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Longitudinal Growth of Hospitalized Very Low Birth Weight Infants

Richard A. Ehrenkranz, MD*; Naji Younes, PhD‡; James A. Lemons, MD§; Avroy A. Fanaroff, MB, BCh\;
Edward F. Donovan, MD¶; Linda L. Wright, MD#; Vasilis Katsikiotis, PhD‡; Jon E. Tyson, MD, MPH**;

William Oh, MD‡‡; Seetha Shankaran, MD§§; Charles R. Bauer, MD\\; Sheldon B. Korones, MD¶¶;
Barbara J. Stoll, MD##; David K. Stevenson, MD***; and Lu-Ann Papile, MD‡‡‡

ABSTRACT. Background. The interpretation of
growth rates for very low birth weight infants is ob-
scured by limited data, recent changes in perinatal care,
and the uncertain effects of multiple therapies.

Objectives. To develop contemporary postnatal
growth curves for very low birth weight preterm infants
and to relate growth velocity to birth weight, nutritional
practices, fetal growth status (small- or appropriate-for-
gestational-age), and major neonatal morbidities (chronic
lung disease, nosocomial infection or late-onset infec-
tion, severe intraventricular hemorrhage, and necrotizing
enterocolitis).

Design. Large, multicenter, prospective cohort study.
Methods. Growth was prospectively assessed for 1660

infants with birth weights between 501 to 1500 g admit-
ted by 24 hours of age to 1 of the 12 National Institute of
Child Health and Human Development Neonatal Re-
search Network centers between August 31, 1994 and
August 9, 1995. Infants were included if they survived >7
days (168 hours) and were free of major congenital anom-
alies. Anthropometric measures (body weight, length,
head circumference, and midarm circumference) were
performed from birth until discharge, transfer, death, age
120 days, or a body weight of 2000 g. To obtain represen-
tative data, nutritional practices were not altered by the
study protocol.

Results. Postnatal growth curves suitable for clinical
and research use were constructed for body weight,
length, head circumference, and midarm circumference.
Once birth weight was regained, weight gain (14.4–16.1
g/kg/d) approximated intrauterine rates. However, at hos-
pital discharge, most infants born between 24 and 29
weeks of gestation had not achieved the median birth
weight of the reference fetus at the same postmenstrual
age. Gestational age, race, and gender had no effect on

growth within 100-g birth weight strata. Appropriate-for-
gestational age infants who survived to hospital dis-
charge without developing chronic lung disease, severe
intraventricular hemorrhage, necrotizing enterocolitis, or
late onset-sepsis gained weight faster than comparable
infants with those morbidities. More rapid weight gain
was also associated with a shorter duration of parenteral
nutrition providing at least 75% of the total daily fluid
volume, an earlier age at the initiation of enteral feed-
ings, and an earlier age at achievement of full enteral
feedings.

Conclusions. These growth curves may be used to
better understand postnatal growth, to help identify in-
fants developing illnesses affecting growth, and to aid in
the design of future research. They should not be taken
as optimal. Randomized clinical trials should be per-
formed to evaluate whether different nutritional man-
agement practices will permit birth weight to be regained
earlier and result in more rapid growth, more appropriate
body composition, and improved short- and long-term
outcomes. Pediatrics 1999;104:280–289; very low birth
weight infant, growth curves, National Institute of Child
Health and Human Development Neonatal Research Net-
work.

ABBREVIATIONS. VLBW, very low birth weight; PN, parenteral
nutrition; SGA, small-for-gestational age; AGA, appropriate-for-
gestational age; CLD, chronic lung disease; NEC, necrotizing en-
terocolitis; NICHD, National Institute of Child Health and Human
Development; HC, head circumference; MAC, midarm circumfer-
ence.

Daily evaluation of body weight is a standard
practice in the care of very low birth weight
(VLBW) preterm infants, and changes in

weight are used to adjust fluid and nutritional man-
agement and to help identify infants with signs of
illness. However, such management is often based
on practice style rather than an understanding of the
expected weight gain for infants who have different
birth weights, gestational ages, postnatal ages, and
clinical problems. Weight changes during the first
week of life primarily reflect fluctuation of total body
water, whereas changes beyond the second week of
life seem to reflect growth in response to nutritional
support.1

In 1948, Dancis et al2 published growth curves
derived from 100 preterm infants with birth weights
ranging from 1000 to 2500 g; a curve for infants
weighing 750 g at birth that was based on the obser-
vations for only a few survivors was also included.
Those curves are still widely used today, despite
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major changes in many aspects of neonatal care,
including nutritional support. However, “no attempt
was made to achieve statistical accuracy in construct-
ing these curves” and the curves “represent what the
premature infant who develops without complica-
tions will do when fed and handled in a certain
arbitrary manner.”2 Dancis and his colleagues2 also
stated that the “chief variable in determining the
weight curve of such a premature infant is the feed-
ing policy.”

More recent reports3–8 have described postnatal
weight changes in surviving preterm infants. The
growth rates for VLBW infants exceeded those pre-
dicted by the Dancis curves.2 The authors suggested
that the differences may reflect changes in nutritional
management and cautioned that the observed
growth rates may not be optimal. Although a greater
number of extremely low birth weight infants were
included in these studies, data for infants with birth
weights ,750 g are still limited.

We have performed a multicenter, prospective co-
hort study to define postnatal longitudinal growth
for VLBW infants. Our specific objectives were: 1) to
develop postnatal growth curves for VLBW preterm
infants that would permit an assessment of growth
velocity; 2) to relate growth velocity and nutritional
practices (duration of parenteral nutrition [PN], age
at first enteral feeding and age at full enteral feed-
ing); 3) to compare growth velocity in infants who
are small-for-gestational age (SGA) with infants who
are appropriate-for-gestational age (AGA); and 4) to
relate growth velocity to several common, major
morbidities, including chronic lung disease (CLD),
nosocomial infection (or late-onset infection) and ne-
crotizing enterocolitis (NEC). These growth data
may be useful in identifying preterm infants who are
growing slowly despite current nutritional support
and in designing and performing clinical trials of
nutritional interventions.

PATIENTS AND METHODS OF DATA COLLECTION
Data were collected on 1660 infants with birth weights between

501 to 1500 g who were inborn or admitted at 24 hours of age or less
to 1 of the 12 National Institute of Child Health and Human Devel-
opment (NICHD) Neonatal Research Network centers between Au-
gust 31, 1994 and August 9, 1995, survived .7 days (168 hours) and
were free of major congenital anomalies. Five hundred twelve addi-
tional infants admitted to NICHD Neonatal Research Network cen-
ters were excluded during the study period; 220 did not survive
longer than 1 week, 133 were ineligible because they were admitted
after 24 hours of age, had major congenital anomalies or a birth
weight ,501 g, and 160 for various other reasons, but primarily
because study-specific data forms were not submitted. Growth mea-
sures were performed from birth until a body weight of 2000 g was
reached (n 5 898), until discharge (n 5 482), transfer (n 5 173), death
(n 5 84), or age 120 days (n 5 23). To obtain representative data,
nutritional practices and other aspects of neonatal care were not
altered by the study protocol. The participating centers included: the
University of Tennessee at Memphis (study population [n] 5 233),
the University of Miami (n 5 171), the Rainbow Babies and Chil-
dren’s Hospital at Case Western Reserve University (n 5 165), the
Wayne State University School of Medicine (n 5 165), the University
of Texas Southwestern Medical Center at Dallas (n 5 163), the Indi-
ana University (n 5 147), the Women and Infants Hospital at Brown
University (n 5 147), the Grady Memorial Hospital at Emory Uni-
versity (n 5 124), the Yale-New Haven Children’s Hospital at Yale
University (n 5 100), the Stanford University (n 5 96), the University
of Cincinnati (n 5 84), and the University of New Mexico (n 5 65).

Data for each eligible infant were prospectively collected using

previously described definitions for data variables and clinical
conditions.9–11 Gestational age in completed weeks was based on
best obstetrical estimate, if one existed, otherwise it was estimated
from the last menstrual period, standard obstetrical observations,
and ultrasonography.11 Trained research nurses performed the
anthropometric measurements and abstracted study data from the
infants’ charts. The research nurse from each participating center
who was primarily responsible for performing the anthropometric
measurements attended a training session before the start of the
study; the measurement techniques were standardized at that
training session. Morbidity and mortality data were analyzed for
all infants until discharge, transfer, death, or 120 days after birth,
which ever came first. SGA was defined as birth weight less than
the 10th percentile for gender according to Arbuckle et al.12 CLD
was defined by the administration of oxygen at 36 weeks of
postmenstrual age. Late-onset sepsis was defined as a positive
blood or cerebral spinal fluid culture obtained in the presence of
compatible clinical signs of septicemia occurring after 72 hours of
age or culture negative clinical infection after 72 hours of age for
which the infant received antibiotics for 5 or more days. Infants
were considered to have definite NEC if they met or exceeded the
modified Bell’s staging criteria IIA.13 Severe intraventricular hem-
orrhage was defined as a grade 3 or 4 hemorrhage according to the
grading scale described by Papile et al.14 The information was
entered onto a local personal computer using a distributed data
entry system developed by the George Washington University
Biostatistics Coordinating Center. Data were electronically trans-
ferred weekly to the coordinating center for editing, including
checks for discrepancies and inconsistencies. Edit reports were
sent to each center for clarification or corrections.

Anthropometric Measurements
Body weight was recorded daily for a minimum of 14 days or

until birth weight was regained, whichever occurred later, and then
weekly. Measurements were performed at a standard time each day
with digital electronic scales (reading to at least the nearest 10 g).
Before the start of the study and at 4 to 6 month intervals, the
accuracy of the scales were verified using standard weights.

Recumbent length was measured weekly with a Premie Length
Board (O’Leary, Ellard Instrumentation LTD, Seattle, WA). One
examiner held the infant’s head in a vertical position with the top
of the head touching the fixed headboard, while a second exam-
iner extended the legs and firmly placed the movable footboard
against the infant’s heels.15

Head circumference (HC) was measured weekly. It was deter-
mined by applying a paper measurement tape firmly around the
head above the supraorbital ridges, at the most prominent part of
the frontal bulge anteriorly, and over the part of the occiput that
gave the maximum circumference.16

Midarm circumference (MAC) was measured weekly. It was
determined by applying a paper measurement tape firmly around
the upper arm at the midpoint; the midpoint was located by
measuring the distance between the acromion and the olecranon
with the arm in a horizontal position.16 If possible, the same arm
was used throughout the infant’s hospitalization.

Length, HC, and MAC measurements were each performed
twice. An average of the two values was recorded. If the measure-
ments differed by more than 5%, additional measurements were
performed and the median value was recorded.

Statistical Methods
The infants were divided in 100-g birth weight intervals from

501 g to 1500 g, and separate curves were constructed for weight,
length, HC, and MAC within each interval. To accommodate
patient-to-patient variation, mixed-effects models were used.17 Be-
cause the measurements (weight in particular) vary nonlinearly
with time, quadratic regression splines18,19 were used for the sys-
tematic part of the models. These models have the ability to fit
arbitrary smooth nonlinear functions while using a small number
of parameters. The model for body weight (W) on day of life t,
expressed as a piecewise quadratic curve is:

Wt 5 u BW 1b1t 1 b2(T1 2 t)2 1 b3(T2 2 t)2 1 et for t # T1
BW 1 b1t 1 b3(T2 2 t)2 1 et for T1 , t # T2
BW 1 b1t 1 et for t . T2

The model assumes that body weight (Wt) decreases from birth
weight (BW) before age T1 reaches its minimum in the time inter-
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val between T1 and T2, and then increases linearly beyond T2. The
error terms, et, are assumed to be independent and identically
distributed with a normal distribution. The parameters, b1, b2, and
b3, are patient specific random effects and are estimated by max-
imum likelihood, conditionally on the knot positions, T1 and T2.
The fit is repeated with a grid search for T1 and T2 until conver-
gence. Similar models were used to construct curves for length,
HC, and MAC.

A reference population of infants who were AGA and survived
to discharge without developing severe intraventricular hemor-
rhage, NEC, CLD, or late-onset sepsis was identified. This popu-
lation was stratified by 200-g birth weight intervals to increase the
number of reference infants within each birth weight interval
below 1101 g. Curves comparing growth between infants in this
reference population and the remaining infants with those mor-
bidities were constructed, as described above, with the infants
within each of the 200-g birth weight intervals from 501 to 1500 g.
Additional curves prepared within these 200-g birth weight inter-
vals compared growth between: 1) AGA and SGA infants; 2)
infants with and without CLD; 3) infants who had and who had
not experienced late-onset sepsis; 4) infants who received at least
75% of their total daily fluid volume as PN for the median dura-
tion or less and infants who received that amount of PN for longer
than the median duration; 5) infants who were started on enteral
nutrition at the median age or earlier and infants who were started
at greater than the median age; and 6) infants who achieved full
enteral nutrition (.100 kcal/kg/d) at the median age or earlier
and infants who were older than the median age.

The average daily increments for body weight (g/d and
g/kg/d) and the average weekly increments for length, HC, and
MAC were computed for the period between the time that the
infant regained birth weight and discharge, transfer, death, age
120 days, or until a body weight of 2000 g was reached. Seventeen
infants who never regained birth weight were excluded from these
calculations.

The velocity of growth for an individual infant was character-
ized by the average daily weight gain after birth weight was
regained, and by the weekly average gains in length, HC, and
MAC. Pearson correlations were obtained among these four mea-
sures, and between the measures of gestational age, race (black
versus not black), and gender. In addition, Pearson correlations
were obtained between the age at first enteral feeding and the age
at which full enteral feedings were achieved.

RESULTS
Characteristics of the entire study population strat-

ified by 100-g birth weight intervals are displayed in
Tables 1 and 2. Each 100-g birth weight interval
between 501 and 1500 g, except for the 501 to 600 g
strata, contained more than 100 infants who survived
for .7 days (168 hours). Although the percentages of

males, whites, SGA infants, and infants who experi-
enced morbidities are similar to those previously
reported by the NICHD Neonatal Research Net-
work,9–11 males and whites are underrepresented and
SGA infants are overrepresented in study infants
with birth weights ,701 g. As expected, the number
of days that PN provided at least 75% of the total
daily fluid volume, the age in days when enteral
feedings were initiated and the age in days when full
enteral feedings were achieved tended to decrease
progressively as birth weight increased.

Growth velocity by 100-g birth weight intervals is
listed in Table 3. All available anthropometric mea-
surements were used from all infants, regardless of
their nutritional status or clinical course. Statistically
significant, positive correlations between the veloci-
ties of weight, length, HC, and MAC gains were
demonstrated, indicating that infants who tended to
grow fast in one measure tended to grow fast in the
others. Within each 100-g birth weight interval, ges-
tational age, race, and gender had no effect on the
growth rate. Average daily weight gain (g/kg body
weight/d) after regaining birth weight was similar
across 100-g birth weight intervals, ranging between
14.4 and 16.1 g/kg/d (1.44%/d to 1.61%/d). Simi-
larly, weekly growth in length, HC, and MAC was
similar across 100-g birth weight intervals, averaging
;0.9 cm/wk, 0.9 cm/wk, and 0.35 cm/wk, respec-
tively.

Curves plotting body weight, length, HC, and
MAC versus postnatal age for each 100-g birth
weight stratum in this population are shown in Figs
1, 2, 3, and 4, respectively. Similar to the data used
for Table 3, Figs 1 to 4 are based on anthropometric
measurements from all infants, regardless of their
nutritional status or clinical course.

The characteristics of the reference population are
shown in Table 4. Growth curves constructed from
models which estimated growth within each 200-g
birth weight interval for the reference population
and for the remaining infants with morbidities are
shown in Fig 5. The curves for both groups of infants
with birth weights 501 to 700 g are similar for the first

TABLE 1. Infant Characteristics

Birth Weight Interval (g)

501–600 601–700 701–800 801–900 901–1000 1001–1100 1101–1200 1201–1300 1301–1400 1401–1500

Number 61 136 163 144 191 168 175 198 211 213
Gestational age (wk)* 24.8 6 1.9 25.2 6 1.8 25.7 6 1.5 26.8 6 2.0 27.6 6 1.9 28.5 6 2.0 29.0 6 2.1 29.8 6 1.9 30.4 6 1.9 30.9 6 1.9
% Male 36.1 44.1 56.4 52.1 53.9 49.4 46.0 48.0 55.5 49.3
% White 26.2 33.8 36.8 37.5 35.6 38.1 35.4 31.8 34.6 46.0
% SGA† 52.5 42.2 27.3 18.6 18.5 21.0 22.8 19.9 19.0 15.2
% Survival‡ 63.9 84.6 84.0 93.1 91.6 98.8 98.9 99.0 100.0 100.0
% Chronic lung disease§ 52.4 37.9 43.3 28.7 25.5 18.1 13.2 10.2 6.3 8.5
% Late-onset sepsis\ 80.3 77.9 71.8 64.6 51.3 45.2 30.9 25.3 17.1 17.5
% Severe IVH¶ 24.6 20.6 19.0 14.0 12.0 7.2 5.2 5.1 2.0 1.6
% NEC# 8.2 15.4 12.3 10.4 8.9 7.1 4.0 4.0 1.9 3.3

Abbreviations: SGA, small-for-gestational age; IVH, intraventricular hemorrhage; NEC, necrotizing enterocolitis.
* Best obstetrical estimate (mean 6 SD).
† Birth weight ,10 percentile according to Arbuckle et al.12

‡ Survival of infants meeting inclusion criteria (ie, survival .168 hours).
§ Oxygen dependence at 36 weeks postmenstrual age.
\ Sepsis occurring after 72 hours of age with proven culture and/or treated with antibiotics for .5 days.
¶ Grade 3–4 IVH.14

# NEC, Bell’s Stage II or worse.13
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42 days; afterward the curves separate with a differ-
ence of ;175 g present at 84 days of age. However,
because only 4% of the infants with birth weights 501
to 700 g were included in the reference population,
the validity of that curve is questionable. A compar-
ison of the curves for infants with birth weights .700

g demonstrated that infants in the reference popula-
tion tended to regain birth weight sooner, weighed
20 to 40 g more at 28 days of age, and weighed at
least 100 g more at 56 days of age than infants of
comparable birth weight with morbidities.

The growth of infants with and without CLD and

TABLE 2. Nutritional Characteristics

Birth Weight
Interval

(g)

Duration
PN $75%*

(Days)

Age at First
Enteral Feeding

(Days)

Age at Full
Enteral Feeding

(Days)

Age to Regain
Birth Weight†

(Days)

501–600 20.8 6 15.8‡ 9.2 6 5.5 33.8 6 15.6 15.2 6 12.2
601–700 20.7 6 15.0 9.5 6 9.5 34.0 6 19.3 16.7 6 12.6
701–800 15.6 6 11.3 8.0 6 6.6 27.3 6 15.2 17.2 6 12.3
801–900 14.0 6 11.2 6.2 6 5.6 23.0 6 13.8 15.5 6 10.1
901–1000 12.2 6 9.9 5.7 6 5.1 20.8 6 12.5 14.4 6 9.7

1001–1100 10.3 6 9.2 4.8 6 3.6 18.3 6 12.1 12.8 6 7.5
1101–1200 7.4 6 6.8 3.9 6 3.7 14.2 6 9.5 13.2 6 8.5
1201–1300 5.7 6 5.0 3.1 6 2.6 12.1 6 8.0 11.5 6 7.6
1301–1400 4.8 6 5.6 2.9 6 2.9 10.7 6 7.6 12.0 6 7.3
1401–1500 4.9 6 5.2 2.8 6 2.7 10.7 6 7.7 11.6 6 6.6

Abbreviation: PN, parenteral nutrition.
* Duration of PN providing at least 75% of the total daily fluid volume.
† Birth weight regained and maintained for 2 days.
‡ Mean 6 SD.

TABLE 3. Growth Velocity by Birth Weight Interval*

Birth Weight
Interval, g

(n)

Weight Gain Length
(cm/wk)

Head
Circumference

(cm/wk)

Midarm
Circumference

(cm/wk)(g/d) (g/kg/d)

501–600 (53) 15.27 13.99 0.99 0.90 0.42
601–700 (128) 16.81 13.46 0.95 0.89 0.39
701–800 (155) 18.60 13.96 1.01 0.94 0.42
801–900 (139) 20.06 14.46 1.02 0.94 0.42
901–1000 (184) 21.04 14.63 1.02 0.97 0.42

1001–1100 (163) 22.83 15.22 1.00 0.94 0.42
1101–1200 (171) 24.73 15.98 1.00 0.95 0.43
1201–1300 (187) 26.34 16.28 0.99 1.00 0.48
1301–1400 (200) 27.15 16.17 0.96 0.89 0.45
1401–1500 (203) 27.77 16.00 0.86 0.74 0.25

* The average daily increments for body weights (g/d and g/kg/d) and the average weekly increment for length, head circumference,
and midarm circumference were computed for the period between the time that birth weight was regained and discharge, transfer, death,
age 120 days, or until a body weight of 2000 g was reached.

Fig 1. Average daily body weight
versus postnatal age in days for infants
stratified by 100-g birth weight inter-
vals.
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of infants who experienced and who did not experi-
ence late-onset sepsis was also compared. These
analyses revealed curves similar to those comparing
the reference population to the infants with morbid-
ities in Fig 5. Although the growth curves of infants
with birth weights 501 to 700 g were not affected by
the development of CLD, the curves for the other
infants with CLD and the curves for the infants with
late-onset sepsis were slower than those for infants
without CLD or late-onset sepsis; specifically, a body
weight of 2000 g was reached ;1 to 2 weeks later
than the comparable birth weight cohort without
those morbidities. During the study period ;22% of
the infants with birth weights 501 to 1500 g (center
range, 10%–34%) received corticosteroids for treat-

ment of CLD; such treatment has been associated
with slower growth.20,21

A comparison of the growth of SGA and AGA
infants is shown in Fig 6. Within each 200-g birth
weight interval the SGA infants returned to birth
weight 3 to 5 days sooner, gained weight faster, and
reached a body weight of 2000 g ;3 to 7 days earlier
than did their comparable AGA birth weight cohort.

Comparisons of the growth curves of infants
within 200-g birth weight intervals revealed that in-
fants who received at least 75% of their total daily
fluid volume as PN for a shorter time period (median
duration or less) gained weight faster; that infants
who were started on enteral nutrition earlier (median
age or younger) gained weight faster; and that in-

Fig 2. Average weekly length versus
postnatal age in weeks for infants
stratified by 100-g birth weight inter-
vals.

Fig 3. Average weekly head circum-
ference versus postnatal age in weeks
for infants stratified by 100-g birth
weight intervals.
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