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WHAT’S KNOWN ON THIS SUBJECT: Although there is extensive
knowledge about the neurodevelopmental and cognitive outcome
of preterm children at high risk, little research has been
conducted on preterm children with a low risk for neurologic deﬁcits.
WHAT THIS STUDY ADDS: We investigated brain volume
characteristics and related these changes to cognitive outcome in
preterm children at low risk for neurologic deﬁcits. Preterm
children were mainly characterized by cortical GM damage with
associated but less manifest WM impairment.

abstract
OBJECTIVE: To investigate whether preterm children with low risk for
neurodevelopmental deﬁcits show long-term changes in gray matter
(GM) and white matter (WM) volumes compared with term children
and to relate these changes to cognitive outcome.
METHODS: MRI was used to evaluate 20 preterm children who were
determined to be at low risk for neurodevelopmental deﬁcits and were
born between 30 and 34 weeks’ gestational age without major neonatal
morbidity or cerebral pathology in the neonatal period and 22
matched, term control subjects. Volumetric images were analyzed by
means of voxel-based morphometry to identify regional cerebral alterations. Children also underwent cognitive and behavioral/emotional
assessments.
RESULTS: Preterm children showed global and regional GM volume
reductions in several brain areas, including temporal and parietal
lobes and concomitant WM volume reductions in the same areas, although only the left temporal regions achieved statistical signiﬁcance.
Global intellectual performance in the preterm group was signiﬁcantly
decreased compared with control subjects. Neither behavioral nor
emotional problems were found in the preterm group. In the whole
sample, we found a positive correlation between GM volume bilaterally
in the middle temporal and in the postcentral gyri with IQ. Positive
correlations were observed between GM and gestational age at birth
in parietal and temporal cerebral regions and with WM in parietal
regions.
CONCLUSION: Preterm birth has an important impact on the neurodevelopmental and cognitive outcome of children at 9 years of age, being
a risk factor for decreased regional cortical GM and WM even in preterm children with low risk for neurodevelopmental deﬁcits. Pediatrics
2009;124:e1161–e1170
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Preterm birth is frequently associated
with an increased risk for neurodevelopmental difﬁculties1 and for
cognitive, behavioral, and emotional
problems during childhood.2,3 Among
preterm children, neurodevelopmental outcome has been related with gestational age (GA)2,4,5—the worst outcomes being recorded in those born
most preterm—and the type of the intracranial lesion,6,7 highlighting the developmental vulnerability of the immature brain.
MRI has been widely used to detect
brain damage subsequent to preterm
birth.8 Although in preterm infants
the most common cerebral injury is
periventricular white matter (WM)
damage,9,10 preterm birth is also associated with smaller volumes of cortical11,12 and subcortical gray matter
(GM).13,14 Furthermore, MRI has shown
that regional brain volumes are affected by preterm birth, particularly
GM volumes, which correlate with
poorer cognitive outcome.15–18 The application of quantitative MRI techniques, such as voxel-based morphometry (VBM), to preterm samples offers
the possibility of objectively measuring brain development and provides an
accurate correlate for neurodevelopmental outcome.19
Although the neurodevelopmental and
cognitive outcome of preterm samples
at high risk is widely known, little research has been conducted on preterm children with a low risk for
neurologic deﬁcit or developmental
difﬁculties, such as those born between 30 and 34 weeks of GA, with uncomplicated perinatal histories, normal cranial ultrasound scans, and no
obvious neurodevelopmental deﬁcits.8,20 There is a lack of MRI studies
that are based on preterm samples at
low risk, and only the infancy period
has been studied.21,22 Few studies have
examined the long-term neurodevelopmental outcome of preterm children at
e1162
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low risk,23,24 and regarding neuropsychological abnormalities, subtle deﬁcits have been identiﬁed early in childhood in seemingly normal ex-preterm
infants.20 To our knowledge, no research
has yet studied the brain volume characteristics of a preterm sample at low risk
in childhood by using an MRI approach
or has sought to relate these measures
to cognitive performance.

METHODS
The study was approved by the ethics
committee of the University of Barcelona. Informed parental consent was
obtained for each infant.
Subjects
The preterm group was selected from
the preterm population born at the
Hospital Clinic (Barcelona, Spain) between 1996 and 1998. The inclusion criteria for the preterm group were a
current age between 8 and 10 years
and fulﬁll the following criteria to be
considered a preterm child with a low
risk for neurodevelopmental deﬁcits:
(1) history of preterm birth with GA between 30 and 34 weeks; (2) birth
weight ⬍ 2500 g; (3) Apgar score at 5
minutes of ⬎7; (4) absence of major
neonatal morbidity (severe respiratory distress syndrome, mechanical
support, necrotizing enterocolitis, neonatal sepsis, bronchopulmonary dysplasia); and (5) absence of cerebral
pathology, such as intraventricular
hemorrhage, ventriculomegaly, or WM
injury assessed by cranial ultrasound
in the neonatal period. Neonatal data
of preterm children from the archives
of the neonatology service of the hospital clinic were recorded retrospectively. The GA was calculated according
to the mother’s last menstrual period.
Exclusion criteria for the whole sample
were history of focal traumatic brain
injury, cerebral palsy or neurologic impairment (including seizure and motor
disorders), cerebral lesions visually
detected by the current MRI, and the

presence of global mental disabilities
(full IQ ⱕ 80).
After analysis of the database from the
neonatology service, 76 preterm children met these criteria. From these
children, updated addresses or telephone numbers were not available for
36. Nineteen children were not enrolled in the study because their parents declined to participate; therefore,
the initial sample comprised 44 children: 21 preterm children and 23 control subjects. Because of the abnormalities in the MRI ﬁndings described
in the section MRI Data, 2 children
were excluded. Finally, our study sample included 20 preterm children with a
low risk for neurodevelopmental deﬁcits
and 22 term children who had no history
of perinatal problems, matched by age,
gender, and sociocultural status, who
were mainly friends and classmates of
the preterm children. All of the children
followed normal schooling, and information about requiring extra educational
provision was registered. Parental education was collected according to the
highest education of the parents: low, intermediate, or high.25
Cognitive and Behavioral
Assessment
Children underwent a cognitive assessment by using the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV).26 The WISC-IV comprises
4 indices: Verbal comprehension; perceptual reasoning; working memory;
and processing speed. Taken together,
these give a full-scale IQ score. The
Child Behavior Checklist (CBCL)27 was
used as a dimensional assessment of
children’s behavioral and emotional
symptoms on the basis of the opinion
of their parents.
MRI Data
MRI was performed by using a TIM TRIO 3T
scanner (Siemens, Erlangen, Germany). A
set of high-resolution, 3-dimensional,
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T1-weighted images were acquired
with a MPRAGE sequence in sagittal
orientation (repetition time/echo time:
2300/2.98 milliseconds; inversion time:
900 milliseconds; 256 ⫻ 256 matrix;
1-mm isotropic voxel). T2-weighted images in axial orientation (repetition
time/echo time: 5533/88 milliseconds;
122 ⫻ 122 matrix; ﬂip angle: 90°; slice
thickness: 2 mm; gap: 0.6 mm) were
acquired. No sedation was necessary,
and no children were excluded because of suboptimal images.

TABLE 1 Characteristics of the Sample: Neonatal and Demographic Data
Characteristic

Preterm (N ⫽ 20)

Term (N ⫽ 22)

Statistic (P)

11/9
32.5 ⫾ 1.4
1754 ⫾ 452
42.9 ⫾ 4.1
30.0 ⫾ 2.3

14/8
39.5 ⫾ 1.0
3392 ⫾ 357
50.7 ⫾ 2.1
35.2 ⫾ 1.1

0.32 (.569)a
⫺18.80 (⬍.001)b
⫺13.10 (⬍.001)b
⫺7.74 (⬍.001)b
⫺8.66 (⬍.001)b

9.3 ⫾ 0.7
18 (90)
1 (5)

9.3 ⫾ 0.6
22 (100)
1 (5)

0.14 (.892)b
2.31 (.129)a
0.01 (.945)a

12 (60)
4 (20)
4 (20)

15 (68)
4 (18)
3 (14)

0.33 (.564)a
0.22 (.881)a
0.14 (.705)a

Neonatal data
Gender, male/female
GA, mean ⫾ SD, wk
Birth weight, mean ⫾ SD, g
Length, mean ⫾ SD, cm
Head circumference, mean ⫾ SD, cmc
Demographic data
Age at scan, mean ⫾ SD, y
Right-handed, n (%)
Extra education assistance, n (%)
Parental education, n (%)
High
Intermediate
Low
 2 statistic.
t statistic.
c N ⫽ 20 for preterm group and 18 for control group.
a

MRI scans were reviewed by a neuroradiologist (Dr Bargallo) who was
blind to group membership. A control
subject with a venous vascular malformation and a preterm child with a giant arachnoid cyst were excluded. Conventional T2-weighted images showed
no evidence of WM injury in the preterm sample.
Image Analysis
The image processing was done by using SPM5 software (Statistical Parametric Mapping, www.ﬁl.ion.ucl.ac.uk/spm),
running in Matlab 7.0 (MathWorks,
Natick, MA). We segmented the original
whole-brain ﬁles and obtained the native volumes of GM, WM, and cerebrospinal ﬂuid for each child. A speciﬁc
value in mm3 was obtained for each
tissue. Intracranial volume was calculated as the sum of the 3 values.
For the VBM group analysis, the GM
and WM segments were further normalized to the population templates
generated from all of the images in
each group by using an implementation of a Diffeomorphic Anatomic
Registration Through Exponentiated
Lie Algebra (DARTEL) algorithm.28 A
separate “modulation” step29 was
used to ensure that the overall amount
of each tissue class was not altered by
the spatial normalization procedure.
Modulation was performed by multiplying the warped tissue probability
maps by the Jacobian determinant of
PEDIATRICS Volume 124, Number 6, December 2009
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the warp on a voxel-by-voxel basis,
thereby allowing voxel intensities in
the segmented GM or WM map, together with the size of the voxels, to
reﬂect regional volume and preserve
total GM or WM volume from before
the warp. Modulated images were
smoothed by using an 8-mm full-width
at half-maximum Gaussian kernel. Afﬁne transformation of the DARTEL template to Montreal Neurological Institute space was applied.
Statistical Analyses
Group comparisons were conducted
by using Student’s t test for normally
distributed quantitative variables;
when the variables did not fulﬁll the
requirements for normality 2 nonparametric approaches were used: 2 test
of independence with categorical variables and 2-tailed Mann-Whitney U test
for quantitative ones. Pearson correlations were used to evaluate associations
in neonatal, cognitive, and MRI data. All
statistical analyses were conducted by
using SPSS 14.0. (SPSS Inc, Chicago, IL).
Bonferroni’s correction for multiple
comparisons was not applied because of
the exploratory nature of the study and
the low sample size.30,31 Effect-size analyses were conducted.32
For VBM-DARTEL analyses, t test group
comparisons were performed to eval-

uate the volume changes between
groups, and “simple regression” (correlation) analyses were performed in
the whole group to test for a possible
relationship between whole-brain GM
volume and both cognitive data and GA.
Whole sample correlations between
cerebral regions with GM reductions
in preterm children and IQ were performed. We analyzed these regions of
interest (middle temporal gyrus and
postcentral gyrus) contained in the
Pickatlas 2.4.33 For statistical purposes, we used a threshold corrected
at the false discovering rate level (P ⬍
.05), and only clusters larger than 20
voxels were considered.

RESULTS
Subjects
Neonatal and demographic results are
detailed in Table 1. In the preterm children, antenatal steroids were administered to 80% of newborns, the mean umbilical arterial pH was 7.29 ⫾ 0.03, and
the mean of length of stay in the NICU
was 7.94 ⫾ 11.97 days. Three of the 20
preterm children were small for GA.
Cognitive Performance
Although global intellectual performance was within normal limits in the
preterm group, it was signiﬁcantly de-
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creased compared with control subjects (Table 2). For the whole sample,
there were positive correlations between WISC-IV full-scale IQ and neonatal data (GA: r ⫽ 0.46, P ⫽ .002; birth
weight: r ⫽ 0.55, P ⫽ .001; length: r ⫽
0.49, P ⫽ .001; head circumference:
r ⫽ 0.43, P ⫽ .007). The CBCL results
showed no signiﬁcant differences between groups (Table 3).

Global Brain Volume Data
The preterm group showed reduced
global GM volume compared with control subjects (Table 4). In the whole
sample, there were signiﬁcant positive
correlations between neonatal data
and global brain volumes (Table 5). Regarding the preterm children, there
was a signiﬁcant positive relationship

TABLE 2 Cognitive Performance: Intelligence Global Indices and Their Corresponding Subtests
Cognitive Measures WISC-IV

Preterm,
Mean ⫾ SD

Term,
Mean ⫾ SD

t (P)

Effect Size,
Cohen’s da

Verbal comprehension index
Similarities
Vocabulary
Comprehension
Perceptual reasoning index
Block design
Picture concepts
Matrix reasoning
Working memory index
Digit span
Letter-number sequencing
Arithmetic
Processing speed index
Digit symbol
Symbol search
Animals
Full-scale IQ

107.3 ⫾ 15.2
18.4 ⫾ 6.2
33.0 ⫾ 6.3
19.7 ⫾ 5.4
101.1 ⫾ 13.6
29.0 ⫾ 9.8
15.5 ⫾ 3.3
18.1 ⫾ 6.1
107.6 ⫾ 15.2
14.4 ⫾ 2.6
16.3 ⫾ 3.3
18.3 ⫾ 3.6
107.3 ⫾ 14.5
44.3 ⫾ 7.6
21.4 ⫾ 4.8
63.0 ⫾ 16.9
105.8 ⫾ 13.8

123.7 ⫾ 19.0
24.5 ⫾ 9.0
40.4 ⫾ 8.2
25.2 ⫾ 7.6
115.6 ⫾ 16.6
37.7 ⫾ 10.3
18.5 ⫾ 2.9
22.0 ⫾ 5.3
108.5 ⫾ 16.2
15.2 ⫾ 2.4
16.6 ⫾ 3.2
20.8 ⫾ 3.9
114.5 ⫾ 8.8
44.6 ⫾ 6.6
26.8 ⫾ 3.9
82.1 ⫾ 20.9
121.9 ⫾ 15.3

⫺3.09 (.004)
⫺2.55 (.015)
⫺3.25 (.002)
⫺2.67 (.011)
⫺3.08 (.004)
⫺2.82 (.007)
⫺3.18 (.003)
⫺2.20 (.033)
⫺0.19 (.854)
⫺1.07 (.291)
⫺0.34 (.736)
⫺2.14 (.039)
⫺1.98 (.055)
⫺0.18 (.861)
⫺4.02 (⬍.001)
⫺3.25 (⬍.001)
⫺3.57 (.001)

0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.2

a

0.1
0.2
0.1
0.3
0.3
0.3

0.2 is indicative of a small, 0.5 a medium, and 0.8 a large effect size.

TABLE 3 CBCL Scores Between Preterm and Term Children
CBCL Problem Scales

Preterm, Mean ⫾ SD
(n ⫽ 20)

Term, Mean ⫾ SD
(n ⫽ 21)

Statistic (P)

Withdrawn
Somatic complaintsb
Anxious/depressed
Social problems
Thought problemsb
Attention problems
Delinquent behavior
Aggressive behavior
Total problems
Internalizing problems
Externalizing problems

2.35 ⫾ 1.50
1.80 ⫾ 2.20
4.60 ⫾ 3.50
1.75 ⫾ 1.90
0.50 ⫾ 0.80
4.75 ⫾ 3.60
1.40 ⫾ 1.20
7.95 ⫾ 5.40
25.40 ⫾ 14.70
8.95 ⫾ 6.10
9.35 ⫾ 6.00

2.00 ⫾ 1.60
1.10 ⫾ 2.00
4.67 ⫾ 2.90
2.62 ⫾ 2.50
0.67 ⫾ 1.00
4.24 ⫾ 3.60
1.19 ⫾ 1.20
8.14 ⫾ 4.90
24.62 ⫾ 14.60
7.76 ⫾ 4.70
9.33 ⫾ 5.60

0.727 (.471)a
162.0 (.186)
⫺0.067 (.947)a
⫺1.258 (.216)a
190.0 (.553)
0.455 (.652)a
0.570 (.572)a
⫺0.120 (.905)a
0.171 (.865)a
0.698 (.489)a
⫺0.009 (.993)a

a
b

t statistic.
U statistic.

TABLE 4 Global Brain Volume Data
Volumetric Data

Preterm, Mean ⫾ SD,
cm3

Term, Mean ⫾ SD,
cm3

t (P)

Cerebrospinal ﬂuid
GM
WM
Total intracranial volume

400.306 ⫾ 60.767
821.684 ⫾ 84.920
419.228 ⫾ 53.829
1641.220 ⫾ 172.625

401.895 ⫾ 55.896
874.683 ⫾ 70.431
439.585 ⫾ 46.897
1718.568 ⫾ 145.409

⫺0.06 (.953)
⫺2.21 (.033)
⫺1.31 (.198)
⫺1.58 (.123)
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between birth weight and GM volume
(r ⫽ 0.46, P ⫽ .042), whereas the correlation of birth weight with WM
showed a trend toward signiﬁcance
(r ⫽ 0.43, P ⫽ .056). There was also a
positive correlation between the
length and GM (r ⫽ 0.47, P ⫽ .036) and
WM (r ⫽ 0.47, P ⫽ .036) volumes.
VBM-DARTEL Analyses
In the “term group ⬎ preterm group”
comparison, preterm children had signiﬁcantly reduced GM volumes in several brain regions than term children.
Decreased GM volumes were found bilaterally in the temporal lobe and in
the left parietal lobe. Mean differences
in WM volume between groups demonstrated WM decreases in the temporal
and parietal regions that were concomitant with GM loss, although only
left temporal regions achieved statistical signiﬁcance (Table 6, Fig 1).
In the whole sample, we observed positive correlations between GA at birth
and GM and WM volumes (Table 7, Fig
2). Moreover, the temporal and parietal regions with GM reductions in
preterm children (middle temporal
gyrus and postcentral parietal gyrus) showed positive correlations
with IQ at the voxel false discovering
rate– corrected level (P ⬎ .03; Fig 3).

DISCUSSION
Our study used a VBM technique to investigate the regional distribution of
GM and WM volume reductions and
their relationship with cognitive outcome in a sample of preterm children
with low risk for neurodevelopmental
deﬁcits. We demonstrated that preterm children at low risk are characterized by the presence of regional
cortical GM volume reductions unilaterally in the parietal lobe and bilaterally in the temporal lobe, which correlated strongly with IQ. Preterm
children also showed WM volume reductions that were concomitant with
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TABLE 5 Brain Volume Correlations With Neonatal Data for the Whole Sample (N ⫽ 42)
Global Brain Volume, r (P)a

Neonatal Data

GA
Birth weight
Length
Head circumferenceb

GM

WM

Total
Intracranial

0.33 (.035)
0.45 (.003)
0.45 (.003)
0.45 (.004)

0.18 (NS)
0.37 (.016)
0.39 (.011)
0.40 (.012)

0.22 (NS)
0.40 (.008)
0.40 (.009)
0.45 (.005)

NS indicates not signiﬁcant.
a 0.1 is indicative of a small, 0.3 a medium, and 0.5 a large effect size.
b N ⫽ 38.

TABLE 6 Decreased Areas of GM and WM Volume in Preterm Children Compared With Control
Subjects
Anatomic Region (BA)

GM results
Parietal lobe
Postcentral gyrus (3) L
Temporal lobe
Middle temporal gyrus (21) L
Middle temporal gyrus (21) R
WM results
Parietal lobe
Postcentral gyrus (3) L
Temporal lobe
Middle temporal gyrus (21) L
Middle temporal gyrus (21) R

Cluster,
mm3

Cluster Level
(P Corrected)

Local Maxima MNI
Coordinatesa
x

y

t
z

51 371

⬍.001

⫺53

⫺21

39

6.35

15 690
49 875

⬍.001
⬍.001

⫺54
60

⫺15
⫺7

⫺8
⫺11

6.18
5.60

1174

NS

⫺51

⫺21

23

4.90

128
2041
1181

.018
NS
NS

⫺54
54
56

⫺2
9
⫺15

⫺23
⫺41
⫺17

5.45
5.06
3.91

BA indicates Brodmann area; MNI, Montreal Neurological Institute; L, left hemisphere; R, right hemisphere; NS, not
signiﬁcant.
a x increases from left (⫺) to right (⫹), y increases from posterior (⫺) to anterior (⫹), and z increases from inferior (⫺)
to superior (⫹).

the GM loss in the parietal and temporal regions.
In contrast to previous studies of preterm children at high risk, which demonstrated decreases in total cerebral
volumes,11,15,34,35 our preterm children
had only reduced total GM volume. MRI
studies reported abnormalities in several WM brain areas, including all
lobes, associative tracts, and the corpus callosum, in preterm children and
adolescents.36–38 Contrary to these
ﬁndings, the absence of major WM impairment in our preterm children
could be attributable, in part, to the
strict inclusion/exclusion criteria applied. Our preterm children showed a
decreased GM volume in temporal and
parietal regions, in accordance with
volume reductions previously reported.11,16,38 In contrast to previous studPEDIATRICS Volume 124, Number 6, December 2009

ies,16,38 we did not observe any region
of increased GM volume in our preterm children; however, it is necessary
to consider differences between these
studies related to the inclusion of infants of different GA, the presence of
signiﬁcant neonatal morbidity, different ages of evaluation, and the use of
different MRI techniques. There is controversy as to the origin of brain GM
volume reductions linked with prematurity.8 Although there is evidence that
GM reductions are a secondary effect
of WM damage,9 other studies have
noted that even without signs of WM
injury, prematurity is associated with
decreased cortical GM volumes, which
are correlated with adverse neurodevelopmental outcome.12 GM maturation in the intrauterine environment is
genetically controlled and well pro-

tected, but, in preterm birth, it is exposed to several environmental factors that may inﬂuence normal
development.15,39 A recent study40 reported that preterm birth continues to
perturb the trajectory of cerebral development during late childhood. The
mean GA of our study sample was 33
weeks, and it is in the last trimester
when GM seems to be more vulnerable,41 because this period is characterized by a dramatic growth in gyri, sulci,
synapses, and dendritic arborization.42
Hence, after preterm birth, the normal
increase in cortical surface area and
complexity might be impeded even in
the absence of major WM destruction.43 Our ﬁndings provide support for
these assumptions and suggest that
preterm birth itself might be a determining cause of altered GM.
Our results add new data to the divergent ﬁndings on preterm infants at low
risk, with some authors having concluded that preterm infants at 40
weeks had similar brain tissue volumes compared with term infants,21
whereas others have demonstrated a
moderately decreased WM volume
suggestive of an alteration in the
course of myelination.22 Our study
demonstrated that both WM and especially GM volume abnormalities were
mainly localized in the temporal lobe,
particularly in the middle temporal gyrus. Volume reductions in the middle
temporal gyrus were previously reported in preterm children.38 Cortical
GM reaches a peak maximal volume in
the temporal lobe at ⬃16 years.44 Late
development of these regions might
make these structures more vulnerable to the inﬂuence of environmental
factors during childhood; therefore,
we speculate that speciﬁc areas of
lower GM volume found in our preterm
children could be related to primary
cortical neuronal damage because
preterm labor occurs at a critical time

Downloaded from pediatrics.aappublications.org at Hospital For Sick Children on August 16, 2012

e1165

lying GM changes; our results may indicate the limitations of VBM analysis
of T1-weighted images for detecting
such WM decreases. Other techniques,
such as diffusion tensor imaging, have
proved useful for detecting microscopic WM changes in preterm neonates and children46–50; therefore, additional analyses by using the diffusion
tensor imaging approach are necessary to clarify the integrity of WM in
preterm children at low risk.

FIGURE 1
Statistical parametric maps illustrating GM (A) and WM (B) volume decreases between groups at false
discovering rate– corrected P value. C, GM (blue) false discovering rate– corrected results and WM
(red) results at an uncorrected voxel P ⬍ .001. Differences are mapped on a T1 standard control brain.
The color bar represents the t scores. Display orientation: neurologic convention (A and B) and
radiologic convention (C).

TABLE 7 Whole-Sample Correlations Between Cerebral Tissues and GA
Anatomic Region (BA)

GM correlations
Parietal lobe
Postcentral gyrus (1, 2, 3) L
Temporal lobe
Middle temporal gyrus (21) L
Middle temporal gyrus (21) R
WM correlations
Parietal lobe
Postcentral gyrus (1, 2, 3) L

Cluster,
mm3

Cluster Level
(P Corrected)

Local Maxima MNI
Coordinatesa
x

y

r
z

73 713

⬍.001

⫺59

⫺20

45

0.72

20 749
56 230

.001
⬍.001

⫺59
50

⫺15
5

⫺11
⫺27

0.71
0.65

870

.002

⫺51

⫺20

27

0.61

BA indicates Brodmann area; MNI, Montreal Neurological Institute; L, left hemisphere; R, right hemisphere.
a x increases from left (⫺) to right (⫹), y increases from posterior (⫺) to anterior (⫹), and z increases from inferior (⫺)
to superior (⫹).

in which brain architecture has yet to
develop fully.
The abnormal brain structure ﬁndings
noted on our study children indicate
that, even in preterm children at low
risk, insults to the brain that occur at
critical periods of development disrupt maturation. Kinney et al42 postulated that the combined GM and WM
damage in late preterm children could
be attributable to hypoxia-ischemia, ine1166
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fection, and/or as-yet-undeﬁned factors in a vulnerable period in the development of oligodendrocytes and
neurons and that the combined lesions
in the susceptible WM and GM sites reﬂect interactions between oxidative,
nitrative, glutamate, and cytokine toxicity. Nevertheless, conventional MRI is
not very sensitive to subtle changes
in WM.8,45 By using a noncorrected
threshold, we saw WM changes under-

In agreement with Nosarti et al,38 our
correlation results showed that GM
and WM changes were linearly associated with length of gestation. Authors
have noted a GA-related gradient in IQ
for those born before 33 weeks.51 A
meta-analysis study2 concluded that
preterm children are more likely to
have low cognitive performance and
that their immaturity at birth is directly proportional to their mean cognitive scores. These results are corroborated by our ﬁndings, given that
we found a linear relationship between IQ and both birth weight and GA
from 30 to 40 weeks.
Our preterm children achieved intelligence scores within the normal range,
and this is consistent with the fact that
adverse cognitive sequelae are a more
frequent outcome among extremely
preterm children.52 In agreement with
previous reports, our preterm children obtained lower scores on scales
related to verbal and nonverbal material and time-dependent tasks compared with control subjects.11,53 In contrast, a follow-up study of preterm
infants at low risk reported no differences in general, verbal, and performance quotients at 7 years.54 Although
a greater need for extra educational
provision has been reported in schoolages very preterm populations,55–58 we
have not found this tendency.
Correlations between intelligence and
brain volume have been reported in
preterm studies.59,60 Peterson et al15
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be attributed in part to these favorable
socioeconomic characteristics.25,63 Our
ﬁndingsbasedonCBCLdatademonstrated
that our preterm children showed neither
emotional nor behavior problems. In
agreementwithourresults,Fredrizzietal54
reported no behavior problems in preterm
children at low risk, whereas Schothorst et
al64 concluded a higher prevalence of social problems.

FIGURE 2
Axial slices showing the correlation between GA at birth and GM (right color bar) and WM (left color
bar) volume decreases; the lower the GA, the lower the GM and WM integrity. Images are representative slices at a 2-slice interval. Left is left in accordance with neurologic convention. Results are
superimposed on a T1 standard control brain.

noted that volume reductions in the
temporal and sensorimotor language
regions correlated with intelligence
scores in preterm children, and Martinussen et al61 demonstrated a thinner
cortex involving these regions in very
low birth weight adolescents. Indeed,
we also found positive correlations between volume reductions in GM involving the middle temporal and the postcentral parietal gyri and IQ. Although
we did not ﬁnd brain regions associated with cognitive outcome in our preterm group, Isaacs et al17 reported that
preterm children are at risk for declining intelligence scores over time even
when they have not sustained obvious
PEDIATRICS Volume 124, Number 6, December 2009

neurologic damage. Because the number of children in the preterm group
was small and this reduced the power
of our analysis, the lack of any relationship between full cognitive scores and
GM volumes may reﬂect insufﬁcient
power of our study rather than the absence of a true association.
Environmental factors, especially parental
education, are the best predictors of later
intelligence in preterm infants.25 Moreover, the risk for impaired cognitive development increases with decreasing
socioeconomic status.62 The parental education of our sample was very high;
hence, the good outcome obtained might

Our study has 2 main limitations. First, the
relatively small sample may have meant
that statistical differences could not be observed in some comparisons, and this preventsusfromgeneralizingourﬁndingstoa
wider and more heterogeneous population of preterm children at low risk. Second, the implicit in the VBM procedures; although the algorithms in SPM are considered robust, this software was not initially designed to evaluate structural abnormalities, and so imperfect registration
may lead to inaccuracy.65 However, the
DARTEL method offers deﬁnite improvements for VBM studies in terms of localization, and it also increased sensitivity,
which should decrease the impact of our
sample size.28 It will therefore be important to continue to follow this cohort of
preterm children at low risk to study to
what extent the decreased brain volumes that we found will compromise
their neuropsychological and behavioral
outcome in adolescent and adult life.

CONCLUSIONS
This MRI study demonstrates that preterm children at low risk are mainly
characterized by cortical GM damage,
which correlates with IQ performance.
Preterm birth itself has a signiﬁcant
impact on GM and WM volume, the temporal lobe being the most affected region. Although preterm children at low
risk show a cognitive outcome within
the normal range, it remains signiﬁcantly lower than that of term control
subjects. No differences between the
groups were found regarding behavioral or emotional problems. Additional
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FIGURE 3
Correlations between GM volume involving the middle temporal (BA 21) and the postcentral parietal gyri (BA 1, 2, 3, and 7) and WISC-IV full-scale IQ in the
whole sample. Statistical parametric maps are displayed on a lateral brain view in neurologic convention (A to D: right side; E to H: left side). Plots-points
indicate real data (F, preterm; E, term); the line indicates data adjusted to the theoretical model.

research is required to determine the effects of low-risk preterm birth on brain
morphology and on subsequent cognitive and behavioral correlates.
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