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Abstract: On the basis of findings in normative samples that different cortical brain regions covary in gray
matter volume, most likely as a result of mutually trophic influences during cortical development, we aimed
to study whether patterns of covariation in regional gray matter, i.e., structural covariance, differed between
adolescents who were born very preterm and full-term controls. Optimized voxel-based morphometry was
used to study structural magnetic resonance imaging scans from 218 very preterm adolescents (gestational
age <33 weeks) and 127 controls at 14–15 years of age. Local gray matter volumes were obtained for
18 regions of interest involved in sensorimotor and higher-order cognitive functions. These were then used to
predict local volumes in the remaining areas of the cortex, with total gray matter volume, age and gender
used as confounding variables. Very preterm adolescents compared with controls demonstrated differential
(i.e., both increased and decreased) structural covariance between medial, frontal and cingulate gyri, caudate
nucleus, thalamus, primary visual cortex, cerebellum and several other cortical and subcortical regions of the
cortex. These findings support previous research indicating that preterm birth is associated with altered corti-
cal development, and suggest that developmental changes in one brain region may result in a cascade of
alterations in multiple regions.Hum Brain Mapp 32:1615–1625, 2011. VC 2010Wiley-Liss, Inc.
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INTRODUCTION

An increased risk of structural brain alterations in very
preterm (VPT) and very low birth weight individuals com-
pared with controls has been described from childhood into

young adulthood. These include smaller cortical volumes,

larger lateral ventricles [Allin et al., 2004; Kesler et al., 2004;
Nosarti et al., 2002], and reduced total gray matter volumes

[Nosarti et al., 2002], specifically in sensorimotor and pari-

eto-occipital regions in childhood [Peterson et al., 2003] and

in temporal, frontal and occipital cortices in adolescence

[Nosarti et al., 2008]. White matter alterations in several

brain regions, including frontal, parietal, temporal, and occi-

pital lobes have also been documented [Nosarti et al., 2008].
Magnetic resonance imaging (MRI) studies looking at

specific regions of interest have demonstrated decreases in

size in VPT and very low birth weight individuals com-

pared to controls in hippocampus [Nosarti et al., 2002], cere-

bellum [Allin et al., 2001], corpus callosum [Nosarti et al.,

2004], and thalamus [Gimenez et al., 2006]. Taken together,

these findings suggest that the brains of VPT individuals

may be substantially different in structure, an observation

which is compatible with the idea of neuroplastic reorgan-

ization in response to early brain lesions.
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The study of structural brain alterations in vulnerable
groups may be important for understanding their neurodeve-
lopmental outcomes, and to date MRI findings have been
used to predict motor delay and cerebral palsy [Woodward
et al., 2006] and working memory deficits [Woodward et al.,
2005] in VPT infants. In adolescence, we previously reported
that gray and white matter alterations in brainstem, frontal,
temporal, and limbic regions mediated the relationship
between very preterm birth and adolescent cognitive impair-
ment, with specific reference to language and executive func-
tion [Nosarti et al., 2008]. Investigation of the inter-
relationships between areas in which between-group white
and gray matter volumes differences were observed, revealed
that such regionally specific alterations were all significantly
associated, suggesting that abnormalities in one brain area
may be reciprocally connected to abnormalities in other areas.

In this article, instead, we present the results of a study
investigating patterns of covariation between a priori selected
regions of interest and gray matter volume (i.e., cubic milli-
meters of gray matter per voxel) throughout the whole brain,
i.e., structural covariance, in the same group of VPT adoles-
cents and controls we studied earlier [Nosarti et al., 2008].
Structural covariance between regions of the human brain is
thought to be the result of mutually trophic influences during
cortical development [Mechelli et al., 2005]. Studies in adult
normative samples have identified consistent patterns of pos-
itive and negative covariance in gray matter volume in brain
regions involved in sensorimotor and higher-order cognitive
functions which are similar for males and females with the
exception of the left amygdala [Mechelli et al., 2005]. These
findings highlight the mutually dependent influences that
proximal and distal brain structures might exert over one
another during development in addition to minor differential
variation according to an individual’s gender. Recent investi-
gations have also demonstrated that patterns of structural co-
variance may be altered in individuals with schizophrenia
[Mitelman et al., 2005b], a disorder which is considered to be
developmental in nature, and that such alterations are de-
pendent on symptom profile [Modinos et al., 2009].

In this study, we hypothesized that differential patterns
of structural covariance would be observed between VPT
adolescents and full-term controls, particularly in the pre-
frontal and temporal cortices, on the basis of known struc-
tural alterations associated with very preterm birth.

METHODS

Participants

VPT individuals belonged to two cohorts, each born
before 33 weeks of gestation and admitted consecutively to
the Neonatal Unit of University College London Hospital
(UCLH). The first cohort (n ¼ 223) was comprised of
infants born in 1979–1982 that were enrolled for long-term
follow-up, and received neurological and cognitive assess-
ment at 1, 4, and 8 years [Roth et al., 1994]. At 14–15 years
of age 156 individuals (76.1%) agreed to undergo assess-

ment, including 128 that underwent MRI scans [Nosarti
et al., 2002, 2004, 2008]. The second cohort (n ¼ 147) was
comprised of a subsample of infants born in 1983–1984 and
admitted to UCLH. This selection was necessitated by an
expansion in capacity at UCLH in 1983, which prevented
the inclusion of the entire consecutive series due to limited
research resources. At 14–15 years of age 113 individuals
(76.9%) were assessed, including 90 who underwent MRI
scans. The inclusion criteria were infants born at 28 weeks
or less of gestation and a random sample of one in four
infants born from 29 weeks to 33 weeks of gestation
[Nosarti et al., 2008]. In both cohorts, VPT participants did
neither differ from non-participants in family socio–eco-
nomic status, birth weight, gestational age, mode of deliv-
ery, condition at birth, the need for mechanical ventilation,
neonatal ultrasonographic findings, nor in neurodevelop-
mental status when assessed at 1, 4, and 8 years of age.

Full-term individuals (n ¼ 47) delivered at UCLH in
1979–1980 were enrolled to act as age-matched controls for
assessment. Inclusion criteria were full-term birth (38–42
weeks) and birth weight greater than 2,500 grams. At
14–15 years of age, 45 full-term controls were traced and
21 (44.6%) agreed to assessment including MRI. Additional
full-term controls (n ¼ 106), matched for year of birth and
socio–economic status, were recruited through the press.
The inclusion criteria were the same as for the UCLH con-
trols; exclusion criteria were any history of neurological
conditions including meningitis, head injury, and cerebral
infections. Ethical approval for the study was obtained
from local ethical committees. Written consent for the
assessment, including MRI, was obtained from an accom-
panying parent and verbal consent was obtained from the
participants.

MRI Acquisition

Magnetic resonance imaging was performed using a
1.5 Tesla machine (General Electric Medical Systems,
Milwaukee, WI). The following sequences were obtained:
sagittal T2-weighted fast spin-echo, 27 � 4 mm contiguous
slices (TR, repetition time 2,500 ms, TEef 85 ms); axial T2-
weighted double-echo fast spin-echo, 28 � 5 mm contigu-
ous slices (TR 2,900 ms, TEef 19 and 95 ms); and three-
dimensional T1-weighted gradient-echo sequence that
allowed reconstruction in any plane of 124 1.5 mm slices
(TR 35 ms, TEef 5 ms, flip angle 3�).

MRI Data Preprocessing

Structural images were preprocessed using optimized
voxel based morphometry (VBM) implemented in Statisti-
cal Parametric Mapping version 2 (SPM2) (http://www.
fil.ion.ucl.ac.uk/spm), running under Matlab 7.1 (Math-
works, Natick, Massachusetts). Voxel-based morphometry
is a whole-brain, unbiased, semiautomated technique for
characterizing brain differences in vivo using magnetic
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resonance images [Ashburner and Friston, 2000]. A cus-
tomized template of the whole brain was obtained with a
standard VBM protocol [Ashburner and Friston, 2000]
through normalization of the GRASS T1-weighted gradi-
ent-echo sequences for all study participants (VPT and
controls, n ¼ 310) to the T1-weighted stereotactic template
of SPM2 using a 12 parameter affine transformation, fol-
lowed by smoothing with an 8 mm FWHM isotropic Gaus-
sian kernel (to reduce the effects of individual variation in
sulcal/gyral anatomy) [Nosarti et al., 2008]. All spatially
normalized images were resliced with a voxel size of 1 �
1 � 1 mm3 to reduce the partial volume problem and
insure optimal tissue segmentation. Finally all smoothed
normalized images were averaged. Starting estimates for
the registration were assigned by specifying the position
of the anterior commissure [Ashburner et al., 1997]. This
method uses a Bayesian framework, whereby the construc-
tion of posterior probability maps (PPM) based on prior
knowledge of the normal variability in brain size [Good
et al., 2001] allows inferences about regionally specific
effects.

The normalized averaged whole brain images were seg-
mented into gray matter, white matter, and cerebrospinal
fluid using a modified mixture model cluster algorithm
which identifies voxels assigned to a particular tissue type
combined with an a priori knowledge of the spatial distri-
bution of the these tissue types in normal populations
derived by probability maps. Segmentation includes a cor-
rection for intensity nonuniformity in order to account for
image intensity variations due to differing positions of cra-
nial structures in the MRI scanner [Ashburner and Friston,
2000]. Finally, the segmented images were smoothed with
an 8 mm full-width half-maximum (FWHM) isotropic
Gaussian filter. Smoothing is used to improve the signal-
to-noise ratio, as it reduces the influences of individual
variations in gyral anatomy after spatial normalization and
permits application of Gaussian random-field theory for
corrected statistical inference [Friston et al., 1995].

Separate stereotactic customized gray and white matter
templates were created with an optimized VBM protocol
[Good et al., 2001], by averaging all the 310 smoothed nor-
malized gray/white matter images from the standard
VBM protocol described earlier using affine transformation
with sinc interpolation algorithm. Images from the whole
group were chosen in order to minimize any potential bias
for spatial normalization. Customized priors were com-
puted from these templates, which were used to improve
the accuracy of the extraction of gray and white matter of
each subject in the normalization process described in the
text [Good et al., 2001].

All original MRI images (in native space) were seg-
mented into GM and WM using a SPM2 script. Non-brain
voxels were removed from the segmented images. The
extracted GM and WM images were spatially normalized
onto the customized GM and WM templates using the op-
timum 12-parameter affine transformations. The spatially
normalized images were segmented into GM and WM and

subjected to a second extraction of normalized segmented
GM and WM images. A brain extraction and cleaning pro-
cedure was applied and the cleaned GM and WM images
were modulated, i.e., the spatially normalized GM and
WM were multiplied by their relative volumes before and
after spatial normalization, in order to adjust for the
expansion and shrinkage of voxels that can occur during
spatial normalization [Ashburner and Friston, 2000].
Finally, the segmented images were smoothed using an
8 mm FWHM isotropic Gaussian kernel [Ashburner and
Friston, 2000]. All the described SPM2 steps were fully
automated.

Statistical Analysis

A voxel-wise statistical analysis was performed on the
gray matter images using the general linear model as
applied in SPM2. Regional gray matter densities were
extracted from 18 regions of interest. The following 15 were
chosen on the basis of structural alterations in ex-VPT ado-
lescents compared to controls we previously reported
(both gray matter decreases and increases) [Nosarti et al.,
2008]: middle temporal gyrus (BA 21; x ¼ �48, y ¼ 2, z ¼
�18), fusiform gyrus (BA 20; x ¼ �33, y ¼ �38, z ¼ �17),
precentral gyrus (BA 4; x ¼ �38, y ¼ �18, z ¼ 42), lingual
gyrus (BA 18; x ¼ �18, y ¼ �84, z ¼ �12), precuneus (BA
7; x ¼ �15, y ¼ �75, z ¼ 35), superior temporal gyrus (BA
20; x ¼ �21, y ¼ �33, z ¼ �3), superior frontal gyrus
(BA10; x ¼ �21, y ¼ 63, z ¼ 2), medial frontal gyrus (BA
11; x ¼ �6, y ¼ 62, z ¼ �17), inferior frontal gyrus (BA 9;
x ¼ �47, y ¼ 8, z ¼ 26), precentral gyrus (BA 4; x ¼ �65,
y ¼ �3, z ¼ 15), cingulate gyrus (BA 31; x ¼ �8, y ¼ �35,
z ¼ 35), caudate nucleus (x ¼ �14, y ¼ 8, z ¼ 17), thala-
mus, medial dorsal nucleus (x ¼ �3, y ¼ �17, z ¼ 3), pos-
terior cerebellum, semilunar lobule (x ¼ �27, y ¼ �87, z ¼
�38), anterior cerebellum, culmen (x ¼ �12, y ¼ �44, z ¼
�3). The remaining three regions of interest were chosen
because they had been widely characterized at the func-
tional level by previous studies, they had been anatomi-
cally validated using the standard T1-weighted template
in Montreal Neurological Institute stereotactic space, and
they had been used in a study of structural covariance
in healthy adults [Mechelli et al., 2005]. These were: pri-
mary visual cortex (V1; x ¼ �24, y ¼ �95, z ¼ �6), pri-
mary auditory cortex (x ¼ �43, y ¼ �24, z ¼ 13), and primary
somatosensory cortex (S1; x¼ �27, y¼ �36, z¼ 60).

The regional gray matter densities extracted from the
regions of interest were used to model regional densities
in all voxels of the preprocessed gray matter segments.
Separate correlation analyses were conducted for each a
priori region of interest, resulting in 36 (18 � 2, left and
right side) statistical models. To identify the effects associ-
ated with gestational age, scans of VPT adolescents and
full-term controls were modeled separately in all analyses.
Global gray matter volume, gender and chronological age
at assessment were modeled as covariates of no interest to
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identify regionally specific associations that could not be
attributed to the effects of these variables. These statistical
analyses identified, for each a priori region of interest,
voxels which expressed either decreased or increased co-
variance with that region in VPT born adolescents relative
to full-term controls. Inferences were made at P < 0.05 af-
ter False Discovery Rate (FDR) correction for multiple
comparisons across the whole brain.

RESULTS

Sample Characteristics

As previously reported, 35 scans could not be analyzed
due to movement (3 VPT, 14 controls), signal artefact
(6 VPT, 10 controls) or ventricular enlargement (2 VPT).
Thus, a total of 207 VPT individuals and 103 controls were
studied [Nosarti et al., 2008]. There were no differences
between the 35 excluded subjects and those that were
included in terms of head circumference [F(309) ¼ 2.3, P ¼
0.13]; age [F(309) ¼ 2.7, P ¼ 0.10]; global executive func-
tion scores [F(309) ¼ 0.02, P ¼ 0.89]; and global language
scores [F(309) ¼ 0.6, P ¼ 0.43] at assessment (please see
Nosarti et al., 2008 for further details on these assess-
ments). Furthermore, there were no differences between
the excluded and the included VPT participants in terms
of neonatal ultrasound classification (v2 ¼ 1.8, P ¼ 0.40).
No participant had received a diagnosis of periventricular
leucomalacia. Table I displays the socio-demographic, peri-

natal, anthropometric, and neurodevelopmental character-
istics of all study participants. VPT adolescents and
controls did not differ in terms of gender distribution (v2

¼ 2.1, P ¼ 0.45), socio–economic status as measured by
Her Majesty’s Stationary Office Standard Occupational
Classification criteria (v2 ¼ 3.1, P ¼ 0.38), height [F(309) ¼
2.1, P ¼ 0.15], or body mass index (BMI) calculated as
[weight/height2] [F(309) ¼ 1.2, P ¼ 0.28]. However, the
two groups differed in head circumference [F(309) ¼ 17.1,
P < 0.001], and chronological age at time of assessment
[F(309) ¼ 16.2, P < 0.001].

Structural Covariance

In the investigation of structural covariance, two regions
were defined as being positively correlated if an increase
in gray matter in one area was associated with an increase
in gray matter in another area. Conversely, two regions
were defined as being negatively correlated if an increase
in gray matter in one area was associated with a decrease
in gray matter in another area. We referred to homotopic
regions to indicate the same areas of the cortex in opposite
hemispheres (e.g., left and right superior frontal gyrus), ip-
silateral regions to indicate different areas of the cortex in
the same hemisphere (e.g., left superior frontal gyrus and
left fusiform gyrus), and heterotopic regions to indicate
different areas of the cortex in opposite hemispheres (e.g.,
left superior frontal gyrus and right precentral gyrus)
[Mechelli et al., 2005]. As positive and negative

TABLE I. Characteristics of preterm-born adolescents and controls

Cases (N ¼ 207) Controls (N ¼ 103)

Neonatal characteristicsa

Birth-weight (g) 1276.0 � 353.8, (552–2,390) 3358.4 � 394.3, (3,200–4120)
Gestation at birth (weeks) 29.1 � 2.2, (24–32) 40.1 � 1.3, (38–41)
Males/Females (number) 115/92 59/45

Anthropometric data at assessment
Head circumference (cm)** 55.1 � 1.9, (50.0–60.0) 56.1 � 1.7, (52.0–61.2)
Height (cm) 164.7 � 8.4, (145–184) 166.9 � 7.4, (150–184)
Body Mass Index 20.5 � 3.9, (12.8–35.0) 21.0 � 4.0, (14.5–37.4)
Chronological age (years)** 15.2 � 0.5, (13.9–16.7) 15.0 � 0.7, (14.1–16.8)

Parental socio-–economic status at
assessment—number, percent
I-II 81 (39%) 48 (46%)
III 65 (31%) 24 (23%)
IV-V 49 (24%) 25 (24%)
Missing 12 (6%) 7 (7%)

Neonatal ultrasound results—number, percent
Normal 106 (51%) n/a
Uncomplicated periventricular

haemorrhage
67 (32%) n/a

Periventricular haemorrhage
and ventricular dilatation

34 (17%) n/a

Mean, standard deviation (SD) and range are given, unless otherwise specified.
**P<0.001.
aFor controls: birth weight (n ¼ 67) and gestational age (n ¼ 72).
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associations between homotopic regions, between ipsilat-
eral regions, and between heterotopic regions have been
previously described in healthy controls [Mechelli et al.,
2005], here we only report patterns of structural covariance
which differed between VPT adolescents and full-term
controls, as well as Talairach coordinates and Z-scores for
within group correlations where significant between group
differences were observed.

VPT > Control

We first report structural associations which were signif-
icantly stronger in VPT adolescents compared to full-term
controls (Table II and Fig. 1).

Homotopic effects

Our data showed that the gray matter volume of selective
regions in one hemisphere was associated with gray matter

volume of the homotopic region in the contralateral hemi-
sphere more strongly in VPT-born adolescents than controls.
For instance VPT-born individuals compared to controls
showed increased covariance between the volume of an area
of the cingulate gyrus in the left hemisphere and the same
region in the right hemisphere and vice versa. Likewise,
VPT-born individuals showed stronger homotopic effects
compared to controls in posterior cerebellum bilaterally.

Ipsilateral effects

Our results showed increased structural covariance
between the volume of selective regions in one hemisphere
and the volume of one or more regions in the same hemi-
sphere in VPT-born adolescents compared to controls. For
instance, VPT-born individuals demonstrated increased co-
variance compared to controls between the left medial fron-
tal gyrus and the left lingual gyrus, as well as between the
left cingulate gyrus and the left cuneus, left middle occipital

TABLE II. Increased structural covariance in preterm-born adolescents compared with controls between selected

regions of interest and other areas of the cortex

VPT > controls VPT Controls

x y z Z x y z Z x y z Z

Medial frontal gyrus, left
Left lingual gyrus (IP) �20 �62 3 5.05 �20 �60 3 2.42 �15 �60 2 �1.11

Cingulate gyrus, left
Right cingulate gyrus (HO) 11 �24 39 3.18 11 �24 39 13.47 11 �24 39 9.02
Left cuneus (IP) �11 �71 8 4.34 �11 �66 6 2.56 �8 �60 2 0.57
Left inferior temporal gyrus (IP) �63 �15 �17 3.42 �63 �15 �17 0.56 �59 �21 �18 0.53
Left middle occipital gyrus (IP) �29 �95 14 3.39 �29 �95 14 2.61 �37 �81 19 0.55
Left superior temporal gyrus (IP) �47 17 9 3.32 �48 18 9 0.61 �51 17 2 0.79
Right posterior cingulate gyrus (HE) 15 �59 20 4.46 15 �59 20 3.11 11 �54 22 0.72

12 �66 9 4.29 12 �66 9 0.91 8 �57 6 0.49
Right inferior temporal gyrus (HE) 60 �20 �14 3.33 60 �20 �14 2.63 60 �22 �16 0.56

Cingulate gyrus, right
Left cingulate gyrus (HO) �8 �27 39 5.15 �8 �27 39 18.75 �8 �27 39 12.73

Caudate nucleus, right
Right posterior cerebellum

(Hemisphere, Lobule VI) (IP)
23 �59 �15 4.54 23 �59 �15 2.95 23 �54 �22 0.17

24 �71 �12 4.08 24 �71 �12 2.23 21 �75 �9 0.22
11 �59 �45 4.01 11 �59 �45 4.76 11 �59 �46 0.17
0 �54 �35 3.98 0 �54 �35 5.60 0 �54 �35 0.59

Thalamus, right
Right superior frontal gyrus (IP) 30 53 32 4.46 30 53 32 1.76 30 53 15 0.30
Left superior frontal gyrus (HE) �26 62 15 4.81 �23 57 25 0.33 �44 45 �14 0.36
Left insula (HE) �44 �41 20 4.70 �45 �39 21 0.31 �51 �41 25 0.54

Posterior cerebellum, left
Posterior cerebellum, right

(Hemisphere, Lobule IX) (HO)
12 �57 �48 5.04 12 �57 �48 7.25 12 �57 �49 0.90

Posterior cerebellum, right
Posterior cerebellum, left

(Hemisphere, Lobule VIIIA) (HO)
�8 �74 �48 4.30 �8 �74 �48 7.58 �8 �74 �48 1.32

�21 �72 �38 3.87 �21 �72 �38 4.87 �21 �74 �38 1.07

IP, Ipsilateral effects; HO, homotopic effects; HE, heterotopic effect. Z scores greater than 3.0 are significant at P < 0.05 (FDR corrected).
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gyrus, left inferior and left superior temporal gyri. Further-
more, the right caudate nucleus expressed differential posi-
tive associations in VPT adolescents compared to full-term
controls with the right posterior cerebellum. Increased ipsi-
lateral covariance in VPT adolescents compared to controls
was also demonstrated between the right thalamus and the
right superior frontal gyrus.

Heterotopic effects

The left cingulate gyrus expressed differential positive
heterotopic associations for VPT adolescents and full-term
controls. Specifically, this region was positively correlated
with the right posterior cingulate gyrus and right inferior
temporal gyrus in VPT adolescents more than in controls.
Differential heterotopic effects were also observed in the
right thalamus, which was positively correlated with the
left superior frontal gyrus and left insula in VPT adoles-
cents more than in controls.

VPT < Control

Analysis of our data revealed patterns of structural asso-
ciations in selective regions of interest where VPT adoles-

cents demonstrated decreased structural covariance
compared to controls (Table III and Fig. 1).

Homotopic effects

We did not observe differential positive associations in
homotopic regions for full-term controls and VPT adoles-
cents that survived our statistical threshold (P < 0.05, FDR
corrected).

Ipsilateral effects

Controls and VPT adolescents demonstrated differential
ipsilateral effects in the left superior frontal gyrus. VPT
adolescents showed decreased structural covariance
between this region and the left inferior parietal lobule,
left postcentral gyrus, and left posterior cerebellum. The
left medial frontal gyrus showed decreased structural co-
variance in VPT adolescents compared to controls with left
posterior cerebellum, left postcentral gyrus and left parie-
tal lobule. Decreased structural covariance in VPT adoles-
cents was observed between the left thalamus and the left
middle temporal gyrus.

Figure 1.

Gray matter correlations between selected regions of interest (x axis) and other areas of the

human cortex (y axis) in VPT adolescents and controls. On the right of each correlation graph the

local maxima for the significant regional clusters are displayed at the centre of the crosshair. The

x and y axes report regional densities, measured as cubic millimeters of gray matter per voxel.
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Heterotopic effects

The left superior frontal gyrus expressed decreased
structural covariance with the right posterior cerebellum
in VPT adolescents compared to full-term controls.
Decreased structural covariance in VPT individuals was
also observed between the left medial frontal gyrus and
two areas of the right cerebellum. The right thalamus also
evidenced differential heterotopic effects, specifically a
weaker positive correlation with the left middle temporal
gyrus in VPT adolescents compared to controls. Further-
more, decreased structural covariance in VPT adolescents
was observed between the right primary visual cortex and
the left superior occipital gyrus and between the right pos-
terior cerebellum and the left cingulate gyrus.

DISCUSSION

The current investigation demonstrates for the first time
increased as well as decreased structural covariance in
gray matter volumes of a priori selected regions of interest
and several other brain regions in VPT adolescents com-
pared to full-term controls. Significantly increased struc-

tural covariance was observed between homotopic,
heterotopic and ipsilateral regions, whereas decreased co-
variance was found in heterotopic and ipsilateral regions
only. Differential patterns of structural covariance were
observed between several gray matter regions we previ-
ously reported in the same sample to be structurally
altered in adolescence in VPT individuals compared to
full-term controls, including superior and media frontal
gyri, cingulate gyrus, thalamus, caudate nucleus and cere-
bellum [Nosarti et al., 2008] and other frontal, parietal,
occipital, temporal and cerebellar gray matter regions. As
was the case with normative data [Mechelli et al., 2005],
these findings cannot be explained by overall gray matter
volume, which is known to be reduced in VPT adolescents
compared to controls [Nosarti et al., 2002], as total gray
matter volume was used as a confounding variable in the
analysis. Furthermore, these results cannot be solely
explained by differences in age or gender between the
groups [Mechelli et al., 2005], as the two groups were
selected on the basis of age and gender and in addition
these variables were modeled as variables of no interest in
the statistical analyses.

We suggest that the findings of several homotopic, het-
erotopic and ipsilateral regions expressing differences in

TABLE III. Decreased structural covariance in preterm-born adolescents compared with controls between selected

regions of interest and other areas of the cortex

VPT < controls VPT Controls

x y z Z x y z Z x y z Z

Superior frontal gyrus, left
Left inferior parietal lobule (IP) �51 �32 39 4.90 �51 �38 39 1.15 �51 �32 39 3.71

�51 �35 50 4.41 �51 �41 44 0.77 �51 �35 50 2.19
Left postcentral gyrus (IP) �41 �20 41 4.38 �54 �29 29 1.01 �41 �20 41 2.73
Left posterior cerebellum

(Hemisphere, Lobule VIIA, Crus II) (IP)
�20 �77 �38 4.25 �24 �66 �36 0.70 �20 �77 �38 0.74

Right posterior cerebellum
(Hemisphere, Lobule VIIA) (HE)

17 �75 �41 3.84 20 �68 �33 0.70 17 �75 �41 1.27

Medial frontal gyrus, left
Left posterior cerebellum

(Hemisphere, Lobule VIB) (IP)
�21 �74 �42 4.97 �8 �88 �23 0.62 �21 �74 �42 1.32

Left postcentral gyrus (IP) �39 �21 42 3.97 �51 �35 39 0.66 �39 �21 42 1.93
Left inferior parietal lobule (IP) �56 �30 36 3.81 �54 �33 38 0.52 �56 �30 36 5.09
Right lateral cerebellum (HE) 50 �48 �38 3.43 50 �51 �29 0.77 50 �48 �38 0.85
Right posterior cerebellum (HE) 14 �72 �36 5.33 �2 �80 �39 0.36 14 �72 �36 2.18

Thalamus, left
Left middle temporal gyrus (IP) �60 �3 �24 5.13 �51 �3 �24 �0.04 �60 �3 �24 4.75

Thalamus, right
Left middle temporal gyrus (HE) �60 �3 �24 5.34 �51 �5 �21 0.01 �60 �3 �24 4.90

�54 �9 �15 4.79 �51 �9 �14 0.11 �54 �9 �15 5.01
Primary visual cortex, right
Left superior occipital gyrus (HE) �35 �81 27 4.90 �32 �83 26 0.10 �35 �81 27 5.37

Posterior cerebellum, right
Left cingulate gyrus (HE) �14 �38 42 5.49 �33 �50 45 0.64 �14 �38 42 2.22

IP, ipsilateral effects; HO, homotopic effects; HE, heterotopic effect. Z scores greater than 3.0 are significant at P < 0.05 (FDR corrected).
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their patterns of regional covariance in VPT adolescents
compared to controls can be partly explained by the fact
that early perinatal adversities may results in cortical and
subcortical alterations of both gray and white matter and
subsequent changes in dynamic processes of gray and
white matter maturation [Allin et al., 2007; Ment et al.,
2009]. The brain is particularly vulnerable to damage dur-
ing the prenatal and early postnatal period, when cortical
development is dominated by continuing processes of
synaptic expansion and connectivity. At the time VPT
infants are born, the germinal matrix, a transient embry-
onic structure of the telencephalon (it involutes at 34
weeks), proliferates glial precursor cells that are migrating
to different layers of the cerebral cortex. These cells are
implicated in the origination of oligodendroglia, which
play a critical role in postnatal myelination and guidance
molecules [Weiss et al., 2004], and astrocytes, which define
the functional architecture of the cortex [Gressens et al.,
1992]. Haemorrhages into the germinal matrix or lateral
ventricles, or both, may lead to local destruction of glia
precursor cells, stopping further neuronal migration from
the germinal matrix to cerebral cortex in this area. As a
consequence, neuronal precursors in transit along the ra-
dial glia may alter the course of their migration, and con-
sequently reach the ‘‘wrong’’ layer of the cortex.
Abnormal gray matter architecture may have subsequent
effects on both distant and adjacent brain regions, which
fail to receive input from the damaged cortex. Perinatal
brain damage following very preterm birth further
appears to disrupt GABAergic (c-amino butyric acid)
interneuron development, the majority of which occurs
during the third trimester of gestation when these inter-
neurons migrate through white matter and the subplate.
GABAergic neurons play a critical role on cortical synaptic
development and white matter lesions have been associ-
ated with altered GABAergic pathway expression in VPT
infants [Robinson, 2005]. As there is evidence that white
matter injury is associated with impaired gray matter de-
velopment [Inder et al., 2003, 2005], the adolescent differ-
ences in patterns of gray matter regional covariance in
VPT individuals compared to controls we are reporting
could reflect the long-term effects of microstructural
changes in connectivity due to disruptions of oligodendro-
cyte development and interneuron migration and conse-
quent alteration in dynamic processes of gray matter
maturation.

Whereas, as far as we are aware, gray matter structural
covariance in very VPT samples in adolescence has not
been previously studied, focal and distributed abnormal-
ities of white matter connectivity in VPT adolescents have
been documented, especially in relation to the corpus cal-
losum, across which the majority of the inter-hemispheric
communication of the brain is conducted [Cooke and
Abernethy, 1999; Nosarti et al., 2004]. Altered white matter
microstructure has been reported in VPT children without
evidence of major neonatal brain injury in corpus callosum
and within regions of the internal capsule [Nagy et al.,

2003], whereas periventricular white matter damage has
been associated with alterations in afferent and efferent
projections fibers, callosal and major ipsilateral cortico-
cortical connections [Judas et al., 2005].

The development of positive associations between
homotopic cortical regions, that is, same areas of the cortex
in opposite hemispheres, may be dependent on mutually
trophic effects mediated by the corpus callosum, which
increases linearly from the age of 4 to 20 years [Giedd,
2008]. In an adult normative sample, it was found that the
gray matter volume of a region was a predictor of the vol-
ume of the homotopic region in the opposite hemisphere,
except for the visual cortex [Mechelli et al., 2005]. Our
data demonstrate differential structural covariance
between homotopic regions in VPT adolescents compared
to controls, which can be interpreted in the context of dis-
ordered structural connectivity. Specifically, VPT adoles-
cents displayed increased covariance in homotopic regions
of the cingulate gyrus and cerebellum. Fibers traversing
the different callosal segments connect different cortical
areas: the anterior corpus callosum connects frontal and
temporal cortex, whilst the posterior regions connect occi-
pital and parietal cortex [Bloom et al., 2005]. Increased
homotopic structural covariance in anterior cingulate
gyrus in VPT adolescents compared to controls may be
compensatory in nature and reflect sparing of damage to
the early developing mid-anterior portion of the corpus
callosum, and/or subsequent enlargement due to neuro-
plastic processes [Nosarti et al., 2004]. An alternative ex-
planation could be that functional neuroanatomical
differences described in VPT samples during performance
of high-order cognitive operations in anterior cingulate
cortex [Narberhaus et al., 2009; Nosarti et al., 2009] may be
secondary to structural alterations of this region.

The observed between-group differences in structural
covariance between heterotopic and ipsilateral regions,
including the left superior, medial frontal, cingulate gyri
and primary visual cortex (V1) and areas of the parietal,
occipital, temporal and cerebellar cortex, could also be
explained by a combination of region-specific anatomical
alterations and modification of connectivity.

We have previously reported altered functional neuroa-
natomical changes in fronto-parieto-occipital networks and
caudate nucleus in VPT adolescents compared to controls
during visual paired associates learning [Narberhaus et al.,
2009], as well as fronto-striatal-cerebellar alterations dur-
ing completion of a response inhibition task [Nosarti et al.,
2006]. In addition, changes in fronto-parietal and fronto-
occipital volumetric intercorrelations have been previously
reported in schizophrenia [Mitelman et al., 2005b]. These
between-group alterations in structural covariance could
underlie some of the deficits in high-order cognitive func-
tions observed in VPT individuals.

Another region we reported to display differential struc-
tural covariance (i.e. both increased and decreased) with
other cortical areas in VPT adolescents compared to con-
trols was the thalamus, via which the majority of sensory
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input to the cortex is received. The development of tha-
lamo-cortical topography is regulated by mechanisms
involved in axonal guidance and pathway refinement
[Price et al., 2006]. In the period from the 24th to the
31st postconceptional week the thalamo-cortical axons
(involved in cortical differentiation) reach their targets in
the cortical plate, forming first sensory expectant circuitry
[Kostovic and Vasung, 2009]. During the same preterm pe-
riod, gyrification progresses with the emergence of pri-
mary sulci. It is therefore plausible that changes in white
matter connectivity following very preterm birth may
result in altered thalamo-cortical topography and contrib-
ute to determine cortical gyrification, which is reported to
be altered in VPT samples [Kesler et al., 2006]. Differential
volumetric intercorrelations have been reported in clinical
samples. For instance, individuals with schizophrenia
were found not to show the significant correlations
observed in controls between thalamus and middle tem-
poral gyrus [Mitelman et al., 2005a], whereas we reported
decreased covariance between thalamus and middle tem-
poral gyrus heterotopically and ipsilaterally and increased
covariance between right thalamus and superior frontal
gyrus ipsilaterally and heterotopically. As the thalamus is
composed of several nuclei with afferent and efferent pro-
jections to different areas of the cortex, to further explore
between-group changes in structural covariance it would
be important to investigate patterns of covariance between
specific thalamic nuclei and other cortical areas.

During the preterm period the basal ganglia, a collection
of subcortical nuclei comprising the caudate nucleus, puta-
men, globus pallidus, subthalamic nucleus, and substantia
nigra, shows transient modular and proliferative activity,
which decreases only after the 34th postconceptual week.
Birth before this period may result in injury to the basal
ganglia resulting in later neuromotor impairment [Krageloh-
Mann, 2004]. In this study we found that the volume of
the caudate nucleus showed increased ipsilateral covari-
ance with gray matter volume in the cerebellum in VPT
adolescents compared to controls, in the left cerebellar
hemisphere, lobule VI, which is reportedly associated with
cognition [Makris et al., 2003]. Caudate nucleus and cere-
bellum have been found to be structurally and functionally
altered the following preterm birth [Allin et al., 2001;
Nosarti et al., 2006, 2008]. The cerebellum also showed
decreased covariance with left superior frontal gyrus and
left medial frontal gyrus. These alterations were all local-
ised to three subdivisions of the cerebellar hemispheres
(rather than vermis), all of which have also been associ-
ated with cognition, rather than motor or sensory function
[Makris et al., 2003]. Given the likely role of the cerebel-
lum in cognition, the altered patterns of covariance in
fronto-striatal-cerebellar networks may underlie some of
the cognitive deficits reported in VPT adolescents [Allin
et al., 2001].

The findings of the current study need to be interpreted
in the context of brains which are still developing. Norma-
tive data suggests that cortical gray matter volumes peak

at �10 years of age in the frontal and temporal lobes, and
�8 years of age in the parietal lobes and are subsequently
followed by gray matter decreases [Giedd, 2008]. Develop-
mental trajectories of subcortical gray matter, such as the
caudate nucleus, also follow an inverted U shape which is
similar to that of the frontal and parietal gray matter, sug-
gesting that brain regions which share widespread connec-
tions may also share similar developmental patterns
[Giedd, 2008]. Post-adolescent studies of aging have dem-
onstrated considerable variability in the regional volumes
of the brain, including declines in gray matter volume in
the parietal lobes, anterior cingulate cortex, frontal and
middle temporal gyrus, caudate, cerebellum, as well as
prefrontal white matter [Good et al., 2001]. Differential
patterns of structural covariance in adolescence following
very preterm birth could thus reflect differential regional
rates of gray and white matter development [Allin et al.,
2007; Ment et al., 2009]; although the extent of previously
documented anatomical differences observed in this group
suggests that gray matter development following very pre-
term birth may be both different and delayed [Nosarti
et al., 2008].

To summarize, the present study demonstrated differen-
tial structural covariance between several regional gray
matter volumes in VPT adolescents compared to controls.
These findings can be interpreted as reflecting the effects
of early perinatal lesions of both gray and white matter,
which may interact with ongoing developmental processes
and adversely affect adjacent as well as uninjured distant
areas of the brain. In addition to potential alterations in
the cytoarchitecture of the brain following very preterm
birth, we speculate that neuroplastic compensatory mecha-
nisms could contribute to explaining our findings. These
structural differences in the ‘‘preterm brain’’ may result in
differences in the localization of cognitive functions [Law-
rence et al., 2010; Narberhaus et al., 2009; Nosarti et al.,
2006, 2008], and functional connectivity in the absence of
behavioral differences [Schafer et al., 2009], as suggested
by functional MRI data. The functional significance of dif-
ferential structural covariance following very preterm birth
has yet to be established, and may be an area of interest
for future longitudinal studies.
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