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Infants with low birth weight are at increased risk of perinatal brain injury. Disruption of normal cortical
development may have consequences for later motor, behavioural and cognitive development. The aim
of this study was to measure cerebral cortical thickness, area and volume with an automated MRI technique
in 15-year-old adolescents who had low birth weight. Cerebral MRI for morphometric analysis was performed
on 50 very low birth weight (VLBW, birth weight <1500 g), 49 term small for gestational age births (SGA, birth
weight <10th percentile at term) and 58 control adolescents. A novel method of cortical surface models yielded
measurements of cortical thickness and area for each subject’s entire brain and computed cross-subject stat-
istics based on cortical anatomy. The cortical surface models demonstrated regional thinning of the parietal,
temporal and occipital lobes in the VLBW group, whereas regional thickening was demonstrated in the frontal
and occipital lobes. The areas of change were greatest in those with the shortest gestational age at birth and
lowest birth weight. Cortical surface area and cortical volume were lower in the VLBW than in the Control
group. Within the VLBW group, there was an association between surface area and estimation of the intel-
ligence quotient 1Q (I1Q.s:) and between cortical volume and 1Q... Furthermore, cortical grey matter as a
proportion of brain volume was significantly lower in the VLBW, but not in the SGA group compared with
Controls. This observed reorganization of the developing brain offers a unique opportunity to investigate any
relationship between changes in cortical anatomy and cognitive and social impairments, and the increase in
psychiatric disorders that have been found in VLBW children and adolescents.
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Introduction

Prematurely born infants with very low birth weight (VLBW: increased risk for neurological and intellectual dysfunction
birth weight <1500 g) are at increased risk of brain injury. (Strauss et al., 1998; Roth et al., 1999; Lundgren et al., 2001),
These infants are delivered at a critical time when their brain ~ suggesting their intrauterine condition was not optimal for
architecture has not been fully developed (Volpe, 2001a).  maintaining brain development. Despite its major clinical and
Infants who are born small for gestational age (SGA) are at  social significance, the biological mechanisms underlying the
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neurodevelopmental deficits in VLBW and SGA infants
remain unclear. The key to understanding brain development
in these infants lies in careful examination of the structural
and functional organization of the brain. Only recently have
medical imaging methods, such as MRI, been used to quant-
itatively assess neuroanatomical development following brain
injury in a scientific manner (Inder et al, 1999; Ajayi-Obe
et al., 2000; Peterson et al., 2000; Allin et al., 2004).

Methods that accurately measure the cortical thickness may
provide new insights into the disruption of normal cortical
development in these infants. In vivo, the cerebral cortex
has been difficult to study due to its complex folding patterns
and regional variability, and due to lack of reliable methods.
MRI-based morphometric analysis assessing the cortex has
resulted in new knowledge of normal cortical development
and how disease affects the cerebral cortex (Ashburner et al.,
2000; Sowell et al., 2001; Rosas et al., 2002; Herbert et al.,
2003). The main aim of our study was to accurately measure
the thickness and surface area of the cerebral cortex in a
follow-up study of adolescents with low birth weight. Cortical
thickness was measured across the entire brain, and cross-
subject statistics were generated in a coordinate system based
on cortical anatomy (Dale et al., 1999; Fischl ef al., 1999a, b).
Our main hypothesis was that infants with low birth weight
would demonstrate, as adolescents, decreased thickness and
small volume of cerebral cortex.

Materials and methods

Study design

This is a population-based follow-up study. The VLBW children
were admitted to the neonatal intensive care unit at the University
Hospital in Trondheim (the referral hospital) in 1986-1988. A
subgroup of children born in 1988 had been assessed thoroughly
at 1 and 6 years of age (Skranes et al, 1997, 1998a, b).

The SGA and control children were the second or third births of
mothers living in the Trondheim area. They were enrolled before
gestational week 20 in a multicentre study between January 1986
and March 1988, and followed prospectively through pregnancy
(Bakketeig et al., 1993; Vik et al., 1997).

All the births in a 10% random sample of mothers and all the
SGA births were included for follow-up (Vik et al., 1996). In the
present study, MRI was carried out between February 2001 and
September 2003.

Study population
VLBW adolescents

VLBW was defined as a birth weight <1500 g. A total of 99 children
were admitted to the neonatal intensive care unit in 1986-1988. Of
these, 23 died, one child with trisomy 21 was excluded, 6 moved out
of the area and 13 did not want to participate in the study. In
addition to the remaining 56 VLBW adolescents who entered the
study, 8 other VLBW subjects who were not part of the original
cohort were included. However, they were not different from the
others in terms of gestational age, birth weight or head circumference
at birth. In all, 55 VLBW adolescents underwent MRI. Due to image
artefacts from dental braces, the MRI of 5 adolescents were excluded,
leaving 50 such investigations (26 males and 24 females) for the
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morphometric brain analysis: 9 individuals had a birth weight
<1000 g, 21 were born small for gestational age and 11 were born
as a twin. Cerebral palsy (i.e. 5 diplegia and 1 hemiplegia, all but
1 could walk) was diagnosed in 6 of the VLBW adolescents who
underwent MRI. There were no major visual or hearing impairments
in any of the included adolescents.

SGA adolescents

Of 1200 eligible women, 104 (9%) gave birth at full term to an
SGA child, defined as a birth weight <10th percentile adjusted for
gestational age, gender and parity (Vik et al., 1997). At follow-up, 12
children had moved away. Of the remaining 92, 32 did not consent
to participate in our study. Of the 60 remaining SGA adolescents,
50 had an MRI investigation. Due to image artefacts, one SGA
subject was excluded, leaving 49 MRI investigations (20 males
and 29 females) for the morphometric analysis of the brain. Cerebral
palsy (diplegia, could walk) was diagnosed in one SGA adolescent
who underwent MRI.

Control adolescents

The control group comprised 120 subjects with birth weight >10th
percentile for gestational age, born at term to mothers in the 10%
random sample. At follow-up, 10 had moved away. Of the remaining
110, 27 did not consent, leaving 83 who participated. Of these,
65 had a MRI investigation. Due to image artefacts from braces,
7 MRI scans were excluded, leaving 58 MRI investigations
(22 males and 36 females) for the morphometric studies.

Non-participants

There were no differences in maternal age at childbirth, length
of gestation or the infants birth weight, body length and head
circumference between those who participated and those who
did not consent in any of the groups.

Data collected prenatally and at birth

In the VLBW group, 25 mothers had received steroids for foetal
lung maturation, 33 had premature rupture of the membranes
<24 h before labour and 14 had prolonged ruptures. Persistent
ductus arteriosus was diagnosed in 10 of the 50 infants. Twenty-six
newborns needed ventilatory support (range: 1-63 days). It took
3-39 days before they regained their birth weight.

Estimation of intelligence quotient

Estimation of the intelligence quotient (IQ.) was derived from the
vocabulary and block design subtests of Wechsler Intelligence Scale
for Children-Third edition (Wechsler, 1999). Low IQ. was defined as
<2 SD of the Control group mean value.

MR imaging

MRI was performed at St Olav’s Hospital, University Hospital of
Trondheim, Norway on a 1.5 Tesla Siemens Symphony Sonata,
Siemens AG, Erlangen, Germany.

The imaging for the morphometric analysis was a 3D inversion
recovery prepared fast low flip angle gradient echo sequence
(MPRAGE), with 128 sagittal partitions, 1.33 mm slice thickness,
TR between inversion pulses of 2730ms; TR/TE/flip angle/TT,
7.1 ms/3.45 ms/7°/1000 ms; acquisition matrix of 256 X 192 X 128;
square FOV of 256 mm; NEX 1; and acquisition duration 8.5 min.
These acquisition parameters were chosen for optimal contrast
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between grey matter, white matter and CSF. The sequence was
acquired twice during the same image session for each adolescent.

Image analysis

In order to create a single image with high contrast-to-noise, two
separate MPRAGE acquisitions were motion-corrected and averaged
by subject. These 3D structural scans were used to construct models
of each individual’s cortical surface, and for generating cross-subject
statistics in a cortical surface-based coordinate system (Dale et al.,
1999; Fischl et al., 19994, b). As the method uses both intensity and
continuity information in the segmentation and deformation pro-
cedures to measure cortical thickness, the thickness is not limited to
the voxel resolution of the image (Fischl et al., 2002).

Briefly, cortical thickness measurements were obtained by recon-
structing the grey/white matter boundary and the pial surface of the
cortex, segmenting cortical white matter by classifying all white
matter voxels in the MRI volume and tessellation of the grey/white
white matter boundary. Subsequently, this reconstructed surface
was deformed by surface algorithm to conform to the grey/white
and pial surfaces (Fischl et al., 2002).

Cortical thickness was defined as the shortest distance between the
grey/white matter boundary and pial surface models, at each surface
location. Thickness measures were mapped to the inflated surface of
the reconstructed brain of each adolescent. This procedure allows
visualization of data across the entire cortical surface without being
obscured by cortical folding.

In order to present cortical thickness across subjects, a procedure
of accurate matching of morphologically homologous cortical loca-
tions was as follows: each reconstructed brain was morphed to an
average spherical surface representation that optimally aligned sulcal
and gyral features across subjects, while minimizing metric distortion
(Fischl et al., 1999a, b). Further, to remove noise-induced variations
in measurements, a small surface-based Gaussian blurring kernel
with a standard deviation of 11 mm was applied to smoothe the
thickness estimates. Total brain volume was calculated by the volume
of all brain labels, according to the automated method of Fischl
et al. (2002).

Statistics

Thickness maps from one study group were averaged using the
high-resolution surface-based averaging techniques and compared
with the thickness from a second study group whose average was
ascertained similarly (Fischl et al, 2000). Mean cortical thickness
and variance were calculated at each location (data not shown).
Statistically significant thickness difference maps were generated
using t-tests between groups, i.e. at each vertex using a random effect
model across both cortical hemispheres. As the VLBW group was

Table I Group characteristics of the adolescents
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heterogeneous in terms of perinatal data, we also generated thickness
difference maps between subgroups (by gestational age, birth weight
and head circumference) of VLBW and the Control adolescents.
Global cortical area, mean cortical thickness and cortical volume
in the three study groups were compared by use of one-way ANOVA,
while applying Scheffes post hoc test. Simple linear regression was
employed to analyse clinical data (gestational age, birth weight, and
head circumference at birth and head circumference at one year of
age). Also, perinatal data (prenatal steroids, rupture of membranes,
ductus arteriosus status, intra-ventricular haemorrhage, days on
ventilator and days before birth weight was regained) were analysed
by simple linear regression. When more than one of these variables
significantly predicted the global measures, multiple regression
analysis was performed. Correlations between cortical thickness
and IQ. of the adolescents were calculated using Pearson’s moment
correlation coefficient and corresponding two-tailed significance
levels. P-values <0.05 were considered statistically significant.

Ethics

The regional committee for medical research ethics approved the
study protocol. Written informed consent was obtained from
adolescents and parents.

Results

Group characteristics of the adolescents who took part are
presented in Table 1. Gestational age was shorter and birth
weight and head circumferences were lower in the VLBW than
in the two other groups. The SGA group had lower weight
and head circumference at birth than in the control group.
The VLBW group was slightly younger, 3-4 months, at MRI
investigation compared to the two other groups. IQ. scores
were lower in the VLBW group than in the Control group.
Ten adolescents in the VLBW group had low IQ., defined as
2 SD below the control group mean, and three of these also
had cerebral palsy. Among the 26 VLBW with gestational age
<28 weeks, 6 adolescents had low 1Q..

Cortical thickness regional data

Cortical thickness measures were mapped to the inflated
surface of each subject’s brain reconstruction and statistical
difference maps between the three groups were generated.
Figure 1 presents the maps that compare VLBW and controls,
and those comparing SGA and controls. The brain areas
with statistically significant differences between groups are

Group characteristics n VLBW n SGA n Control
Gestational age in weeks 50 29.1 + 2. 7%% 49 395 £ 1.1 58 39.6 = I.1
Birth weight in grams 50 1195 + 239%# 49 2915 *= 216* 58 3707 * 486
Head circumference at birth in cm 49 27.0 + 2.3%% 49 33.8 = |.2% 58 354+ 1.2
Head circumference at | year in cm 31 453 + 2.9%# 45 46.7 = 1.3 52 47.3 = 1.1
MRI age in years 50 152 = 0.6+%# 49 15.6 £ 0.6 58 155+ 0.5
1Qes: scores 49 87 * 20%* 49 95 =I5 54 98 = 15

Mean +SD; *P < 0.01 compared to Control group; #P < 0.01 compared to SGA group.
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Fig. I The average statistical map of 50 VLBW subjects compared with the average map of 58 Control subjects. The average statistical map
of 49 SGA subjects compared with the average map of 58 Control subjects. Statistical maps are overlaid on the surface reconstruction with
inflated brains, right hemisphere (RH), left hemisphere (LH). Dark grey areas correspond to sulci and light grey areas correspond to gyri.
Non-neocortical regions that are not part of the cortical mantle (such as corpus callosum and thalamus) have been excluded from the
analysis. The brain areas with statistically significant difference between groups are shown in colour, and the colour scale shows the
dynamic range of the statistically significant changes, red to yellow represents a thinning of the cortex, and full yellow corresponds to a
statistical difference in cortical thickness with a P value of 0.0001. Blue represents a statistically significant thickening of the cortex; light blue
corresponds to a statistical difference in cortical thickness with a P value of 0.0001.

coloured, in which the colour scale shows the dynamic
range of statistically significant changes, i.e. thinning from
red (P < 0.05) to yellow (P < 0.0001), and thickening from
dark (P < 0.05) to light blue (P < 0.0001).

When the VLBW group was compared with Controls,
significant cortical thinning was present in the parietal lobe
(pre- and post-central gyrus and the supra-marginal part
of the parietal inferior gyrus) and in the temporal lobe
(temporal middle gyrus, intermedius primus Jensen sulcus,
occipito-temporal medial gyrus, Parahippocampal part and
temporal middle gyrus). Significant cortical thickening
was present on the medial surface of the hemispheres
(pericollasal sulcus) and in the frontal lobe (frontal superior
gyrus, orbital gyrus and rectus gyrus). We could also dem-
onstrate cortical thickening in the temporal region (circular
insula superior sulcus) and in the occipital lobe (occipital
superior gyrus).

When comparing the VLBW with the SGA group, we found
similar areas of thinning and thickening (data not shown).
Moreover, we observed some thicker areas among SGA than
Control subjects.

We also compared cortical thickness in subgroups of
VLBW adolescents with the Controls (Fig. 2). Although
areas of significant focal cortical thinning could be demons-
trated in VLBW adolescents born after 28 gestational weeks,

they were less than the differences below or equal to that
age. Similar differences were demonstrated in birth weight
subgroups (BW >1250 g, BW <1250 g) and in head circum-
ference at birth subgroups (HC > 27 cm, HC < 27 cm).

Low IQ.s, defined as 2 SD below the control group mean,
was associated with thinner cortex in the parahippocampal
region in VLBW adolescents, whereas normal IQ. was asso-
ciated with thicker cortex in the frontal areas in this group
compared with Controls (Fig. 3).

Cortical thickness global data

In both left and right hemisphere, cortical surface area and
volume were lower in the VLBW compared with the Control
group (Table 2). For the right hemisphere, cortical surface
area was significantly lower in the SGA than among Controls.
Although cortical volume was lower in the SGA than in the
Control group, this did not reach statistical significance. In
none of the groups were there any significant differences in
mean cortical thickness.

In addition, the total brain volume was significantly
lower in the VLBW and SGA groups than in the Control
group (VLBW, 1470 * 163; SGA 1468 = 129; Control 1548 *
118 cm®; P < 0.02). Cortical grey matter, as a proportion of
brain volume, was significantly lower in the VLBW group
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Fig. 2 Statistical maps showing areas of significant differences in cortical thickness between the 58 control subjects and the VLBW
adolescents subgrouped according to gestational age, birth weight and head circumference at birth. The colour scale shows the dynamic
range of changes, yellow represents statistically significant thinning (P < 0.0001), whereas light blue represents statistically significant

thickening (P < 0.0001).

(VLBW, 23.7 = 2.1%; Control, 24.9 = 1.7%; P < 0.01), but,
not in the SGA group compared to Controls.

Perinatal data as predictors for
global measures

In all three groups, head circumference at one year of age
predicted brain volume measured at age 15 (VLBW group
beta 0.55; P<0.001, SGA group beta 0.65; P<0.0001 and
Controls beta 0.45; P<0.0001).

There was an increase in cortical surface area with
increasing head circumference at one year in the VLBW
(beta 0.57; P<0.001) and the SGA group (beta 0.49;
P<0.0001). In contrast, there was an increasing cortical
surface area with increasing head circumference at birth in
the Control group (beta 0.33; P < 0.02). Neither gestational

age, birth weight nor head circumference at birth or at
one year of age predicted mean global cortical thickness.
However, in the VLBW group, number of days on ventilator
and days before the birth weight was regained also
predicted total surface area (beta 0.34; P < 0.03, beta 0.35;
P < 0.015).

Association between global

measures and 1Q.,

Significant correlations were found only in the VLBW group,
both between 1Q., and cortical area (right hemisphere,
r=0.509; P < 0.0001, left hemisphere, r = 0.346; P < 0.05),
and between IQ. and cortical volume (right hemi-
sphere, r = 0.483; P < 0.0001, left hemisphere, r = 0.304;
P < 0.05).
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Fig. 3 Statistical maps showing areas of significant differences in cortical thickness between the 58 control subjects and the VLBW
adolescents subgrouped according to IQ.. scores. The colour scale shows the dynamic range of changes, yellow represents statistically
significant thinning (P < 0.0001), whereas light blue represents statistically significant thickening (P < 0.0001).

Table 2 Global measures of cortical thickness, cortical surface area and cortical volume

Right hemisphere

Left hemisphere

VLBW SGA Control VLBW SGA Control

n=>50 n =49 n=>57 n=>50 n=49 n=>57
Cortical surface area (cm?) 815 + 96* 842 + 82* 885 = 8l 814 + 96* 843 = 82 879 = 8l
Cortical thickness (mm) 2.13 = 0.09 2.17 £ 0.10 2.16 = 0.09 2.13 £0.09 2.16 = 0.10 2.17 £ 0.09
Cortical volume (cm®) 173 = 21* 183 = 19 191 = 20 174 = 22% 182 = 19 190 = 20

Mean * SD; *P < 0.05 compared to Control group.

Discussion

In this study, we used a novel method of surface reconstruc-
tion to accurately measure cortical thickness on cerebral MRI.
The method has been validated by performing analysis on
post-mortem brains (Rosas et al., 2002), and by manual meas-
urements (Kuperberg et al., 2003). All surface models in our
study were visually inspected for accuracy. The question we
addressed was whether adolescents with low birth weight
show deviations in cerebral cortical thickness and area com-
pared with adolescents with normal birth weight. Although
the mean cortical thickness was similar, there were still
specific areas of statistically significant differences in cortical
thickness between the study groups (see Fig. 1). In particular,
there were areas of thinner cortex in VLBW births and most of
them were located in the parietal and the temporal lobes.
Among previously published papers, Peterson et al. (2000)
reported reduced cortical volumes in 8-year-old prematurely
born infants. As a result of their measurement methods,
however, they were unable to exactly localize the changes,
or distinguish grey from white matter tissue. Grey matter
abnormality is probably highly correlated to both presence
and severity of white matter abnormality (Inder et al., 2003).
Furthermore, grey matter abnormality seems to persist during
maturation. Thus in adolescents who were born prematurely,

reduced cortical grey matter and enlarged ventricles have
been demonstrated (Nosarti et al., 2002).

The specific areas of thinner cortex we found in adolescents
born prematurely could be a consequence of primary cortical
neuronal damage or secondary to white matter damage. We
speculate that these findings may be a consequence of white
matter damage, as the regions of thinner cortex have a dis-
tribution which seems to reflect the shape of the ventricles.
This might represent an association between the areas of
thinner cortex and underlying white matter injury due to
periventricular leukomalacia. Axonal disruption is a classic
feature of periventricular leucomalacia (Dammann et al.,
2001). Marin-Padialla et al. (1997) employed histopatho-
logical methods and detected distinct alterations in the
morphology and organization of neurons in the cerebral
cortex overlying periventricular leukomalacia.

We recently reported a high prevalence of qualitative
abnormal MRI findings at 15 years of age in the VLBW adoles-
cents included in the present study (Skranes ef al., 2005), and
the combination of white matter reduction, ventricular dila-
tion and reduced thickness of the corpus callosum found in
>50% of the adolescents were interpreted as sequelae follow-
ing periventricular leucomalacia. Some of the VLBW adoles-
cents in the present study (the 1988 cohort) also participated
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in two previous studies at our institution with 1-year and
6-year follow-up (Skranes et al., 1993, 1997). Cerebral ultra-
sound scans in the first days after birth were reported in
Skranes et al. (1993) and were normal in 79% of these
VLBW births. However, late ultrasound scans necessary for
the diagnosis of periventricular leucomalacia were not per-
formed and assessment of periventricular leucomalacia in
the neonatal period might have been missed in many cases.
Skranes et al. (1997) also found that in the infants with more
extensive MRI abnormalities at 1 year of age, at 6 years of
age periventricular correlates, such as periventricular gliosis
and peritrigonal atrophy with localized ventricular dilation
were reported in 50% of the cases. We interpret this as indica-
tion of a large proportion of periventricular malacia in the
VLBW adolescents in the present study.

Surprisingly, although cortical volume and total surface
area were lower in the VLBW group than in the Control
group, we found some areas of thicker cortex in VLBW
compared with the Controls, especially in the frontal lobe.
There are no data in the present study to explain this finding.
Exposure to hypoxia during weeks of postnatal life has been
shown to decrease cortical volumes, but increase the number
of neurons in animal models (Stewart et al, 1997). As an
explanation for this finding, it was suggested that the pattern
of programmed apoptosis in the neocortex may be altered by
hypoxia. We speculate whether our finding of thicker frontal
areas might represent a disruption in such programmed cell
death in the developing cortex. However, late spatial and
temporal patterns of brain growth in humans have also
been reported (Sowell et al, 1999). Brain development
includes regionally specific cortical maturation (Giedd et al,
1999), and grey matter reduction may reflect more mature
organization that supports improved cognitive functioning.
Cortical surface grey matter reduction between childhood
and adolescence was reported to be most prominent in the
frontal lobes (Sowell et al., 2001). Whether the thicker
frontal area in our VLBW group may represent delayed mat-
uration, and may be associated with executive functions oper-
ating at a less mature level, would need further investigation.

When the VLBW group was sub-grouped according to
gestational age, birth weight and head circumference (see
Fig. 2), we found indications of a maturation-dependent vul-
nerability of brain development; the shorter the gestational
age and lower the birth weight and head circumference at
birth, the larger the regions of cortical thinning. This vulner-
ability was reported by Nosarti et al. (2002) who found that
the more prematurely the infant was born, the smaller the
white matter volume at 15 years of age. Peterson et al. (2000)
reported that brain volume reductions were associated with
poorer cognitive outcome. They also found significant asso-
ciations between regional brain volumes and gestational age
at birth, suggesting that disturbance in brain development
is proportional to degree of immaturity.

In our VLBW group, smaller cortical volume was associated
with smaller cortical area, but not to global cortical thinning
(see Table 2). Thus, not only was regional cortical thinning
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present among the premature births, but also global decrease
in cortical area. We speculate whether this may be due to
disturbed global cortical maturation. Ajayi-Obe et al. (2000)
found that preterm infants, who were imaged when they
reached their term age, had less complex cortical folding
and reduced cortical surface area than term births.
Inder et al. (1999) found that cerebral cortical grey matter
volume was more reduced in preterms with periventricular
leucomalacia than those without. This may also indicate some
disturbance in cortical neuronal development caused by
impairment of neuronal connections to and from the cerebral
cortex due to white matter injury.

We found that the adolescent cortical surface area of VLBW
births was predicted by head circumference at 1 year of age,
even if it was not by head circumference at birth. The newborn
period of the premature infant is one of relative malnutrition.
The effects of nutrition on cognitive development suggest that
nutritional factors have an impact on organizational events of
brain maturation (Brandt et al., 2003). High energy intake is
correlated with catch-up growth of head circumference,
and is associated with increased developmental and intelli-
gence quotients (Frisk ef al., 2002). An association between
cortical development and cognitive function is suggested also
in our study since IQ. correlated with cortical surface area
and cortical volume. Significant associations of morpholo-
gical disturbances in brain development and cognitive func-
tion have been reported in 8-year-old infants (Peterson et al.,
2000), and in 15-16-year-old adolescents (Abernethy et al.,
2002). Peterson et al. (2000) found that regional cortical
volumes correlated with IQ. However, their method could
not discriminate whether the reduced cortical volumes in
preterm children preferentially involved either cortical grey
or adjacent white matter. The method used in our study does,
however, allow us to localize the differences to the cortical
surface. Statistically significant thinning of the parahippo-
campal cortex in the VLBW with low IQ. (see Fig. 3) may
be supported by the findings of Abernethy et al. (2002) of an
association between low hippocampal formation volumes and
low IQ in VLBW teenagers.

We found that an increasing number of days with ventil-
atory support and days before the birth weight was regained
predicted smaller cortical surface area at 15 years of age. Days
in ventilator is linked to lung injury in the preterm infant, and
oxygen deprivation is suggested to be a major cause of neuro-
developmental disability in preterm infants (Volpe, 2001b).
One might speculate that unfavourable conditions in the
newborn period, e.g. hypoxic episodes and malnutrition, per-
manently impair cortical growth resulting in neurodevelop-
mental disability.

The total brain volume was significantly reduced among
SGA births, which indicates that intrauterine growth restric-
tion impairs cerebral development. There is neuropatho-
logical evidence for a deleterious effect of malnutrition on
brain development, a reduction in cell number and cell size,
and an overall lower brain weight (Rees et al., 1988; Mallard
et al., 1998).
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Cerebral cortex in VLBW and SGA born

Prematurely born SGA infants have demonstrated definite
neurostructural differences in cortical grey matter volume at
term age (Tolsa et al., 2004). At 15 years of age, the cortical
volume was lower in our SGA group than the controls, albeit
non-significantly. The difference between the study of Tolsa
et al., and ours might be explained by the postnatal catch-up
growth that occurred in our adolescents. However, growth
restriction might have an additional impact on late brain
development in premature births who were also small for
dates.

Our results may seem to be of importance for delineating
the relation between structural and functional consequences
of low birth weight. Disorganization or reorganization of the
developing brain including the cerebral cortex may thus be
responsible for cognitive and social impairments and the
increase in psychiatric disorders in the prematurely born
(Stewart et al., 1999; Indredavik et al., 2004).
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