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ABBREVIATIONS

CST Corticospinal tract

ELBW Extremely low birthweight

ICV Intracranial volume

AIM To elucidate neurobiological changes underlying motor impairments in adolescents

born extremely preterm (gestation <28wks) and/or with extremely low birthweight (ELBW,

<1000g), our aims were the following: (1) to compare corticospinal tract (CST) microstructure

and primary motor cortex (M1) volume, area, and thickness between extremely preterm/

ELBW adolescents and a comparison group with normal birthweight (>2499g); (2) to compare

CST microstructure and M1 volume, area, and thickness between extremely preterm/ELBW

adolescents with cerebral palsy (CP), motor impairment without CP, and no motor

impairment; and (3) to investigate associations between CST microstructure and M1

measures.

METHOD This study used diffusion and structural magnetic resonance imaging to examine

the CST and M1 in a geographical cohort of 191 extremely preterm/ELBW adolescents (mean

age 18y 2.4mo [SD 9.6mo]; 87 males, 104 females) and 141 adolescents in the comparison

group (mean age 18y 1.2mo [SD 9.6mo]; 59 males, 82 females).

RESULTS Extremely preterm/ELBW adolescents had higher CST axial, radial, and mean

diffusivities and lower M1 thickness than the comparison group. Extremely preterm/ELBW

adolescents with CP had higher CST diffusivities than non-motor-impaired extremely

preterm/ELBW adolescents. CST diffusivities correlated with M1 volume and area.

INTERPRETATION Extremely preterm/ELBW adolescents have altered CST microstructure,

which is associated with CP. Furthermore, the results elucidate how CST and M1 alterations

interrelate to potentially influence motor function in extremely preterm/ELBW adolescents.

Despite increased survival rates over the past few decades
for infants born extremely preterm (gestation <28wks) and/
or with extremely low birthweight (ELBW, <1000g), rates
of long-term neurodevelopmental disabilities in extremely
preterm/ELBW survivors remain high.1 Up to 13% of
extremely preterm/ELBW survivors develop cerebral palsy
(CP),2 a permanent movement disorder caused by distur-
bances to the developing brain.3 Even extremely preterm/
ELBW survivors without CP are at high risk of motor
impairments compared with comparison groups born at
term (gestation ≥37wks) or with normal birthweight
(>2499g), and these motor impairments persist into adoles-
cence and adulthood.4 Magnetic resonance imaging (MRI)
provides a non-invasive method for investigating brain
structure and development, and is central to understanding
the neurobiological changes underlying neurodevelopmen-

tal impairments in extremely preterm/ELBW survivors.
For example, we have previously found that increasing vol-
umes of several brain tissues and structures (including the
total brain tissue, cortical grey and white matter, subcorti-
cal grey matter, and cerebellum) are associated with better
cognitive outcomes in extremely preterm adolescents.5

However, brain structural changes associated with CP and
motor impairments in extremely preterm/ELBW adoles-
cents have not yet been investigated.

The corticospinal tract (CST) is critical for motor func-
tion, connecting cerebral cortical regions to spinal cord
motor neurons.6 Several previous studies have used diffusion
MRI to investigate the microstructural organization of brain
white matter tracts, including the CST, in preterm groups
compared with comparison groups in childhood,7,8 adoles-
cence,9–11 young adulthood,12 or at a range of ages.13 These
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studies generally found that preterm groups had altered
CST microstructure compared with comparison groups;
commonly lower fractional anisotropy. The CST originates
from several cortical regions including the primary motor
cortex (M1; Brodmann area 4).6 Previous studies have used
structural MRI to examine cortical volume and/or its con-
stituent parts (area and thickness) in several cortical subre-
gions, including M1, in preterm compared with comparison
groups in childhood,14 adolescence,15–18 or early adult-
hood.19,20 These studies generally found that M1 volume,
area, and/or thickness are reduced in preterm groups com-
pared with comparison groups. However, previous studies
of the CST or M1 have mainly examined groups born very
preterm (gestation <32wks) and/or with very low birth-
weight (<1500g); only one study focused on individuals born
ELBW, in childhood.14 Since extremely preterm/ELBW
survivors are at greatest risk of brain injury, CP, and motor
impairments that persist into adolescence and adulthood,2

they are at increased need of long-term follow-up. There-
fore investigation of CST microstructure and M1 structure
in extremely preterm/ELBW adolescents and young adults
compared with comparison groups is required.

Given the increased vulnerability of extremely preterm/
ELBW survivors, they also constitute a particularly valu-
able group for detecting neurobiological changes associated
with CP and motor impairments. Previous studies have
found that CST microstructure and/or M1 volume are
associated with motor function in preterm-born children7

and in preterm-born children and young adults who have
CP.13 However, no studies have investigated associations
between CST microstructure or M1 structure and motor
outcome in extremely preterm/ELBW groups. Addition-
ally, previous studies have examined preterm individuals as
single homogeneous groups, or have only included preterm
individuals with CP. However, subgroups of preterm indi-
viduals – those with CP, those with motor impairment but
without CP, and those without motor impairment – may
manifest different patterns of CST or M1 alterations, as
they may experience different perinatal insults and different
developmental trajectories. Therefore it is important to
investigate CST microstructure and M1 structure sepa-
rately in these three preterm subgroups.

Furthermore, although previous studies have examined
the CST and M1 separately in preterm groups, studies
integrating diffusion and structural MRI are lacking. The
mechanisms by which white matter abnormalities and cor-
tical abnormalities coexist in preterm groups is a major
topic of interest,21 yet few studies have directly investigated
the relationship between white matter microstructure and
cortical volume, area, and/or thickness in preterm groups.
One study found that total cortical volume is associated
with corpus callosum microstructure in preterm infants;22

however, it is unknown whether this association persists
longer-term, or whether there is an association between
white matter microstructure and cortical structure
specifically in the motor areas of the brain. Therefore
investigation of the relationship between CST microstruc-

ture and M1 volume, area, and thickness is warranted, and
will more comprehensively characterize the neurobiological
changes underlying motor impairments in extremely pre-
term/ELBW survivors.

The aims of this study were (1) to compare CST
microstructure and M1 volume, area, and thickness between
extremely preterm/ELBW adolescents and a comparison
group with normal birthweight; (2) to compare CST
microstructure and M1 volume, area, and thickness between
extremely preterm/ELBW adolescents with CP, motor
impairment, and no motor impairment; and (3) to investi-
gate the relationship between CST microstructure and M1
volume, area, and thickness in extremely preterm/ELBW
adolescents. We hypothesized that (1) CST microstructure
would be altered and M1 volume, area, and thickness would
be reduced in extremely preterm/ELBW adolescents com-
pared with the comparison group; (2) extremely preterm/
ELBW adolescents with CP or motor impairment would
have altered CST microstructure and reduced M1 volume,
area, and thickness compared with non-motor-impaired
extremely preterm/ELBW adolescents; and (3) CST
microstructure would be associated with M1 volume, area,
and thickness in extremely preterm/ELBW adolescents.

METHOD
Participants
Participants were from a population-based study of all 298
survivors born extremely preterm (gestation <28wks) and/
or with ELBW (<1000g) between January 1991 and
December 1992 in the state of Victoria, Australia. The
comparison group was from a cohort of 262 infants born
with normal birthweight (>2499g) and contemporaneously
recruited from the three tertiary Victorian perinatal cen-
tres. Participants in the comparison group were matched
to extremely preterm/ELBW survivors for expected date of
birth, sex, mother’s health insurance status, and mother’s
country of origin. The cohorts were followed up at 2, 5,
and 8 years of age. At 18 years of age, participants were
invited to attend an extensive health and developmental
assessment. Two hundred and twenty-eight extremely pre-
term/ELBW adolescents and 169 in the comparison group
participated in the 18-year assessment, of whom 206
extremely preterm/ELBW adolescents and 148 in the com-
parison group underwent MRI. CST data were obtained
for 191 extremely preterm/ELBW adolescents (mean age
18y 2.4mo [SD 9.6mo]; 87 males, 104 females) and 141 in
the comparison group (mean age 18y 1.2mo [SD 9.6mo];
59 males, 82 females). M1 data were obtained for 190

What this paper adds
� Corticospinal tract microstructure is altered in extremely preterm/extremely

low birthweight (ELBW) adolescents.

� Primary motor cortical thickness is reduced in extremely preterm/ELBW ado-
lescents.

� Extremely preterm/ELBW adolescents with cerebral palsy exhibit altered
corticospinal tract microstructure.

� Corticospinal tract microstructure and primary motor cortical volume are
interrelated.
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extremely preterm/ELBW adolescents and 137 in the com-
parison group (Fig. S1, online supporting information).
Compared with the extremely preterm/ELBW non-partici-
pants (who were recruited but did not contribute data to
the current study), fewer extremely preterm/ELBW partic-
ipants (who contributed data to the current study) had cys-
tic periventricular leukomalacia (10% vs 4%) and CP at
8 years of age (18% vs 7%). There was a smaller propor-
tion of male participants in the comparison group than
comparison non-participants (55% vs 42%).

Ethical approval for the original and follow-up studies
was obtained from the Human Research and Ethics Com-
mittees of all participating hospitals (the Royal Women’s
Hospital, Mercy Hospital for Women, Monash Medical
Centre, and the Royal Children’s Hospital, Melbourne).
Informed written consent was obtained from all partici-
pants, as well as from parents if the participant was
younger than 18 years of age when assessed.

Motor assessments
At 8 years of age, participants were assessed by paediatri-
cians and psychologists blinded to perinatal details. CP
was confirmed according to standard neurological examina-
tion by a paediatrician. Motor abilities were assessed using
the Movement Assessment Battery for Children.23 A total
impairment score was calculated from the individual tasks
and used to generate a centile score compared with the
standardization sample. Children who scored lower than
the fifth centile were defined as having a definite motor
impairment.

MRI acquisition
At 18 years of age, participants were analysed by MRI (a
3T Magnetom Trio Tim system scanner; Siemens, Erlan-
gen, Germany). Acquisitions included the following: (1)
three-dimensional T1-weighted magnetization-prepared
rapid gradient-echo structural sequences with 1.2mm coro-
nal slices, flip angle 9°, repetition time/echo time 1800/
2.67ms, field of view 230mm9230mm, matrix 3209320,
and in-plane resolution 0.7mm90.7mm; (2) echo planar
imaging diffusion-weighted sequences with 2.5mm axial
slices, echo time 110ms, field of view 240mm9240mm,
matrix 96996, in-plane resolution 2.5mm92.5mm, and
two diffusion-weighting schemes ([a] b value 3000s/mm2,
45 gradient directions, repetition time 8100ms [this scheme
was used for delineating the CST]; [b] b value 1000s/mm2,
25 gradient directions, repetition time 8800ms [this scheme
was used for obtaining tract diffusion tensor values]). For
the 191 extremely preterm/ELBW adolescents and 141 in
the comparison group for whom we obtained CST data,
52 (27%) and 28 (20%) of their images at b=3000s/mm2

respectively, were acquired with a different distribution of
gradient directions than the rest of the images at b=3000s/
mm2. For most participants, images at b=3000s/mm2 were
acquired using diffusion-weighting gradient directions that
were uniformly distributed on the sphere, whereas in this
minority of participants the diffusion gradient directions

were distributed non-uniformly on the sphere. Visual
inspection of tractography results by experienced MRI ana-
lysts did not reveal qualitative differences between the
tracts generated from images acquired with uniform or
non-uniform gradient directions. Furthermore, the quanti-
tative diffusion tensor values were obtained from images
that were acquired at b=1000s/mm2 using uniformly
distributed diffusion gradients. We performed the statisti-
cal analyses both with (primary analysis) and without the
CST data generated from images acquired using the
non-uniform gradient directions to ascertain that these
non-uniform directions did not influence the results.

Structural image analysis
Cortical reconstruction and volumetric segmentation of the
T1-weighted data were performed using the automated
FreeSurfer software (version 5.0; Martinos Center for Bio-
medical Imaging, Charlestown, MA, USA), and the cortex
was subdivided into gyral-based regions of interest.24 Vol-
ume, surface area, and thickness were extracted from the
precentral gyri (M1). Data were visually inspected and
manually edited as required, by an operator blinded to
clinical history.

Diffusion image analysis
For CST tractography, fibre orientation distributions were
estimated from the diffusion data acquired at b=3000s/mm2,
using constrained spherical deconvolution (lmax=6) within
MRtrix software (version 0.2) (Brain Research Institute,
Melbourne, Vic., Australia).25 CSTs were delineated by an
operator blinded to clinical history using probabilistic trac-
tography. Tractography was initiated from seed regions of
interest drawn at the pontine nuclei, which were identified
on the most inferior slice showing the pontine crossing
tract. Streamlines originating from the seeds were retained
only if they passed through two inclusion regions of interest
drawn at the cerebral peduncle and the posterior limb of the
internal capsule (Fig. S2, online supporting information).
The cerebral peduncle was identified on the axial slice supe-
rior to the slice showing the decussation of the superior
cerebellar peduncle. The posterior limb of the internal cap-
sule was identified on the most inferior axial slice where the
genu and splenium of the corpus callosum are clearly
defined. All regions of interest were drawn in the axial plane,
and tracts were allowed to run in one direction only from
the seed to inclusion regions. An exclusion region of inter-
est, covering the corpus callosum on a mid-sagittal slice,
was also drawn to restrict streamlines from passing across
hemispheres. To minimize inclusion of voxels not corre-
sponding to the CST, streamlines were discarded if they
entered voxels with fibre orientation distribution amplitudes
<0.2 or contained angles with >2mm radii of curvature.
Resulting CST volumes were thresholded to exclude voxels
containing fewer than three streamlines.

Diffusion tensor maps (fractional anisotropy and mean,
axial, and radial diffusivities) were generated from the
data acquired at b=1000s/mm2 using the weighted linear
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least-squares algorithm, and were corrected for eddy cur-
rent and motion-induced distortions, using ExploreDTI
software (version 4.8.2).26 Diffusion tensor measures speci-
fic to the CST were obtained by multiplying the binary
tract volumes with diffusion tensor maps that had been reg-
istered to the data at b=3000s/mm2. Intrarater reliability for
tractography was tested for 20 randomly selected cases;
intraclass correlation coefficients were 0.92 for CST vol-
ume, 0.98 for fractional anisotropy, 0.89 for mean diffusiv-
ity, 0.90 for axial diffusivity, and 0.88 for radial diffusivity.

Statistical analysis
Data were analysed using SPSS version 20 (IBM SPSS
Statistics, IBM Corp, Armonk, NY, USA). Descriptive
statistics were computed for participant characteristics.

CST and M1 measures were compared between extre-
mely preterm/ELBW adolescents and the comparison
group using linear regression fitted to data from both hemi-
spheres simultaneously. Modelling was performed using
generalized estimating equations. Birth group (extremely
preterm/ELBW or comparison) and hemisphere (left or
right) were included as factors in the model, and interac-
tions between birth group and hemisphere were assessed.
Regressions were performed first with age at MRI (cor-
rected for prematurity) included in the model to adjust for
its potentially confounding effect, and second with age at
MRI and intracranial volume (ICV) included in the model,
to determine whether between-group differences existed
independently of known differences in ICV between extre-
mely preterm/ELBW adolescents and comparison groups.
ICV has also been shown to affect white matter diffusion
values,27 so it was used to adjust for this potential effect.

Within extremely preterm/ELBW adolescents, CST and
M1 measures were compared between three subgroups:
those with CP at age 8 years (the CP group), those with-
out CP but with motor impairment at age 8 years (the
motor impaired group), and those without CP and without
motor impairment at age 8 years (the non-motor-impaired
group). The CP and motor impaired groups were each
compared with the non-motor-impaired group, as well as
with each other. Comparisons between groups were per-
formed using linear regression models applied to data from
both hemispheres, fitted using generalized estimating equa-
tions. Regressions were performed first with age at MRI in
the model, and second with age at MRI and ICV in the
model. Interactions between motor group and hemisphere
were assessed.

Within extremely preterm/ELBW adolescents, relation-
ships between CST and M1 measures were investigated
using separate linear regression models for each pair of
measures including data from both hemispheres in one
model. Regressions were fitted using generalized estimat-
ing equations. Models were screened for interactions
between CST variables and hemisphere.

Given the multiple comparisons performed, the results
were interpreted based on overall patterns and magnitudes
of differences, rather than focusing on individual p values.

RESULTS
Participant characteristics
There were expected differences in perinatal characteristics
between the extremely preterm/ELBW and comparison
groups, although the proportion of males was similar
between groups. A larger proportion of extremely preterm/
ELBW participants had CP or motor impairment than
those in the comparison group. Corrected age at MRI was
similar between the extremely preterm/ELBW and com-
parison groups, but the extremely preterm/ELBW group
had smaller ICVs (Table I).

Extremely preterm/ELBW versus comparison group
Mean values of the CST and M1 variables in the extremely
preterm/ELBW and comparison groups are shown in
Fig. 1a–f. There was little evidence of a difference in
fractional anisotropy within the CST between groups;
however, CST diffusivity was higher in extremely preterm/
ELBW adolescents than those in the comparison group,
even after adjusting for ICV, with the largest differ-
ence apparent for axial diffusivity (Fig. 1g). When the
participants whose diffusion images were acquired with
non-uniform gradient directions were excluded, there
remained evidence that CST diffusivity was higher in
extremely preterm/ELBW adolescents than those in the
comparison group, although the evidence was weaker
(Fig. S3, online supporting information). There was

Table I: Participant characteristics

Extremely
preterm/ELBW
(n=191)

Comparison
group
(n=141)

Perinatal characteristics
Gestational age at birth
(wk), mean (SD)

26.7 (2.0) 39.2 (1.5)

Birthweight (g), mean (SD) 896 (162) 3424 (461)
Birthweight SD score,
mean (SD)

�0.7 (1.2) 0.1 (0.9)

Male, n (%) 87 (46) 59 (42)
Intraventricular
haemorrhage
grade 3/4, n (%)

10 (5) 0 (0)

Cystic periventricular
leukomalacia, n (%)

7 (4) 0 (0)

Characteristics at
the 8-year follow-up
Cerebral palsy, n (%) 13 (7)a 0 (0)b

Diplegia 4 (2)a 0 (0)b

Quadriplegia 3 (2)a 0 (0)b

Hemiplegia 4 (2)a 0 (0)b

Mixed 2 (1)a 0 (0)b

Motor impairment but no
cerebral palsy, n (%)

25 (14)c 2 (2)d

No motor impairment or
cerebral palsy, n (%)

143 (79)c 133 (98)d

Characteristics at
the 18-year follow-up
Corrected age at
scan (y), mean (SD)

18.2 (0.8) 18.1 (0.8)

Intracranial volume (cm3),
mean (SD)

1437.8 (160.4)e 1524.0 (166.4)f

an=187. bn=139. cn=181. dn=135. en=190. fn=138. ELBW, extremely
low birthweight.
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evidence that CST volume was lower in extremely pre-
term/ELBW adolescents than those in the comparison
group; however, the evidence was weaker after adjusting
for ICV (Fig. 1h). M1 volume, area, and thickness were
lower in extremely preterm/ELBW adolescents than those
in the comparison group, although the evidence for volume
and area differences was weaker after adjustment for ICV
(Fig. 1h). There was little evidence that group differences
varied by hemisphere (p>0.05 for all interactions).

Cerebral palsy and motor impairment
Within the extremely preterm/ELBW group, CST frac-
tional anisotropy was lower and diffusivity was higher in
the CP group than both the motor impaired and non-mo-
tor-impaired groups, even after adjustment for ICV
(Fig. 2a). The between-group differences in axial, radial,
and mean diffusivities were of similar magnitude. Evidence
for differences in CST diffusion values between the motor
impaired and non-motor-impaired groups was weaker,
although there were trends for lower CST fractional aniso-
tropy and axial diffusivity in the motor impaired group
(Fig. 2a). CST volume was also lower in the motor
impaired group than the non-motor-impaired group,

although the evidence for this difference was weaker after
adjustment for ICV (Fig. 2b). These results were not chan-
ged when the participants whose diffusion images were
acquired with non-uniform gradient directions were
excluded (data not shown). For M1 measures, there was lit-
tle evidence that these differed between the CP, motor
impaired, or non-motor-impaired groups (Fig. 2b). There
was little evidence that the differences in CST or M1 mea-
sures across the motor groups varied by hemisphere
(p>0.05 for all interactions).

Relationship between the CST and M1
Within the extremely preterm/ELBW group, there was evi-
dence that CST fractional anisotropy correlated positively,
and CST radial diffusivity and mean diffusivity correlated
negatively, with M1 volume and area, but not thickness, with
the largest correlations apparent for the CST variables and
M1 area (Fig. 3). However, there was little evidence that
CST axial diffusivity or volume correlated with M1 volume,
area, or thickness, with the possible exception of CST vol-
ume and M1 area (Fig. 3). There was little evidence that
these relationships varied by hemisphere (p>0.05 for all
interactions). These results were not changed when the
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Figure 1: Extremely preterm/extremely low birthweight (EP/ELBW) adolescents versus the comparison group. (a–f) Mean values (error bars, SD) for the
left and right hemisphere corticospinal tract (CST) and primary motor cortex (M1) variables for the extremely preterm/ELBW and comparison groups. (g,
h) Mean differences (error bars, 95% confidence intervals [CI]) in CST and M1 measures between extremely preterm/ELBW adolescents and the compar-
ison group (results are from linear regression models incorporating both the left and right hemisphere measurements). Solid lines, analyses adjusted for
age at scan; dashed lines, analyses adjusted for both age at scan and intracranial volume. In all graphs, units for variables are as follows: axial (AD),
radial (RD), mean (MD) diffusivities, 910�3mm2/s; volume (vol), cm3; area, cm2; (e, f) thickness, mm; (h) thickness, 910mm. FA, fractional anisotropy.
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participants whose diffusion images were acquired with non-
uniform gradient directions were excluded (data not shown).

DISCUSSION
This study integrated multimodal MRI data to investigate
the CST and M1 in extremely preterm/ELBW adolescents
and a comparison group, generating several new findings.
Extremely preterm/ELBW adolescents exhibited altered
CST microstructure and M1 structure compared with
those in the comparison group. The higher CST diffusivity
in extremely preterm/ELBW adolescents than those in the
comparison group may reflect delayed and/or disrupted
CST development, given that axial, radial, and mean diffu-
sivities within brain white matter decrease over time in
typically developing children.28 Similarly, previous studies
have found altered CST microstructure in preterm-born
children,7,8 adolescents,9–11 and young adults12 compared
with comparison groups; however, the current study is the
first to identify these alterations specifically in extremely
preterm/ELBW individuals. Additionally, many of these
previous studies used whole-brain voxel-wise meth-
ods,10,12,13 rather than tractography. Of the tractography
studies, none examined participants in late adolescence or
early adulthood (rather childhood,7,8 mid-adolescence [age
16y],11 or at a range of ages [12–19y]9), and only one study
used advanced constrained spherical deconvolution-based
tractography.9 The current study therefore builds upon
previous studies, by using advanced constrained spherical

deconvolution tractography to confirm that CST
microstructural alterations persist into late adolescence in
extremely preterm/ELBW adolescents. The lower M1
thickness in extremely preterm/ELBW adolescents than
those in the comparison group may reflect altered timing
of typical synaptic pruning processes, or excessive synaptic
pruning, because cortical thickness peaks during childhood
and declines thereafter in typically developing children,
related to synaptic pruning.29 Previous studies have found
lower M1 thickness in preterm-born adolescents,16,18 or
young adults,20 compared with comparison groups; how-
ever, none of these studies focused on extremely preterm/
ELBW adolescents. Another study of ELBW children at
age 10 years did not detect differences in M1 thickness
compared with a comparison group;14 however, this study
did not include ELBW children with CP or major neona-
tal brain injury, which may explain the discrepancy.

The results also suggested that altered CST microstruc-
ture is associated with CP in extremely preterm/ELBW
adolescents. It has long been established that CP is caused
by early brain disturbances, particularly white matter injury
in those born preterm.3 However, the current study used
more advanced methods to further define the brain
disturbances associated with CP in extremely preterm/
ELBW adolescents. The results also suggested that altered
CST microstructure and reduced CST volume might be
associated with motor impairments, although there was not
strong evidence for these associations. This may reflect low
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Figure 2: Cerebral palsy (CP) and motor impairment. Mean differences in corticospinal tract (CST) and primary motor cortex (M1) measures ([a] CST
diffusion values; [b] CST volume [cm3] and M1 volume [cm3], area [cm2], and thickness [910mm]) between extremely preterm/extremely low birthweight
adolescents with different motor outcomes. Results are from separate linear regression models for each CST/M1 outcome measure incorporating both
the left and right hemisphere measurements, with a three-level factor for the level of motor impairment. Solid lines, results adjusted for age at scan;
dashed lines, results adjusted for both age at scan and intracranial volume. CI, confidence interval; FA, fractional anisotropy; AD, axial diffusivity
(910�3mm2/s); RD, radial diffusivity (910�3mm2/s); MD, mean diffusivity (910�3mm2/s).
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statistical power due to the relatively small number of partic-
ipants with motor impairments. We have also previously
reported that smaller head circumference at 2 years and
8 years of age is associated with poorer neurodevelopmental
outcomes at 8 years of age, including poorer motor out-
comes, in extremely preterm children.30 It was not possible
to investigate the association between head circumference at
18 years of age and motor outcomes because head circum-
ference was not measured at the 18-year follow-up study.

Furthermore, CST microstructure and M1 volume and
area were interrelated in extremely preterm/ELBW adoles-
cents. Given their known anatomical connectivity, the
CST and M1 may directly affect each other. For example,
CST alterations may lead to altered M1 development or
neuronal degeneration within M1 via trans-synaptic effects,
which is in line with the prevailing theory that white mat-
ter injury is the primary event in preterm brain injury, and
has the secondary consequence of reduced cortical volume
due to retrograde or anterograde trans-synaptic effects.21

However, it is acknowledged that we are unable to infer
causal directions since CST microstructure and M1
structure were measured concurrently. Our finding builds
upon previous associations between white matter injury in
preterm infants and reduced cortical volume,21 and associa-
tions between total cortical volume and corpus callosum
microstructure in preterm infants.22

Advantages of this study included the large, geographical
cohort of extremely preterm/ELBW adolescents and con-
temporaneously recruited comparison adolescents, integra-
tion of multiple MRI modalities, and use of advanced MRI
techniques such as constrained spherical deconvolution
tractography. Limitations of this study include loss of par-
ticipants to follow-up (31% of extremely preterm/ELBW
adolescents and 44% of the comparison group). However,
given the duration of follow-up from birth, the reported
follow-up rates are reasonable. The extremely preterm/
ELBW participants who were not included in the current
study were more likely to have significant illness affecting
their developmental outcomes, such as major neonatal
brain injury and CP, compared with extremely preterm/
ELBW participants. Some of the participants lost to fol-
low-up were too disabled to attempt any of the assess-
ments, including MRI. Therefore, if anything, we would
have expected to find larger differences if the entire cohort
had been able to be included in the current study. Other
limitations included lack of concurrent motor assessments
at age 18 years, and neuroimaging limitations such as the
non-specificity of diffusion tensor values. Additionally,
although we have focussed on the CST and M1, previous
studies have shown that other brain tracts and structures
that may be related to motor function are affected by pre-
term birth, such as the corpus callosum8,31 and cerebel-
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Figure 3: Relationship between the corticospinal tract (CST) and primary motor cortex (M1). Results are regression coefficients for CST measurements
as a predictor of M1 measurements from separate linear regression models from each predictor–outcome combination incorporating both the left and
right hemisphere measurements. Units: CST axial, radial, and mean diffusivities, 910�3mm2/s; CST volume, 910�2cm3; M1 volume, cm3; M1 area, cm2;
M1 thickness, 910mm. FA, fractional anisotropy; AD, axial diffusivity; RD, radial diffusivity; MD, mean diffusivity; b, regression coefficient (change in the
M1 variable per unit change in the CST variable); CI, confidence interval.
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lum.32 Future studies could investigate these brain tracts
and structures in relation to motor function in extremely
preterm/ELBW adolescents.

CONCLUSION
This study highlights the long-term adverse effects of extre-
mely preterm/ELBW birth on the CST and M1, and their
relationship to motor outcome. In future, these findings may
be valuable for identifying extremely preterm/ELBW sur-
vivors at risk of motor impairment, and developing targeted
interventions to improve their long-term motor function.
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