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ABSTRACT

Objective To describe birth weight and postnatal
weight gain in a contemporaneous population of babies
born <32 weeks' gestation, using routinely captured
electronic clinical data.

Design Anonymised longitudinal weight data from
2006 to 2011.

Setting National Health Service neonatal units in
England.

Methods Birth weight centiles were constructed using
the LMS method, and longitudinal weight gain was
summarised as mean growth curves for each week of
gestation until discharge, using SITAR (Superimposition
by Translation and Rotation) growth curve analysis.
Results Data on 103 194 weights of 5009 babies born
from 22-31 weeks' gestation were received from 40
neonatal units. At birth, girls weighed 6.6% (SE 0.4%)
less than boys (p<0.0001). For babies born at

31 weeks' gestation, weight fell after birth by an average
of 258 g, with the nadir on the 8th postnatal day. The
rate of weight gain then increased to a maximum of
28.4 g/d or 16.0 g/kg/d after 3 weeks. Conversely for
babies of 22 to 28 weeks' gestation, there was on
average no weight loss after birth. At all gestations,
babies tended to cross weight centiles downwards for at
least 2 weeks.

Conclusions In very preterm infants, mean weight
crosses centiles downwards by at least two centile
channel widths. Postnatal weight loss is generally absent
in those born before 29 weeks, but marked in those
born later. Assigning an infant's target centile at birth is
potentially harmful as it requires rapid weight gain and
should only be done once weight gain has stabilised.
The use of electronic data reflects contemporary medical
management.

INTRODUCTION

Growth monitoring is a cardinal precept of paediat-
ric practice. Weight gain in infancy and childhood
is usually monitored against centile charts that
provide a visual depiction of progress and are based
on anthropometry from a large population sample.
Centile charts in use in the UK were superseded
in 2009 with the launch of the new UK-WHO
0—4 years growth charts,' a synthesis of birth data
from the British 1990 reference, reanalysed for the
purpose® and the WHO growth standard charts
from age 2 weeks to 4 years.’

For preterm infants, centile charts have conven-
tionally been based on cross-sectional birth weight
data of babies born at different gestational ages such
as the British 1990 reference.* * The ‘UK-WHO

What is already known on this topic

» Weight in very preterm babies shows
downward centile crossing after birth

» The ideal pattern of postnatal growth for
preterm babies, that which results in optimal
long-term health, is unknown

» Existing preterm weight centile charts based on
birth weight fail to describe longitudinal weight
gain adequately

What this study adds

» The median birth weight of preterm babies
born 2006-2011 approximates to that of
preterm babies born in the 1980s

» Babies born at 29 weeks' gestation or later
take 2 weeks to stop downward centile
crossing, and those born earlier take longer,
suggesting that immediate postnatal nutritional
support may be inadequate

» It is feasible to use routinely captured
electronic data to quantify longitudinal weight
gain reflecting contemporaneous management
in a large population of preterm babies

Neonatal and Infant Close Monitoring Chart’ or
‘NICM’ chart® is intended for babies born from
23 weeks’ gestation. Charts have also incorporated
longitudinal weights of infants born preterm. Their
limitations include historic data, small numbers of
infants and poor obstetric dating. For example, one
of the most widely used longitudinal growth charts
for preterm infants, from Ehrenkranz et al’” of the
US National Institute of Child Health and
Development, is based on data from 1660 infants
born in the mid-1990s, with inclusions based on
birth weights between 501 and 1500 g rather than
gestational age.

In recent years, neonatal units in the UK have
adopted an electronic patient record that provides
the facility to record longitudinal measures of
growth.® We utilised this opportunity to collect lon-
gitudinal data from a contemporaneous cohort of
preterm babies born at less than 32 weeks’ gestation
and construct descriptive birth weight centiles by
gestational age, and longitudinal growth curves by
postmenstrual age. Our aim was to illustrate the
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range of growth performance seen with current medical man-
agement and provide a benchmark against which to examine the
growth of individual infants in relation to other babies born at
the same gestational age, and a baseline for future examination
of temporal trends in the pattern of weight gain after preterm

birth.

METHODS

Subjects

The eligible population comprised infants born <32 weeks’ ges-
tation admitted to UK neonatal units using a neonatal.net elec-
tronic newborn record.

Electronic data

Anonymised data covering neonatal unit admissions from 2006
to 2011 comprising gestational age, postnatal age, sex and longi-
tudinal weight measurements from birth to discharge were
released to the Neonatal Data Analysis Unit by Clevermed, the
NHS hosting company for the neonatal.net records.

Data management

The data were first examined for outliers, overall and in individ-
ual growth curves. Individual growth curves with at least three
measurements were cleaned by looking at the weight data in
successive triplets of measurements, comparing the three growth
rates of the weights taken in pairs within each triplet. Aberrant
growth rates allowed different patterns of outliers to be identi-
fied and excluded. Gross errors in curves with fewer than three
measurements were identified from overall plots. Weights for
growth curve analysis were truncated at an upper postmenstrual
age limit that depended on the week of gestation at birth, and
weights at older ages were excluded. The upper age limits were
set to ensure that around 10% of the infants at each week of
gestation were still in hospital up to that age, to ensure good
coverage. All babies were included in the analysis until death,
transfer to a neonatal unit not contributing data to the study,
discharge or this upper age limit, whichever came soonest. The
data on babies subsequently dying were retained to ensure that
the data were unbiased (since such babies cannot be identified in
advance).

Statistical analysis

Birth weight centiles were constructed using the LMS method’
and implemented using GAMLSS'® in the software program-
ming language R."" In brief, this summarises the skew distribu-
tion of birth weight as a function of gestational age in terms of
the Box-Cox power needed to transform the data to normality
(A or L), the median (u or M) and the coefficient of variation (¢
or S). A gender effect was fitted as a constant proportion across
all gestations, using a log link. A sex by gestation interaction was
tested for. The longitudinal data were analysed using SITAR
(Superimposition by Translation and Rotation) growth curve
analysis.'> This is a shape-invariant growth model whereby all
individuals are assumed to have the same underlying shape of
growth curve, but with three subject-specific parameters termed
size, tempo and velocity which transform the individual growth
curves to closely match the average growth curve. The size par-
ameter for each infant shifts the fitted curve up/down, the
tempo parameter shifts it left/right and the velocity parameter
stretches/shrinks the underlying age scale to make the curve
steeper/shallower. The model fits the average growth curve as a
regression spline with 3 degrees of freedom, and the subject-
specific parameters size, tempo and velocity are estimated as
random effects. The model was fitted with the nlme package'?

Table 1 Birth weight frequency by sex and completed week of
gestation
Sex Gestation (completed weeks)

22 23 24 25 26 27 28 29 30 31 Total
Female 5 76 151 165 203 258 311 315 358 488 2330
Male 7 8 181 187 239 275 333 39 444 531 2679
Total 12 162 332 352 442 533 644 711 802 1019 5009

in R.'" SITAR models were fitted for the sexes combined (as the
growth patterns were similar), but separately for babies born at
22-23 weeks (combined due to small numbers) and at each suc-
cessive completed week to 31 weeks’ gestation. Weight gain was
expressed in absolute (g/d) and in relative terms (g/kg/d), the
latter by dividing absolute weight gain by mean weight. In prac-
tice, this was achieved by analysing gain in log. weight and
multiplying by 1000, which is equivalent. Age was specified in
weeks of gestation at birth, and in postmenstrual weeks
after birth, calculated as weeks of gestation plus weeks of post-
natal age.

Regulatory approvals

The study was approved by the UCL Institute of Child Health/
Great Ormond Street Hospital National Research Ethics
Committee (07/H0713/111) and the Research & Development
Offices of all participating hospitals.

RESULTS

Birth centiles

Data were received from 40 neonatal units, comprising 5009
birth weights of babies born from 22 to 31 weeks’ gestation
(2679 boys and 2330 girls) (table 1). Birth weights by sex are
shown plotted against gestational age in figure 1. The fitted cen-
tiles for boys and girls are shown in figure 2. The nine centiles
are spaced two-thirds of an SD apart,'* ranging from the 0.4th
to the 99.6th centile. On average, the girls weighed 6.6% (SE
0.490) less than the boys (p<0.0001), with no evidence of a sex
by gestation interaction (p>0.9). For comparison, figure 2 also
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Figure 1 Birth weight by gestation in 2679 boys and 2330 girls.
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Figure 2 Centiles of birth weight by gestation and sex, with the
British 1990 0.4th, 50th and 99.6th centiles superimposed (sexes
averaged).

includes the 0.4th, 50th and 99.6th centiles for the two sexes
averaged based on the reanalysed British 1990 reference® as
used in the NICM Chart. The two references agree reasonably
well for the median, while the NICM 99.6th centile is consist-
ently slightly higher and the two 0.4th centiles are quite differ-

ent in shape.

Longitudinal growth curves

The original data set included 5025 infants and 109 503
weights. After excluding records with missing or outlying
weights, and ages beyond the gestation-specific cut-offs, the lon-
gitudinal growth curve analysis data set consisted of 4973
infants and 103 194 weights (table 2). Figure 3A shows growth
curves for the 1012 babies born at 31 weeks’ gestation, with a
range of birth weights from 500 to 2500 g. The growth curves
extend from 31 to 38 weeks postmenstrual age, beyond which
they are truncated. Figure 3B shows the same growth curves
after SITAR adjustment, where each baby’s growth curve has
been transformed to make it as similar in shape to the mean
curve as possible; the mean curve is shown in white in figure 3A
and B. The SITAR adjustment explains 97% of the variance in
weight, shrinking the residual SD from 304 (for a curve fitted to
the data of figure 3A) to 51 g (for a curve fitted to the data of
figure 3B). The plot includes several infants who were measured
in the first week and then not measured again for several weeks,
whose curves of long straight lines in figure 3B misleadingly
appear to fit poorly. There are also a few sharp spikes corre-
sponding to errors in the weight measurements. The shape of
the mean curve indicates that weight falls after birth by an

average of 258 g, reaching a nadir on the 8th postnatal day. The
rate of weight gain then increases to a maximum of 28.4 g/d or
16.0 g/kg/d, both after 3 postnatal weeks.

Figure 4 shows the corresponding growth curves for the 176
babies born at 22-23 weeks, where the curves are truncated at
46 postmenstrual weeks. Here 92% of the variance is explained,
the residual shrinking from 293 to 85 g on SITAR adjustment.
Unlike at 31 weeks, the mean curve for 22-23 weeks shows no
sign of weight loss after birth, the lowest weight gain being
4.7 g/d at 14 days or 7.3 g/kg/d at 16 days. The maximum mean
weight gain is 23.9 g/d after 15 postnatal weeks, or 15.6 g/kg/d
after 9 postnatal weeks.

Figure 5 shows the mean fitted growth curves for each week
of gestation from 22-23 weeks to 31 weeks, along with the
NICM birth weight centiles. The shapes of the curves for 24—
28 weeks match that for 22-23 weeks, with no weight loss after
birth. Conversely, the curves for 29 and 30 weeks both show
clear evidence of postnatal weight loss, similar to 31 weeks,
with losses of 109 and 143 g, respectively, at 7-8 days. Despite
the apparent absence of postnatal weight loss for babies born
before 29 weeks’ gestation, the rate of weight gain is less than
that corresponding to the birth weight centiles, so that the mean
curves cross centiles downwards until at least 31 postmenstrual
weeks. For babies born at 29 weeks’ gestation or later, who lose
weight for 8 days on average, it takes 2 postnatal weeks on
average to stop downward centile crossing. Thus, from 32 post-
menstrual weeks, the mean growth curves for gestations earlier
than 30 weeks track roughly along the low birth weight centiles.
The tracking centiles and the growth rates are lower for the
earlier gestations, so that the growth curves by gestation splay
out after 31 postmenstrual weeks.

The complex pattern of weight gain following preterm birth
shown in figure 5 is hard to represent on a growth chart as the
patterns are gestation specific. One way to make the growth
curves more consistent by gestation is to express weight gain in
units of g/kg/d rather than g/d, as this tends to equalise the
mean weight gain. This can be achieved by plotting weight on
a logarithmic scale, as shown in figure 6. On conventional
plots like figure 5, the slope of each growth curve corresponds
to the growth rate in units of g/d. But in figure 6, the plot has
the property that the slope of the growth curve corresponds to
the weight gain in g/kg/d. From 31 postmenstrual weeks, the
growth curves by gestation are broadly parallel to each other
and concentrated between the 0.4th and 9th NICM centiles. A
solid curve in black is superimposed to reflect the average
pattern of growth across the gestations. To help convert the
slopes of individual growth curves to weight gain in g/kg/d, the
plot includes a ‘velocity fan’ which can be used to assess the
growth rate visually. The slopes of the different lines in the fan
correspond to different rates of weight gain in g/kg/d, and any
growth curve with the same slope corresponds to that growth
rate. So by eye, the weight gain of the heavy line peaks at
about 16 g/kg/d at 32 weeks and falls to about 8 g/kg/d at
42 weeks.

Table 2 Number of subjects and measurements in the longitudinal growth curve analysis, by completed week of gestation

Gestation (completed weeks)

22-23 24 25 26 27 28 29 30 31 Total
Subjects 176 328 352 438 522 632 708 805 1012 4973
Measurements 4016 10 280 11313 12 810 13610 14471 13019 11787 11 888 103 194
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Figure 3 Growth curves of weight by postmenstrual age in 1012 infants born at 31 weeks' gestation. The curves are shown (left) unadjusted and
(right) adjusted using each infant's SITAR (Superimposition by Translation and Rotation) random effects. See text for details.

DISCUSSION

Employing data captured in the course of clinical care, we
describe the pattern of postnatal growth in a large population
cohort of very preterm infants that is representative of contem-
poraneous medical management in UK neonatal units. We show
that birth weight centiles correspond broadly to those on the
NICM chart and that following initial weight loss in the more
mature infants, steady weight gain is achieved after 2-3 weeks
of age when mean weight tracks along a centile between the
0.4th and 9th NICM centile. We included data on all available
infants; hence, the longitudinal weight pattern reflects variation

gestation 22-23 weeks

5000

weight (g)
3000 4000
|

2000
|

1000
|

25 30 35 40 45
postmenstrual age (weeks)

in the patterns of nutritional support, extracellular water loss
and illness severity experienced by preterm neonates.

Weight gain within a prespecified range is meant to provide
reassurance that an infant is healthy, but for those born
preterm this is problematic, as the most healthy growth
pattern, leading to optimal long-term health outcomes, is
unknown. With a large population study such as this, we con-
sider it reasonable to assume that somewhere within the range
of growth shown for each gestational age group lies such a
pattern. The challenge for neonatal medicine is to identify
what that pattern is.

gestation 22-23 weeks adjusted

weight (g)
3000 4000 5000
| |

2000

1000

25 30 35 40 45

postmenstrual age (weeks)

Figure 4 Growth curves of weight by postmenstrual age in 176 infants born at 22-23 weeks' gestation. The curves are shown (left) unadjusted
and (right) adjusted using each infant's SITAR (Superimposition by Translation and Rotation) random effects. See text for details.
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Figure 5 Mean growth curves of weight by postmenstrual age and
week of gestation, superimposed on the British 1990 birth weight
reference.

There are two separate considerations, weight at birth and
postnatal weight gain. For weight at birth, preterm delivery is
the end result of a compromised pregnancy, so it is unsurprising
that an infant born preterm usually weighs less than a fetus of
the same gestational age in utero, indicating that some degree
of deceleration in intrauterine growth has occurred. At
25-26 weeks’ gestation, newborn infants are typically 50-100 g
lighter than the reference fetus, this difference rising to 200—
300 g at 30-31 weeks." In terms of postnatal growth, preterm
infants are often unwell and the delivery of enteral and paren-
teral nutrition is difficult, resulting in a slow rate of postnatal
weight gain and further divergence from centiles based on birth
weights. Thus, by 40 weeks postmenstrual age, the weight of
babies born before 32 weeks’ gestation is on average more than
one SD (one and a half centile channels on the chart) below the
mean for term-born babies.'® This understates our own observa-
tion of mean steady state growth more than two channel widths

below the NICM median (figures 5 and 6). Currently used
growth charts are constructed on the premise that by 40 weeks
postmenstrual age, an infant born preterm should attain the
weight of a term-born infant. As preterm infants are likely to
have suffered intrauterine and postnatal weight faltering, growth
charts depicting this trajectory are based on the assumption that
catch-up in weight over the short period to full term leads to
optimal health outcomes. Yet there is no evidence to suggest
that this degree of catch-up following growth restriction repre-
sents the optimum pattern for preterm infants, and much to
suggest that it may be harmful.

There are sound reasons to be concerned about the potential
long-term health cost of accelerated weight gain. There is com-
pelling evidence that it increases the risks of adverse metabolic
and cardiovascular outcomes. Abdominal adiposity, obesity,
insulin resistance, type 2 diabetes, dyslipidaemia, hypertension
and coronary artery disease have all been reported. Infants born
extremely preterm may be a group at particular risk. By term,
these infants have increased abdominal adiposity,'” in child-
hood, reduced insulin sensitivity,'® and when studied in young
adult life, abdominal adiposity, higher blood pressure, increased
hepatic lipid"® and reduced arterial distensibility,*® though
whether this is a consequence of accelerated growth remains
uncertain.”! Possibly, the most powerful arguments against rapid
postnatal weight gain come from animal studies of low birth
weight spanning five decades, which demonstrate that postnatal
dietary interventions to slow growth increase longevity and
protect against the risks posed by a high carbohydrate, high fat
diet in later life.?>~2*

Against this, it should be acknowledged that rapid early
weight gain in preterm infants is associated with improved
developmental outcome in infancy.”® *¢ Thus, there may be a
complex trade-off to be made between avoiding adverse meta-
bolic outcomes, through slower weight gain, and optimising
mental development, by increasing gain. However, it should be
noted that to date no other experimental study evaluating
‘aggressive’ nutritional regimens designed to achieve more rapid
growth in preterm infants has led to improved neurodevelop-
mental outcome. Whether the relationship between more rapid
weight gain and improved neurodevelopment is causal thus
remains unanswered. It is also plausible that non-nutritional
factors may play a part in the adverse neurodevelopmental out-
comes associated with growth impairment.

Figure 6 Mean growth curves of

3500
I

weight by postmenstrual age and
week of gestation, superimposed on
the British 1990 birth weight reference.
Weight is plotted on a log scale, so
the slope of each curve indicates
relative growth and the velocity fan
gives the slopes in g/kg/d.
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|
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Recommended nutritional intakes for preterm babies have
traditionally been calculated from the nutrient accretion rate of
the so-called reference fetus, to which is added nutrition neces-
sary to redress the cumulative shortfall acquired by preterm
infants during the early postnatal period.>” This poses a conun-
drum: should clinicians target nutritional support for preterm
infants to achieve the weight of term-born infants by term
(higher velocity) in keeping with the pattern depicted on
current growth charts, or should the target be convergence with
term-born trajectories at a later stage (lower velocity)? Despite
slow weight gain, the overwhelming majority of preterm infants
today rapidly catch up in relation to head circumference,?® and
in height as well as weight over a longer period, regardless of
the nature of early nutritional support.”’ The UK-WHO growth
standard indicates that by 1 year of age, term-born, breast-fed
infants are 500 g lighter than the weight depicted in the UK
1990 growth reference. A key question for neonatal care is
therefore whether preterm infants would also be better served
by a slower postnatal weight velocity, and separately whether
the emphasis of clinical management should be on optimising
early nutritional support, bearing in mind that that weight
change is a poor reflection of nutritional support in the immedi-
ate postnatal period, given the normal physiological loss of
extracellular fluid that occurs at this time.*° It is certainly the
case that many clinicians are reluctant to start parenteral nutri-
tion and minimal enteral feeds on day one. A more prompt
delivery of parenteral and enteral nutrition would undoubtedly
help minimise postnatal catabolism and loss of body solids
regardless of the difficulties of monitoring.

Knowing that very preterm babies follow a growth pattern
quite different from that portrayed on the NICM (and other)
weight charts, how might the charts be modified to make them
more useful? figure 6 illustrates one possibility, where weight is
plotted on a g/kg scale chart and this leads to longitudinal
growth patterns that are broadly independent of gestational age.
A simpler alternative would be to add a shaded region to the
NICM chart, starting at 30 weeks and extending from the 0.4th
to the 9th centile, representing the region where most growth
curves will be centred once steady state is reached.

Our study has some limitations. One is that measurements
obtained in the course of clinical care may not be as reliable as
those conducted to a research standard. Thus, for example, we
cannot be certain whether the lack of weight loss in the more
immature infants reflects measurement error, or the delayed loss
of extracellular water secondary to illness severity.’® Also,
detailed nutritional and fluid data were not available so it is not
possible to explore the extent to which local management may
have affected weight loss.

In addition, even though the fitted growth curves represent
the mean growth pattern for babies born at each week of gesta-
tion, the individual variation around the fitted curves is substan-
tial, as can be seen in figures 3 and 4. Some of the babies died,
and others were transferred elsewhere, and this will have biased
the mean curve shape to some extent. But the overall effect is
likely to be minor, given the large sample size and the long time
period, particularly for the most preterm babies.

The study also has several strengths. The large sample size
and the wide range of neonatal units providing data mean that
the findings broadly reflect how contemporaneous preterm
babies are growing, which in turn reflects current clinical prac-
tice. The application of the SITAR growth curve analysis has
highlighted the complex average growth pattern, varying as it
does by gestation. In particular, the SITAR analysis aims to
superimpose individual growth curves by shifting them up-down

and left-right, and this latter adjustment allows the individual
patterns of postnatal weight loss to be synchronised—in this
way the postnatal dip becomes clearer. Previous simpler
methods of growth curve analysis have been less successful in
modelling this portion of the mean growth curve.

The data we present should not in any way be construed as a
‘standard’, depicting an optimal pattern of third trimester post-
natal growth. We propose instead that the utility of our data lies
in the following points. We recommend that clinicians do not
assign the infant’s target centile at birth, that is, based on
birth weight. Instead it should be assigned based on weight at
2-3 weeks, once weight gain has steadied. Currently, babies
born at 29 weeks’ gestation or later take 2 weeks to stop down-
ward centile crossing, while those of 22-24 weeks take at least
3 weeks. Improved immediate nutritional support, coupled with
reduced illness severity brought about by other improvements in
care, might shorten this period. The use of electronic data
offers opportunity for frequent re-evaluation of postnatal
weight gain in large populations of preterm babies. In the
absence of randomised controlled trials targeting different pat-
terns of postnatal weight gain, this theoretically provides a
means to determine the rate of weight gain associated with
optimal long-term health.
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