
Early Alteration of Structural and Functional
Brain Development in Premature Infants Born

with Intrauterine Growth Restriction
CRISTINA BORRADORI TOLSA, SLAVA ZIMINE, SIMON K. WARFIELD, MONICA FRESCHI,

ANA SANCHO ROSSIGNOL, FRANCOIS LAZEYRAS, SYLVIANE HANQUINET,
MIRJAM PFIZENMAIER, AND PETRA S. HÜPPI

Child Development Unit, Department of Pediatrics, Children’s Hospital, 1211 Geneva, Switzerland
[C.B.T., M.F., A.S.R., P.S.H.], Department of Radiology [S.Z., F.L., S.H.], Department of Obstetrics and

Gynaecology [M.P.], University Hospital, 1211 Geneva, Switzerland, and Computational Radiology
Laboratory, Department of Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston,

MA 02115, U.S.A. [S.K.W.]

Placental insufficiency with fetal intrauterine growth restriction
(IUGR) is an important cause of perinatal mortality and morbidity
and is subsequently associated with significant neurodevelopmental
impairment in cognitive function, attention capacity, and school
performance. The underlying biologic cause for this association is
unclear. Twenty-eight preterm infants (gestational age 32.5 � 1.9
wk) were studied by early and term magnetic resonance imaging
(MRI). An advanced quantitative volumetric three-dimensional
MRI technique was used to measure brain tissue volumes in 14
premature infants with placental insufficiency, defined by abnormal
antenatal Doppler measurements and mean birth weights �10th

percentile (1246 � 299 g) (IUGR) and in 14 preterm infants
matched for gestational age with normal mean birth weights 1843 �
246 g (control). Functional outcome was measured at term in all
infants by a specialized assessment scale of preterm infant behavior.
Premature infants with IUGR had a significant reduction in intra-
cranial volume (mean � SD: 253.7 � 29.9 versus 300.5 � 43.5 mL,
p � 0.01) and in cerebral cortical gray matter (mean � SD: 77.2 �
16.3 versus 106.8 � 24.6 mL, p � 0.01) when measured within the
first 2 wk of life compared with control premature infants. These
findings persisted at term with intracranial volume (mean � SD:
429.3 � 47.9 versus 475.9 � 53.4 mL, p � 0.05) and cerebral
cortical gray matter (mean � SD: 149.3 � 29.2 versus 189 � 34.2

mL, p � 0.01). Behavioral assessment at term showed a signifi-
cantly less mature score in the subsystem of attention-interaction
availability in IUGR infants (p � 0.01). Cerebral cortical gray
matter volume at term correlated with attention-interaction capacity
measured at term (r � 0.45, p � 0.05). These results suggest that
placental insufficiency with IUGR have specific structural and func-
tional consequences on cerebral cortical brain development. These
findings may provide insight into the structural-functional correlate
for the developmental deficits associated with IUGR. (Pediatr Res
56: 132–138, 2004)

Abbreviations
IUGR, intrauterine growth restriction
MR, magnetic resonance
MRI, magnetic resonance imaging
CSF, cerebrospinal fluid
MWM, myelinated white matter
UMWM, unmyelinated white matter
CGM, cortical gray matter
SGM, subcortical gray matter
ICV, total intracranial volume
APIB, Assessment of Preterm Infant Behavior

An increasing number of developmental disorders (1, 2) and
diseases (3, 4) in child and adult life are thought to have their
origin in the fetal period. Central to this predisposition is fetal

growth (5). The fetus receives its nutrients from the maternal/
uterine circulation via the placenta. Any disturbance in the
placental-fetal circulation will therefore have severe conse-
quences on the supply of important nutrients such as oxygen,
glucose, and amino acids (6). The placenta itself is also an
active endocrine organ and, therefore, changes in nutrient
availability will also affect placental and, potentially, fetal
endocrine function, in particular, the modification of the hy-
pothalamo-pituitary-adrenal axis (7, 8). Placental insufficiency,
which is the most common cause of IUGR, has further been
shown to be associated with a considerable perinatal mortality
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and long-term morbidity (9, 10). Multiple follow-up studies of
infants with IUGR have shown that fetal IUGR is associated
with significant neurodevelopmental disabilities in fine and
gross motor skills, cognitive function, activity, self-regulation,
language, abstract reasoning, recognition memory, concentra-
tion, attention, mood, and school performance in both preterm
and term infants (2, 11–17). Neurostructural correlations with
these observed developmental disabilities in the human, which
would help to understand the underlying mechanisms, are
missing.

There is strong experimental evidence for a deleterious
effect of placental insufficiency on fetal brain development
(18). Recent animal studies clearly demonstrated the negative
impact of chronic intrauterine hypoxia and protein restriction
on cell number and cell size, with overall lighter brain weight
and lower DNA content as well as reduced synapse numbers
(19–21).

The objective of this study was to use quantitative volumet-
ric three-dimensional (3D) MRI techniques and neurobehav-
ioral assessment to measure the impact of IUGR with placental
insufficiency on brain growth, brain tissue composition, and
brain functioning during early human brain development in
premature newborns.

SUBJECTS AND METHODS

Subjects. Premature infants born with IUGR and placental
insufficiency were consecutively identified and recruited for
MRI studies and neurobehavioral assessment. The study was
approved by the medical ethical review board of our hospital
and written informed consent was obtained from all parents.
For each infant with IUGR, defined as birth weight below the
10th percentile for gestational age and gender (22), and abnor-
mal Doppler values within the umbilical artery, one control
infant (appropriate-for-gestational-age, and normal flow in the
umbilical artery) matching for gestational age at birth was
identified. Gestational age was determined using ultrasonogra-
phy in early pregnancy.

Doppler ultrasonography was used to monitor fetomaternal
blood exchanges and the fetal hemodynamic state, by measur-
ing the resistance index (RI) and systolic/diastolic velocities
(S/D) in both maternal uterine arteries and fetal vessels [um-
bilical artery (UA), middle cerebral artery (MCA), ductus
venosus, ductus arteriosus, and aortic isthmus]. These mea-
surements were repeated until delivery. Infants were recruited
as follows: the first inclusion criterion was IUGR defined by
fetal measurements between 20 and 36 wk of pregnancy. The
second inclusion criterion was the presence of placental insuf-
ficiency, defined as a resistance to arterial umbilical flow
higher than the 95th percentile measured by the two indexes (RI
and S/D) within one (the last) or several measurements (23).
Infants were delivered prematurely for risk of fetal distress or
increased maternal risk.

Our study population included 28 preterm infants. Fourteen
infants with placental insufficiency and mean birth weights
�10th percentile (1246 � 299 g) (IUGR) with gestational age
(GA) at birth of 32.2 � 2.2 wk, were compared with 14 infants
matched for GA with mean birth weights 1843 � 246 g

(control) with GA at birth of 32.8 � 1.6 wk. Head circumfer-
ences at birth were significantly different in the two groups
(27.4 � 1.6 cm in IUGR infants versus 29.8 � 1.8 cm in
control infants, p � 0.001).

Eight IUGR preterm infants and 11 control preterm infants
had received one or two courses of antenatal corticosteroids for
lung maturation. Primary adaptation was not different in the
two groups: Apgar at 5 min (9 � 0.6, versus 9 � 0.5), and
umbilical artery pH (7.23 � 0.08, versus 7.24 � 0.07). Infants
included in the analysis had a normal standard neurologic
examination and were free of cerebral pathology, such as
intraventricular hemorrhage, ventriculomegaly, or white matter
injury assessed by early ultrasound and early MRI. One infant
initially recruited was diagnosed with periventricular leukoma-
lacia and was excluded from the current analysis. No differ-
ences in initial neonatal illness severity were found between
IUGR and controls. Infants with respiratory distress syndrome
requiring intubation and mechanical ventilation, malforma-
tions, sepsis, and severe hypoglycemia were also excluded. All
infants were started on enteral feeding, breast milk and/or
formula, on the first or second day of life.

The initial MRI examination was undertaken in all prema-
ture infants within postconceptional age the first 2 wk of life
(Early MRI—IUGR: 33.7 � 1.4 wk postconceptional age
(PCA), controls: 34.3 � 1.5 wk PCA). An advanced quantita-
tive volumetric 3D-MRI analysis technique was used to quan-
tify cerebral tissue volumes. Both a full repeat MR imaging
examination and a specific neurobehavioral examination
(APIB) were performed at due date (Term MRI—IUGR: 40.1
� 0.6 wk PCA, controls: 40 � 0.6 wk PCA).

Methods. For the MR studies, the infants were accompanied
by a physician specialized in newborn care to the MRI suite.
They were positioned in a vacuum pillow inside the scanner
and monitored with ECG and pulse oximetry (Odam and
Bruker, Wissembourg, France). Earmuffs (Natus Medical Inc.,
San Carlos, CA, U.S.A.) were used to minimize noise expo-
sure. No sedation was used for any of the studies. Achieved
image quality was excellent, with an absence of motion artifact
and excellent contrast of gray matter, white matter, and CSF.

MR image acquisition. MRI scanning was performed using
a 1.5 T Marconi (Philips Medical Systems, Andover, MA,
U.S.A.) MR system. For the acquisition of the primary MRI
data, two different imaging modes were applied: a 3D Fourier-
transform fast gradient recalled sequence (1.5-mm coronal
slices, flip angle 25°, repetition time 15 ms, echo time 4.4 ms,
field of view 18 cm, matrix 256 � 256) and a double-echo
(proton density and T2-weighted) spin-echo sequence (1.5-mm
coronal slices, repetition time 3500 ms, echo times 30 and 150
ms, field of view 18 cm, matrix 256 � 256, interleaved
acquisition). The voxel (volume of pixel) dimensions for both
acquisitions were 0.7 � 0.7 � 1.5 mm.

MR image processing. Images were analyzed on worksta-
tions (Sun Microsystems, Mountain View, CA, U.S.A.) by an
established postacquisition image processing protocol previ-
ously described and validated by our group (24–26). The
protocol is based on mathematical algorithms designed to
reduce imaging noise to align gradient-echo images, T2-
weighted, and proton-density 3D data sets to classify cerebral
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tissue according to signal behavior and anatomic localization,
and, finally, to estimate volume for each tissue class to com-
pute absolute volumes of CGM, SGM, UMWM, MWM, and
CSF. Absolute volumes of each cerebral tissue were deter-
mined, and these absolute volumes were also referenced to the
total ICV and, thereby, reported as relative percentage of each
cerebral tissue within the intracranial cavity (% ICV).

Neurobehavioral assessment. Functional neurologic out-
come was measured by a specialized neurobehavioral assess-
ment at term. The APIB is a behavioral assessment tool
specifically designed for the documentation of brain function-
ing in preterm infants in the newborn period. The APIB is a
modification of the standardized Brazelton Neonatal Behav-
ioral Assessment Scale (27) and has itself been standardized in
various studies (28, 29). Quantification includes measurement
of level of differentiation and modulation of various behavioral
systems, namely: 1) autonomic or physiologic system, 2) the
motor organizational system, 3) the state organizational sys-
tem, 4) the attention-interaction system and 5) the self-
regulation system, reflecting the infant’s pattern of current
behavioral organization and integration, which takes also into
account 6) the examiner facilitation necessary to regulate the
preterm infant’s behavior. These scores are referred to as the
“system scores” and identify the differential subsystem stabil-
ity of the infant. They are considered to be the key parameters
of the APIB and are the neurobehavioral measures used in this
study. The examinations were performed in a quiet room,
where lighting was indirect and soft. Scoring was performed
according to the well-established procedure (28). All five
system scores range from 1 to 9, 1 reflecting best performance
and 9 compromised performance with poor behavioral differ-
entiation. Interobserver reliability in administration and scor-
ing was achieved by an established training process.

Statistical analysis. Statistical analysis was performed using
SPSS for Windows (SPSS Inc., Chicago, IL, U.S.A.). Group
comparison of MRI and APIB scores in IUGR and control
infants was performed by t test for independent means and
one-way ANOVA. For comparison of Early MRI and Term
MRI in the two groups of preterm infants examined at two
different time points, we used a t test for paired sample. MRI
measures were also subjected to a two-way ANOVA (F test),
testing for group, time and group by time interaction effects.
Level of statistical significance was set at p � 0.05. Pearson’s
correlation was calculated between the behavior score atten-

tion/interaction and CGM volume in IUGR infants and
controls.

RESULTS

Early quantitative volumetric MR analysis was performed
within 2 wk of birth in 14 IUGR premature infants and 14
premature control infants. A full repeat MR scan protocol and
detailed neurobehavioral assessment was undertaken at term in
all infants.

Quantitative Structural Analysis Comparing IUGR with
Control Premature Infants

Gray matter volumes: CGM and SGM. The comparison
between premature infants born with IUGR due to placental
insufficiency and controls showed a marked reduction in CGM
absolute volume in IUGR infants shortly after birth (p � 0.01),
which remained significantly reduced at the second examina-
tion at term (p � 0.01). There was a 28% reduction of CGM
volume in premature infants born with IUGR relative to vol-
ume in control gestational age matched premature infants
shortly after birth and a 21% reduction at term (Table 1, Fig.
1).

Relative volume of CGM as percentage of ICV in premature
infants born with IUGR was smaller but not statistically dif-
ferent at birth (IUGR: 30.7 � 6.6%ICV; control: 35.4 �
5.7%ICV; p � 0.09), but was significantly reduced when
compared with relative CGM volume in control infants at term
(IUGR: 34.6 � 3.9%ICV; control: 39.6 � 4.5%ICV; p �
0.01).

SGM volume, which represents the volume of basal ganglia
and thalamus together, were similar between the two groups
both shortly after birth and at term (Table 1).

White matter volumes: MWM and UMWM. MWM abso-
lute volumes in premature infants with IUGR were not statis-
tically different from the volumes in the control infants in both
early and term MRI. The volume of UMWM was very similar
between the two groups (Table 1).

CSF volumes. There was no significant difference in CSF
absolute volume between IUGR infants and control premature
infants in early and term MRI examinations (Table 1).

ICV and total brain tissue volumes. ICV (a summation of
CGM, MWM, UMWM, SGM, and both intraventricular and
extracerebral CSF) was also calculated as an overall assess-

Table 1. Early MRI and term MRI: comparison of cerebral tissue volumes (as absolute volume (mL)) in premature infants born with
IUGR and control premature infants

Brain region

Early MRI Term MRI

IUGR Control p Value IUGR Control p Value

Total intracranial volume 253.7 � 29.9 300.5 � 43.5 �0.01 429.3 � 47.9 475.9 � 53.4 �0.05
Total brain tissue volume 229.9 � 24.7 270.6 � 41.6 �0.05 377.7 � 42.2 419.3 � 40.3 �0.05
Cerebral cortical gray matter 77.2 � 16.3 106.8 � 24.6 �0.01 149.3 � 29.2 189 � 34.2 �0.01
Basal ganglia/thalamus 17 � 6.8 16.8 � 1.8 0.92 21.5 � 4.9 22.1 � 4.4 0.72
Unmyelinated white matter 131 � 21.6 141.3 � 27.7 0.34 198.5 � 21.4 198.6 � 26 0.99
Myelinated white matter 4.7 � 1.9 5.7 � 1.8 0.21 8.3 � 3.7 9.5 � 3.7 0.42
Cerebrospinal fluid 23.7 � 9.9 29.9 � 12 0.19 51.6 � 15.7 56.6 � 28.8 0.57

Values are mean � SD.
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ment of head growth. In the early MRI examination and also at
term, premature infants born with IUGR had a marked reduc-
tion in ICV, compared with the volume in control infants
(Early MRI: p � 0.01; Term MRI: p � 0.05) (Table 1, Fig. 2).
Shortly after birth, ICV was reduced by 16% in the premature
infants with IUGR relative to the control group and remained
reduced by 10% at term. Total brain tissue volume (ICV
excluding CSF) was also significantly reduced in premature
infants born with IUGR compared with control infants in both
examinations (Early MRI and Term MRI: both p � 0.05)
(Table 1). Total brain tissue volume reduction was similar to
ICV reduction in the IUGR infants.

Analysis of covariance. The results of the repeated ANOVA
of the structural brain development with MRI are as follows:

there was a significant time effect with an increase of absolute
volumes of CGM (p � 0.0001), CSF (p � 0.0001), MWM (p
� 0.001), UMWM (p � 0.0001), SGM (p � 0.01), and ICV (p
� 0.0001) from the first 2 wk after birth to term. CGM volume
and ICV showed also a significant group effect, with the IUGR
infants showing a reduction of these volumes compared with
control infants (p � 0.001 and p � 0.01, respectively ). There
was no significant group by time interaction effect in the MRI
measurements. Thus, the IUGR infants had reduced CGM
volume and ICV shortly after birth and at term with no
significant difference in volume increase over time (Figs. 1 and 2)

Neurobehavioral Assessment

In terms of assessment of the functional maturation, the
APIB showed less mature scores in the IUGR infants compared
with control infants. In particular, the attention-interaction
score was significantly higher (low maturity) in IUGR patients
compared with control infants because they had more difficul-
ties in maintaining attention and responsiveness to animate and
inanimate stimuli and in interacting with various social stimuli.
The differences in the other neurobehavioral scores (autonomic
and motor reactivity, state organization, and self-regulatory
capacity) did not reach significance in the two groups (Table 2).

Growth Parameters

IUGR infants had a significantly lower body weight at term
compared with body weight in control infants (2581 � 351 g,
versus 3339 � 479 g, p � 0.0001). Average weight gain per
week from birth to 40 wk PCA was significantly different in the
two groups, with a poor weight gain in IUGR infants compared
with the control group (164 � 35 g, versus 206 � 46 g, p �
0.01). Furthermore, there was a significant difference at term
between these two groups in head growth as assessed by
measurement of the occipito-frontal circumference (33.9 � 1.2
cm in IUGR infants versus 35.4 � 1.1 cm in control infants, p
� 0.01). There was no significant group by time interaction
effect in body weight and head growth.

Correlations between Structural and Functional
Parameters

Head circumference correlated with ICV (r � 0.86, p �
0.01) and with CGM volume (r � 0.76, p � 0.01). CGM
absolute volume at term correlated also with behavior score of
attention-interaction capacity (r � 0.45, p � 0.05) (Fig. 3).

Figure 1. Cerebral cortical gray matter volumes within the first 2 wk of life
(Early MRI) and at term (Term MRI) in premature infants born with IUGR and
in control premature infants (expressed as medians with 25th/75th centile box,
10th/90th centile error bars, and outliers).

Figure 2. Total brain volumes within the first 2 wk of life (Early MRI) and
at term (Term MRI) in premature infants born with IUGR and in control
premature infants (expressed as medians with 25th/75th centile box, 10th/90th

centile error bars, and outliers).

Table 2. Behavioral assessment (APIB)

IUGR Control p Value

Autonomic 5.2 � 0.8 4.6 � 0.6 0.06
Motor 5.3 � 1 4.7 � 0.8 0.1
State organizational 4.9 � 1 5 � 0.8 0.8
Attention/interaction 6 � 1.2 4.8 � 0.9 �0.01
Self-regulation 5.1 � 0.9 5 � 0.9 0.9
Examiner facilitation 4.1 � 1 4.3 � 1.5 0.7

Mean and SD of the APIB subsystem scores for the IUGR and control
groups derived from the behavioral examination at term. All system scores are
scaled from 1 to 9, with 1 representing well-organized performance and 9
representing poorly organized performance.
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DISCUSSION

This study demonstrates significant alterations in brain tissue
volumes in preterm infants born with IUGR using in vivo 3D
quantitative volumetric MRI with tissue segmentation. These
findings point to a first biologic correlate for the well-described
association of IUGR with later neurodevelopmental deficit
(30).

The present study also documents differences in neurobe-
havioral outcome at term between preterm infants born with
IUGR and preterm infants without IUGR.

Effects of IUGR on brain tissue volumes. The predominant
neurostructural difference observed in the IUGR infants com-
pared with gestational age-matched control infants was found
in the cortical gray matter, with a significant reduction in
absolute cortical gray matter volume. Cortical gray matter
volume in IUGR infants was reduced by 28% compared with
control infants shortly after birth and remained reduced at term.
This difference was not accompanied by any change in volume
of CSF in IUGR infants compared with controls and no
difference in white matter volumes both myelinated and non-
myelinated. Toft et al. (31), using semi-quantitative assessment
of MRI at term, had suggested in an earlier study that effects of
IUGR decreased the gray-to-white matter ratio, suggesting that
fetal growth restriction reduces gray matter volume more than
white matter.

As an expression of combined intrauterine and postnatal
brain growth, overall brain tissue volumes were measured at
term and showed a 10% reduction in IUGR infants compared
with control infants, the latter showing similar total brain tissue
volumes documented for preterm infants at term in our prior
studies (24, 25)

Relative cortical gray matter volume given as percentage of
total intracranial volume was reduced in IUGR infants and
confirmed the selective reduction of cortical gray matter vol-

ume in IUGR infants compared with control infants, indicating
that mechanisms involved in reduced brain growth in IUGR
predominantly affected cerebral cortical development. Both
total brain tissue volume and cortical gray matter volume
change over time showed no catch-up growth in our IUGR
group. As this was a short period of time, further follow-up of
this population at 18 mo will determine whether this holds true.

Insights into the pathogenesis of the cerebral alteration
associated with IUGR due to poor placental function. Several
important pathophysiologic mechanisms occur during IUGR
due to poor placental function. Hemodynamic changes lead to
repetitive episodes of hypoxemia (6, 32) and placental tropho-
blast cell dysfunction leads to loss of nutrients and alteration of
placental hormone homeostasis (7, 33). There is strong neuro-
pathologic evidence for a deleterious effect of early malnutri-
tion and IUGR on brain development, with a reduction in cell
number and cell size with overall lower brain weight (19, 34,
35). Experimental studies in different animal models of IUGR
have shown neuronal degeneration in the hippocampal pyra-
midal neurons and loss of dendritic branches and density of
granular neurons in the dentate gyrus, with an overall reduction
of cellularity by 30% (36), which resulted in reduced overall
hippocampal volume measured by MRI (37).

There is growing evidence that the neuroendocrine conse-
quences of fetal malnutrition and IUGR (38) are mainly in the
modification of the hypothalamo-pituitary-adrenal (HPA) axis.
Umbilical cord plasma levels of corticotropin-releasing hor-
mone have been shown to be markedly elevated in IUGR
fetuses (39), and fetal cortisol levels were found to be higher in
IUGR than control infants (40). Recent quantitative MRI stud-
ies evaluating the effects of repeated antenatal glucocorticoid
therapy and postnatal corticosteroid therapy found significant
reductions in the overall brain surface and in cortical gray
matter volume to a similar degree as in our group of IUGR
infants (41, 42). Further studies will be needed to test the
hypothesis that the changes in early cortical development that
are observed in IUGR might be related to the alteration of the
brain by the neuroendocrine consequences of IUGR.

Consequences of hemodynamic changes occurring in pla-
cental insufficiency have been evaluated in recent animal stud-
ies showing reduction in myelin staining in the cerebral white
matter (19, 43). As part of our study recruitment, but not part
of the current analysis, we identified one infant with IUGR and
white matter injury. This infant’s volumetric assessment at
term showed reduced total brain volume, reduced myelinated
white matter, and reduced cortical gray matter volume, analo-
gous to our earlier published series of periventricular white
matter injury (25). Our population of IUGR infants showed
similar volumes of myelinated white matter as their age-
matched control infants. In the absence of ischemic white
matter injury, white matter does not seem to be affected by
IUGR.

Effects of IUGR on postnatal growth at term. Total intra-
cranial volume and brain tissue volume increased from birth to
term in both the IUGR and control groups. Despite a small
trend toward a decrease in differences between groups at term,
intracranial volume and cortical gray matter volume in IUGR
infants remained smaller at term without significant catch-up

Figure 3. Pearson’s correlation between the behavior score attention/
interaction and CGM volume at term in IUGR preterm infants and control
preterm infants. The linear regression model fits the data with r � 0.45, p �
0.05.
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growth. This indicates that the cortical gray matter volume
differences seen shortly after birth are not transitory, as they
persist at term to a similar degree.

Although postnatal catch-up growth occurs in the majority
of IUGR infants, in our study the anthropometric measure-
ments at term demonstrated that infants born with IUGR after
placental insufficiency were of significantly lower weight and
had smaller head circumference than the control group, with no
significant catch-up from the first 2 wk after birth to term. Our
subjects exhibited a weight increase with time, but the average
weight gain per week from birth to term was significantly
lower in the IUGR group. Cianfarani et al. (44) studied chil-
dren who were born with IUGR and observed an inverse
relationship between cortisol and birth weight as well as an
inverse relationship between catch-up growth at 9 y and plasma
cortisol levels in IUGR children: the higher the cortisol con-
centrations, the lower the catch-up growth. In several outcome
studies, absence of catch-up head growth has been strongly
associated with neurodevelopmental impairment in childhood
(45, 46). Follow-up of our study population beyond the neo-
natal period will determine effects of IUGR on long-term
growth.

Effects of IUGR on early neurobehavioral functions. Dif-
ferences in early neurobehavior between preterm infants at
term and full-term infants have been reported (47–49), but
there are no data related to premature infants with IUGR so far.
We were able to measure neuro-functional outcome at term in
all six subsystem categories measured by the APIB (28). In the
premature infants born with IUGR, our MRI findings were
paralleled by significantly less mature scores in the APIB,
particularly in the subsystem of attention interaction capacity
compared with the control group. Likewise, IUGR infants had
a trend toward less motor maturity and greater disorganization
in the autonomic state. The scores for state organization,
self-regulatory ability, and the complementary amount of ex-
aminer facilitation needed to achieve balance did not differ
between the two groups.

To assess the relationship of these neurobehavioral scores
with neurostructural development, correlation analysis was
performed between the MRI parameters and the neurobehav-
ioral scores. A significant correlation between cerebral cortical
gray matter volume and the attention interaction capacity
measured at term was detected. This is, to our knowledge, the
first prospective study to demonstrate that quantitative struc-
tural MRI findings correlate with measures of neurobehavioral
maturation.

Clinical implications. Several studies of infants born pre-
maturely evaluated by quantitative volumetric MRI in late
childhood have shown reductions in brain volumes and also
correlations of these reductions with impaired neurodevelop-
mental outcome (50, 51) and deficits in everyday memory (52)
and global cognitive functioning. In outcome studies of IUGR
infants with documented signs of placental insufficiency, neu-
rodevelopmental outcome has been characterized predomi-
nantly by cognitive impairment at 5, 7, and 9 y of age (2,
53–55). Hence, our data support the hypothesis that the prin-
cipal alterations in brain development in IUGR preterm infants
occur in cerebral cortex, persist to term age, and disrupt

behavioral function at term. Further follow-up of our popula-
tion will determine the value of quantitative structural MRI and
functional performances measured by term neurobehavioral
assessment as predictive markers for long-term neurodevelop-
mental outcome in this high-risk population.
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