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A B S T R A C T

This study examined the long-term effects of being born very-low-birth-weight (VLBW, < 1500 g) on adult
cerebral structural development using a multi-method neuroimaging approach. The New Zealand VLBW study
cohort comprised 413 individuals born VLBW in 1986. Of the 338 who survived to discharge, 229 were assessed
at age 27–29 years. Of these, 150 had a 3 T MRI scan alongside 50 healthy term-born controls. The VLBW group
included 53/57 participants born < 28 weeks gestation. MRI analyses included: a) structural MRI to assess grey
matter (GM) volume and cortical thickness; b) arterial spin labelling (ASL) to quantify GM perfusion; and c)
diffusion tensor imaging (DTI) to measure white matter (WM) integrity. Compared to controls, VLBW adults had
smaller GM volumes within frontal, temporal, parietal and occipital cortices, bilateral cingulate gyri and left
caudate, as well as greater GM volumes in frontal, temporal and occipital areas. Thinner cortex was observed
within frontal, temporal and parietal cortices. VLBW adults also had less GM perfusion within limited temporal
areas, bilateral hippocampi and thalami. Finally, lower fractional anisotropy (FA) and axial diffusivity (AD)
within principal WM tracts was observed in VLBW subjects. Within the VLBW group, birthweight was positively
correlated with GM volume and perfusion in cortical and subcortical regions, as well as FA and AD across
numerous principal WM tracts. Between group differences within temporal cortices were evident across all
imaging modalities, suggesting that the temporal lobe may be particularly susceptible to disruption in devel-
opment following preterm birth. Overall, findings reveal enduring and pervasive effects of preterm birth on brain
structural development, with individuals born at lower birthweights having greater long-term neuropathology.

1. Introduction

The late second and third trimester of pregnancy is a critical period
of brain development during which the brain undergoes a five-fold
increase in cortical surface area (Kapellou et al., 2006; Moeskops et al.,
2015). At the microstructural level, neurons begin to differentiate
functionally and to form connections with each other (Huttenlocher
and Dabholkar, 1997). Myelination of these new networks also begins
from around 32 weeks to improve neural conduction (Keunen et al.,
2017). For the infant born very preterm (< 32 weeks gestation) and/or
very low birth weight (< 1500 g birth weight), these important de-
velopmental events occur at a time when the infant is acutely unwell
and being cared for in the ex-utero environment of the Neonatal

Intensive Care Unit (NICU). Given their physiological and neurological
immaturity, infants born very preterm are at high risk of cerebral white
matter (WM) injury and altered grey matter development (Back, 2017;
Kinney and Volpe, 2018). Negative environmental exposures such as
stress, pain and under-nutrition, may also adversely affect the devel-
oping brain (Belfort and Ehrenkranz, 2017; Brummelte et al., 2012;
Grunau et al., 2006). As a result, these infants are at high risk for a
range of neurobehavioral problems (Anderson et al., 2015; Woodward
et al., 2006).

Advanced MRI scanning techniques have been important in ad-
vancing our understanding of the effects of being born very preterm
(VP) and/or very low birth weight (VLBW) on brain structure and
function. These studies have extended from infancy through to
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childhood and adolescence (see for reviews: (de Kieviet et al., 2012; Li
et al., 2015; Raju et al., 2017), and even more recently, into young
adulthood (Nosarti et al., 2014; Raju et al., 2017; Rimol et al., 2019).
Volumetric data have consistently demonstrated that children and
adolescents born VLBW are characterized by smaller total brain vo-
lumes than their same age peers born full term (37–41 weeks gestation)
(Kesler et al., 2004; Nosarti et al., 2002). Regionally-specific reductions,
above and beyond global loss, have also been observed within the
temporal lobe (Kesler et al., 2004), basal ganglia, amygdala and hip-
pocampus (Peterson et al., 2000) of preterm/VLBW children. During
adolescence, smaller absolute GM volume has been found within
frontal, temporal and occipital cortices, thalami, putamen and caudate
nuclei (Nosarti et al., 2008). Smaller relative GM volumes have also
been reported in frontal and temporal cortices, as well as the parietal
lobe, cingulate gyrus, thalami and parahippocampus (Lean et al., 2017).
A somewhat consistent picture is emerging from studies of adults born
VP or VLBW, with evidence of smaller relative GM volumes in frontal,
temporal and occipital cortices as well as the cingulate gyrus (Nosarti
et al., 2014), thalamus, caudate nuclei (Bjuland et al., 2014; Nosarti
et al., 2014) and globus pallidus (Bjuland et al., 2014). Relatedly in
VLBW young adults, thinner cortex has also been reported within
frontal (Bjuland et al., 2013), parietal and temporal cortices (Bjuland
et al., 2013; Martinussen et al., 2005; Nagy et al., 2010; Rimol et al.,
2019), and thicker cortex within temporal (Martinussen et al., 2005;
Nagy et al., 2010), frontal and occipital regions (Bjuland et al., 2013;
Martinussen et al., 2005; Nagy et al., 2010; Rimol et al., 2019).

DTI studies also reveal microstructural alterations in cerebral WM of
individuals born VLBW, with these differences observable throughout
childhood and adolescence (Nagy et al., 2003; Skranes et al., 2007). For
example, Constable et al. (2008) found fractional anisotropy (FA) to be
lower within uncinate, inferior and superior frontooccipital fasciculi,
splenium of the corpus callosum and external capsules in 12 year-olds
born very preterm as compared to controls. Furthermore, a study from
Norway found lower FA within numerous WM tracts in former VLBW
individuals when assessed at ages15-years and 18–22 years (Eikenes
et al., 2011; Skranes et al., 2007). At age 26, reduced FA in frontal lobe
pathways was also found in the Norwegian cohort (Rimol et al., 2019).

Taken together, these studies suggest that alterations in brain
structure and function associated with VP/VLBW persist from infancy
through to late adolescence/early adulthood. However, studies beyond
early adulthood are limited, with most studies employing a single
method approach. Further, to our knowledge, GM perfusion has not
been examined in this population beyond infancy despite preliminary
data showing that preterm birth may be associated with both increased
and decreased cerebral perfusion (Mahdi et al., 2018). Perfusion dys-
function may be associated with structural alterations, and has even
been shown to precede structural loss in some scenarios (Chételat et al.,
2007; Gonzalez-Redondo et al., 2014). The mechanisms underlying
disrupted perfusion associated with very preterm birth are complex, but
may reflect alteration of cardiovascular autonomic control, immature
hemodynamics (which may in turn increase the risk of haemorrhage or
hypoxic-ischemic injury), or increased physiologic stress (Brew et al.,
2014; Fyfe et al., 2014). Thus, we suggest that cerebral perfusion MRI
may also provide valuable insight into the neurological impacts of
being born very preterm/VLBW, in early adulthood. Finally, relation-
ships between structural brain outcomes and birthweight have been
reported in children and adolescents born preterm/VLBW (Allin et al.,
2011; Bjuland et al., 2013; Eikenes et al., 2011; Kesler et al., 2004)
which suggest that those born at lower gestational ages and birth
weights tend to have higher risks of brain structural and functional
alterations. Thus, we also examined the extent to which the degree of
prematurity continued to have an influence on later structural brain
outcomes during adulthood in this unique national cohort.

Against this background, the current study aimed to use a multi-
method approach to examine differences in GM volume, cortical
thickness, perfusion and WM integrity in a national cohort of adults

born with VLBW in New Zealand during 1986. Additionally, associa-
tions between weight at birth and later brain outcomes were examined.
We hypothesized that the VLBW group would exhibit lower GM vo-
lumes and perfusion, thinner cortex and poorer WM integrity, com-
pared to term-born controls. We also hypothesized that in VLBW adults,
birthweight would be positively associated with measures of brain
structural neuropathology.

2. Methods

2.1. Standard protocol approvals, registrations, and patient consents

The study was approved by the Upper South B Regional Ethics
Committee of New Zealand. Written informed consent was obtained
from all participants in the study.

2.2. Participants

The protocol and methods for the New Zealand VLBW Follow-up
Study have been described previously (Darlow et al., 2015). Briefly, a
total of 229 members of a national cohort of 323 VLBW survivors born
in 1986 (71% retention) underwent a comprehensive 2-day health and
neuropsychological assessment in one centre at age 27–29 years.
Twenty-one of the remaining 94 cohort members answered a compre-
hensive questionnaire, 38 declined to participate and 35 were untraced.
A control group of 100 subjects born healthy at term in 1986 were first
recruited at age 23–24 through either a process of peer nomination by a
cohort member or via random sampling from national electoral rolls,
balancing for gender, ethnicity and regional distribution (Darlow et al.,
2015).

Funding was available for 200 advanced cranial MRI scans. We
planned to scan all VLBW adults born at < 28 weeks (n = 57) given the
known higher neurodevelopmental risks and limited number of studies
examining this group. However, three of these subjects were unable to
be scanned due to the presence of a cerebral shunt, a pregnancy, and
difficulties with claustrophobia. A further scan was not readable. In
addition to this high risk group, a random sample of the remaining
VLBW cohort were scanned, bringing the total number of VLBW par-
ticipants having readable scans to 150. Of the VLBW participants
having an MRI, 4% had moderate/severe neurosensory disability at age
7–8 years, compared with 14% of those not scanned, with more of the
latter being unable or unwilling to take part in the full study. The
control group consisted of the first 50 controls sequentially who agreed
to an MRI. A profile of the social background, medical and neurode-
velopmental characteristics of the two study groups is provided in
Table 1.

2.3. MRI acquisition

Imaging was conducted on a 3 T General Electric HDxt scanner (GE
Healthcare, Waukesha, USA) with an eight-channel head coil.

2.3.1. Conventional structural
Volumetric T1-weighted (inversion-prepared spoiled gradient re-

called echo (SPGR), TE/TR = 2.8/6.6 ms, TI = 400 ms, flip angle
= 15 deg., acquisition matrix = 256 × 256 × 170, FOV = 250 mm,
slice thickness = 1 mm, voxel = 0.98 × 0.98 × 1.0 mm3) and clinical
T2 and T2 FLAIR (TE/TR = 116/9000 ms, TI = 2250 ms, flip
angle = 90 deg., acquisition matrix = 320 × 320 × 32, reconstruction
matrix = 512 × 512 × 32, FOV = 220 mm, slice thickness = 3 mm,
gap = 1.5 mm, reconstructed voxel = 0.43 × 0.43 × 4.5 mm3) images
were collected.

2.3.2. Pseudo-continuous arterial spin labelling (PCASL)
A stack of spiral, fast spin echo acquired images were prepared with

pseudo-continuous arterial spin labelling and background suppression
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to measure whole brain perfusion quantitatively (Dai et al., 2008):
TR = 6 s, echo spacing = 9.2 ms, post-labelling delay = 1.525 s, label-
ling duration = 1.5 s, eight interleaved spiral arms with 512 samples at
62.5 kHz bandwidth and 30 phase encoded 5 mm thick slices, NEX = 5,
units: ml/100 g/min. Participants were asked to focus on a fixation
cross during the PCASL scan.

2.3.3. Diffusion tensor imaging (DTI)
A 2D diffusion-weighted, spin echo, echo planar imaging sequence

was used to measure microstructural integrity, with diffusion weighting
in 64 uniformly distributed directions (b = 1000 s/mm2) and 8 acqui-
sitions without diffusion weighting (b = 0 s/mm2): TE/TR = 96/
10000 ms, flip angle = 90 deg., acquisition matrix = 128 × 128 × 74,
FOV = 250 mm, slice thickness = 2 mm, voxel size = 1.95 × 1.95
× 2 mm3, NEX = 1, ungated.

2.4. MRI preprocessing

2.4.1. Structural preprocessing
CAT12 (r934, http://www.neuro.uni-jena.de/cat/), a toolbox of

SPM12 (v6470, http://www.fil.ion.ucl.ac.uk/spm/), running in Matlab
7.10.0 (R2010a), was used to process T1-weighted structural images.
Briefly, images were bias corrected, spatially normalized via DARTEL
(using the DARTEL template provided within CAT12, registered to MNI
space), modulated to compensate for the effect of spatial normalization,
and classified into grey matter (GM), white matter (WM), and cere-
brospinal fluid (CSF), all within the same generative model (Ashburner
and Friston, 2005). The segmentation procedure was extended by ac-
counting for partial volume effects (Tohka et al., 2004), applying
adaptive maximum a posteriori estimations (Rajapakse et al., 1997),
and using a hidden Markov Random Field model (Cuadra et al., 2005).
The resulting modulated, normalized GM partitions were then
smoothed using an 8 mm full-width-at-half-maximum (FWHM) Gaus-
sian kernel.

2.4.2. Cortical thickness
Cortical thickness was estimated using the automated FreeSurfer

stream (v6.0, http://surfer.nmr.harvard.edu); cortical thickness maps
were smoothed with a 10 mm FWHM Gaussian kernel and separately

with a 20 mm FWHM Gaussian kernel. Sections 3.2.2 and 3.3.2 report
results from analyses using cortical thickness maps smoothed with a
10 mm FWHM Gaussian kernel. Results obtained from 20 mm
smoothing are available in the Supplementary material (Figs. S1 and
S2).

2.4.3. Pseudo-continuous arterial spin labelled preprocessing
Quantified cerebral perfusion images were co-registered to T1-

weighted structural images. Subject-specific ICV masks were created
using the ‘reverse brain mask method’, which has been shown to pro-
vide an accurate estimate for ICV (Hansen et al., 2015). This method
applies the inverse deformation fields from the structural images
(produced during the DARTEL normalization procedure) to the ICV
mask supplied in SPM12, which warps the ICV mask from standard
space to subject space for each participant. Subject-specific ICV masks
were resliced, dilated, and applied to the quantified perfusion image to
remove non-brain tissue from the perfusion images. Given the age range
of the participants in the study, we deemed the SPM12 ICV mask an
appropriate starting point for ICV estimation. Perfusion images under-
went further processing with the partial volume correction using
modified least trimmed squares (PVC-mLTS) toolbox in SPM5 (Liang
et al., 2013). The quantified, co-registered, brain extracted, partial
volume corrected perfusion images were then DARTEL normalized
using the structural parameters (no modulation) and smoothed with an
8 mm FWHM Gaussian kernel. One participant did not receive ASL and
was therefore excluded from analyses of cerebral perfusion. Thus,
sample size for perfusion analyses was n = 199 (nvlbw = 149,
ncontrol = 50).

2.4.4. Creation of Grey matter mask
A mean GM mask was created from the normalized GM images of 49

controls and 49 randomly selected participants from the VLBW group,
in order to restrict perfusion analyses to GM. The mean GM image was
thresholded at 0.15; slices below the mid-cerebellum were set to zero to
exclude spiral artefact and poor image quality of PCASL scans in this
region.

2.4.5. DTI preprocessing
Diffusion-weighted images were pre-processed and analysed using

Table 1
Comparison of demographic and perinatal characteristics of the surviving VLBW cohort who were assessed on MRI with those not assessed and with controls.

Measure VLBW assessed on MRI (N = 150) VLBW not assessed on MRI (N= 173) Pa Controls (N= 50) Pb

Mean (SD) age at scan 28.5 (1.2) – – 27.7 (0.5) < 0.001
% (n) Male 41.3 (62) 52.0 (90) 0.055 40.0 (20) 0.87
% (n) Māori/Pacific Island ethnicity 28.7 (43) 34.7 (60) 0.25 18.0 (9) 0.14
Mean (SD) birthweight (g) 1077 (238) 1213 (215) < 0.001
% (n) < 1000 g 38.0 (57) 15.6 (27) < 0.001
Mean (SD) gestation (weeks) 28.8 (2.6) 29.6 (2.3) 0.002
% (n) < 28 weeks gestation 35.3 (53) 15.6 (27) < 0.001
Mean (SD) Apgar 5 min 7.8 (1.9) 8.0 (1.7) 0.51
% (n) SGA 30.7 (46) 27.2 (47) 0.49
% (n) Vaginal delivery 43.8 (64) 40.1 (69) 0.5
% (n) Sepsis 20.7 (31) 26.7 (46) 0.2
% (n) ANS 54.7 (82) 59.5 (103) 0.38
% (n) RDS 56.7 (85) 56.1 (97) 0.91
% (n) BPD 20.7 (31) 21.4 (37) 0.87
% (n) ROP 25.0 (36) 17.4 (27) 0.11
% (n) Any neurosensory disability (age 7–8 years) 16.6 (24) 33.1 (50) 0.001
% (n) Mod/severe disability (age 7–8 years) 4.1 (6) 13.9 (21) 0.004

SGA: small for gestational age (birthweight < 10% centile), RDS: respiratory distress syndrome, BPD: bronchopulmonary dysplasia (oxygen requirement at 36 weeks
post-menstrual age), ANS: antenatal corticosteroids, ROP: retinopathy of prematurity. Moderate or severe disability at 7–8 years of age was defined as cerebral palsy
in non-ambulant children or in ambulant children causing considerable limitation of movement; bilateral sensorineural deafness requiring hearing aids; bilateral
blindness; or an IQ score of > 2 SD below the test mean (< 70) on the Revised Wechsler Intelligence Scale for Children (WISC-R). Any neurosensory disability at
7–8 years of age also included cerebral palsy with only minor limitation of movement and mild cognitive impairment (IQ 1-2 SD below the mean).

a Comparisons of VLBW assessed and not assessed by t-test or chi square.
b Comparisons of VLBW assessed and Controls by t-test or chi square.
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tract-based spatial statistics (TBSS) in FSL (v5.0.9, https://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/). This included motion- and eddy-current distortion-
correction; rotation of the b matrix accordingly; motion quantification
via root mean square deviation between each pair of realigned diffusion
images and averaging over all pairs to create a single, ‘relative’ motion
metric; brain extraction; and fitting a diffusion tensor to produce frac-
tional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD, the
principal diffusion eigenvalue), and radial diffusivity (RD, the mean of
the second and third eigenvalues) images. Ten participants were ex-
cluded from DTI analyses: four with missing or truncated DTI se-
quences, three with absolute motion greater than two voxels (4 mm)
and three with relative motion greater than three standard deviations of
the mean, thus n = 190 (nvlbw = 141, ncontrol = 49).

2.4.6. TBSS
FA images were aligned to a common space (FMRIB58_FA) using the

nonlinear registration tool FNIRT. The mean FA image was created and
thinned (FA > 0.2) to create a mean FA skeleton, representing the
centres of principal white matter tracts common to all subjects.
Participants' aligned FA images were then projected onto the study-
specific FA skeleton image to create an FA skeleton in each subject. The
nonlinear warps and skeleton projection were then applied to MD, AD,
and RD images (Smith et al., 2006).

2.4.7. White matter Hyperintensities
White matter injury was quantified using the Lesion Segmentation

Toolbox (Schmidt et al., 2012), which allows automatic detection of T2
hyperintensities based on the T2 FLAIR and T1-weighted images. This
process produced a probabilistic white matter hyperintensity mask per
person, which was normalized and smoothed (8 mm). In addition, we
derived the total white matter hyperintensity (WMH) volume for each
subject. Two participants were excluded from the analysis of WMH due
to missing FLAIR sequences. Thus, sample size was n = 198
(nvlbw = 149, ncontrol = 49).

2.5. Statistical analysis

Between group comparisons (VLBW vs full term controls) of global
measures of total GM volume, mean GM perfusion, mean FA, MD, AD
and RD along the skeleton, and log transformed WMH volume were
conducted using multiple regression analyses in R (v3.0.2). Age at scan
and sex were included in all models. ICV was included in the GM and
WMH volume models, while relative motion was included in the FA,
MD, AD and RD models. A chi-squared test was conducted to assess the
distribution of male and female participants within the groups.

2.5.1. Voxelwise group analyses
Voxelwise group comparisons of regional GM volume and perfusion

were performed using two sample t-tests in SPM12. Both models

included age and sex as covariates, while ICV was an additional cov-
ariate in the GM volume model. Results were corrected for multiple
comparisons using voxel-based family wise error rate (p < 0.05,
cluster extent threshold = 0). Vertex-wise group comparisons of cor-
tical thickness in Freesurfer (with age and sex) were corrected for
multiple comparisons using precached clusterwise Monte Carlo simu-
lation with 10,000 iterations (uncorrected p < 0.001 & corrected
p < 0.05).

Voxelwise group comparisons of diffusion metrics (FA, MD, AD and
RD) and WMH volume used a permutation-based inference tool for
nonparametric statistical thresholding (FSL's ‘randomise’) (Winkler
et al., 2014). Group differences (VLBW vs controls) were assessed with
age and sex, with additional covariates of relative motion (DTI only)
and ICV (WMH only). For each contrast, the null distribution was
generated over 5000 permutations and the alpha level set at p < 0.05,
corrected for multiple comparisons (family-wise error correction using
threshold-free cluster enhancement, TFCE) (Smith and Nichols, 2009).

Within the VLBW group, relationships between birthweight and
regional GM volume, perfusion and DTI measures were evaluated using
permutation tests of correlation in FSL. All models included age and
sex, while ICV was an additional covariate in the GM volume model and
relative motion in the DTI models. A two-sample t-test was conducted
in SPM12 to examine differences in GM volume between VLBW exposed
to antenatal steroids (ANS) and VLBW who were not. Age, sex and
evidence of intra-ventricular haemorrhage as indicated on cranial ul-
trasound were specified as covariates.

3. Results

3.1. Global results

Global MRI metrics are presented in Table 2. After accounting for
age, sex and ICV, global GM volume was significantly lower in the
VLBW group (669 ± 61 cm3) relative to the control group
(723 ± 62 cm3, t = 2.93, p < 0.01). No differences in mean GM per-
fusion were observed between the groups, although a main effect of sex
was observed (t = −4.6, p < 0.001), suggesting that males had mean
GM perfusion of 4.4 ml/100 g/min less than their female counterparts.
There were no significant differences in FA, MD, AD and RD averaged
across the white matter skeleton between the two groups. However,
males exhibited significantly lower mean RD than females.

3.2. Voxelwise results

3.2.1. GM volume
The VLBW group demonstrated smaller GM volumes than controls

in the frontal lobe, within the orbital cortex, frontal pole and inferior
frontal gyrus; the temporal lobe, including the superior, middle and
inferior temporal gyri, planum temporale, Heschl's gyrus and temporal

Table 2
Global MRI metrics in VLBW and full term controls.

Imaging metrics VLBW Mean (SD) Control Mean (SD) t p

Grey matter (cm3) 669 (61) 723 (62) −2.21 0.03
Grey matter proportion 0.445 (0.019) 0.449 (0.016) −2.32 0.022
White matter (cm3) 513 (61) 558 (66) −0.93 0.435
Cerebrospinal fluid (cm3) 322 (44) 332 (50) 2.48 0.014
Intracranial volume (cm3) 1504 (140) 1613 (162) −5.21 < 0.0001
Mean GM perfusion(ml/100 g/min) 50.6 (8.8) 51.6 (7.6) −0.99 0.33
Partial volume corrected mean grey matter perfusion (ml/100 g/min) 41.0 (7.23) 41.5 (6.3) −0.79 0.43
FA 0.448 (0.02) 0.454 (0.01) −1.57 0.12
MDa 0.727 (0.03) 0.725 (0.02) 0.97 0.33
ADa 1.11 (0.03) 1.11 (0.02) 0.12 0.91
RDa 0.533 (0.03) 0.528 (0.02) 1.3 0.2
WMH volume (cm3) 0.063 (0.20) 0.049 (0.10) 0.17 0.987

a Mean and standard deviation for these DTI metrics have been multiplied by 103. WMH volume data was log transformed during the WMH analysis.
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fusiform cortex. Significant regions were also observed in the occipital
lobe, within the lateral occipital cortex and precuneus; the supramar-
ginal gyrus of the parietal lobe, bilateral cingulate gyri and the left
caudate nucleus. Greater GM volumes in VLBW adults relative to term
control adults were observed in the frontal lobe, within the frontal pole
and middle frontal gyrus; the temporal occipital fusiform cortex; the
occipital lobe, within the occipital pole, lingual gyri, intracalcarine,
supracalcarine and cuneal cortex; and within posterior cingulate gyri.
As illustrated in Fig. 1, these between group differences in GM volumes
showed a strong bilateral pattern (see also Supplementary Table S1).

3.2.2. Cortical thickness
Adults in the VLBW group had a thinner cerebral cortex than their

term-born controls within limited, bilateral frontal, temporal and par-
ietal cortices. Whereas, thicker cortex was observed within bilateral
temporal and occipital regions (Fig. 2, Supplementary Table S2). Ana-
lysis of cortical thickness maps smoothed with a 20 mm FWHM Gaus-
sian kernel showed significant differences in the same regions (Sup-
plementary Fig. S1). Clusters were larger, as would be expected with a
larger smoothing kernel.

3.2.3. Cerebral perfusion
A number of regions showed significantly less GM perfusion in the

VLBW group relative to the control group. These included the right
superior temporal gyrus, left lingual gyrus, and bilateral inferior tem-
poral gyri, hippocampi and thalami (Fig. 3, Supplementary Table S3). A
second model, including mean GM perfusion as an additional covariate,
identified the same regions.

3.2.4. DTI
Fig. 4 and Supplementary Table S4 display tracts that showed sig-

nificant DTI differences between groups. Those born VLBW were
characterized by significantly lower FA bilaterally within the forceps
major, inferior fronto-occipital and inferior longitudinal fasciculi, as
well as within the posterior and superior corona radiata, and corpus
callosum. VLBW participants also exhibited increased FA relative to
controls in the right hemisphere only, within the superior longitudinal
fasciculus, anterior, posterior and superior corona radiata, the inferior

fronto-occipital fasciculus and corticospinal tract. The two groups did
not differ significantly in terms of MD. Axial diffusivity was sig-
nificantly lower within the corpus callosum (splenium), bilaterally
within inferior longitudinal and inferior fronto-occipital fasciculi, the
left forceps major and superior longitudinal fasciculus. Several regions
exhibited greater AD in the VLBW group including the corpus callosum
(genu and splenium), bilateral superior and posterior corona radiata,
superior longitudinal fasciculi, corticospinal tracts and internal cap-
sules, right anterior thalamic radiation and inferior fronto-occipital
fasciculus, and the left anterior corona radiata. Greater RD in VLBW
was found bilaterally within the corpus callosum (body), left forceps
major and inferior fronto-occipital fasciculus. Many areas that demon-
strated lower or higher FA in VLBW compared to controls showed
changes in the same direction for AD. Lower FA and AD, and higher RD
occurred predominantly within posterior WM tracts. The corpus cal-
losum exhibited lower FA and high RD in VLBW relative to controls.

3.2.5. Neurosensory disabilities
Analyses of group differences in GM volume, cortical thickness, GM

perfusion and DTI metrics excluding the six participants with mod-
erate/severe neurosensory disability, showed minimal changes in sig-
nificant regions and tracts compared to the results reported. The results
of analyses excluding those with neurosensory disability are displayed
in the Supplementary Material (Figs. S4 – S13).

3.2.6. White matter Hyperintensities
There were no significant differences (TFCE-corrected p < 0.05) in

the size and distribution of WMH in VLBW vs Controls. However, the
prevalence of WMHs was very low in this group of 27–29 year-olds.
Most participants had no detectable WMHs.

3.3. Associations with birthweight within VLBW

3.3.1. Birthweight and GM volume
Decreasing birthweight was associated with lower GM volumes in

the temporal lobe and various subcortical structures. Significant regions
in the temporal lobe were largely isolated to the right hemisphere
within superior and middle temporal gyri, planum temporale, planum

Fig. 1. Differences in regional GM volumes between VLBW and control adults.
Results of the voxel-based morphometric analysis, depicting regions of significant differences between VLBW and control groups in GM volume. Smaller volumes in
VLBW relative to controls are illustrated in blue-green, while larger volumes are illustrated in red-yellow. Lighter colours reflect higher peak-level T statistics. Results
are overlaid on the study-specific average structural image (p < 0.05 corrected for multiple comparisons using voxelwise family wise error rate). Specific regions
exhibiting lower GM volume are listed in Supplementary Table S1. Slices displayed: y = 37, 21, 6, −16, −24, −42, −70; z = 24, 17, 14, 2, −10, −15. Images are
displayed in neurological convention (left of the image is left of the brain). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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polare, amygdala, Heschl's gyrus, insular cortex, temporal pole, tem-
poral occipital fusiform cortex and left temporal fusiform cortex.
Subcortical structures included bilateral hippocampi and left caudate,
putamen and pallidum. Decreasing birthweight was also associated
with greater GM volumes in the frontal lobe, within the right frontal
pole, middle frontal and inferior frontal gyri, and the left juxtaposi-
tional lobule cortex. Negative associations were also observed within
the right middle temporal gyrus, and left cingulate and paracingulate
gyri (Fig. 5, Supplementary Table S5).

3.3.2. Birthweight and cortical thickness
Positive correlations between birthweight and cortical thickness

were observed within bilateral supramarginal gyri, limited regions
within left temporal and right occipital cortices, and the right posterior
cingulate gyrus (Supplementary Fig. S3 and Table S6).

3.3.3. Birthweight and cerebral perfusion
Within the VLBW group, decreasing birthweight was associated

with lower GM perfusion in the temporal lobe, within bilateral Heschl's

Fig. 2. VLBW adults demonstrate regions of thinner and thicker cortex relative to controls.
Results are overlaid on the reconstructed, inflated surface of the brain. Dark grey areas represent sulci, while light grey represent gyri. Clusters of significantly thinner
cortex in VLBW relative to controls are depicted in blue and significantly thicker cortex is displayed in red-yellow within the A) left hemisphere and B) right
hemisphere. Images display uncorrected p values within clusters that survived correction for multiple comparisons using precached clusterwise Monte Carlo si-
mulation with 10,000 iterations (corrected p < 0.05). P values were adjusted for the analyses of left and right hemispheres. A smoothing kernel of FWHM 10 mm
was used during the analysis. Specific regions demonstrating differences in cortical thickness between groups are listed in Supplementary Table S2. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Differences in regional GM perfusion between
VLBW and control adults.
Results of the voxel-based morphometric analysis,
depicting regions of significant differences between
VLBW and control groups in GM perfusion. Regions
of less perfusion in VLBW relative to controls are il-
lustrated in blue-green, while greater perfusion is
illustrated in red-yellow. Lighter colours reflect
higher peak-level T statistics. Results are overlaid on
the study-specific average structural image
(p < 0.05 corrected for multiple comparisons using
voxelwise family wise error rate). Specific regions
exhibiting less GM perfusion are listed in
Supplementary Table S3. Slices displayed: y = 1,
−22, −32, −48; z = 23, 11, −5, −12. All images
are displayed in neurological convention (left of the
image is left of the brain). (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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gyri and insular cortex, left temporal pole and middle temporal gyrus,
the right amygdala and planum polare. Significant positive correlations
were also observed within the right central opercular cortex and hip-
pocampus (Fig. 5, Supplementary Table S7). No regions showed a sig-
nificant negative association.

3.3.4. Birthweight and DTI
Birthweight was found to correlate with selected DTI metrics in

several primary WM tracts (Fig. 6, Supplementary Table S8). Birth-
weight was positively correlated with FA within the corpus callosum
(body and splenium), bilaterally within the posterior thalamic radia-
tion, external capsule, inferior and superior longitudinal fasciculi. Po-
sitive correlations were also found within the right anterior thalamic
radiation, cingulum, fornix, internal capsule, inferior fronto-occipital
and uncinate fasciculi, and the left forceps major. Positive correlations
between birthweight and AD were found bilaterally within inferior
longitudinal fasciculi, forceps major, external and internal capsules,
fornix, and cerebral peduncles. Positive correlations were also noted
within the right cingulum, superior longitudinal and uncinate fasciculi,
and the left anterior thalamic radiation. Birthweight correlated nega-
tively with RD within the left posterior thalamic radiation, forceps

major, superior longitudinal fasciculus, posterior corona radiata and the
corpus callosum (splenium).

3.3.5. GM volume and antenatal steroids
No differences in GM volume were observed between VLBW parti-

cipants exposed to ANS and those who were not.

4. Discussion

Pervasive differences in GM volumes, cortical thickness, GM per-
fusion, and DTI metrics were observed between young adults born
VLBW and term-born controls. Furthermore, within the VLBW group,
clear associations were found between birthweight and a range of adult
brain outcomes assessed using multiple imaging methods.

4.1. GM volume

The results of the present study are consistent with previous findings
showing that children, adolescents and adults born VLBW and/or very
preterm, have less GM volume than their same age term-born peers.
Reductions in GM volume have previously been reported in frontal

Fig. 4. Differences in DTI metrics between VLBW
and control adults.
Results of the tract-based spatial statistics (TBSS)
analysis demonstrate significant differences between
groups in A) fractional anisotropy (FA), B) axial
diffusivity and C) radial diffusivity. Lower values of
diffusion metrics in VLBW relative to controls are
displayed in blue, while higher values are shown in
red-yellow. Lighter colours reflect smaller p-values.
Results are overlaid on the mean FA image (TFCE-
corrected for multiple comparisons p < 0.05).
Specific regions exhibiting differences in DTI metrics
are listed in Supplementary Table S4. Slices dis-
played: z = 27, 17, 7, −3, −13; neurological con-
vention (left of the image is left of the brain). (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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regions, including the inferior frontal gyrus (Nosarti et al., 2008) and
premotor region (Peterson et al., 2000), temporal cortices, including
superior (Nosarti et al., 2008), middle (Nosarti et al., 2008; Soria-Pastor
et al., 2009) and inferior temporal gyri (Nosarti et al., 2008),

midtemporal (Peterson et al., 2000), superior and medial temporal
cortices (Nagy et al., 2009). Also in accordance with our results, smaller
GM volumes have been found within the precuneus (Nosarti et al.,
2008), parieto-occipital regions (Peterson et al., 2000) and subcortical

Fig. 5. Associations of birthweight with GM volume
and perfusion in VLBW adults.
Results of permutation tests of correlation in FSL
depicting correlations between birthweight and A)
grey matter (GM) volume, and B) GM perfusion.
Regions demonstrating positive correlations with
birthweight are depicted in red-yellow, while nega-
tive correlations are displayed in blue-green. Lighter
colours reflect smaller p-values. Results are overlaid
on the study-specific average structural image
(p < 0.05 corrected for multiple comparisons using
TFCE). Specific regions exhibiting correlations be-
tween birthweight and GM volume are listed in
Supplementary Table S5, while correlations between
birthweight and GM perfusion are listed in
Supplementary Table S7. Slices displayed (A):
z = 46, 12, 1, −9, −24; (B): z = −2, −15, −28. All
slices are displayed in neurological convention (left
of the image is left of the brain). (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Associations between birthweight and DTI
metrics in VLBW adults.
Results of permutation tests of correlation in FSL
demonstrate correlations between birthweight and
A) fractional anisotropy (FA), B) axial diffusivity,
and C) radial diffusivity, within principle white
matter tracts. Areas of positive correlation are de-
picted in red-yellow, while negative correlations are
represented in blue. Lighter colours reflect smaller p-
values. Results are overlaid on the mean FA image
(TCFE-corrected for multiple comparisons
p < 0.05). Specific regions exhibiting correlations
between birthweight and DTI metrics and are listed
in Supplementary Table S8. Slices displayed: z = 27,
17, 7, −3, −13; neurological convention (left of the
image is left of the brain). (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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GM (Taylor et al., 2011), particularly the caudate nuclei (Abernethy
et al., 2002; Nosarti et al., 2008; Peterson et al., 2000). Additionally,
the temporo-parietal junction has been reported to show thinner cortex
in VLBW young adults (Rimol et al., 2019). However, while MRI can
provide information about the volume of GM in a particular region, it
does not distinguish the underlying cause. One explanation for our
findings may be that disruptions in the formation of connections be-
tween brain regions in preterm neonates (Ball et al., 2013) might alter
subsequent brain development and reduce synaptogenesis, which in
turn, could lead to smaller GM volumes and thinner cortex
(Huttenlocher and Dabholkar, 1997). The widespread reductions in GM
volume of those born VLBW might reflect the vastly interconnected
nature of the brain and possibly the downstream impacts of primary
WM lesion/s on more widely distributed regions of the brain (Hack and
Taylor, 2000).

Furthermore, we found several regions that exhibited greater GM
volume within our VLBW cohort relative to control subjects. A follow-
up study of 12-year-old VP participants, who were imaged with the
same MRI scanner as the present study, found increased GM volumes
within the medial occipital cortex, including the supracalcarine and
intracalcarine gyri, and the anterior cingulate gyrus, compared with
controls (Lean et al., 2017). Our findings of increased GM volume are
consistent with those of Lean et al. (2017). However, we found the
posterior, rather than anterior, cingulate gyrus to be significant. Our
results also support findings of greater GM volume in other preterm and
low birthweight populations within frontal (Kesler et al., 2004) and
temporal (Allin et al., 2004; Nosarti et al., 2008) cortices, specifically
within fusiform cortex, middle frontal, lingual and cingulate gyri
(Nosarti et al., 2008). Thicker cortex has also been reported within
frontal and occipital regions of VLBW young adults (Rimol et al., 2019).
Kesler et al. (2004), speculated that their findings of increased GM
volume within frontal regions may be related to delayed synaptic
pruning in these areas, based on evidence that the frontal lobe is the last
to undergo maturation. Delayed synaptic pruning may be a potential
explanation for the regions of increased GM volume observed in our
VLBW group. However, there is conflicting evidence regarding the
progression of cortical GM development during childhood and adoles-
cence. Gogtay et al. (2004) found that the temporal lobe was the last to
mature, preceded by regions of the frontal lobe. Conversely, the occi-
pital lobe has also been indicated as being the last region to reach peak
GM volume (Giedd et al., 1999). Based on evidence for late maturation
of the temporal and occipital lobes, it is possible that the larger GM
volumes in the temporal occipital fusiform cortex, intracalcarine and
supracalcarine cortices observed in our VLBW group may not simply
reflect greater volume or growth, but rather a delayed decrease in vo-
lume, mediated by delayed synaptic pruning. Although this might seem
unlikely given the widely accepted notion that synaptic pruning finishes
by the end of adolescence (Huttenlocher, 1979), new evidence does
suggest that elimination of dendritic spines of pyramidal neurons in the
prefrontal cortex can persist into the third decade of life (Petanjek et al.,
2011).

4.2. GM perfusion

Few studies have investigated cerebral perfusion using arterial spin
labelling MRI in low birthweight or preterm populations. The majority
of studies have focused on cerebral perfusion in infants and have re-
vealed mixed findings. Miranda et al. (2006), compared cerebral per-
fusion in preterm and term neonates, using arterial spin labelling and
found that cerebral perfusion was greater in preterm than term control
infants. However, Kehrer et al. (2003), used colour duplex sonography
of the extracranial cerebral arteries to demonstrate lower cerebral
perfusion in those born preterm, in addition to a pattern of increasing
perfusion with increasing postmenstrual age. With the known plasticity
of the brain and the development and maturation it undergoes over the
years, it is hard to conjecture how differences in cerebral perfusion

between preterm and term infants may relate to the differences we
observed in young adults. The values we obtained for global GM per-
fusion in VLBW (50.6 ± 8.8) and control (51.6 ± 7.6) adults are
consistent with previously documented perfusion values in similar age
groups (Biagi et al., 2007; Lassen, 1985; Wang et al., 2003). While we
did not find evidence for a significant difference in global GM perfusion
between groups, we did observe lower regional GM perfusion in VLBW
participants within the temporal lobe, lingual gyrus, bilateral hippo-
campi and thalami. Reduced cerebral perfusion within small regions of
the right inferior and superior temporal gyri corresponds with reduc-
tions in GM volume. In contrast to reduced GM volume and perfusion
within the superior temporal gyrus, cortical thickness was found to be
greater bilaterally in this region in the VLBW cohort. Overall, we do not
see many specific regions which show differences in both GM perfusion,
and GM volume and cortical thickness.

4.3. White matter

Concerning WM, differences in FA between VLBW and controls were
found within tracts previously documented to show changes in mea-
sures of diffusion, including decreased FA in the forceps major
(Constable et al., 2008), corpus callosum (splenium) (Allin et al., 2011;
Constable et al., 2008; Vangberg et al., 2006) inferior longitudinal
fasciculi (Eikenes et al., 2011; Skranes et al., 2007) and inferior fronto-
occipital fasciculi (Constable et al., 2008; Eikenes et al., 2011; Skranes
et al., 2007). Greater FA was also observed in tracts consistent with
previous studies, including the right corticospinal tract (Feldman et al.,
2012), superior longitudinal (Rimol et al., 2019) and inferior fronto-
occipital fasciculi (Allin et al., 2011; Feldman et al., 2012). Inter-
pretation of FA is complex as it can be affected by numerous properties
of WM tracts, including the extent of myelination of axons, membrane
permeability, axon density, and the organisation of fibres (Vangberg
et al., 2006). The reductions in FA observed in the VLBW group are
likely to be related to one or more of these properties which influence
the integrity of WM. Interpreting increased FA within VLBW is even
more difficult. It is possible that increases in FA are the result of pre-
ferential degradation of a single tract within areas of crossing fibres. For
example, Groeschel et al. (2014), showed that a relative increase in FA
can occur when the FA of an underlying crossing tract in a given voxel
is reduced. While it is possible that this scenario may contribute to the
regions of increased FA observed in those born VLBW, our results are in
line with previous findings reported in VLBW and preterm populations
(Allin et al., 2004; Kesler et al., 2004; Nosarti et al., 2008), and tend to
indicate a change in underlying structure. In this case, increased FA
may reflect the brain's potential for neuroplasticity and the ability to
compensate for distant and connected regions or tracts that may show
disruption in development, as a result of VLBW or premature birth
(Allin et al., 2011).

4.4. Combining results across multiple imaging metrics

Combining our results across multiple imaging sequences and pro-
cessing techniques reveals some interesting patterns. As previously
mentioned, we speculate that observed temporal and occipital regions
of greater GM volume may reflect a delay in synaptic pruning in the
VLBW cohort. Additionally, we also found an increase in cortical
thickness in regions of the temporal and occipital cortices. Evidence
suggests that in normal development, decreasing cortical thickness may
reflect increased myelination, producing an artefactual shift in the GM/
WM boundary (Sowell et al., 2004). Given this finding, the increases in
cortical thickness seen in the VLBW group may reflect a reduction in the
normal increase in myelination. This idea is further supported by our
WM findings of lower FA and AD, and higher RD within posterior WM
tracts, particularly the forceps major which connects bilateral occipital
lobes. The spatial proximity of increased GM volume and cortical
thickness and reduced WM integrity suggests that maturation in these
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areas may involve both synaptic pruning and increased myelination.
We may be seeing the effects of disruption to both maturation processes
in VLBW adults.

Another apparent pattern across imaging metrics is the consistent
appearance of the temporal lobe as a region showing significant dif-
ferences between groups. Whilst we have found differences within all
lobes and many subcortical structures across various imaging metrics,
between group differences within the temporal lobe were evident across
all imaging modalities and statistical analyses. This may suggest that
the temporal lobe is particularly susceptible to disruption in develop-
ment following preterm birth. A study of preterm children found in-
creased gyrification exclusively in bilateral temporal lobes (Kesler et al.,
2006). Furthermore, Kesler et al. (2006) found left temporal gyrifica-
tion was negatively correlated with left temporal GM volume and
suggested that cortical development in the temporal lobe may be dif-
ferentially affected by preterm birth. A primate animal model has also
demonstrated that injury to the preterm brain commonly occurs in re-
gions associated with the temporal lobe (Dieni et al., 2004). Further
analysis of the neurobehavioral correlates of these findings will be
important.

4.5. Associations with birthweight

Within our VLBW cohort, birthweight showed significant associa-
tions with measures of GM volume, perfusion and DTI metrics across
numerous brain regions and WM tracts. This is consistent with, and
extends, earlier studies showing that birthweight was positively asso-
ciated with later GM volume (Nagy et al., 2009; Soria-Pastor et al.,
2009) within numerous brain regions. Concerning associations between
birthweight and FA, our results are also similar to those of Eikenes et al.
(2011) who found significant positive correlations between birthweight
and FA within the cingulum, superior longitudinal, inferior fronto-oc-
cipital and inferior longitudinal fasciculi, forceps major, uncinate fas-
ciculi, and corpus callosum. Extending these results, we also found that
lower birthweight was associated with reduced GM volume and per-
fusion, lower FA and AD, and elevated RD within certain regions.
Collectively, these findings suggest that lower birthweight or earlier
prematurity is associated, at least at the group level, with greater and/
or more extensive alterations in brain structure and function that are
observable into early adulthood (Nagy et al., 2009; Nosarti et al., 2008;
Peterson et al., 2000).

4.6. Strengths and limitations

Strengths of the study include the national cohort from which par-
ticipants were selected to complete MRI scanning, and the consolida-
tion of findings from multiple imaging measures within a sample of
VLBW adults followed-up from birth. A potential limitation may be that
infants were classified by birthweight, rather than gestational age.
However, in the 1980s birthweight was routinely used rather than ge-
stational age to define preterm populations (Hack and Fanaroff, 1988).
While birthweight does correlate strongly with gestational age, the
latter may provide more information about an infant's developmental
state. Nevertheless, our results remain consistent with those of other
studies, whether participants were classified by birthweight or gesta-
tional age (Nagy et al., 2009; Nosarti et al., 2008). Mean age at scan of
those born VLBW was slightly higher than controls; therefore, age was
accounted for in all analyses. We investigated both grey matter volume
and cortical thickness. While derived from the same T1-weighted
image, the two methods investigate two different properties and may
provide differing results. Smoothing may contribute to these potential
differences. In volume-based methods, data is smoothed with a three-
dimensional isotropic Gaussian kernel, whereas surface-based methods
employ a two-dimensional kernel. Due to cortical folding in volumetric
data, neighbouring voxels in 3D space may not be spatially proximate in
the corresponding 2D cortical surface. Thus, in volumetric analyses

voxels may be smoothed that are not truly spatially proximate. This has
the potential to alter the signal and therefore, subsequent results. It has
been shown that smoothing on the surface preserves signal better than
smoothing of volumes (Anticevic et al., 2008). Despite this, the GM
volume and cortical thickness results presented in this paper remain
consistent with findings in other studies of VLBW. Indeed, group dif-
ferences might have been even larger than our results suggest, if the
sample had not included proportionally more VLBW participants with
better outcomes due to the differing rates of moderate/severe neuro-
sensory disability at age 7–8 of VLBW participants scanned (4%) and
not scanned (14%). However, oversampling of extremely preterm
(< 28 weeks gestation) participants for scanning could also have al-
tered the proportion of VLBW with better outcomes, affecting gen-
eralizability of results to all VLBW survivors. Further replication will be
important.

5. Conclusions

This study examined the neurological outcomes of a national cohort
of adults born VLBW using multiple imaging methods, spanning mea-
sures of GM volume, cortical thickness, perfusion and WM integrity.
Findings revealed clear between group differences between VLBW and
healthy term-born control adults across all four imaging methods; thus,
suggesting that very preterm birth has widespread effects on the neo-
natal brain that persist well into adulthood. Additionally, there was
clear evidence of converging results across imaging modalities, in-
dicating vulnerability of specific brain regions, particularly the tem-
poral lobe. Finally, we also found that lower birthweight or greater
prematurity tended to be associated with higher levels of long-term
neuropathology, including greater alterations/abnormalities in GM
volume, cortical thickness, perfusion and WM integrity. Further ex-
amination of the adult functional significance of these findings will be
an important next step, in addition to understanding the effects of aging
on the potentially vulnerable brains of very preterm/VLBW survivors.
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