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Children born prematurely with very low birth weight (VLBW: bw ≤ 1500 g) have an increased risk of preterm
perinatal brain injury, which may subsequently alter the maturation of the brain, including the cerebral cortex.
The aim of study was to assess cortical thickness and surface area in VLBW children compared with term-born
controls, and to investigate possible relationships between cortical morphology and Full IQ. In this cross-
sectional study, 37 VLBW and 104 term children born between the years 2003–2007 were assessed cognitively
at 5–10 years of age, using age appropriateWechsler tests. The FreeSurfer software was used to obtain estimates
of cortical thickness and surface area based on T1-weighted MRI images at 1.5 Tesla. The VLBW children had
smaller cortical surface area bilaterally in the frontal, temporal, and parietal lobes. A thicker cortex in the frontal
and occipital regions and a thinner cortex in posterior parietal areas were observed in the VLBW group. There
were significant differences in Full IQ between groups (VLBW M = 98, SD = 9.71; controls M = 108, SD =
13.57; p b 0.001). There was a positive relationship between IQ and surface area in both groups, albeit significant
only in the larger control group. In the VLBW group, reduced IQ was associated with frontal cortical thickening
and temporo-parietal thinning.
We conclude that cortical deviations are evident in childhood even in VLBWchildren born in 2003–2007whohave
received state of the artmedical treatment in the perinatal period andwho didnot presentwith focal brain injuries
on neonatal ultrasonography. The cortical deviations were associated with reduced cognitive functioning.
© 2015 Academic Center for Epileptology Kempenhaeghe & Maastrich UMC+. Published by Elsevier Inc. This is

an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Children born before week 32 with very-low-birth weight (VLBW:
birthweight ≤ 1500 g) aremore likely to needmedical treatment during
the perinatal period, and their immature nervous and cardiovascular
systems render these children prone to focal brain injuries such as intra-
ventricular hemorrhages and periventricular leukomalacia (PVL)
(Volpe, 2009). Volpe (2009) has suggested that the complex of enceph-
alopathy of prematurity includes both destructive and developmental
disturbances, and primarywhitematter injury could have secondary ef-
fects on cortical and gray matter nuclei development. Although perina-
tal care and medical treatment in the neonatal intensive care unit
(NICU) have improved radically during the last decades with reduced
incidence of focal brain injury, the immature brain and exposure to
.

mpenhaeghe & Maastrich UMC+. P
the harsh extra-uterine environment in the NICU are still believed to in-
crease the risk of disrupted brain development in very preterm born
survivors. The consequences of such developmental disruptions in an
extremely sensitive period of brain growthmay be profound alterations
of subcortical and cortical morphology that may affect brain function.

Previous studies have reported abnormal cerebral white matter
in VLBW infants as the most common pathological finding, manifested
as reduced fractional anisotropy on diffusion tensor images at
27–46 weeks of gestation (Ball et al., 2013), in adolescents (Skranes
et al., 2007) and in young adults aged 18–22 years (Eikenes et al.,
2011). However, changes in cortical and subcortical gray matter have
also been demonstrated in childrenwith VLBW as reduced brain cortical
surface area at term-equivalent age; (Ajayi-Obe et al., 2000; Kapellou
et al., 2006), in toddlers 18–22 months old (Phillips et al., 2011), in chil-
dren at the age of 10 years (Grunewaldt et al., 2014), and in adolescents
and young adults (Frye et al., 2010; Skranes et al., 2013). Both regional
thinning and thickening of the cerebral cortex have been reported in
children 7–12 years of age (Grunewaldt et al., 2014; Mürner-Lavanchy
ublished by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
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et al., 2014) and in adolescents at the age of 19 (Bjuland et al., 2014). Pos-
sible mechanisms underlying these cerebral changes in the VLBW popu-
lation may include injuries that affect neuronal migration and thereby
cortical development (Volpe, 2009).

The aim of the present study was to investigate cortical thickness
and cortical surface area in 5–10 year old children born preterm with
VLBW and term-born controls. To our knowledge, no previous study
has explored regional cortical morphology using continuous cortical
surface maps in VLBW children as young as 5–10 years of age. Using
continuous maps of cortical thickness and surface area increases both
sensitivity and specificity compared to volumetric methods (Rimol
et al., 2012).

In addition, the present study explores the relationship between re-
gional measures of cortical morphology and Full IQ as an overall mea-
sure of cognitive functioning. Cognitive abilities have been shown to
be reduced in the VLBW population (Aarnoudse-Moens et al., 2009;
Anderson et al., 2004; Lohaugen et al., 2010; Nosarti et al., 2007;
Taylor et al., 2004), and reduced cognitive performance has been related
to reduced cortical volume in 14–15 year old VLBW adolescents
(Nosarti et al., 2014). Finally, previous studies of VLBW young adults
have shown negative correlations between IQ and cortical thickness
(Bjuland et al., 2013), and positive correlations with surface area
(Skranes et al., 2013). However, these VLBW young adults were born
in 1986–1988, and it is unclearwhether the same relationships between
cortical morphology and cognitive function exist for school aged VLBW
children born after year 2000, who have received modern neonatal in-
tensive care.

2. Material and methods

2.1. Participants

2.1.1. VLBW group
The children born prematurely with very low birth weight (VLBW)

(birth weight ≤ 1500 g) were recruited based on admittance to the
Neonatal Intensive Care Unit (NICU) at St. Olav University Hospital in
Trondheim, Norway between 2003 and 2007. Sixty-three non-CP
children were invited and 57 agreed to participate in the study (31 fe-
males). One child (a twin sibling to a VLBW child) with birth weight at
2090 g was included in the data analysis, and post-hoc analysis showed
similar brain morphology and IQ scores for this child as for the VLBW
cohort.

2.1.2. Control subjects
The control subjects were recruited from the national Norwegian

Mother and Child Cohort Study (MoBa)managed by theNorwegian In-
stitute of Public Health (Magnus et al., 2006), with ages ranging
between 4 and 11 years (n = 143, 70 females). The participants
included in the current analysis were living in the same geographical
area as the VLBW participants (Nord- and Sør-Trøndelag) and had nor-
mal vision and hearing. The exclusion criteriawere a history of injury or
disease known to affect the central nervous system (CNS) function, in-
cluding neurological or psychiatric illness and serious head trauma. Fur-
thermore, if the child was under psychiatric treatment, used
psychoactive drugs known to affect CNS functioning, had a birthweight
below 2500 g, or had any known MRI contraindications, they were ex-
cluded from participation in the current study.

2.2. MR imaging

2.2.1. Image acquisition
MRI data were collected using a 12-channel head coil on a 1.5 T

Siemens Avanto scanner (Siemens Medical Solutions). The pulse
sequence used for morphometric analyses was one 3D T1-weighted
magnetization prepared rapid acquisition gradient echo (MPRAGE)
scan with the following parameters: repetition time (TR), 2400 ms;
echo time (TE), 3.61 ms; inversion time (TI), 1000 ms; flip angle, 8°,
FOV 240 × 240 and acquisition duration of 4 min and 18 s. Each volume
consisted of 160 sagittal sliceswith voxel sizes of 1.25× 1.25× 1.20mm.
The total scan time was on average 30 min. Raw datasets were de-
identified and transferred to Linux work-stations for processing. Each
MPRAGE was visually inspected and only scans with no or minimal
movement artifacts were included in the analyses.
2.2.2. Morphometric image analysis
Cortical reconstruction was performed with the FreeSurfer 5.3.0

image analysis suite, which is documented and freely available for
download online (http://surfer.nmr.mgh.harvard.edu/). The technical
details of these procedures are described in other publications (Dale
et al., 1999; Dale and Sereno, 1993; Fischl et al., 2004a; Fischl and
Dale, 2000; Fischl et al., 2001). Briefly, this includes motion correction
and averaging (Reuter et al., 2010) of multiple volumetric T1 weighted
images, removal of non-brain tissue using a hybrid watershed/surface
deformation procedure (Ségonne et al., 2004), automated Talairach
transformation, intensity normalization (Sled and Pike, 1998), tessella-
tion of the gray and white matter boundary, automated topology cor-
rection (Fischl et al., 2001; Ségonne et al., 2007), and surface
deformation following intensity gradients to optimally place the gray/
white and gray/cerebrospinal fluid (CSF) borders at the location
where the greatest shift in intensity defines the transition to the other
tissue class (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale,
2000). Once the cortical models are complete, a number of deformable
procedures can be performed for further data processing and analysis
including surface inflation (Fischl et al., 1999), registration to a spherical
atlaswhich is based on individual cortical folding patterns tomatch cor-
tical geometry across subjects (Fischl et al., 1999), parcellation of the ce-
rebral cortex into units with respect to the gyral and sulcal structures
(Desikan et al., 2006; Fischl et al., 2004b), and creation of a variety of
surface based data. This method uses both intensity and continuity in-
formation from the entire three-dimensional MR volume in the seg-
mentation and deformation procedures to produce representations of
cortical thickness, calculated as the closest distance from the gray/
white boundary to the gray/CSF boundary at each vertex on the tessel-
lated surface (Fischl and Dale, 2000). Themaps are created using spatial
intensity gradients across tissue classes and are therefore not simply re-
liant on absolute signal intensity.

The two cerebral hemispheres were processed separately. The
surfaces were smoothed with a full-width-half-maximum Gaussian
kernel of 30 mm (662 iterations). Each surface consisted of approxi-
mately 160,000 vertices arranged in a triangular grid, and estimates
of the cortical area were obtained by computing the area of each tri-
angle in the standardized, spherical atlas space surface tessellation
when mapped into the individual subject space. Vertex-wise esti-
mates of cortical area were then computed by assigning one-third
of the area of each triangle to each of its vertices (Rimol et al.,
2012). The cortical surface of each subject was automatically
parcellated using defined gyri and sulci as landmarks, and the sur-
face was divided into 34 anatomical regions for each brain hemi-
sphere defined in FreeSurfer (Desikan et al., 2006; Fischl et al.,
2004a), which were used to anatomically identify the affected re-
gions after significance testing.

In the VLBW group, analyses were conducted based on MR-images
from 37 children (21 females). Of the 57 who were eligible for MR-
scanning, 10 children did not want to be scanned and had cognitive as-
sessment only, and 10 imageswere excluded due tomovement artifacts
or disrupted scanning. In the control group we were able to attain 104
MPRAGE images of good quality (54 females). A total of 143 children
were invited to MR imaging, 22 children did not want to participate
and 17 of the images had to be excluded due to movement artifacts or
disrupted scanning. The youngest participants (5–6 years of age) in
both groups were most likely to decline MRI scanning or be excluded
due to movement artifacts.

http://surfer.nmr.mgh.harvard.edu
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2.3. Cognitive measures

2.3.1. VLBW group
In the VLBW group, children b6 years of age were assessed with

the age-appropriate, complete version of the Wechsler Preschool
and Primary Scale of Intelligence, 3rd edition (WPPSI-III)
(Wechsler, 2002), whereas children ≥ 6 years were assessed with
Wechsler Intelligence Scale for Children, 4th edition (WISC- IV)
(Wechsler, 2003). WPPSI-III provides three IQ indices: Full Scale IQ,
Verbal IQ and Performance IQ, whileWISC-IV comprises four indices:
Verbal Comprehension Index, Perceptual Reasoning Index, Working
Memory Index and Processing Speed Index, and Full Scale IQ.
2.3.2. Control group
Cognitive abilities in the controls who were ≥ 6.5 years of age were

assessed with the Wechsler Abbreviated Scale of Intelligence (WASI)
(Wechsler, 1999). The WASI is a validated screening test that is used
to assess the following aspects of intelligence: verbal knowledge, visual
information processing, spatial and nonverbal reasoning, and general
intelligence. Three IQ scores can be extracted using the WASI: a Verbal
IQ (VIQ) score (subtests: vocabulary and similarities) and a Perfor-
mance IQ (PIQ) score (subtests: block design and matrices), which
when combined provide an estimated Full-scale IQ (FSIQ) score.
The controls who were younger than 6.5 years of age completed a
short form of the Wechsler Preschool and Primary Scale of Intelli-
gence, 3rd edition (WPPSI-III) (Wechsler, 2003), including similar
subtests: vocabulary, similarities, block design and matrices, and
Verbal IQ (VIQ), Performance IQ (PIQ) and Full-scale IQ (FSIQ)
were calculated.
Table 1
Demographic and clinical characteristics.

VLBW/Control
number

VLBW
Mean
(SD/median)

Controls
Mean
(SD)

p value

Age (years) 37/104 7.8 (1.73) 8.2 (1.02) 0.352b

Gender (boys/girls) 37/104 16/21 50/54 0.616
2.3.3. Statistical analysis
IBMSPSS Statistics 19 editionwas used for the analysis of the clinical

and cognitive measurements by independent samples t-tests and non-
parametric tests. Data with non-equal variances were analyzed with
non-parametric testing. Matlab 2011b was used for statistical analyses
of morphometry data. To examine group differences, a general linear
model was fitted with cortical surface area or cortical thickness as de-
pendent variable and group, sex and age at MRI scan as independent
variables in each vertex across the cortical surface. The regression of
IQ on cortical morphology was tested with the same GLM with Full IQ
as an added continuous predictor. Appropriate contrast vectors were
set in order to perform the various significance tests. The hemispheres
were analyzed separately, and effect size and p-maps were generated.
Effect size is reported as Cohen3s d for group comparisons and r = F /
(F + df) for the continuous predictors (IQ and birth weight). The p-
maps were thresholded and multiple comparisons were corrected for
with a 5% false discovery rate (FDR) that was applied co-jointly across
the hemispheres. Significance tests were performed to investigate dif-
ferences in cortical morphology between the groups. For the clinical
variables birth weight, gestational age, and days on ventilator general
linearmodels were fitted in each vertex across the surface, with cortical
surface area or cortical thickness as the dependent variable and one of
the clinical variables as a covariate, and adjusted for sex and age at
MRI scan. These analyseswere performed in the VLBWgroup exclusive-
ly. Findings on any of these clinical variables were followed upwith fur-
ther exploratory analyses.
Birth weight (grams) 37/104 1050 (358) 3657
(484)

b0.001

Gestational age
(weeks)

37 28.5 (28) na

SES 34/85 3.9 (0.9 ) 4.3 (0.8) 0.021
Full IQ 37/104 98 (10) 108 (14) b0.001a

Abbreviations: VLBW: very low birthweight; SES: socio-economic status; SD: standard de-
viation; na: not available.

a Adjusted for socio-economic status.
b Non-parametric due to non-equal variance.
2.3.4. Imputation of missing data
Missing data in the independent variables (Full IQ and birth weight)

were dealt with by multiple imputations. Pattern analysis was per-
formed, showing that we had below 5% missing data and that we
could assume that data were missing at random. Seven Full IQ data
and two birth weights were imputed and pooled imputations were
used in further analyses.
2.3.5. Socio-economic status
Hollingshead3s (1975) two factor index of social position based on

education and occupation of one parent or the mean index of both
was used to calculate socio-economic status (SES).

2.3.6. Ethics
The Regional Committee for Medical Research Ethics approved the

study protocol (project number: 2010/2359), and written informed
consent was obtained from the parent/guardian of all participants.

3. Results

3.1. Group characteristics

Demographic and clinical characteristics of the study groups are
shown in Table 1. In the VLBW group, mean birth weight was 1048 g
and mean gestational age was 28.5 weeks. Detailed perinatal data for
the VLBW children are presented in Appendix Table A1. There was no
significant group difference in age at examination; however, the con-
trols had higher mean socioeconomic status (SES) than the VLBW
group. The VLBW group had significantly lower scores than controls
on Full IQ, also after adjusting for socioeconomic status (n = 34/85).

3.2. Structural MRI

3.2.1. Cortical surface area group differences
There were significant differences in cortical surface area between

the VLBW and the control group. The VLBW group showed bilateral
reduction in cortical surface area in the frontal, temporal, and parietal
lobes (Fig. 1). The effect size of the group difference ranged from d =
0.4 to 0.8 in most cortical regions (see Appendix Fig. A1). Table 2 lists
all cortical regions with significant group differences in surface area as
determined by the GLM (after 5% FDR correction), where 20 out of 35
regions had ≥90% reduction of cortical surface area in the VLBW group
compared with controls.

3.2.2. Cortical surface area and IQ
In the control group, there were widespread cortical regions in both

hemispheres showing a significant relationship between Full IQ scores
and cortical surface area (see Appendix Fig. A2 and Table A2). In the
VLBW group, the relationship between Full IQ scores and cortical sur-
face area did not reach statistical significance. However, the correlation
coefficients were 0.2–0.4 in several cortical regions in both groups, and
ashigh as 0.6 in some regions in theVLBWgroup (Fig. 2). The lack of sta-
tistical significance in these analyses is readily explained by loss of sta-
tistical power due to the smaller sample size.

3.2.3. Cortical thickness group differences
The VLBW group showed significantly thicker cortex in the frontal

(medial orbitofrontal gyrus, rostral anterior cingulate, frontal pole)



Table 2
Proportion (%) of cortical regions showing significant differences in cortical surface area
between VLBW and controls.

Cortical region of interest Proportion (%) of region

Left Right

Banks of the superior temporal gyrus 68 91
Caudal anterior cingulate gyrus 80 99
Caudal middle frontal gyrus 85 63
Cuneus 100 100
Entorhinal cortex 4 4
Fusiform gyrus 79 75
Frontal pole 100 1
Inferior parietal gyrus 58 66
Inferior temporal gyrus 10 16
Isthmus cingulate 51 97
Insula 99 98
Lateral occipital gyrus 51 47
Lateral orbitofrontal gyrus 100 99
Lingual gyrus 100 100
Medial orbitofrontal gyrus 100 84
Middle temporal gyrus 50 63
Parahippocampal gyrus 97 97
Paracentral gyrus 1 0
Pars opercularis 99 100
Pars orbitalis 100 79
Pars triangularis 96 95
Pericalcarine sulcus 100 100
Postcentral gyrus 90 54
Posterior cingulate 64 92
Precentral gyrus 62 79
Precuneus 62 58
Rostral anterior cingulate 99 100
Rostral middle frontal gyrus 37 21
Superior frontal gyrus 58 51
Superior parietal gyrus 75 86
Superior temporal gyrus 99 100
Supramarginal gyrus 71 91
Temporal pole 33 37
Transverse temporal gyrus 100 100

The table presents the percentage of surface area in each of the cortical parcellations (de-
fined by the Desikan–Killiany parcellation scheme implemented in FreeSurfer) that
showed a significant result in the GLM (after 5% FDR correction). The calculations of pro-
portion of surface area were based on the fsaverage surface (∗h.white.avg.area.mgh).
Abbreviations: FDR, false discovery rate; GLM, general linear model; VLBW, very low birth
weight.
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and occipital regions (pericalcarine sulcus) bilaterally, and a thinner
cortex in the right posterior parietal lobe compared with controls
(Fig. 3). Moderate to large effect sizes (d = 0.6–0.8) were observed in
the frontal and occipital regions (Appendix Fig. A3).

Proportion (%) of cortical regions with significant differences in
thickness between the VLBW and the control groups is displayed in
Table A3 (Appendix)with N90% involvement of the frontal poles,medial
orbitofrontal gyri, left rostral anterior cingulate and right pericalcarine
sulcus. Fig. A4 (Appendix) demonstrates the degree of spatial overlap
between the observed between-group differences in cortical surface
area and cortical thickness.

3.2.4. Cortical thickness and IQ
There were no significant correlations between cortical thickness

and Full IQ in either group. However, the effect size maps in Fig. 4 dem-
onstrate a trend-level negative relationship between cortical thickness
and Full IQ in both groups inwidespread cortical regions, i.e. the thinner
the cortex, the higher the IQ scores (Fig. 4, blue regions). Some temporal
and parietal regions showed a positive relationship to Full IQ in the
VLBW group, i.e. thinner cortex was related to lower IQ scores (Fig. 4,
red regions).

3.2.5. Clinical variables: birth weight, gestational age and number of days
on ventilator

There were no significant associations between birth weight or ges-
tational age and cortical area or cortical thickness in the VLBW group.
There was, however, a significant effect of days on ventilator on surface
area bilaterally in the dorsal frontal regions, including the superior and
medial frontal gyrus, precentral gyrus, and orbitofrontal cortex, as well
as the left supramarginal and posterior superior temporal gyrus, and
the right precuneus and superior parietal gyrus. There were two sub-
jects with extreme scores on days on ventilator, i.e. more than
3 weeks on ventilator (35 and 47 days), and these subjects also had
low gestational age (23.5, 26 weeks). Region-of-interest based exami-
nation of cortical surface area and cortical thickness showed that the
child with 47 days on ventilator was an outlier on 5 of 36 cortical
parcellations (N2 SD from the mean in the control group), and the
child with 35 days on ventilator was an outlier in one parcellation. Ex-
cluding these two subjects from the analysis of group differences be-
tween VLBW and controls did not affect the results. Finally, in order to
check the effect of prolonged exposure to the ventilator, we excluded
children who had spent more than 10 days on ventilator. Since this re-
duces the statistical power to detect, because the sample is smaller than
that in the full analysis, we compared maps of effect size (Cohen3s d).
The maps from the analyses with the reduced sample are presented in
Appendix Fig. A5.
4. Discussion

We report significant reduction of cortical surface area in 5–10 year
old VLBW children, relative to a term-born control group. Cortical area
was reduced in frontal, temporal, parietal, and occipital regions, and
cortical thickness was increased in the medial frontal and occipital
lobes, in the VLBW group. Moreover, there were medium sized to
large correlations between reduced surface area and thicker cortex
and poorer IQ scores, in both the VLBWand the control group. However,
only in the control group did correlations between reduced surface area
and IQ reach statistical significance.
4.1. Widespread cortical surface area differences between the groups

The VLBW children showed significantly reduced cortical surface
area in frontal, temporal, posterior parietal andmedial occipital regions,
as well as the right anterior cingulate (see Fig. 1). Cortical surface area
expands significantly during preschool years and into adolescence in
normally developing children, with the greatest changes occurring in
higher order regions such as the prefrontal cortex and temporal associ-
ation cortex (Brown and Jernigan, 2012). However, by the age of 10, the
occipital and superior parietal lobes start to show a decrease in surface
area, most probably due to pruning (Brown and Jernigan, 2012).
Hence, the reduced surface area observed in the VLBW children could
reflect altered maturation of cortical surface area.

Reduced cortical surface area has previously been reported in
extremely low birth weight (ELBW) children at the age of 10
(Grunewaldt et al., 2014), VLBW adolescents at 15–16 years of age
(Frye et al., 2010), and VLBW late adolescents at 19 years of age
(Skranes et al., 2013). The magnitudes of reduction, and precisely
which gyri/sulci are affected, differ somewhat between these studies.
However, Skranes et al. (2013) reported reductions in cortical surface
area similar to the reductions observed in the present study, both in
terms of magnitude and localization of the affected regions. The fact
that similar cortical regions are affected in cohorts aged 5–10 and 18–
20, suggests that themorphological abnormalities observed in the pres-
ent studymaynot simply reflect delayedmaturation but rather aberrant
development leading to permanently altered cortical architecture.
These results also demonstrate that similar cortical changes are found
both in VLBW survivors born in the late 80s and after year 2000, in
spite of the advances in perinatal medicine. We speculate whether the
explanation for this has to do with prenatal factors, such as fetal growth
restriction, or that immature birth exposes the neonate to environmental



Fig. 2. Effect size maps (r) for cortical surface area and Full IQ scores in the VLBW (A) and the control (B) groups. The effect sizes are based on GLMs with cortical surface area as the de-
pendent variable, group and sex as categorical predictors, and age and Full IQ index score as continuous predictors. Red to yellow indicate a positive correlation and blue to light blue in-
dicate a negative correlation. Only the results for the control group reached statistical significance (see Fig. A2). Abbreviations: GLM: general linear model; VLBW: very low birth weight.

Fig. 1. Statistical p-maps showing cortical regions with significant differences in surface area between the VLBWand the control groups. Themapswere produced fromGLMmodels fitted
at each location (vertex) across the cortical surface, with cortical area as the dependent variable and group as the independent variable, co-varying for sex and age at scan. Themapswere
thresholded to yield an expected 5% FDR across both hemispheres. The red to yellow regions are those where the VLBWgroup showed reduced surface area, whereas blue regions would
reflect areas with increased surface area in the VLBW group compared to controls. Abbreviations: FDR, false discovery rate; GLM, general linear model; VLBW, very low birth weight.
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Fig. 4. Effect size maps (r) for the association between cortical thickness and Full IQ in the VLBW group (A) and the control group (B). The effect sizes are based on GLMs with cortical
thickness as dependent variable, sex as categorical predictors, and age at scan and Full IQ as continuous predictors. Red to yellow indicate a positive correlation and blue to light blue in-
dicate a negative correlation. Abbreviations: GLM, general linear model; VLBW, very low birth weight.

Fig. 3. Statistical p-maps showing cortical regions with significant differences in cortical thickness between the VLBW group and the control group. The maps were produced from GLMs
fitted at each location (vertex) across the cortical surface, with cortical thickness as the dependent variable and group as the independent variable, co-varying for sex and age. The maps
were thresholded to yield an expected 5% FDR. The FDR threshold was obtained for the left and right hemispheres conjointly. Red to yellow denote regions with cortical thinning in the
VLBW group, and blue to light blue denote regions with cortical thickening in the VLBW group. Abbreviations: FDR, false discovery rate; GLM, general linear model; VLBW, very low
birth weight.
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factors such as inflammation that exert an epigenetic influence on the
genes controlling normal cortical development.

Performing the analyses of group differences in cortical surface area
without the two childrenwho had extreme scores on days on ventilator
(32 and 45 days), did not affect the results. Excluding children who had
been on ventilator for more than 10 days, in order to exclude a possible
effect of prolonged respiratory support on cortical surface area, we ob-
served similar group differences in cortical morphometry as for the full
sample, albeit with reduced effect sizes in most regions. However, ex-
cluding childrenwithmore than 10 days on ventilator implies excluding
many of themost immature and sickest individuals, and leaves uswith a
sample that is not representative of the premature birth population.
Nonetheless, it is worth noting that even when subjects with prolonged
respiratory support were excluded, a number of cortical regions still
showed group differences. One could speculate whether this may reflect
adverse prenatal factors, since these regions show cortical deviations
even in the individuals who require the least amount of neonatal care.

4.2. Frontal and occipital cortical thickening in VLBW children

TheVLBWchildren showed thicker cortex in the frontal andoccipital
lobes bilaterally, which is consistent with previous studies reporting in-
creased cortical thickness in both children and adolescents born prema-
turely (Bjuland et al., 2013; Grunewaldt et al., 2014; Martinussen et al.,
2005; Mürner-Lavanchy et al., 2014; Phillips et al., 2011). With normal
development of the cerebral cortex, thickness will increase during
early childhood due to late arriving interneurons then decrease, due to
pruning, as neural connectivity improves (Raznahan et al., 2011; Shaw
et al., 2012; Wierenga et al., 2014). Sowell et al. (2004) reported that
the pattern of progressive cortical thinning varies across development,
in a longitudinal study of normally developing children 5–11 years
old, observing a significant cortical thinning in the dorsolateral frontal
regions and bilateral parietal–occipital regions, and cortical thickening
in perisylvian regions of the ventral frontal lobe and superior temporal
lobe with increasing age.

Children develop at varying paces and one possible explanation for
the group differences in cortical thickness in our study is delayedmatu-
ration in the VLBW group. This would be consistent with Mürner-
Lavancy3s (2014) study of VLBW children and term-born controls,
7–12 years old, which reported thicker frontal and parietal cortices in
the youngest VLBW children compared to controls but no such group
difference in the oldest children. Also partly consistent with this,
Grunewaldt et al. (2014) found cortical thickness differences exclusive-
ly in the occipital lobe at 10 years of age in a cohort of ELBW. On the
other hand, Bjuland et al. (2013) found increased cortical thickness in
frontal and occipital regions, but also thinner cortex in frontal, parietal
and temporal regions, in 19 year old VLBW adolescents. Thus, it is un-
clearwhether the differences observed in the present study reflect aber-
rant development and permanent cortical changes or, rather, divergent
developmental cortical trajectories that converge with increasing age.
Longitudinal studies are needed to answer such questions, in order to
conclusively determine whether VLBW children born after 2000 have
permanent changes in cortical thickness similar to what has been re-
ported for children born in the late 80s.

4.3. The relationship between cortical surface area and thickness

Panizzon et al. (2009) demonstrated that cortical area and cortical
thickness reflect at least two distinct sources of genetic influence, con-
sistent with the developmental origin of cortical architecture described
by the radial unit hypothesis (Rakic, 1988), and other studies have sug-
gested independent and divergent developmental trajectories for area
and thickness (Raznahan et al., 2011; Shaw et al., 2012; Wierenga
et al., 2014). In line with this, we found that regions displaying group
differences in surface area and cortical thickness overlapped to a limited
extent (as shown in Fig. A4). Regions displaying overlapping effects
weremainly located on themesial aspect of the hemispheres; anteriorly
in the anterior portion of the SFG, medial orbitofrontal cortex, and ante-
rior cingulate, and posteriorly in the pericalcarine sulcus and cuneus.

The VLBW children in the present study were born between 23 and
35 weeks of gestation, which is a particularly sensitive period of neural
migration and rapid cortical development. Disorders of migration are
more likely to occur in the second trimester (Zhang et al., 2013) by ei-
ther under-migration or over-migration of neurons, and both will lead
to cortical abnormalities (Fogliarini et al., 2005). Preterm birth may af-
fect processes like neuronal migration, synaptogenesis and apoptosis
late in the 2nd and early 3rd trimesters (Tau and Peterson, 2010)
resulting in the kind of deviant cortical thickness and reduced surface
area observed here.

The migration of neuroprogenitor cells may be hindered in preterm
children by germinal matrix hemorrhages that can destroy neuronal
precursors, or by injury to guiding glial cells (Volpe, 2009). A reduced
pool of neuroprogenitor cells and deficient migration can lead to a re-
duced number of founder cells in the ventricular zone and number of
cerebral columns, which may result in decreased surface area (Rakic,
1995). However, in our study only three out of 37 VLBW children had
intraventricular hemorrhages and none had focal PVL, suggesting that
focal perinatal brain injury is probably not the cause of the cortical devi-
ations seen in our VLBW group.

Within 28–32 weeks of gestation a fast emergence of short-range
connectivity, in addition to the long-range association pathways, is ob-
served (Takahashi et al., 2012). In the VLBW population, reduced frac-
tional anisotropy has been reported in the inferior longitudinal and
the longitudinal occipito-frontal fascicles (Eikenes et al., 2011; Skranes
et al., 2007). Whether diffuse white matter injury causing disrupted
connectivity and cortical reorganization leads to reductions in surface
area and increased cortical thickness in the VLBW is not known, but can-
not be excluded as an explanation for the presently observed cortical
changes. The frontal, parietal and occipital regions with deviant cortical
surface area and/or increased thickness in the VLBW children are all re-
gions involved in networks receiving long-range association tracts. We
therefore speculate that the deviations seen in cortical morphology in
the VLBW group may be both primary changes due to cortical
maldevelopment as well as secondary to altered white matter micro-
structure and connectivity.
4.4. Cortical morphology and cognitive measures

A positive association between cortical surface area and IQ was ob-
served in both VLBW and control subjects, albeit as a non-significant
trend in the VLBW group. However, the magnitude of the effect was
larger in frontal, temporal and medial parietal regions in the VLBW
group than that in the control group, although these structure–function
associations survived significance testing only in the control group due
to its larger sample size.

The frontal regions inwhich surface areawas relatedwith IQ includ-
ed the caudal middle frontal gyrus, lateral orbitofrontal gyrus, medial
orbitofrontal gyrus, pars orbitalis, rostral anterior cingulate, frontal
pole and insula. These are regionswhere the VLBWchildren have signif-
icantly reduced surface area in comparison with controls, and are be-
lieved to be important for cognitive functions such as decision making,
executive functions, semantics, attention, and working memory. Previ-
ous studies have consistently shown poorer executive abilities in indi-
viduals born with VLBW than term-born peers, as well as problems
with attention and working memory (Aarnoudse-Moens et al., 2009;
Bayless and Stevenson, 2007; Anderson, 2014; Lohaugen et al.,
2010;Anderson et al., 2004), and in the present study, the VLBW
group had lower IQ scores than those of the controls. Our results indi-
cate that a larger surface area is positively correlated to higher IQ, con-
sistent with Skranes et al. (2013), and it is tempting to speculate that
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reduced cognitive function in the VLBWgroupmay be caused, at least in
part, by the observed reduction in surface area.

There was a negative association, albeit not significant, between IQ
and cortical thickness in both groups. In the VLBW group, the regions
with the strongest negative associations between IQ and cortical thick-
ness were also the regions where the VLBW children displayed thicker
cortex than controls. This is consistent with previous studies of the rela-
tionship between cortical thickness and cognitive functions in normally
developing 5–11 year old children, where cortical thinning in the left
dorsal frontal and parietal lobes was correlated with improved verbal
performance (Sowell et al., 2004). Moreover, in VLBW adolescents
with low IQ, Full IQ and cortical thickness were negatively correlated
in the frontal and positively correlated in the parietal lobes (Bjuland
et al., 2013). Taken together, our findings suggest that altered cortical
development in VLBW children seems to affect their cognitive abilities;
however, longitudinal studies are needed to determine whether these
deviations persist during further brain maturation throughout school
age, adolescence and into early adulthood also for these recent year co-
horts of VLBW children.

4.5. Conclusion

The present study demonstrates altered development of cortical sur-
face and cortical thickness in VLBW children born in 2003–2007, and
these deviations are associated with poorer cognitive abilities. The
present brain morphological deviations are evident even in VLBW chil-
dren without cerebral palsy who have received state of the art medical
treatment in the perinatal period, and who did not present with focal
brain injuries on neonatal ultrasonography.
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