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Basal ganglia and thalamic tract connectivity in very preterm
and full-term children; associations with 7-year
neurodevelopment
Deanne K. Thompson 1,2,3, Wai Yen Loh1,3, Alan Connelly3, Jeanie L. Y. Cheong1,4,5, Alicia J. Spittle1,4,6, Jian Chen1,7, Claire E. Kelly1,
Terrie E. Inder1,8, Lex W. Doyle1,2,4,5 and Peter J. Anderson1,9

BACKGROUND: Altered basal ganglia and thalamic connectivity may be critical for cognitive, motor and behavioural
impairments common to very preterm (<32 weeks’ gestational age) children. This study aims to (1) compare corticostriatal and
thalamocortical tract connectivity between very preterm and term-born children at 7 years of age; (2) explore tract
connectivity associations with 7-year neurodevelopmental outcomes, and whether these relationships differed between
groups.
METHODS: Eighty-three very preterm and 19 term-born (≥37 weeks’ gestational age) children underwent structural and
diffusion magnetic resonance imaging and had a neuropsychological assessment at 7 years. Corticostriatal and
thalamocortical tracts were reconstructed and white matter connectivity was estimated with apparent fibre density.
RESULTS: Compared with term-born controls, very preterm children had decreased connectivity in tracts linking the caudate
to right motor areas (−10%, p= 0.03) and the thalamus with left motor areas (−5.7%, p= 0.03). Reduced connectivity in
corticostriatal and thalamocortical tracts was associated with adverse motor functioning in both groups (p= 0.06). Decreased
connectivity of the left caudate and putamen with the lateral prefrontal cortex was associated with lower reading performance
for controls (p= 0.06).
CONCLUSION: Corticostriatal and thalamocortical tracts are vulnerable to very preterm birth. Poorer connectivity in these
tracts may underlie the motor impairments observed in very preterm children.
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INTRODUCTION
Children born very preterm (VP) (<32 weeks’ gestational age, GA)
are at increased risk for brain injury1 and poorer cognitive, motor
and behavioural functioning.2 Understanding the nature of brain
abnormalities and how they relate to impaired subsequent
functioning is important for informing treatments and interven-
tions aimed at improving outcomes.
The basal ganglia and thalamus are deep grey matter structures

of the brain that form a functional network with the cortex.3 The
cortico-basal ganglia-thalamo-cortical network comprises of seg-
regated circuits that run in parallel to modulate motor, cognitive
and affective functions.4

The third trimester is a time of active basal ganglia and
thalamic development5 with the formation of corticostriatal and
thalamocortical synapses.6 VP birth may delay or alter the
normal developmental processes of these deep grey matter
structures, including the corticostriatal and thalamocortical
tracts, contributing to motor, cognitive and affective function-
ing deficits which are commonly reported in this population.7

Indeed, structural MRI studies have shown that preterm birth is

associated with smaller deep grey matter volumes,8–12 which
are in turn related to poorer cognitive8,11–13 and motor
outcomes.9,11,12,14

Few studies have examined the effect of VP birth on the white
matter (WM) tracts of the cortico-basal ganglia-thalamo-cortical
network. Duerden et al. demonstrated widespread WM micro-
structure alterations in the WM fibres linking the prefrontal cortex
with the striatum of preterm children.15 Ball and colleagues
highlighted the vulnerability of thalamocortical connectivity in
preterm infants and the predictive ability of this WM pathway for
cognition at 2 years.16 However, to date no study has examined
both the corticostriatal and thalamocortical connections of the
cortico-basal ganglia-thalamo-cortical network’s pathways in the
same cohort of VP children, or related these connections to
childhood functional outcomes.
Most studies examining WM microstructure in preterm children

use measures from the diffusion tensor model. However, tensor-
derived parameters are voxel averaged measures that are not
tract-specific, making them less meaningful in the presence of
multiple fibre orientations within a voxel. The constrained
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spherical deconvolution (CSD) modelling of the diffusion signal is
more appropriate than the tensor model for WM tracts with
complex architecture such as the corticostriatal and thalamocor-
tical tracts which are in close proximity to other major WM tracts,
such as the corona radiata, internal capsule, corticospinal and
corticopontine tracts.17

Apparent fibre density (AFD) is a fibre bundle specific measure
based on the CSD model.18 AFD is a measure that is proportional
to the intra-axonal volume of each tract within a voxel, and AFD
connectivity (sum of AFD throughout a tract divided by tract
length) represents the intra-axonal volume per unit area along a
tract. The fibre bundle specificity of the AFD measure may result in
a more sensitive measure of the underlying biological tissue’s
structure than tensor-derived measures.18

The current study aimed to expand on our current under-
standing of the effect of VP birth on the cortico-basal ganglia-
thalamo-cortical network by examining both the corticostriatal
and thalamocortical tracts as components of the same network
using CSD-derived measures of AFD connectivity. In particular, the
current study aimed to compare the connectivity of corticostriatal
and thalamocortical tracts between VP and term-born children at
age 7 years, and explore corticostriatal and thalamocortical tract
connectivity associations with neurodevelopmental outcomes
(intelligence quotient [IQ], academic achievement, executive
functioning, motor functioning, and behaviour) at 7 years of
age, and whether these associations differed between the VP and
term-born groups. It was hypothesised that compared with term-
born children, VP children would have decreased tract connectiv-
ity in the corticostriatal and thalamocortical tracts at 7 years, and
that decreased tract connectivity in the corticostriatal and
thalamocortical tracts would be associated with poorer neurode-
velopment in both groups at 7 years.

MATERIALS AND METHODS
Participants
Participants were part of the Victorian Infant Brain Study (VIBeS), a
prospective longitudinal cohort examining brain injury and brain
development in VP children. Two hundred and twenty-four VP
infants (born <30 weeks’ GA or <1250 g birthweight) without
congenital abnormalities, and 46 term-born control infants (born
37–42 weeks’ GA and ≥2500 g birthweight) were recruited from
the Royal Women’s Hospital, Melbourne, Australia between July
2001 and December 2003. At 7 years’ corrected age, 197 VP and
43 control participants returned for a follow-up assessment, where

159 VP and 36 control children also underwent brain MRI. The
study was approved by the Human Research Ethics Committees of
the Royal Women’s and Royal Children’s Hospitals.

MRI scanning
Participants were scanned at the Royal Children’s Hospital,
Melbourne, using a 3 Tesla Siemens MRI scanner. Sequences
acquired included T1-weighted structural images (0.85 mm sagittal
slices, flip angle= 9°, repetition time= 1900 ms, echo time= 2.27
ms, field of view= 210 × 210 mm, matrix= 256 × 256), and single-
shot twice-refocused echo-planar diffusion-weighted images with
six b-value= 0 s/mm2 images and 45 non-collinear gradient
directions with b-value= 3000 s/mm2 (repetition time= 7400ms,
echo time= 106ms, field of view= 240 × 240mm, matrix= 104 ×
104, isotropic voxel size= 2.3 mm3).

Segmentation of regions of interest
All regions of interest (ROIs) were defined on the T1-weighted
images and then warped into diffusion image space with
Advanced Normalisation Registration Tools (ANTs).19 Registrations
were visually inspected for accuracy.
Segmentation of the basal ganglia (nucleus accumbens,

caudate nucleus, and putamen) and thalamus was performed on
T1-weighted images using the automated Paediatric Subcortical
Segmentation Technique (PSST).20 Individual segmentations were
checked for accuracy and manually edited by W.Y.L. as required, as
previously described.12 The caudate nucleus and nucleus accum-
bens ROIs were combined to form a single ROI, termed CNAcc
(Fig. 1a).
Cortical reconstruction was performed on the T1-weighted

images using FreeSurfer (version 4.4), and the cortex was
subdivided into 34 regions per hemisphere according to the
Desikan-Killiany atlas. FreeSurfer output was inspected and edited
according to documentation (https://surfer.nmr.mgh.harvard.edu).
For each hemisphere, FreeSurfer cortical labels were combined to
form three functional cortical areas: orbital and medial prefrontal
cortex (OMPFC), lateral prefrontal cortex (LPFC), and motor area
(includes supplementary motor area, premotor cortex, and
primary motor cortex; Supp. Table S1).
The prefrontal area was separated from the motor area by the

vertical anterior commissure (VAC) line.21 The prefrontal area was
further divided into lateral and medial portions by making a
division along the vertical line on the superior edge of the medial
wall of the brain.22 To perform the divisions along the VAC line
and superior edge of the medial wall, a population template of all

a b

Fig. 1 Regions of interest (ROIs) used for tractography of the corticostriatal and thalamocortical tracts for a single term-born participant in
diffusion image space. a The basal ganglia and thalamus (seed ROIs) segmented with the Paediatric Subcortical Segmentation Technique.
Light blue= caudate nucleus and nucleus accumbens (CNAcc); fuchsia= putamen; thalamus= green. b Cortical areas (termination ROIs)
reconstructed with FreeSurfer. Red= orbital and medial prefrontal cortex (OMPFC); green= lateral prefrontal cortex (LPFC); blue=motor area
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participants in the current study was constructed from the
T1 images using ANTs.19 The anterior, posterior, medial, and
lateral regions were manually delineated on the template
according to the two landmarks (VAC line and superior edge of
medial wall) using ITK-SNAP (version 2.2). These demarcated
anterior, posterior, medial and lateral regions were warped back
from the population template space into each participant’s
T1 image space to define the OMPFC, LPFC and motor areas over
the FreeSurfer cortical labels for each participant (Fig. 1b).
Using MATLAB (version 2010b, The MathWorks, Inc., Massachu-

setts), additional exclusion ROIs were generated in the diffu-
sion image space to prevent the reconstruction of errant
streamlines during tractography (Supp. Table S2).

Diffusion-weighted image analysis
MRtrix software (version 3) was used for pre-processing and analysis
of the diffusion-weighted images (http://www.mrtrix.org/). Pre-
processing has been detailed elsewhere,18 and involved: 1) motion
correction using a custom method to correct high b-value data,
involving rigid body registration of each diffusion-weighted volume
to a diffusion-weighted mask, incorporating reorientation of the
gradient directions; 2) bias field correction by estimating a single
multiplicative bias field for each participant using the b= 0 s/mm2

image and the Local Entropy Minimisation Splines (LEMS) approach,
and applying the estimated bias field to correct the intensity of all
diffusion-weighted volumes; and 3) intensity normalisation of the
diffusion-weighted data. Intensity normalisation was performed to
normalise the WM signal in the b= 0 s/mm2 images across all
participants. Fibre orientation distributions (FODs) of the pre-
processed diffusion-weighted data were estimated with CSD using

an average response function computed from the response
functions of all participants (lmax= 8).23

For each hemisphere, 9 corticostriatal and thalamocortical tracts
were generated between the 3 basal ganglia and thalamic ROIs and
the 3 cortical ROIs, using the basal ganglia and thalamic ROIs as the
seed mask, and the cortical ROIs as the termination mask. The
corticostriatal and thalamocortical tracts for each hemisphere
included: caudate and nucleus accumbens-to-lateral prefrontal
cortex (CNAcc-LPFC), putamen-to-lateral prefrontal cortex (puta-
men-LPFC), thalamus-to-lateral prefrontal cortex (thalamus-LPFC),
caudate and nucleus accumbens-to-motor cortex (CNAcc-motor),
putamen-to-motor cortex (putamen-motor), thalamus-to-motor cor-
tex (thalamus-motor), caudate and nucleus accumbens-to-orbital
and medial prefrontal cortex (CNAcc-OMPFC), putamen-to-orbital
and medial prefrontal cortex (putamen-OMPFC), and thalamus-to-
orbital and medial prefrontal cortex (thalamus-OMPFC). The exclu-
sion ROIs generated with MATLAB, and all other basal ganglia and
thalamic ROIs that were not used as the seed, were used to restrict
streamlines from passing out of the area of the tract. Fibre tracking
was done in native space, and in one direction (seed to termination
ROI) using the probabilistic algorithm, and 3000 streamlines were
generated per tract. The reconstructed corticostriatal and thalamo-
cortical tracts for a single term-born participant are shown in Fig. 2.
Tracts were individually inspected for accuracy by W.Y.L. and
considered to be realistically reconstructed, even for subjects with
brain abnormality in the neonatal period.
The tract connectivity of each tract was estimated using the

AFD method via the ‘afdconnectivity’ command. AFD was
measured by firstly calculating the integral of the FOD lobe in a
particular direction within a voxel, which is proportional to the

CNAcc-OMPFC

a b c

CNAcc-LPFC

CNAcc-Motor

Putamen-OMPFC

Putamen-LPFC

Putamen-Motor

Thalamus-OMPFC

Thalamus-LPFC

Thalamus-Motor

Fig. 2 Corticostriatal (a, b) and thalamocortical (c) tracts reconstructed in the left hemisphere of a single term-born participant. CNAcc
caudate nucleus including nucleus accumbens, OMPFC orbital and medial prefrontal cortex, LPFC lateral prefrontal cortex, green—anterior-
posterior, blue—superior-inferior, red—left-right
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intra-axonal volume of the tract aligned in that direction. The
integrals of all the FOD lobes traversed by the tract of interest
were summed to obtain a measure proportional to the total intra-
axonal volume, i.e., AFD.18 The AFD was divided by tract length to
give a measure related to tract connectivity (AFD connectivity).

Neuropsychological assessment
Participants had assessments to evaluate general cognition,
executive functioning, academic achievement, motor functioning,
and behavioural functioning.
Full-scale IQ was estimated with the Wechsler Abbreviated Scale

of Intelligence (M= 100, SD= 15). Basic academic skills (word
reading and math computation) were evaluated with the Wide
Range Achievement Test 4 (M= 100, SD= 15).
Executive functioning domains were assessed, including atten-

tional control (auditory sustained attention), assessed with the
Score! subtest from the Test of Everyday Attention for Children
(M= 10, SD= 3); Working memory, assessed using the Backward
Digit Recall from the Working Memory Test Battery for Children
(M= 100, SD= 15); and goal setting, assessed with the Tower of
London, and an overall summary score accounting for time to
completion and errors was used.
Motor functioning was evaluated using the total score from the

Movement Assessment Battery for Children Second Edition
(MABC-2), which examines gross motor, fine motor and postural
control based upon normative data from the United Kingdom
(M= 10, SD= 3).
General behaviour problems were evaluated using the total

behavioural score from the parent report Strengths and Difficulties
Questionnaire (SDQ) (maximum score= 50; higher scores reflect
more behavioural problems).

Statistical analyses
Data were analysed using Stata 14.0 (StataCorp, Texas).
Perinatal characteristics were compared between participants

and non-participants or between the included VP children and
controls using t-tests, Mann–Whitney U tests, or χ2 tests.
Comparing VP AFD connectivity of corticostriatal and thalamo-

cortical tracts at age 7 years with controls (aim 1) was conducted
using separate linear regressions for each tract. Estimates were
adjusted for age at MRI and sex. Regression coefficient estimates
of tract connectivity group differences are presented in the results
as a percentage of the mean AFD in the control group.
For Aim 2, the associations between AFD connectivity and 7-

year neurodevelopmental outcomes in all children in both groups
were assessed using separate linear regressions for each tract-
outcome combination. A group-by-tract interaction term was
included to allow the effect of tract connectivity on outcome
measure to vary by group. All estimates were adjusted for age at
neurodevelopmental assessment and sex. Regression coefficients
are presented in the results as the difference in outcome per 10%
increase in tract connectivity (AFD) for each tract.
All linear regression models were fitted with generalised

estimating equations and were reported with robust standard
errors to allow for clustering of multiple births. Given the multiple
comparisons performed, all p-values reported were false discovery
rate (FDR) corrected for the 18 tracts investigated using Benjamini
and Yekutieli’s first method.24 FDR correction was applied
separately for the group-wise comparison (aim 1) and each of
the brain structure-function relationships (aim 2). FDR corrected p-
values < 0.05 were considered statistically significant.

RESULTS
MRI scans
One hundred and fifty-nine VP children and 36 controls under-
went MRI at 7 years. One hundred and forty-three VP children and
34 controls had both a T1-weighted and diffusion-weighted

dataset acquired. Of these, 83 VP children and 19 controls had
data suitable for diffusion analysis. Reasons for exclusion included:
(i) diffusion-weighted images acquired using a different sequence
whereby gradient directions were non-uniformly distributed on
the sphere in q-space, which may result in biased estimation of
the FODs,25 and therefore bias reconstruction and estimation of
AFD connectivity (VP, n= 45; controls, n= 10), (ii) T1 and/or
diffusion-weighted images having movement artifact which
sometimes resulted in the scan session being aborted early or
the image being inadequate to segment ROIs (VP, n= 15; controls,
n= 5).

Sample characteristics
Perinatal characteristics between children from the original cohort
with useable MRI data and those without useable MRI data were
similar, except VP children included in the study had higher
birthweight SD scores (−0.38 versus −0.68, p < 0.001), a lower
proportion of singletons (48.2% versus 63.8%, p= 0.001), and less
postnatal steroid exposure (2.4% versus 13.5%, p < 0.001).
The proportions of males were similar between the VP and

control groups. The VP children and controls differed on the
expected perinatal variables, and at 7 years’ corrected age, the VP
children generally performed more poorly than the controls for
the neuropsychological outcomes (Table 1).

VP children versus controls (aim 1)
Compared with controls, AFD connectivity in the VP group was
reduced in the right CNAcc-motor tract [mean difference −10%
(95% CI: −16.8%, −3.3%; pFDR= 0.03)], and the left thalamus-motor
tract [mean difference −5.7% (−9.5%, −1.9%), pFDR= 0.03)]. There
was little evidence of AFD connectivity group differences for the
other corticostriatal and thalamocortical tracts (pFDR > 0.2) (Fig. 3).

Tract connectivity associations with neurodevelopment (aim 2)
For reading (Fig. 4b), there were group interactions for associa-
tions with the left CNAcc-LPFC tract (p= 0.003) and left putamen-
motor tract (p= 0.002), where only the controls showed a trend for
increased AFD connectivity associated with better reading (left
CNAcc-LPFC tract, β [95% CI]: 5.3 [1.8, 8.7]; pFDR= 0.06; left
putamen-motor tract, 12.4 [5.3, 19.5], pFDR= 0.06).
There was a trend for the control group only (group interaction

p= 0.003), where increased AFD connectivity in the left putamen-
LPFC tract was associated with worse working verbal memory
(−7.8 [−12.6, −2.9], pFDR= 0.06, Fig. 5b). There was also evidence
of a group interaction in the right putamen-LPFC tract (p= 0.004)
for working verbal memory, but the association between
increased AFD connectivity and worse working verbal memory
for the controls did not reach statistical significance following FDR
correction (pFDR= 0.1) (Fig. 5b).
There were weak associations for increased AFD connectivity in

many corticostriatal and thalamocortical tracts of VP children and
controls with better motor functioning (Fig. 6a). In particular,
associations with trends remaining following FDR correction
included the putamen-OMPFC tracts (left: 0.7 [0.2, 1.2], pFDR=
0.06; right: 0.7 [0.2, 1.1], pFDR= 0.06), left thalamus-OMPFC tract (0.6
[0.2, 1.1]), pFDR= 0.06), right CNAcc-OMPFC tract (0.3 [0.1, 0.5], pFDR

= 0.06), putamen-LPFC tracts (left: 0.6 [0.2, 1.0], pFDR= 0.06; right:
0.6 [0.2, 1.0], pFDR= 0.07), thalamus-LPFC tracts (left: 0.6 [0.2, 1.0],
pFDR= 0.06; right: 0.7 [0.2, 1.2], pFDR= 0.06), right CNAcc-LPFC tract
(0.5 [0.2, 0.9], pFDR= 0.06), and right CNAcc-motor tract (0.7 [0.2,
1.1], pFDR= 0.06).
There was little evidence that AFD connectivity in the

corticostriatal and thalamocortical tracts was associated with full
IQ (pFDR > 0.1 for all tract measures) (Fig. 4a), math computation
(pFDR > 0.1 for all tract measures) (Fig. 4c), goal setting (pFDR > 0.3
for all tract measures) (Fig. 5c), sustained attention (pFDR > 0.1 for
all tract measures) (Fig. 5a), or behavioural problems (pFDR > 0.1 for
all tract measures) (Fig. 6b) following FDR correction.
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DISCUSSION
VP children demonstrated decreased tract connectivity in the right
CNAcc-motor tract and left thalamus-motor tract (trend for right)
compared with controls. In examining the corticostriatal and
thalamocortical tract connectivity relationships with 7-year
neurodevelopmental outcomes, increased tract connectivity in
multiple basal ganglia and thalamic tracts including the right
CNAcc-motor tract were weakly related to better motor develop-
ment. Some outcome associations were only observed in the
controls and not the VP children, notably a weak relationship
between increased tract connectivity in the left CNAcc-LPFC and
left putamen-LPFC with better reading, and a weak association
between increased tract connectivity in the left putamen-LPFC
tract with poorer working verbal memory.

VP versus control corticostriatal and thalamocortical tracts
The decreased AFD connectivity in the CNAcc-motor and
thalamus-motor tracts of VP children compared with controls
indicates a decrease in the space occupied by the axons in the
CNAcc-motor and thalamus-motor tracts of VP children compared
with controls, which could be a result of decreased axonal density
and/or decreased axonal diameter. A possible mechanism that
may result in the loss/death of axons, leading to decreased axonal
density, is brain injury associated with VP birth.26–28 There is also a
possibility that axons are underdeveloped following VP birth,
resulting in decreased axonal diameter.
Findings from other studies indicate that not only basal ganglia

and thalamic axons are affected, but also the neurons within these
structures. Smaller basal ganglia and thalamic volumes are
reported in those born preterm compared with controls at term-
equivalent age,9,10 childhood,8 and adolescence.29 In particular,
our recent study using the same cohort reported that VP infants
had smaller volumes across all basal ganglia nuclei and
the thalamus, confirming the specific vulnerability of these
structures to VP birth.11 This reduction in volume is likely due to
dysmaturation via reduced dendritic arborisation, rather than
neuronal loss, since neuronal loss is often more associated with
severe white matter injury,30 of which our cohort had a relatively
small incidence. In our longitudinal cohort, we showed that basal
ganglia and thalamic growth from infancy to 7 years of age was
slower in VP than control children, and the thalamus was still
specifically vulnerable in VP children at 7 years of age, meaning
there was limited developmental catch-up.12 Taking these findings
together, the basal ganglia and thalamic macrostructural altera-
tions (smaller volumes) observed at term-equivalent may occur
in concert with the microstructural alterations (decreased tract
connectivity) observed at 7 years of age, likely initiated by
abnormal neuronal growth.
Although the negative impact of VP birth on the CNAcc-motor

(right) and thalamus-motor (left) tracts may appear to be hemi-
spheric, the strength and direction of group differences in these
tracts had a similar pattern in both hemispheres. Therefore, it
seems likely that limited sample size has contributed to the lack of
statistical power to detect differences in the contralateral hemi-
sphere. That being said, there is some evidence for hemispheric
asymmetry in the basal ganglia and thalamic network.31

Contrary to our hypothesis, there was little evidence of group
differences in the connectivity of WM tracts linking the prefrontal
cortex to the striatum or thalamus. Although we were unable to
detect MRI measures that may reflect axonal changes in these
tracts as a result of VP birth, we cannot rule out the possibility that
there are group differences in myelination that could not be
detected. The AFD metric is proportional only to the intra-axonal
volume of the WM tract, and does not directly measure myelin.
Indeed, dysmaturation of oligodendrocytes that ultimately results
in axonal demyelination or hypomyelination has been reported in
the preterm brain.26,30

Table 1. Perinatal and 7-year characteristics of the study participants

Characteristics VP, n= 83 Control, n= 19 p

Perinatal

Gestational age at birth
(weeks), M (SD)

27.6 (1.6) 38.9 (1.3) <0.0005

Birth weight (g), M (SD) 1000 (208) 3217 (542) <0.0005

Birth weight SD score, M (SD) −0.38 (0.85) −0.05 (1.10) 0.16

Singleton, n (%) 40 (48.2) 17 (89.5) 0.001

Male, n (%) 37 (44.6) 9 (47.4) 0.83

Antenatal corticosteroids,
n (%)

74 (89.2) 0 (0) <0.0005

Postnatal corticosteroids, n (%) 2 (2.4) 0 (0) 0.49

Infection, n (%) 28 (33.7) 0 (0) 0.003

Oxygen dependency at
36 weeks, n (%)

24 (28.9) 0 (0) 0.007

Cystic periventricular
leukomalacia, n (%)

2 (2.4) 0 (0) 0.49

Intraventricular haemorrhage
grades 3/4, n (%)

3 (3.6) 0 (0) 0.40

7-year

Age at assessment
(years), M (SD)

7.6 (0.3) 7.6 (0.2) 0.67

Age at MRI scan (years), M (SD) 7.6 (0.3) 7.6 (0.2) 0.56

Full IQ, M (SD) 99.4 (12.3) 106.6 (11.7) 0.02

Reading, M (SD) 102.3 (17.0) 109.4 (18.5) 0.11

Math computation, M (SD) 92.8 (16.9) 98.2 (15.9) 0.21

Sustained attention, M (SD) 7.7 (3.6) 8.5 (3.0) 0.40

Working verbal
memory, M (SD)

87.6 (15.7) 99.1 (18.3) 0.007

Goal setting, M (SD) 57.2 (12.6) 67.1 (10.4) 0.002

Motor function, M (SD) 9.5 (3.2) 11.7 (3.1) 0.005

Behavioural problems, M (SD) 9.1 (5.6) 6.6 (3.9) 0.09

VP very preterm, M mean, SD standard deviation, IQ intelligence quotient,
MRI magnetic resonance imaging

CNAcc
OMPFC

Left (95% Cl) Right (95% Cl)

LPFC

Motor

Putamen

Thalamus

CNAcc

Putamen

Thalamus

CNAcc

Putamen

Thalamus

–20 –10 0

Percentage mean difference and 95% Cl

10 20

Fig. 3 Corticostriatal and thalamocortical tract connectivity mea-
sures in very preterm children compared with controls. CI
confidence interval, CNAcc caudate nucleus including nucleus
accumbens, OMPFC orbital and medial prefrontal cortex, LPFC
lateral prefrontal cortex
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Neurodevelopmental outcomes
The strongest association for increased AFD connectivity in
putamen, thalamus and CNAcc tracts connecting OMPFC, LPFC,
and motor cortical regions was for better motor functioning in VP
children and controls at 7 years of age. The association between
tracts connecting the caudate nucleus and motor cortex with
motor functioning seems intuitive, considering the known
involvement of the cortico-basal ganglia-thalamo-cortical circuit
in motor functioning.3 It is interesting to note that the right
CNAcc-motor tract was also found to have reduced connectivity in
the VP compared with control comparison in the current study,
which would represent a disrupted flow of information between
the motor area, and the CNAcc and thalamus. The fact that this
tract was also associated with motor functioning suggests it is a
potential neurological substrate for some of the motor difficulties
VP children face. We also found associations between basal
ganglia and thalamic volumes in infancy and at 7 years and 7-year
motor outcomes in this cohort.11,12 This highlights that there are
multiple mechanisms for developmental susceptibility of the basal
ganglia and thalamus that have significance for motor functioning
in those born VP.
At first glance, it may seem unexpected that AFD connectivity

between the striatum and prefrontal cortex (OMPFC and LPFC)
was related to motor function considering that this cortical area is
mostly recruited for cognitive functions. However, there is a known
interplay between cognitive and motor processes, where the
cortico-basal ganglia-thalamo-cortical network modulates motor
function through the learning, planning and execution of

movement.32 The basal ganglia may also be important for the
inhibition of motor responses.33 As such, the current study’s
finding may reflect the roles of these tracts in both motor learning
and inhibition of motor responses.
Increased AFD connectivity in the left CNAcc-OMPFC and

putamen-motor tracts was associated with better reading in the
control group only. This is consistent with findings from a study in
healthy school-age students (6–9 years of age) that demonstrated
left lateralised functional MRI activation of the basal ganglia
(striatum), thalamus and prefrontal cortex to be positively
associated with reading speed.34 It is interesting that AFD
connectivity of the putamen-motor tract was positively associated
with reading, a cognitive skill. However, other studies using
functional MRI have demonstrated that passive or silent reading of
action words activates the motor cortex.35,36

There was little evidence that increased AFD connectivity in
corticostriatal and thalamocortical tracts was associated with higher
IQ in VP children and controls. Contrary to the current study’s
findings, one study of 20 VP children found WM microstructure
(measured with fractional anisotropy) of the corticostriatal tracts was
negatively correlated with general cognitive ability (IQ).15

There was little evidence that increased AFD connectivity in
the corticostriatal or thalamocortical tracts was associated with
measures of executive functioning. Unexpectedly, the current
study found increased AFD connectivity in the putamen-LPFC
tracts was associated with worse working verbal memory in the
control group only. Considering that there was a limited sample
size (n= 19 in the control group), and associations were weak,
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the observed inverse relationship between WM connectivity
and working verbal memory in the controls is likely spurious.
There was little evidence that AFD connectivity in the

corticostriatal and thalamocortical tracts was associated with
behavioural problems. This was contrary to our hypothesis.
Indeed, behavioural problems such as apathy,37 inattention and
impulsivity38 and lack of self-control39 have been previously
associated with various aspects of the basal ganglia and thalamic
network. Further research needs to be done to investigate the role
of the cortico-basal ganglia-thalamo-cortical network in motiva-
tion, impulse control and attentional control within the preterm
population.
Interestingly, we have shown that larger infant basal ganglia

and thalamus volumes in our cohort were associated with better
intelligence and academic achievement,11 and these associations
were even stronger at 7 years.12 Higher growth rates between
term-equivalent and 7 years of age were also associated with
better IQ, academic achievement and executive functioning and
fewer behavioural problems at 7 years, particularly for the CNAcc
and pallidum.12 Our measures of fibre density showed little
association with cognitive functioning, but basal ganglia and
thalamic volumes did, indicating the importance of using multiple
imaging approaches.
This study together with our previous studies’ findings,11,12 has

identified some of the neural substrates that underlie neurodevelop-
mental impairments observed in VP children, particularly for motor
functioning. Our studies highlight the potential use of basal ganglia

and thalamic imaging measures as biomarkers in identifying VP
infants who are at risk of poorer neurodevelopment.

Strengths, limitations and future directions
Despite the relatively large cohort, exclusion of data due to
inhomogeneous sampling of diffusion gradient directions meant
the power to find group differences and associations with
outcomes was affected. In particular, the smaller control group
relative to the VP group may have meant we could only detect
trends that may otherwise have reached statistical significance
given a larger sample size, especially in relation to our outcome
associations.
While a strength of this study was the use of the AFD measure,

an improvement over the tensor model in that it is specific to each
fibre population within a voxel, an inherent limitation of the AFD
technique is that the amplitudes of the FOD lobes traversed by the
tract are added together.18 Since the corticostriatal and thalamo-
cortical tracts are adjacent to other major WM tracts, it is possible
that a single FOD lobe may contain contributions from more than
one tract at some points along their length. Therefore, the
measure of AFD connectivity may not be entirely specific to the
tracts of interest, which may have masked out some of the
expected group differences.
This is the first study to investigate the specific components

of the cortico-basal ganglia-thalamo-cortical network. However,
it still fails to capture the full complexity of the network. The
flow of information within the cortico-basal ganglia-thalamo-
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cortical network is directional, but tractography is unable to
discriminate afferent versus efferent pathways. Directionality is
especially important in the connections between the cortex and
thalamus as both thalamocortical and corticothalamic tracts
exist.40

Future studies should consider the vulnerability of the cortico-
basal ganglia-thalamo-cortical network in VP children in relation to
the larger whole-brain network. Using connectivity analyses such
as graph theory, brain networks can be further characterised into
local and global networks and as such, the relationships between
the cortico-basal ganglia-thalamo-cortical network and other brain
networks can be further explored.

CONCLUSION
The current study is the first to examine the corticostriatal and
thalamocortical tracts as components of the same cortico-basal
ganglia-thalamo-cortical network using the advanced diffusion
imaging technique, AFD, as a measure of WM microstructure. It
confirmed this as an important network affected by VP birth,
showing specific vulnerability of the WM tracts linking the motor
area with the caudate nucleus (also includes the nucleus
accumbens) and thalamus in VP 7-year-old children compared
with term-born children, through decreased AFD connectivity. WM
connectivity in these tracts was further found to be associated
with motor outcome, indicating that altered WM connectivity in
these tracts may partially explain the motor deficits observed in VP
children.
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