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BACKGROUND: Children born extremely preterm (EPT) have altered brain volumes and cortical thickness and lower cognition than
children born at term. Associations between these have remained largely unexplored, due to the lack of studies focusing on
children born EPT.
METHODS: Children underwent brain magnetic resonance imaging (MRI) at term and/or 10 years and cognitive assessments at 12
years. The study comprised of 42 children born EPT and 29 term-born controls with cognitive data and MRI data at 10 years, 25
children born EPT had MRI data at term age and 20 had longitudinal MRI data.
RESULTS: Cognition was positively associated with brain volumes at 10 years, but negatively associated with cortical thickness at
10 years. Most associations between term age brain volumes and cognitive outcomes were non-significant for children born EPT.
Growth from term to 10 years in children born EPT was not associated with cognition. Insular volume was positively associated with
cognition in children born EPT.
CONCLUSION: Imaging assessments at 10 years had similar associations to cognition in children born EPT and term-born controls.
Insular volume could be a biomarker for cognitive outcome. Associations between brain volumetric growth and cognition require
further investigation.
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IMPACT:

● This study investigated brain volumes, volumetric growth, and cortical thickness in children born extremely preterm, who have
rarely been studied exclusively, and compared the data with term-born controls.

● In both groups, brain volumes at 10 years were positively associated with cognitive outcome at 12 years, but cortical thickness
at 10 years was negatively associated with cognitive outcome at 12 years. Volumetric growth from term age to 10 years was not
associated with cognitive outcome in the subset of children born extremely preterm with longitudinal data.

● Insular volume may be a potential biomarker for cognitive outcome in children born extremely preterm.

INTRODUCTION
Children born preterm are exposed to an early ex-utero environ-
ment and need advanced life-support. They experience altered
sensory stimuli and have a high risk of comorbidities associated
with prematurity.1 The second half of pregnancy is a critical period
for brain development, characterized by axonal growth, neural
migration and differentiation, synaptogenesis, and subplate
growth.1 Depending on their gestational age (GA) at birth,
children born extremely preterm (EPT) may spend three, or even
four, months during this important period outside the womb.
Children born with EPT have an increased risk of an impaired
neurodevelopmental outcome.2

It has been reported that children born very preterm and EPT, at
less than 32 and 28 weeks, respectively, had altered brain volumes
at term age and later childhood than those born at term.3–6 Most

studies have reported that time did not compensate for the total
brain tissue reduction at term age.4,6

Evidence to date has indicated that total brain tissue volumes at
term age were associated with cognitive outcomes in early
childhood in children born very preterm.3,4 There has been less
research on children born EPT, but our group has reported that
brain volumes at term age were associated with neurodevelop-
mental outcomes at two years of age.7 Few studies have explored
the relationships between the brain volumes of children born EPT,
when they reached term age, and cognitive assessments beyond
early childhood.3

Total brain tissue volumes in childhood and adolescence of grey
matter (GM) and white matter (WM) for very preterm children
have also been associated with cognitive outcomes,4,5,8 but only
one study exclusively examined total brain volumes in children
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born EPT.9 The authors reported a positive association between
total brain tissue volumes and full-scale intelligence quotient
(FSIQ). However, the cohort was born in the early 1990s, and
medical care for children born EPT has drastically changed since
then.9

We know from previous studies that brain volumes for children
born very preterm and EPT are affected with regional varia-
bility.8,10 Voxel-based morphometry (VBM) is a method that
enables voxel-wise comparisons of brain tissue volumes, and is
valuable in regional brain volume analyses.11 There has been a
lack of modern cohort studies that have investigated the
associations between total and regional volumes in childhood
and cognition in children born EPT.
There are longitudinal studies that explored volumetric growth

in very preterm children, from term age to childhood, and how it
was related to cognitive outcomes. One study reported that there
were no significant associations between the growth of GM or WM
and cognitive assessments at seven years of age.4 Another study
reported that regional volumetric growth patterns from seven to
13 years showed different associations with cognitive outcomes in
very preterm and term-born children.12

Cortical thickness is the distance between the GM and WM
border and the border between GM and the pial surface.13 Global
cortical thickness increases during infancy and the first years of life
and then the growth rate declines from early childhood, as cortical
thinning becomes prominent.13,14 Cortical thinning reflects the
pruning of brain connections and myelination and is considered
an important developmental step.14 There has been limited
research on the relationships between cortical thickness and
cognition in children born EPT. There have been reports of
positive associations between cortical thickness and cognition in
children born with a very-low-birth-weight.15 On the other hand,
studies have also reported negative associations between cortical
thickness and cognition in children born very preterm and at
term.16,17

The main aim of this study was to examine the associations
between MRI assessments at around 10 years (total GM and WM
brain volumes, regional brain volumes, and mean cortical
thickness) and cognition at 12 years of age in children born EPT
and compare these with term-born controls.
As secondary objectives we sought to relate total brain volumes

of GM and WM measured in children born EPT at term age, to
cognition at 12 years of age. We also aimed to study how brain
volume growth from term age to around 10 years of age was
related to cognition in children born EPT.

MATERIALS AND METHODS
Study population and study design
This was a prospective, observational, population-based cohort study of
children born in Stockholm, Sweden, before 27 weeks and 0 days between
January 1, 2004 and March 31, 2007.
There were 128 children born EPT during the study period who

were alive at term age, defined as 40 weeks and 0 days. We asked the
parents for permission for the children born EPT to undergo MRI scans at
term age and 10 years of age and developmental assessments at 12 years
of age.
Children with severe medical conditions were excluded. These were

defined as chromosomal abnormalities, congenital malformations, peri-
ventricular leukomalacia on cranial ultrasound, intraventricular hemor-
rhage (IVH) grade III, and periventricular hemorrhagic infarctions
diagnosed with ultrasound in the neonatal period or marked ventricular
dilatation. We also excluded children with focal brain lesions and severe
WM abnormalities, according to a previously defined scoring system.18 All
the images were visually inspected and those that failed to meet the
quality criteria, due to motion artifacts or blurring in the GM and WM
interface, were excluded.
Drop-out analyses were performed for children who were included or

not included due to either declined participation or with MRI images of too
low quality to analyze.

The controls were singleton, term-born, healthy children who were
identified from the Swedish Medical Birth Registry at 2.5 years of age. They
were matched to the children born EPT by birth location, day of birth,
maternal country of birth, and sex. This resulted in 77 Stockholm-born
controls being invited to MRI scans at around 10 years of age, and
cognitive assessments at 12 years. The controls had not undergone MRI
scans at term age.

Characteristics of study groups
Perinatal data were retrieved from medical charts. Sepsis was defined as a
positive blood culture, or clinical symptoms combined with an elevated
C-reactive protein or leukocyte count. Small for gestational age was a
birthweight of less than 2 standard deviations below the mean.19

Necrotizing enterocolitis was defined using Bell criteria.20 Bronchopul-
monary dysplasia was the need for oxygen at 36 weeks of gestation. Patent
ductus arteriosus (PDA) was the need for PDA ligation or PDA treatment
with ibuprofen. Maternal education was dichotomized as mothers that did
or did not go to university.

Brain MRIs at term age and at 10 years of age
At term age the three-dimensional T1 weighed images were acquired
using a Philips Intera 1.5 MRI scanner (Philips International, Amsterdam,
The Netherlands). The MRI protocol has previously been published.6,21

At 10 years of age the three-dimensional T1 weighted images were
performed using a General Electric SIGMA HDx 3.0 Tesla system (GE
Healthcare, Milwaukee, Wisconsin). The detailed protocol has been
previously published.6

Preprocessing of MRI images and calculating of brain volumes
and cortical thickness
The preprocessing steps of the neonatal MRI scans have previously been
published in detail and were performed by an experienced neuroscientist
(NP).21 In brief, images were segmented into tissue classes, based on the
guidance provided by a neonatal brain template.21 These segmented
images were spatially normalized and modulated and brain volumes in
cm3 were calculated for each tissue class. For the current study, we used
total GM, obtained by adding cortical and subcortical GM, and total WM for
the analyses.
The preprocessing steps for calculating the brain volumes at 10 years of

age has previously been described.6 Briefly, the pipeline involved
reorientation, brain extraction, spatial normalization and segmentation
using guidance from age-specific tissue priors and spatial normalization
using the DARTEL algorithm.22 The images were then modulated and brain
volumes in cm3 were calculated for tissue classes. For brain volume growth
calculation, the term age volumes were subtracted from the volumes at 10
years of age for GM and WM respectively.
Cortical reconstruction and cortical thickness calculations were per-

formed with FreeSurfer version 7.2.0 (Harvard University, Cambridge,
Massachusetts). The technical details of the cortical reconstruction and
cortical thickness estimates have previously been described in detail.23,24

This study used the mean cortical thickness for each hemisphere.

Cognitive assessment
Both groups were assessed with the Wechsler Intelligence Scale for
Children, Fifth Edition (WISC-V) at 12 years of age.25 This measures
cognitive ability by using five indexes: verbal comprehension, visual-spatial
index, fluid reasoning index, working memory and processing speed.
These indexes are used to calculate the FSIQ, with a mean of 100 and SD of
15. All the cognitive assessments were conducted by a certified
psychologist.

Statistics
All statistical analyses were performed using SPSS version 28 (IBM Corp,
New York). Group comparisons of the characteristics between children
born EPT and term-born controls and drop-out analyses were performed.
The Student’s t-test or Mann-Whitney U test was used for the continuous
variables and Pearson’s chi-square test or Fisher’s exact test was used for
categorical variables, as appropriate. The total brain volumes at term age
and at 10 years have been previously published.6,21

The associations between brain measurements at 10 years of age and
cognitive outcomes at 12 years were explored for the whole study
population of children born EPT and the term-born controls. The
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measurements were GM volume, WM volume, right and left mean
thickness and the cognitive outcomes were FSIQ and WISC-V index scores.
We used multiple linear regression, fitted using generalized estimating
equations (GEE) with robust sandwich standard errors, to allow for
clustering of multiple births within a family.
The cognitive outcomes were the dependent variables, and the brain

volume or cortical thickness were the independent variables. Analyses
were adjusted for the EPT and control groups, sex, age at the time of scan,
and maternal education. Analyses were repeated controlling for GA at
birth. Interactions between the imaging measurements and group (EPT or
control), and imaging measurements and sex, were explored in the model.
They were considered significant if p < 0.05 and insignificant interactions
were removed from the model. Explanatory variables were selected based
on earlier research findings and clinical relevance.7,14,26 The likelihood-ratio
chi-square test for the full model was used at the outset to determine if the
overall model was significant.
The β value represents changes in the cognitive assessment score for

one-step change in brain volume (cm3) or cortical thickness (0.1 mm),
when the other variables were held constant.
All the data were graphically inspected using scatter plots and box plot

diagrams. No obvious outliers were detected, and all the children were
kept in the final analyses. One child born EPT had a FSIQ < 70. The analyses
were repeated without this individual and, because the results did not
change, this child was kept in the analyses.
We then used GEE to explore any associations between brain volumes at

term age, and cognitive outcome at 12 years, for the 25 children born EPT
who had MRI data at term. The cognitive assessment was the dependent
variable and brain volumes were the independent variables. These
analyses were adjusted for sex, maternal education, and GA at the time
of the scan. The analyses were repeated controlling for GA at birth.
We also performed GEE analyses with cognitive outcome as the

dependent variable and longitudinal brain volume growth from term age
to 10 years of age as the independent variables for the 20 children born
EPT with MRI data at both time points. These analyses were adjusted sex,
maternal education, and the children’s ages at the time of the MRI. We
repeated the analyses controlling for GA at birth.
Corrections for multiple comparisons were applied using the Benjamini-

Hochberg procedure with a false discovery rate of 0.05.27 Given the exploratory
nature of this study, the interpretation was based on the directions, patterns,
and magnitude of the findings, rather than specific p-values.28

Voxel-based morphometry analysis
The VBM toolbox for SPM 12 software (Wellcome Department, University
College London, London, UK) was used for the correlations between
regional GM and WM brain volumes at 10 years and FSIQ at 12 years of
age. The images imported into the VBM toolbox were segmented,
modulated, and smoothed with a 6mm Gaussian kernel. We tested both
negative and positive correlations with FSIQ. The added covariates were
sex, age at MRI, and maternal education. The analyses were also repeated
adding GA at birth as a covariate. We analyzed the EPT and term-born
control groups separately. For statistical purposes, we used an initial voxel-
level threshold at p < 0.001, the results were then corrected at cluster level
using family wise error rate at p < 0.05, to account for multiple
comparisons. The absolute threshold masking was set to 0.1 to avoid
edge effects between the tissues. The Talairach atlas, registered to the
Montreal Neurological Institute (MNI) space, and the Harvard-Oxford
cortical and subcortical atlases were used for anatomical orientation.

RESULTS
Study population
There were 128 children born EPT who survived and 45 of these
had high-quality MRI data at term age and met the inclusion
criteria for the study. They included 25 children who underwent
cognitive assessments at 12 years of age (Fig. 1).
There were 51 children born EPT with high-quality MRI data at

10 years of age who met the inclusion criteria. The parents of nine
of these children did not agree to them being followed-up at 12
years of age and 42 children born EPT had MRI data at 10 years
and cognitive data.
There were 20 children born EPT who had longitudinal MRI data at

term age and at 10 years of age and cognitive data at 12 years (Fig. 1).
There were 38 term-born controls with high-quality MRI scans at

10 years of age and 29 of these also underwent the cognitive tests
at 12 years of age (Supplementary Fig. 1). None of these term-born
controls had undergone MRI scans at term age.
The perinatal characteristics and drop-out analyses of the study

groups are presented in Supplementary Tables 1–3. The drop-out

Surviving children born extremely preterm n = 128

Children intended for MRI analyses at term and 10 years n = 107

Included MRI at term age n = 45

Included in follow-up at 12 years with term MRI n = 25

Included in follow-up at 12 years with longitudinal MRI data n = 20

Included in follow-up at 12 years with MRI at 10 years 
n = 42

Included MRI at 10 years n = 51

Intended for MRI analyses
at 10 years n = 92

Lost to follow-up before term MRI n = 4

Lost to follow-up for MRI at 10 years n = 14

Lost to follow-up at 12 years n = 4

Declined MRI at term
age n = 9

Motion and gibbs n = 27
Blurry borders n = 3
Interrupted exam n = 1
Incomplete coverage or
missing files n = 22

Incomplete data at 12 years n = 1

Ventricular dilatation n = 1

Declined MRI at 10 years = 34

Declined at 12 years n = 15 Declined at 12 years = 9

Motion n = 1
Blurry borders n = 1
Bad segmentation n = 1
Interrupted exam/braces n = 4

Severe medical conditions n = 6
IVH grade III and PVHI n = 7
Periventricular leukomalacia at term n = 3
Cyst = 1

Fig. 1 Flow chart of children born extremely preterm. Final inclusion of children born extremely preterm (EPT). 42 children had included
MRI data at 10 years, 25 at term age, and 20 with MRI at both time points. All of these children had cognitive data at 12 years.
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analyses showed that the 20 children born EPT with longitudinal
MRI data had a higher GA and a lower rate of bronchopulmonary
dysplasia than the non-participants. There were no other
significant differences.

Group comparisons of characteristics, MRI data, and
cognitive data
Table 1 compares data for the 42 children born EPT and the 29
term-born controls who had MRI scans at 10 years of age and

cognitive data at 12 years of age. The EPT group had lower FSIQs
than the term-born controls, with a mean difference of –14.2
points and 95% confidence interval (CI) of –20.8 to –7.5, p < 0.001.
All five WISC-V index scores were significantly lower in the
children born EPT than the term-born controls.
The imaging parameters demonstrated that the children born

EPT had significantly lower WM volume, intracranial volume (ICV)
and bilateral mean cortical thickness than the term-born controls
at 10 years of age.

Table 1. Group comparisons of children born extremely preterm and term-born controls with MRI at 10 years and cognitive follow-up at 12 years.

Children born EPT
n= 42

Term-born controls
n= 29

Mean difference, 95% CI p-valuea

General characteristics

Age at scan in childhood, median (IQR) 10.5 (1.5) 10.3 (1.0) –
b0.55

Age at 12-year-old follow-up, years,
median (IQR)

12.2 (0.3) 12.1 (0.4) –
b0.46

Gestational age, weeks, median (IQR) 25.6 (1.2) 40.0 (1.4) –
b<0.001

Birth weight, grams, mean (SD) 839 (151) 3701 (432) –
a<0.001

Male, n (%) 21 (50) 13 (45) –
c0.67

Multiple births, n (%) 7 (17) 0 – –

Maternal education, mothers attended
university, n (%)

27 (64) 18 (62) –
c0.85

Cognitive assessment

FSIQ, mean (SD) 96.6 (14.8) 110.8 (12.3) –14.2 (–20.8, –7.5) a<0.001

Verbal comprehension index, mean (SD) 102.3 (16.9) 117.1 (15.9) –14.9 (–22.8, –6.9) a<0.001

Visual spatial index, mean (SD) 94.5 (15.8) 104.9 (12.6) –10.4 (–17.4, –3.3) a0.004

Fluid reasoning index mean (SD) 95.9 (12.1) 105.4 (10.6) –9.5 (–15.0, –3.9) a0.001

Working memory index, mean (SD) 91.3 (14.2) 99.3 (10.9) –8.0 (–14.30, –1.8) a0.013

Processing speed index, mean (SD) 94.5 (16.3) 105.9 (14.7) –11.3 (–18.9, –3.8) a0.004

Imaging data

Grey matter, cm3, mean (SD) 745.9 (61.5) 771.9 (54.8) –26.0 (–54.4, 2.4) a0.072

White matter, cm3, mean (SD) 448.0 (42.0) 474.8 (32.0) –26.8 (–45.2, –8.4) a0.005

Intracranial volume, cm3 mean (SD) 1389.6 (118.0) 1453.0 (102.9) –63.1 (–117.1, –9.2) a0.023

Right hemisphere cortical thickness, mm,
mean (SD)

2.78 (0.087) 2.83 (0.079) –0.053 (–0.093, –0.012) a0.011

Left hemisphere cortical thickness, mm,
mean (SD)

2.78 (0.084) 2.84 (0.078) –0.055 (–0.094, –0.015) a0.007

aStudent’s t-test, bMann-Whitney U test, cPearson Chi-Square
FSIQ full-scale intelligence quotient, SD standard deviation, IQR interquartile range, EPT extremely preterm.

Table 2. Associations between grey matter and white matter volumes at 10 years with cognitive outcomes at 12 years for the combined group of 42
children born extremely preterm and 29 term-born controls.

Children born EPT and term-born controls n= 71 (EPT n= 42 and term-born n= 29)

Grey matter White matter

β CI p-value β CI p-value

FSIQ 0.091 0.031; 0.15 0.003* 0.13 0.045; 0.22 0.003*

Verbal comprehension 0.070 –0.015; 0.15 0.11 0.069 –0.052; 0.18 0.28

Visual spatial 0.095 0.043; 0.15 <0.001* 0.12 0.041; 0.20 0.003*

Fluid reasoning 0.059 0.010; 0.11 0.018* 0.091 0.025; 0.16 0.007*

Working memory 0.070 0.026; 0.13 0.004* 0.12 0.040; 0.20 0.003*

Processing speed 0.074 0.011; 0.14 0.020* 0.14 0.035; 0.25 0.009*

The β value represents change in the cognitive assessment score for every cm3 increase in brain volume. Generalized estimating equations, dependent
variable: cognitive outcome, independent variable: brain tissue in cm3; adjusted for group (EPT/control), sex, age at scan and maternal education.
*= significant at p < 0.05, bolded values remained after correcting for multiple comparisons with the Benjamini-Hochberg procedure. FSIQ full-scale
intelligence quotient, EPT extremely preterm.
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Brain volumes at 10 years of age and associations with
cognitive outcomes at 12 years
The associations between brain volumes at 10 years and cognitive
outcomes at 12 years are presented in Table 2. For the whole
included study population of children born EPT and term-born
controls the GM volume (β 0.091, 95% CI 0.031 to 0.15) and WM
volume (β 0.13, 95% CI 0.045 to 0.22) were significantly associated
with FSIQ after adjustments for group, sex, age at scan and
maternal education (Table 2 and Fig. 2). The raw brain volumes for
GM and WM volumes are plotted to the FSIQ in Supplementary
Fig. 2. The GM and WM volumes were significantly positively
associated with four of the five index scores (Table 2). All these
associations remained significant after they were corrected for
multiple comparisons. The results also remained after adjustments
for GA at birth, Supplementary Table 4a).
Interactions between GM and WM brain volumes and group

(EPT or term-born controls) or sex were added to the models, but
none of the interactions were significant and were thus not kept in
the final models.

Cortical thickness at 10 years of age and associations with
cognitive outcomes at 12 years
The associations between mean cortical thickness at 10 years of
age and cognitive outcomes at 12 years are presented in Table 3.
There were negative associations between the mean cortical

thickness of the right hemisphere and FSIQ (β –4.3, 95% CI –8.7 to
–0.015) and visual spatial index (β –4.9, 95% CI –9.1 to –0.67), after
adjustments for the group, sex, age at the scan and maternal
education. However, these associations did not remain significant
after correcting for multiple comparisons. After adjustments for
GA at birth the association between right hemisphere thickness
and visual spatial index remained significant, while the associa-
tions with FSIQ remained in the same direction but did not reach
statistical significance, Supplementary Table 4b).
Interactions between mean cortical thickness and the EPT or

control group, and the thickness and the child’s sex, were added
to the models, but none of the interactions were significant and
they were not kept in the final models.

Regional brain volumes at 10 years of age and FSIQ at
12 years
The images at 10 years of the 42 children born EPT were analyzed
with VBM. This showed that GM volume in the left and right insula
were positively correlated with FSIQ, when they were adjusted for
sex, age at scan and maternal education (Table 4 and Fig. 3). These
associations remained significant after adding GA at birth as a
covariate, Table 4. There were no significant negative correlations
between FSIQ and GM volume.
We did not find any significant associations between regional

WM volume and FSIQ in the EPT group.

20.00000 20.00000

–20.00000 –20.00000

.00000 .00000

–200.00000 200.00000–100.00000 –100.00000 100.00000–50.00000 50.00000.00000100.00000.00000
Grey matter volume White matter volume

–40.00000 –40.00000

F
S

IQ

F
S

IQ

Fig. 2 Scatter-plot of brain volumes at 10 years and FSIQ at 12 years for the 42 children born EPT and 29 term-born controls. The figure
depicts associations between total grey matter (GM) and total white matter (WM) volumes at 10 years and FSIQ at 12 years for the children
born EPT (blue) and term-born controls (pink). The unstandardized residuals were plotted after adjustments for sex, age at scan, and maternal
education for brain volumes and after adjustments for sex and maternal education for FSIQ. The units on the y and x axes are FSIQ scores and
cm3 respectively, both centered to have a mean of zero. FSIQ = full-scale intelligence quotient. EPT = extremely preterm.

Table 3. Associations between left or right hemisphere cortical thickness at 10 years with cognitive outcomes for 42 children born EPT and 29
term-born controls.

Children born EPT and term-born controls n= 71 (EPT n= 42 and term-born n= 29)

Mean cortical thickness, left Mean cortical thickness, right

β CI p-value β CI p-value

FSIQ –2.9 –7.6; 1.7 0.22 –4.3 –8.7; –0.015 0.049*

Verbal comprehension –2.4 –8.5; 3.5 0.43 –4.3 –10.1; 1.5 0.15

Visual spatial –3.4 –7.8; 1.1 0.14 –4.9 –9.1; –0.67 0.023*

Fluid reasoning –1.6 –4.7; 1.6 0.33 –2.4 –5.3; 0.49 0.10

Working memory –1.3 –5.0; 2.5 0.50 –1.4 –4.7; 1.9 0.40

Processing speed –0.98 –5.2; 3.2 0.65 –1.8 –5.9; 2.3 0.39

The β value represents change in the cognitive assessment score for every 0.1 mm increase in cortical thickness. Generalized estimating equations, dependent
variable: cognitive outcome, independent variable: cortical thickness in 0.1 mm, adjusted for group (EPT/control), sex, age at scan and maternal education. *=
significant at p < 0.05, bolded values remained after correction for multiple comparisons. FSIQ=full-scale intelligence quotient. EPT extremely preterm.
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There were no positive or negative associations between
regional GM or WM volumes with FSIQ for the 29 term-born
controls, when they were analyzed with VBM.

Total brain volumes at term age and associations with
cognitive outcomes at 12 years for children born EPT
The GM and WM brain volumes at term age and their associations
with cognitive data for the 25 children born EPT with MRI data at
term and cognitive data at 12 years of age, adjusted for sex, GA at
MRI, and maternal education, are presented in Table 5. The brain
volumes were not significantly associated with the cognitive
outcomes. However, when also adjusted for GA at birth the
associations between brain volumes at term and FSIQ were
significant and in positive direction, but did not remain after
correction for multiple comparisons, Supplementary Table 4c).

Brain volume growth and cognitive outcomes for the EPT
subset with longitudinal MRIs
The growth of brain volumes for GM and WM volumes in the 20
children born EPT with longitudinal MRI data were not signifi-
cantly associated with FSIQ or any of the WISC-V index scores at 12

years of age. The analyses were adjusted for sex, maternal
education, and ages at the time of the MRI scans (Table 6), and the
results remained after also controlling for GA at birth, Supple-
mentary Table 4d).

DISCUSSION
This prospective study of a well-categorized population of children
born EPT, examined alongside term-born controls, found that the
volumes at 10 years of age were positively associated with
cognitive outcomes at 12 years. There were negative associations
between cortical thickness at 10 years of age and cognitive
outcomes. Although the total brain volumes and cortical thickness
at 10 years of age were reduced in the children born EPT,
compared to the term-born controls, their associations with
cognition followed similar patterns in the two groups.
The insular volume was associated with FSIQ in children born

EPT, but not in term-born controls. Most analyses between term-
age brain volumes and cognitive outcomes were non-significant.
The volumetric growth from term age to 10 years of age for the 20
children with longitudinal MRI data was not associated with
cognition at 12 years.

Total brain volumes at 10 years and associations to cognition
The total GM and WM brain volumes at 10 years of age were
positively associated with cognitive scores at 12 years in both
children born EPT and term-born controls. Few previous studies
have exclusively examined children born EPT, but positive
associations between brain volumes in childhood and adoles-
cence in those born very preterm, and cognitive outcomes, have
been reported.4,5,29 We previously reported that children born EPT
in this cohort had reduced brain volumes at 10 years of age,
compared to term-born controls, and that WM was most affected.6

The present study did not find evidence of WM being any more
associated with FSIQ than GM.
GM and WM are not isolated brain tissues and there are

inseparable connections between the components of the neural
circuits that are highly inter-dependent.1 Therefore it is not
surprising that their associations with cognitive outcomes
demonstrate similar patterns and directions.14 We are aware that
WM volume does not reflect the microstructural properties of the
brain, that could be further studied using diffusion-weighted
imaging.30

We did not find evidence of any different associations between
total brain volumes at 10 years and cognition in the two groups,
because the interactions were insignificant. There are studies that
have reported stronger associations between brain volumes and
cognition for preterm-born children than for term-born children,
and it has been hypothesized that the associations are stronger

Table 4. Associations between grey matter volume at 10 years and FSIQ at 12 years for 42 children born extremely preterm analyzed with voxel-
based morphometry.

Anatomical region hemisphere Cluster No. voxels P-value T statistics Coordinates in MNI space

x y z

Grey matter

FSIQ, positive correlation, adjusted for sex, age at scan and maternal education

Insula Left 764 0.006 5.45 –40 11 –5

Insula Right 1223 <0.001 5.11 42 5 –5

FSIQ, positive correlation, adjusted for sex, age at scan, maternal education and gestational age at birth

Insula Left 550 0.025 5.12 –40 11 –5

Insula Right 454 0.050 4.51 38 10 1

Presented clusters are thresholded at p < 0.001 at voxel-level with family-wise error correction at cluster level. MNI Montreal Neurological Institute, FSIQ full-
scale intelligence quotient.

5

4

3

2

1

0

Fig. 3 Regions in the bilateral insula where grey matter volume at
10 years was positively related with full-scale intelligence
quotient for children born EPT (n= 42). Results are presented
with a voxel-level threshold of p < 0.001, with family-wise error
correction at cluster level. The color bar represents the t-statistics.
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when insults generate deviations from the individual’s primed
growth trajectory.29,31,32 Fig. 2 shows that the slope was steeper
for the association between GM volume and FSIQ in children born
EPT than for term-born controls. It might be that a larger sample
size would have discerned differences in associations between the
two groups.
Nevertheless, one of few studies on children born EPT also

reported that the associations between brain tissue volumes and
cognition were similar in the children born EPT and term-born
children when they reached 18 years of age.9 The brains of
children born EPT are not organized in the same way as term-born
children, as they have different microstructural properties.10,33–35

That we did not find stronger associations in the EPT group may
be due to the many underlying structural and organizational
differences that have been associated with their impaired
neurodevelopment.33

Large studies have established a modest, but robust, positive
association between total brain volume and intelligence in healthy
children and adults.36,37 However, it is important to consider that
children can have similar cognitive abilities, even when they have
a 50% difference in brain size. Thus, there are numerous other
factors than brain size that contribute to the capacity and
efficiency of the brain.38

Cortical thickness at 10 years of age and associations with
cognition
Our study found that cortical thickness in the right hemisphere
was negatively associated with FSIQ and the visual-spatial index in
both study groups, prior to correction for multiple comparisons.

Only the associations with visual-spatial index remained after
adjustments for GA at birth. These findings could reflect those
children with developed pruning mechanisms experienced
beneficial cognitive effect.
Previous studies of large populations have identified negative

associations between cortical thickness and intelligence from 10
years of age in typically developing children.16 The negative
associations we found in the children born EPT were also in line
with previous studies of very preterm children.17,39,40 However,
one study reported positive associations between cortical thick-
ness and intelligence when very-low-birth-weight children
reached early adulthood.15 It is important to take the develop-
mental stage into account when interpreting associations
between cortical thickness and cognition, because cortical
thinning begins in early childhood.14 Disease states can also lead
to both increased cortical thickness, due to insufficient pruning
mechanisms, and decreased cortical thickness due to impaired
early growth of neural populations in the cortical columns.13 In the
study that reported positive associations between cortical
thickness and outcomes the children were born as early as in
the late 1980s, when less developed neonatal care could have led
to more early insults and impaired initial growth of the cortex.15

The associations between cortical thickness and cognition and
GM volume and cognition at 10 years of age were reversed. It has
been demonstrated that the GM volume growth follows the
trajectory of surface area, while cortical thickness has an earlier
peak.14 It is plausible that the benefits of GM volume size are
driven by surface area at this age, in line with previous
studies.16,32,40,41

Table 6. Associations between the growth of grey matter (Δ GM) and white matter (Δ WM) volumes from term age to 10 years with cognitive
outcomes at 12 years for 20 children born EPT with longitudinal data.

Children born EPT n= 20

Δ Grey matter Δ White matter

β CI p-value β CI p-value

FSIQ –0.028 –0.14; 0.083 0.62 –0.056 –0.19; 0.079 0.42

Verbal comprehension –0.014 –0.14; 0.12 0.83 –0.085 –0.19; 0.020 0.11

Visual spatial –0.086 –0.19; 0.016 0.10 –0.080 –0.22; 0.61 0.26

Fluid reasoning –0.022 –0.13; 0.087 0.69 0.18 0.070; 0.11 0.69

Working memory 0.013 –0.10; 0.13 0.83 –0.026 –0.21; 0.16 0.78

Processing speed –0.10 –0.21; 0.003 0.058 –0.11 –0.25; 0.028 0.12

The β value represents change in the cognitive assessment score for every cm3 increase in brain volume growth. Generalized estimating equations, dependent
variable: cognitive outcome, independent variable: brain tissue growth in cm3, adjusted for sex, ages at MRI, and maternal education. FSIQ full-scale
intelligence quotient, EPT extremely preterm.

Table 5. Associations between grey matter and white matter volumes at term age with cognitive outcomes at 12 years for children born EPT.

Children born EPT n= 25

Grey matter White matter

β CI p-value β CI p-value

FSIQ 0.15 –0.023; 0.32 0.090 0.19 –0.020; 0.39 0.077

Verbal comprehension 0.14 –0.18; 0.46 0.39 0.15 –0.27; 0.56 0.49

Visual spatial 0.043 –0.22; 0.31 0.75 0.030 –0.33; 0.39 0.87

Fluid reasoning 0.17 –0.014; 0.36 0.070 0.22 –0.027; 0.46 0.082

Working memory 0.22 –0.059; 0.49 0.12 0.28 –0.11; 0.65 0.17

Processing speed 0.15 –0.12; 0.42 0.28 0.14 –0.22; 0.49 0.45

The β value represents change in the cognitive assessment score for every cm3 increase in brain volume. Generalized estimating equations, dependent
variable: cognitive outcome, independent variable: brain tissue in cm3, adjusted for sex, gestational age at MRI and maternal education. FSIQ full-scale
intelligence quotient, EPT extremely preterm.
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Only the right-sided associations between cortical thickness and
cognitive outcomes were statistically significant in our study.
There is functional right-sided hemispheric dominance in visual-
spatial processing, which could explain why this association was
stronger in the right hemisphere.42 In healthy adolescents, cortical
thinning has been shown to be more prominent in the right
fronto-temporal regions, thus a more efficient pruning in the right
hemisphere could be more associated with cognition.43

Regional brain volumes at 10 years and cognition studied
with VBM
Insular GM volume positively was associated with FSIQ in children
born EPT. The insula is part of the salience network and plays a
role in high-level attention.44 Studies also reported that the
volume of the insula was especially affected following preterm
birth.45,46 However, none of these studies investigate children
born EPT exclusively.45,46

Term age brain volumes and cognition
We found no significant associations between term age brain
volumes and cognition at 12 years in children born EPT when
results were adjusted for sex, GA at MRI, and maternal education.
When results were adjusted for birth GA the associations between
GM, WM and FSIQ were significant, prior to correction for multiple
comparisons. The sample size was only large enough to detect
strong associations. Studies that relate brain volume data when
children born preterm reach term age with cognitive data beyond
early childhood are rare, and we are not aware of any studies that
have associated brain volumes at term age in just children born
EPT with cognitive outcomes as late as at 12 years. Studies with
very preterm children have reported positive associations
between brain volumes at term age and cognitive outcomes in
early childhood.3,4,47,48 The insignificant associations for the
cognitive domains could have been due to compensatory
mechanisms during the long follow-up period.31

Volumetric growth from term to 10 years and associations
with cognition
There was no significant association between brain tissue growth
from term age to 10 years of age and cognitive outcome at 12
years in the EPT group. The children born EPT with longitudinal
MRI data were more mature and had fewer perinatal risk factors
than the non-participants. This could have contributed to this
finding. However, this result was in line with a study that
investigated growth for children born very preterm from term age
to seven years of age.4 Our longitudinal analysis subgroup was
small and the impact of brain growth throughout childhood in
those born EPT should be further investigated in a larger
population. It is important to note that total brain volume growth
analyses do not rule out possibly important regional growth
patterns.12

Strengths and limitation
A strength of the study was the long follow-up period from EPT
birth to 12 years of age. The study provided a broad perspective
on associations between structural brain measurements and
cognitive outcomes by comparing children born EPT, without
major brain lesions, with term-born controls.
The study also had several limitations. The sample size was

relatively small. However, the trends and exploratory findings in
this under-researched patient group of children born EPT are still
of interest.
The limited sample size also precluded using multivariable

models that could be adjusted for more potentially relevant
covariates. There were multiple possible confounding factors that
could have influenced brain growth and cognition over so many
years. But, we did adjust the data for the covariates that have been
used most frequently in similar MRI studies.49

CONCLUSIONS
The findings in this study indicate that brain volumes and cortical
thickness assessed at 10 years are related to cognition at 12 years
in children born EPT. Children born EPT had reduced brain
volumes and cortical thickness at 10 years of age when they were
compared with term-born controls, but their associations with
cognitive outcomes followed similar patterns in the two groups.
Most associations between term age brain volumes and cognitive
outcomes were insignificant, and volumetric growth was not
related with cognition for children born EPT. However, these
associations need to be explored in larger studies of children born
EPT. Insular volume may be relevant as a biomarker for cognitive
outcomes in children born EPT.
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