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structural development of the brain (8 –11). Brain structural
changes after IUGR in the human have been described with an
overall reduction of cortical gray matter volume in IUGR
preterm infants throughout the neonatal period (12). Effects of
prematurity on the structural development of specific brain
regions have recently been described by similar 3D-MRI
methods (13). Among different cortical brain regions, the
hippocampus formation seems to be least genetically regulated (14,15) and most prone to developmental and environmental influences. The hippocampus is known for its crucial
role in cognitive function such as memory and learning. It is
vulnerable to hypoxia, stress hormones, undernutrition, and
alteration of micronutrient supply, all likely to be present in
pregnancies complicated by IUGR (16). IUGR, in an animal
model was shown to induce a loss of neuronal volume and
number in the cerebellum and hippocampus (17,18).
With the ongoing intense research on neuroprotective strategies for the high-risk newborn, it is important to better define
the impact of adverse fetal environment resulting in IUGR on
the development of brain structure and function. Given the
vulnerability of the hippocampus to conditions associated with
IUGR, we hypothesized that hippocampal development was
affected by IUGR in human preterm newborns. To address this
hypothesis we used MRI with advanced image analysis techniques to study preterm infants with and without IUGR at
term-equivalent age (8,19). A combined approach with raterindependent voxel-based morphometry (VBM) (20) and manual
segmentation was applied to define gray matter volume differences in the region of the hippocampal formation. We further
hypothesized that functional development at term age would be
affected by IUGR. To address this secondary hypothesis, infants
were evaluated by a quantitative neurobehavioral assessment
scale for preterm infants behavior at term age and a quantitative
neurodevelopmental assessment at 24 mo of corrected age.

ABSTRACT: The hippocampus is known to be vulnerable to hypoxia, stress, and undernutrition, all likely to be present in fetal
intrauterine growth restriction (IUGR). The effect of IUGR in preterm infants on the hippocampus was studied using 3D magnetic
resonance imaging at term-equivalent age Thirteen preterm infants
born with IUGR after placental insufficiency were compared with 13
infants with normal intrauterine growth age matched for gestational
age. The hippocampal structural differences were defined using
voxel-based morphometry and manual segmentation. The specific
neurobehavioral function was evaluated by the Assessment of Preterm Infants’ Behavior at term and at 24 mo of corrected age by a
Bayley Scales of Infant and Toddler Development. Voxel-based
morphometry detected significant gray matter volume differences in
the hippocampus between the two groups. This finding was confirmed by manual segmentation of the hippocampus with a reduction
of hippocampal volume after IUGR. The hippocampal volume reduction was further associated with functional behavioral differences
at term-equivalent age in all six subdomains of the Assessment of
Preterm Infants’ Behavior but not at 24 mo of corrected age. We
conclude that hippocampal development in IUGR is altered and
might result from a combination of maternal corticosteroid hormone
exposure, hypoxemia, and micronutrient deficiency. (Pediatr Res
63: 438–443, 2008)

O

f the 4 million babies born annually in the United States,
12% (⬃476,000) are born prematurely. Of these,
5–12% have additionally experienced intrauterine growth restriction (IUGR) and are born with inappropriately low birth
weight (1). Preterm infants with additional IUGR are at
highest risk for long-term morbidities, including developmental disabilities such as cerebral palsy, mental retardation, and
a wide spectrum of learning disabilities and behavior disorders
(2–7). The specific nature of these developmental disabilities
and the underlying neuropathology are unknown. In vivo 3D
magnetic resonance imaging (MRI) has recently opened up
the possibility of determining the impact of prematurity on the
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MATERIALS AND METHODS
Subjects. Premature infants born with IUGR secondary to placental insufficiency were recruited for MRI studies. The medical ethical review board of
our hospital approved the study. Written informed consent was obtained from
all the parents. Patients were recruited when defined to be IUGR by fetal
measurements between 20 and 36 wk of pregnancy and having abnormal
Doppler flow values measured within the umbilical artery. They were
matched for gestational age at birth with preterm infants with an appropriatefor-gestational-age growth and normal flow in the umbilical artery. The
presence of placental insufficiency was defined as a resistance to arterial
umbilical flow higher than the 95th percentile measured by two indexes
(resistance index (RI) and systolic/diastolic velocities (S/D)) within one (the
last) or several measurements (21).
Our study population included 26 preterm infants born between September
2001 and August 2004 in Geneva, Switzerland. Thirteen IUGR infants
(1140 ⫾ 265 g) with a mean gestational age at birth of 32.1 ⫾ 2.5 wk were
compared with 13 infants matched for gestational age with appropriate weight
for gestational age (1690 ⫾ 440 g) with a mean gestational age at birth of
32 ⫾ 2.3 wk (Table 1)The MRI and the Assessment of Preterm Infants’
Behavior (APIB) were carried out at term-equivalent age (IUGR 40.2 ⫾ 0.7
wk; controls 40.3 ⫾ 1.1 wk). There was no statistical difference in the
male/female ratio between the two groups. Head circumference at birth was
different in the two groups (IUGR 27.1 ⫾ 2.2 cm, controls 29.4 ⫾ 2.2 cm, p ⫽
0.014). Primary adaptation was similar in both groups with a mean Apgar at
5 min of 9.6 ⫾ 0.5 in the IUGR and 9 ⫾ 1.3 in the controls and a pH ⬎ 7.1
in all the infants. Infants included in the study were free of cerebral pathologies diagnosed by ultrasound or by MRI. There was no difference in the
initial neonatal illness severity between the two groups and dosages of
antenatal steroids as given in Table 1. No infant in either group received
postnatal steroids. The infants studied were free of major neonatal complications such as severe respiratory distress syndrome (RDS) and necrotizing
enterocolitis (NEC).
Imaging protocol. MRI was performed on 1.5 T magnets (1.5 Tesla
Marconi/Philips MR systems). The protocol consisted of a 3D fast-gradient
echo sequence performed with coronal slices of 1.5 mm (repetition time
(TR) ⫽ 15 ms, echo time (TE) ⫽ 4.4 ms, Flip angle 25, field of view (FOV)
18 cm) and a double echo (T2-and proton-density) fast-spin echo sequence
with coronal slices of 1.5 mm and an in plane resolution of 0.703 ⫻ 0.703 mm
(TR ⫽ 3500 ms, TE ⫽ 30/150 ms, interleaved, no gap acquisition, FOV 18
cm). The infants were positioned on a vacuum pillow inside the scanner and
monitored with pulse oximetry (Maglife, Schiller AG). Earmuffs (Natus
Medical Inc., San Carlos, CA) were used to minimize noise exposure. No
sedation was used.
Image analysis. Postacquisition image processing started with a rigid body
registration (22) of T2-weighted coronal images and proton density images
with corresponding T1-weighted coronal images. The determination of brain
tissue volumes was then assessed using the k-NN classification algorithm on
the three coregistered channels (T2-weighted, proton density, and T1
weighted). The algorithm included an elastic matching with an anatomical
template including the basal ganglia and the brainstem (8,19) SPM2 software
(Wellcome Department of Cognitive Neurology, London, UK) was used for
VBM. T2-weighted images were normalized, using an affine transformation,
on a T2-weighted template created from 14 newborns not included in the
present study, thus correcting for global variation in brain volume. The
transformation matrix was then applied to the gray matter tissue class

extracted by k-NN with voxel sizes of 2 ⫻ 2 ⫻ 2 mm. The spatially
normalized gray matter tissue class was then smoothed with a 4 mm full width
at half maximum (FWHM) isotropic Gaussian kernel to create a spectrum of
continuous gray matter values needed for the statistical analyses. A twosample paired t test with a level of p set ⬍0.005 uncorrected was used for
group comparison in the area of the hippocampus. A small volume correction
with a radius of 4 mm (corresponding to the radius of the hippocampus) was
used to correct for multiple comparisons. The eventual effects of interest
found by VBM analysis are referred to as “gray matter volume” differences,
based on the facts that i) the output of gray matter by k-NN is a binary mask
representing the presence or not of gray matter at the voxel level; ii) the sum
of binary values indicates the gray matter volume for a given region and a
given subject; and iii) the statistical differences at the group level reflect the
differences in the volume of gray matter between the two groups.
To manually segment the hippocampus, the software 3D Slicer (www.
slicer.org) was used to visualize MRI slices with its superimposed segmentation in the three orthogonal planes. The T2-weighted images were used to
trace the hippocampus. The tracing guidelines used in this study were
published elsewhere (23–25). Manual segmentation started on coronal slices.
The boundaries of the head and tail of the hippocampus were outlined on the
sagittal plane. Once the segmentation was achieved, a 3D reconstruction
allowed quality assessment of the segmentation (Fig. 1). Hippocampal volume was determined by summation of voxels. Intraobserver variability calculated on three hippocampal volumes segmented twice was 3.4%.
Neurobehavioral assessment. The APIB assessment tool (26) is a modification of the standardized Brazelton Neonatal Behavioral Assessment Scale
(27). It was used to evaluate brain functioning in the neonatal period.
Quantification includes measurement of level of differentiation and modulation of various behavioral systems namely: 1) autonomic, 2) motor, 3) state,
4) attention-interaction, 5) self-regulation, 6) examiner facilitation necessary
to regulate the preterm infant’s behavior. All system scores range from 1–9,
1 corresponding to best performance and 9 to compromised performance.
The statistical Wilcoxon signed ranks test was used to compare the IUGR
preterm children matched by gestational age with the control preterm group;
this statistical approach was used to control for the known effect of prematurity itself on hippocampal growth (28 –30). All statistical procedures were
performed with SPSS version 11 (SPSS, Chicago, IL).
Neurodevelopmental outcome was assessed in a subset of patients with the
Bayley Scales of Infant and Toddler Development, Second Edition (Bayley
II), which yield a mental developmental index (MDI) and psychomotor
developmental index (both with a mean of 100 and an SD of 15) ageequivalent scores at 24 mo corrected for gestational age. Only the MDI is
reported in this study. Nine patients were lost to follow-up.

RESULTS
Early quantitative volumetric MR analysis was performed at
term age in thirteen IUGR premature infants and thirteen premature control infants with appropriate for gestation intrauterine
growth. A detailed neurobehavioral assessment was undertaken

Table 1. Demographic details

Mean birth weight (g) ⫾ SD
Mean gestation at birth (wk) ⫾ SD
Mean gestational age at MRI and
APIB (wk) ⫾ SD
Boys
Girls
Head circumference (cm)
Prenatal corticosteroid treatment (%)

IUGR preterm
infants (n ⫽ 13)

Preterm with
appropriate
growth
(n ⫽ 13)

1140 ⫾ 265
32.1 ⫾ 2.5
40.2 ⫾ 0.7

1690 ⫾ 440*
32 ⫾ 2.3
40.3 ⫾ 1.1

23.1%†
76.9 %†
27.1 ⫾ 2.2
53.8

53.8%†
46.2%†
29.4 ⫾ 2.2*
84.6

* p ⬍ 0.05 for comparison of IUGR preterm vs. preterm with appropriate
growth.
† Fisher’s exact test for boy/girl ratio p ⫽ 0.23.

Figure 1. 3D representation of both hippocampi superimposed with a 3D
representation of the intracranial cavity. Bar ⫽ 12 cm.
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0.006 and in the IUGR group: p ⫽ 0.001), ranging between 7.4%
in the control group and 9.1% in the IUGR group.
Hippocampal right-greater-than-left asymmetry was not affected by IUGR (p ⫽ 0.56).
Gray matter volumes: hippocampus, total brain, correlations to birth weight. Hippocampal volume correlated very
highly with overall cortical gray matter (Pearson correlation
0.774, p ⬍ 0.001). A significant correlation was found between birth weight and hippocampal volume (Pearson Correlation 0.507, p ⫽ 0.008). Hippocampal volume can be calculated using the following linear regression: hippocampal
volume ⫽ 0.0003 ⫻ birth weight ⫹ 1.66, R2 ⫽ 0.2568 (Fig.
3). Birth weight correlated also, but to a lesser degree, with
cortical gray matter (Pearson Correlation 0.413, p ⫽ 0.036).
Functional outcome comparing IUGR with control premature infants. In terms of assessment of the functional
maturation, the APIB shows less mature scores in the IUGR
infants compared with control infants (autonomic: Z ⫽ ⫺2.75,
p ⫽ 0.006; motor: Z ⫽ ⫺2.71, p ⫽ 0.007; state Z ⫽ ⫺2.09,
p ⫽ 0.037; attention-interaction: Z ⫽ ⫺2.93, p ⫽ 0.003;
self-regulation: Z ⫺2.35, p ⫽ 0.019; examiner facilitation:
Z ⫺2.12, p ⫽ 0.034) (Table 4).

at term age in all infants and seventeen infants were evaluated for
neurodevelopmental outcome at 24 mo of age.
VBM comparing IUGR with control premature infants’
gray matter volumes: hippocampus. Using rater-independent
VBM on normalized cortical gray matter, IUGR in preterm
infants was shown to be associated with a significant reduction
of gray matter volume of both hippocampi (right hippocampus
p uncorrected 0.003, p FDR-corrected 0.022; left hippocampus p uncorrected 0.001, p FDR-corrected 0.013, using a small
volume correction) (Fig. 2, Table 2).
Manual segmentation comparing IUGR with control premature infants. Gray matter volumes: hippocampus. We
found similar results when manually segmenting the hippocampus on T2-weighted images. Total hippocampal volume
was found to be significantly affected by IUGR (IUGR: 1.94
mL ⫾ 0.24, control: 2.14 mL ⫾ 0.21, p ⫽ 0.009). When
analyzed separately, left hippocampus (p ⫽ 0.005) and right
hippocampal volume (p ⫽ 0.039) were affected equally by
placental insufficiency (Table 3).
Right-greater-than-left asymmetry of hippocampal structures
was found (Wilcoxon signed ranks test in the control group: p ⫽

Figure 2. Effect of intrauterine growth restriction on hippocampal formation.
Voxel-based morphometry in the region of interest with a mask on the rest of
the brain. The results are superimposed on a normalized T2-weighted image
series. Bar ⫽ 12 cm.

Figure 3. Scatterplot of the birth weight effect on hippocampal volume in
preterm children at term, with a best-fit regression line (hippocampal volume
0.0003 ⫻ birth weight ⫹ 1.66; R2 ⫽ 0.2568).

Table 2. Effect of IUGR on hippocampal volume using voxel based morphometry
Cluster-level

Right hippocampus
Left hippocampus

Voxel-level

p* corrected

kE

p uncorrected

p* FDR-corr

T

(Z)

p uncorrected

0.032
0.024

4
5

0.158
0.117

0.022
0.013

3.37
4.3

2.77
3.28

0.003
0.001

* Corrected p value done using a small volume correction (SVC).

Table 3. Hippocampal volume

IUGR preterm infants
(n ⫽ 13)
Preterm with appropriate
growth (n ⫽ 13)
Wilcoxon Signed Ranks
Test

Total hippocampal
volume (mL) ⫾ SD

Right hippocampal
volume (mL) ⫾ SD

Left hippocampal
volume (mL) ⫾ SD

Cortical gray matter
volume (mL) ⫾ SD

1.94 ⫾ 0.24

1.02 ⫾ 0.14

0.92 ⫾ 0.11

152.44 ⫾ 21.64

2.14 ⫾ 0.21

1.11 ⫾ 0.11

1.03 ⫾ 0.11

180.59 ⫾ 31.96

p 0.009

p 0.039

p 0.005

p 0.005
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Table 4. Assessment of preterm infants behavior (APIB) at term age

IUGR preterm infants
Preterm with
appropriate growth
Wilcoxon Signed
Ranks Test

Autonomic

Motor

State

Attentioninteraction

Self-regulation

Examiner
facilitation

5.45 ⫾ 0.57
4.39 ⫾ 0.76

5.62 ⫾ 0.8
4.46 ⫾ 0.93

5.2 ⫾ 0.68
4.7 ⫾ 0.64

6.69 ⫾ 0.79
4.56 ⫾ 0.94

5.35 ⫾ 0.74
4.31 ⫾ 0.84

4.91 ⫾ 1.13
4.13 ⫾ 0.89

Z ⫺2.75, p 0.006

Z ⫺2.71, p 0.007

Z ⫺2.09, p 0.037

Z ⫺2.93, p 0.003

Z ⫺2.35, p 0.019

Z ⫺2.12, p 0.034

Long-term functional neurodevelopmental outcome was assessed at 24 mo corrected age in 17 of the 26 infants. IUGR
infants had lower mean MDI (IUGR 86.3 ⫾ 15.6, controls
94.3 ⫾ 11.1) but this difference did not reach statistical significance (p ⫽ 0.32). Total hippocampal volume significantly correlated with MDI at 24 mo corrected age (Pearson correlation
0.516, p ⫽ 0.034 with a linear regression equation MDI ⫽
28.36 ⫻ hippocampal volume ⫹ 34.022, R2 0.2665) (Fig. 4).
DISCUSSION
This study shows the impact of adverse fetal environment
and IUGR on the development of specific brain structures
such as the hippocampus in the preterm newborn, which adds
to the earlier published findings of effects on total brain tissue
volumes in IUGR infants (12). The study results further
indicate a correlation of these specific structural abnormalities
with early functional outcomes both at term age and at 24 mo
corrected age.
To eliminate observer bias, structural brain analysis was
achieved by applying sophisticated image analysis tools such
as VBM to in vivo newborn MRI (20). At a p value of 0.005
for group comparison, we found significant reduction of gray
matter volume in bilateral hippocampal structures after IUGR
and premature birth. Those results remained significant after
correction for multiple comparisons. Voxel-based statistical
analysis, when assessing large volumes (i.e., whole brain),
requires large sample size to be able to identify small changes
between groups. To compensate for the total number of
patients, we lowered the p value to 0.005 in our VBM
analysis, thus reducing the chance for type 2 errors and
selected only the region of interest for VBM analysis. The

Figure 4. Scatterplot of the total hippocampal volume with the MDI at 24 mo
corrected age with a best-fit regression line (MDI ⫽ 28.36 ⫻ hippocampal
volume ⫹ 34.022; R2 0.2665).

major advantage of VBM over standard volumetric assessments for group analysis is the normalization of the image
data. The inherent difference in total brain volume between
groups is taken into account in our VBM analysis as the brains
from both groups are normalized to a common template,
therefore assessment of specific brain structures such as the
hippocampus has been made possible, independent of overall
brain volume.
Moreover, we were able to confirm by an independent
image analysis method using manual segmentation that IUGR
is associated with a reduction of hippocampal volume in
preterm infants when examined at term-equivalent age. The
manually edited data were not corrected for head circumference or total brain volume due to the limited number of
subjects studied. Caution should therefore be used in assessing
the selective effect of IUGR on manually segmented hippocampi. The hippocampal volume reduction is possibly not
selectively affected by IUGR but is part of a broader insult
affecting weight, head circumference, and cortical gray matter
volume, as described earlier.
Hippocampal formation is sensitive to a number of insults,
in particular hypoxic conditions and stress hormones. A similar image analysis approach has been used to show decreased
gray matter in the hippocampus in posttraumatic stress syndrome in adults (31). VBM was further able to distinguish the
effect of prematurity in a group of adolescents with a marked
reduction of the left hippocampus and the thalamus (28).
The hippocampus, being a small structure and part of the
archicortex, and as such phylogenetically different from the
layered neocortex, is shown to be affected by adverse intrauterine environment in a similar way as the neocortex, which
has already been shown to be impaired by IUGR (12). The
strong correlation between hippocampal volume and cortical
volume detected in this study indicates that both structures
from the archicortex and the neocortex are affected by conditions associated with IUGR. Birth weight was shown to
correlate specifically with hippocampal volume and to a lesser
extent to total cortical gray matter volume at term-equivalent
age. This association seems to persist as it was also described
in school-aged children born preterm (32) showing that birth
weight rather than gestational age has a predominant impact
on brain development, thus reflecting the importance of the
microenvironment in which the fetus develops and its longstanding effects on brain development. We found a rightgreater-than-left asymmetry as described in a cohort of preterm children at 8 y of age (32) that remained unaffected by
IUGR. Right-greater-than-left asymmetry in the hippocampal
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volume has been repetitively described in adulthood and was
shown to be associated with right-handedness (33).
Those striking volume differences detected by VBM and
confirmed by manual segmentation were associated with functional behavioral differences at term age detected by APIB
scores. IUGR preterm infants had worse scores in all six
subdomains, with more profound differences in attentioninteraction capacity, autonomic, and motor behaviors. The
detection of impaired behavioral performance with APIB at
term age has been shown to correlate with later neurobehavioral deficits (34) and might therefore be an early expression
of functional deficits linked to the structural differences observed in the IUGR group. Long-term neurodevelopmental
outcome as assessed by mean MDI scores was not statistically
different in IUGR preterm infants from the control group.
However, caution should be used when interpreting this finding as 35% of children were lost to follow up and because the
Bayley is not an ideal test to predict deficits in declarative,
episodic, spatial, and contextual memory most likely affected
by hippocampal dysfunction later in life. Further studies at
older age, involving specific memory evaluation and fMRI,
would be required to determine the long-term effect of IUGR
on specific hippocampal function. A significant correlation
was found between the total hippocampal volume at termequivalent and the MDI at 24 mo corrected age. This confirms
the relevance of hippocampal volume in relationship to a
neurocognitive functioning, which has been described in
former preterm infants at 8 y of age where the hippocampal
volume correlated with the Wechsler Intelligence Scale for
Children (WISC) evaluation scale (32).
Several mechanisms are proposed to explain the increased
sensitivity of the hippocampus to conditions that lead to poor
intrauterine growth. Fetal hypoxemia induced by uterine artery ligation and hypoxia were both shown to affect the
hippocampal neuronal system (18,35). Nutritional deprivation
during pregnancy was shown to alter the expression of the
placental 11 beta-hydroxysteroid dehydrogenase type 2, an
enzyme that clears maternal cortisol, thus exposing the fetus to
an excess of corticosteroids known to impair hippocampal
growth (36 –38). Interestingly, cortisol levels were discovered
to remain high in adults born with a low birth weight, suggesting that a deficient fetal environment is able to permanently up-regulate the hypothalamic-pituitary-adrenal axis
(39), which might contribute further to postnatally impaired
hippocampal formation. A deficiency of micronutrients might
further contribute to hippocampal injury. Iron deficiency, for
instance, has been shown to be associated with IUGR and
causes injury of the CA1 pyramidal neurons (40). Placental
insufficiency in humans might induce an actual combination of
fetal corticosteroid overexposure, hypoxemia, and micronutrient deficiency, thus exposing the growing brain, and in particular the hippocampus, to potential damage. The question is
whether IUGR causes a temporary insult to the hippocampal
volume that can be outgrown or causes an irreversible injury
that is perpetuated by a longstanding up-regulation of the
hypothalamic-pituitary-adrenal axis. Further studies will need
to define the long-term effect of IUGR on hippocampal structure and function and its relationship to the emergence of

psychiatric disorders in which hippocampal atrophy is one of
the most consistent structural features.
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