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What’s Known on This Subject

In comparison with intrauterine growth charts, extremely preterm infants frequently
sustain intrauterine and early neonatal growth failure. Furthermore, extremely preterm
infants frequently experience impaired neurodevelopment, and poor growth is associ-
ated with impaired neurodevelopment.

What This Study Adds

This study enables the comparison of the effects of intrauterine, early neonatal, and
postdischarge growth on neurodevelopment at 5.4 years after intensive early neo-
natal nutrition. The results stress the importance of growth during the early neona-
tal period.

ABSTRACT

OBJECTIVE.Extremely preterm infants are at risk for poor growth and impaired neuro-
development. The objective of this study was to determine whether intrauterine,
early neonatal, or postdischarge growth is associated with neurocognitive and motor-
developmental outcome in extremely preterm infants.

METHODS. Surviving children who were born between July 1996 and June 1999 at �30
weeks’ gestation and with a birth weight �1500 g were evaluated at the age of school
entry by application of (1) a standardized neurologic evaluation, (2) the Kaufmann
Assessment Battery for Children, and (3) the Gross Motor Function Classification
Scale. Growth was assessed on the basis of SD scores of weight and head circumfer-
ence measured at birth, at discharge, and at the time of the follow-up examination.
All infants had received intensive early nutritional support.

RESULTS.A total of 219 (83%) of 263 long-term survivors were evaluated at a median
corrected age of 5.4 years. Increasing SD scores for weight and head circumference from
birth to discharge were associated with a reduced risk for an abnormal neurologic
examination. Catch-up growth of head circumference from birth to discharge was also
associated with a reduced risk for impaired mobility. Weight SD score at birth, an
increase of weight SD score from birth to discharge, and an increase of head circumfer-
ence SD score from discharge to follow-up had an effect on the mental processing
composite score. The effects of growth on neurodevelopment were by far exceeded by
the consequences of intraventricular and periventricular hemorrhage.

CONCLUSIONS.Growth from birth to discharge seemed to be associated with long-term
motor development. Cognitive development was associated with intrauterine growth
measured as weight at birth, early neonatal weight gain, and postdischarge head cir-
cumference growth. Improving particularly early neonatal growth may improve long-
term outcome in extremely preterm infants, but the effects of improved growth may
only be small. Pediatrics 2009;123:e101–e109

IN COMPARISON WITH intrauterine growth charts, extremely preterm infants frequently sustain intrauterine and
early neonatal growth failure.1–5 Furthermore, extremely preterm infants frequently experience impaired neuro-

development,6–10 and poor growth is associated with impaired neurodevelopment.11–15

Most studies on growth and neurodevelopment of extremely preterm infants are based on evaluations at the age
of 18 to 24 months12–14 (which may not necessarily be predictive of performance at school age16), and longer term
outcomes are rarely reported.11,15 Furthermore, most studies do not report on nutritional policies.
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Although intensive early neonatal nutritional sup-
port17–20 has been recommended repeatedly, long-term
growth and neurodevelopment after such intensive nu-
tritional support have rarely been reported. Further-
more, little is known about the effects of postdischarge
growth on long-term development. The aim of this
study, therefore, was to determine the contribution of
intrauterine, early neonatal, and postdischarge growth
until 5 years of age to long-term neurocognitive and
motor-developmental outcome in extremely preterm in-
fants after intensive early neonatal nutritional support.

METHODS

Study Subjects
This follow-up study was approved by the institutional
review board of the University of Ulm, and written pa-
rental consent was obtained. Eligible were all inborn
infants who had a gestational age of �30 weeks and a
birth weight �1500 g and were admitted to Ulm Uni-
versity level 3 NICU between July 1996 and June 1999.
The only exclusion criterion was missing written paren-
tal consent.

Policy of Nutrition
During the study period, all infants were started on
intravenous dextrose 10% on day 1 of life at a rate of 5.5
mg/kg per minute. Parenteral amino acids (2 g/kg per
day) and lipids (1 g/kg per day) were added the next
morning (ie, usually within 24 hours) and increased to 3
g/kg per day and 3 to 4 g/kg per day, respectively.
Intravenous dextrose was increased to a maximum total
intake of carbohydrates of 13 mg/kg per minute. Paren-
teral nutrition complemented enteral nutrition as long
as nutritional goals were not achieved on enteral nutri-
tion alone. Insulin was not administered unless blood
glucose levels exceeded 200 mg/dL despite reduction of
total carbohydrate intake to 5.0 to 5.5 mg/kg per minute.

Enteral nutrition was started with maltodextrin 15%
on day 1 and was advanced to milk feeds aiming at
�16-mL/kg per day increments in enteral nutrition pro-
vided that gastric residuals before each feed were �5
mL/kg and the abdominal examination was unremark-
able.21 Infants received either supplemented expressed
breast milk of their own mother or a standard preterm
infant formula, aiming to achieve a protein intake of 3.5
to 4.0 g/kg per day and an energy intake of 500 to 550
kJ/kg per day (as previously described22). An enteral
feeding volume of 100 mL/kg per day was achieved on
day 13 (median)22 and full feeds on day 16.21 After
discharge, parents were advised to feed either supple-
mented breast milk or the preterm infant formula until a
weight of 3.5 kg was reached. This regimen was similar
to feeding regimens that sometimes are classified as “ag-
gressive.”17–20

Measures of Growth
Weight and head circumference (HC) at birth and at
discharge were retrieved from the infants’ charts.
Weight and HC were prospectively measured at the
5-year follow-up examination.

Early neonatal growth was evaluated as the SD score
(SDS) at discharge minus the SDS at birth and postdis-
charge growth as the SDS at follow-up minus the SDS at
discharge. Because the SDS of weight decreased from
birth to discharge in 200 of 217 infants, early neonatal
growth was considered restricted only when the SDS of
weight fell by �1.

SDS for Weight and HC
SDSs were computed on the basis of the physical mea-
surements described already by using the Microsoft Ex-
cel add-in LMSgrowth (version 2.14; www.healthforall-
children.co.uk). The reference population is the British
1990 growth reference,23,24 fitted by maximum penalized
likelihood.24

Standardized Follow-up Assessment
The neurologic examination was performed by an expe-
rienced pediatric neurologist (Dr Steinmacher), who was
blinded for the perinatal risk factors and for prenatal and
early neonatal growth data. The neurologic examination
was rated as normal, mildly abnormal (in the presence of
minor neurologic signs such as broad gait, dysdiadocho-
kinesis, or dysmetria), or severely abnormal (in the pres-
ence of any paresis with or without spasticity, cerebral
nerve palsy, or ataxia).

Multidimensional assessment of mobility was per-
formed by the Gross Motor Functioning Classification
Scale (GMFCS).25 A score of 0 represents normal mobil-
ity, and 1 represents mild abnormality (ie, walking, run-
ning, and jumping are possible but somewhat reduced in
precision and velocity). A score of 2, 3, or 4 represents
obviously impaired and severely impaired mobility and
the lack of individual mobility, respectively.

Cognitive function was evaluated by the Kaufmann
Assessment Battery for Children (KABC). The KABC
comprises 2 summative scales: (1) the mental processing
composite, a global measure of cognitive ability in 2
subscales, sequential processing and simultaneous pro-
cessing, and (2) the achievement scale, an assessment of
knowledge of facts, language concepts, and school-re-
lated skills. The range of possible scores for both scales is
40 to 150. The test was last standardized in 1992 to a
mean of 100 and an SD of 15 in a German reference
population.26 The mental processing composite can be
interpreted similarly to an IQ. Children whose severe
cognitive impairment or disability precluded the use of
this assessment tool were assigned a score of 30 when
minimal speech and the ability for minimal communi-
cation with the parents were present and a score of 20
when no speech was present but at least minimal sen-
sory or motor achievements were elicited.

Statistical Analyses
In multiple logistic and multiple linear regression anal-
yses, gestational age, gender, multiple birth, severe in-
traventricular or periventricular hemorrhage (IVH/PVH;
�3°), periventricular leukomalacia, severe retinopathy
of prematurity (�3°), need for mechanical ventilation,
duration of mechanical ventilation (�7 days), language,
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and maternal education were considered as perinatal
risk factors.

Multiple logistic regression with forward selection
(selection level 5%) was performed to identify important
perinatal risk factors for prediction of poor neurodevel-
opment. After selection of important perinatal risk fac-
tors from the aforementioned set, measures of intrauter-
ine, early neonatal, and postdischarge growth were
entered into all models to evaluate whether any of these
had an additional value for prediction of poor neurode-
velopment beyond the predictive value of the perinatal
risk factors. Odds ratios with 95% confidence intervals
and P values were calculated. The value for prediction of
outcome of the important risk factors identified was
assessed by the area under the receiver operating char-
acteristic curve.

Multiple linear regression with forward selection (se-
lection level 5%) was used to identify important factors
for continuous outcomes. After selection of important
perinatal risk factors from the aforementioned set, mea-
sures of intrauterine, early neonatal, and postdischarge
growth were entered into the models to evaluate
whether any of these had an additional value for pre-
diction of poor neurodevelopment beyond the predictive

value of the perinatal risk factors. Parameter estimates
with 95% confidence intervals and P values were calcu-
lated: The goodness of fit of the model and the impor-
tance of a factor were assessed by R2 and partial R2. All
analyses were performed with SAS 9.1 (SAS Institute,
Cary, NC).

RESULTS
A total of 297 infants with a gestational age �30 weeks
and a birth weight �1500 g were admitted; 28 died
during their initial hospitalization (91% NICU survival)
and 6 after discharge. A total of 219 infants (83% of the
survivors) completed the follow-up assessment at a me-
dian corrected age of 5.4 years (range: 4.6–7.0 years).

The clinical characteristics are summarized in Table 1.
Infants who were lost to follow-up had higher birth
weight, higher gestational age, and shorter hospital stay
than infants with complete follow-up.

Measures of intrauterine, early neonatal, and postdis-
charge growth are depicted in Figs 1 and 2. Early neo-
natal growth failure was most common in the most
premature infants and occurred in �50% of the infants
who were born at �26 weeks’ gestation. The median
SDS for weight decreased from �0.7 at birth to �1.8 at

TABLE 1 Demographic and Neonatal Morbidity Data

Parameter Follow-up (n � 219) Lost to Follow-up
(n � 44)

Died (n � 34)

Gestational age, wk
Mean � SD 27.0� 1.7 27.9� 1.3 25.6� 1.9
Median (minimum–maximum) 27.1 (22.9–29.9) 28.4 (24.9–29.9) 25.1 (22.9–29.9)
�230⁄7, n (%) 1 (0.4) 0 (0.0) 2 (6.0)
230⁄7 to 256⁄7, n (%) 66 (30.0) 3 (7.0) 19 (56.0)
260⁄7 to 276⁄7, n (%) 78 (36.0) 17 (39.0) 8 (24.0)
280⁄7 to 296⁄7, n (%) 74 (34.0) 24 (55.0) 5 (15.0)

Birth weight, n (%), g
Mean � SD 867� 234 1022� 235 605� 180
Median (minimum–maximum) 850 (320–1460) 1070 (490–1480) 580 (300–1000)

Female gender, n (%) 119/219 (54) 21/44 (48) 22/34 (65)
Any antenatal steroids, n (%) 190/208 (91) 37/42 (88) 29/33 (88)
CRIB score

Mean � SD 5.3� 3.7 3.7� 2.2 9.0� 3.4
Median (minimum–maximum) 5 (0–16) 3.5 (1–8) 9 (2–15)
�3, n (%) 60/187 (32) 13/32 (30) 1/16 (3)
3–7, n (%) 74/187 (40) 18/32 (41) 3/16 (9)
8–12, n (%) 46/187 (25) 1/32 (2) 8/16 (24)
�12, n (%) 7/187 (4) 0/32 (0) 4/16 (12)
Not documented, n (%) 32/219 (15) 12/44 (27) 18/34 (53)

IVH/PVH � 2°, n (%) 18/218 (8) 4/44 (9) 12/31 (39)
PVL, n (%) 6/212 (3) 3/41 (7) 6/32 (19)
ROP �2°, n (%) 30/219 (14) 3/44 (7) 2/34 (6)
NEC �Bell stage 2, n (%) 13/217 (6) 3/44 (7) 4/34 (12)
CLD (FIO2 �0.21 at 36 wk), n (%) 64/213 (30) 9/44 (20) 11/14 (79)
Duration of hospital stay, d

Mean � SD 93� 40 81� 38 67� 86
Median (minimum–maximum) 85 (29–361) 77 (34–231) 20 (0–326)
�51, n (%) 20/219 (9) 10/44 (23) 21/34 (62)
51–100, n (%) 122/219 (56) 23/44 (52) 1/34 (3)
�100, n (%) 77/219 (35) 11/44 (25) 12/34 (35)

Percentages shown are column percentages. CRIB indicates Clinical Risk Index for Babies27; PVL, periventricular leukomalacia; ROP, retinopathy of
prematurity; NEC, necrotizing enterocolitis; CLD, chronic lung disease, defined as aminimum fraction of inspired oxygen (FIO2)�0.21 to achieve
a SpO2 �90% at 36 weeks’ postmenstrual age.

PEDIATRICS Volume 123, Number 1, January 2009 e103
 by on January 11, 2009 www.pediatrics.orgDownloaded from 

http://pediatrics.aappublications.org


discharge and increased again to �1.1 at follow-up. The
median SDS for HC decreased from �1.1 at birth to �1.4
at discharge and to �1.9 at follow-up.

Multiple logistic regression with forward selection of
perinatal risk factors and entering measures of growth
into these models revealed that early neonatal HC

growth defined as the HC SDS at discharge minus the HC
SDS at birth was an important predictor of neurologic
outcome and gross motor development at 5.4 years of
age (Table 2). Furthermore, early neonatal weight gain,
defined as the weight SDS at discharge minus the weight
SDS at birth was an important predictor of neurologic
outcome. Additional important risk factors in these
models were IVH/PVH, duration of mechanical ventila-
tion, retinopathy, and the education of the mother.

Multiple linear regression revealed that intrauterine
growth measured as SDS of weight at birth was an
important predictor of the mental processing composite
score at the age of 5.4 years (Table 3). In addition,
in-hospital weight gain, defined as the weight SDS at
discharge minus the weight SDS at birth, was another
important predictor of the mental processing composite.
An increase in the weight SDS from birth to discharge by
1 results in an increase in the mental processing com-
posite score by 3.3. HC growth but not weight gain from
discharge to follow-up was also an important predictor
of the mental processing composite. The analysis of par-
tial R2 revealed that the combined contribution of
growth until follow-up for the mental processing com-
posite score was exceeded only by the effect of severe
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FIGURE 1
Intrauterine, early neonatal, and postdischarge growth after in-
tensive early neonatal nutritional support depicted as propor-
tion of infants with weight or HC SDS less than �2. A, Gesta-
tional age 230⁄7 to 256⁄7weeks; B, gestational age 260⁄7 to 276⁄7; C,
gestational age 280⁄7 to 296⁄7 weeks.
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FIGURE 2
Intrauterine, early neonatal, and postdischarge growth depicted asmedian, interquartile
range, and 5th and 95th percentiles of SDS of weight (W) and HC at birth (B), discharge
(D), and follow-up (FU).
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IVH/PVH and the effect of prolonged mechanical venti-
lation, despite that parameters of growth were entered
into the model after all other perinatal risk factors (Table
3). The combined contribution of severe IVH/PVH and of
prolonged mechanical ventilation was �9 times greater
than the combined contribution of growth.

DISCUSSION
Preterm infants are at risk for impaired neurodevelop-
ment,6,9,10 and additional efforts to identify effective in-
terventions to improve outcomes for these vulnerable
children are required. Our study adds to the growing
body of evidence that growth is associated with neuro-
development in extremely preterm infants. This study
addresses several important aspects. First, it enables the
comparison of 3 periods of growth: intrauterine growth,
early neonatal (ie, in hospital) growth, and postdis-
charge growth. Second, this study enables the compari-
son of growth measured as HC and growth measured as
weight and the differential associations of weight and HC
with motor development and cognitive development.
Third, the study provides detailed outcome data of
growth and neurodevelopment in infants who were uni-
formly supported in keeping with current recommenda-
tions for intensive early neonatal nutrition.17–19

The results stress the importance of weight gain and
HC growth during the early neonatal period (ie, the
initial stay in the NICU) for long-term neurodevelop-

ment. Poor early neonatal HC growth was associated
with abnormal neurologic examination and abnormal
mobility at the age of 5.4 years, and poor early neonatal
weight gain was associated with abnormal neurologic
examination and with lower mental processing compos-
ite scores in multiple regression models accounting for
perinatal risk factors and socioeconomic status. Very
similar to our findings, Cooke15 reported that motor
development at 8 years of age correlated most strongly
with HC growth from birth to discharge. Ehrenkranz et
al14 reported that a higher rate of HC growth and weight
gain from birth to discharge was associated with a lower
incidence of cerebral palsy, subnormal mental develop-
mental index, and neurodevelopmental impairment.
These previous reports and this study leave unanswered
whether poor nutritional intake is the major determi-
nant of both poor growth and poor neurodevelopment
and, consequently, whether improving growth by inten-
sifying nutrition would result in better neurodevelop-
ment.

Factors that were associated with poor growth in the
early neonatal period (ie, in the NICU) were determined
previously: infants with major neonatal morbidities re-
gain birth weight later and thereafter gain weight more
slowly.1 Major neonatal morbidities are associated not
only with poor growth: extremely low birth weight
(ELBW) infants with nosocomial infection,28 necrotizing
enterocolitis,13 severe IVH,2 and bronchopulmonary dys-

TABLE 2 Odds Ratios of Perinatal Risk Factors for Abnormal Neurologic Examination or Abnormal Mobility FromMultiple Logistic Regressions
With Forward Selection After Entering Measures of Intrauterine, Early Neonatal, and Postdischarge Growth Into the Preselected
Models

Parameter Growth Measured as Weight
(n � 203)

Growth Measured as HC
(n � 188)

Mildly or Severely
Abnormal Neurologic

Examination

Abnormal Mobility
(GMFCS �1)

Mildly or Severely
Abnormal Neurologic

Examination

Abnormal Mobility
(GMFCS �1)

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

Perinatal risk factor
GA, wk a a a

Gender, male vs female a a a a

Multiple birth, yes vs no a a a a

IVH/PVH, �3° vs �3° 9.17 (2.23–37.70) .002 13.00 (3.37–50.00) .002 15.00 (2.69–84.10) .002 14.70 (3.44–62.50) .003
PVL, yes vs no a a a a

ROP, �3° vs �3° 2.90 (1.01–8.35) .049 3.55 (1.09–11.60) .035 3.63 (1.20–11.00) .023 4.43 (1.31–15.00) .017
MV, yes vs no a a a a

Duration of MV, �7 vs �7 d 2.23 (0.98–5.03) .055 2.49 (0.79–7.87) .119 2.02 (0.83–4.96) .124 2.12 (0.62–7.22) .229
Language, other vs German a a a a

Highest academic degree of mother, none or
lowest school degree vs higher degreesb

2.74 (1.30–5.75) .008 3.30 (1.16–9.37) .025 2.93 (1.32–6.53) .008 3.17 (1.13–8.88) .028

Measure of growth
SDS at birthc 0.80 (0.52–1.24) .315 1.33 (0.74–2.39) .346 1.10 (0.71–1.71) .662 1.36 (0.79–2.33) .265
SDS difference (discharge � birth)c 0.55 (0.30–0.99) .049 0.54 (0.25–1.18) .125 0.59 (0.39–0.89) .012 0.61 (0.38–0.97) .037
SDS difference (follow-up � discharge)c 0.84 (0.63–1.14) .265 0.72 (0.49–1.06) .095 0.96 (0.64–1.43) .813 0.81 (0.50–1.32) .406

Area under the ROC curve (c) 0.788 0.860 0.809 0.841

OR indicates odds ratio; CI, confidence interval; GA, gestational age; PVL, periventricular leukomalacia; ROP, retinopathy of prematurity; MV, mechanical ventilation; ROC, receiver operating
characteristic.
a Evaluated but not selected for this model.
b Lowest level of the 3-level German school system qualifying for nonacademic professional education.
c Measures of growthwere entered into eachmodel as continuous variables after perinatal risk factors hadbeen selected (entering thesemeasures of growth reduced the contributionof preselected
perinatal risk factors, particularly that of the duration of MV).
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plasia14 are at greater risk for having both poor growth
and poor neurodevelopment. These associations may
also be interpreted as indicators for a common patho-
physiology of poor growth and impaired outcome that
may not be easily corrected by nutritional efforts alone
(eg, severe inflammatory response syndromes associated
with catabolism and brain injury); however, that mea-
sures of growth did contribute to prediction of long-term
neurodevelopment after allowing for perinatal risk fac-
tors and socioeconomic status in our study supports the
hypothesis that the perinatal risk factors alone do not
explain the outcome, that growth is not just the conse-
quence of previous neonatal complications, and that
nutritional interventions may improve outcome. Never-
theless, the contribution of growth to long-term neuro-
development was small (partial R2 � 0.035) in our set-
ting of intensive neonatal nutritional support.

Can we improve early neonatal growth? Intensive
early neonatal nutritional support, similar to that pro-
vided in our cohort, improved growth and weight gain
in very low birth weight (VLBW) infants in a random-
ized trial.17 Increased energy supply during the first 10
days of life was associated with improved HC growth in
a cohort study of more mature VLBW infants.29 When
compared with a previous cohort of VLBW infants who
were born between 1994 and 1995 and for whom mean
weight was at the 50th percentile at birth and dropped to
far below the 10th percentile (corresponding to a drop of
SDS by �1.5) at �36 weeks’ gestation,1 our cohort lost
on average “only” 1.1 SDS after intensive neonatal nu-
tritional support, which is still by far not satisfactory.

Whether additional nutritional efforts will be able to

correct growth failure remains unknown. Nevertheless,
additional intensification of nutritional support (eg,
starting 3 g/kg per day parenteral amino acids as soon as
possible after birth) was recently recommended20 and
may further improve growth and outcome, although
another study suggested that increased amino acid sup-
plementation (3.5 g/kg per day instead of 2.5 g/kg per
day) alone may not be sufficient to improve growth.30

Furthermore, although intensifying parenteral nutrition
(aiming for 16.5 g/kg per day glucose, 4 g/kg per day
amino acids, and 4 g/kg per day lipids, including the
administration of insulin to correct hyperglycemia) re-
duced days to regain birth weight and improved cumu-
lative energy and protein intake, it did not improve HC
growth at 36 weeks’ postmenstrual age in a recent re-
port.31 Despite intensified parenteral nutrition, 80% of
these infants were still in a cumulative protein and en-
ergy deficit after 4 weeks, and energy and protein defi-
cits correlated with growth.31 Given the unsatisfactory
growth outcome in that cohort as well as in our cohort,
additional efforts to improve growth are mandatory but
may not be realized easily.

Whether additional nutritional efforts will not only
prevent growth failure but also improve neurodevelop-
ment remains even more uncertain. At least, higher
energy intake in the first 10 days of life was associated
not only with improved HC growth but also with im-
proved neurodevelopment until 6 years of life in a co-
hort of more mature VLBW infants.29 Again, in more
mature infants, feeding a nutrient-enriched formula re-
sulted in improved cognitive development at 8 years of
age.32 Furthermore, total brain volume at term and

TABLE 3 Effect of Perinatal Risk Factors on Mental Processing Composite by Multiple Linear Regressions With Forward Selection After
Entering Measures of Intrauterine, Early Neonatal, and Postdischarge Growth Into the Preselected Models

Parameter Growth Measured as Weight
(n � 197)

Growth Measured as HC
(n � 184)

Mental Processing Composite Mental Processing Composite

Parameter Estimate
(95% CI)

Partial
R2

P Parameter Estimate
(95% CI)

Partial
R2

P

Perinatal risk factor
GA, wk a a

Gender, male vs female a a

Multiple birth, yes vs no a a

IVH/PVH, �3° vs �3° �21.60 (�29.60 to 13.70) 0.213 �.001 �20.60 (�29.40 to 11.90) 0.213 �.001
PVL, yes vs no �13.70 (�26.00 to 1.45) 0.020 .029 �14.80 (�27.30 to 2.42) 0.020 .020
ROP, �3° vs �3° a a

MV, yes vs no a a

Duration of MV, �7 vs �7 d �9.86 (�14.50 to 5.18) 0.113 �.001 �10.60 (�15.60 to 5.50) 0.113 �.001
Language, other vs German a a

Highest academic degree of mother, none or
lowest school degree vs higher degreesb

�5.55 (�9.70 to 1.41) 0.016 .009 �4.25 (�8.68 to 0.17) 0.016 .060

Measure of growth 0.035 0.032
SDS at birthc 3.52 (1.05 to 5.98) .005 2.32 (�0.10 to 4.74) .060
SDS difference (discharge � birth)c 3.30 (0.04 to 6.57) .047 1.80 (�0.47 to 4.06) .120
SDS difference (follow-up � discharge)c 0.12 (�1.51 to 1.75) .884 2.21 (0.02 to 4.41) .048

Total R2 of the model 0.396 0.393

CI, confidence interval; GA, gestational age; PVL, periventricular leukomalacia; ROP, retinopathy of prematurity; MV, mechanical ventilation.
a Evaluated but not selected for this model.
b Lowest level of the 3-level German school system qualifying for nonacademic professional education.
c Measures of growth were entered into each model as continuous variables after perinatal risk factors had been selected.
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physical and mental developmental indices at 3 months’
corrected age correlated with the cumulative energy def-
icit at 28 days of life33; however, intensified parenteral
nutrition did not result in improved total brain volume
or higher developmental indices,33 and early administra-
tion of parenteral amino acids in ELBW infants, al-
though associated with improved weight gain, was not
associated with improved neurodevelopment in a sec-
ondary analysis of a randomized trial.34

In addition to early neonatal growth, intrauterine
growth measured as weight at birth was associated with
the mental processing composite at 5.4 years of age.
Similarly, Cooke15 reported that cognitive development
at 8 years of age was associated with intrauterine
growth. A birth weight �10th percentile was previously
associated with poor growth, developmental delay, and
language problems at 56 months of age35; however, tak-
ing into account numerous risk factors for poor neuro-
development, Vohr et al36 did not find a strong associa-
tion of being small versus appropriate for gestational age
and neurodevelopment at 22 months of age.

Finally, postdischarge growth measured as weight
was not associated with neurodevelopment at 5.4 years
after adjustment for perinatal risk factors in our cohort,
who were fed preterm infant formula or fortified breast
milk until reaching a weight of 3.5 kg. Similarly, poor
postdischarge growth measured as HC, which was very
common in our cohort, was not associated with either
abnormal neurologic examination or abnormal mobility
at the age of 5.4 years and was only weakly associated
with lower mental processing composite scores. This
seems to be in contrast to previous reports of an associ-
ation of low weight or low HC in infancy or childhood
and poor neurodevelopment11,12,15; however, postdis-
charge growth was determined differently in this study:
because low weight and low HC for gestational age at
birth and at discharge were associated with low weight
and low HC at follow-up in our and other cohorts,4,14,35

we decided to measure postdischarge growth as the SDS
at follow-up minus the SDS at discharge. Similar to our
results, Cooke15 reported that HC measured at 4 years
was associated with poor outcome, whereas the differ-
ence of HC SDS at 4 years and at discharge was not.
Similarly, also in infants who were born at term, HC
growth in utero and until the first year of life was found
to be associated with neurodevelopment, whereas HC
growth from 1 to 4 years of age was not.37

Most longitudinal studies of VLBW and ELBW infants
show catch-up of weight during childhood,4,38,39 and our
results are in agreement with these findings. This
catch-up in weight may suggest that nutrition in this
period after discharge from the NICU is adequate in most
patients and that neither HC growth nor neurodevelop-
ment may be further improved by nutritional supple-
mentation beyond the NICU. This is in keeping with a
recent review that suggested that there is little evidence
that nutritional supplementation of preterm infants after
discharge will improve growth and outcome.40

Nevertheless, it is a disturbing finding of our study
that the median SDS for HC decreased further after
discharge, despite an overall improvement in weight,

and that postdischarge HC growth was at least weakly
associated with the mental processing composite at 5.4
years. In the light of a recent report of improved brain
and corticospinal tract growth in a small number of term
and preterm infants with perinatal brain injury after an
energy- and protein-supplemented postdischarge diet,41

we cannot rule out that there are subgroups of preterm
infants for whom outcome may be improved with addi-
tional intensification of postdischarge diet.

Our finding of a consistent association of early neo-
natal growth measured both as weight and as HC with
several measures of neurodevelopment at 5.4 years may
support the hypothesis that there is a sensitive period
during late pregnancy and early neonatal life during
which malnutrition may result in impaired long-term
neurodevelopment.42 A randomized, controlled trial
powered to evaluate long-term neurodevelopment will
be necessary to test this hypothesis.

According to our linear regression models, roughly
3% of the variability of the mental processing composite
score was explained by growth. Although small, the
contribution of growth to the mental processing com-
posite score was exceeded only by the contribution of
severe IVH/PVH and the duration of mechanical venti-
lation. Furthermore, the contribution of measures of
growth to the predictive value of the model may have
been underestimated by deliberately entering the mea-
sures of growth after selection of perinatal and socioeco-
nomic risk factors. In addition, the contribution of
growth to long-term neurodevelopment may be more
important in settings of less intensive nutritional sup-
port. More than half of the variability of the mental
processing composite was not explained by these mod-
els’ taking into account major perinatal risk factors, so-
cioeconomic factors, and growth, suggesting that addi-
tional factors contribute to long-term cognitive outcome.

The strengths of our study are the relative long-term
follow-up, the high follow-up rate, the standardized as-
sessment, and the uniform nutritional policy followed
throughout the study period. The weaknesses of the
study are the lack of data on actual nutritional intakes
both in hospital and after discharge, the noninterven-
tional and single-center design, and the relatively small
number of children.

CONCLUSIONS
Poor intrauterine growth and poor early neonatal in-
hospital growth were common in our extremely preterm
infants and were associated with impaired long-term
development. Supporting growth in the NICU may re-
sult in improved neurodevelopment, although the effect
may be small. After discharge, extremely preterm infants
showed catch-up growth of weight but not of HC.
Whereas poor postdischarge HC growth was weakly as-
sociated with lower mental processing composite scores,
postdischarge weight gain did not seem to have an ad-
ditional impact on neurodevelopment in this group of
infants.
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Foundation (Bad Homburg, Germany) and the Rudolf
and Clothilde Eberhardt Foundation (Ulm, Germany).

REFERENCES
1. Ehrenkranz RA, Younes N, Lemons JA, et al. Longitudinal

growth of hospitalized very low birth weight infants. Pediatrics.
1999;104(2 pt 1):280–289

2. Dusick AM, Poindexter BB, Ehrenkranz RA, Lemons JA.
Growth failure in the preterm infant: can we catch up? Semin
Perinatol. 2003;27(4):302–310

3. Clark RH, Thomas P, Peabody J. Extrauterine growth restric-
tion remains a serious problem in prematurely born neonates.
Pediatrics. 2003;111(5 pt 1):986–990

4. Hack M, Schluchter M, Cartar L, Rahman M, Cuttler L, Bo-
rawski E. Growth of very low birth weight infants to age 20
years. Pediatrics. 2003;112(1). Available at: www.pediatrics.org/
cgi/content/full/112/1/e30

5. Cooke RJ, Ainsworth SB, Fenton AC. Postnatal growth
retardation: a universal problem in preterm infants. Arch Dis
Child Fetal Neonatal Ed. 2004;89(5):F428–F430

6. Hack M, Taylor HG, Klein N, Eiben R, Schatschneider C, Mer-
curi Minich N. School-age outcomes in children with birth
weights under 750 g. N Engl J Med. 1994;331(12):753–759

7. Wolke D, Meyer R. Cognitive status, language attainment, and
prereading skills of 6-year-old very preterm children and their
peers: the Bavarian Longitudinal Study. Dev Med Child Neurol.
1999;41(2):94–109

8. Gross SJ, Mettelman BB, Dye TD, Slagle TA. Impact of family
structure and stability on academic outcome in preterm chil-
dren at 10 years of age. J Pediatr. 2001;138(2):169–175

9. Vohr BR, Allan WC, Westerveld M, et al. School-age outcomes
of very low birth weight infants in the indomethacin intraven-
tricular hemorrhage prevention trial. Pediatrics. 2003;111(4).
Available at: www.pediatrics.org/cgi/content/full/111/4/e340

10. Marlow N, Wolke D, Bracewell MA, Samara M. Neurologic and
developmental disability at six years of age after extremely
preterm birth. N Engl J Med. 2005;352(1):9–19

11. Hack M, Breslau N, Weissman B, Aram D, Klein N, Borawski E.
Effect of very low birth weight and subnormal head size on
cognitive abilities at school age. N Engl J Med. 1991;325(4):
231–237

12. Connors JM, O’Callaghan MJ, Burns YR, et al. The influence of
growth on development outcome in extremely low birth-
weight infants at 2 years of age. J Paediatr Child Health. 1999;
35(1):37–41

13. Hintz SR, Kendrick DE, Stoll BJ, et al. Neurodevelopmental
and growth outcomes of extremely low birth weight infants
after necrotizing enterocolitis. Pediatrics. 2005;115(3):696–703

14. Ehrenkranz RA, Dusick AM, Vohr BR, Wright LL, Wrage LA,
Poole WK. Growth in the neonatal intensive care unit influ-
ences neurodevelopmental and growth outcomes of extremely
low birth weight infants. Pediatrics. 2006;117(4):1253–1261

15. Cooke RW. Are there critical periods for brain growth in chil-
dren born preterm? Arch Dis Child Fetal Neonatal Ed. 2006;
91(1):F17–F20

16. Hack M, Taylor HG, Drotar D, et al. Poor predictive validity of
the Bayley Scales of Infant Development for cognitive function
of extremely low birth weight children at school age. Pediatrics.
2005;116(2):333–341

17. Wilson DC, Cairns P, Halliday HL, Reid M, McClure G, Dodge
JA. Randomised controlled trial of an aggressive nutritional
regimen in sick very low birthweight infants. Arch Dis Child
Fetal Neonatal Ed. 1997;77(1):F4–F11

18. Thureen PJ, Hay WW Jr. Early aggressive nutrition in preterm
infants. Semin Neonatol. 2001;6(5):403–415

19. Hay WW. Early postnatal nutritional requirements of the very
preterm infant based on a presentation at the NICHD-AAP
workshop on research in neonatology. J Perinatol. 2006;
26(suppl 2):S13–S18

20. Ehrenkranz RA. Early, aggressive nutritional management for
very low birth weight infants: what is the evidence? Semin
Perinatol. 2007;31(2):48–55

21. Mihatsch WA, Franz AR, Hogel J, Pohlandt F. Hydrolyzed
protein accelerates feeding advancement in very low birth
weight infants. Pediatrics. 2002;110(6):1199–1203

22. Franz AR, Mihatsch WA, Sander S, Kron M, Pohlandt F. Pro-
spective randomized trial of early versus late enteral iron sup-
plementation in infants with a birth weight of less than 1301
grams. Pediatrics. 2000;106(4):700–706

23. Freeman JV, Cole TJ, Chinn S, Jones PR, White EM, Preece
MA. Cross sectional stature and weight reference curves for the
UK, 1990. Arch Dis Child. 1995;73(1):17–24

24. Cole TJ, Freeman JV, Preece MA. British 1990 growth refer-
ence centiles for weight, height, body mass index and head
circumference fitted by maximum penalized likelihood. Stat
Med. 1998;17(4):407–429

25. Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Ga-
luppi B. Development and reliability of a system to classify
gross motor function in children with cerebral palsy. Dev Med
Child Neurol. 1997;39(4):214–223

26. Melchers P, Preuss U. Adaptation of the Kaufman Assessment
Battery for Children for German- speaking areas: part 1—in-
troduction of the battery [in German]. Z Kinder Jugendpsychiatr.
1992;20(2):85–93

27. The CRIB (clinical risk index for babies) score: a tool for as-
sessing initial neonatal risk and comparing performance of
neonatal intensive care units. The International Neonatal Net-
work. Lancet. 1993;342(8865):193–198

28. Stoll BJ, Hansen NI, Adams-Chapman I, et al. Neurodevelop-
mental and growth impairment among extremely low-birth-
weight infants with neonatal infection. JAMA. 2004;292(19):
2357–2365

29. Brandt I, Sticker EJ, Lentze MJ. Catch-up growth of head
circumference of very low birth weight, small for gestational
age preterm infants and mental development to adulthood.
J Pediatr. 2003;142(5):463–468

30. Clark RH, Chace DH, Spitzer AR. Effects of two different doses
of amino acid supplementation on growth and blood amino
acid levels in premature neonates admitted to the neonatal
intensive care unit: a randomized, controlled trial. Pediatrics.
2007;120(6):1286–1296

31. Tan MJ, Cooke RW. Improving head growth in preterm
infants: a randomised controlled trial—I: neonatal outcomes.
Arch Dis Child Fetal Neonatal Ed. 2008;93(5):F337–F341

32. Lucas A, Morley R, Cole TJ. Randomised trial of early diet in
preterm babies and later intelligence quotient. BMJ. 1998;
317(7171):1481–1487

33. Tan MJ, Abernethy L, Cooke RW. Improving head growth in
preterm infants: a randomised controlled trial—II: MRI and
developmental outcomes in the first year. Arch Dis Child Fetal
Neonatal Ed. 2008;93(5):F342–F346

34. Poindexter BB, Langer JC, Dusick AM, Ehrenkranz RA. Early
provision of parenteral amino acids in extremely low birth
weight infants: relation to growth and neurodevelopmental
outcome. J Pediatr. 2006;148(3):300–305

35. Gutbrod T, Wolke D, Soehne B, Ohrt B, Riegel K. Effects of
gestation and birth weight on the growth and development of
very low birthweight small for gestational age infants: a
matched group comparison. Arch Dis Child Fetal Neonatal Ed.
2000;82(3):F208–F214

e108 FRANZ et al
 by on January 11, 2009 www.pediatrics.orgDownloaded from 

http://pediatrics.aappublications.org


36. Vohr BR, Wright LL, Poole WK, McDonald SA. Neurodevelop-
mental outcomes of extremely low birth weight infants �32
weeks’ gestation between 1993 and 1998. Pediatrics. 2005;
116(3):635–643

37. Gale CR, O’Callaghan FJ, Bredow M, Martyn CN. The influence
of head growth in fetal life, infancy, and childhood on intelligence
at the ages of 4 and 8 years. Pediatrics. 2006;118(4):1486–1492

38. Brandt I, Sticker EJ, Gausche R, Lentze MJ. Catch-up growth
of supine length/height of very low birth weight, small for
gestational age preterm infants to adulthood. J Pediatr. 2005;
147(5):662–668

39. Saigal S, Stoskopf B, Streiner D, Paneth N, Pinelli J, Boyle M.
Growth trajectories of extremely low birth weight infants from

birth to young adulthood: a longitudinal, population-based
study. Pediatr Res. 2006;60(6):751–758

40. Henderson G, Fahey T, McGuire W. Nutrient-enriched formula
versus standard term formula for preterm infants following
hospital discharge. Cochrane Database Syst Rev. 2007;(4):
CD004696

41. Dabydeen L, Thomas JE, Aston TJ, Hartley H, Sinha SK, Eyre
JA. High-energy and -protein diet increases brain and cortico-
spinal tract growth in term and preterm infants after perinatal
brain injury. Pediatrics. 2008;121(1):148–156

42. Dobbing J. Undernutrition and the developing brain: the rel-
evance of animal models to the human problem. Am J Dis Child.
1970;120(5):411–415

PEDIATRICS Volume 123, Number 1, January 2009 e109
 by on January 11, 2009 www.pediatrics.orgDownloaded from 

http://pediatrics.aappublications.org



