alpha-helical domain and an N-terminal double-strand beta-helix
domain, which is conserved in Fe(II) and 2-oxoglutarate-dependent oxygenase fam-
ily. Mice with a deletion of FTO show postnatal growth retardation and reduced
IGF-1 levels.!%® In humans, the r$9939609 SNP in FTO is not associated with birth
weight but is associated with weight, ponderal index, and total, truncal, and abdomi-
nal fat mass by two weeks.!®®

FETAL PROGRAMMING ACROSS GENERATIONS
AND THE OBESITY EPIDEMIC

Obesity in a mother around the time of pregnancy is associated with having an over-
weight child at risk of type 2 diabetes and the metabolic syndrome.® Consequently,
there is a propensity for increasing obesity and the emergence of complications at
increasingly younger ages with each progressive generation. Transgenerational fetal
programming is therefore relevant to the obesity epidemic. Maternal obesity, before
and during pregnancy, can cause developmental changes in offspring, which lead
to obesity. Evidence for this includes observations that maternal weight gain and
development of type 2 diabetes mellitus between two pregnancies is associated with
increased body weight in the second child.'"® Further, children born after maternal
weight loss from bariatric surgery are less prone to obesity compared to siblings born
before surgery.!!

In a human population, there are persistent obesogenic influences over succes-
sive generations due to shared lifestyle within a family and a community. Two sce-
narios have been identified in animals. The first is an amplification of an epigenotype
and phenotype associated with increased disease risk with each successive genera-
tion."'2 113 Waterland et al.''3 used three generations of mice with the environmentally
labile agouti viable yellow genetic variant. The genetic tendency for obesity in these
mice was progressively exacerbated when passed through successive generations of
obese females. In this animal model, the transgenerational amplification of body
weight was prevented by a methyl-supplemented diet.!3
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The second is a progressive metabolic and epigenetic adjustment, akin to natural
selection."* The epigenetic consequences of sustained energy intake over many gen-
erations has been explored in rats.!'> When rats were exposed to increased energy
intake in FO and the challenge was continued until F3, the offspring in each genera-
tion exhibited progressive metabolic adjustment via changes in the epigenetic regu-
lation of transcription. Work is still required to ascertain which scenario occurs in
humans to help predict the consequences of the obesity epidemic into the future.

CLINICAL AND PUBLIC HEALTH IMPLICATIONS

LGA babies have a baseline risk of future metabolic risk and this increased risk is
exacerbated by sustained accelerated postnatal growth. The clinical implications of
this are that childhood obesity prevention needs to start very early.

Clinicians should recommend that LGA infants be breast-fed whenever possible,
as indeed should all infants, irrespective of birth weight. The benefits of catch-down
growth should be investigated. The optimum degree and timing for this catch-down
growth, however, is unclear. Further guidelines regarding how or, when to safely
intervene to avoid weight gain in the first few months of life are still pending. The
World Health Organization global strategy for infant and young child feeding rec-
ommends exclusive breast-feeding for the first 6 months of life. A recent study shows
that LGA infants who were breast-fed for at least 12 months achieved a similar BMI
at 4 years of age as AGA infants.!'®

The lack of understanding, and absence of clear guidance on catch-down growth,
presents both parents and health-care professionals with problems. In many cultures,
larger “chubbier” babies are perceived to be healthier, and weight gain is highly
desirable (usually “the more the better”). Clear evidence of benefit and best practice
for catch-down growth is currently missing. This evidence is required before advo-
cating changing this highly engrained behavior.

CHILDHOOD AND INFANT WEIGHT MANAGEMENT

Pediatric obesity interventions are required to combat the childhood obesity epi-
demic. It is likely that earlier focus is required in the earlier preschool period.””
This will entail careful monitoring of early childhood growth and family history of
metabolic risk by maternal health nurses, pediatricians, and general practitioners,
particularly after deliveries complicated by LGA, gestational diabetes, and maternal
obesity. There is also a need to address the parental underestimation of childhood
overweight. This is an issue highlighted by Baughcum et al., who showed that nearly
80% of mothers did not perceive their overweight preschool child as overweight.!” It
is likely that early referral to childhood weight management programs will be ben-
eficial for ameliorating metabolic complications.'8-120

INTERPREGNANCY INTERVENTION

Avoidance of maternal weight gain between pregnancies should also be advocated.
Villamour et al. showed that those women who gained more than 3 BMI points
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between pregnancies increased their risk increased their risk of having an LGA baby
(Odds Ratio 1.87 (95% CI 1.72-2.04)). The implications are that women of normal
BMI should be advised to maintain a healthy BMI prior to pregnancy. More con-
troversial is when and how much weight loss should be advocated for women who
are overweight or obese prior to pregnancy.''® The controversy exists because there
is some evidence that weight loss or suboptimal nutrition at critical time periods
during the periconceptional period results in increased risk of fetal programming of
metabolic risk. Therefore, firm advice at this stage regarding timing of weight loss is
pending future intervention studies.

PREGNANCY INTERVENTIONS

Lifestyle counseling has been shown to be effective in preventing gestational dia-
betes and reducing LGA."?! Several further studies are in the process of being com-
pleted and results are pending to assess how effective pregnancy intervention can be
in reducing LGA. Randomized controlled trials are currently pending, investigating
dietary and lifestyle advice for women with borderline gestational diabetes'??> and
limiting weight gain in overweight and obese women during pregnancy.'?3 Follow-up
of these and other trials will be required to ascertain if there is also a long-term ben-
efit on metabolic syndrome risk in the offspring.

PREVENTION AND TREATMENT OF GESTATIONAL DIABETES

Prevention and treatment of gestational diabetes has also been shown to reduce LGA
births.!?* Strategies such as the use of continuous glucose monitoring through preg-
nancy'? and postprandial rather than fasting glucose levels should be recommended.
A randomized controlled trial that investigated continuous glucose monitoring with
standard antenatal care demonstrated a reduced risk of macrosomia (OR = 0.36, 95%
CI of 0.13 to 0.98).!2° Oral hypoglycemic agents, such as metformin, are also increas-
ingly being used as first line medical management of gestational diabetes mellitus.'?°

MANAGEMENT OF MATERNAL OBESITY DURING PREGNANCY

Advice about optimal weight gain for obese mothers during pregnancy is not clear.
It is suggested that ideal pregnancy weight gain depends on the degree of obesity.
For example, gains of 9.1 to 13.5 kg for obesity class 1, 5.0 to 9 kg for obesity class
2, 2.2 to <5.0 kg for obesity class 3 white women, and <2.2 kg for obesity class 3
black women are appropriate.'?” Some studies suggest that 25 Ib or 11.4 kg should be
recommended as the maximum amount of pregnancy weight gain in morbidly obese
women (defined as a BMI >35) to prevent LGA in their offspring.'?8

A systematic review examining antenatal interventions for overweight and obese
pregnant mothers did not show any differences in LGA outcomes.'?* However, at that
point there were only three studies included with 366 women.
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Exercise IN PREGNANCY

Leading professional bodies such as the American College of Obstetricians and
Gynecologists and Royal College of Obstetricians and Gynecologists recommend 30
minutes of daily moderate intensity physical activity for pregnant women. Despite
this, only a small proportion of healthy pregnant women meet these targets.!3°
Furthermore, many women who previously exercised cease or curtail their exer-
cise when they become pregnant.'3' The benefits of moderate exercise in pregnancy
include reducing the risk of LGA."3? This is aside from the significant benefits which
accrue to the mother in terms of reduction in preeclampsia, gestational diabetes, and
elevation in mood. From the work of Boney et al. it is clear that both LGA and mater-
nal obesity were associated with increased risk of offspring metabolic syndrome,®
both of which are reduced with exercise.

MATERNAL DIETARY INTERVENTIONS DURING PREGNANCY

Dietary interventions in pregnancy are currently being investigated. For example,
a randomized controlled trial of a low-glycemic-index diet in pregnancy demon-
strated a reduction in gestational weight gain and glucose intolerance in the mothers.
However, it did not show a reduction in LGA neonates.'??

CONCLUSIONS/SUMMARY

In summary, LGA infants are at increased risk of the metabolic syndrome in later life.
This will almost inevitably become an increasing public health concern due to the
escalating prevalence of childhood and maternal obesity. Some amelioration of this
risk is possible by addressing factors affecting postnatal growth. Evidence to date,
mostly based on observational studies, shows that catch-down growth may reduce
baseline risk to levels comparable to AGA babies. Intervention studies are currently
underway and more such studies will be required to guide recommendations regard-
ing the optimum amount and timing of catch-down growth to advocate, as well as
optimum methods to achieve this safely.
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6 Postnatal Growth Failure
in Preterm Infants
Metabolic Outcomes

Richard J. Cooke and lan J. Griffin

INTRODUCTION

Postnatal growth failure (ex utero growth restriction, or EUGR) is almost inevitable
in preterm infants; the smaller and more immature the infant, the greater the degree
of growth failure!? (see Chapter 3). Poor somatic growth reflects poor organ growth
and is associated with alterations in organ structure and function.

Postnatal growth is directly related to alterations in brain growth and structure,
and slower growth is associated with poorer neurodevelopmental outcome in term
and preterm infants.?> On the other hand, catch-up growth is paralleled by improved
function, particularly neurodevelopment, both in term and preterm infants (see
Chapter 7).

However, concern exists about catch-up growth and the development of metabolic
syndrome.*-° In this chapter, the relationship between preterm birth, ex utero growth
restriction, catch-up growth, and subsequent development of metabolic syndrome
will be explored.

EX UTERO GROWTH RESTRICTION

Several factors contribute to the development of EUGR in very low birth weight
(VLBW) infants (see Chapter 3). It takes time to establish adequate dietary intakes
in the sick, unstable infant?> and what is “adequate” is not well established. Moreover,
sensitive, valid, and robust measures of outcome are not readily available.

The extent to which inadequate intake contributes to EUGR was quantified by
Embleton et al.,> who prospectively followed nutrient intakes and growth in a group
of infants admitted to a neonatal intensive care unit. Actual intake was subtracted
from recommended intake to calculate the nutritional deficit, and the cumulative def-
icit over time was calculated. This was examined in relationship to EUGR, expressed
as change in Z-score between birth and a given time point.

The results are presented in Figure 6.1. It took time to establish adequate pro-
tein and energy intakes and nutrient deficits accrued in all infants; the smaller and
more immature the infant, the greater the deficit. Inadequate intakes were directly
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FIGURE 6.1 Weekly energy and protein intakes, and cumulative energy and protein deficits
in preterm infants 231 w or <32 w. (Data from Reference 2. With permission.)

paralleled by EUGR; the smaller and more immature the infant, the greater the
EUGR, with variations in dietary intake accounting for = 50% of variation in
EUGR.?

These data indicate inadequate intakes of protein and energy are important con-
tributing factors to EUGR. Nevertheless, an important question remains unanswered.
After a period of “faltering,” should growth parallel that in utero or should infants be
catching-back to original birth weight percentile? If so, dietary intake must not only
meet needs of maintenance and normal growth but also catch-up growth during this
critical epoch of growth and development.
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MALNUTRITION AND NEURODEVELOPMENTAL OUTCOMES

Malnutrition during infancy is associated with poor growth and altered cognitive
function.’ Yet, the inter-relationship is not always so clear-cut as might first appear.®
Studies are commonly confounded by the effects of socio-economic deprivation and
inter-current illness, which not only affect educational processes but also alter nutri-
tional requirements.® A vicious cycle is created among malnutrition, altered organ
structure/function, development of disease, increased needs, and further malnutrition.

These considerations are magnified in preterm VLBW infant, in whom inter-cur-
rent illnesses such as sepsis, respiratory distress syndrome, etc. are more common
and more severe. At the same time, neurologic insults, peri-/intra-ventricular hemor-
rhage and periventricular leukomalacia are also more common, further confounding
the interpretation of studies examining the relationship between nutrition, growth,
and development in these high-risk infants.

An additional confounder is maternal choice. Morley et al. have shown that a
mother’s choice of feeding may account for an 8-point advantage in Bayley mental
development index at 18 months corrected age.” Development outcome at 18 months
corrected age, while extremely important, therefore, is not a very sensitive or, indeed,
timely measure of adequacy/inadequacy of intake in the VLBW infant.

While poor growth in the first few months of life is paralleled by poor devel-
opment, recovery or catch-up is associated with improved development in preterm
infants'%-'2 (see Chapter 7).

To examine this issue, Dharmaraj et al. prospectively followed growth between
birth and 18 months corrected age and developmental outcome at 18 months corrected
age.’ It was hypothesized that the greater the degree of early growth failure (birth
to 28 d), the poorer the development at 18 months corrected age (mca). Infants were,
therefore, stratified at 28 d into those with mild (fall in weight Z-score < —1.0; MGF)
and severe (fall in weight Z-score > 1.0; SGF to those with mild growth failure (MGF;
fall in weight Z-score < —1.0) and those with severe growth failure (SGF; fall in weight
Z-score > 1.0) growth failure. This process was repeated at 18 months corrected age.
Growth of these infants is presented in Figure 6.2. Between birth and 28 d, Z-scores for
weight decreased and then recovered to some degree in all groups. After 28 d, growth
continued to improve in infants with MGF at 28 d and 18 mca (MGF-MGF) and SGF
at 28 d but mild growth failure (SGF-MGF) at 18 mca. However, growth faltered in
the other groups; that is, MGF-SGF and SGF-SGF. The developmental outcome data
are presented in Table 6.1. SGF-SGF infants had a reduced mental development index
(MDI) and psychomotor development index (PDI) compared to MGF-MGF infants,
supporting the idea that poor growth between birth and 28 d is a marker for poor
development at 18 mca. However, infants who recovered after 28 d (SGF-MGF) had
better MDI and PDI scores than those who did not (SGF-SGF), indicating that catch-up
growth between 28 d and 18 mca is paralleled by improved development.

While poor fetal growth is paralleled by altered organ growth, structure, and
function,* not all organ systems are affected equally. In small-for-gestational-age
monkeys, a 30% reduction in body weight was associated with an 8% reduction in
brain weight but a greater than 35% reduction in lung, liver, pancreatic, and spleen
weights when compared to their appropriately grown counterparts.”” Thus, the brain



152 Perinatal Growth and Nutrition

1.0
’J:‘: 054 GO MGE-MGF
= O O
= oeOrg
E O ——————————— el T T8 __ —
kel SGE-MGF
S _I\N~_ o
§—0.5— - o
=
)
L -1.0
5
%
S -15 MGE-SGF
% O--- Mild-Early-GR, Mild-Late-GR
T ---0d--- Mild-Early-GR, Severe-Late-GR
= -20 —8— Severe-Farly-GR, Mild-Late-GF SGE-SGF
—— Severe-Early-GR, Severe-Late-GR
‘2~5\Q|%|Q|Q|&|®|&|&|&|&l&l
& Qé& AR NS N . SN AN

Time

FIGURE 6.2 Growth of VLBW infants from Reference 13 categorized based on their
growth at 28 d of life and at 18 m corrected age based on their degree of growth failure (GF),
into SGF-SGF (severe GF at 28 d, severe GF at 18 m), SGF-MGF (severe GF at 28 d, mild GF
at 18 m), MGF-MGF (mild GF at 28 d, mild GF at 18 m), and MGF-SGF (mild GF at 28 d,
severe GF at 18 m). (From Reference 13. With permission.)

TABLE 6.1

Bayley’s Mental (MDI) and Psychomotor (PDI) Development Scores
SGF-SGF SGF-MGF MGF-MGF MGF-SGF

All Infants

Cerebral Palsy n (%) 5(31%) 2 (2%) 3 (8%) 4 (17%)

MDI 77 £ 190 95+ 110 93 + 18 91 + 182

PDI® 77 £22° 87+ 19 90+ 17" 83+ 19

Infants without Cerebral Palsy

MDI¢ 88+ 11¢ 98 £ 16°¢ 96+ 15¢ 93 £ 20

PDI 89+ 16 91+ 14 94+ 13 89+ 15

2 Group SGF-SGF < SGF-MGF, MGF-MGF (p = 0.003), MGF-SGF (p = 0.01)

® Group SGF-SGF < MGF-MGF (p <.01)

¢ Group SGF-SGF < SGF-MGF (p <.05), MGF-MGF (p <.10)

Note: Infants from Reference 13. VLBW infants were categorized based on their growth at 28 d of life
and at 18 m corrected age based on their degree of growth failure (GF), into SGF-SGF (severe GF
at 28 d, severe GF at 18 m), SGF-MGF (severe GF at 28 d, mild GF at 18 m), MGF-MGF (mild
GF at 28 d, mild GF at 18 m), and MGF-SGF (mild GF at 28 d, severe GF at 18 m).
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growth is spared at the expense of other organ systems. This “brain sparing,” how-
ever, might amplify the effects of under-nutrition on the other systems. Indeed,
it may partly contribute to some co-morbidities noted in preterm infants; that is,
alterations in immune function and the development infection, alterations in alveo-
lar growth and the development of chronic lung disease, etc.' Irrespective, while of
utmost importance, development is neither a sensitive nor, indeed, a timely measure
of adequacy/inadequacy of intake in these high-risk infants.

THE FETAL ORIGINS OF ADULT DISEASES

OVERVIEW

Despite there being a clear relationship between poor growth and poor development,
as well as better growth and better development, concern has been expressed about
catch-up growth and the development of insulin resistance'®!” and metabolic syn-
drome* in VLBW infants. These concerns emanate from the seminal work of Barker
et al. who noted that intra-uterine/fetal malnutrition was paralleled by an increased
risk for the development of insulin resistance, visceral adiposity, and cardiovascular
disease in later life.'®

Barker speculated that adverse ante-natal or early postnatal influences had per-
manent effects on body structure, physiology, and metabolism.'® Depending upon
timing, the effect varied. Insults during early gestation permanently reduced body
size whereas those during late gestation affected cell structure and function without
necessarily altering body size.'® After delivery, released from in utero constraints
and fed a normal diet, catch-up growth is paralleled by the development of insulin
resistance, visceral adiposity, and other components of the metabolic syndrome.!

How this occurs is not fully understood. Inadequate nutrient delivery during a
critical epoch of development is thought to alter tissue growth; that is, cell prolif-
eration and differentiation. This, in turn, is associated with changes in organ size,
structure, and function, notably the liver, pancreas, and kidney.’® The relative con-
tributions of different organ systems to the development of insulin resistance are not
fully elucidated, but alterations in hepatic metabolism may be key.?°

Obesity and increased adipose mass are core components of metabolic syndrome.
Increased adipose mass is paralleled by an increased free fatty acid (FFA) flux and
pro-inflammatory cytokine production. These, in turn, blunt the effects of insulin on
liver, muscle, and adipose tissue (Figure 6.3). Hepatic output of glucose and VLDL
lipoprotein increase, but HDL output decreases. Hepatic triglyceride synthesis/stor-
age increases. Eventually, ectopic fat accumulation ensues, a result of concomitant
oxidative stress, lipid peroxidation, and cytokine production.?!

Adipose and muscle tissue sensitivity are also important in the development of
insulin resistance. Normally, insulin inhibits adipose lipolysis and increases glucose
transport into skeletal muscle. With insulin resistance, lipolysis continues, FFA lev-
els increase, and the vicious cycle is perpetuated.?'->> Macrophage infiltration has
also been noted,**?* and is associated with adipocyte hypertrophy, thus increasing
cytokine release,?® further antagonizing insulin action. With increased FFA levels,
glucose transport into skeletal muscle is also inhibited.?”?°



154 Perinatal Growth and Nutrition

Increased Fat Mass

/N Free Fatty Acid Flux | “ Pro-inflammatory Cytokines

Insulin Resistance

v
T

{ Glucose entry T VLDL output " Insulin Secretion
M Triglyceride storage ' HDL output
M TG synthesis
T Glucose output

Hyperglycemia, Dyslipidemia, Ectopic Fat Accumulation

FIGURE 6.3 Schematic representation of inter-relationships between components of the
metabolic syndrome.

The relative roles of genetic, intra-uterine, and environmental factors in the
pathogenesis of insulin resistance are not clear, but diet also plays a key role.”! A
high-energy, that is, glycemic or fat, content increases insulin needs, fat synthesis,
storage, etc. Diets high in trans-fats, branched chained amino acids, ethanol, and
fructose content have also been related to increased lipogenesis, and therefore the
development of metabolic syndrome.?’ However, whether a “normal” infant diet is
likely to do so in VLBW infant with significant fetal or EUGR is unclear.

ANIMAL MODELS

Several animal models are used to study this issue. These include global dietary restric-
tion, protein restriction, or hormonal intervention in rats. Global dietary restriction is
associated with short-term and long-term effects on fetal physiology. The effects vary
but alterations in blood pressure and vaso-reactivity,’® glucose homeostasis,?' pancreatic
development,’ and hypothalamic-pituitary adrenal axis* have been shown.

Rat pups born to dams fed a low-protein diet are underweight and short at deliv-
ery.33-3 Pups then fed an unrestricted diet catch-up in weight but not length,** and
permanent disruption to organ structure and function result.3*

Diet shortly after birth may amplify the risk of obesity and metabolic disease in
later life.’® However, differences exist in endocrine and metabolic status between
fetal growth failure and dietary-induced alterations. With fetal growth failure, fast-
ing plasma insulin and C-peptide levels are increased and there is no reduction in
insulin sensitivity.’” At the same time, hepatic fatty acid synthesis and fat storage in
peripheral fat sites is increased.’’
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With diet-induced obesity, insulin levels are not elevated but insulin sensitivity
is reduced.’”3® At the same time, fatty acid synthesis is also decreased and there is
increased fat storage in non-adipose tissues.’**? Whatever the differential effects of
fetal growth failure and dietary induced obesity are on endocrine/metabolic status,
both increase the likelihood of development of metabolic syndrome.

Hormonal interventions have also been used to study this issue. Fetal gluco-
corticoid exposure in rats is associated with fetal growth failure,**#! elevated blood
pressure, enhanced hypothalamic-pituitary-adrenal (HPA) axis activity,* glucose
intolerance,* fasting hyper-insulinemia, and hyperglycemia* in rat pups. Exposure to
cytokines (TNFa, IL-6) is also associated with obesity, alterations in insulin sensitiv-
ity,**# hypertension,* and dysregulation of the HPA axis.*

THe VLBWI

Parallels exist between the epidemiologic observations of Barker et al. and the very low
birth weight (VLBW) infant, as up to 40% of preterm infants may be growth restricted at
birth,*® and as many as 100% growth restricted at hospital discharge.*’ Even if they were
not malnourished in utero, most VLBW infants are malnourished after delivery, that is,
during the latter part of the second and throughout the whole third trimester.

Parallels also exist with animal data. Global dietary or protein restriction and
hormonal intervention are used to study metabolic syndrome in animals. Inadequate
intakes are important contributing factors to EUGR in VLBWIL. In the study of
Embleton et al., the deficit in protein and energy intake accounted for ~50% of vari-
ability in EUGR.? Body composition data indicate increased/altered adiposity as
well as a reduction in lean body mass.*3+

Additional risk factors in the VLBWI include:

1. Postnatal administration of steroids; for example, for the treatment of ino-
trope-resistant hypotension, prevention/treatment of chronic lung disease, etc.

2. Maternal chorio-amnionitis, a common occurrence with preterm labor,
leading to pro-inflammatory cytokine production.

3. Recurrent postnatal stress as occurs with intercurrent illness; for example,
sepsis, necrotizing enterocolitis, etc., which increase cortisol secretion and
pro-inflammatory cytokine production.

Collectively, these data have been interpreted to indicate that VLBW infants
may be at an increased risk of developing insulin resistance and visceral obesity.>®
Mechanistically, increased TNFo and cortisol levels, because of stress/infection,
coupled with low protein intakes blunt insulin sensitivity and acutely increase insu-
lin levels (Figure 6.4). With recurrent stress and low protein intakes/high-glycemic
diet, chronic hyperinsulinemia ensues and there is a down-regulation of B3 visceral
adreno-ceptors, reduced visceral lipolysis, and increased visceral mass (Figure 6.4).

Inadequate protein and energy intakes can be directly related to reduced body size
and altered body composition. However, whether this is associated with alterations
in endocrine, renal, or hepatic function on a temporary or permanent basis is unclear.
Further studies are needed to examine these key issues in VLBW infants.
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FIGURE 6.4 Schematic representation of the possible progression from acute insulin resis-
tance to chronic insulin resistance, and finally to increased visceral adiposity in the preterm
infant precipitated by a combination of stress and nutritional factors.

LONG-TERM METABOLIC EFFECTS OF
PREMATURITY AND POSTNATAL GROWTH

In attempting to determine the effects of preterm birth, in utero growth restriction
(IUGR), EUGR, and subsequent catch-up growth on the risk of the metabolic syn-
drome, we set ourselves a difficult task. The metabolic syndrome may take many
decades to become apparent, and if we wait for such data, our results will no longer
be applicable to the then current practice of neonatology. Rather than knowing how
to manage our current preterm infants, we will only know how we should have man-
aged preterm infants born, and cared for, several decades earlier. To obtain timely
and clinically relevant data, we are forced to use proxy measures of the metabolic
syndrome such as body adiposity or biochemical measures of insulin sensitivity,
or blood lipids. In order to find any effect that may exist, we need to do the right
measurement, at the right time, in the right infants, and carry out the right analysis.

RIGHT MEASUREMENT

Selecting the correct proxy measure is difficult. The total amount of body fat can be
analyzed as an absolute number, as a percentage of body mass (e.g., percentage body
fat), or normalized to body size (e.g., normalizing to height as in the fat mass index).
Describing regionalization of partitioning of fat between different depots is even
harder. For example, there are many permutations of body composition that could
lead to an increased percentage of body fat being on the trunk, rather than the limbs
(i.e., “central” rather than “peripheral”):

1. There may be a general increase in adiposity that is most marked centrally,
that is, both the numerator (central fat) and denominator (peripheral fat) are
increased, but the ratio remains increased.
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2. There may be normal whole body fat mass, but fat is shifted from periph-
eral to central sites, that is, numerator (central fat) is increased and denomi-
nator (peripheral fat) is decreased, leading to an increased ratio.

3. There may be reduced body fat, but the fat is most markedly reduced in
peripheral sites, that is, numerator (central fat) is reduced but the denomina-
tor (peripheral fat) is reduced more, causing the ratio to be increased.

All three of these examples lead to an increase in central fat as a percentage of
total body fat, but the whole body adiposity may be increased, decreased, or nor-
mal, the absolute amount of fat in central depots may be increased, decreased, or
normal, and the amount of fat in peripheral depots may be increased, decreased,
or normal, depending on the individual case. It is unlikely that all such permuta-
tions carry the same long-term metabolic risks. The same problem is seen when
considering the percentage of fat in subcutaneous tissues, in internal tissues, in the
abdomen, etc.

When considering insulin sensitivity, some tests are relatively easy and can be
used in large populations (e.g., fasting glucose, fasting insulin, HOMA-IR). Others
are more complex and expensive, and so are harder to use in large groups (oral
and IV glucose tolerance tests). Finally, tests such as hyperinsulinemic euglycemic
clamp are even more difficult and invasive to perform and published data is available
only for relatively small samples sizes.

RiGgHT TIME

Selecting the correct time is also important. There is evidence from term SGA
infants that some proxyl measures (such as body adiposity or insulin sensitivity) may
be normal, or indeed more favorable than term SGA infants than term AGA infants,
early in life>! and metabolic derangements only become more apparent with age.>>-
Results early in life, therefore, may be deceptive. Outcomes at certain time points
(e.g., at term corrected age) may be confounded by the rapid changes that occur
immediately after delivery in term infants (see later).

RIGHT PATIENT

Many cohorts have been recruited based on their body weight rather than on their
gestational age. Although most VLBW (<1.5 kg birth weight) will be preterm, a
small number will be term. However, if AGA VLBW are considered, they will all be
preterm. If the population selects LBW infants (< 2.5 kg birth weight), the proportion
of term infants will be much higher.

Not all preterm infants are likely to be a similar risk. It would be expected that
moderately preterm infants would be a less risk (although this is unproven), but
cohorts of preterm infants vary in their inclusion criteria, and some will include such
infants. This is understandable, as stricter enter criteria and narrower gestational age
limits will rapidly reduce the number of potentially eligible infants.

Large, high-quality cohorts are difficult to recruit, require large amounts of work
from multiple people, and are extremely expensive. Therefore, the number of such
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cohorts is very limited. As a result, more than one paper can report related (but dis-
tinct) markers of metabolic risk in the same cohort. For example, the excellent Dutch
Preterm and Small-for-gestational-age infants (POPS) cohort has been the basis of
many of the papers we will review next.>*-9> Although this approach is completely
appropriate, and results from one of those papers can support results in another, it
should be remembered that the cohorts are either closely related or identical, so the two
sets of results are not provide truly independent confirmation of each other’s results.

RIGHT ANALYSIS

When examining the effects of prematurity, it seems obvious that the comparison
group should be term infants. However, up to 50% of preterm infants have ITUGR
or are diagnosed as SGA. Therefore, should the comparison group be term AGA
infants, term SGA infants, or both? Presumably, the most “normal” condition is the
term AGA infant (ideally those exclusively fed human milk) but does that result in
an impossibly high standard for preterm infants to meet?

Many studies have looked at the effect of postnatal growth on metabolic risk fac-
tors. However, it is well known that early catch-up growth is greater in babies who
were born SGA. If an analysis examines the effect of the change in weight Z-score
between, for example, birth and 3 m corrected age, this is confounded by the effect
of birth weight Z-score as infants with lower birth weight Z-scores will have greater
catch-up growth early in life. This effect is well known, and most published studies
have accounted for it; however, some do not.

Just as the definition of EUGR is open to debate, so is the meaning of catch-
up growth or “faster growth.” Some studies have discussed “more rapid” and “less
rapid” growth in preterm infants in the first two weeks of life. For example, what
is the meaning of “greater weight gain” when it refers to a mean population weight
gain of 38 g over 2 w (less than 3 g/d or about 2g/kg/d), rather than a mean weight
decrease of 122 g over the same period?%?

COMPONENTS OF THE METABOLIC SYNDROME

The definition of the metabolic syndrome is open to argument,®-% and is even more
difficult to define in children. This serves to complicate the selection of “right test”
in studies of growth and metabolic risk.

However, four components are frequently included in the clinical definition of
metabolic syndrome:

1. Obesity. This may be defined based on whole body adiposity (typically
using the proxy measure of body mass index), or on central adiposity (usu-
ally using the proxy measure of waist:hip ratio).

2. Hypertension.

3. Insulin resistance. This is most commonly diagnosed based on fasting
blood glucose levels, or on 2-h values from an oral glucose tolerance test.

4. Dyslipidemia. This includes both abnormal cholesterol metabolism and
elevated serum triglycerides.
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We will now review the evidence linking preterm birth to these outcomes, and
any evidence suggesting that the risk of these outcomes in preterm infants can be
positively or negatively modified by rates of postnatal growth.

ADIPOSITY

In considering the effects of catch-up growth in preterm infants on later outcomes, such
as risk factors for the metabolic syndrome, we need to consider two related questions:

1. What is the effect of preterm birth (and its associated comorbidities) on
the outcome?

2. What effect (if any) does catch-up growth (or nutrition or diet) have on the
relationship between preterm birth and the outcome?

We can consider these questions using the example of whole body adiposity (“fat-
ness”) in preterm infants, and ask the following questions:

1. Are preterm infants fatter or thinner than their term-born peers?
2. Does catch-up growth affect the adiposity of preterm infants?

CONFOUNDING FACTORS

In many studies, body adiposity is presented as percentage body fat (i.e., a percent-
age of total body mass, or the sum of lean and fat mass). An increase in percentage
body fat, therefore, can represent an increase in the amount of fat tissue as a fraction
of body mass or a decrease in the amount of lean tissue.

Another confounding issue may be the localization of adipose tissue. It is believed
that intra-abdominal and specifically intra-hepatic fat may be particular risk factors
for development of the metabolic syndrome,”” MRI,%7-6¢ and MRS®” and had led to the
identification of the “fat on the inside, thin on the outside” phenotype as a risk factor
for metabolic syndrome.

Often this is expressed as a ratio of the intra-abdominal fat to the abdominal sub-
cutaneous fat.”>%7 Once again, an elevated value can represent either an increase in
intra-abdominal fat or a decrease in abdominal subcutaneous fat. Whether there two
circumstances have the same metabolic effects is unclear.

Both these issues can confound the interpretation of body composition data. In
preterm infants, an increased percentage body fat may represent an increase in the
amount of adipose tissue or a decrease in the amount of lean tissue. For this reason,
the concept of fat mass index (the total body fat mass divided by the height squared)
and the fat-free mass index or lean mass index (the total body lean mass divided by
the height squared) have gained wider traction.

In addition, a population with reduced adiposity, in whom the reduction in fat is
most prominent in subcutaneous tissues, may have the same ratio (%) of intra-abdom-
inal fat to subcutaneous fat as an obese population whose excessive adipose tissue is
disproportionately deposited in intra-abdominal sites. Although the two populations
have similar percentage of intra-abdominal fat, they differ greatly in total body fat,
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and in the mass of fat tissue in subcutaneous depots and the amount of fat in intra-
abdominal depots. Whether their similar values for percentage of intra-abdominal fat
confer the same metabolic risks to the two populations is an open question.

PosTNATAL CHANGES IN ADIPOSITY

In term infants, there is a rapid growth in fat mass in the first few months of life,
and the rate of increase in fat exceeds the rate of growth of other tissues.®7' As
a result, the amount of fat as a percentage of total body weight increases from 11
to 14% at age 2 weeks to approximately 30% at three months of age.®® The factors
leading to this rapid increase are unclear, but presumably could include the changes
in nutritional composition (a higher fat-based enteral diet compared to a higher car-
bohydrate-based transplacental route), a change to episode bolus feeds instead of
continuous supply across the placenta leading to periods of fasting, the various neu-
roendocrine changes associated with birth, and the need to maintain one’s own core
body temperature ex utero. The fetus is known to gain fat rapidly during the third
trimester and percentage body fat increases during the later stages of term preg-
nancy.’? It is clear, however, is that these early postnatal changes are not simply the
continuation of the in utero pattern of fat gain—the trajectory of fat accumulation
changes dramatically near the time of birth”® (Figure 6.5).
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FIGURE 6.5 In utero and ex utero increases in total body fat in the fetus and term infant.
(From Reference 73. With permission.)
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Adiposity increases rapidly after birth. Between 1 w and 12 w after birth, males
in one study gained 2.6 + 0.58 kg in weight, of which 47% (1.23 kg + 0.43) was fat.
This resulted in a change in body adiposity from 12.5 +4.0% at 1 w to 26.4 + 5.1% at
12 w.* Females in the same study gained 2.3 + 0.49% (46% was fat), increasing body
fat from 13.4 + 3.7% to 26.3 + 4.2% between 1 w and 12 w.™

Errect OF PRETERM BIRTH ON BODY ADIPOSITY

Near Term Corrected Age

Whatever drives the rapid increase in adiposity in term infants also seems to drive a
rapid increase in adiposity in preterm infants beginning at birth. By term-corrected
age, preterm infants have greater percentage body fat than do term infants.”>7® This
presumably reflects the fact that the preterm infants have had a substantial period
of time between their preterm birth and their expected term date to accrete addi-
tional fat. Term infants, of the same post-menstrual age, are only a few days old and
have not had time to accrete this fat. This would be consistent with data showing
that differences in adiposity at term-expected age are greater for infants born more
preterm,” as they have a long period of postnatal ex utero life to accrete fat at the
increased ex utero rate.
Two things can be drawn from this:

1. Comparison of adiposity at term-corrected age between term and preterm
born infants is confounded by the very different length of time spent ex utero.

2. This age is probably not helpful in understanding the long-term effects of
preterm birth on body fatness.

It is now clear that the higher percentage body fat at term in preterm infants is
not just due to increased absolute fat mass; the absolute lean mass is reduced at term
in preterm infants compared to term infants and this accentuates the differences in
percent body fat.’® In some studies, there are no differences in fat mass between term
and preterm infants, but the relatively lower lean mass in preterm infants leads to a
greater calculated fat percentage in preterm infants.”’

One meta-analysis has shown that both lean mass and fat mass are lower in pre-
term infants at term-expected age compared to term-born infants.”® However, the
deficit in lean mass (460 g) is much greater than the deficit in fat mass (50 g), leading
to a significantly higher percentage fat mass in preterm infants at this age.”

Through Infancy and Beyond

The difference seen at term-expected age persists into early infancy. At 1 m cor-
rected age, the percentage body fat of preterm infants remains higher than for term
infants, although the relative difference between the groups is much less.” By 3 m
corrected age, no difference in percent fat is apparent between the term and preterm
infants.” Another study has demonstrated that the percentage body fat of former
preterm infants slowly catches up with their term-born peers through the first year
of life,”® but that preterm infants continue to have lower percentage body fat even at
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12 m corrected age.” For example, when the whole body adiposity of former pre-
term infants is assessed at 3 m, 6 m, and 12 m of age, the quartile with the higher
weight gain from birth had increased adiposity than the lowest weight gain quartile.”®
However, even the highest weight gain quartile had a lower percentage whole body
fat than the reference term infants (Figure 6.6).3

These differences persist into school age, when preterm infants have lower BMI,
percentage body fat, and lower fat mass index, but normal fat-free mass index.%°
When the partitioning of fat is considered, the largest deficit is in the arms and the
legs.8° There may also be a smaller deficit in truncal fat mass, adjusted for height.
The overall result is that former preterm infants have reduced total fat mass, reduced
peripheral fat mass (i.e., in the arms), and reduced central fat mass (i.e., in the trunk),
but an increased ratio of truncal to limb fat.?

At 4.6 y of age, both SGA and AGA preterm infants have body fat levels compa-
rable to term AGA infants.?! Term SGA infants had higher body adiposity than term
AGA, preterm AGA, and preterm SGA infants.?!

BMI remains lower in preterm infants at 6 to 12 y, compared to term infants.®?
When assessed by DXA, both fat mass and fat-free mass are reduced in preterm
infants, but as the reduction in fat mass is disproportionately larger, the overall
global percentage fat mass is reduced in preterm infants (20.1 + 8.3%) compared to
term infants (23.3 + 8.3%, p < 0.005). When the amount of fat-free mass is normal-
ized to height using the fat-free mass index (fat mass/height>3), the two groups are
similar (11.4 £ 1.6 vs. 11.6 = 1.0), but the deficit in fat mass in preterm infants persists
(1.56 = 0.82 vs. 1.81 = 0.89, p = 0.01).3
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FIGURE 6.6 Whole body adiposity at term, and at 3 m, 6 m, and 12 m corrected age in the
fastest and slowest quartile of preterm infants, compared to reference data for term infants.
Data for the 1st and 4th growth rate quartiles of preterm infants are shown =1 SD. (Data is
from Reference 73. With permission.)
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In Adult Life

There is relatively little data on adiposity in former preterm infants at adult age.

Some studies show no significant differences between preterm and term infants
at age 18 to 24 y, either among those with more rapid growth in the first 3 m of life
(28.3 £9.8% vs. 26.4 £+ 9.2%) or those who grew more slowly (21.2 = 10.4% vs. 19.4
+11.6).8

In the Dutch POPS cohort, VLBW preterm infants had reduced lean mass and
reduced fat mass at age 19 y, than term infants.3* The differences in lean and fat were
similar, however, so that the percentage whole body fat was similar in their term and
preterm infants.$*

Other studies have shown increased percentage fat at 18 to 27 y in former preterm
infants by MRI® or by DXA at age 18 to 24 y.%

Clearly, more follow-up data are needed, especially at older ages. Former preterm
infants appear to have lower adiposity than their term peers through the majority
of childhood. Limited adult data suggests similar or maybe increased adiposity in
early adult life. It should be a matter of some urgency to clarify this issue because
if the trend of increasing adipose content in preterm infants relative to term infants
continues, it is possible that preterm infants will have substantially increased levels
of whole body adiposity later in adult life.

Errect oF GROWTH RATE ON THE DEVELOPMENT
ofF WHoLe Boby ApirosiTy IN THE FETUS

The effect of in utero growth is best studied for the SGA infant (see Chapter 4).

Some limited in utero data suggest that [IUGR during fetal life leads to both reduced
fetal fat mass and reduced fetal lean mass. A study of 14 ITUGR and 14 control fetuses at
30 to 31 w gestation assessed lean and fat masses from ultrasound examination of the
fetus.8” TUGR fetuses had reduced fat mass in the abdomen, subcutaneous tissues, and
in the mid-arm, and reduced lean mass in the mid-arm.%” No differences in fat or lean
mass in the fetal arm were seen.’” A second study assessed fetal lean and fat mass from
in utero ultrasound of the fetal thigh.®¥ Both lean and fat mass in the mid-thigh were
reduced in this study. However, lean mass is disproportionately decreased to calculated
percentage fat mass is actually increased.®

The adult effects of poor fetal growth based on results of observational cohort
studies are contradictory. In the large cohort of infants born during the Dutch Famine,
maternal malnutrition during the third trimester led to lower birth weight and a
decreased risk of adult obesity, while exposure during the first or second trimester was
associated with an increased risk of adult obesity.* No such effects on adult obesity
were seen in the Leningrad Siege cohort,® perhaps because the Dutch Famine cohort
had subsequent catch-up growth, while the Leningrad Siege cohort did not.%

Both maternal type 1 diabetes and gestational diabetes are associated with
increased risk of obesity in offspring in adulthood® and it has been estimated that
1 kg increase in birth weight increases adult BMI by 0.5 to 0.7 kg/m2.% Similar effects
may be seen without overt disturbances in maternal blood glucose concentration. For
example, Sewell et al.”* compared obese and normal weight mothers, all of whom had
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normal glucose levels. Maternal overweight tended to increase neonatal birth weight
and neonatal fat mass, but had no effect on lean mass. Multivariate analysis is confus-
ing. Among mothers with normal pregravid BMI, maternal weight gain (which was
used as a proxy measure of fetal growth) was associated with increased lean mass in
infants at birth.° In the overweight/obese mothers, maternal weight gain was associ-
ated with infant percentage body fat at birth, but not with lean mass.®

Fetal growth is strongly associated with percentage body fat at birth, even in a
population of predominantly AGA infants.”! Birth weight (used as a proxy measure-
ment of fetal growth) is significantly positively associated with percentage body fat,
and explains 44% of the variability in percentage body fat at birth.”! Alternatively,
prenatal determination of estimated fetal weight or abdominal circumference
explains 25% or 30%, respectively, of the variability in percentage body fat at birth.”!

Errect oF GROWTH RATE ON THE DEVELOPMENT
ofF WHoLE Boby ApiPosITY IN THE TERM INFANT

The Term SGA Infant

The term SGA infant is reviewed in detail elsewhere. Briefly, adiposity of AGA
and SGA infants starts to diverge between 2 and 4 years of age and is related to
the amount of catch-up growth>* and the difference is well established by 6 to 8
years of age.’>%2> Abdominal fat content of AGA and SGA infants also diverges
between 2 and 4 years.> Percentage body fat in SGA infants is related to the rates
of weight gain between 0 and 2 years and between 2 and 4 years.>® The amount of
abdominal fat is related to growth between 0 and 2 years but not growth between
2 and 4 years.>

The Term AGA Infant

The effect of birth weight per se on long-term metabolic risk in term AGA infants
is unclear.

Higher birth weight may be associated with early increases in fat mass index and
BMI at 12 w of age.”> However, by 11 y birth weight is unrelated to fat mass index,
truncal fat, or percentage body fat,** although it was positively associated with height
in both genders and with fat-free mass index in boys.**

Outcomes in Infancy

Childhood weight gain is known to be a heritable characteristic and may be a more
important determinant of later metabolic risk than birth weight.”> Weight gain
between birth and 3 m is positively associated with higher fat-mass index and fat-
free mass index (lean mass index) at 3 m of age.”?

Other studies have not identified a significant effect of weight gain, but have
identified a significant effect of length gain. In a mixed cohort of AGA and ITUGR
term infants, more rapid length gain was associated with increased adiposity at 6
w of age.”® No such effect of weight gain is seen.”® In this study, the highest body
adiposity was seen in the human-milk-fed IUGR infants.’® As is the case with the
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preterm infant, it is unknown whether this increased early adiposity is beneficial,
detrimental, or of no consequence.

Outcomes in Childhood

In one study, the effect of rapid childhood weight gain (defined as an increase in
weight SDS > 0.67 between 0 and 2 y) was associated with an increased BMI and an
increased percentage body fat at age 7 y.°7 A similar study on more than 5000 term
infants from the Seychelles showed that weight gain during the first year of life was
strongly associated with the risk of obesity at 4 to 7 y even when the effect of birth
weight was accounted for.”®

Outcomes in Adult Life

Several studies have looked at the effects of early growth on metabolic risk at 17 to
20 y. In one study,” metabolic risk was associated with weight gain during infancy
(0 to 6 m) but not during childhood (3 to 6 y).”” Similar results were seen in a
study of 300 African Americans.®* Approximately 29% of subjects had rapid weight
gain between 0 and 4 m (>1 SDS gain in weight), and these infants were at signifi-
cantly increased risk of obesity at age 20 y.1%° Rapid weight gain between 0 and 4 m
increased the odds for adult obesity 5.2-fold, and increased the odds for overweight
6.7-fold.100

Kerkhof et al. compared the effects of early weight gain in 162 preterm infants
and 217 term infants at age 18 to 24 years old.®* In term-born infants, rapid weight
gain in the first year of life (weight SDS increase >0.67) was associated in increased
body fat, truncal fat, increased waist circumference, and decreased insulin sensitiv-
ity, but had no effect on blood pressure or serum lipids.®

Errect oF GROWTH RATE ON THE DEVELOPMENT
ofF WHoLE Boby ADIPOSITY IN THE PRETERM INFANT

At Term

In preterm infants, whole body adiposity at term-expected age is associated with
growth rate, with infants with the most rapid weight gain between birth and term
having the highest adiposity,'”! and preterm infants who developed EUGR having
lower percentage body fat at term.!%

These findings are confirmed by MRI data*® demonstrating that whole body adi-
posity in preterm infants is significantly related to the rate of ex utero weight gain.
Although this dataset is a little atypical as it does not identify increased adiposity in
preterm infants compared to term infants, rather, in this cohort the percentage total
body adiposity was similar in preterm (17.0 + 4.0%) and term (18.3 £ 2.5%, p = 0.64)
infants.®

Roggero et al. studied VLBW infants (<1.5 kg at birth) classified based on whether
they were below the 10th percentile for weight for age at birth (AGA or SGA) and
whether their weight for age Z-score was below or above -2 SD at term-expected age
(growth restricted or not growth restricted)./®® Among the AGA infants, those with
postnatal growth restriction had lower weight Z-scores at term (by definition) and
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lower percentage body fat at term. Between term and 3 m corrected age, the growth-
restricted AGA infants gained significantly more fat than their non-growth-restricted
AGA peers, and had similar adiposity at 3 m corrected age. Between 3 m and 5 m
corrected age, the two groups accreted similar amounts of fat and continued to have
similar fat percentages at 5 m post-term.!%® At term, the SGA group had similar per-
centage fat to the growth-restricted AGA infants, and all three groups had similar fat
percentages at 3 m and 5 m post-term.'%3

In Infancy and Childhood

As part of the large preterm and SGA infant cohort in Holland, the effects of birth
weight Z-score and change in weight Z-score between birth and 3 m corrected age
and 3 m and 12 m corrected age were evaluated in 403 preterm infants.>* Early post-
natal growth (birth to 3 m corrected age) was significantly positively associated with
both fat mass and fat-free mass; however, the effect of fat mass was larger so that
adiposity (either measured as percentage body fat or fat mass index) was greater if
growth between birth and 3 m corrected age was greater, even if birth weight Z-score
was corrected for.>* Likewise, even following correction for birth weight Z-score and
weight gain between birth and 3 m corrected age, later childhood growth (between 3
m and 12 m corrected age) was significantly associated with fat mass, fat-free mass,
percentage body fat, and fat mass index.>* Waist circumference was independently
associated with birth weight Z-score and with weight gain between birth and 3 m,
and between 3 m and 12 m corrected age.>*

We have shown growth rates during the first year of life are associated with adipos-
ity. In a large cohort of preterm infants, the fastest growing quartile of preterm infants
had significantly higher whole body adiposity at multiple time points, through to 12 m
corrected age” (Figure 6.6). What is noteworthy is that the highest growing quartile
still has relatively low adiposity compared to term-born peers.”> Whether one considers
these difference in adiposity as “higher adiposity” or “more normal adiposity” in more
rapidly growing infants is a matter of perspective.”?

In one small group of VLBW infants, percentage body fat was significantly posi-
tively related to change in weight SD score between birth and 2 w and between birth
and 4 w.1%4

Later in Life

In Kerkhof’s study (see previously under “Outcomes in Adults, the Term AGA
Infant”), more rapid weight gain in preterm infants during the first year of life
was associated with increased body fat and increased waist circumference at 18 to
24 y.83 When the first year was examined in more detail, weight gain between birth
and term-expected age and between-term expected age and 3 m corrected age was
significantly associated with both percentage body fat and waist circumference at
18 to 24 y.%3

Similar to the Euser study>* of 400 infants born before 32 w gestation, follow-
up at 19 y demonstrated that weight gain between birth and 3 m corrected age and
between 3 m and 12 m corrected age was significantly positively associated with
percentage body fat at 19 y (and also BMI, waist circumference, absolute fat mass,
and absolute fat mass corrected for height).>*
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FAT PARTITIONING

The literature on fat partitioning in former preterm infants is limited, and the data
examining the effect of postnatal growth rates is even more limited.

At Term

Term and preterm born infants were compared at term-corrected age using MRIL.*
The two groups had similar percentage body fat, but the preterm infants had higher
subcutaneous and intra-abdominal fat. Weight gain (expressed as change in SD
score) was significantly associated with percentage intra-abdominal fat (r = 0.40,
p = 0.0014), and with percentage of fat in subcutaneous depots (r = 0.40, p = 0.0012)
in the preterm infants. However, these effects were lost on multivariate testing that
corrected for birth weight and illness severity (using a proxy measure of the amount
of time requiring higher-acuity care).*® The multivariate analysis showed that the
apparent effect of weight gain was probably being driven by illness acuity rather
than being a primary effect of growth rate per se. The proxy assessments of illness
severity remained the only significant factors explaining the percentage of fat in
subcutaneous tissues (p = 0.017) or in intra-abdominal adipose tissue (p = 0.0009),
while birth weight, gestational age, and weight gain (p = 0.28 and p = 0.75, respec-
tively) were not significant.*®

The same group has reported intrahepatocellular lipid using MRI/MRS in 18
preterm infants (gestational age less than 32 w) near the time of their expected date
of delivery.!9>19 Comparisons were made to term-born infants and to adult data. The
preterm infants had dramatically increased intrahepatocellular lipid (IHCL) than the
term-born infants (increased over fivefold; P < 0.003.). There was no significant dif-
ference between the term infants and the adults. These findings are striking, but their
significance is unclear. Three important factors should be considered:

1. Fat intake was high and the protein intake low in these infants throughout
their hospitalization, and THCL was significantly related to fat intake, espe-
cially fat intake in the first week.!%

2. No data are presented on the relationship, if any, between postnatal growth
rates and IHCL.

3. The age of examination (term-corrected age) is a time period that is unrep-
resentative of the rest of the first year of life and beyond in terms of whole
body adiposity (at term-corrected age, preterm have higher percentage fat
than their term peers, but lower adiposity for the rest of childhood and on
into adulthood).

Finally, the authors found no relationship between postnatal growth and IHCL.1%
Despite these limitations, these provocative data merit further investigation.

In Infancy and Childhood

We have described fat partitioning at term, 3 m, 6 m, and 12 m corrected age based
on compartmentalization of DXA (dual X-ray absorptiometry data).”> Whether cen-
tral adiposity is expressed as the ratio of the fat mass in the trunk and pelvis divided
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by that in the arms and legs, or by the ratio of the fat mass in the trunk and pelvis
divided by that in the arms, legs, and head, we were unable to identify a relationship
between growth rate and central adiposity during the first year of life.”?

Although preterm infants (both SGA and AGA) had similar adiposity (measured
as fat mass index) as term AGA infants at 4.6 y, the distribution of fat mass may be
different.?! In a study comparing SGA and AGA preterm and term infants, the trun-
cal fat mass index differed between the groups with the preterm AGA infants having
a higher truncal fat index (3.6, SEM 0.4) than the preterm SGA (2.9 SEM 0.5), term
AGA (2.7 SEM 0.1), or term SGA infants (2.4 SEM 0.3).8! The amount of truncal
fat was correlated with weight gain between birth and the time of measurement,
but is not clear whether this analysis accounts for the effects of body size at birth
(e.g., birth weight Z-score).’!

Later in Life

Based on DXA data from one study, preterm infants at 18 to 24 y®® had higher trunk
and limb fat mass, although the ratio of the two appears similar between groups. At
18 to 27 y of age, one small MRI/MRS study suggested that internal adipose tissue
was significantly increased in males who were preterm compared to males who were
born at term, but no such effect was seen in females. Compared to term infants, pre-
term infants had higher abdominal fat (both subcutaneous and internal), and higher
intrahepatocellular (IHCL) and intramyocellular (IMCL) lipid in the tibialis muscle,
but there were no differences in non-abdominal fat (either subcutaneous or internal
nor in IMCL in the soleus muscle).®

EFFeCTS OF INTERVENTIONS ON ADIPOSITY IN PRETERM INFANTS

Protein

There is relatively little data on the effect of protein intake on body composition in
preterm infants. One randomized controlled study was unable to identify changes
in body composition (including percentage body fat) due to three different levels of
protein in infants.!”” However, one observational study has demonstrated that higher
early protein intakes are associated with higher lean tissue mass, lower fat mass, and
lower percentage fat mass.!%

Follow-on Formulas

Once again, changes in body composition have proven difficult to identify in response
to modifications of discharge formulas. Several randomized controlled studies have
failed to see any difference in percentage fat mass.!®-'> For example, in one study
preterm infants were randomized to receive a preterm formula from discharge to
6 m corrected age, a term formula from discharge to 6 m corrected age, or a pre-
term formula until their expected date of delivery and then the term formula.'%!13
A non-randomized group of human-milk-fed infants was prospectively followed.!!
Body composition was assessed at discharge, term, and at 3 m, 6 m, and 12 m cor-
rected age.!'® Weight gain through to 12 m corrected age was significantly higher in
the preterm formula group (i.e., given preterm formula until 6 m corrected age).'®
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Body composition, assessed by DXA, revealed significantly higher lean tissue mass
in the preterm formula group than in the other three groups, and significantly higher
fat mass.'3 The result was that percentage fat mass was similar in all four groups.'?
When partitioning of fat mass was examined, central fat mass (trunk, pelvis, or
torso) was significantly lower in the crossover group than in the other three groups,
and the amount of fat in the legs was significantly higher in the preterm formula
group than the other three groups. No between-group differences in the amount of
fat on the arms or legs was noted.!

In a study of 152 preterm infants, two isocaloric formulas were compared with
a non-randomized group of human-milk-fed infants.""* When the two randomized
formula groups were compared, no significant differences in weight, length, or head
circumference were noted to 6 m of age,'" but there the two randomized groups
were compared, there were significantly greater gains in lean mass and fat mass in
the post-discharge formula (higher energy density and higher protein energy ratio)
compared to the term formula group. At 6 m of age, the lean mass index was higher,
the fat mass index was lower, and the percentage body fat was lower in the post-
discharge formula group compared to the term formula group.'* A similar study
by Roggero confirmed the reduced body fat at 6 m corrected age in AGA preterm
infants fed an enriched formula compared to a term formula."'> No such difference
was seen in SGA preterm infants."'> In a non-randomized cohort study, the use of
a protein and DHA enriched formula after hospital discharge in VLBW preterm
infants led to a significantly lower percentage body fat at 1 y and 2 y corrected age,
and to a significantly lower percentage of body fat deposited on the trunk at the same
time points, compared to the regular term formula.'

HYPERTENSION

ErrecT OF PRETERM BIRTH

It seems likely that preterm birth is associated with modest elevations in both
systolic and diastolic blood pressure (BP) in later life.>”6%!""-119 Although the mag-
nitude of the change is small, it is likely to be significant in population terms. The
degree of effect on BP appears to be inversely related to gestational age, with the
largest effect seen in the most preterm infants.!'”1?0 In a recent meta-analysis of 10
trials comparing 1342 preterm and 1738 term infants, preterm birth was associ-
ated with an increase in systolic BP of 2.5 mmHg."? Among the subset of highest-
quality studies, the effect was slightly greater, with a difference of 3.8 mmHg (95%
CI2.6 -5.0).120

The relationship between BP and prematurity can be confounded by the effect
of growth restriction. For example, in the EPIcure study of extremely preterm
infants (<25 completed weeks gestation), systolic and diastolic BP were both lower
in the preterm infants than in their classmates.'”! However, when the small body
size of the preterm infants (both weight and BMI) was accounted for, the groups
had similar BP.!?!
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MobDIFYING EFrecT OF PosTNATAL GROWTH

Some studies find no effect of postnatal growth on the risk of hypertension in pre-
term infants.83122 For example, in one small study, preterm infants and term controls
were re-evaluated at approximately 24 y of age.'”? As expected, the LBW infants had
significantly higher adult BP, and adult BP was inversely correlated with gestational
age.'”? Lower birth weight was also inversely correlated with higher adult BP, but by
4 w post-term, no relationship between body size and adult BP was seen, nor was one
seen for any 4-w period until 1 y corrected age.'??

However, several studies find an effect of growth at older ages, but not earlier
growth. For example, in a prospective study of over 400 Dutch infants born before
32 w gestation, systolic, mean, and diastolic BP was not affected by birth weight SD
score”’ at age 19 y. Nor did change in weight SD score between birth and 3 m, 3 m
and 6 m, or 6 m to 12 m have any effect.”” However, systolic BP was affected by
weight gain between 1 and 2y, 2and 5y, 5 and 10 y, and 10 and 19 y, and by height
SD score gains between 2 and 5y, 5 and 10 y, and 10 and 19 y.5’

In a study by Hack et al., the effect of weight and length at birth, 8 m, and 20 m,
and on weight, length, and BMI at 8 y and 20 y was assessed in male and preterm
infants.””® Up to and including 8 m of age, none of the growth measures affected
systolic or diastolic BP in either gender. Length at 20 m was positively associated
with systolic BP (not diastolic BP) but only in females. In males, weight and BMI
SD score at 8 y was associated with diastolic BP, and weight and BMI SD score at
20 y were associated with diastolic and systolic BP. Length was not associated with
BP at either age in males. In females, systolic BP was associated with weight and
height SD score at 8 y (but not BMI SD score), and with weight SD score (not height
or BMI at 20 y).'?

In a separate cohort of VLBW infants, systolic BP at age 18 to 27 y was 2.4 mmHg
higher in preterm infants than in term infants.””* BP was not related to either weight
SD score at birth or at term-expected age.'”* A greater drop in weight SD score
between birth and term (i.e., greater EUGR) was associated with an increased sys-
tolic and diastolic BP, although this was partly explained by differences in gesta-
tional age.'”* Within the VLBW AGA preterm infants, adult BP was unrelated to
weight SD score at any time between birth and adulthood.'**

Finally, in a small group of AGA and SGA preterm infants in young adulthood,
the preterm infants in the highest systolic BP quartile had higher height SD scores
from 3 m of age to 21 y as well as higher weight SD scores at between 1 y and 21 vy,
than those in the lowest systolic BP quartile.>

INSULIN RESISTANCE

EFFecT OF PRETERM BIRTH

In the last decade, the quality and amount of evidence on the metabolic risk of
preterm birth and catch-up growth has increased dramatically. As before, we will
examine the evidence for an effect of prematurity first, then the potential modifying
role of postnatal growth rate.
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Outcomes in Childhood

Several studies have examined the metabolic consequences in childhood of being
preterm, either SGA or AGA.

In one study, preterm infants aged approximately 4 y have similar measures of
insulin sensitivity and glucose homeostasis (fasting insulin, fasting glucose, and
HOMA-IR) to term AGA infants.®! This was true for both AGA and SGA preterm
infants, and metabolic parameters did not differ between the two groups of pre-
term infants.®! Term SGA infants at the same age, however, have higher HOMA-IR,
glucose, and insulin levels than either term AGA infants or either of the groups of
preterm infants.®!

However, several other studies disagree with this. For example, in two studies
carried out at age 4 to 7 y, preterm infants have reduced insulin sensitivity compared
to term infants using an intravenous glucose tolerance test'>>1?® and reduced acute
insulin response.!?

The effect of SGA status remains controversial, with some studies showing no
difference between AGA and SGA preterm infants,31?® while others show a disad-
vantage to SGA status.'”’

Among a population of short SGA, the preterm infants had higher insulin secre-
tion (higher acute insulin release), higher disposal index, but similar insulin sensitiv-
ity, fasting glucose, fasting insulin, and HOMA-IR.!?8

Outcomes in Adolescence

Several follow-up studies'%312% have examined the metabolic outcomes of preterm
babies at 13 to 16 y of age. The study subjects were initially enrolled in two ran-
domized controlled trials of early diet; one comparing a term infant formula to a
preterm formula'3®!3! and one comparing unfortified donor human milk to a term
formula.!32133 In both studies, infants were fed their own mother’s milk if available.
If mother’s milk supply was inadequate or absent, the randomized diet was given
as a supplement to mother’s own milk or as a sole diet. Diets were continued for
approximately 1 month. The initial results of the randomized groups were presented
for those receiving the formula as a sole diet, for those receiving it as a supplement
to mother’s milk, and for the two groups combined. Additional analysis was carried
out for infants receiving the largest proportion of the study diet.

The developmental results of these studies have been reviewed elsewhere
(Chapter 7). In brief, improved developmental outcomes were seen in the groups
with the highest growth rates (i.e., higher in the preterm formula than the term for-
mula and higher in the term formula than in donor human milk).

The first of these follow-up studies examined the concentrations of insulin, proin-
sulin, split 32-33 proinsulin and glucose at 13 to 16 years of age.!” The most striking
results were for the split 32-33 proinsulin. In the two studies separately (preterm
formula vs. term formula, and donor human milk vs. term formula), there was a
trend for higher split 32-33 proinsulin in the lower nutrient density diet (P =0.07
for each). When the two trials were combined, the split 32-33 proinsulin concentra-
tion was significantly lower in the infants randomized to the lower nutrient density
diet."” In addition, weight gain between birth and 2 weeks of age was significantly
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correlated with split 32-33 proinsulin (P = 0.0009) and with serum insulin concen-
tration (P = 0.0001), suggesting a protective effect of lower nutrient intakes during
the first 4 w of life in preterm infants, and with poorer weight gain in the first 2 w."”
When weight gain between birth and 2 w of age was divided into quartiles, there
was a significant trend for higher split 32-33 proinsulin levels with higher early
weight gain.'” What is sometimes overlooked is how much weight these infants lost:
the lowest quartile lost more than 116 g over 14 d (>8% of birth weight), while the
highest quartile gained at least 13 g (1% of birth weight). Furthermore, the cause of
the differences in weight is not known. It is possible that the highest weight change
quartile had significantly more edema, higher fluid intakes, or reduced urine output,
all of which may be markers for severity of illness and have confounded the subse-
quent data.

Although infrequently discussed, Singhal et al.!” also followed a comparison group
of term infants. When one compares the preterm infants randomized to a higher
nutrient diet or a lower nutrient diet to the non-randomized term infants, the preterm
infants have serum insulin, proinsulin, and split 32-33 proinsulin more similar to
the term infants than to the preterm infants on a lower nutrient diet (Figure 6.7).
Although it is possible, it seems implausible that poorer nutrient intake in preterm
infants could lead to a more favorable metabolic phenotype than seen in term infants
with normal postnatal growth.

Outcomes in Adult Life

In the Dutch POPS study cohort, a variety of measures of insulin sensitivity has been
carried out. Results of oral glucose tolerance at 19 y testing demonstrated higher
fasting insulin levels, and higher 2-h insulin and glucose levels in preterm infants
compared to term infants.3* When the preterm AGA and SGA infants were con-
sidered separately at age 21 y, the preterm AGA infants had similar insulin sensi-
tivity to the term AGA infants.®® Both AGA groups (preterm and term) had better
insulin sensitivity and lower post-prandial insulin than the preterm SGA cohort.®®
Among males, preterm SGA infants had higher post-prandial triglyceride concentra-
tions than the AGA preterm and term infants.%° These data suggest poorer insulin
sensitivity in the preterm SGA compared to control term AGA infants, but normal
insulin sensitivity in the preterm AGA infants.® More sophisticated testing using a
hyperinsulinemic euglycemic clamp in young adults (21 y) produced somewhat dif-
ferent results.” Insulin sensitivity was lower in both preterm groups (AGA and SGA)
compared to the term infants.>

In other studies, several have failed to identify a difference in markers of insu-
lin sensitivity between term and preterm infants.33#313* However, some have identi-
fied increased insulin levels or decreased insulin sensitivity in preterm infants at
21 to 23 y,'35 24 y,'22 or 30 y.!'"” One study described similar insulin levels between
term and preterm infants but an increased fasting glucose,'?? while another has seen
increased insulin concentration and increased fasting glucose once current weight
was accounted for.!??
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FIGURE 6.7 Markers of insulin resistance [serum insulin (a), proinsulin (b), split 32-33
proinsulin (c), and glucose (d)] from two combined studies of preterm infants depending on
whether they received a lower nutrient diet (donor human milk, or term formula) or a higher
nutrient diet (term formula, or a preterm formula), and a non-randomized comparison group
of term infants. (Data from Reference 17.) (continued)
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FIGURE 6.7 (CONTINUED) Markers of insulin resistance [serum insulin (a), proinsulin
(b), split 32-33 proinsulin (c), and glucose (d)] from two combined studies of preterm infants
depending on whether they received a lower nutrient diet (donor human milk, or term for-
mula) or a higher nutrient diet (term formula, or a preterm formula), and a non-randomized
comparison group of term infants. (Data from Reference 17.)
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MobDIFYING EFrecT OF PosTNATAL GROWTH

The concern that differences in early postnatal growth in the NICU and afterward
may predispose to later development of the metabolic syndrome is widespread, and
may have changed nutritional practices. Despite this, many reviews find the evidence
to be far from complete.!!7136:137

Outcomes in Childhood

At 4.6 y, insulin sensitivity, measured using the HOMA-IR and insulin AUC corre-
lated with gain in weight Z-score between birth and the expected data of delivery.?!
However, the relationships were lost once the analyses were corrected for birth weight
Z-score.’! In other words, the apparent relationship between early postnatal growth
and later insulin sensitivity was due to the fact that in utero growth-restricted infants
were at highest risk of later impaired insulin sensitivity, and showed catch-up growth
between birth and term, and that then there was a direct effect of postnatal growth
on insulin sensitivity.?! Similar results were seen in 60 VLBW at 5.7 y.” Although
both HOMA-IR and insulin AUC were higher in the infants with most rapid weight
gain between birth and term, the effect disappeared once the birth weight Z-score
was accounted for.'””” Some associations between markers of insulin sensitivity and
instantaneous weight velocities at isolated times after term were seen.'”” The mean-
ing of this is unclear.

Regan et al. showed that more rapid weight gain between term and 12 m was asso-
ciated with increased risk of insulin resistance at 2 to 6 y, but that growth between
birth and term, or after 12 m corrected age was not.'>> However, it is unclear whether
these analyses corrected for the effect of birth weight Z-score that was seen in the
subjects.!?

In one large study of 385 preterm infants, the effects of in utero and postnatal
growth on blood concentrations of split proinsulin and insulin at 9 to 12 y were
examined."*® Growth between 18 m and 9 y had the largest effect on split proinsu-
lin, and growth rate between birth and 18 m had no effect on measures of insulin
sensitivity.'3

The effect of percentile crossing was examined in a mixed cohort of AGA and
SGA VLBW infants. Approximately 50% had significant percentile crossing by age
2 y,13% and this was associated with higher glucose, insulin, and HOMA-IR at fol-
low-up. Weight gain between birth and 12 m (measured as change in Z-score) was
significantly associated with BMI Z-score, waist circumference, serum insulin, and
HOMA-IR, but not with blood glucose.'*

Outcomes in Adolescence

As discussed previously, weight gain very early in life (between birth and 2 w of age)
was associated with reduced brachial artery flow mediated dilation® and higher split
32-33 proinsulin levels in preterm infants."”

Outcomes in Early Adult Life

In preterm infants in the POPS cohort, weight Z-score at 3 m and 12 m corrected age
has no relationship to C-peptide or HOMA-IR once birth weight was accounted for.5?
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However, higher height Z-score at 1, 2, and 5 y of age, and higher weight Z-score
at 2, 5, 10, 19, and 21 y of age were associated with reduced insulin sensitivity on
hyperinsulinemic euglycemic clamp testing.>®

Studies have looked for an effect of postnatal growth in other cohorts. Kerkhof
measured insulin sensitivity in term and preterm infants at age 21 y.33 In the term
infants, more rapid early growth was associated with reduced insulin sensitivity in
adulthood. However, no similar effect could be detected in the preterm infants.®?

DYSLIPIDEMIA

The literature on adult lipid levels in preterm infants is contradictory. Compared
to term infants, many have increased lipoprotein A,% increased apoprotein A1,3386
decreased apoprotein B,® increased LDL," increased® or unchanged choles-
terol, %1224l unchanged triglycerides,"*!?2134 and unchanged HDL..!2%140

Data is limited but some evidence suggests that more rapid growth between birth
and 3 m is associated with HDL-cholesterol levels, growth between term and 3 m
corrected age with total cholesterol and LDL-cholesterol, and between 9 m and 12 m
corrected age with total cholesterol and apoprotein B.%3

The effect birth weight growth between (birth and 3 m corrected age) and later
growth have on lipid panels has been examined in preterm infants in the POPS
study.®' As might be expected, current BMI Z-score was associated with total cho-
lesterol, LDL, HDL, HDL/LDL ratio, triglyceride concentration, apoprotein Al,
apoprotein B, and the ratio of aporotein Al to B. However, birth weight Z-score was
not associated with any of these parameters.®! Early weight gain (birth to 3 m) was
not associated with any of these lipid measures (cholesterol, HDI, LDL, HDI/LDL,
triglycerides, apoprotien B, apoprotein Al, or apoprotein Al/apoprotein B ratio).
Later weight gain (3 m to 12 m corrected age) was associated with HDL, but not after
correcting for current height.®!

Former preterm infants may also have reduced arterial dilation compared to term
infants®'* and increased intimal thickness.'** Neither early weight gain (birth to
3 m corrected age) or later weight gain (3 m to 12 m corrected age) are associated
with carotid intimal thickness.®!

When serum lipids were examined in follow-up studies of the Lucas cohort,
infants on the highest intakes of donor human milk had lower CRP and lower LDL/
HDL ratio than those fed formula.'” This change favors the group with the slower
growth rate (donor human milk) rather than that with the higher growth rate (for-
mula).'” In the other comparison (preterm formula vs. term formula), the same pat-
tern was not seen: the faster-growing preterm formula group tended to have lower
LDL/HDL ratios (P = 0.07) and lower ApoB/ApoAl ratio (P = 0.09) than the slower-
growing group.'” The data was not analyzed by quartile of early weight gain'?® as
had been done for other manuscripts by the same authors.!”6?

SUMMARY OF THE CLINICAL LITERATURE IN PRETERM INFANTS

Whole body adiposity: At term-expected age, whole body adiposity is increased
in preterm infants compared to term infants. This is due to deficit in lean mass in



Postnatal Growth Failure in Preterm Infants 177

preterm infants at this time, rather than to an absolute excess of fat mass. Effects at
this age are confounded by the rapid postnatal increase in fat mass that occurs in the
weeks immediately after birth, and have yet to occur in the term infant. Throughout
infancy and childhood, percentage body fat is lower in preterm infants than in term
infants, although more rapid growth preterm infants have adiposity more similar to
the term infant. In adolescence, percentage body fat is similar (or perhaps lower) in
preterm infants than in term infants. By early adulthood, percentage body fat is simi-
lar (or perhaps higher) in preterm infants than in term infants. Where this possible
trend of preterm infants approaching (and maybe overtaking) their term counterparts
in percentage body fat continues into later adulthood is unknown.

Central adiposity: At term, the proportion of fat mass found centrally is prob-
ably normal, although small MRI studies have suggested increased intra-abdominal
fat*® or intrahepatocellular fat.'>1% This is, however, no evidence that this partition-
ing is affected by growth rate. The effect of prematurity, and of postnatal growth,
on central adiposity is controversial. Once again, small MRI/MRS studies suggest a
possible effect of prematurity on intrahepatocellular and intramyocellular adipose,
without any effect of ex utero growth.

Blood pressure: Systolic BP is increased in preterm infants, and the incidence of
hypertension is higher. This effect seems unrelated to growth during the first year of
life. However, larger body size or higher growth rates after about 12 to 20 m may be
associated with higher BP in preterm infants.

Insulin resistance: Insulin sensitivity is probably reduced in preterm infants dur-
ing childhood and in to adult life. The effect of postnatal growth remains controversial.
However, the POPS study shows that increased body height after 1 y (but not before)
and increased body weight after 2 y (but not before) are associated with reduced insulin
sensitivity.”® Those data® and those of Fewtrell'*® do not suggest that catch-up growth
in the first year of life is likely to have adverse long-term metabolic consequences.
There is limited data that reduced nutritional intakes and greater postnatal weight loss
in the first 2 w of life may improve markers of cardiovascular morbidity. However,
as those same studies showed that reduced nutrient intakes were also associated with
poorer neurodevelopment (see Chapter 7), this does not seem to be a prudent approach.

Dyslipidemia: There is some limited evidence that former preterm infants may
have an increased risk of dyslipidemia. Early postnatal growth (after 3 m corrected age,
or maybe earlier) may worsen the risk of later dyslipidemia, but data is very limited.

CONCLUSION AND IMPLICATIONS

There is evidence that preterm infants may be at increased risk of adverse metabolic
outcome later in life. However, the effects of prematurity, low birth weight, early
EUGR, and subsequent catch-up growth on metabolic outcomes are extremely dif-
ficult to disentangle. The evidence that early postnatal catch-up growth (e.g., within
the first year of life) leads to poorer metabolic outcomes is relatively poor, and much
weaker than the evidence for beneficial effects of catch-up growth on neurodevelop-
mental outcomes in the same time period.
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7 Postnatal Growth
in Preterm Infants
Neurodevelopmental Effects

lan J. Griffin and Jennifer Scoble

ABBREVIATIONS

AGA: Appropriate for gestational age

BPD: Bronchopulmonary dysplasia

CP: Cerebral palsy

ELBW: Extremely low birth weight (<1 kg at birth)
IVH: Intraventricular hemorrhage

LBW: Low birth weight

MDI: Mental development index

NEC: Necrotizing enterocolitis

PDI: Psychomotor development index

PVL: Periventricular leukomalacia

ROP: Retinopathy of prematurity

SGA: Small for gestational age

VLBW: Very low birth weight (<1.5 kg at birth)

INTRODUCTION

Preterm birth disrupts the supply of nutrients to the developing fetus and signifi-
cantly impacts the orderly process of fetal growth. The peak period of head growth
occurs in the fetus at approximately 20 weeks gestation (Figure 7.1),! and this peak
is considerably earlier than the peak rate of weight or length gain.? Growth in weight
of the human brain is largely complete by 2 years of age, and growth in brain cell
number is mostly complete by 1 to 2 years.®> Any adverse physiological conditions
during this critical time could affect brain growth and development. As growth is
most rapid during the third trimester, disruptions during this period may have the
most significant impact on brain formation.
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FIGURE 7.1 Head circumference velocity over the preceding 5 days calculated from fits
of the Fenton growth data (see Chapter 11). Velocities are for hypothetical subjects growing
along the 10th, 50th, and 90th percentiles, and are expressed as mm/d.

DEVELOPMENT OF PRETERM INFANTS

Risk FACTORS FOR ADVERSE DEVELOPMENT

Neurodevelopmental impairment is common in extremely preterm infants, and is a
major concern to both caregivers and to parents. Prematurity is the major risk fac-
tor for cerebral palsy (CP) and for neurodevelopmental impairment, but other risk
factors include male sex, severe intraventricular hemorrhage (IVH, Grade III or IV),
periventricular leukomalacia (PVL), chronic lung disease, necrotizing enterocolitis
(NEC), retinopathy of prematurity (ROP), postnatal steroid use, and lower maternal
education levels.*-® Antenatal steroids reduced the risk of adverse outcome.’

For example, Mikkola et al.’ assessed neurodevelopmental outcomes in extremely
low birth weight (ELBW, birth weight < 1 kg) Finnish infants, at age 5 years and
found that severe IVH, ROP requiring treatment, and lack of antenatal steroids
were risk factors for major disability (which included blindness, deafness, CP, or
convulsions). Chronic lung disease, perforated NEC, lack of antenatal steroids, and
hospital of birth were associated with cognitive impairment at age 5 years, as was
decreasing gestational age.> These data are not unique. In Swedish infants aged
24 to 28 weeks gestation, male gender, higher stages of ROP, BPD, and maternal
socio-economic status have been associated with death or moderate to severe neu-
rodevelopmental disability.’
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TemMPORAL TRENDS IN NEURODEVELOPMENTAL OUTCOME

Fanaroff et al.' evaluated 18,153 very low birth weight (VLBW, birth weight <1500
g) infants from the NICHD network from three time intervals, one from 1990 to
1991 (immediate post-surfactant era), another from 1995 to 1996 (reflecting antena-
tal steroid use), and a third from 1997 to 2002. Mortality declined from 20% in the
first cohort to 16% in the second, and then to 15% in the third. However, there was
no significant decrease in morbidities associated with neurodevelopmental impair-
ment such as severe [IVH, BPD, or NEC. In fact, these complications increased from
the first to the second cohort (likely due to an increase in survival of the smallest
infants), and then remained relatively stable from the second to the third cohort.!”
However, despite many of the risk factors of neurodevelopmental impairment
remaining common, there is evidence of improving neurodevelopmental outcomes
in preterm infants. Moore et al. compared neurodevelopmental outcomes of infants
born in England at 22 to 25 weeks gestation in 1995 to those born in 2006. Survival
improved from 39% to 52% between the two time periods. However, survival with-
out disability also increased significantly, from 23% to 34%. Improved intact sur-
vival (survival without major impairment) was most apparent among the 24- and
25-week gestational infants.!" Similarly, a cohort of preterm infants in Sweden (24
to 27 weeks gestation) born between 2000 and 2008, demonstrated decreasing mor-
tality from 44% in 2000-2002, to 32% in 2003-2005, and to 28% in 2006—-2008.
Survival without moderate to severe disability also improved from 27% in the first
cohort, to 36% in the second, and to 39% in the third.’

It is intriguing to see that neurodevelopmental outcome may be improving with-
out an improvement in the co-morbidities (such as BPD and NEC) associated with
adverse developmental outcome. One possible explanation for this is suggested by
Enhrenkranz.”>? He demonstrated that ELBW infants who were more critically sick
were at increased risk of subsequently developing CP, or having an MDI score < 70
or a PDI score < 70.> More critically sick infants also had lower intakes of energy
and protein during days 1 to 7, 8 to 14, and 15 to 21.'> However, in a complex mul-
tivariate analysis he was able to show that the adverse effect of critical illness on
neurodevelopment was in part due to decreased energy intake in the first week of
life.!? Therefore, improved nutrition may reduce the effects of co-morbidities, such
as NEC and BPD, on long-term developmental outcomes.

GROWTH AS A Risk FACTOR FOR LATER NEURODEVELOPMENT

It is almost self-evident that brain size would have some relationship to brain func-
tion. It is not surprising, therefore, that an abnormally small head circumference
would be a risk factor for impaired neurodevelopment.'3 In one series, microcephaly
(i.e., an occipitofrontal head circumference more than 2 standard deviations below
the mean) was seen in 15% of patients referred to a child development center.!
Although the majority of microcephalic children have normal development, they are
much more likely than normocephalic children to have moderate mental retardation
(10.3% vs. 3.3%, p < 0.001) or severe mental retardation (11.0% vs. 2.0%, p < 0.01).1
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However, it is not just in utero head growth that is important; ex utero growth
is also critical. Among very low birth weight infants (BW < 1500 g) the presence
of microcephaly at birth is associated with poor neurodevelopmental outcomes."
Subsequent poor postnatal head circumference growth is also associated with lower
Bayley MDI scores at 6 months of age than seen in infants with greater postnatal
head growth, both in the infants born microcephalic (63 + 14 vs. 85 + 16, p < 0.01)
and in the normocephalic infants (79 + 16 vs. 100 + 15, p < 0.01).

The timing of ex utero changes in growth is also important. Hack et al. followed
a cohort of very low birth weight infants over many years, and they were classified
as being microcephalic (head circumference more than 2 SD below the mean-for-
age) at birth, 8 months, and 20 months of age.'>~!7 Sixty-six infants had normal head
circumferences at birth, but subsequently fell below 2 SD. The 37 infants whose
head circumferences caught-up by 8 months had significantly better developmental
scores at 20 months than those who did not catch up (neonatal onset, Figure 7.2).
Similarly, of the 68 infants with small head circumferences at birth, catch-up in
head circumference by 8 months tended to be associated with better developmental
scores (prenatal onset, Figure 7.2). Finally, 43 infants with previously normal head
circumferences developed microcephaly after the neonatal period. Those in whom
this occurred before 8 months scored more poorly on developmental scores at 20
months than those who developed microcephaly after 8 months (post-neonatal onset,

@ Caught up by 8 m CA @ Onset before 8 m CA
(O Did not catch up by 8 m CA Onset after 8 m CA

120 P

100- P<0.0001 p=0.10. | ...

7

MDI at 20 m

60_

n=12

40 -
Prenatal Onset Neonatal Onset Post-Neonatal Onset

FIGURE 7.2  Left Panel: Developmental scores at 20 months for VLBW infants with prena-
tal or neonatal onset of microcephaly, and by whether they did (black bars) or did not (grey
bars) catch up to a normal head circumference by 8 months. Data are summarized from
Table 4 in Reference 16. Right Panel: Developmental scores at 20 months for VLBW infants
with post-neonatal onset of microcephaly, depending on whether this occurred before or after
8 months of age. Data are summarized from Table 4 in Reference 16.
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Figure 7.2). Irrespective of the time of onset, therefore, restoration of normal head
circumference size by 8 months (or maintenance of normal head circumference until
8 months) was associated with better developmental outcome.!'

GROWTH AND LATTER NEURODEVELOPMENT—THE PRESENT LITERATURE

There is a large amount of literature on the effect of early growth or body size on
later neurodevelopment, both in preterm 6-%14-16.1835 apd term infants.??3%30 As
would be expected, these studies differ in the specific assessments of growth they
consider (weight, length, head circumference, etc.), the study population considered
(ELBW, VLBW, preterm, etc.), the proportion of SGA (small-for-gestational-age)
infants enrolled, the ages at which growth and development are assessed, and the
specific developmental assessments carried out.

Perhaps the major distinction between studies is whether they assess the effects
of body size or the effects of growth. Body size is a single measurement carried out
at a specified time point, and is the integrated result of all of the growth that has
occurred up to that time point. Subjects tend to track along percentile lines, such
that subjects who are larger at earlier time points are usually also larger at later time
points. Simple assessments of body size, therefore, cannot allow the identification
of “critical periods” where early differences in growth may have long-lasting effects
on neurodevelopment.

Growth (or growth rate, growth velocity), in contrast, is a dynamic measurement
made between two time points. Nutritional interventions or other events may lead to
changes in growth velocity that are restricted to specific time intervals. An obvious
example is the case of preterm birth itself, where early postnatal growth is poor, but
subsequent growth is often increased (if catch-up growth occurs) or normal (if catch-
up growth does not occur). Studies that consider growth velocity are most useful for
identifying “critical periods” when changes in growth are most related to subsequent
development. Body size can be expressed in many ways, for example, as continuous
data (e.g., weight in grams or length as a Z-score for age), as binomial categories
(e.g., microcephaly or normocephaly, or weight above or below the 10th percentile
for age), or as nominal data (e.g., in quartiles of body weight). Similarly, growth
rate can be expressed in a multitude of ways, for example, weight growth could be
expressed as a change in grams between two time periods, in terms of g/d or g/kg/d,
as a change in weight-for-age Z-score, or as quartiles of weight gain. Despite all of
these differences in study design and data analysis, a number of very clear patterns
emerge from the published literature. We will now review that literature.

GROWTH AND NEURODEVELOPMENT IN PRETERM INFANTS

IN-HospPitAL GROWTH

The best-known recent study on the effect of growth on long-term outcome is the data
of Ehrenkranz et al.?! Data for 495 very low birth weight (BW < 1500 g) infants from
the NICHD network born between 1994 and 1995 were examined.?! Growth velocity
was calculated from the time birth weight was regained to the time of discharge (or
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| @ Quartile 1 @ Quartile 2 O Quartile 3 O Quartile 4 |
p=032 p<0.01 p <0.05 p < 0.001

T

T | T

MDI PDI MDI PDI
Effect of Weight Gain Effect of Head Circumference Gain

FIGURE 7.3 Bayley MDI and PDI scores by quartiles of weight (left panel) and head cir-
cumference (right panel) growth for preterm infants during their initial hospitalization. (From
the data of Ehrenkranz et al.?!)

transfer to another institution, or reaching a weight of 2 kg, or age 120 days, which-
ever came first) and infants were divided into quartiles based on their rates of growth.
The weight velocity of the slowest growing quartile was 12.0 g/kg/d (SD 2.1), length
velocity was 0.82 cm/wk (SD 0.3) and head circumference velocity was 0.77 cm/wk
(SD 0.2). The fastest growing quartile gained weight 75% faster (21.2 g/kg/d [SD
2.0]) and gained length and head circumference approximately 35% faster (1.11 cm/
wk [SD 0.2] and 1.07 cm/wk, respectively). Development was assessed at 18 to 22
months using the Bayley scales of infant development.?! The more rapidly growing
quartile of weight gain was associated with a significantly increased PDI score at 18
to 22 months, but there was no effect on MDI scores (Figure 7.3, left panel). If head
circumference growth was considered, the effect was more marked and both PDI and
MDI scores were significantly associated with more rapid growth (Figure 7.3, right
panel). More rapid weight gain was associated with a reduced risk of cerebral palsy
(p < 0.01), a reduced risk of an MDI score less than 70 (p < 0.01), and a reduced risk
of a PDI score less than 70 (p < 0.001). These associations were more significant for
head circumference growth, with more rapid growth being associated with a reduced
risk of all three adverse outcomes (p < 0.001 for each comparison).

Neubauer reported a geographically based cohort study in 135 ELBW infants
from Hanover.® Major neurodevelopmental impairment at school-age was associated
with higher grades of intraventricular hemorrhage, PVL, male gender, bronchopul-
monary dysplasia, necrotizing enterocolitis, the presence of a patent ductus arte-
riosus, prolonged mechanical ventilation, prolonged parenteral nutrition, and with
lower in-hospital growth in weight and head circumference. By stepwise logistic
regression, only three factors were independently associated with adverse school-age
outcome:®
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1. The need for prolonged (>14 days) mechanical ventilation

2. The need for prolonged (>41 days) parenteral nutrition

3. Growth in head circumference between birth and discharge of less than
6 mm/wk

Infants with slower growth in head circumference had almost four times higher
odds of abnormal school-age outcome. Normal school-age outcomes were seen in
61% of infants who received parenteral nutrition for less than 28 days, but in only
22% of those that required parenteral nutrition for more than 42 days or more.

In a second German cohort, this time from Ulm, the effect of in-hospital growth
on outcomes at 5 years was examined in 219 VLBW infants (birth weight less than
1500 g). Slower growth, either of weight or head circumference (expressed as a
change in weight-for-age Z-score between birth and discharge), was significantly
associated with an increased risk for a mildly or severely abnormal neurological
examination at 5.4 years of age.” Other significant risk factors were the presence of
higher grades of intraventricular hemorrhage or periventricular leukomalacia, higher
grades of retinopathy of prematurity, and maternal education.’

LONGER-TERM GROWTH

If in-hospital growth has longer-term neurological associations, what about the effects
of body size or growth after hospital discharge?

Body Size after Hospital Discharge

In the Ulm cohort,” the effects of growth between discharge and follow-up at 5.4 years
(expressed as a change in weight or head circumference Z-score for age between dis-
charge from the NICU and follow-up), and of birth size (expressed as weight or head
circumference Z-score at birth) on neurodevelopmental outcomes were also exam-
ined.” Neither lower birth weight nor a smaller head circumference at birth was a
risk factor for having an abnormal neurological examination at a 5-year follow-up or
for abnormal mobility at follow-up. However, poor weight growth between birth and
discharge was a risk factor for an abnormal neurological examination, and poor head
circumference gain during the same period was a risk factor for both an abnormal
neurological examination or for abnormal mobility at follow-up.” For other outcome
measures, both prenatal and postnatal growth had effects. Scores on a mental pro-
cessing composite were associated with size at birth, when expressed as body weight
(p =0.005) and less so when expressed as head circumference at birth (p = 0.06).
Mental processing composite was also affected by weight gain between birth and
discharge, but not between discharge and follow-up, and by head circumference gain
between discharge and follow-up, but not between birth and discharge.”

The effect of body size at different ages is summarized in Table 7.1 (for cohorts
containing both SGA and AGA preterm infants), Table 7.2 (for cohorts of only AGA
preterm infants), and Table 7.3 (for cohorts containing only SGA preterm infants).
There is general agreement among the studies that body size at birth is not related to
later neurodevelopment in preterm infants. For example, among the 14 comparisons
between birth weight and later neurodevelopment (Tables 7.1, 7.2, and 7.3) from eight
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different studies,”232%27.31.32.34 only two show significant associations. One of these
is from Franz et al.” where one of three neurodevelopmental assessments at 5.4 years
was correlated with birth weight, and the other from Kan et al. where one out of
five neurodevelopmental assessments at 8 years was related to birth weight.?® Data
for other measures of body size at birth are no more compelling, with none of 18
measures of neurodevelopment being associated with head circumference at birth,
and only one of nine comparisons between birth length and later neurodevelopment
being significant (Tables 7.1, 7.2, and 7.3).

Most studies that have compared the effects of body size at birth (a proxy for in
utero growth) and of postnatal growth have shown postnatal growth to be a more
important determinant of neurodevelopmental outcome. In a matched-cohort study?*
comparing preterm infants (less than 30 weeks gestation) born SGA or AGA, neu-
rodevelopmental impairment occurred at the same rate in the two cohorts (22% vs.
22%, p > 0.99). However, infants who were small at the time of assessment at age 1
year had a much higher rate of adverse neurological outcome than those who were
larger at age 1 year (27% vs. 9%, p < 0.0001). In a similar study by Latal-Hajnal, 219
VLBW infants were categorized as being SGA or AGA at birth (weight < or > 10th
percentile for age) or small or not at 2 years of age (weight < or > 10th percentile for
age).”” Being SGA at birth had no effect on PDI or MDI scores at 2 years or on the
risk of cerebral palsy. However, larger body size (either as body weight or as body
length) at 2 years was associated with a reduced risk of cerebral palsy and higher PDI
scores at 2 years. This effect was seen in infants born SGA and in those born AGA.?”’
Head circumference at 2 years was less associated with outcomes than weight or
length. Head circumference was not associated with the rate of cerebral palsy in
either SGA or AGA infants, and was only associated with PDI score in AGA infants
but not in SGA infants.?’

Effects of Postnatal Growth

Latal-Hajnal also assessed the effect of growth between birth and 2 years on neu-
rodevelopmental outcomes. PDI score at 2 years was significantly associated with
weight gain between birth and 2 years in SGA and AGA infants, as was length
gain between birth and 2 years in SGA and AGA infants, and head circumfer-
ence gain between birth and 2 years in AGA, but not SGA, infants. Higher rates of
weight gain between birth and 2 years were associated with lower rates of cerebral
palsy in AGA and SGA infants. Greater rates of length gain, or head circumference
gain, between birth and 2 years were associated with reduced risk of cerebral palsy
in AGA infants, but not SGA infants.?” None of the measures of body size, or of
growth rate, were associated with MDI at 2 years.”’

Figures 7.4, 7.5, and 7.6 summarize the current literature on the effect of growth
and later development for cohorts comprising both AGA and SGA infants (Figure 7.4),
or cohorts of only AGA infants (Figure 7.5) or only SGA infants (Figure 7.6). Periods
where the effect of growth velocity, or growth rate, or change in body size were
assessed between two identified times are shown as horizontal bars that span that
time interval. Bars that are shaded (grey) represent time intervals where growth
rates were significantly related to subsequent neurodevelopment in that cohort; time
intervals where no significant effect was seen are shown as open (white) bars.
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Months (Corrected Age) Years
AUTHOR  YEAR n=  Criteria %SGA Birth DiscO 4 8 12 16 20 24 3 4 6 8 10 Assessment
WEIGHT GAIN
Belfort 2010 911 GA<37w  38% 8y, WISC-III Performance
Belfort 2010 911 GA<37w  38% 8y, WISC-III Verbal
Belfort 2010 911 GA<37w  38% 8y, WISC-1II Total
Huang 2012 654 GASTw 7 —1 7,1Q
+ Belfort 2011 561 GA<33w 9% 1.5y, MDI
+ Belfort 2011 511 GA<33w 9% 1.5y, PDI
Ehrenkranz 2006 495  ELBW  17% 1.6y, Cerebral Palsy
Ehrenkranz 2006 495 ELBW  17% 1.6y, PDI<70
Ehrenkranz 2006 495  ELBW  17% 1.6y, MDI<70
Ehrenkranz 2006 495 ELBW  17% 1.6y, NDI
Nash 2011 289 VIBW 7 1.5-2y, BSID-1II
Franz 2009 219 ELBW  12% 5.4y, Abnormal neurological examination
Franz 2009 219 ELBW  12% 5.4y, Abnormal mobility
Franz 2009 219 ELBW  12% 5.4y, Mental processing
Hack 1982 192 VLBW  20% 08y, BSID
Hack 1982 192 VLBW  20% 0.8y, NDI
Kan 2008 179 GA<28w 2% 8y, WISC-IIIIQ
Kan 2008 179 GA<28w 2% 8y, Wide Range Achievement Test (Reading)
Kan 2008 179 GA<28w 2% 8y, Wide Range Achievement Test (Spelling)
Kan 2008 179 GA<28w 2% | 8y, Wide Range Achievement Test (Artithmetic)
Kan 2008 179 GA<28w 2% | 8y, Movement ABC
Neubauer 2008 135 ELBW  27% 8.4y, NDI
Washburn 2010 65 VLBW 7 | 9y, Verbal IQ

‘Washburn 2010 65 VLBW ?
LENGTH/HEIGHT GAIN

| 9y, Performance IQ

Belfort 2010 911  GA<37w  38% 8y, WISC-1 Performance
Belfort 2010 911 GA<37w  38% 8y, WISC-III Verbal
Belfort 2010 911  GA<37w  38% 8y, WISC-III Total
Huang 2012 654 GA<3Tw 7 —/ 7,1Q
+ Belfort 2011 511 GA<3Bw 9% 15y, MDL
+ Belfort 2011 511 GA<33w 9% 15y, PDI
2011 289 VIBW 2 152y, BSID-II
HEAD CIRCUMFERENCE GAIN
Belfort 2010 911  GA<37w  38% 8y, WISC-1I Performance
Belfort 2010 911 GA<37w  38% 8y, WISC-III Verbal
Belfort 2010 911  GA<37w  38% 8y, WISC-III Total
Huang 2012 654 GA<3Tw 7 —/ 7,1Q
+ Belfort 2011 511 GA<3Bw 9% 15y, MDL
+ Belfort 2011 511 GA<33w 9% 15y, PDI
Ehrenkranz 2006 495 ELBW  17% 16y, Cerebral Palsy
Ehrenkranz 2006 495 ELBW  17% L6y, PDI<70
Ehrenkranz 2006 495 ELBW  17% L6y, MDI<70
Ehrenkranz 2006 495 ELBW  17% L6y, NDI
Franz 2009 219 ELBW  12% 5.4y, Abnormal neurological examination
Franz 2000 219 ELBW  12% 5.4y, Abnormal mobility
Franz 2009 219 ELBW  12% 5.4y, Mental processing
Neubauer 2008 135 ELBW  27% 8.4y, NDI
Nash 2011 289 VILBW  ? 15-2y, BSID-III
Kan 2008 179 GA<w 2% 8y, WISC-III 1Q
Kan 2008 179 GA<2Sw 2% 8y, Wide Range Achievement Test (Reading)
Kan 2008 179 GA<28w 2% 8y, Wide Range Achievement Test (Spelling)
Kan 2008 179 GA<28w 2% 8y, Wide Range Achievement Test (Artithmetic)
Kan 2008 179 GA<2Sw 2% 8y, Movement ABC
Gross 1983 85 VLBW  19% 0.5y, MDI
Gross 1983 85 VLBW  19% 0.5y, PDI
Gross 1983 85 VLBW  19% 13y, MDL
Gross 1983 85 VLBW  19% 13y, PDI
WEIGHT-FOR-LENGTH GAIN
Belfort 2010 911  GA<37w  38% 8y, WISC-1 Performance
Belfort 2010 911 GA<37w  38% 8y, WISC-III Verbal
Belfort 2010 911  GA<37w  38% 8y, WISC-III Total
BODY MASS INDEX GAIN
+ Belfort 2011 511 GA<3Bw 9% 1.5y, MDL
+ Belfort 2011 511 GA<33w 9% 15y, PDI

GA = Gestational age

ELBW = Extremely low birthweight (BW < 1kg)
VLBW = Very low birthweight (BW < 1.25 kg)
+SGA cohorts also shown separately

FIGURE 7.4 The effect of growth on neurodevelopment in mixed cohorts of AGA and SGA
preterm infants. If growth (gain in weight, length, head circumference, body mass index, or
weight-for-length between two time points) is significantly associated with neurodevelopment,
it is shown as a shaded horizontal bar between those two time points. If growth between two
time points was found not to be associated with neurodevelopment, it is shown as an open
horizontal bar. Also shown are the proportion of SGA infants in the cohort, the sample size,
the neurodevelopmental assessment used, and the age at which neurodevelopmental testing was
carried out. Cohorts also shown as separate AGA or SGA cohorts as well are marked 1. Data
are given in decreasing order of sample size and are from References 6-8, 14, 15, 18, 21-23, 28.

Many of the studies in Figures 7.4, 7.5, and 7.6 examine multiple time periods. For
example, the Franz dataset,” discussed previously, shows that an abnormal neurologi-
cal examination at 5.4 years was associated with poorer weight gain between dis-
charge and term (so that bar is shaded grey under “Weight gain” in Figure 7.4) but not
with growth between discharge and 5 years (so that bar in Figure 7.4 is not shaded).
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Looking at the studies in toto, the highest density of data is for the period begin-
ning at birth, continuing until hospital discharge or to near term-corrected age. The
majority of studies (6/8) examining weight gain during this period find a signifi-
cant association with at least one measure of later neurodevelopment”$:15.21.28.35 and
only two studies fail to identify an effect during this period.®?? Likewise, five of the
seven studies examining head circumference gain over this period show a significant
effect on growth,*-% 142! and two do not.?* 28 The data on length gain restricted to this
period are more limited, and neither of the two published studies finds an association
with neurodevelopment.® 28

After discharge, growth continues to be associated with neurodevelopment. Some
studies showing an effect of growth cover a relatively long period from discharge,
for example, the paper of Franz,” which measures growth from discharge to 5.4 years
or that of Latal-Hajnal,?” which assesses it between term and 2 years. Such wide age
ranges make it difficult to focus on a small “critical window,” although they do sup-
port the importance of later growth on neurodevelopment.

In other studies, growth in weight,® 18 length,® ® and head circumference'® between
discharge and 4 months corrected age is associated with neurodevelopment. These
studies also examine the period between 4 and 12 months post-term as well. During
the later time period, weight gain and length gain are not associated with neurode-
velopment,®'® but gains in head circumference and in body mass index are.®!¥ Some
studies find significant associations with growth between birth and 2 years of age,?”2®
or discharge and 2 years of age,”® and neurodevelopment. However, none of the studies
we have identified (Figures 7.4 to 7.6) identify a time period beginning after 12 months
post-term that is associated with later neurodevelopment in preterm infants.

Although the data is heterogeneous, we believe that there are some broad conclu-
sions that can be drawn:

1. Relative body size at birth has little effect on long-term neurodevelopment
(especially once corrected for gestational age), but an association is very
likely for body size later in the first 12 to 24 months of life.

2. More rapid growth between birth and discharge (i.e., in-hospital growth) is
associated with improved neurodevelopmental outcome. This effect is seen
most strongly for weight gain and head circumference gain.

3. Growth rate after hospital discharge is also associated with improved neu-
rodevelopmental outcome. This is most clearly seen for the period extending
to 4 months post-term, but is also seen until 12 months post-term. Again,
this is true for weight growth and head circumference growth.

4. There is little evidence that growth rate after 12 months post-term has any
significant long-term neurodevelopmental associations in preterm infants,
although few studies have examined this time period.

THE SGA PRETERM INFANT

SGA status is often considered to be a risk factor for poor neurodevelopmental out-
come, especially in term infants,”%2 and SGA infants are over-represented in the
preterm population.>



Postnatal Growth in Preterm Infants 203

In our analysis, body weight at birth has little apparent effect on later neuro-
development. This would imply that SGA status itself has a limited effect as well.
Whether this is correct depends on to which group SGA preterm infants are com-
pared: either to infants of similar birth weight (who will be more premature) or to
infants of a similar gestational age (who will be heavier).

Several studies have compared preterm SGA infants to birth weight-matched pre-
term infants, and found no significant difference in neurodevelopmental outcome
between the groups®*->° and one study even showed a lower risk of an abnormal
neurological outcome in the SGA infants,> presumably as they were of higher ges-
tational age than the weight-matched comparison group.’* Casey,?® for example,
compared 434 preterm LBW infants who were AGA and 68 similar SGA infants;
none had postnatal failure to thrive. SGA status did not affect a range of measures
of neurodevelopmental outcome at age 8 years, even though the SGA group had
significantly lower birth weights than the AGA infants.?° This is consistent with our
analysis earlier that birth weight has no significant impact on later neurodevelopment
even in cohorts containing both AGA and SGA infants (Table 7.1).

When SGA infants are compared to preterm infants of the same gestation age, the
literature is less clear. Some studies see no differences in outcome,** %57 while oth-
ers see worse developmental outcome in SGA infants,> 3¢ although sometimes only
in the most severely affected and in females.>®

Other points to come from these studies are that the body size of SGA infants
does not catch up with that of their AGA peers, at least not during the preschool
years.’*3 Furthermore, even though SGA status at birth is not a risk factor for
neurodevelopmental impairment, small size later in life is, whether this is being
“short” (lower length/height)®® or microcephalic (lower head circumference).’

Finally, whatever the effects of SGA status per se on neurodevelopment, SGA
infants seem to show a similar effect of later body size (Table 7.4) and early growth
velocity (Figure 7.6) on subsequent neurodevelopment as other preterm infants.

LiMITATIONS OF THE CURRENT LITERATURE

The data we have at present is, of course, imperfect. The major weakness is that it
is largely the result of observational cohort studies. As such, they can only demon-
strate an association between growth and body size, and later development; they
cannot demonstrate a causal relationship. The relationship between growth and later
outcome may be mediated by other factors. For example, sicker preterm infants may
grow more poorly, and may have poor neurodevelopment because of their greater
illness burden. One NICHD cohort study seems to demonstrate just that: less sick
preterm infants had greater nutritional intakes during the first three weeks of life,
better short-term outcomes (improved growth, and lower rates of bronchopulmonary
dysplasia, late-onset sepsis, or death), and better neurodevelopmental outcome at 18
to 22 m.!? The effect of severity of illness on these outcomes appeared to be medi-
ated, in part, by energy intake during the first week of life.!> In another study, energy
intake between postnatal day 2 and 10 has been shown to be significantly associated
with developmental outcome.!’
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Data from animal models® or from intervention studies in humans would support
a causal link between growth (or body size) and neurodevelopment. Alternatively,
the demonstration of a similar relationship between growth (or body size) and neu-
rodevelopment in a less sick group of infants, for example, healthy term infants,
would suggest that the effects on growth (or body size) and neurodevelopment are
not explained by the effects of illness severity.

GROWTH AND NEURODEVELOPMENT IN TERM AGA INFANTS

The effect of body size36-38:41:42.45-50 or of growth rate?? 37.3%-41,42,45.46.48,50 oy peurode-
velopment in healthy term infants has been examined in a large number of studies.

For example, Silva et al. studied a cohort of 11,244 British children, and carried out
five different developmental assessments at 10 years of age.** Developmental scores were
lower in the VLBW infants and in the low birth weight infants (LBW, birth weight < 2.5
kg).* However, developmental scores continued to increase as a function of birth weight
even in those infants weighing more than 2.5 kg at birth (Figure 7.7).* Even in AGA
infants, a higher birth weight was associated with better developmental outcome.*

Another study of 3483 infants born in the 1950s and 1960s showed that 1Q at 7
years increased as a linear function of birth weight and that this was seen in both
males and in females.*’” Compared with infants born weighing between 3.0 and 3.499
kg, a birth weight of 3.5 to 3.999 kg was associated with a significantly higher 1Q
(mean difference 2.2 for males, 1.5 for females), while a birth weight of 2.5 to 2.999
kg was associated with a significantly lower IQ (mean difference —2.2 for males, —2.1
for females).*’ In a cohort of 2913 infants born in Singapore, an additional 1-kg birth
weight led to an additional 2.2 IQ points at 7 to 9 years, an additional 1-cm birth
length led to a gain of 0.5 IQ points, and an additional 1 cm in head circumference
at birth resulted in a gain of 0.6 IQ points.*®

Table 7.4 summarizes the effect of body size at birth on later develop-
ment. 3638 41.42,45-50 Mogst of the larger studies show a significant relationship between
birth weight,36-38:42.47-50 Jength,38.42.48.50 or head circumference’®:41:42-48:49 at birth and
later development. Only two studies failed to see a difference and they were much
smaller in size, studying only 108 or 8346 subjects. This suggests that these negative
findings may be the result of inadequate statistical power.

The literature for term infants is different from that for preterm infants, where
body size at birth does not appear to have a significant effect on neurodevelopment.
However, body size at (or near) the preterm infants expected term date does show a
positive relationship with neurodevelopment.

Growth failure after birth is also clearly important. For example, term infants
diagnosed with failure to thrive have reduced long-term development.®® However,
the effect of later body size is questionable. Few studies (Table 7.4) have addressed
this issue and there is little convincing data. It should also be noted that Silva found
subjects with higher weights at 10 years to have lower neurodevelopment, although
greater height was associated with better development.*’

Even in the absence of failure to thrive, postnatal growth rates are associated with
developmental outcome in term infants (Figure 7.8). Emond studied a cohort of 5771
infants from the Avon Longitudinal Study of Parents and Children.® IQ at age 8
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FIGURE 7.7 The effect of birth weight strata on developmental scores at age 10 years in
11,244 British children. Results of all developmental scores increase with increasing birth
weight, even once birth weight is > 2.5 kg. CF = cognitive function, BAS = British Ability
Scale, FMT = Friendly Maths Test, PLCT = Pictorial Language Comprehension Test,
ERT = Shortened Edinburgh Reading Test. The scores for cognitive functioning are multi-
plied by 40 in order for them to be plotted on the same axis as the other tests.

years was significantly associated with birth weight, but also with conditional weight
gain between birth and 9 months of age.*® When this interval was examined in more
detail, weight gain between birth and 8 weeks was significantly associated with 1Q
(p = 0.002), with higher IQ scores seen in those infants with the most rapid growth. No
such effect was seen between 8 weeks and 9 months of age.?* In a Finnish cohort, rates
of weight, body mass index, and head circumference gain between birth and 5 months
were important for long-term development, as were head circumference gains between
5 and 26 months, and length gains between 5 to 26 months and 26 to 50 months.*?
The largest such cohort to date studied almost 12,000 children, all of whom were
term (> 37 weeks gestation) and weighed > 2.5 kg at birth.>* Gains in weight during
the first 5 years of life were significantly associated with IQ at 6.5 years of age. The
largest effect was seen between birth and 3 months (where a 1 standard deviation
difference led to a difference of 0.77 IQ points), with smaller effects seen for growth
between 3 and 12 months and between 1 and 5 years (where 1 standard deviation in
weight gain was associated with a 0.29 and 0.40 improvement in 1Q, respectively).>

GROWTH AND NEURODEVELOPMENT IN TERM SGA INFANTS

Finally, we will consider the SGA term infant. Relatively little data is available com-
pared to that for the AGA term infant, either relating to the effect of body size (Table 7.5,
References 40, 43, 44, 46) or growth rate (Figure 7.8, References 37 and 46).
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Months Years
AUTHOR YEAR  n= 0 4 8 12 16 20 24 8 10 12 Developmental Assessment
L L L L L f | L L |
WEIGHT GAIN
Yang 2011 11,899 6.5y, Full scale IQ
Yang 2011 11,899 6.5y, Verbal IQ
Yang 2011 11,899 6.5y, Performance IQ
Huang 2012 7,735 7y, 1Q
Edmond 2007 5,991 8y, IQ
Heinonen 2008 1,056 4.7y, General reasoning
Heinonen 2008 1,056 4.7y, Visual motor functioning
Heinonen 2008 1,056 4.7y Verbal functioning
Heinonen 2008 1,056 | | 4.7y, Language functioing
Beyerlein 2010 769 [ 4.1y,1Q
Beyerlein 2010 769 8y, IQ
Pongchareon 2012 560 9y, Full scale IQ
Pongchareon 2012 560 9y, Verbal IQ

Pongchareon 2012 560

9y, Performance IQ

Adult educational acheivement

Li 2004 108
HEIGHT/LENGTH GAIN

Yang 2011 11,899
Yang 2011 11,899
Yang 2011 11,899
Huang 2012 7,735
Heinonen 2008 1,056
Heinonen 2008 1,056
Heinonen 2008 1,056
Heinonen 2008 1,056

Pongchareon 2012 560

Pongchareon 2012 560

Pongchareon 2012 560
Li 2004 108

HEAD CIRCUMFERENCE GAIN

6.5y, Full scale IQ

6.5y, Verbal IQ

6.5y, Performance IQ
7y,1Q

4.7y, General reasoning
4.7y, Visual motor functioning
4.7y Verbal functioning
4.7y, Language functioing
9y, Full scale IQ

9y, Verbal IQ

9y, Performance IQ

Adult educational acheivement

Huang 2012 7,735
Heinonen 2008 1,056
Heinonen 2008 1,056
Heinonen 2008 1,056
Heinonen 2008 1,056
Gale 2006 633
Gale 2006 633
Gale 2006 633
Gale 2006 633
Gale 2006 633
Gale 2006 633

Pongchareon 2012 560

Pongchareon 2012 560

Pongchareon 2012 560

7y,1Q

4.7y, General reasoning
4.7y, Visual motor functioning
4.7y Verbal functioning
4.7y, Language functioing
4y, Full scale IQ

4y, Verbal IQ

4y, Performance IQ

8y, Full scale IQ

8y, Verbal IQ

8y, Performance 1Q

9y, Full scale IQ

9y, Verbal IQ

9y, Performance 1Q

Adult educational acheivement

Li 2004 108

Lira 2010 81

Lira 2010 81

Lira 2010 81

BODY MASS INDEX GAIN

Heinonen 2008 1,056

Heinonen 2008 1,056

Heinonen 2008 1,056

Heinonen 2008 1,056 | |

8y, Full scale IQ
8y, Verbal IQ
8y, Performance IQ

4.7y, General reasoning

4.7y, Visual motor functioning
4.7y Verbal functioning

4.7y, Language functioning

FIGURE 7.8 The effect of growth on neurodevelopment in AGA term infants. If growth
(gain in weight, length, head circumference, or body mass index between two time points)
is significantly associated with neurodevelopment, it is shown as a shaded horizontal bar
between those two time points. If growth between two time points was found not to be asso-
ciated with neurodevelopment, it is shown as an open horizontal bar. Also shown are the
sample size, the neurodevelopmental assessment used, and the age at which neurodevelop-
mental testing was carried out. Data are given in decreasing order of sample size and are from

References 22, 37, 39, 41, 42, 45, 46, 48, 50.
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Months Years
AUTHOR YEAR n= 0 4 8§ 12 16 20 24 4 6 8 10 12 Developmental Assessment
L L 1 L L L 1 L L L L 1
WEIGHT GAIN
Beyerlein 2010 67 | ] 4.7y,1Q
Beyerlein 2010 67 | | 8y, IQ
HEAD CIRCUMFERENCE
Lira 2010 83 8y, Full-scale IQ
Lira 2010 83 8y, Verbal IQ
Lira 2010 83 8y, Performance I1Q

FIGURE 7.9 The effect on growth on neurodevelopment in SGA term infants: If growth
(gain in weight, or head circumference between two time-points) is significantly associated
with neurodevelopment it is shown as a shaded horizontal bar between those two time points.
If growth between two time points was found not to be associated with neurodevelopment it is
shown as an open horizontal bar. Also shown are the sample size, and the neurodevelopmen-
tal assessment used, and the age at which neurodevelopmental testing was carried out. Data
are given in decreasing order of sample size and is from References 37,46.

Most studies suggest that both birth weight and later measures of body size are
positively associated with neurodevelopment (Table 7.5 and Figure 7.9). Those studies
that identify an effect of body size after birth usually identify it by age 1 to 2 years.

The data on growth is poorer, with only two small studies published. One exam-
ines the effect of weight gain, and finds no effect.’” The other examines the effect
of head circumference gain and found a positive association on neurodevelopment
between gains in head circumference in early life (birth to 2 months, and 2 months
to 6 months).*6

SpeciFic INTERVENTION, GROWTH, AND NEURODEVELOPMENT

Several different interventions have been studied aiming to improve the growth of
preterm infants. We will now consider a selection of them, and examine whether
they lead to improved neurodevelopment.

“AGGRESSIVE” NUTRITION

“Aggressive” nutrition involves a range of interventions, including higher amino
acid, lipid, and energy intakes, the earlier start of enteral feeds and their more rapid
advancement, and the use of insulin to maintain targeted glucose infusion rates.®> As
its goals are to ensure an infant receives an adequate nutritional intake in as timely
a manner as possible, it should perhaps be considered “appropriate” nutrition rather
than “aggressive” nutrition.%?

Several observational cohort studies have suggested that individual components of
“aggressive’” nutrition may be associated with improved neurodevelopment. Prolonged
periods of low energy intake are associated with poorer development at age 1 year.%
Higher energy intakes between day 2 and day 10" or during the first week of life® have
been associated with improved development between 12 and 18 months of age. The
poorer developmental outcome of infants on mechanical ventilation more than 14 days
appears to be partly explained by lower energy intakes in the first week of life.!> Early
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administration of lipids may also have developmental benefits. In one cohort study,
cumulative intake of lipids during the first 14 days of life was positively associated with
developmental quotient at 1 year of age.>® No such relationship with development was
seen for the cumulative energy or protein intake in the first 14 d.

Studies of appropriate nutrition (compared to less appropriate nutrition) show
improved nutrient intakes®®-7° and better growth parameters.®®° However, these
studies either have not assessed long-term neurodevelopment®-%870 or have failed to
find a relationship with the provision of “aggressive” nutrition.”!

IN-HospitAaL Dier

Mother’s Own Milk

It is difficult to assess the effect of mother’s own milk on neurodevelopment in preterm
infants, as the population is largely self-selected. It has been known since the 1980s
that mothers who decide to give their low birth weight infants their own milk, and are
successful in doing so, are significantly older, better educated, and more likely to be
primiparous.’”? Given the optimum “best case” combination of circumstances, a mother
is almost 1000-times more likely to provide her own milk than under the “worst case”
scenario.”? This has changed little over the following 30 years, with breastfeeding
mothers of preterm infants being significantly older, better educated, better insured,
having higher incomes, lower parity, and being more likely to be Caucasian.”®

Preterm infants whose mother are successfully able to provide them mother’s
own milk have improved development at 18 months’>7* and at 30 months™ of age. In
one study, an 8-point advantage in IQ was seen, although this fell to 4.3 points once
known confounding variables were accounted for. The remaining difference, may be
due to a variety of factors. To quote one of the original authors:

It is possible that our failure to “adjust out” the advantage seen in babies whose moth-
ers chose to provide breast milk was due to some extent to our failure to identify all
relevant demographic factors. .. Alternatively we have considered the possibility that
fresh maternal milk might contain a factor or factors, hitherto unrecognised, which
promote brain growth or maturation in the period of rapid growth preterm. . .. Finally,
it is possible that the advantage is related to the mother’s decision to provide milk,
rather than to the consumption of breast milk itself.”*

RaNDOMIZED TriALs UsING HUMAN MiLK

In order to overcome the confounding effect of self-selection, randomized controlled
trials must be carried out. However, it is not possible to randomize children to receive
their own mother’s milk or not, if such milk is available. However, randomized con-
trolled trials using donor human milk are possible. Alan Lucas’s group has carried
out two studies that have been very influential in the debate about optimum growth
rates in preterm infants. We will review those studies, concentrating on the intrigu-
ing development results they present.

Both studies had similar designs. Preterm infants during their initial hospitaliza-
tion were randomized to one of two feeding types. In one case, banked donor milk
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was compared to a preterm formula, in the other a term formula was compared to
a preterm formula. If mothers did not provide breast milk, the randomized diet was
given as a sole diet (“Trial A”), if they did provide breast milk, the randomized diet
was given as a supplement if breast milk supply was inadequate (Trial B). Data were
analyzed for Trials A and B separately, for both combined, and for a select group of
infants who had the highest intake of the randomized diets.

DoNor HUMAN MiLK vs. PRETERM FORMULA

In the first multicenter study, preterm infants weighing less than 1850 g birth
weight were recruited between 1982 and 1984, and randomized to diets of either
unfortified donor human milk or a preterm formula either as a sole diet (Trial A)
or as a supplement to mother’s own milk should supply be inadequate (Trial B).
The study intervention lasted a median of 30 days. Interim analysis of in-hospital
growth data (n = 194) showed significantly better weight and length gain in the
preterm formula group (in both Trial A and in Trial B), and significantly greater
head circumference gain (in Trial A only).”¢ If the associations between growth and
development described previously were valid, development would be expected to
have been better in the preterm formula group. The expected difference in develop-
mental quotient was indeed seen at 9 months (n = 400).”7 Developmental quotient
was three points higher in infants receiving preterm formula (p < 0.025) than in
infants receiving donor human milk (Trials A and B combined).”” In the subgroup
of infants who received >50% of their enteral intake from the randomized diet,
there was a 3.6-point advantage for preterm formula (p < 0.01).7” The difference was
larger in infants born growth retarded (5.3 points) and larger in males (3.3 points)
compared to female (1.7 points).”” By 18 months of age, no differences in develop-
mental outcome were seen.”

Term FOrRMULA vs. PRETERM FORMULA

In the second study, preterm infants weighing less than 1850 g at birth were random-
ized to a term formula or a preterm formula either as a supplement to mothers own
milk (Trial B) or as a sole diet (Trial A).”® Diets were given for a median of approxi-
mately 4 weeks’ and 344 infants had follow-up at 18 months. Weight gain was sig-
nificantly greater in infants receiving the preterm formula (in both Trial A and in
Trial B, and in the two trials combined) at 18 months. Head circumference growth
was better in the infants receiving preterm formula, but only in those in Trial A.”®
Bayley PDI scores at 18 months of age were significantly higher in infants receiving
the preterm formula than the term formula (difference 6.2 points, in Trials A and B
combined). This was even more marked in Trial A where the formulas were given
as the sole enteral diet (difference 14.5 points).”® In infants on the highest intakes of
the randomized diet, both PDI and MDI were increased in those receiving preterm
formula.”® There were significant increases in the odds ratio of a PDI < 86 in infants
receiving the term formula, both in the whole cohort (OR 1.8) as well as in selected
infants on the highest intakes of the randomized diets (OR 3.4). Similarly, odds ratios
for an MDI < 86 in infants receiving the term formula were 1.4 for the whole cohort
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and 1.9 in selected infants on the highest intakes of the randomized diets, although
these did not reach statistical significance.” Once again, the randomized group with
the highest in-hospital growth rates had the higher developmental scores.

Subjects were re-evaluated at 7 to 8 years of age (n = 360).8° The rate of cerebral
palsy was significantly lower in infants receiving the preterm formula (1.5% vs. 12%,
p = 0.03).3° There were no significant differences in IQ when the genders were ana-
lyzed together, even in those on the highest intakes of the randomized diet. However,
infants fed the preterm formula were significantly less likely to have a verbal 1Q <85
compared to those fed term formula (14% vs. 31%, p = 0.022). Verbal IQ and overall
IQ were higher in boys receiving the preterm formula than boys receiving the term
formula. The combined outcome of cerebral palsy or a verbal IQ less than 70 was
significantly less common in those receiving the preterm formula (15%) than in those
receiving the term formula (38%, p = 0.003).3

SUMMARY OF LUCAS STUDIES

The two Lucas studies demonstrate that nutritional intervention that affects in-hospi-
tal growth also significantly affects developmental outcome, even though the inter-
ventions only lasted a median of 4 weeks.

In both studies, the intervention group with the more rapid in-hospital weight
gain also had improved developmental outcome. In the comparison of donor human
milk and preterm formula, the developmental advantages of the more rapidly grow-
ing group (preterm formula) were clearly seen at 9 months,”” but not at 18 months.”
In the comparison of term and preterm formulas, the developmental advantages of
the more rapidly growing group (preterm formula) were clearly seen at 18 months.3°
Benefits persisted to 7 to 8 years of age, where they were seen in both genders, but
they were most clear in males.3°

Perhaps the last word on these studies should go to the investigators, “our pre-
vious observation that improved nutrition in this same period may have beneficial
effects on long-term development remains an important incentive to pay close atten-
tion to nutrition in hospitalized preterm infants.”8!

POST-DISCHARGE FORMULAS

In contrast to the case of in hospital interventions, the literature assessing the devel-
opmental sequelae of post-discharge nutritional interventions, either post-discharge
“follow on” formulas or low birth weight formulas, is limited. Although several stud-
ies have suggested growth advantages to these interventions,®”-87 none of the stud-
ies that have assessed longer-term development have identified advantages to the
enriched formula.3>-%7

SUMMARY AND CONCLUSIONS

Larger physical size and more rapid body growth in term and preterm infants is
associated with improved neurodevelopmental outcomes.
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In term infants, physical size at birth is clearly associated with better neurodevel-
opment. This appears to be true at older ages as well in SGA term infants, although
the evidence for AGA term infants at older ages is less clear.

In preterm infants, size at birth has little effect on later neurodevelopment.
However, closer to term-corrected age (or the time of hospital discharge) a clear
association between later neurodevelopment and body size is demonstrated. This
relationship appears to persist for 1 to 3 years, perhaps longer.

The beneficial association of larger body size in term and preterm infants is
seen across the entire range of body sizes, and well into the “normal” range, and
they are observed for differences in body weight and in body length, not just for
head circumference.

Growth rate (or velocities) in early life is also associated with improved neuro-
development. In term AGA, the benefits are seen most for higher growth rates in
the first year of life, but the same benefit may be present for higher growth rates
much later in life as well. In preterm infants, the benefit is most clear between birth
and 4 months corrected age. However, it is also seen for growth rates through to
1 year post-term, maybe to 2 years post-term. There is little evidence for associations
between growth rate and neurodevelopment beyond that period in preterm infants.

These associations are supported both by limited animal studies®® and by data
relating higher nutritional intakes in early life and later neurodevelopment.

Finally, the large cohort study of Lucas from the 1980s shows that preterm infants
randomized to nutritional regimens that improved early growth showed improved
neurodevelopmental outcome in later life. In one of the two studies, benefits remained
until 7 to 8 years of age.

We conclude the following: The evidence demonstrating that more rapid growth
is associated with improved neurodevelopment in preterm infants is far more com-
pelling, both in quantity and in quality, than the data suggesting later metabolic
advantages to slower early growth. Although the data are imperfect and incomplete,
a simple risk—benefit calculation would suggest that more rapid early growth is to be
much preferred compared to slower growth.
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Section Il Conclusions

The risks of obesity and metabolic disorders (e.g., insulin resistance or hyperten-
sion) are associated both with body size at birth and with whether the infant was at
either extreme of the normal range; either small for gestational age (SGA) or large
for gestational age (LGA).

In term infants, larger birth weight is associated with an increased risk of obe-
sity in later life. However, SGA term infants are also at increased risk of obesity.
Conversely, smaller birth size is generally a risk factor for hypertension and insulin
resistance, but SGA and LGA infants are at increased risk as well. Simplistically, the
risks of obesity might be considered to have a J-shaped relation to birth size, and the
risk of hypertension and insulin resistance have a reversed-J shape (Figure I1.1). The
data for preterm infants is less clear (Table IL.1).

Larger size at birth is associated with improved long-term neurodevelopment
in appropriate for gestational age (AGA) and SGA term infants, and larger size
by term-expected age is associated with improved neurodevelopment in preterm
infants (Table II.1). Poor weight gain in the hospital may therefore worsen devel-
opmental outcome, although the benefits in terms of a reduced risk of metabolic
syndrome are unclear.

In term AGA infants, more rapid growth in the first 1 to 3 years after birth is
associated with an increased risk of obesity, hypertension, and insulin resistance
(although there are differences between retrospective and prospective studies).
During the same time period, catch-up growth in term SGA infants, or the absence
of catch-down growth in term LGA infants, is associated with an increased risk of
obesity, hypertension, or insulin resistance. Conversely, more rapid growth in the
first 1 to 2 years after birth is associated with improved neurodevelopment in term
infants (Table I1.2). In preterm infants, there is little evidence that catch-up growth
in the first year post-term has any metabolic consequences, but slower growth during
this period does appear to worsen neurodevelopmental outcome (Table I1.2).

Obesity

e

7
7

7 . .
Insulin resistance

Risk of Adverse Outcome

Birth weight

FIGURE 1.1 J-shaped relationship between obesity and birth weight, and reversed-J shaped
relationship between insulin resistance and birth weight.
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TABLE I1.1

Effects of Size at Birth (or at term-expected age) for Term AGA, SGA, and
LGA Infants, and for Preterm Infants

Long-Term Benefits of Smaller

Long-Term Benefits of Larger

Group Birth Size Birth Size
Term AGA Dec risk of obesity Dec risk of insulin resistance

Dec risk of hypertension

Dec risk of mortality

Improved developmental outcome
Term SGA® — Improved developmental outcome?
Term LGA® b —
Preterm® Larger size near term-expected date = Larger size near term-expected date =

Unclear?

Improved developmental outcome®

@ Being born SGA associated with increased risk of obesity, insulin resistance, and hypertension.

® Being born LGA associated with increased risk of obesity, insulin resistance, and hypertension.
¢ Preterm birth associated with increased risk of hypertension, possibly insulin resistance, and obesity

unclear.

4 Limited data that very slow growth for the first few weeks may improve metabolic outcomes.

¢ Based on body size at time of discharge, or at term-corrected age.

TABLE 11.2

Effects of Infantile Growth (from birth to age 2 to 3 years) for Term AGA,
SGA, and LGA infants, and for Preterm Infants

Long-Term Benefits of Faster

Long-Term Benefits of Slower

Group Infantile Growth Infantile Growth
Term AGA Improved development® Dec obesity
Dec insulin resistance
Dec hypertension
Term SGA Improved development? Dec obesity
Dec insulin resistance
Dec hypertension
Term LGA - Dec obesity
Dec insulin resistance
Dec hypertension
Preterm Improved development® Dec insulin resistance*

@ Until 12 months or 24 months of age.

b Until 4 months or 6 months of age.

¢ Only for catch-up occurring after = 12 months of age.

Dec hypertension®
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Childhood growth (beginning 2 to 3 years after birth) is also positively associated
with the risk of obesity, hypertension, or insulin resistance, just as infantile growth
(between birth and 2 to 3 years of age, Table II.1) is. This appears to be true for both
term and preterm infants. There is limited evidence of any beneficial effects of more
rapid growth on neurodevelopmental outcomes during this period.

So what does this information mean in practice for preterm infants? First, it seems
clear that ex utero growth restriction in preterm infants should be avoided if possible

It is associated with significant reductions in long-term cognitive outcomes and
with an increased risk of neurodevelopmental impairments such as cerebral palsy. It
this goal could be achieved, we would probably not have to worry about the benefits
and risks of catch-up growth in infancy or childhood. However, at present we must
balance the benefits of any on-going catch-up growth on neurodevelopment against
the risk of catch-up growth. Early catch-up (within the first 12 months after term-
expected age) does not seem to be associated with adverse metabolic outcomes in
preterm infants, and so should be actively encouraged. After 2 to 3 years of age, the
benefits of ongoing catch-up growth are more difficult to identify, and the metabolic
risks are clearer. Therefore, it seems prudent to avoid significant upward percentile
crossing after 2 to 3 years of age in preterm babies, just as it is in term-born infants.
The correct balance during the intervening period, between approximately 1 year
post-term and approximately 3 years post-term, is harder to determine, although it
is the editor’s opinion that the benefits of catch-up growth in that period probably
continue to outweigh the risks.






Section Il

Can We Be Better? Reducing
Ex Utero Growth Restriction
in Preterm Infants

INTRODUCTION

Ex utero growth restriction (EUGR) is clearly associated with poorer long-term
development and one of our goals as neonatologists should be to prevent it. A major
modifiable cause of EUGR is inadequate nutrient intakes (Chapter 3), and improving
nutrient intake should be a focus.

In this section, we will review how the current recommended intakes for preterm
infants are derived, and the uncertainty surrounding them (Chapter 8); how we can
optimize nutrient intakes for preterm infants (Chapters 9, 10, and 11), including new
methods to customize the fortification of human milk (Chapter 11); and finally, as
our ultimate goal is to approximate in utero growth rates, we will see how the newest
generation of neonatal growth references allows better monitoring of growth using
Z-scores statistical trend analysis (Chapter 12).






8 Assessing Nutritional
Requirements for
Preterm Infants

Frank R. Greer

INTRODUCTION

It should come as no surprise to the reader that the information base with which to
support the methods of determining the dietary requirements of preterm infants is
limited. This nonhomogeneous population includes the late preterm infant (34 to 37
weeks gestation, birth weight usually >2000 g), the low birth weight infant (birth
weight <2000 g), the very low birth weight infant (birth weight <1500 g), and the
extremely low birth weight infant (birth weight <1000 g). In addition to the broad
range of postconceptional age (23 to 37 weeks) and birth weight, preterm infants
have genetic and epigenetic differences, varying rates of growth and energy metabo-
lism, alternative methods of nutrient delivery (parenteral vs. enteral) and variable
absorption rates of key nutrients. Any of these could affect the typically rapid growth
trajectories of a preterm infant. There are also significant differences in degrees
of illness and associated co-morbidities, which have a large impact on nutritional
requirements and nutrient utilization. Thus, assessing the dietary requirements of
this diverse population of preterm infants is not an easy task, and it is clear that “one
size” cannot possibly fit all.

DETERMINING DIETARY REQUIREMENTS FOR PRETERM INFANTS

A dietary requirement is defined as the intake level that will meet specified crite-
ria of nutritional adequacy, while preventing risk of both deficit and excess. The
Dietary Reference Intakes (DRIs) are reference values that are generally used for
a healthy population and healthy individuals. Utilizing the DRIs for the heteroge-
neous population of preterm infants with varying degrees of illness to determine the
appropriate nutrient intakes is problematic. The DRIs include the Estimated Average
Requirement (EAR), the Recommended Dietary Allowance (RDA), the Adequate
Intake (AI), and the Tolerable Upper Intake Level (UL) of a given nutrient.!

The EAR is the nutrient intake value that is estimated to meet the requirement of
50% of the individuals in a life stage and gender group as predefined by a specified
indicator of adequacy such as a biomarker. The EAR is then used to establish the
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RDA, which does not apply to a population but to individuals. The RDA is the average
dietary intake level that is sufficient to meet the nutrient requirements of 97 to 98% of
individuals in a population and it is set at 2 SD above the EAR of a population.

For the premature infant population, it is not possible to calculate the EAR or
the RDA for any nutrient. Using an RDA would clearly lead to an excess of nutri-
ents for some preterm infants who are already at risk for the metabolic syndrome.
The alternative Al is based on observed or experimentally determined estimates of
average nutrient intake of a group of healthy people. For the healthy term infant for
whom human milk is the sole source of food, the Al is based on the estimated daily
mean nutrient intake supplied by human milk. But again, preterm infants are not a
healthy population and human milk alone will not meet their nutrient needs, and
cannot be utilized to determine the AI. Nor can the needs of “sick” preterm infants
be extrapolated from ‘“healthy” term or preterm infants, as the scientific basis for
which to adjust nutrient intakes based on the effects of disease and co-morbidities is
not available.

Thus, for describing the dietary requirements for the preterm infant, we often
utilize what some have called the “RRI”—the Recommended Range of Intake for a
given nutrient.”> The RRI by definition is the range of average daily intakes derived
from observational or randomized trials that appear to sustain adequate nutrition
(growth), based on the absence of abnormal clinical signs, symptoms, or biochemi-
cal measurements. The RRI would ideally lie in-between the lower limit associated
with deficiency and the upper limit associated with toxicity for a given nutrient, and
the range would be wide enough to take into account the likelihood that there are sig-
nificant differences for individual preterm infants within the range of intakes, even
for infants of the same weight or postconceptional age. It has also been suggested
that the lower limit of the RRI, in theory, should not be less than the EAR and not
exceed the UL when and if these values become available for a given nutrient.

These concepts can be visualized in the proposed model in Figure 8.1. As nutri-
tional intake increases, the risk of deficiency (on the left) decreases, but with further
increasing intake the risk of excess intake and toxicity begins to increase. Somewhere
in the mid-range is the RRIL

One can speculate that for the smallest and most preterm infants, the RRI would
be narrower than for the older, less preterm infants given that the most preterm
infants have the highest needs per unit of body weight and are more susceptible to
deficits as well as excesses of any given nutrient. Thus, the so-called therapeutic win-
dow of many nutrients would be narrower for the ELBW infant compared to the late
preterm infant. In an ideal world, the RRI would also be defined by the intakes that
prevent subclinical adverse effects whether from a deficit or excess of a given nutri-
ent. Additionally, the RRI may be narrower for the initial parenteral feeding goals,
which then gradually increase during the transition from parenteral to full enteral
feedings, in order to meet the needs for optimal growth and development. Thus, for
the individual preterm infant, the RRI for a given nutrient is a moving (or sliding)
target, which makes it difficult to decide which infant needs more or less of a given
nutrient (Figure 8.1). It would be ideal if there were appropriate biomarkers to use
in setting the RRI, such as BUN for protein or alkaline phosphatase for calcium, but
these proposed biomarkers lack specificity.
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FIGURE 8.1 The cumulative risks of inadequate nutrient intake (deficiency, broken line)
and excessive nutrient intake (toxicity, solid line) as nutritional intake changes. Approximate
position for the adequate intake and upper limit and for the RRI are shown.

It has been generally agreed upon that the ideal growth rate for the preterm infant
should match the in utero growth curve for the fetus of the same postconceptional
age. Ideally, this would also include body composition when practical measures of
assessment become available and the goals for the ideal body composition have been
determined for a preterm infant after birth.** For the healthy preterm infant, growth
rate can be determined from the percentile of the birth weight. To achieve this
growth rate after birth, two approaches have been used to estimate the intakes for
individual nutrients for preterm infants. One approach involves setting a goal for the
ideal intake of a given nutrient based on the fetal content of the nutrient at the same
gestational age, the so-called factorial approach. The second approach, the empirical
approach, is to set a goal to achieve an outcome, such as the amount of protein that
optimizes growth rate or the amount of calcium that optimizes bone mineral content.

FACTORIAL APPROACH

As nutrient accretion by the fetus accounts for a large proportion of nutrient intake,
the factorial approach is useful for the preterm infant where the underlying principle
is that the body composition of the infant should resemble that of the fetus at the
same postconceptional age.

The body composition of more than 169 human fetuses has been chemically
described in the literature.’ However, there are many concerns regarding the quality
of the reports, as described by Sparks’ and Ziegler.® These include:
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1. The fetal gestational age reported was not accurately known.

2. The fetuses came to autopsy for reasons that may have altered growth or
nutrient accretion (major congenital anomalies, infants of diabetic or mal-
nourished mothers).

3. The analyzed fetuses may not conform to norms for growth of fetuses in
the general population (were still born or expired more than 48 hours priory
delivery, were SGA, etc.).

4. The fetuses analyzed were not selected randomly from the general population.

5. The fetuses were not analyzed soon after death, using accurate, precise, and
modern methods.

In fact, in constructing “the reference fetus” Ziegler eliminated all but 22 of the
fetuses analyzed in the literature as being unsatisfactory.® Despite this, there were
additional limitations in that the reported data was not always sex specific and the 22
fetuses were skewed toward the more growth retarded, and all but 2 were less than
the 50th percentile for weight. Although none were less than the 5th percentile, 7
were less than the 10th percentile for weight. Gestational age ranged from 24 to 40
weeks and birth weights ranged from 690 to 3450 g.6

Thus, the factorial approach is subject to major limitations for preterm infants
and does not take into account individual variations in nutrient requirements. These
are dependent on variations in absorption rate, in nutrient intake, and sources of
nutrients including parenteral nutrition. Enteral feedings range from human milk to
special formulas for low birth weight infants. The intakes determined by the facto-
rial method should take into account the concept of nutrient retention, including
the inevitable losses (dermal, urinary, intestinal), and the need for growth and tis-
sue stores of nutrients. Table 8.1 is an estimate for major mineral and electrolyte
intakes needed to achieve fetal weight gain using the factorial approach.*7 However,
in the preterm infant there remains some uncertainty about the urinary and intestinal
losses of these minerals that may be influenced by many factors.” Of note, no range

TABLE 8.1
Requirements for Major Minerals and Electrolytes Determined by the
Factorial Method (per kg/day)

Body Weight
500-1000 g 1000-1500 g 1500-2000 g
Required Required Required
Accretion Intake Accretion Intake Accretion Intake
Ca, mg 102 184 99 178 96 173
P, mg 66 126 65 124 63 120
Mg, mg 2.8 6.9 2.7 6.7 2.5 6.4
Na, mEq 1.54 3.3 1.37 3.0 1.06 2.6
K, mEq 0.78 2.4 0.72 2.3 0.63 2.2

Cl, mEq 2.26 2.8 0.99 2.7 0.74 2.5
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of intakes is given in Table 8.1 that could be used to determine an RRI using the
factorial approach.

A potential problem with the factorial approach is that although it provides an
estimate for any nutrient for which the content of the fetus is known, it does not take
into consideration the requirements for catch-up growth. This requires additional
information about the degree and speed of catch-up growth desired. Thus, for a fetus
born at 24 weeks, who for various reasons does not regain birth weight before 27
weeks, a higher nutrient requirement would be needed than that based on a gesta-
tional age of 24 weeks if the fetal rate of growth was to be achieved. Thus, using the
factorial approach, “one size” does not really fit all.

EMPIRICAL APPROACH

The empirical approach, sometimes referred to as the functional approach, has
largely been used in preterm infants to determine protein and energy requirements.
This approach utilizes feedings of varying energy and protein content to maximize
nitrogen balance and growth outcomes taking into account nutrient retention and
losses (dermal, urinary, and intestinal). Nutrient requirements using this approach
are largely dependent on body size rather than gestational age, and biomarkers would
be important. Thus, in a feeding study by Kashyap et al., gains in weight and length
of preterm infants were greater when protein intake from an infant formula was
3.8 g/kg/d compared to an intake of 2.8 g/kg/d.® Similarly, in a feeding study by
Polberger et al., infants fed human milk fortified with human milk protein providing
3.6 g/kg/d of protein showed marked increased gains in weight and length compared
to infants fed unfortified human milk with a protein intake of 2.1 g/kg/d.'° Table 8.2
depicts the requirements for protein intake based on the empirical approach.

TABLE 8.2
Protein Intakes Needed To Achieve Fetal Weight Gain Using the Empirical
Approach®1°

Body Weight
500- 700- 900- 1200- 1500- 1800-
700 g 900 g 1000 g 1500 g 1800 g 2000 g

Fetal Weight Gain

g/d 13 16 20 24 29 29

g/kg/d 21 20 19 18 16 14
Protein Balance

Losses (g/kg/d) 1.0 1.0 1.0 1.0 1.0 1.0

Growth (g/kg/d) 2.5 2.5 2.5 2.4 22 2.0

Requirement
Parenteral (g/kg/d) 35 35 35 34 32 3.0
Enteral (g/kg/d) 4.0 4.0 4.0 3.9 3.6 34
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The empirical approach lends itself to determining the needs for catch-up
growth, as protein intake by this method may exceed that determined by the facto-
rial approach and the resultant increased rate of growth can be construed as catch-up
growth.” However, again, this approach does not adequately define a range of pro-
tein intakes that would meet the needs of the majority of the population of preterm
infants. As infants grow and advance in postconceptional age, the amount of protein
intake needed changes, and again one size does not fit all.

Other nutrient requirements may also be determined by the empirical approach.
Thus, calcium and vitamin D intakes can be related to maximizing bone health using
various medical imaging techniques and biochemical measures of collagen synthesis
and bone turnover.

New measures of body composition by medical imaging techniques or air-dis-
placement plethysmography can allow for measures of lean body mass and fat mass
and their response to varying dietary intakes of energy, fat, or protein as well. In the
future, it can even be anticipated that measures of gene expression as a biomarker
may be utilized to determine the amount of a specific nutrient required to trigger a
specific mRNA response in a given tissue

DETERMINING A RECOMMENDED RANGE OF INTAKES FOR THE PRETERM INFANT

It should be noted that neither the factorial approach nor the empirical approach
allows one to determine a recommended range of intakes for the preterm infant,
given the degree of individual variation within this mixed population of subjects. As
noted, this population has a high prevalence of adverse events and co-morbidities, an
expected rapid rate of growth, as well as very limited stores. The limited stores make
absorption and retention of nutrients very important. All of these factors make it dif-
ficult to establish a recommended range of intakes in the preterm infant, particularly
for the micronutrients.

RELATIONSHIP BETWEEN INTAKE, ABSORPTION, AND RETENTION

In a population of healthy, non-growing adults, the relationships between intake,
absorption, and retention are relatively simple, assuming a normal distribution
within a population. At suboptimal intakes of a given nutrient, requirements exceed
the amount absorbed from the diet and the deficit must be made up from stores, or
deficiency occurs assuming the absorption rate remains constant. On the other hand,
if net absorption exceeds needs, a positive balance results with the excess seques-
tered into storage pools. If storage mechanisms are exceeded, toxicity may result.
However, homeostatic mechanisms allow for a broader intake range over which ade-
quate balance is maintained, minimizing the risks of deficiency or excess. Thus, in
times of a deficient intake, up-regulation of absorption may occur, and in times of
excess intake, down-regulation of absorption may occur.

For any individual within a population, as nutrient intake rises the risk of defi-
ciency falls. At higher intakes the risk of nutrient excess or toxicity rises. The posi-
tion of individuals on the intake-balance curve will be different, again assuming a
normal distribution (Figure 8.2) For example, individuals with “poor absorption”
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FIGURE 8.2 Different positions on the intake-risk (deficiency/excess) curve between a
“good absorber” and a “poor absorber.”

(broken line in Figure 8.2) or “good absorption” (solid line in Figure 8.2) will occupy
different points on the intake balance curve with different ranges of reasonable
intakes. At low intakes, the “good absorbers” are lower risk of nutrient deficiency,
but at higher intakes, they are at increased risk of nutrient excess. Thus, the ideal
intake-balance curve will be shifted to the left for the “good absorbers” and to the
right for “poor absorbers.” (Figure 8.2) On the other hand, the reasonable range of
intake on the intake-balance continuum would be expected to be larger for any indi-
vidual within it, than for the entire population (Figure 8.3).

VARIATIONS IN INTAKE, ABSORPTION,
AND RETENTION IN THE PREMATURE INFANT

Applying the recommended range of intake concept to the intake-balance continuum
to the premature infant within a broad range of weights, gestational ages, and co-
morbidities is problematic. The precision with which absorption can be measured
and nutrient requirements estimated is less than ideal. To demonstrate the difficulty
in establishing a reasonable range of intakes for the preterm infant, the published
measurements of zinc intake and zinc retention will be reviewed, acknowledging the
fact there is no reliable biomarker for zinc deficiency in individuals."?

In a recent review article, published measurements of zinc intake and zinc reten-
tion were reviewed for 22 groups of formula-fed infants (n = 342).13 There was a good
correlation between zinc intake and zinc retention (r = 0.56, 2= 0.31, p = 0.0043).
This correlation increased when a single outlier from these studies was eliminated
(r=.64,1r>=0.41, p = 0.001, Figure 8.4). The requirement for retained zinc in preterm
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FIGURE 8.4 Relationship between zinc intake and zinc retention in published studies in
formula fed intakes (see Reference 13).

infants with a birth weight from 1500 to 2000 g (30 to 32 weeks postconceptional age)
has been estimated to be approximately 400 mcg/kg/d.'"* From Figure 8.4, the zinc
intake required to achieve this retention can be estimated from the regression line to
be 1.85 mg/kg/d. However, the 95% confidence interval around this point estimate
of zinc intake would be 1.47 — 2.63 mg/kg/day, or 79 to 142% of the point estimate.
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TABLE 8.3
Dietary Zinc Requirements
Zinc Requirement Required Zinc
Gestational Age for Retention Intake from Formula

Weight (kg) (weeks) (mcg/kd/d) (mcg) (95% CI)
<10 <28 500 2273 (1379-6465)
1.0-2.0 28-34 400 1818 (11035172
2.0-3.5 35-40 300 1364 (828-3879)

Table 8.3 gives the estimated requirements for absorbed zinc by birth weight and
gestational age from Figure 8.4. The last column gives the 95% confidence interval
for range of zinc intake for each confidence interval. In each case, the confidence
interval is between 60 and 280% of the single best estimate. It is also of note that
both the estimate of zinc retention and the required zinc intake from infant for-
mula decreases with increasing birth weight, again making it difficult to estimate a
reasonable range of intakes for the preterm infant."* Note that the zinc data for the
preterm infant does not include data on enough infants to estimate values for a birth
weight below 750 g (Table 8.3)

For a given individual preterm infant, it is obvious that both the requirement for
zinc retention as well as the range of intake required to achieve this retention has
a tremendous variation (Table 8.3), but both decrease with increasing weight and
increasing postconceptional age. This can be shown for many micronutrients includ-
ing protein.

SUMMARY

This chapter began with a discussion of the DRIs and how the present determina-
tion of these is very difficult for the preterm infant at this time. There was con-
siderable discussion regarding the “RRI,” yet the subsequent discussion of the
factorial and empirical determinations generally resulted in a single nutrient value,
not a recommended range of intakes. The paucity of fetuses used to determine the
body composition of the reference fetus (n =22) hardly lends itself to the discus-
sion of a recommended range of intakes using this method. The empirical method
has largely been limited to the determination of the requirement for protein intake.
As discussed, many factors affect the determination of the required nutrient intake
regardless of whether the factorial or empirical method is used. This includes the
variable requirement for growth, absorption, metabolism, and transport of nutrients,
as well as nutrient losses (dermal, urinary, and intestinal), deposition, and interaction
with other nutrients (e.g., zinc and iron). Published consensus statements generally
include a range of intakes as determined by a panel of experts using the observa-
tional and limited randomized studies published in the literature.® These contain a
range of intakes as shown in Table 8.4.

Perhaps one could consider an “individualized” empirical approach to assess ade-
quate nutrient intake in the NICU. That is, assuming a preterm infant is appropriately
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TABLE 8.4
Recommended Dietary Intakes (Enteral) for Growing Preterm Infants in
Stable Clinical Condition Recommended by Expert Panel

Consensus Recommendations Consensus Recommendations

<1000g 1000-1500g

Energy, kcal/kg/d 130-150 110-130
Protein, g/kg/d 3.84.4 3442
Calcium mg/kg/d 100-220 100-220
Phosphorus, mg/kg/d 60-140 60-140
Magnesium, mg/kg/d 7.9-15 7.9-15

Sodium, mg/kg/d 69-115 69-115

Potassium, mg/kg/d 78-117 78-117
Chloride, mg/kg/d 107-249 107-249

™ See reference 8

grown at birth and a birth percentile has been established and the goal is to maintain
the infant on this percentile while in the NICU, monitoring daily weight and weekly
assessments of length and occipitofrontal circumference (OFC) could determine
what the protein intake should be. Unfortunately, there are no readily available prac-
tical measures of body composition that would be needed in the ideal situation, but it
is possible that the BMI curve could be used as a proxy for body composition. These
curves are presently being developed for the NICU.! Traditionally, NICUs have not
measured growth in length as an assessment of growth and this needs to changed
especially if weight relative to length is to be accurately determined. Use of electronic
medical records easily tracks measures of growth against intakes of various nutrients
including protein and energy. Intakes can be varied relatively easily with parenteral
nutrition (less so with infant formula) without increasing or decreasing total energy,
as the needs for other nutrients change. Human milk can now be analyzed and the
protein and caloric content can be adjusted with fortifiers (see Chapter 11). However,
there are no vitamin solutions that can be varied in TPN to satisfactorily meet the
needs of all preterm infants.

CONCLUSIONS

In conclusion, although most current dietary intake recommendations for preterm
infants utilize mostly a range of intakes determined by a panel of experts, they are
best guesses.>3 More research and clinical studies are needed, including the develop-
ment of appropriate biomarkers, to assess the nutrient requirements of preterm infants.
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Computer-Aided
Prescribing of Enteral and
Parenteral Nutrition

Magnus Domell6f and Dirk Wackernagel

INTRODUCTION

Many patients in neonatal intensive care units (NICUs) are at high risk of malnu-
trition and poor growth. The majority of patients at risk of malnutrition are pre-
term infants, but other groups are also at risk including patients with cardiac failure,
severe gastrointestinal disease, hepatic disorders, and those who have undergone
abdominal surgery.

Recommendations for enteral and parenteral nutrient intakes of preterm and term
infants are available'-? and the reason for malnutrition of NICU patients is often
non-compliance with these guidelines.® Since calculation of enteral and parenteral
nutrient intakes is complicated and time-consuming in the clinical setting, there is
a need for improved tools to aid neonatologists in prescribing enteral and parenteral
nutrition and to reduce errors in order to optimize growth, development, and later
health of NICU patients.

NUTRITION AND GROWTH OF SMALL, PRETERM INFANTS

A number of studies from different countries during the last decade have shown
that nutrition and growth of very low birth weight (VLBW) infants is suboptimal.
A population-based study has been performed of all extremely preterm infants
(<27 weeks) born between 2004 and 2007 in Sweden (the EXPRESS-study) show-
ing a high 1-year survival rate: 70% of liveborns.* We have assessed nutrient intakes
and growth in the same cohort, including all 531 infants alive at 24 hours after birth.>
Mean gestational age of these infants was 25.3 weeks (SD 1.1) and mean birth weight
was 765 g (SD 170).

The clinical routine at Swedish hospitals during this time period was to initiate
parenteral nutrition and minimal enteral feeds on the first day of life and then increase
enteral feeds as tolerated. The average proportion of enteral intake in relation to total
fluid intake increased from 28% during the first week to 69% on Days 8 to 28 and to
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94% on Days 29 to 70 of life, implicating that most of these infants received a combi-
nation of enteral and parenteral nutrition during the first 28 days of life.

The mean energy intake of these infants was 66 kcal/kg/d during the first week of
life, 114 kcal/kg/d at Days 8 to 28 and 132 kcal/kg/d at Days 29 to 70 of life. Mean
protein intake during the first week of life was 2.1 g/kg/d and 3.3 g/kg/d at Days
8 to 28 and 29 to 70 of life. These intakes were considerably below recommended
intakes, which are 130 to 150 kcal/kg/day and 3.8 to 4.4 g/kg/d, respectively, for
growing, enterally fed preterms with birth weights below 1000 g.!

During the first 4 weeks of life, mean standard deviation scores (Z-scores) for
weight, length, and head circumference (HC) decreased by 2.1, 2.6, and 1.4, respec-
tively, as assessed using a Swedish growth reference.®

Taking gestational age, baseline anthropometrics, CRIB score, duration of
mechanical ventilation, and postnatal steroid and antibiotic treatments into account,
lower energy intake correlated with less gain in weight (r = +0.315, p < 0.001), length
(r=+0.215, p < 0.001), and HC (r = +0.218, p < 0.001). In addition, lower protein
intake also predicted poor growth in all anthropometric measures, and low fat intake
was associated with slower HC growth.

In conclusion, extremely preterm infants born from 2004 to 2007 in Sweden
received lower energy and protein intakes than recommended and showed subopti-
mal postnatal growth. Nutrient intakes were independent predictors of growth even
when considering disease-related factors such as mechanical ventilation and postna-
tal corticosteroid therapy. This implies that optimized nutrition may improve growth
and possibly also development and later health of extremely preterm infants.

AVAILABLE COMPUTERIZED SUPPORT
FOR NICU NUTRITION PRESCRIPTIONS

It has been estimated that 750,000 neonatal parentenal nutrition (PN) orders are
prescribed each year in the United States.” Calculations of TPN composition are time
consuming and fraught with the possibility of error.

One approach to simplifying the ordering of parenteral nutrition is to use a small
number of stock solutions, rather than developing an individualized solution for each
infant. However, individualizing parenteral nutrition composition in order to meet
standard goals for nutrient intake may lead to higher amino acid intakes and higher
micromineral intakes than standardized use of stock PN solutions.® For example,
mean daily protein intakes increased from 1.36 g/kg/d to 1.94 g/kg/d.® Although
both intakes are disappointing, protein intakes (as well as calcium and phosphate
intakes) were higher with individualized PN compositions.® Another option is to use
standard solutions in a flexible way, allowing for daily individualization, which has
been shown to result in adequate nutrition and growth.” However, this also requires
daily calculations of nutrient intakes.

So, how are we to safely achieve customization of PN in a busy NICU when time
is limited? Computers have been used to assist in this process for over 30 years,'%!!
dating back to the era of programmable calculators'? and the BASIC programming
language.”® A number of older systems for parenteral nutrition have been described,
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beginning at the dawn of the home computer revolution.!-!1:13-15 Reported benefits
of computer-supported prescribing of PN include reduced time required,'' improved
metabolic control,'* and improved growth measures such as reduced early weight
loss'* and higher weight gain.!®

In recent years, systems that are more sophisticated have been described, all con-
centrating on the prescription of PN, and many focused on the NICU population.
Homegrown calculation spreadsheets are widely used for prescription of total par-
enteral nutrition in NICUs.” Simple, free, web-based calculators are also available.
Results of these newer tools are encouraging.

Although some computer-supported systems shift some of the time burden of PN
ordering from the physician to the pharmacist,” the total time spent on preparation
of the PN order is significantly reduced by computer-supported systems,'® maybe by
as much as two-thirds."”

Such systems also led to reduced errors,”!>?? as well as to better intakes of pro-
tein,'320 energy,'®-2° calcium'®1*2? and phosphate,'®!° and more rapid achievement
of protein and energy intake goals.'® In one study, a computer-supported system
improved protein intakes during the first week of life, and lipid, glucose, and energy
intakes of the first two weeks of life. Over the entire 4-week study period, parenteral
energy intakes were higher (118 + 6 kcal/kg/d vs. 106 + 12) but parenteral protein
intakes were similar (3.7 £ 0.3 vs. 3.5 £ 0.3).20

Computer-supported systems also led to improved biochemistry (e.g., a lower
alkaline phosphatase concentration)'® and reduced the risk of osteopenia.??

They have also led to improved weight gain,'”?* and perhaps to earlier hospital
discharge.® In one example, preterm infants receiving PN using a computer-supported
system gained weight on PN (+44 g SD 114), while those in whom PN was prescribed
by physicians without computer support lost 53 g (SD 156) while on PN."

As PN ordering requires more mathematical calculations, it is unsurprising that
computer-supported systems have first addressed the prescribing of parenteral nutri-
tion. However, preterm infants receive enteral nutrition for much longer than they
receive parenteral nutrition, and in-hospital growth continues to falter at a time when
most preterm infants would be expected to be receiving all, or almost all, of their
nutrient intake enterally.?!

Only a few of these calculators have included enteral nutrition?® and these have
not considered different sources of breast milk (own mother’s or donor milk), breast
milk fortifiers, and enteral supplements. A disadvantage with most computer-sup-
ported nutrition systems is therefore that they fail to correctly account for enteral
intakes, as they do not consider enteral nutrition at all. This is a potentially criti-
cal limitation, especially as it is increasingly recommended that enteral nutrition
be initiated on the first day of life. Furthermore, the risk period for malnutrition in
extremely preterm infants extends throughout the entire hospitalization, not just the
period of parenteral nutrition administration. For example, the NICHD dataset of
Ehrenkranz?' shows that preterm infants continue to diverge from the intrauterine
growth curves even at 36 weeks post-menstrual age, an age by which most infants
would be entirely on enteral nutrition (see also Figure 12.11, Chapter 12). Any sys-
tem that does not include enteral nutrition will overlook a large time period in which
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infants receive the majority of their nutrition via the enteral route, and remain at high
risk of ex utero growth restriction (EUGR).

This is the first study we are aware of that describes the effects of a computer-
supported nutritional ordering system that was specifically designed to include all
aspects of both parenteral and enteral nutrition.

DEVELOPMENT OF A NEW SYSTEM FOR COMPUTER-
AIDED NICU NUTRITION (NUTRIUM™)

Prompted by the poor nutritional situation among Swedish VLBW infants, the prac-
tical difficulties in performing individual, daily, manual nutrition calculations, and
the absence of a freely or commercially available system that would consider both
enteral and parenteral nutrition, we developed a new system for computer-aided
NICU nutritional prescribing.

The system was developed in 2005-2007 using Java Web Start (Oracle Corporation,
Redwood City, California). Since 2007, the system (called Nutrium) has been commer-
cially available and is currently being used in routine care at 12 Swedish NICUs. The
functionality has been continuously improved. Up to now, more than 60,000 nutrition
calculations have been performed using the system. Very few of these have been calcu-
lations of total parenteral nutrition alone; many have been a combination of enteral and
parenteral nutrition and many have also concerned only enteral nutrition.

The home screen of the Nutrium system is a patient list including all current
patients at the local neonatal unit. All data pertaining to previously discharged
patients is also available and can easily be exported in spreadsheet format for quality
control or research purposes.

The system contains extensive data on more than 30 nutrients, more than 200
nutritional products (Table 9.1) and their nutrient contents, several alternative nutri-
ent references, and several alternative growth references. The system allows mixes
of products including individual PN prescriptions as well as standard PN mixes. The
system also supports breast milk macronutrient analyses, which are routinely used in
Sweden. Furthermore, Nutrium saves data on growth and nutrition for each patient
and presents growth charts, nutrition charts for individual patients, and statistics for
groups of patients for quality improvement and research purposes.

THE NUTRIUM GRAPHICAL USER INTERFACE

In addition to the advanced calculation algorithms and the extensive built-in data-
bases, an appreciated feature of the Nutrium system is the modern graphical user
interface. To perform a prescription, the user enters the planned intakes of enteral
and parenteral nutrition products and other fluids, chosen from menus or based on
the intakes of the previous day. The system has a graphical interface that gives the
user an immediate, visual feedback on how the current prescription conforms to
recommended intakes for 31 nutrients (Figure 9.1). A traffic light system of colors is
used, so a red bar to the left means “much lower than the recommended intake,” a
yellow bar to the left means “slightly below the recommended intake,” and a green
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TABLE 9.1

Categories of Nutritional Products Included in the

Nutrium™ Database

Type of Product Number
Enteral products
Breast milk categories 7
Infant formulas 4
Preterm formulas 7
Special formulas 14
Other enteral food products 2
Breast milk fortifiers 13
Vitamin supplements 19
Mineral supplements 20
Other enteral supplements 4
Total 90
Parenteral products
Commercial PN products 28
Local PN products 64
Salt/colloid/flush solutions 10
Parenteral additives 16
Blood products 5
Drug infusions 5
Total 128
s
Nutrient Intake (/kg/d)
Fluid [} 175 ml
Energy [} 121 kcal
Protein /a.a. =] 4.28¢g
Carbohydrates [} 13.9g
Glucose 5.6 mg/kg/min
Lipids 5.4g
Sodium | 1.86 mmol
Potassium 2.13 mmol
Chloride = 2.91 mmol
Calcium ST 49.5mg
[ T Ty e ] D€ € onn
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FIGURE 9.1 Detail from the prescription screen in Nutrium, showing the nutrient intakes result-
ing from the current prescription and indicating how this compares to recommended intakes. As
the prescribed intake deviates further from the recommended intake, the slider bar changes color
from green, to yellow, to red. The example is from a combined enteral and parenteral nutrition
prescription. (Nutrium and all screen images associated with it are copyright of the authors, all

rights reserved. Screen image is copyright of the authors, and is used with permission.)
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bar signifies that the intake is within the recommended range. Similarly, bars to the
right signify intakes above the recommended intake. The ranges are calculated indi-
vidually, based on the infant’s gestational age at birth, postnatal age, current weight,
and the proportion of enteral to parenteral intake for each nutrient. Based on the
visual feedback, the user can change the prescription and this will have an immedi-
ate effect on the colored bars. The user can also invoke a decision support function in
which the system gives suggestions of how to optimize the current nutrition in order
to better conform to recommended intakes. There are also safety limits of composi-
tion of parenteral solutions to prevent precipitation and limits on enteral fortifiers
and supplements to prevent intestinal complications.

In addition to regular growth charts and Z-score growth charts, the system also
presents “nutrition charts” showing intakes of different nutrients over time, com-
pared to recommended intakes (Figure 9.2). These charts have proved to be very
informative and make it possible to identify infants who may be developing accumu-
lated nutrient deficiencies due to suboptimal intakes for an extended period.

EVALUATION OF THE NUTRIUM SYSTEM

In 2009, we conducted a study to evaluate the effect of computer-aided prescrip-
tion of enteral and parenteral nutrition on the growth of preterm infants, using the
Nutrium system on a daily basis. Our aim was to achieve the nutrition recommen-
dations issued by the ESPGHAN? and Tsang.! We intended to test the hypotheses
that the computer-aided prescription would lead to increased nutrient intakes and
improved postnatal growth in preterm infants. The study was performed at a Swedish
level IT NICU (Eskilstuna Hospital) in the S6dermanland province of Sweden. The
inclusion criteria was infants born before the gestational age of 32 weeks. The study
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FIGURE 9.2 Nutrition chart from Nutrium, in this case showing energy intake over time
in an infant born at a gestation age of 25 weeks + 3 days. Dotted lines show recommended
energy intake (corresponding to the color zones of the prescription screen). In this case, the
infant received less than recommended energy intakes during the first 1 to 2 weeks of life.
(Nutrium and all screen images associated with it are copyright of the authors, all rights
reserved. Screen image is copyright of the authors, and is used with permission.)
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was designed as a comparison of nutrition and growth before and after the start of
using the computer-aided prescription system for all enteral and parenteral nutri-
tion. Retrospectively, we evaluated all infants born < 32 gestational weeks treated
at the Eskilstuna NICU from January 2008 to December 2010, divided in two
groups: The control group (“control”), born before June 2009, and the intervention
group (“Nutrium”), born after June 2009 when the Nutrium system was introduced.
Included in the study were 78 infants: 35 infants in the control group and 43 infants
in the Nutrium group.

Mean (£SD) birth weight in the Nutrium and control groups were 1413.8 (x431.5) g
and 1281.4 (x419.2; P = 0.17), gestational ages were 29.9 (+1.7) weeks and 29.5 (£2.0)
weeks, respectively (P = 0.35). Infant clinical characteristics were not significantly
different between groups.

We retrospectively collected the daily intake of macro- and micronutrients for
all children in both groups during the first 7 weeks of life. During the first postnatal
week, the intake of all macronutrients and the total energy intake were significantly
higher in the Nutrium group (Table 9.2). During weeks 2 to 7, the daily intake of
amino acids, carbohydrates, and total amount of calories were significantly higher
in the Nutrium group, while the fat intake was not significantly different between
groups. There was also an increased intake of fluid in the Nutrium group during
the first week of life (Figure 9.3), which was due to the lack of highly concentrated
parenteral nutrition solutions at the study hospital during this period.

Intakes of several minerals (potassium, calcium, phosphorus, magnesium, zinc,
selenium, and copper) and vitamins were significantly closer to recommendations in
the Nutrium group (data not shown).

We compared growth parameters at the time of birth, and at day 28 of life, at a post-
menstrual age of 36 weeks and at the time of discharge from hospital (Figure 9.4),
using a Swedish growth reference.® At birth, no significant differences were observed
between the groups in patient characteristics or anthropometric measures (weight,
length, and HC). From birth to 28 days, the mean weight SDS decreased in both
groups but less so in the Nutrium group. At 28 days of life, the mean weight in the
Nutrium group was 0.8 SDS higher than in the control group (p = 0.04) and this dif-
ference increased at the time of discharge to 0.9 SDS (p = 0.004).

There were even more pronounced differences in length, where the mean SDS
dropped in control infants from —1.8 at birth to —3.0 SDS at 28 days of life and did not
recover into normal values at the time of discharge (2.7 SDS). The mean length SDS

TABLE 9.2

Macronutrient Intakes during the First Week of Life (mean +SD)
Nutrient Control Nutrium (Tm) P-Value
Fluid (mls/kg/d) 120 +40 146 £37 p <0.001
Energy (kcal/kg/d) 70.4 +30.4 88.7 +29.1 p <0.001
Amino Acids (g/kg/d) 1.66 £1.00 2.95 +1.03 p <0.001
Carbohydrates (g/kg/d) 92238 10.7 £2.6 p <0.001

Fat (g/kg/d) 2.84+1.96 3.60 £1.79 p <0.001
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FIGURE 9.3 The intake of fluid, energy, and macronutrients in the control and Nutrium groups.
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FIGURE 9.3 (CONTINUED) The intake of fluid, energy, and macronutrients in the control

and Nutrium groups.
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FIGURE 9.4 Body weight, length, and head circumference in control and Nutrium groups
at the time of birth, at 28 days postnatal age, at 36 weeks corrected gestational age (post-
menstrual age), and at discharge from the hospital. (continued)
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FIGURE 9.4 (CONTINUED) Body weight, length, and head circumference in control and
Nutrium groups at the time of birth, at 28 days postnatal age, at 36 weeks corrected gesta-
tional age (post-menstrual age), and at discharge from the hospital.
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in the Nutrium infants decreased from —1.2 SDS at birth to a minimum of —2.0 SDS
at 28 days of life before recovering to —1.2 SDS at the time of discharge.

In control infants, the mean HC SDS decreased from —0.4 SDS to —1.4 SDS
between birth and 28 days of age, before recovering to —0.4 SDS at discharge. In
contrast, in the Nutrium group, mean SDS for HC showed a minimal drop of 0.4
SDS at day 28 of life and ultimately increased from birth (-0.5 SDS) to discharge
(+0.1 SDS) (Figure 9.4).

CONCLUSION

Computer-aided prescription of enteral and parenteral nutrition reduces errors and,
in NICUs where nutrition is not already optimized, use of such a system has been
shown to result in improved intakes of macro- and micronutrients and improved
growth (weight, length, and HC) in preterm infants. This is most likely due to
improved compliance to recommended nutritional intakes.

Modern systems for computer-aided nutrition with a graphical and interactive
user interface, such as the Nutrium system, are easy to use, save time, and our expe-
rience is that they increase interest and awareness of nutritional issues and improve
knowledge about neonatal nutrition among neonatologists, dieticians, and neonatal
nurses. These systems are also useful for plotting growth and nutrient intakes over
time in individual patients or groups of patients and the data can easily be used for
quality improvement and research purposes.
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’I O Customize or Generalize?
Or the Imperfect Art of
Fortifying Human Milk

Ekhard E. Ziegler

INTRODUCTION

It is generally agreed that human milk is the preferred feeding for preterm infants
because of its many protective and other beneficial effects. It is also widely appreci-
ated that the nutrients provided by human milk do not meet the high needs of pre-
term infants."? Nutrient supplementation (fortification) of human milk is therefore
necessary. Fortification raises the concentration of specific nutrients to levels where
infant needs are met whenever energy needs are satisfied. Fortification also increases
the caloric density of milk.

The fundamental problem with the provision of adequate nutrient intakes for pre-
term infants is that the nutrient content of expressed milk is variable and hence not
known to the caretaker. Although the content of all nutrients varies, variation of
the protein content is what matters the most and poses the most problems in clini-
cal practice. This is so because the needs for protein must be met at all times and
because at the same time excessive intakes of protein may pose hazards to the infant
and need to be avoided. At the time fortifiers were designed, safety was the overrid-
ing concern. The low protein content of most of today’s fortifiers reflects the then
dominant concern about the hazards of excessive protein intakes. Protein levels were
therefore chosen that ensured that total protein intakes would never be excessively
high, even when milk protein content happened to be high.

In broad terms, approaches to the fortification of human milk fall into two groups
that differ with regard to the degree with which they rely on feedback from the
infant. Generalizing methods use standard amounts of fortifiers and do not use feed-
back from the infant, whereas customizing approaches regularly utilize feedback
from the infant or the mother with the aim of achieving a close match between pro-
tein intakes and needs. All fortification schemes provide satisfactory intakes of most
specific nutrients.
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1. Generalizing methods use standard (fixed) amounts of fortifier (powder or
liquid) that are added to expressed milk. Modifications of this basic method
are sometimes used with the aim of providing higher intakes of protein.

2. Customizing methods have been developed with the aim of achieving better
matches between needs for and intakes of protein than the basic general-
izing approaches provide. One of the customizing approaches, adjustable
fortification,® uses the metabolic response of the infant to guide the addition
of additional protein in the form of fortifier and modular protein. Another
customizing approach, targeted fortification,* utilizes analysis of expressed
milk to guide fortification to predetermined nutrient levels.

The two methods overlap somewhat in practice. Practitioners of generalized for-
tification will sometimes respond to feedback from the infant, such as poor growth,
with an increase in protein content by adding modular protein or more than standard
amounts of powder fortifier (superfortification).

FEEDING THE PREMATURE INFANT

NUTRIENT REQUIREMENTS

Our knowledge of nutrient requirements of preterm infants is fraught with uncer-
tainties and limitations. Estimates of average requirements are derived from fetal
body composition by the factorial method. These estimates inform us about nutri-
ent intakes that are necessary if the preterm infant is to grow like the fetus. Fetal
body composition has been derived from chemical analysis of a limited number of
fetuses.> No information is available regarding variation of nutrient needs and we
are left with estimates of average nutrient needs® without knowledge of the range
of nutrient requirements within the population of very low birth weight (VLBW)
infants. Because there is considerable evidence that inadequate intakes of protein
lead to impaired neurodevelopment, protein requirements would ideally be defined
as intakes that preserve normal neurodevelopment. Unfortunately, requirements can-
not (yet) be defined in these terms and we are left with estimates of average needs
that are largely based on fetal growth. Current best estimates of requirements for
protein and energy are summarized in Table 10.1. It should be pointed out that needs
for protein decrease with increasing size of the infant, whereas needs for energy
increase. Empirical methods have yielded somewhat lower estimates of protein
needs’ than the factorial method. Also, alternative methods of estimating energy
needs® have produced somewhat lower estimates than the factorial method. Values
in Table 10.1 reflect in part these lower estimates. Needs for many other nutrients are
indicated in Table 10.2.

NUTRIENT ComMPOSITION oF HUMAN MILK

This is a short summary of facts about human milk composition that are relevant to
the delivery of effective nutritional support to the preterm infant.
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TABLE 10.1
Requirements of Protein and Energy Derived by the Factorial Method

Body Weight (g)

500-1000 1000-1500 1500-2200 2200-3000

Fetal Weight Gain

(g/d) 14.3 21.7 30.4 34.8
(e/kg/d) 19.0 17.4 16.4 13.4
Protein Needs (g/kg/d)
Inevitable loss 1.0 1.0 1.0 1.0
Growth (accretion) 2.5 2.4 22 2.0
Required Protein Intake (g/kg/d)
Parenteral? 3.5 34 32 3.0
Enteral® 4.0 3.9 3.7 34

Energy Needs (kcal/kg/d)

Energy expenditure 61 66 70 73

Growth (accretion) 31 34 37 40
Required Energy Intake (kcal/kg/d)

Parenteral® 92 100 107 113

Enteral® 106 115 123 130

Protein/Energy (g/100 kcal)
Enteral and parenteral 3.8 3.4 3.0 2.6

2 Sum of inevitable losses and needs for growth.
b Accounting for incomplete enteral absorption.
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1. Amounts of all specific nutrients provided by human milk are inadequate to

meet the needs of premature infants.

2. Although milk of mothers of premature infants has higher content of pro-
tein and certain minerals than milk of term mothers,® nutrients are still

insufficient to meet VLBW infants’ needs.

3. The protein content of milk decreases markedly with the duration of lacta-
tion. Whereas 7 days postpartum the mean protein concentration is 1.7 g/dl,
it decreases rapidly and reaches a steady level of 1.2 g/dl ml after about 4
weeks.!? Zinc also decreases during the early weeks of lactation. Shortfalls

of these two nutrients therefore become more likely with time from birth.

4. Expressed mother’s milk is highly variable in protein and energy content.
More importantly, protein and energy content are not known to the care-
taker (unless milk is analyzed). Bedside methods for analyzing milk are

available; however, the proper use of these methods is not yet known.
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TABLE 10.2
Typical Composition of Human Milk (HM) without and with Fortification, and
Nutrient Requirements of Infants Weighing Less Than 1000 g

Fortified HM Fortified HM Requirement
HM (per dI)? (per dl)® (per 100 kcal) (per 100 kcal)©

Energy (kcal) 68 80 . .

Protein (g) 1.2 2.2 2.75 3.8
Calcium (mg) 25 125 156 170
Phosphate (mg) 15 75 94 116
Magnesium (mg) 33 53 6.6 6.4
Sodium (mmol) 1.2 1.9 24 3.0
Potassium (mmol) 1.3 2.1 2.6 2.2
Chloride (mmol) 1.7 2.3 2.9 2.6
Iron (mg) 0.1 1.5 1.9 1.85
Zinc (mg) 0.37 1.22 1.5 1.4
Copper (mcg) 38 82 102 111

@ Typical composition at about 4 weeks of lactation.
® Powder fortifier with iron.
¢ Infant weighing <1000 g.

5. Donor milk is more constant in composition than mother’s milk due to the
fact that milk from multiple donors is pooled. With a typical protein content
of 0.9 g/dl, fat at 4.0 g/dl, and caloric density at about 66 kcal/dl,! its pro-
tein content is appreciably lower than that of the average mother’s milk.

ReCeNT CHANGES IN ATTITUDES RELEVANT TO NUTRITION

Attitudes toward the provision of nutrition to VLBW infants have undergone changes
in recent years, which in the aggregate have had a noticeable impact on the delivery
of nutritional support and have led to improved nutrient intakes.

1. Greater efforts to avoid growth failure and to meet nutrient needs are being
made. Awareness of the widespread occurrence of postnatal growth fail-
ure and of its association with impaired neurodevelopment has increased
since the publication of the report by Ehrenkranz et al. in 2006."" Once the
primary cause of impaired growth was identified to be inadequate nutri-
ent intakes,'? the need for greater nutrient intakes was recognized. Higher
nutrient intakes were achieved in part through greater willingness to accept
risks thought to be attendant with higher levels of nutrient delivery.

2. Fear of protein has waned. The key obstacle to adequate protein intakes
has for many years been the concern that “high” protein intakes must be
avoided because they are dangerous. The details of the original study' are
described next. As the protein intakes used in that study were no longer
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known, what constituted a “high” protein intake could not be defined in
quantitative terms. Thus, any protein intake that was higher than any other
was deemed “high” and was considered dangerous. Given the variability of
the protein content of human milk, the fear of protein dictated that fortifiers
be sufficiently low in protein so that “high” protein intakes could not occur.
This fear of protein seems to have subsided in recent years. For example,
superfortification that some units have adopted in recent years is possible
only with a low level of fear of protein.

3. Medical contraindications to nutrient provision, until the recent past, have
curtailed delivery of nutritional support. For example, it used to be stan-
dard practice to withhold feedings during treatment for sepsis, whether
proven or suspected. The lifting of this and similar proscriptions against
feedings has had a positive impact on nutrient delivery.

APPROACHES TO FORTIFYING HUMAN MILK

STRATEGIES FOR HUMAN MILK FORTIFICATION

There is a certain hierarchy among nutrient requirements. For most nutrients, small
deficits, especially if temporary, are of little consequence. In the case of protein
and energy, on the other hand, if intakes are not adequate, growth cannot proceed
at its normal rate and the infant is at risk of impaired neurodevelopment. A simi-
lar distinction applies to surfeit intakes. For most nutrients, modest surfeits are of
little consequence, especially if they are temporary. However, in the case of protein,
intakes exceeding requirements are considered hazardous, and in the case of energy,
they are considered undesirable. These hierarchical distinctions have implications
for strategies to meet nutritional needs. For most nutrients, the strategy can be to
provide intakes that exceed by a modest margin the requirements, which are not
known precisely in the first place. Not for protein. Excessively high intakes of pro-
tein are known to be hazardous for premature infants. This knowledge is based on
the study of Goldman et al."® in which premature infants were fed formulas that
provided either 3.0 to 3.6 g/kg/day or 6.0 to 7.2 g/kg/day of protein. Upon follow-up
at 5 to 7 years of age, those with birth weight <1300 g who had received the high-
protein formula showed a significantly increased incidence of low IQ scores. Similar
data are unfortunately not available for intermediate levels of protein intake. The
question as to where in this twofold range protein intakes become hazardous cannot
be answered based on controlled trials. However, experience over recent years in the
aggregate suggests that intakes greater than 3.6 g/kg/day, perhaps up to 4.5 g/kg/day,
are very well tolerated and are safe in the short run.

As mentioned previously, in the past concerns about unduly high protein intakes
have been strong and are responsible for the traditionally low protein content of for-
tifiers. The latter was the reason why customizing approaches to fortification have
come into being. In recent years, awareness of the deleterious consequences of inad-
equate protein intakes has greatly increased. At the same time, confidence about the
safety of moderately high protein intakes has also increased. This paradigm shift has
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led to a situation where it is now possible to aim for protein intakes that are adequate
most of the time while being mildly excessive sometimes.

TIMING

Fortification of human milk is usually initiated when milk intake reaches 100 ml/kg/day,
although earlier introduction would seem to be advantageous. In the study,?? intro-
duction at a feeding volume of 40 ml/kg/day was as well tolerated as introduction
at 100 ml/kg/d. Parenteral nutrition is usually discontinued around the same time.
Sometimes fortification is started at half strength and later advanced to full strength.
The introduction of fortifier is often, but not always, accompanied by an increase in
the size of gastric residuals or by the reappearance of gastric residuals.'* Although
this is often referred to as “intolerance,” it simply is a manifestation of slower gastric
emptying due to modest increases in osmolality of feeds brought about by the addi-
tion of fortifier.

FORTIFIERS

All fortifiers provide a source of energy (from carbohydrate and/or fat) that is
designed to raise energy density from 67 to 80 kcal/dl. Protein is usually derived
from bovine milk except for one liquid fortifier that derives protein from human
milk. All fortifiers provide electrolytes, macrominerals, microminerals, and vita-
mins in amounts intended to augment the nutrient content of human milk to where it
provides at least adequate amounts of all nutrients. As Table 10.2 shows, intakes of
nutrients from fortified milk are in some cases a little shy of requirements, whereas
in the case of most nutrients, intakes exceed requirements somewhat. There is con-
siderable variation in nutrients provided by fortifiers, which is explained by the fact
that the needs for many nutrients are not well understood. Some fortifiers provide
selenium and iodine while others do not. Some fortifiers provide DHA and ARA.

The amount of protein provided by fortifiers varies greatly. Powder fortifiers add
between 1.0 and 1.1 g per 100 ml of milk. Liquid fortifiers based on bovine protein
increase protein concentration by 1.0 g/dl to 1.8 g/dl. The human milk based liquid
fortifier (Prolacta Bioscience) increases protein concentration by between 0.92 g/dl
and 2.3 g/dl depending on the ratio of fortifier to human milk.

GENERALIZING APPROACHES

The most widely used approach is the basic generalizing approach. It consists of
the addition of a fortifier in standard amount regardless of the size or condition of
the infant. This approach delivers most nutrients in amounts that meet or exceed
the needs of the infant. The exception is protein. Powder fortifiers increase protein
concentration by 1.0 to 1.1 g/dl, which is, as Table 10.2 shows, too little if milk pro-
tein content is 1.2 g/dl, which it typically is from 4 weeks on. Fortification by this
and similar fortifiers leads to increased growth.'> When actual intakes of protein
achieved by the generalizing method have been determined, they were found to be
considerably less than required intakes.'® 1
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To achieve more adequate protein intakes, modifications of the basic approach are
being used. One modification is the addition of modular protein in addition to stan-
dard multinutrient fortifier. Depending on the amount of protein added, this modi-
fication could achieve satisfactory intakes of protein. The protein powder requires
exact weighing, which may be a reason why this method is not used widely. Another
modification consists of the addition of greater than standard amounts of fortifier
(superfortification). For example, six packets of powder fortifier may be used instead
of the standard four packets. This achieves the desired greater protein intake, but at
the expense of providing unnecessary high intakes of all other nutrients, including
calcium and phosphorus. To safeguard against hypercalcemia, some units perform
weekly determinations of serum calcium and phosphate in infants receiving super-
fortification. Finally, a third modification consists of the use of superfortification
plus additional protein. This modification yields the highest protein addition and is
sometimes used to fortify donor milk with its low protein content of 0.9 g/dl.

Some liquid fortifiers provide greater amounts of protein than powder fortifiers
and other liquid fortifiers. One liquid fortifier adds (increases protein concentra-
tion by) 1.8 g/dl, an amount that is sufficient to raise protein intakes to satisfac-
tory levels in almost all situations.'® With this fortifier, when the protein content of
milk is relatively high, the amount of protein delivered to the infant may exceed the
required level of 3.8 g/100 kcal by some margin. Experience thus far indicates that
such modest excesses of protein are inconsequential.’® It is to be remembered that,
due to the variability of milk protein content, high protein intakes are likely to occur
only intermittently.

The advantage of generalizing approaches is their relative simplicity, including
the absence of a need to measure fortifier powder. Because of that simplicity, gener-
alizing approaches are assumed less prone to errors than other approaches.

CUSTOMIZING APPROACHES

Customizing approaches fall into two categories: Approaches utilizing the meta-
bolic response of the infant, and approaches based on analysis of milk with specific
(targeted) addition of nutrients. An example of the former approach is the method
described by Arslanoglu et al.? In this method, the amount of fortifier is increased as
a first step, followed by additions of graded amounts of protein. Repeated determina-
tions of blood urea nitrogen (BUN) are used to guide the stepwise increase of pro-
tein. This approach was shown to increase weight gain and head circumference gain
and to increase BUN to a modest degree.? Protein intakes achieved with this method
were later shown to approach requirement levels.'® The use of BUN as feedback has
the advantage that it provides assurance that protein intakes are not too high. It is
not known how many NICUs are using the Arslanoglu approach, but the number is
thought to be small. The biggest obstacle almost surely is that the additional fortifier
and protein have to be measured precisely, a process that is cuambersome and suscep-
tible to errors. The need for repeated BUN determinations may be another deterrent.

An example of the targeted fortification approach is that of Polberger et al.* In this
approach, samples of milk are analyzed periodically, and protein and energy are added
to expressed milk, in addition to fortifier, in amounts calculated to achieve adequate
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intakes. Improved growth is achieved by this method as protein intakes are brought
to within approximately 10% of the target level of 3.5 g/kg/day.* Experience with
more frequent milk analysis is limited. A recent report using analysis of 12-hour pools
suggests that the method is feasible and practicable.” To date, there is no consensus
regarding how frequently milk should be analyzed, nor whether pools or individual
samples should be analyzed and fortified. Anecdotal reports indicate that bedside milk
analyzers similar to the one used by Rochow et al."” are being used in some neonatal
units. A concern about bedside analysis is that analyzers are calibrated to total nitrogen
and therefore overestimate the amount of protein by approximately 17%.

Existing customizing approaches use either milk composition or the short-term
metabolic response of the infant as feedback. Customizing approaches using infant
growth as feedback have not been proposed. The reason is probably that growth has
a long response time (5 to 7 days). However, even with such a response time a cus-
tomizing approach would seem to be useful.

CONCLUSION

To customize or to generalize? All approaches achieve more or less satisfactory
intakes of energy and of most other nutrients. They differ, however, with regard to
how closely they meet protein needs.

Customizing approaches were developed with the aim of securing higher protein
intakes than are achieved with the basic generalizing approach using powder fortifi-
ers with the customary low protein content. The two existing customizing approaches
achieve higher protein intakes and better growth. The customizing approaches have
in common that they are relatively complicated and labor intensive. This is probably
the reason why customizing methods have found limited acceptance

Generalizing approaches are used widely because of their simplicity. When using
low-protein powder fortifiers, the only fortifiers available until recently, intakes of
protein with this approach are inadequate most of the time. Modifications of the
basic form can achieve adequate protein intakes, but do so at the expense of other
disadvantages. Liquid fortifiers based on human milk can deliver satisfactory protein
intakes. Liquid fortifiers based on bovine milk have recently become available. The
one fortifier that raises protein content by 1.8 g/dl is likely to meet protein needs in
almost all circumstances, if potentially exceeding them occasionally. This removes
the major objection to the generalizing approach as used with low-protein powder
fortifiers. It seems that use of the high-protein liquid fortifier obviates the need for
customizing methods.
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INTRODUCTION

Human milk (HM) is the preferred feeding for all infants, including low birth weight
infants. Studies have established a wide range of advantages over formula including
better feeding tolerance, faster progression to full enteral feedings, reduced rates of
necrotizing enterocolitis (NEC) and late-onset sepsis, and improved neurodevelop-
mental outcomes.'”” The protection offered by HM is dose-dependent such that the
more HM that is received, the greater the benefits.> Despite its many advantages, HM
does not meet all nutrient needs of the rapidly growing preterm infant. Specifically,
protein intake from HM is substantially below the protein requirement of preterm
infants.® Commercial human milk fortifiers (HMF) or preterm formulas are rou-
tinely added to increase the nutrient density of HM.% ! Without a known nutrient
profile of the expressed HM fed to a baby, the composition of the fortified product
is only an estimate. Current clinical practice assumes uniform composition when
calculating nutrient intake of infants in the neonatal intensive care unit (NICU) who
are fed expressed HM. This chapter will review known factors that explain the vari-
ability of HM composition, available evidence on “lactoengineering,” equipment
that can analyze HM, and strategies to operationalize an individualized approach to
fortification. Our goal is to encourage the feeding of HM to all infants while meeting
the increased nutritional requirements of the high-risk newborn.

VARIABILITY OF HUMAN MILK

The nutrient composition of HM varies depending on many factors including, but
not limited to, length of gestation,''-! stage of lactation,'*-?! and time of day,'¢- 12223
as well as within a feeding'?!%2* between mothers'® 82325 with various maternal
factors and dietary intakes'2°-28 and whether the milk has been pooled, warmed,
pasteurized, or frozen?-32 (see Table 11.1). There are no good determinants of this
variability with well nourished mothers.?* Study results also demonstrate that milk
synthesis differs in each mammary lobe even in the same breast. The degree of full-
ness in each mammary lobe seems to play the most important role in the fat content.
The protein content in the milk from each mammary lobe is determined by other
factors, presumably by the feedback inhibitor of lactation, accumulated in the cor-
responding mammary lobe.** Furthermore, in the first month of lactation, there is
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a loss of approximately 25% in total protein with a more gradual decline thereafter
even out to six months of lactation.'? Additionally, the composition of HM that is
actually ingested by the baby can be affected by the handling, the method of feeding
or pumping, and storage.>-3

TABLE 11.1

Factors that Influence the Composition of Human Milk

Factors

Length of gestation

Stage of lactation

Time of day

Within a feeding

Maternal factors
(BMLI, diet,
health)

Processing

Storage

Feeding method

Pumping method

Impact on Composition

Preterm milk has higher protein and sodium content compared to term milk'>-1420

Protein content higher in milk produced by mothers of extremely preterm than
more moderately preterm infants'>

Four stages: colostrum (first few days), transitional (first several weeks), mature
(<7 months), and late (>7 months)

Protein, sodium, carotenoid, IgA, and lactoferrin concentrations decrease with
time”' 12,16,18,19

Volume of milk produced and fat concentration increase with time!”

Lactose content is relatively stable over time'?

Decrease in vitamins and mineral content in extended lactation (>7 months)
compared to mature milk; decreasing milk volume during weaning associated
with increased protein and sodium concentration'”-?!

Time elapsed since the last meal affects nutrient content!”

Protein content highly variable!®22

Fat content variable but tends to be lower in morning compared to later in the
day'6-3

Fat and energy content higher in hind- vs. foremilk'? -2+

Between-mother variability is significant!®!8.23.25.78

Maternal BMI positively correlated with fat or protein content!®:23

Severe malnutrition may decrease milk volume and fat content'”

Quality of dietary fatty acid intake affects content of fatty acids>"”

Intake of carotenoids directly correlated with carotenoid concentration?”-8

Mastitis may decrease IgA, lactoferrin, and complement C-3; severe mastitis may
destroy lactating tissue impairing mammary gland function, and current and
future lactation'”

Warming increases osmolality

Pasteurization or freezing decreases fat and protein concentration®!

Inadequate thawing or mixing after thawing can result in fat loss*?

24-hour pooling of expressed breast milk reduces caloric and nutrient variability
without increasing bacterial counts®

Glass and hard food-grade plastic containers minimize loss of fat and
immunologic factors compared to other containers>3¢

Loss of fat occurs due to separation and adherence to the sides of feeding
tubeS“' 80,81

Slow (1-2 hours) or continuous feeding results in fat loss compared to gravity or
intermittent feeding’ !

Hospital-grade pump helps establish optimal milk supply and complete emptying
of the breast’
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PROTEIN

HM contains significant amounts of non-protein nitrogen (NPN). NPN components
are the constituents remaining when proteins are removed by precipitation with tri-
choloracetic acid. NPN consists of urea, uric acid, creatinine, ammonia, peptides,
nucleotides and nucleosides, and free amino acids, and accounts for approximately
24% of the total nitrogen in HM." Although NPN components are largely unavail-
able for protein synthesis, approximately 27% is bioavailable. Total protein includes
all nitrogen including NPN. The term “true protein” generally refers to total nitrogen
minus NPN.38 If total nitrogen values for HM are reported, bioavailable nitrogen can
be calculated by summing 76% of total nitrogen (total — NPN) and adding 27% of the
NPN (the bioavailable fraction on NPN). Nitrogen values can be converted to protein
by multiplying the sum of nitrogen by 6.25 to determine bioavailable protein.® The
whey:casein ratio of HM is variable with the proportion of whey to casein decreasing
over the course of lactation.’® Whey proteins are soluble in the liquid portion (whey)
remaining in solution when milk is acidified to precipitate the caseins.”” HM also
contains a wide variety of protein-based protective factors including glycoproteins
and immunoglobulins.” Figure 11.1 illustrates the various protein fractions in bovine
and HM.

CARBOHYDRATE

The carbohydrate content of HM comes primarily from the disaccharide lactose and
from oligosaccharides. Lactose is second only to water as a major constituent of HM.
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FIGURE 11.1 Differences between human and bovine milk in terms of casein and whey
protein amount (a), casein protein content (b), and whey protein content (c). (Data from
Reference 88.) (continued)
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FIGURE 11.1 Differences between human and bovine milk in terms of casein and whey
protein amount (A), casein protein content (B), and whey protein content (C). (Data from
Reference 88.)

Lactose is one of the most stable of the macronutrients in HM. In addition to lactose,
HM contains a wide variety of oligosaccharides. Oligosaccharides are complex, non-
digestible carbohydrates that, in addition to glycoproteins, inhibit binding of patho-
gens to their receptors, promote a specific intestinal flora, and reduce infection in
HM-fed babies.!*40-41



Customized Fortification of Human Milk 269

Far

Fat contributes approximately 50% of the energy in HM. The quantity of fat is highly
variable, as discussed previously, and the quality of the fat (i.e., the array of specific
fatty acids) is greatly influenced by the quality of the fat in the diet of the mother.*® Of
particular interest are the long chain polyunsaturated fatty acids (LCPUFA) includ-
ing the omega-3 fatty acid docosahexaenoic acid (DHA). HM responds to changes in
the maternal diet and LCPUFA dietary supplementation increases DHA concentra-
tion in milk.*> Although both the macronutrient and micronutrient content of HM
can be affected by the mother’s diet, in general, the diet of the mother affects the
micronutrient content, specifically the vitamin content, more than the macronutrient
content. An important exception is the fatty acid composition. The quality of dietary
fat affects the types of fatty acids that predominate in mother’s milk.** Overall, fat is
the macronutrient that varies the most in HM.

DoNor HUMAN MiLk

Donor human milk (DHM) is frequently fed to preterm and hospitalized newborns.
The composition of DHM is known to differ from mother’s own milk.# This is
likely due to the relatively late stage of lactation that most donor mothers are in when
they donate to a milk bank as well as the processing and storage to which DHM is
exposed. The lower protein content of DHM and lack of lipase activity should be
appreciated when feeding preterm infants with the thought of increasing protein and
energy fortification when growth is suboptimal. DHM from mothers in the United
States is known to have low concentrations of DHA .#4

Table 11.2 summarizes milk composition values for key nutrients in several types
of HM. Complete nutrient profiles of colostrum and mature milk from mothers of
full-term infants are available.*>46

HUMAN MILK ANALYSIS TECHNOLOGY

Current fortification methods of HM are blinded to the nutrient content and carry
a very high error margin due to the inherent variability seen in nutrient quantity in
HM. Lactoengineering is best possible when components of HM are directly mea-
surable. Therefore, determining which technology offers the most accurate and pre-
cise measurement of HM components is essential for the success of the advancement
of HM fortification.

The capacity to measure biochemical components of liquids in a rapid and reli-
able manner has been available to the dairy industry for many years. Applications
for clinical use have been emerging with recent data suggesting validity of several of
these methods. However, there are large challenges in the implementation of these
new technologies into the NICU and acquisition of convincing clinical efficacy that
targeted fortification with measurements changes clinical outcomes.

What in HM is most clinically important to measure? While there are also hun-
dreds of compounds found in HM that have bioactivity beyond the basic macro-
nutrient composition, the most pertinent nutritional concern with HM delivery has
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TABLE 11.2
Composition of Human Milk per dl—Various Types and Selected Nutrients
Colostrum?! Mature! Late? Preterm? Donor
Energy (kcal) 58 70 718 77 658
Protein (g) 2.3 0.9 1.2 2.13 1.28
Carbohydrate (g) 5.3 7.3 7.4 7.53 7.88
Fat (g) 2.9 4.2 4.1 4.5% 3.28
Minerals
Calcium (mg) 23 28 22 273 26°
Phosphorus (mg) 14 15 — 6.5% —
Sodium (mg) 48 18 9.4 243 26°
Potassium (mg) 74 58 40 513 50°
Iron (mcg) 45 40 21 98+ —
Zinc (mcg) 540 120 38 3200 —
Copper (mcg) 46 25 16 46° —
Vitamins
Vitamin A (mcg) 89 67 — 16° —
B Carotene (mcg) 112 23 — 237 —
Vitamin E (mcg) 1280 315 — 716° —

! Reference 37

2 Reference 17. SCalculated at 4 kcal/g carbohydrate and protein and 9 kcal/g fat
3 Reference 15 (mean of three groups of preterm infants)

4 Reference 82 (mean of first four weeks postpartum)

5 Reference 20 (four weeks post-partum)

6 Reference 83 (mean of first four weeks postpartum)

7 Reference 84 (day of life 37)

8 Reference 43

9 Reference 85

been with macronutrient content, particularly protein and energy. The potential to
measure other components found in HM such as micronutrients, bioactive factors,
oligosaccharides, and contaminants offer additional benefits in HM profiling. For
this section of this chapter, we will focus primarily on technologies enabling macro-
nutrient point-of-care measurements for HM.

MACRONUTRIENTS

The measurement of fat, protein, and carbohydrates in HM is possible with sev-
eral existing technologies. These include reference chemistry, creamatocrit, acoustic
spectroscopy, and infrared spectroscopy. Real-time measurement of the nutritional
content of HM by these technologies offers the potential for incorporating an indi-
vidualized form of HM fortification. Measurements of total protein and true protein
are also possible with some of these devices.



Customized Fortification of Human Milk 271

IDEAL FEATURES OF A MILK ANALYZER IN THE CLINICAL ENVIRONMENT

The ideal milk nutrient analyzer is capable of measuring the components in an
accurate and precise manner (Table 11.3). The machine should have a small foot-
print, be easy to use, have high capacity for multiple measurements, be relatively
inexpensive, require low maintenance, and use a small milk volume. Due to the
great difficulties in milk production that challenge lactating mothers of preterm
infants, it is important to be able to analyze with the smallest volume of milk pos-
sible. To be effective in the NICU, the device also needs to be incorporated into
the clinical workflow and decision making of the nutritional management of the
preterm infant. Several options are available that met some or all of these require-
ments to various degrees.

CHEMICAL ANALYSIS

There are several different reference chemistry (RC) methods that can be used for
macronutrient measurements in HM. The primary choice for determining protein
(or nitrogen) content is the Kjeldahl method.® This method first breaks down the
protein by oxidation with sulfuric acid upon which the reduced nitrogen is converted
chemically into ammonia and then back titrated to determine the amount of nitrogen
present by detecting the amount of ammonia. Despite its history of more than a cen-
tury, the Kjeldahl remains an accurate chemical standard for protein determination.

For overall fat content, the Mojonnier®® method is considered one of the best stan-
dard chemistry methods. In this method, lipids are extracted using ethers and then
following ether evaporation, the remaining solids are weighed.

For carbohydrate measurements, high-pressure liquid chromatography (HPLC)
is the preferred technique because of its high degree of accuracy. Isolation of
the carbohydrate fraction begins with elimination/precipitation of the proteins
and extraction of the lipid fraction. With the remaining fluid, the sugars are run
through a column, then separated over time and peaks of each sugar measured on
the resulting graph.”!

Collectively these methods can be used to reference other technologies to mea-
sure their accuracy in measuring macronutrient concentrations in HM.

TABLE 11.3

Features of an ldeal Human Milk Analyzer
Accurate and precise readings

Small volume of milk used

Fast measurement in point-of-care

Full macronutrient profile

Small equipment footprint

Ease of use

Durability for high traffic use

Computational capacity for targeted fortification algorithm
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INFRARED SPECTROSCOPY

Infrared (IR) spectroscopy is widely used in determining organic constituents in a
variety of foods and is one of the most common methods used in the dairy industry.
The advantages are its ability to measure rapidly in a non-destructive and precise
manner. Spectral analysis can occur in the near infrared (NIR, 800 to 2500 nm) or
mid infrared (MIR, 2400 to 6000 nm) range. It measures the spectral absorption of
C-H, N-H, and other organic bonds found in milk. Spectral analysis generally involves
a partial least squares (PLS) regression to predict fat, protein, lactose, and urea after
preprocessing IR data and selecting the most informative wave number variables.

The two major spectral ranges, NIR and MIR, have been examined for HM mac-
ronutrient profiling. The correlations between these two IR techniques and reference
chemistry for making measurements of macronutrients in HM are excellent and well
within the tolerance of clinical practice.?*4% These devices introduce a marked
improvement in accuracy especially because HM samples can vary by even twofold
in protein and energy and at least fivefold in fat.

A couple of approaches to spectral analyses are currently available for HM. More
sophisticated, costlier machines collect the full spectrum across a range of wave-
lengths while simpler, cheaper devices collect spectral values with a small number
of filters at preset informative wavelengths. In dairy milk, the full-spectrum analysis
was found to be more accurate than filter analysis.”! Unfortunately, there are no simi-
lar comparisons with HM, but the potential is there for less accuracy with a filtered
device vs. a full-spectrum device. These differences may not be sufficient to over-
come the large cost differential in the devices.**® The preparation of milk samples
for spectroscopy requires warming of the samples to 40°C to help solubilize the fat
content more than at refrigerated or room temperature. Homogenization of the milk
is also important for better distribution of fat globules and improved accuracy. The
costs of these machines are relatively high, in the range of $30,000 to $60,000, and
therefore may be a prohibitive factor for routine use in the NICU. If milk analysis
requires additional personnel to maintain the machine and measure milk on a regu-
lar basis, further expenses would be incurred.

CREAMATOCRIT

The technique of a creamatocrit (CMT) was first described in 1978.32 The basic con-
cept depends on the natural separation of HM fat globules from the aqueous fraction
of the milk. While this happens naturally over time, taking a sample and spinning
the milk down in a capillary tube can quickly separate the two fractions, a top por-
tion of fat and a lower portion of aqueous, generating a fractional fat determination.
Calibration calculations were derived based on RC methods including bomb calo-
rimetry for fat and energy content. While initial studies have demonstrated a good
correlation between creamatocrit and reference calorie measurements, others more
recently have found that creamatocrit measurements can overestimate the amount
of fat and total energy when compared to MIR and RC.>*-3¢ This method is sim-
ple to perform and has good inter-operator reliability.’” The biggest limitation of
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CMT measurements against other methods includes the inability to measure protein
content, which is known to be variable.

ACOUSTIC SPECTROSCOPY

The detection of milk components using acoustic spectroscopy has been used in the
dairy industry. The underlying premise for this technique involves the differences
in acoustic attenuation and transmission with different milk densities and composi-
tion. The separation of fat globules from the aqueous components of milk is the
most favorable distinguishable factor, but other key components such as protein or
carbohydrates are less accurately detectable with this method.’®* Like CMT, how-
ever, the inability to accurately measure protein poses a significant problem with this
technology. Therefore, there are current limitations in the utility of this technique
but especially that there are no HM studies based on this technique.

ReGuLATION/RULES

The use of any analytic equipment that provided information for the purposes
of clinical decision making is regulated by the Food and Drug Administration
(FDA). This also applies to equipment that analyzes food. HM analyzers are not
currently approved for use as standard of care in the NICU in the United States.
Therefore, the primary use of advanced targeted HM fortification is currently
only under research protocol such as through investigational device exemption
(IDE) application. Commercial owners of these technologies will need to file for
appropriate 510K approval by the FDA. Table 11.4 compares several qualities in
milk analysis equipment.

LACTOENGINEERING

The term lactoengineering has been coined to describe ways to individualize HM
feeding and fortification. The fat content of HM can be manipulated to maximize the

TABLE 11.4
Comparison of Human Milk Analysis Methods
Milk
Method Analysis Time Footprint ~ Volume Costs Limitations
NIR or MIR Less than 15 Small 1-10 mL High Needs
spectroscopy minutes homogenization,
needs manpower
Creamatocrit Less than 15 Small 1 mL Low Lacks protein content,
minutes needs manpower
Acoustic Less than 15 Small 10 mL Low Lacks protein content,
spectroscopy minutes needs manpower
Reference 1 day Large 50 mL High High cost, manpower,

chemistry expertise
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use of HM. For example, the creation of fat-free HM is promoted as a way to bring
the benefits of HM to infants with chylothorax.®® A technique that produces milk
with 0 grams of fat has been described.®’ The skim milk is fortified with additional
fat, calories, and essential fatty acids to provide adequate nutrition while retaining
the immune and nutritional benefits of HM without exacerbating the chylous effu-
sions in the baby. High-fat hindmilk can be used to improve weight gain in VLBW
infants fed HM.%? Care is exercised to ensure adequate protein and an acceptable
protein and mineral density when hindmilk is used for additional calories. More
recently and because HM composition varies so much, interest in an individualized
approach to HM feeding is increasing. Two approaches of interest are “adjustable
fortification” (AF) and “targeted fortification” (TF).%3 There is no consensus in the
literature if one approach is superior to the other.

ADbjusTABLE FORTIFICATION (AF)

AF adds more protein in a stepwise fashion using the baby’s blood urea nitrogen
(BUN) value as a monitor. If the BUN falls below a specific value, more protein
is added and if the BUN rises, protein is removed. Table 11.5 summarizes the AF
approach used by Arslanoglu and colleagues,® but briefly, when using an AF regi-
men, infants are started on standard fortification (Level 0) and adjustments are made
in the amount of HMF or additional protein that is added based on twice-weekly BUN
values. A BUN between 9 and 14 mg/dl is generally considered normal. Every time
the BUN is below 9 ml/dl, fortification is increased one level. If the BUN is greater
than 14 mg/dl, a decrease in fortification by one level is made. AF has been shown to
be effective in achieving higher protein intakes and supporting improved growth.%

TARGETED FoRrTIFICATION (TF)

TF uses HM analysis to individualize nutritional management and milk is fortified
based on the results of the HM analysis. Limited evidence supports the efficacy of TE.
Polberger et al. randomly assigned 32 healthy preterm infants less than 1800 g at birth
to two different protein-based fortifiers.%> The protein content of the HM was analyzed

TABLE 11.5
Adjustable Fortification Schedule

Fortification Level ~Amount of Protein Added to HM (g/100 ml)

3 2.1
2 1.7
1 1.3
0 1
-1 0.8
-2 0.5

Source: Adapted from Reference 64.
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using the Kjeldahl method and fortification was targeted to provide 3.5 g/kg per day to
study infants. Growth and tolerance was similar between groups.

Results from a study comparing preterm infants fed HM fortified in the tradi-
tional way vs. preterm infants fed HM that was analyzed daily and then individually
fortified with medium chain triglycerides (MCTs) or HMF suggests that TF reduces
the variability of nutrient intake, more closely provides recommended nutrient
intakes, and may result in growth closer to the growth of preterm infants fed nutri-
ent-dense preterm formula.®® TF may include macronutrient milk analysis as well
as measurement of osmolality. In a study of 20 matched infants (TF vs. routinely
fortified), 12-hour batches of HM from the TF study infants were analyzed each
day for macronutrient content with near-infrared spectroscopy and osmolality with a
freezing point osmometer.>® A specific prescription of fortification based on the milk
analysis was written twice each day and included adjustment of all three macronu-
trients using the following targets: 4.4 g fat, 3 g protein, and 8.8 g carbohydrate (per
100 ml). The acceptable target range for osmolality was 400 to 480 mOsmol/kg. All
650 samples of milk collected and analyzed during the study required at least one
macronutrient adjustment to meet targets. The average osmolality of fortified milk
was 436 mOsmol/kg. TF increased the intake of macronutrients, met nutrient recom-
mendations, and reduced the inter-day intake variability. Infants on TF had weight
gain that significantly correlated with milk intake (P = 0.004).

AF and TF can be used with both own mother’s milk feedings and when DHM is
fed although additional well-controlled and randomized trials with sufficient sample
sizes are needed before either method of lactoengineering can be used with confi-
dence. Further, and as mentioned previously, milk analysis equipment needs regula-
tory approval before routine use in clinical care. Table 11.6 compares advantages and
disadvantages of AF and TF.

CLINICAL IMPLEMENTATION AND OPERATIONAL CONSIDERATIONS

Quality of HM

The increasing use of HM has resulted in greater responsibility and accountability
on the part of the NICU and their institution to manage the quality and traffic of HM

TABLE 11.6
Comparison of Adjustable Fortification and Targeted Fortification
Adjustable Fortification Targeted Fortification
Advantages Directly monitors baby’s metabolic response Considers variability of HM
composition
Avoids excessive protein intake Avoids excessive protein intake
Practical for routine use with no need for Improves and regulates energy or
special equipment protein intake
Disadvantages =~ BUN may reflect renal immaturity more than Requires special equipment and
protein intake especially during the first trained staff

weeks of life in VLBW infants3¢-87
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FIGURE 11.2 Milk traffic chain.

from the beginning of milk production to the delivery to vulnerable preterm infants
(Figure 11.2). At each step there are potential risks for loss of quality of HM includ-
ing loss of nutrient and biologic value. Due to the complex and organic nature of HM,
the risk of deteriorating quality of HM is evident from the moment HM is expressed.
These risks include damage by oxidation, photo-degradation, and bacterial contamina-
tion. In addition, excessive handling and transfer increases the risk of nutrient loss with
each material surface with which the milk is in contact. Further risks can occur with
repeated handling, freezing, and heating. Freezing destroys most immune cells such as
neutrophils or macrophages, but does not damage bacteria significantly.

Milk Handling

The increasing use of HM along with varying and more complex fortification strate-
gies has presented new problems of quality control. HM comes into the hospital in a
multitude of ways and much of this is poorly controlled (Figure 11.2). Most mothers
of preterm infants are required to pump because their infants cannot feed orally or
breastfeed. Mothers pump at home or in the hospital, and bring in milk either fresh or
frozen, with little quality control in regard to rules of cleaning, storage, or transport.

Milk Preparation and Fortification

Currently most NICUs in the United States have the preparation of HM carried out
by the nurse at the bedside in the NICU. In some cases, a dedicated clean space is
available but in others having quality controlled spaces that enable consistent and
safe handling of milk is also helpful. The American Dietetic Association (now The
Academy of Nutrition and Dietetics) publishes guidelines that support having a clean
room for formula or milk preparation.®’

Collection

Frequent pumping into individual containers generates a significant amount of work
for mothers. Ideally, HM collection containers should be standardized to minimize
contamination risks, improve nutrient content, and decrease maternal workload. The
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pumped milk needs to be labeled and dated, equipment needs to be cleaned, and
mothers pump 6 to 8 times each day. Typically these pump sessions are collected in
individualized milk collections. Pooling 24 hours worth of milk into a single con-
tainer offers significant advantages in ease of use for mothers and less variability in
nutrient content from feed to feed, with no disadvantage in higher bacterial counts.?
The challenge with daily pooling is obtaining larger food grade bottles to store the
milk and refrigerator space to store the bottles.

Transport

Transporting of HM from home should be standardized by maintaining cooled or
frozen milk in an insulated container packed with ice or freezer packs to minimize
warming of the transported milk.

Storage

Stored HM is generally kept in hospitals in a frozen state at —20°C. Recent data
would support, however, the use of refrigerated (+4°C) HM for at least 96 hours.5®
This would eliminate any untoward effects that might occur with freezing.® Keeping
HM in a refrigerated state for less than four days slightly decreased pH, reduced
WBC, and reduced protein and gram-positive bacteria counts. Increases were seen
in free fatty acids from active lipolysis. No changes in osmolality, secretory IgA, fat,
gram-negative bacteria, and lactoferrin were noted. Thus, cold HM can retain an
optimal nutrient profile and a safe content for 96 hours after expression.

Labeling

The concern for milk error, particularly wrong milk administration to a baby, has
encouraged the milk labeling and tracking industry to grow over the past few years.
The increasing standardization of electronic medical records (EMR) is enabling the
integration of these labeling systems to provide improved workflow in tracking the
movement of HM through the NICU across most of the milk chain. Ultimately, these
improvements will permit the documentation and communication of sophisticated
fortification strategies throughout the medical system.

Freezing

Optimal freezer organization includes individual covered bins, proper freezer
alarms, and ready access of freezers to clinical care. All mammalian cells are lost
with freezing due the lack of a cell wall and the expansion of water with freez-
ing. This is partially effective for reducing the CMV containing cell burden in the
milk but loss of immune cells such as neutrophils and macrophages does drop HM
immune protective capacity. Prolonged freezing has minimal effects on milk bacte-
rial quality, but can affect bioactive properties.’””!

Warming HM

Bringing frozen or refrigerated milk to feeding temperature (either room tempera-
ture or body temperature) is not properly standardized in NICUs across the United
States. Several commercial options are now available that offer controlled thawing or
warming of HM. These are preferable as unmonitored heating may reduce bioactive
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factors in HM. Microwaving, in particular, should be avoided due to “hotspots” that
can be generated and degradation of milk bioactivity.”

Role of a Milk Lab

With increasing complexity in HM feeding options and greater individualization of
nutrient delivery, centralizing HM processing and fortification processes may be of
benefit. A dedicated space with all available storage and supplies may increase the
workflow productivity of a large unit while reducing the chance for milk contami-
nation. Some NICUs employ milk technicians who are responsible for collecting
the daily milk order, using standard recipes to mix daily feedings, warming milk
through consistent practice, drawing up each feeding into syringes for enteral tube
feeding or large bottles with oral feeding. Other benefits of a milk technician include
reduction in nursing workload, consistent preparation practices, reduced number
of staff to train, and overall better quality control of HM (www.spinprogram.ucsd.
edu). Newer tasks may also include routine milk analysis to allow for optimization
of the nutritional quality of the final milk product. Nurses spend less time away
from the bedside and more time in patient care when milk is stored and prepared
in a milk lab.”? Resources for setting up a milk lab are available. The University of
Michigan has a “Milk Room Practicum.” More information is available at http://
www.med.umich.edu/pfans/services/confinfo.htm. A certificate program for techni-
cians working in a milk lab is available through Columbus State Community College
in Columbus, Ohio. This program has been shown to reduce preparation errors.”

Personnel

Adequate personnel are required to manage the full control of HM collection, pro-
cessing, and delivery to infants. This includes the neonatal dietitian, milk technician,
and lactation support. In particular, lactation support is a fundamental service for
ensuring an adequate and safe HM production. Enhancing HM to alter the nutri-
tional quality of the milk required, dedicated personnel and lactation services (neo-
natal dietitian, lactation consultants, and nurses with lactation education) are clear
participants in these types of activities. This may include separation of fat-rich hind-
milk from fore milk or spinning down milk to separate HM fat from the aqueous
portion as some do for infants with chylothorax. However, more advanced lactoengi-
neering such as custom fortification based on milk analyses are better to be handled
by dedicated milk technicians.

Feeding of HM

The use of HM through enteral feeding systems has been shown to be a source
of significant loss of nutrients.”"7* This is particularly relevant with syringe-loaded
feeding systems where due to the separation and rise of the fat globules, a level
or inverted position of the syringe is less favorable than an upright position (spout
up). Because milk fat adheres to containers, it is important to reduce transfers from
containers, minimize continuous syringe pump feedings, and keep syringes facing
upward during feedings.



Customized Fortification of Human Milk 279

Donor Human Milk

The role for DHM is primarily a benefit as a bridge until mother’s milk is available.
The evidence for prevention of necrotizing enterocolitis is less compelling than for
mother’s own milk. A Cochrane review in addition to systematic reviews has been
inconclusive in defining a clear benefit of exclusive HDM and NEC reduction.”> 7
There are few pure studies that have randomized infants strictly to use of DHM.
This would require the unethical randomization of infants to receive DHM even
when mother’s milk is present. There are two large DHM trials underway in North
America that will be able to evaluate the effects of DHM on NEC, but again are
not pure DHM trials (www.clinicaltrials.gov). Despite the benefit of having DHM
bridge the gap when mother’s milk is not available or short in supply, only 42% of the
NICUs in the United States actually use DHM.”’ The majority therefore use infant
formula as a substitute or a full replacement.

DESCRIPTION OF THE SPIN PROGRAM

In 2007, in response to the above-mentioned challenges in the practice of HM nutri-
tion and a strong desire to standardize care in this area, UC San Diego Medical
Center (UCSDMC) established the SPIN (Supporting Premature Infant Nutrition)
program, a multifaceted, multidisciplinary program to improve neonatal nutrition
practices and increase HM intake in preterm infants across the United States (http://
spinprogram.ucsd.edu). It was prefaced in 2006 with becoming the first academic
Baby Friendly Hospital Initiative (BFHI) in California. BFHI USA has demon-
strated that rates of in-hospital breastfeeding initiation in healthy term newborns
dramatically go up with the implementation of program strategies. Given the success
of the BFHI for healthy term infants, these same benefits of HM delivery could be
passed on to more vulnerable preterm infants in the NICU.

The major structural innovation of the SPIN program is the collaboration of the
nutrition and lactation stakeholders in the hospital. This brings key stakeholders to
develop common goals and objectives for the best interest in growing healthier preterm
infants. The overarching mission statement for the SPIN program is to create a center
of excellence in neonatal nutrition focused on the provision, analysis, and research of

TABLE 11.7
SPIN Program Top Ten Practices

1 Have a NICU nutrition/HM policy.
2 Educate all mother/baby staff in SPIN 10-steps.
3 Educate NICU families about optimal premature infant nutrition.
4 Prevent extra uterine growth restriction.
5  Standardize enteral feeding procedures.
6  Target 100% HM nutrition.
7 Maximize mothers’ milk production.
8  Optimize milk quality and safety.
9  Encourage skin-to-skin care and breastfeeding.
10 Plan a nutritional discharge from NICU.
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HM to improve nutritional and long-term health outcomes of premature babies. Other
important facets of the program include following the SPIN Ten Steps (Table 11.7) and
setting up outpatient follow-up (premature infant nutrition community [PINC] clinic),
community outreach to other cities through lecture series, and HM nutrition research.
Key aspects of our program that were foundational in this comprehensive program
were to form a multidisciplinary group, administrative support, involvement of all
stakeholders, performance of a self-assessment, setting specific goals and timelines,
regular team meetings, providing staff updates, and collection of key outcome data.
The SPIN program has stimulated behavior and attitude change by all health care pro-
fessionals, and set a new standard for HM as the preferred feeding for preterm infants.

SUMMARY

The benefits of HM for the preterm infant support the increased use of HM in the NICU.
The appreciation of the high variability in nutritional content of HM has increased the
demand for individualized fortification strategies to drive optimal growth and develop-
ment. New technologies have emerged to improve our capacity to have real-time mea-
surements of different nutritional components of HM but insufficient data are available
and in some cases, regulatory approval has not been established to bring this to the
clinical arena. There is not enough clinical data to recommend clear guidelines for
the individualized fortification of preterm infants, but the promise of lactoengineering
is upon us and there is great optimism that advanced customized fortification will be
available to improve the outcomes of our most vulnerable infants.
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A BRIEF HISTORY OF GROWTH CHARTS

The assessment and interpretation of growth is an essential part of care of the new-
born infant, and its importance has been appreciated for most of the history of neona-
tology. Pierre Budin devotes a large part of his textbook from 1900, Le Nourrisson:
Alimentation et hygiene. Enfants debiles et enfants nes a terme,' to the description
and assessment of the growth of the newborn infant. Building on the earlier work of
Quetelet? and Bowditch,3 he uses growth charts that will be immediately familiar to
amodern reader. Against a grid composed of horizontal divisions marked in age, and
a vertical axis of weight, he plots the weight of the individual infant and the “aver-
age” growth of “normal” infants! (Figure 12.1). From the start of Lecture VI we read:

I have represented graphically the progress of the average infant’s weight during the
first year...If a point be placed each week on this chart, in the space corresponding
to the weight and age of the infant, the joining of the points will show the curve of its
growth, and by comparison, whether it is inferior, equal, or superior to the normal.
These charts are of great service both in hospital and in private practice.! (p. 86)

One thing may strike us as unusual about Budin’s charts; his reference curve con-
sists of a single smoothed line based on the average weight of an infant during the
first year of life. No estimate of the variability around this average is presented, nor
are differences between the genders mentioned.

In 1948, Dancis* published his “growth grid” based on 100 low birth weight
infants; the first true “peer” reference dataset.” For the first time, the reference data

* Although the title of Dancis’s paper refers to “premature infants,” it uses the historical definition of
prematurity of a birth weight < 2.5 kg, a population that would now be called low birth weight.

287
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FIGURE 12.1 A growth chart from Budin (1900, translated into English in 1907).! The
growth of a female infant is plotted (solid line) and compared to the expected growth of
newborns (broken line). The infant grew well until approximately 20 weeks of age when “the
infant was brought to me. .. as the mother was attacked with acute pleurisy [and] her doctor
had forbidden nursing.” The infant was started on sterilized milk but grew poorly until the
fluid intake was increased from 600 g/d to 675 g/d.
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FIGURE 12.2 The “growth grid” of Dancis.* Expected weight gain for LBW infants born
at 750 g, 100 g, 1250 g, 1500 g, 1750 g, 2000 g, 2250 g, and 2500 g are shown. (Figure ©
Elsevier Ltd, Kidlington, UK. With permission.)

is represented by a series of similar but diverging curves. However, these curves do
not represent percentiles; instead, they represent the expected (i.e., average) growth
rates at different initial weights.

A significant advance in presentation of growth standards is seen in Lubchenco’s
intrauterine growth curves.’ Using data from live born infants between 24 and 42
weeks gestation, she produced curves showing both the mean weight and the 10th,
25th, 75th, and 90th percentiles of the population. Now the growth chart provides
data not only on the mean weight at different ages, but also on the expected variabil-
ity around that mean. These charts and those related to them®7 have established the
de facto format of most growth charts, including the most recent growth charts for
preterm infants®-1° (e.g., Figure 12.2).

VISUAL INTERPRETATION OF GROWTH CHARTS

Most current growth curves are presented as a family of upward sloping lines (as in
Figure 12.3), and by the time of hospital discharge most preterm infants lie below the
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FIGURE 12.3 Weight data from Fenton 2003 charts for preterm infants calculated from
Reference 8. Weight data is shown as mean, and 10th, 25th, 75th, and 90th percentiles.

lowest reference line.!" Identification of catch-up growth depends on perceiving that
the growth curve of the infant is approaching the percentile line above. This type of
graph, where the quantity of interest is the difference between two curves, is called
a curve-difference graph, and it is much more difficult to interpret visually than a
plot of the difference itself.'>!3 For example, in Figure 12.4a, four 1-week long line
segments are shown, each beginning 300 g below the 10th percentile. The question
is, which (if any) are showing catch-up growth? Although it can be difficult to tell by
visual inspection, line B is increasing at the same rate as the 10th percentile, lines A
and C are increasing 10% more than the 10th percentile, and line D is increasing 20%
more than the 10th percentile. The difficulty of visually assessing data presented in
this format can lead to misperceptions that could lead to failure to detect growth that
is diverging from surrounding percentile lines (growth faltering) or converging with
them (catch-up growth, or excessive growth). However, if the curve-difference chart
(Figure 12.4a) is replaced with a plot of the absolute difference between the line seg-
ment and the 10th percentile (Figure 12.4b), it is much easier to see that in three of
the cases (A, C, and D) the distance from the 10th percentile is decreasing, that is,
catch-up growth is occurring.

The difficulty correctly interpreting the data in Figure 12.4 not surprising, as
visual perception of angles and slopes is frequently inaccurate.''* However, it is
better for horizontally and vertically orientated lines than for those placed at other
angles.!3 1516 Indeed, such misperception of angles is the basis of the well-known
Poggendorff illusion (Figure 12.5). Two parallel lines, A and B, enter the lower
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FIGURE 12.4 (a) Four 1-week-long line segments representing short-term growth presented
against the backdrop of the Fenton (2003) percentile from 24 to 40 weeks. Which, if any, seg-
ment is catching up to the 3rd percentile line? (b) The same data is shown, but as a difference
between the 10th percentile and the line segment. Horizontal and vertical axis scales remain
the same as for (a).
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FIGURE 12.5 (a) and (b) The Poggendorff illusion. Due to a tendency to overestimate acute
angles, line C is often misperceived to be continuation of line B (upper panel), whereas it is
actually a continuation of line B (see lower panel).

border of a masked box, and one emerges from the upper border (Figure 12.5a). A
common misperception is that line C is a continuation of line B. However, C is a
continuation of B (Figure 12.5b). This illusion results from a tendency for humans
to overestimate the angle o.. In the preterm infant, the rate of catch-up growth could
be perceived to be greater than it really was as the angle between the infant’s growth
curve and the nearest percentile would be overestimated.

Alternatively, the distance between percentile lines and individual points may
be interpreted by estimating the vertical distance (length) between the 10th per-
centile and the start and the end of the line. However, length is only slightly better
perceived than are angle and slope in scientific charts.!* Furthermore, the percentile
lines on growth charts diverge with increasing age (see Figure 12.3). These diverg-
ing lines could lead to misperception of length. For example, in the cigarette illusion
(or forced perceptive illusion, Figure 12.6) two cylinders (cigarettes) of equal length
are shown against a grid of lines. The grid produces the illusion of perspective and
this leads to the right-hand cigarette being misperceived as being longer than the
left-hand one. The same effect can be produced with more subtle visual cues. In
the Ponzo illusion (Figure 12.7), the upper horizontal line is usually perceived to be
longer than the lower horizontal line, even though they are actually the same length.
In growth charts, such a misperception may lead to a relative underestimation of the
distance from a percentile line when percentile lines are further apart. In theory, this
could lead to over-estimation of the degree of catch-up growth, or a false perception
of catch-up growth that is not, in fact, present.

Visual interpretation of data on growth charts is therefore likely to be difficult to
interpret and analyze visually. Small (but clinically important) changes in growth
may be missed or perceived to be present when they are not.
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FIGURE 12.6 The cigarette illusion. Two identical cigarette-shaped objects are shown
against a grid on straight lines. Due to an attempt to interpret the image in three dimensions,
a false perspective is imposed on the image causing the left-hand cigarette to appear smaller
than the right-hand one.
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FIGURE 12.7 The Ponzo illusion. The upper horizontal line appears to be longer than the
lower one, even though they are really the same length.

OPTIMIZED PRESENTATION OF ANTHROPOMETRIC DATA

Most current neonatal growth charts are difficult to interpret due to the following

1. They are curve-difference charts. The data for both the individual and the
comparison population is constantly changing with age, and assessment of
growth relies on correctly interpreting the differences between two curves.

2. Growth is signified by an upward sloping line, and the assessment of ade-
quacy of growth depends on comparing that oblique line to one or more
other oblique lines. However, these comparison lines are non-parallel,
but gradually diverge as age increases. This can lead to misperceptions,
as humans are relatively poorly able to assess accurately slope and angle,
especially for oblique lines.!3-1¢
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CHARACTERISTIC OF A BETTER GROWTH CHART

Given these limitation, a better growth chart would

1. Present data as the absolute difference between the individual and the com-
parison population.

2. Present normal growth as a horizontal or vertical line, rather than as an
oblique line.

3. Avoid the presence of obliquely orientated lines that may skew perception.'?

All of these requirements are met by the use of Z-score growth charts.

Z-SCORES

The Z-score, or standard deviation score (SDS), represents the relative position of an
individual data point relative to a distribution. It is calculated from population mean
and standard deviation (SD) using the following equation:

7-score = (Observed value — Population mean)

Population standard deviation

In our instance, where we want to compare the data for an individual to that of a
comparison population, the equivalent equation is:

7-score = (Individual’s value — Comparison population mean)

Comparison population standard deviation

Z-scores are, by definition, normally distributed with a mean of 0 and a stan-
dard deviation of 1. A Z-score of 0 is therefore equivalent to the population mean, a
Z-score of +1 is 1 standard deviation greater than the mean, and a Z-score of -2 is 2
standard deviations below the mean. Z-scores can be converted to percentiles using
the distribution of the standard normal distribution.

Historically, it has been difficult to calculate Z-scores as some growth data, espe-
cially weight, is highly skewed and a single SD cannot represent the data at any age.!”
However, in recent years, improved statistical methods such as Cole’s LMS method
have helped to resolve this problem. This method represents the distribution of data
against time using three variables:'-18

M = the age-specific mean
L = the age-specific Box-Cox power needed to normalize the distribution
S = the age-specific SD of the Box-Cox transformed data

The age-specific values for L, M, and S can be used to convert an individual value
(x) into a Z-score using the equation
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(x/M)*- -1
LS

Z-score =

and the value (x) at any particular Z-score can be calculated from the equation
x=M.(1+L.S.2)""".

The LMS method or an alternative (Healy’s moving box'*?) is used by about
half of recent neonatal growth standards,?' including three of the largest popula-
tions.3-1%22 Summary tables of LMS values for weight, length, and head circumfer-
ence have been published for those three large neonatal references® 22 and are also
available for term infants as the WHO Growth Standards?® and the 2000 U.S. growth
charts produced by the CDC.?*

DEVELOPMENT OF Z-SCORE CHARTS

The published summary tables of L, M, and S values for neonatal charts are pub-
lished as weekly values, rather than as the underlying equations.” %2> These data are
not well suited to the construction of a continuous model of neonatal growth, unless
intermediate values are interpolated.

For example, the published L, M, and S values for the 2003 Fenton growth charts
are available as summary values for every week between 22 weeks and 50 weeks,??
but intermediate values can be calculated by modeling. The values for L do not
change with age, and are 1.0 for weight and for length, and 1.5 for head circumfer-
ence.”> The M and S values for weight, length, and head circumference were fitted by
age using a modified multiple fractional polynomial method?:2¢ where the quantity
of interest (M or S) is regressed against age raised to the power of +2, +1, +0.5, 0,
—-0.5, -1, and -2 (or age squared, age, the square root of age, Ln(age), and to the recip-
rocals of age squared, age and square root of age).?> The power terms were added
and removed sequentially, until no subjectively meaningful change in fit was seen.?

The regression coefficients for the six fits are shown in Table 12.1, and fit the
reported M and S variables closely. The adjusted r? values for the models are good,
but are a little poorer for the S term (especially for head circumference S) than for the
M terms. The summary values for the main percentiles also closely fit the modeled
data (data not shown).

INTERPRETATION OF Z-SCORE CHARTS

Growth, shown on a Z-score chart, is easy to interpret. The position on the vertical
(y) axis shows the infant’s relative position compared to the comparison population.
An individual with a y-value of +1 is one standard deviation above the comparison
population mean. A normal rate of growth (i.e., the same as the comparison popula-
tion) is denoted by a horizontal line. Slower than expected growth (including growth
faltering) is shown by a line sloping downward, while an upward sloping line is
indicative of faster growth than the reference population (including catch-up growth).



296

Perinatal Growth and Nutrition

TABLE 12.1

Coefficients from Multiple Fractional Polynomial Regression for the M and S
Values for Weight, Length, and Head Circumference

Weight M Weight S Length M
Age? —-15.67125577 +2.8817066950 +11.88127569
Age +21488.42066 —3884.763051 —-16205.06800
Age’s —799683.4466 +143240.9514 +601977.4516
Ln(Age) +3254232.336 —-577420.0712 —2446787.66
1/Age®> +26659484.15 —4684872.851 —20034032.14
1/Age -23880211.67 +4155235.628 +1794500.419
1/Age? +19344601.34 —3298147.860 —-14553061.47
Intercept -11411607.48 +2013797.599 8576027.995
Model adjusted r? >0.9999 0.9998 >0.9999

Length S Head Circumference M Head Circumference S
Age? +0.21648380 -3.016271302 +0.149353382
Age —292.0762707 +3253.736651 -171.7921212
Age® +10773.57986 —106983.3047 +5808.043555
Ln(Age) —43432.5636 +383881.4743 -2.13338761
1/Age®s —352315.5970 +2769549.619 —156571.5381
1/Age +312343.9500 —2185747.182 +124520.3508
1/Age? —247519.878 +1388657.7558 —76718.14401
Intercept +151468.1984 —1248887.295 +70288.64532
Model adjusted 12 0.9955 >0.9999 0.9990

Source: From Reference 22.

For example, the growth of a hypothetical infant who is born weighing 1 kg at
27 weeks of gestation, and who then gains weight at a rate of 1.2% of bodyweight
each day is shown in Figure 12.8. The infant’s weight (Figure 12.8a) is near the
50th percentile at birth, but subsequent growth is slower than the in utero rate and
by 36 weeks the baby lies below the 10th percentile. Between 36 and 44 weeks,
some catch-up in weight is seen. The same data is show on a Z-score growth chart
(Figure 12.8b). The infant’s weight Z-score at birth is approximately 0. Between
birth and 37 weeks, the Z-score declines, showing that the infant is growing more
slowly than the reference population. This decline does not mean that the infant’s
weight is decreasing, only that the infant is growing slower than the reference popu-
lation. After about 36 weeks, weight gain is faster than the comparison population;
that is, there is catch-up growth. The onset of catch-up growth is much more easy
to appreciate in the Z-score chart (lower panel) where the growth curve begins to
increase, than it is from the weight chart (upper panel) where it occurs when the slope
of the line begins to increase, rather than decrease.

Also shown in Figure 12.8b is the weight Z-score calculated from the published
summary data for L, M, and S. Calculations using the published weekly values
lead to an artificial saw-tooth pattern in weight Z-score (Figure 12.8b, broken line).
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FIGURE 12.8 Z-score growth chart for a hypothetical 1 kg, 27 weeks gestation infant who
gains 1.2% of body weight every day. (a) Data is shown for absolute weight, and for the
Z-score calculated from weekly published summary?? (broken line) (b) and for fitted data
(solid line).
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However, using modeled values of M and S leads to much smoother change in weight
Z-score (solid line).

Also shown (Figures 12.9a and 12.9b) are approximate mean data for three
cohorts of infants from the NICHD network—those born at 24 or 25 weeks gesta-
tion, those at 26 or 27 weeks gestation, and those at 28 or 29 weeks gestation.'! The

3.0

e~ NICHD cohort, 24-25w GA - : P
-~ NICHD cohort, 2627w GA : : e
9.5 . == NICHD cohort, 28-29w GA :

Weight (kg)
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FIGURE 12.9 Mean weights of three cohorts of infants from the NICHD network, of gesta-
tional age 24 to 25 weeks, 26 to 27 weeks, and 28 to 29 weeks.!! Approximate data extracted
from the figures in Reference 11 are compared to the Fenton comparison cohort as both
weight-for-age charts (a) and as weight Z-scores for age (b).
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FIGURE 12.10 Growth charts for a 28 weeks gestation infant with a relatively straightfor-
ward course who was discharged at 39 weeks. The upper panel shows the growth expressed
as weight Z-scores, and the lower panel shows the weight in kilograms.

mean weight for all three cohorts begins near the 50th percentile (Figure 12.9a) or
close to a Z-score of 0 (Figure 12.9b), but all three groups decline relative to the com-
parison population to lie below the 10th percentile or below a Z-score of —1.29. Even
after 34 to 35 weeks corrected gestational age, all three cohorts are growing more
slowly than the comparison population, and this is clearer from downward sloping
lines on the Z-score growth chart than it is for the raw weight data. Finally, growth
data is shown for a preterm infant with relatively unremarkable neonatal courses,
both as weight charts and as weight Z-score charts (Figure 12.10).

STATISTICAL ANALYSIS OF Z-SCORE CHARTS

The conversion of growth data to Z-scores also allows for simple statistical compari-
sons between the data for an individual and for the comparison population, as the
normal range for Z-scores should be, by definition, +1.96.

We have used two simple analyses to identify outliers and trends in the Z-score data.

Identification of Outliers

To identify outliers, we have borrowed from statistical control process analysis. This
is a method used to assist in manufacturing quality control that is increasingly being
applied to epidemiology and health care.?’” One tool of statistical control process
is the control chart (Figure 12.11), which plots sequential measures of a parameter
against time. Upper and lower control limits (typically £3 SD from the mean) are
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FIGURE 12.11 A control chart. The output of an industrial process is measured sequen-
tially, and the result is plotted on the y-axis against its number in the sequence. Upper and
lower control limits (mean +SD) are shown. Toward the end of the sequence of measurement
an unknown change occurs, and the parameter increases to lie above the upper control limit.

drawn, and if the observed parameters exceed these limits it may be a sign of a
change in the process governing the outcome.?’

We have modified this approach to identify individual measurements that diverge
from the mean and standard deviation over a 5-day or 10-day period.

For example, for each day “n” the anthropometric measure is converted to a
Z-score (Z,). The mean Z-score (X) and standard deviation for the 5-day period

I3 L)

including that day “n” and the preceding (n—4) are calculated in the usual manner:
X(n,n—4) = (Zn + Zn—l + Zn—2 + Zn—3 + Zn—4) / 5

and

SDy -4 = \/ 2(Xipp-a)—Zn )2 +(Xinn-t) = Zna )2 +(Xinn-a1— ,172)2

+(X[n,n—4] - Zn—3 )2 + (X[n,n—4] - Zn—4 )2) / 4

The outlier score over 5-days is calculated from
(Zn _X[n,n—4]) / SD[n,n—4] .

This describes how far that day’s value is from the 5-day mean value, expressed
in multiples of the 5-day rolling SD. This can be shown graphically with an outlier
plot, where the outlier score for each day is shown (Figure 12.12a).

A similar method is used to estimate the outlier score over 10 days.

Identification of Trends

For new weight measurement, the 5-day slope of the regression line of Z-score against
age is calculated and the significance value of the line compared to zero is calculated
using standard statistical methods. Once again the slope is plotted against time to
show whether the 5-day or 10-day slope is significantly greater than or less than zero,
and to show how significant the difference is (p < 0.05 or p < 0.01) (Figure 12.12b).
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FIGURE 12.12 Format of outlier plots and slope plots. (a) Outlier plots show when that
day’s Z-score is >1 or >2 SD from the rolling mean, and whether the outlier is greater or less
than the rolling mean. (b) Trend plots show if the recent trend is significantly greater than or
less than 0, and whether the p-value is <0.05 or <0.01.

INTERPRETATION OF TREND AND OUTLIER PLOTS

The Z-score growth chart for an individual growing along his or her percentile line
would be an approximately horizontal line with random fluctuations around it. The
5-day and 10-day rolling means would be similar to one another, as would the 5-day
and 10-day SD. Approximately 16% of points would be expected to have an outlier
score of +1 or more, and a further 16% would have an outlier score of —1 or less; 2.3%
would be >+2 and 2.3% <-2.

However, the growth of preterm infants is not so uniform. Initially, it is usu-
ally slower than the comparison population, and the Z-score growth line trends
downward (Figures 12.9 and 12.10). Sometimes, catch-up growth will be observed,
most often when infants are changed to ad libitum feeds before discharge, and the
Z-score growth line will slope upward during these periods. A Z-score growth chart
with outlier and trend data for a 27 weeks gestation infant is shown in Figure 12.13.
Between 28 and 31 weeks there is growth faltering and the weight Z-score begins to
fall. In this case, this is first seen as a negative outlier score and later by significant
negative scores on the trend analysis.
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FIGURE 12.13 Z-score chart for weight for a 27 weeks gestation preterm infant. Also
shown are the 10-day slope (trend) chart, and the 10-day outlier chart (see Figure 12.12 for
details of outlier and trend charts).

Whether the prevailing trend is upward or downward, the mean Z-score calcu-
lated over 5 days will be closer to the current value than the value calculated over
10 days. Even though the SD calculated at 5 days is also smaller than that calculated
over 10 days, the net result is that the outlier score (the difference from rolling mean
divided by the standard deviation) is larger when calculations are carried out over 10
days than over 5 days. However, the 5-day outlier score identifies outliers sooner than
does the 10-day score. This is a double-edged sword; if growth rate does change,
then the 5-day outlier score will identify it sooner than the 10-day score. However,
errors in measurement or in data entry are more likely to be identified as outliers
when calculated over 5 days rather than 10 days.

The Z-score trend is less affected whether they are calculated over 5 days or 10
days. Even if a single day’s measurement is unexpectedly high or low, this may be
identified more easily on the 10-day trend than the 5-day trend, especially if the
previous trend was relatively flat.

It has been our subjective clinical experience that the use of the 10-day trend is
most helpful for identifying new growth faltering or the onset of catch-up growth.
For example, a Z-score growth chart is shown for a 24 weeks gestation infant with
10-day trend and outlier plots (Figure 12.14) and with 5-day trend and outlier plots
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FIGURE 12.14 Z-score chart for weight for a 24 weeks gestation preterm infant. Also
shown are the 10-day slope (trend) chart, and the 10-day outlier chart (see Figure 12.12 for
details of outlier and trend charts).

(Figure 12.15). The use of the 10-day trend can be supplemented by the 5-day or
10-day outlier analysis. As 5-day outlier scores >1 or <—1 are not infrequent, we
would typically await two such scores within a 3-day period before responding.

CompuTERIZED CALCULATION OF Z-SCORES, OUTLIERS, AND TRENDS

The mathematics underlying the conversion of weight, length, and head circumfer-
ence data to Z-scores, and the estimation of outlier scores and trends is simple in
theory, but somewhat cumbersome in practice. However, the mathematics can easily
be built into a spreadsheet. An example using the 2003 Fenton dataset®2? is available
online (http://www.iangriffin.net or http://members.shaw.ca/growthchart/). Patient
demographic data (including gestational age and date of birth) and anthropomet-
ric measures (weight, length, and head circumference) are entered on one page of
the workbook (Figure 12.16). Weight, length, and head circumference Z-scores are
calculated automatically. In addition, 5-day and 10-day outlier scores are displaced
numerically showing how many SDs that day’s weight Z-score is from the 5-day
or 10-day rolling mean Z-score (-2, —1, +1, +2, etc.). The 5-day and 10-day weight
Z-score slope is calculated and a value displayed if the slope is significant. Positive
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FIGURE 12.15 Z-score chart for weight for the infant shown in Figure 12.14. Also shown
are the 5-day slope (trend) chart and the 5-day outlier chart (see Figure 12.12 for details of
outlier and trend charts).

slopes are shown as positive numbers that denote how significant the slope diverges
from zero (1 =p < 0.05,2 =p < 0.01, 3 =p <0.001). Negative slopes are shown in a
similar manner with slopes of —1, -2, and -3 representing slopes of p < 0.05, p < 0.01,
or p < 0.001, respectively. Finally, Z-score growth charts for weight (Figure 12.17)
and for weight, length, and head circumference (not shown) are generated and plot-
ted automatically.

Similar workbooks using other reference standards, including the Olson data of
2010 for preterm infants,’ or the WHO 2006 dataset for term infants?*2® can be pro-
duced in the same way and several are available online (http:/www.iangriffin.net).

LIMITATIONS OF Z-SCORE CHARTS

Although our experience is that Z-score growth charts, and to a lesser extent out-
lier and trend plots, improve the assessment of growth in preterm infants, problems
remain. These approaches do nothing to improve the quality of the raw anthropo-
metric data. Measurement error in neonatal growth assessments can be surprisingly
high,?-3! even for weight under optimum condition.??

Computerized generation of growth charts, however, does remove systemic errors
in plotting gestational age’? as well as the random plotting errors that are relatively



Mathematical Description of Postnatal Growth 305
Al B | G | D [E] F G H | 1 e e L G T e M N LSO | P | Q R S
Date PNA (d) PMA (d) PMA (w) | Wt (kg) L(cm) HC(cm)| WtZ  LZ | HCZ |5d outlier 10d outlier 5d trend 10d trend
NAME: Baby Boy SMALL| |12/12/12 0 162 231/7 | 046 | 285 205 |(1.26) (0.88) | (0.37) . . . .
D 12/13/12 ‘1 163 232/7 0.46 (1.36) . . . . . .
DoB (mm/dd/yy) |12/12/12 12/14/12 2 164 2337 . . . . . . .
Birth-weight 046 kg | |12/15/12 3 165 234/7 | 0445 (1.69) o . . . . .
Gestation 23w 12/16/12 4 166 | 235/7 | 0.445 177); e . . . . .
1d 12/17/12 'S 167 236/7 | 049 204 |(146) (0.97) . . . .
Gender ™M 12/18/12 6 168 24 0.51 205 |(138) e (1.00) o . . .
12/19/12 7 169 241/7 | 053 (130 C i . 1 .
12/20/12 8 170  242/7 | 054 (129)§ e . 0 . 1 g
12/21/12 9 171 | 243/7 | 054 | 29 (136) (150) o 0 . - .
12/22/12 10 172 244/7 | 051 205 |(164) (1.40) (1) . = .
12/23/12 11 173 245/7 | 052 202 |(162) e (1.69) (1) . (1) 0
12/24/12 12 174 | 246/7 | 049 (187) | . (1) (1) (2) =
12/25/12 113 175 25 0.52 171)| c [} [} = =
12/26/12 |14 176 | 251/7 | 052 205 |(175) (1.78) 0 (1) = (1)
12/27/12 {15 177 252/7 | 054 (1.67) . . 0 0 > (1)
2/1/13 51 213 | 303/7 | 1.01 | 36.2 | 25.6 |(1.49)  (1.96) | (1.80 (1) [} = =
2/2/13 52 214 | 304/7 | 1.025 258 |(151) | e (175 (1) 1) (1) -
2/3/13 |53 215 | 305/7 | 1.06 1258 [(147) e (1.83 0 0 > >
2/4/13 54 216 | 306/7 | 1.085 | (147) | o . 0 0 = =
2/5/13 |55 217 | 31 1.105 263 [(147) o« | (167) 0 0 B (1)
2/6/13 |56 218 | 311/7 | 1135 (1.46) | o . 0 0 E 2
2/7/13 57 219 312/7 | 116 | 365 265 |(145) (229) | (1.70) 1 0 & >
2/8/13 58 220 | 313/7 | 1185 3638 (145) (2.24) | 0 0 - B
2/9/13 59 221 | 314/7 | 1215 (144) | o . 1 0 1 =
2/10/13 60 222 315/7 | 124 (1.44) . . 0 1 1 2
2/11/13 61 223 | 316/7 | 1.265 (1.48) | o . 0 0 5 1
B incion ] 2-scores [ Wichar ] W Lo e Gart ] + | < EE )

FIGURE 12.16 Data entry page of Z-score calculation spreadsheet. Patient demographics
are entered in cells C2:C9, and weight, length, and head circumference data are entered in the
appropriate cells in columns J, K, and L. Weight, length, and head circumference Z-scores
are calculated automatically and displaced in the corresponding cells in columns M, N, and
O. Outlier scores for the previous 5 days and 10 days are displaced in the corresponding cells
in columns P and Q, and the 5-day and 10-day trends in columns R and S.
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FIGURE 12.17 Weight Z-score plot generated from data-entry sheet (see Figure 12.16).
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common in the use of neonatal growth charts.3>3* Some of these errors, however,
will be replaced by transcription errors, as data is entered incorrectly into the com-
puter spreadsheets.

Although the LMS method allows easy calculation of Z-scores, the Standard Errors
for calculated Z-scores or percentiles are worse for lower Z-scores if L is positive.'$
This results in growth retarded infants being less accurately placed within the distribu-
tion than larger infants.”® This error increases as L increases and as S increases.'®

Finally, the growth charts suffer from regression to the mean.* This is the ten-
dency for values at the tails of the normal distribution to move toward the distri-
bution mean when repeated, rather than to move to more extreme values. The
practical result of this is that an increase in Z-score of +1 is much more likely to
occur in a subject whose initial Z-score is —3 than for one whose initial Z-score is
-2 or —1.% This effect could be accounted for by using conditional growth charts,*
but this would require a major change in how growth standards are interpreted in
clinical practice.

SUMMARY AND CONCLUSIONS

The presentation of growth data on growth charts has not changed substantially for
over 100 years. The current methods of displaying such data are difficult to interpret
visually and make comparisons between the growth rate of an individual and the com-
parison population prone to visual misperceptions. Rather than present the data in such
a curve-difference format, we suggest presenting the data as a Z-score growth chart,
which allows improved interpretation of the data and is less prone to misperception.

Computer-generated plotting of Z-score data makes this process straightforward
and allows for statistical analysis of the growth data to identify early signs of growth
acceleration or deceleration.
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Section Ill Conclusions

We have seen how our best estimates of the nutritional requirements are relatively
imprecise (Chapter 8). This is partly unavoidable due to the heterogeneity of the
patient population. Given the rapid changes in growth rate during the third trimester
it should come as no surprise that the nutrient requirements change rapidly as well.
For example, the protein requirements of preterm infants decrease as they grow and
mature, but their energy requirements increase (Table II1.1).! Rapid changes are also
seen for the requirements for trace minerals such as zinc. Fractional zinc require-
ments (per kg body weight) fall for 500 mcg/kg/d at weight 1 kg to 20 mcg/kg/d at
weight 10 kg (Table I11.2).?

So one can ask: Do we require different formulas for different gestational ages?
Or for different weight preterm infants? If so, does the newborn 28 weeks gesta-
tion infant have the same requirements as a 4-week-old infant born at 24 weeks
gestation? Do we include the requirements for “catch-up” growth in the design of
our nutritional supplements?

Ideally, we would be able to customize nutrient intakes for each individual pre-
term infant (Chapter 10) to account for the inter-individual differences in nutrient
requirements. These differences can be very large. For example, in one study (Cooke
and Griffin, unpublished observations) 11 preterm infants (BW 1.06 = 0.22 kg, GA
28.9 + 2.9 w) had two 72-h metabolic balances carried out 7 days apart, allowing
us to separate out the variability in the data due to measurement error from that due
to between-subject differences. The first balance was carried out at a postnatal age
of 29 + 14 days, and the second, 7 days later. The effects of nutrient intake, birth
weight, gestational age at birth, gender, postnatal age at the time of the balance,
weight and the time of the balance, and between-subject random effects on nutrient
retention (%) were assessed using a mixed effect linear model. Models were carried
out sequentially as the effect of intake, birth demographics (birth weight and gesta-
tional age), balance details (postnatal age and weight at the time of the balance), and
subject were sequentially added. The subject’s dietary intakes were very similar, so
the effect of intake on retention was relatively small (adjusted r? < 0.20 for all miner-
als). Addition of birth details (birth weight and gestational age) to the model did little
to improve the model, nor did current weight or postnatal age increase the amount
of variability in retention explained by model (with the exception of iron). However,
including “subject” significantly increased the amount of variance in nutrient reten-
tion explained, with the largest effects seen for fat, nitrogen, iron, and zinc, and less
so for calcium or magnesium (Table III.3). Of all of these factors, therefore, between-
subject factors were the major source of variation in retention, and neither weight nor
age at birth or at the time of the balance accounted for this effect.

Although metabolomics holds the promise of allowing us to customize the
amount of nutrients we provide to an individual infant based on his or her individual
needs, or based on the response to those intakes (Chapter 2), no such metabolomic
methods are available at present. Twice-weekly assessments of BUN have been used
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TABLE 111.1
Enteral Protein and Energy Requirements for Preterm Infants
at Different Weights
Enteral Energy Enteral Protein Protein/Energy
Requirement Requirement Ratio
Weight (kg) (kcal/kg/d) (g/kg/d) (g/100 kcal)
0.5-0.7 105 4.0 3.8
0.7-0.9 108 4.0 3.7
0.9-1.2 119 4.0 34
1.2-1.5 127 39 3.1
1.5-1.8 128 3.6 2.8

Note: Data from Reference 1.

TABLE 111.2
Requirements for Absorbed Zinc at Difference Weights
in Preterm Infants and during the First Year of Life

Weight (kg) Zinc Requirement (mcg/kg/d)
1.0 500
1.5-2.0 400
2.5-3.5 200-300
6 80
8 50
10 25

Note: Data from Reference 2.

TABLE I11.3

The Contribution of Nutrient Intake (mg/kg), Birth Weight (BW), Gestational
Age at Birth (GA), Weight at Time of Study (Wt), Postnatal Age at Time of
Study (PNA), and “Subject” to the Adjusted r? (Variability) in Fat, Nitrogen,
Calcium (Ca), Magnesium (Mg), Iron (Fe), and Zinc (Zn) Retention (% of
intake) in Preterm Infants

Modeled Variables Fat Nitrogen Ca Mg Fe Zn

Intake 0.11 <0.10 0.17 0.14 <0.10 0.14

Intake + Birth details (BW, GA) 0.11 0.24 0.26 0.17  <0.10 <0.10

Intake + Birth details (Wt, GA, gender) 0.20 0.17 0.57 0.20 <0.10 0.25
+ Balance details (Wt, PNA) +

Intake + Birth details (Wt, GA, gender)  0.59 0.62 0.71 0.30 0.57 0.63

+ Balance details (Wt, PNA) +
Subject
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to adjust protein intake and this approach has been shown to improve growth in pre-
term infants (Chapter 10). However, this method has been successful in large part by
providing practitioners reassurance that it was safe to increase protein intakes nearer
to those recommended for preterm infants. For example, in the study by Arslanoglu
et al.,’ the maximum protein intake was 3.4 g/kg/d (SD 0.5) in the group whose forti-
fication was adjusted based on BUN. This is not significantly different from the esti-
mated requirement of 3.6 g/kg/d? (p = 0.13) in preterm infants generally. The control
group, which received standard levels of fortification, received significant less pro-
tein (2.8 g/kg/d, SD 0.2)? than the 3.6 g/kg/d currently recommended (p < 0.0001)
and probably less than they required. The improved group of the adjustable fortifica-
tion group could probably have been achieved simply by giving all subjects a protein
intake nearer 3.6 g/kg/d.

Despite the limitations of our understanding of nutritional requirements in pre-
term infants and our inability to individualize nutrition intakes, it is clear that if
we carefully assess the intakes we are delivering (Chapter 9) and the growth of our
patients (Chapters 9 and 12), and aggressively manage our nutritional regimens to
optimize nutrient delivery and growth, we can greatly improve nutrient intakes and
short-term growth as well. Advances in near-point-of-care analysis (Chapter 11) and
advances in nutritional products available for preterm infants should only help us to
more closely approximate the nutrient intakes that our patients require.

Clearly, preventing ex utero growth restriction and normalizing long-term growth
of preterm infants is a worthwhile goal, and one we should strive to reach. We have
plenty of room to improve.

Our fears are traitors, and make us lose the good we oft might win, by fearing to
attempt.

Lucio, Measure for Measure
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