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Abstract
Thalamocortical connections are: essential for brain function, established early in development, and significantly impaired
following preterm birth. Impaired cognitive abilities in preterm infants may be related to disruptions in thalamocortical
connectivity. The aim of this study was to test the hypothesis: thalamocortical connectivity in the preterm brain at term-equivalent is
correlated with cognitive performance in early childhood. We examined 57 infants whowere born <35 weeks gestational age (GA) and
had no evidence of focal abnormality on magnetic resonance imaging (MRI). Infants underwent diffusion MRI at term and
cognitive performance at 2 yearswas assessedusing the Bayley III scales of Infant andToddler development. Cognitive scores at
2 years were correlated with structural connectivity between the thalamus and extensive cortical regions at term. Mean
thalamocortical connectivity across thewhole cortex explained 11% of the variance in cognitive scores at 2 years. The inclusion
of GA at birth and parental socioeconomic group in the model explained 30% of the variance in subsequent cognitive
performance. Identifying impairments in thalamocortical connectivity as early as term equivalent can help identify those
infants at risk of subsequent cognitive delay and may be useful to assess efficacy of potential treatments at an early age.
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Introduction
The incidence of preterm birth is increasing and it is well recog-
nized that preterm birth can lead to a range of neurologic and cog-

nitive disorders. These disorders impart a significant morbidity

and adversely affect performance at school and into adult life.

Cognitive delay associated with preterm birth now affects a large

number of children (Marlow et al. 2005; Delobel-Ayoub et al.

2009; Johnson et al. 2009) and represents a tremendous emotional,

social, and economic burden for their families and society. Identi-
fying infants at risk of cognitive deficit is crucial as therapies
aimed at treating preterm brain injury are emerging andmethods
that are able to assess efficacy of potential treatments at an early
stage are required (Rees et al. 2011; Bain et al. 2012). Validated ob-
jective measures that relate to subsequent cognitive function will
facilitate the translation of treatment trials in to clinical practice.
The specific neuroanatomic correlates of cognitive impairment
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in preterm infants remain unclear, butmay be due to the joint dis-
ruption of the developing thalamocortical system in the preterm
brain (Ball et al. 2012; Ball, Boardman et al. 2013).

The time between preterm birth and term equivalent age re-
presents a critical period for the establishment of functional tha-
lamocortical connections (Kostovic et al. 2002; Kostovic et al.
2014). Thalamic afferents project toward the cortex and form
transient, functional circuits with subplate neurons by mid-ges-
tation, before proliferating into the cortical layers. During this
process, key cell populations in both white and gray matter are
particularly vulnerable. Subplate neurons, thalamic neurons,
and pre-myelinating oligodendrocytes are susceptible to injury
from a number of causes including hypoxia/ischemia and infec-
tion/inflammation, all of which are more common during the
preterm period (Ghosh and Shatz 1993; Agresti et al. 1996;
McQuillen et al. 2003; Back et al. 2005; Ligam et al. 2009). Damage
to one or all of these cell populations during this critical phase
could impact on the microstructural development of the cortex,
thalamus, and connective white matter fibers (Ghosh et al.
1990; Pierson et al. 2007; Volpe 2009a; Dean et al. 2013). Preoligo-
dendrocytes, which are the predominant white matter cell type
in the preterm brain (Back et al. 2001), are specifically sensitive
to downstream pathogenic mechanisms including microglial ac-
tivation, excitotoxicity, and free radical attack (Back et al. 1998;
Haynes et al. 2005; Billiards et al. 2006; Verney et al. 2010) and
axons that are preparing to myelinate are more sensitive to
hypoxic injury than neighboring axons (Alix et al. 2012).

The concurrent timing of the injurious processes and thala-
mocortical development may contribute to the aberrant brain
growth that has been observed following pretermbirthwithmag-
netic resonance (MR) imaging (Ajayi-Obe et al. 2000; Boardman
et al. 2006; Kapellou et al. 2006; Anjari et al. 2007; Rathbone
et al. 2011; Smith et al. 2011; Ball et al. 2012; Ball, Srinivasan
et al. 2013; Dean et al. 2013; Vinall et al. 2013; Pandit et al. 2014).
Indeed, microstructural alterations in cortical and subcortical
gray matter alongside disrupted white matter connections may
reflect developmental impairments of the thalamocortical unit
as a whole by term-equivalent age (Ball et al. 2012; Ball, Board-
man et al. 2013; Ball, Srinivasan et al. 2013).

Recent neuroimaging studies in adults have highlighted the
impact of alterations in thalamocortical neural networks on cog-
nitive function (Charlton et al. 2010; Hughes et al. 2012). The aim
of this studywas to test the hypothesis thalamocortical connectivity
in the preterm brain at term equivalent age is correlated with cognitive
performance in early childhood.

Materials and Methods
Permission for this study was granted by Queen Charlotte’s and
Hammersmith Hospitals Research Ethics Committee (07/H0704/
99) and written parental consent was acquired prior to imaging.

Inclusion criteria were preterm birth <35 weeks gestational
age (GA), MR with diffusion MR imaging (d-MRI) at around term
equivalent age, no evidence of focal abnormality on conventional
MR imaging and neurodevelopmental assessment at 2 years cor-
rected age. A total of 102 preterm infants underwent MRI at term
equivalent age between October 2007 and July 2010. Of these 8 in-
fants were excluded due to motion artefact on d-MRI or MRI, 18
infants were excluded due to focal abnormality on MR imaging
(cystic periventricular leukomalacia, n = 7; unilateral periven-
tricular hemorrhagic infarction, n = 7, cerebellar hemorrhage, n =
3; post-hemorrhagic ventricular dilatation, n = 1), 11 underwent
MRI but d-MRI was not acquired and 8 infants (including 3 sets
of twins) did not attend for follow-up examination. The final

study population therefore consisted of 57 children (29 males)
who were born at a median GA of 29+5 (25+5–34+4) weeks and
scanned at 40+6 (38–46)weeks post-menstrual age (PMA). Parental
socioeconomic status (SES) was categorized according to a stand-
ard occupational classification (Office of National Statistics 1991),
which ranges from 1–6, where 1 represents higher managerial
and professional occupations and 6 represents never worked or
long-term unemployed. SES was derived from the parent whose
occupation was graded the highest. The characteristics of the
infants are described in Table 1. Eleven infants were included
in a previous study of thalamocortical connectivity in preterm
infants (Ball, Boardman et al. 2013).

MR Imaging

MR imaging was performed on a 3-T MR system sited on the
neonatal intensive care unit.

T1- and T2-weighted MR imaging and single shot echo planar
d-MRI were acquired using an 8-channel phased array head coil.
Pulse sequence parameters were as follows; T1-weighted MR im-
aging; repetition time (TR) = 17 ms, echo time (TE) = 4.6 ms, flip
angle 13°, slice thickness 0.8 mm, field-of-view 210 mm, matrix
256 × 256 (voxel size: 0.82 × 0.82 × 0.8). T2 weighted fast-spin
echo MR imaging; TR = 8670 ms, TE = 160 ms, flip angle 90°, slice
thickness 1 mm, field-of-view 220 mm, matrix 256 × 256 (voxel
size: 0.86 × 0.86 × 1). d-MRI was acquired in the transverse plane
in 32 non-collinear directions using the following parameters;
TR = 8000 ms, TE = 49 ms, slice thickness 2 mm, field-of-view
224 mm, matrix 128 × 128 (voxel size: 1.75 × 1.75 × 2 mm),
b-value: 750 s/mm2, SENSE factor of 2.

All examinations were supervised by a pediatrician experi-
enced in MR imaging procedures. Infants were sedated with
oral chloral hydrate (25–50 mg/kg) prior to scanning and pulse ox-
imetry, temperature, and electrocardiography data were moni-
tored throughout. Ear protection was used, comprising earplugs
molded from a silicone-based putty (President Putty, Coltene
Whaledent, Mahwah, NJ, USA) placed in the external auditory
meatus and neonatal earmuffs (MiniMuffs, Natus Medical Inc.,
San Carlos, CA, USA).

Assessment of Thalamocortical Connectivity

Thalamocortical connectivity was defined using methods
described previously. Briefly, cortical gray matter masks were
derived from T2-weighted images using age-specific tissue prob-
ability priors (Serag et al. 2012). Each mask was parcellated into a
set of ∼1000 (500 per hemisphere) randomly distributed and
equally spaced target regions of similar volume using Poisson
disk sampling (Cook 1986; Bridson 2007). Cortical hemispheres
were parcellated separately to ensure that no target regions

Table 1 Infant characteristics

Characteristic Value

Median (range) GA at birth (weeks) 29+5 (25+5–34+4)
Median (range) birthweight (grams) 1210 (560–2280)
Male, no (%) 25 (44%)
Small for gestational agea, no (%) 10 (17%)
Chronic lung diseaseb, no (%) 9 (15%)
Received a full course of antenatal steroids, no (%) 44 (77%)
Culture positive post-natal sepsis, no (%) 7 (12%)
Mean (± SD) parental SES 2.4 (±1.4)

aDefined as <10th percentile.
bDefined as requirement for supplementary oxygen at 36 weeks PMA.
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incorporated voxels from both hemispheres. Each subject’s cor-
tical mask was parcellated 25 times allowing thalamocortical
connectivity to be mapped iteratively, producing a voxel-wise
map of connectivity that is not dependent on the accurate delin-
eation of corresponding cortical regions.

For probabilistic tractography, all cortical parcellations were
transformed from T2-space into diffusion space using the IRTK
software package (Rueckert et al. 2003); (www.doc.ic.ac.uk/~dr/
software/). d-MRI data were pre-processed using FSL’s Diffusion
Toolkit (FDT; www.fmrib.ox.ac.uk/fsl/). After eddy-current
correction, BedpostX was used to fit a 2-compartment partial
volume model of diffusion (Behrens et al. 2003, 2007). For each
set of cortical target regions, streamlines were propagated from
a thalamic seed mask defined using a population-average tem-
plate according to previously described anatomical border (Srini-
vasan et al. 2007; Ball, Boardman et al. 2013). Around 500 000
streamlines were propagated from each thalamic seed mask
(one mask per cerebral hemisphere), tracking stopped when
streamlines reached a target region, left the brain mask, entered
voxels containing cerebrospinal fluid (CSF), breached a curvature
threshold or crossed into the contralateral hemisphere.

Thalamocortical connectivity was defined along the length of
all streamlines connecting the thalamus to a given cortical target
region using a modified version of the ProbtrackX algorithm. This
approach incorporates information fromdiffusional anisotropyat
each voxel and fiber orientation of pathways traced between re-
mote regions to give an estimate of white matter microstructure
specific to thalamocortical tracts. (Behrens et al. 2007; Iturria-
Medina et al. 2008; Robinson et al. 2010; Ball, Boardman et al.
2013). Briefly, orientation distribution functions (ODF)were calcu-
lated from the partial volumemodel of diffusion at each voxel. As
streamlines pass between adjacent voxels, the overlap between
ODFs approximates the probability of diffusive transfer between
voxels. Mean anisotropy, calculated by averaging the diffusive
transfer between adjacent voxels connected by a streamline and
multiplied by thenumberof times each voxelwas sampled during
tractography, was integrated along the length of all streamlines
that reached a cortical target region as a surrogate measure of
structural connectivity (Robinson et al. 2010). This value was
then mapped onto each target region to create a cortical map of
connectivity. By performing tractographymultiple times between
the thalamus and the full set of randomly generated target re-
gions, a distribution of connectivity estimates was defined on a
per-voxel basis and used to create a voxel-wise map of thalamo-
cortical connectivity across the whole cortex.

For statistical analysis, thalamocortical connectivitymapswere
transformed into a common reference space. Each T2-weighted
image was aligned to a population-average neonatal template
using nonlinear registration (Serag et al. 2012). Each infant’s thala-
mocortical connectivitymapswere transformed into the reference
space alongside gray matter tissue probability maps. In order to
mitigate the effects ofmisalignment from registration, intersubject
variabilityand partial volume contamination, a recently developed
technique (Gray-matter Based Spatial Statistics, derived fromTract
Based Spatial Statistics) was used to project cortical data onto a
skeletonized representation of group mean cortical anatomy for
statistical analysis (Ball, Srinivasan et al. 2013).

Assessment of Diffusivity in Cortical and Thalamic
Gray Matter

In order to extend the analysis to the whole of the thalamocorti-
cal system: microstructural development of the cortex and
thalamus was assessed using voxel-wise measures of mean

diffusivity in the cortical graymatter andmean diffusivity across
the thalamus extracted from the cortical skeleton and thalamic
masks, respectively.

Statistical Analysis

Voxel-wise statistical analysis of mean thalamocortical connect-
ivity and cortical diffusivity was performed with FSL’s Random-
ise (v2.5). All statistical images were subject to family wise error
correction formultiple comparisons after Threshold-Free Cluster
Enhancement (TFCE) (Smith and Nichols 2009). Linear regression
was performed to assess the relationship between thalamocorti-
cal connectivity and mean diffusivity in cortex and thalamus at
term and cognitive scores at 2 years, adjusted for GA at birth,
age at scan and parental SES. Statistical analysis was performed
with SPSS 21.0 (SPSS Inc., Chicago, IL, USA).

Cognitive Scores

Children were assessed using the Bayley Scales of Infant and
Toddler Development III (Bayley 2006) at a median (range) of
24.5 (22.5–27) months corrected age. The Bayley III comprises 5
scales: Cognitive, Language (Expressive and Receptive) and
Motor (Gross and Fine). This study assessed specifically the
relationship between cognitive scores and thalamocortical con-
nectivity. In addition, the children underwent a neurological
examination and evidence of cerebral palsy was specifically
looked for (Bax et al. 2005). All assessments were carried out by
developmental pediatricians experienced in assessing preterm
infants of this age, and unaware of the quantitative MRI findings.

Results
Cognitive Scores

The mean (±standard deviation) of the BSID-III cognitive scaled
scores for the children was 9.73 ± 2.5 and the cognitive composite
scores derived from the scaled scores was 98 ± 14. None of the
children had cerebral palsy or major sensory deficits.

Correlation Between Thalamocortical Connectivity
and Cognition

Scaled cognitive scores at 2 years were significantly positively
correlated to connectivity between the thalamus and a number
of cortical regions including the inferior frontal lobe, frontal
pole, supplementary motor cortex, operculum, anterior and dor-
sal cingulum, superior parietal cortex, supramarginal gyrus,
somatosensory cortex, motor cortex, superior temporal lobe,
medial temporal lobe, anterior temporal lobe, and insula.
Figure 1A shows in yellow regions where thalamocortical con-
nectivity at term equivalent age was significantly correlated to
cognition at 2 years, P < 0.05 adjusted for GA at birth, PMA at
scan and parental SES. Figure 1B shows surface renderings of cor-
tical regionswhere thalamocortical connectivity was significant-
ly correlated with cognitive score at 2 years.

To establish the strength of this association, we extracted
connectivity data from every voxel in themean skeletonized cor-
tex to enter into amultiple regressionmodelwith cognitive score,
GA at birth and parental SES. This model (F3,53 = 7.57, P < 0.001)
explained 30% of the variance in cognitive scores (R2 = 0.30;
adjusted R2 = 0.26; Table 2; Fig. 1C). After controlling for both GA
at birth and parental socioeconomic score, mean connectivity
at term alone explained 10.9% of variance in cognition at 2
years of age (semi-partial [part] r = 0.33, P = 0.006; Fig. 1C).
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Parental socioeconomic score was the single largest predictor of
outcome (semi-partial [part] r =−0.41, P = 0.001; Fig. 1C).

We further examined the role of the thalamocortical system
on cognitive outcome using mean diffusivity as a marker of
gray matter development in the cortex and thalamus. Figure 2
shows regions where cortical mean diffusivity was significantly
negatively associated with outcome, after adjusting for PMA at
scan, GA at birth, and parental SES. Mean cortical diffusivity
was extracted from across the cortical skeleton and entered
into an explanatory model alongside thalamic diffusivity, GA at
birth and parental SES (Table 3; Fig. 2D). This model explained
39.5% of the variance in cognitive score (R2 = 0.395; adjusted R2 =
0.336), with parental SES accounting for 11.8% (P = 0.003), mean
thalamocortical connectivity for 5.7% (P = 0.033) and thalamic
diffusivity for 3.0% (P = 0.116). Cortical diffusivity was largely

dependent on thalamic diffusivity (Linear regression: thalamic
diffusivity, PMA at scan, GA at birth: R2 = 0.58 [adjusted R2 = 0.55],
P < 0.001; semi-partial r = 0.65, −0.17 and 0.16 respectively;
Fig. 2C), and removing cortical diffusivity from the model did
not alter the overall fit (R2 = 0.39; adjusted R2 = 0.345; R2 change =
0.004; Fig. 2D).

Discussion
Cognitive ability is a major predictor of important life outcomes
including educational attainment, professional development
and longevity (Deary 2008, 2012), although the neuroanatomical
substrates associated with these performance outcomes are un-
clear. Preterm infants have been repeatedly shown to haveworse
cognitive abilities and life attainment than their term-born peers

Figure 1.Thalamocortical connectivity and cognition. (A) Regionswhere thalamocortical connectivity at termequivalent agewas correlated to cognition at 2 years, P < 0.05

adjusted for GA at birth, PMA at scan, and parental socioeconomic group, are shown in yellow. (B) Surface renderings showing the t-statistic of each significant voxel in

A. (C) Fullmodel fit (top) and semi-partial correlation plots (bottom) showing the relationship between cognitive score at 2 years, parental socioeconomic status andmean

connectivity. Socioeconomic score and mean connectivity are adjusted for each other and GA at birth.

Table 2 Results of linear regression analysis of model 1

Predictorsa Standardized β t P Correlations
Zero-order Partial Part

Socioeconomic score −0.419 −3.587 0.001 −0.437 −0.442 −0.412
Mean connectivity 0.331 2.873 0.006 0.343 0.367 0.330
Gestational age at birth 0.038 0.325 0.747 0.087 0.045 0.037

aOverall model fit: F1,53 = 7.57, adjusted R2 = 0.26, P < 0.001.
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(Marlow et al. 2005; Delobel-Ayoub et al. 2009; Johnson et al. 2009)
and also havewidespread disruption to structural neuroanatom-
ical architecture involvingwhitematter, central gray, and cortical
gray matter (Ajayi-Obe et al. 2000; Boardman et al. 2006; Anjari
et al. 2007; Smith et al. 2011; Ball, Boardman et al. 2013; Ball,
Srinivasan et al. 2013; Vinall et al. 2013; Pandit et al. 2014), thus
providing an opportunity to test hypotheses concerning the
neurologic substrate for complex cognitive performance.

Cognitive functions are supported by extensive networks of
spatially distributed but anatomically connected brain regions
(van den Heuvel et al. 2009; Tamnes et al. 2010). Intact thalamo-
cortical connectivity in adults is essential for maintaining cogni-
tive performance (Ystad et al. 2011; Hughes et al. 2012) and
efficient information processing between brain regions relies on
the integrity of white matter tracts (Penke et al. 2012). In this pre-
sent study, we have shown that thalamocortical structural

Figure 2. Graymatter mean diffusivity and cognition. (A) Regions where cortical diffusivity was correlated to cognition at 2 years, P < 0.01 adjusted for GA at birth, PMA at

scan and parental socioeconomic group, are shown in red. (B) surface rendering of the t-statistic of each significant voxel in A. (C) correlation between mean cortical

diffusivity and thalamic diffusivity, corrected for GA at birth and age at scan. (D) Semi-partial correlation plots showing the relationships between cognitive score,

parental socioeconomic status (of note a higher SES denotes a lower socioeconomic group), mean thalamocortical connectivity and mean thalamic diffusivity.

Table 3 Results of linear regression analysis of model 2

Predictorsa Standardized ß t P Correlations
Zero-order Partial Part

Socioeconomic score −0.356 −3.149 0.003 −0.437 −0.403 −0.343
Mean connectivity 0.252 2.186 0.033 0.343 0.293 0.238
Thalamic diffusivity −0.256 −1.599 0.116 −0.431 −0.218 −0.174
Cortical diffusivity −0.095 −0.564 0.575 −0.366 −0.079 −0.061
Gestational age at birth 0.099 0.325 0.747 0.087 0.119 0.094

aOverall model fit: F1,51 = 6.670, adjusted R2 = 0.34, P < 0.001.
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connectivity in the neonatal period following preterm birth is
important for cognitive performance at 2 years of age.

We used a technique that we have developed to study white
matter anisotropy, a surrogate marker of white matter develop-
ment and structural connectivity (Robinson et al. 2010; Ball,
Boardman et al. 2013), in pathways between thalamus and cortex
in the neonatal brain. An advantage of this approach is that it
does not rely on parcellation of the cortex into anatomically de-
fined regions of interest a priori. We have previously demon-
strated reduced connectivity between thalamus and frontal,
temporal, cingulum, insula, and supplementary motor cortex in
preterm infants compared with controls (Ball, Boardman et al.
2013). The present study demonstrates that impaired cognition
following preterm birth is associated with impaired connectivity
in distributed thalamocortical networks, including those identi-
fied previously as being disrupted following preterm birth.

Our observations extended beyond the white matter as, in
addition to disrupted connectivity between thalamus and cortex,
we have previously shown a dose-dependent relationship be-
tween immaturity at birth and mean diffusivity in central and
cortical gray matter in preterm infants (Ball et al. 2012). Reduc-
tions in cortical diffusivity with development are thought to be
associatedwithmaturation of cortical cytoarchitecture including
dendritic arborization and synapse formation (McKinstry et al.
2003; Ball, Boardman et al. 2013; Dean et al. 2013; Vinall et al.
2013).We found that lowermean diffusivity in the cortexwas sig-
nificantly associated with better cognitive outcome, confirming
our previous findings in a separate cohort (Ball, Srinivasan
et al. 2013), and demonstrating the negative impact of interrup-
tion to the shared developmental trajectory of the thalamocorti-
cal system as a whole. Cortical diffusivity and thalamic mean
diffusivity were found to be strongly linked (Ball et al. 2012) and
although their inclusion strengthened our model, neither inde-
pendently predicted cognitive outcome when also considering
thalamocortical connectivity.

Our findings are supported by neuroimaging research across
the life-span; a recent longitudinal study in older children and
adolescents showed that both blood oxygen level-dependent
(BOLD) activity in the thalamus when performing a visuospatial
working memory task and anisotropy in the surrounding white
matter provide additional information regarding future cognitive
performance than can be predicted by cognitive testing alone
(Ullman et al. 2014), the strength of thalamic-salience network
connectivity assessed by fMRI correlates with cognitive perform-
ance in early childhood (Alcauter et al 2014), and studies in adults
have highlighted the involvement of distributed neural networks
in cognitive processes (Tomasi et al. 2007; Charlton et al. 2010;
Jefferies 2013).

In the absence of major focal lesions, preterm brain injury is
characterized by abnormalities throughout the white matter
that are observed on both conventional and diffusion weighted
imaging at term equivalent age (Counsell et al. 2003; Anjari
et al. 2007; Ball et al. 2010). These white matter abnormalities
are accompanied by impaired cortical and thalamic growth at
term equivalent age (Ball et al. 2012), which is associated with
neurodevelopmental performance in early childhood (Boardman
et al. 2010; Rathbone et al. 2011). Structural abnormalities persist
into adulthood; reduced thalamic volume in adolescents born
preterm is associated with decreased white matter and cortical
and deep gray matter volume and these measures correlate
with working memory, perceptual organization index, and pro-
cessing speed (Bjuland et al. 2014); reduced cortical surface area
is observed in young adults who were very low birth weight and
these measures correlate with intelligence quotient scores

(Skranes et al. 2013). Using network analysis of dMRI data to
explore whole-brain structural connectivity, we have recently
shown that the neonatal brain exhibits a “rich-club” of highly
connected cortical hubs, including dorsal,medial and frontal cor-
tex, parietal cortex, precuneus, hippocampus, and insula (Ball
et al. 2014). Rich-club organization of cerebral network architec-
ture has previously been observed in adults and is thought to
represent a highly connected framework enabling efficient infor-
mation processing and functional diversity (van den Heuvel and
Sporns 2011; Senden et al. 2014). Preterm birth impacts on the de-
velopment of the whole-brain structural connectome, resulting
in reduced cortico-subcortical connectivity compared with
healthy controls (Ball et al. 2014). Disruption of the thalamocorti-
cal system as a whole, therefore, is considered a major compo-
nent of preterm brain injury (Volpe 2009b).

Thalamocortical connections are topographically organized
and project to themajority of the cortex, acting as a link between
the basal ganglia and cortex, and forming a set of parallel and
segregated cortico-thalamic loops (Alexander et al. 1986; Molnar
et al. 2003; Haber and Calzavara 2009). This allows thalamocorti-
cal information flow to drive ascending integration of sensory in-
formation into higher-order cortical networks (Sherman and
Guillery 1998). In addition to this functional segregation, non-
specific functional afferents and nonreciprocal cortical efferents
to the thalamus promote the integration and distribution of in-
formation across the cortex. It has been theorized that higher-
order thalamic nuclei modulate cortico-cortical transmission
via cortico-thalamocortical relays and support the formation of
synchronous interareal cortical activity (Shipp 2003; Ramcharan
et al. 2005; Van Essen 2005). The functional importance of a link
between thalamocortical and cortico-cortical systems and their
role in consciousness, attention, and cognitive performance
have been discussed extensively and demonstrate the import-
ance of thalamocortical connectivity in higher-order cognitive
function (Bressler 1995; Llinas et al. 1998; Bressler and Menon
2010). It follows that the alterations in structural connectivity
observed in this study may be reflected in the altered function
of this system, resulting in poor cognitive performance.

Cognitive scores for the infants in this study were within the
normal range. This is partly because we excluded any children
with focal abnormality and we included moderately preterm in-
fants in the study to provide a wide dynamic range for study. We
used the Bayley Scales of Infant and Toddler Development III
(Bayley 2006), the most recent version of the Bayley Scales, al-
though the BSID-III assessment has been criticized for overesti-
mating ability at 2 years (Anderson et al. 2010; Vohr et al. 2012)
and mean cognitive scores for term born controls have recently
been reported at >100 using this assessment tool (104 ± 11) (Ser-
enius et al. 2013). In addition, while meta-analysis demonstrates
that themental development index derived from the Bayley I and
II scales of development correlates with later cognitive function
the included studies were not confined to children with normal
conventional MRI brain scans (Luttikhuizen dos Santos et al.
2013), and to date no studies have assessed the predictive value
of Bayley III cognitive scores. It is likely, however, that cognitive
deficits are underestimated at 2 years of age and it will be import-
ant to refine the relationship between thalamocortical connectiv-
ity and cognitive abilities when the children are at school age.

We incorporated GA at birth and parental SES in our model as
these are known independent predictors of cognitive ability
(Greeneet al. 2013; Serenius et al. 2013).Ourmodel (GAat birth, par-
ental SES, and mean thalamocortical connectivity at term equiva-
lent age) explained 30% of the variance in cognition observed in
these children at 2 years of age. Of note, genetic influences,
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which are considered to be amajor component of cognitive ability,
explain ∼20% of the variance in cognitive scores in early childhood
(Bouchard 2004). In this studyof relativelywell preterm infants, GA
at birth had relatively little impact on cognition, while parental SES
and mean thalamocortical connectivity explained 17 and 11% of
the variation in cognitive scores respectively.

In summary, we have shown that cognitive performance in
early childhood following preterm birth is associated with thala-
mocortical connectivity. These data show that impairments in
thalamocortical development can be identified as early as term
equivalent age and so this approach can help identify those in-
fants who are at risk of subsequent cognitive delay and can be
used to assess the efficacy of potential treatments at an early age.

Funding
This work was supported by the Medical Research Council (UK)
(grant no: MR/K006355/1), the National Institute for Health
Research Comprehensive Biomedical Research Centre at Guy’s
and St Thomas’ NHS Foundation Trust in partnership with
King’s College London and King’s College Hospital NHS Founda-
tion Trust, and Imperial College Healthcare Comprehensive Bio-
medical Research Centre Funding Scheme. Funding to pay the
Open Access publication charges for this article was provided by
the Medical Research Council (UK).

Notes
We thank the families who took part in the study, our colleagues
in the Neonatal Intensive Care Unit and Children’s Ambulatory
Unit at Hammersmith Hospital. Conflict of Interest: None declared.

References
Agresti C, D’Urso D, Levi G. 1996. Reversible inhibitory effects

of interferon-gamma and tumour necrosis factor-alpha on
oligodendroglial lineage cell proliferation and differentiation
in vitro. Eur J Neurosci. 8:1106–1116.

Ajayi-Obe M, Saeed N, Cowan FM, Rutherford MA, Edwards AD.
2000. Reduced development of cerebral cortex in extremely
preterm infants. Lancet. 356:1162–1163.

Alcauter S, Lin W, Smith JK, Short SJ, Goldman BD, Reznick JS,
Gilmore JH, Gao W. 2014. Development of thalamocortical
connectivity during infancy and its cognitive correlations.
J Neurosci. 34:9067–9075.

Alexander GE, DeLongMR, Strick PL. 1986. Parallel organization of
functionally segregated circuits linking basal ganglia and cor-
tex. Annu Rev Neurosci. 9:357–381.

Alix JJ, Zammit C, Riddle A, Meshul CK, Back SA, Valentino M,
Fern R. 2012. Central axons preparing to myelinate are highly
sensitive [corrected] to ischemic injury. Ann Neurology.
72:936–951.

Anderson PJ, De Luca CR, Hutchinson E, Roberts G, Doyle LW.
Victorian Infant Collaborative Group. 2010. Underestimation
of developmental delay by the new Bayley-III Scale. Arch
Pediatr Adolesc Med. 164:352–356.

Anjari M, Srinivasan L, Allsop JM, Hajnal JV, Rutherford MA,
Edwards AD, Counsell SJ. 2007. Diffusion tensor imaging
with tract-based spatial statistics reveals local white matter
abnormalities in preterm infants. Neuroimage. 35:1021–1027.

Back SA, Gan X, Li Y, Rosenberg PA, Volpe JJ. 1998. Maturation-de-
pendent vulnerability of oligodendrocytes to oxidative stress-
induced death caused by glutathione depletion. J Neurosci.
18:6241–6253.

Back SA, Luo NL, Borenstein NS, Levine JM, Volpe JJ, Kinney HC.
2001. Late oligodendrocyte progenitors coincide with the de-
velopmental window of vulnerability for human perinatal
white matter injury. J Neurosci. 21:1302–1312.

Back SA, Luo NL, Mallinson RA, O’Malley JP, Wallen LD, Frei B,
Morrow JD, Petito CK, Roberts CT Jr, Murdoch GH, et al. 2005.
Selective vulnerability of preterm white matter to oxidative
damage defined by F2-isoprostanes. Ann Neurol. 58:108–120.

Bain E, Middleton P, Crowther CA. 2012. Different magnesium sul-
phate regimens for neuroprotection of the fetus for women at
risk of preterm birth. Cochrane Database Syst Rev. 2:CD009302.

Ball G, Aljabar P, Zebari S, Tusor N, Arichi T, Merchant N,
Robinson EC, Ogundipe E, Rueckert D, Edwards AD, et al.
2014. Rich-club organization of the newborn human brain.
Proc Nat Acad Sci USA. 111:7456–7461.

Ball G, Boardman JP, Aljabar P, Pandit A, Arichi T, Merchant N,
Rueckert D, Edwards AD, Counsell SJ. 2013. The influence of
preterm birth on the developing thalamocortical connec-
tome. Cortex. 49:1711–1721.

Ball G, Boardman JP, Rueckert D, Aljabar P, Arichi T, Merchant N,
Gousias IS, Edwards AD, Counsell SJ. 2012. The effect of pre-
term birth on thalamic and cortical development. Cereb
Cortex. 22:1016–1024.

Ball G, Counsell SJ, Anjari M, Merchant N, Arichi T, Doria V,
Rutherford MA, Edwards AD, Rueckert D, Boardman JP. 2010.
An optimised tract-based spatial statistics protocol for neo-
nates: applications to prematurity and chronic lung disease.
Neuroimage. 53:94–102.

Ball G, Srinivasan L, Aljabar P, Counsell SJ, Durighel G, Hajnal JV,
Rutherford MA, Edwards AD. 2013. Development of cortical
microstructure in the preterm human brain. Proc Nat Acad
Sci USA. 110:9541–9546.

Bax M, Goldstein M, Rosenbaum P, Leviton A, Paneth N, Dan B,
Jacobsson B, Damiano D. Executive Committee for the Defin-
ition of Cerebral Palsy. 2005. Proposed definition and classifi-
cation of cerebral palsy, April 2005. Dev Medicine Child
Neurol. 47:571–576.

Bayley N. 2006. Bayley scales of infant development.3rd Edn. San
Antonio, Texas: The Psychological Corporation.

Behrens TE, Berg HJ, Jbabdi S, Rushworth MF,Woolrich MW. 2007.
Probabilistic diffusion tractography with multiple fibre orien-
tations: What can we gain? Neuroimage. 34:144–155.

Behrens TE, Johansen-Berg H,WoolrichMW, Smith SM,Wheeler-
Kingshott CA, Boulby PA, Barker GJ, Sillery EL, Sheehan K,
Ciccarelli O, et al. 2003. Non-invasivemapping of connections
between human thalamus and cortex using diffusion im-
aging. Nat Neurosci. 6:750–757.

Billiards SS, Haynes RL, Folkerth RD, Trachtenberg FL, Liu LG,
Volpe JJ, Kinney HC. 2006. Development of microglia in the
cerebral white matter of the human fetus and infant.
J Comp Neurol. 497:199–208.

Bjuland KJ, Rimol LM, Lohaugen GC, Skranes J. 2014. Brain vo-
lumes and cognitive function in very-low-birth-weight
(VLBW) young adults. Eur J Paediatr Neurol. 18:578–590.

Boardman JP, Counsell SJ, Rueckert D, Kapellou O, Bhatia KK,
Aljabar P, Hajnal J, Allsop JM, Rutherford MA, Edwards AD.
2006. Abnormal deep greymatter development following pre-
term birth detected using deformation-based morphometry.
Neuroimage. 32:70–78.

Boardman JP, Craven C, Valappil S, Counsell SJ, Dyet LE,
Rueckert D, Aljabar P, Rutherford MA, Chew AT, Allsop JM,
et al. 2010. A common neonatal image phenotype predicts ad-
verse neurodevelopmental outcome in children born preterm.
Neuroimage. 52:409–414.

4316 | Cerebral Cortex, 2015, Vol. 25, No. 11



Bouchard TJ. 2004. Genetic influence on human physiological
traits: a survey. Curr Dir Psychol Sci. 13:148–151.

Bressler SL. 1995. Large-scale cortical networks and cognition.
Brain Res Brain Res Rev. 20:288–304.

Bressler SL,MenonV. 2010. Large-scale brain networks in cognition:
emergingmethods and principles. Trends Cogn Sci. 14:277–290.

Bridson R. 2007. Fast Poisson disk sampling in arbitrary
dimensions. San Diego: ACM Press.

Charlton RA, Barrick TR, Lawes IN, Markus HS, Morris RG. 2010.
White matter pathways associated with working memory in
normal aging. Cortex. 46:474–489.

Cook RL. 1986. Stochastic sampling in computer graphics. ACM
Trans Graph. 5:51–72.

Counsell SJ, Allsop JM, Harrison MC, Larkman DJ, Kennea NL,
Kapellou O, Cowan FM, Hajnal JV, Edwards AD, Rutherford MA.
2003. Diffusion-weighted imaging of the brain in preterm in-
fants with focal and diffuse white matter abnormality.
Pediatrics. 112:1–7.

Dean JM, McClendon E, Hansen K, Azimi-Zonooz A, Chen K,
Riddle A, Gong X, Sharifnia E, Hagen M, Ahmad T, et al.
2013. Prenatal cerebral ischemia disruptsMRI-defined cortical
microstructure through disturbances in neuronal arboriza-
tion. Sci Transl Med. 5:168ra167.

Deary I. 2008. Why do intelligent people live longer? Nature.
456:175–176.

Deary IJ. 2012. Intelligence. Ann Rev Psychol. 63:453–482.
Delobel-AyoubM, Arnaud C,White-KoningM, Casper C, Pierrat V,

Garel M, Burguet A, Roze JC, Matis J, Picaud JC, et al. 2009. Be-
havioral problems and cognitive performance at 5 years of age
after very preterm birth: the EPIPAGE Study. Pediatrics.
123:1485–1492.

Ghosh A, Antonini A, McConnell SK, Shatz CJ. 1990. Requirement
for subplate neurons in the formation of thalamocortical con-
nections. Nature. 347:179–181.

Ghosh A, Shatz CJ. 1993. A role for subplate neurons in the pat-
terning of connections from thalamus to neocortex.
Development. 117:1031–1047.

Greene MM, Patra K, Silvestri JM, Nelson MN. 2013. Re-evaluating
preterm infants with the Bayley-III: Patterns and predictors of
change. Res Dev Disabil. 34:2107–2117.

Haber SN, Calzavara R. 2009. The cortico-basal ganglia integrative
network: the role of the thalamus. Brain Res Bull. 78:69–74.

Haynes RL, Baud O, Li J, Kinney HC, Volpe JJ, Folkerth DR. 2005.
Oxidative and nitrative injury in periventricular leukomala-
cia: a review. Brain Pathol. 15:225–233.

Hughes EJ, Bond J, Svrckova P, Makropoulos A, Ball G, Sharp DJ,
Edwards AD, Hajnal JV, Counsell SJ. 2012. Regional changes
in thalamic shape and volume with increasing age.
Neuroimage. 63:1134–1142.

Iturria-Medina Y, Sotero RC, Canales-Rodríguez EJ, Alemán-
Gómez Y, Melie-García L. 2008. Studying the human brain
anatomical network via diffusion-weighted MRI and Graph
Theory. Neuroimage. 40:1064–1176.

Jefferies E. 2013. The neural basis of semantic cognition: conver-
ging evidence fromneuropsychology, neuroimaging andTMS.
Cortex. 49:611–625.

Johnson S, Fawke J, Hennessy E, Rowell V, Thomas S, Wolke D,
Marlow N. 2009. Neurodevelopmental disability through 11
years of age in children born before 26 weeks of gestation.
Pediatrics. 124:e249–e257.

Kapellou O, Counsell SJ, Kennea N, Dyet L, Saeed N, Stark J,
Maalouf E, Duggan P, Ajayi-Obe M, Hajnal J, et al. 2006. Abnor-
mal cortical development after premature birth shown by al-
tered allometric scaling of brain growth. PLoS Med. 3:e265.

Kostovic I, Jovanov-Milosevic N, Rados M, Sedmak G, Benjak V,
Kostovic-Srzentic M, Vasung L, Culjat M, Rados M, Huppi P,
et al. 2014. Perinatal and early postnatal reorganization of
the subplate and related cellular compartments in the
human cerebral wall as revealed by histological and MRI ap-
proaches. Brain Struct Funct. 219:231–253.

Kostovic I, Judas M, Rados M, Hrabac P. 2002. Laminar organiza-
tion of the human fetal cerebrum revealed by histochemical
markers and magnetic resonance imaging. Cereb Cortex.
12:536–544.

Ligam P, Haynes RL, Folkerth RD, Liu L, Yang M, Volpe JJ,
Kinney HC. 2009. Thalamic damage in periventricular leuko-
malacia: novel pathologic observations relevant to cognitive
deficits in survivors of prematurity. Pediatr Res. 65:524–529.

Llinas R, Ribary U, Contreras D, Pedroarena C. 1998. The neuronal
basis for consciousness. Philos Trans R Soc Lond Ser B Biol Sci.
353:1841–1849.

Luttikhuizen dos Santos ES, de Kieviet JF, Konigs M, van
Elburg RM, Oosterlaan J. 2013. Predictive value of the Bayley
scales of infant development on development of very pre-
term/very low birth weight children: a meta-analysis. Early
Hum Dev. 89:487–496.

Marlow N, Wolke D, Bracewell MA, Samara M. EPICure Study
Group. 2005. Neurologic and developmental disability at six
years of age after extremely preterm birth. N Eng J Med.
352:9–19.

McKinstry RC, Mathur A, Miller JH, Ozcan A, Snyder AZ,
Schefft GL, Almli CR, Shiran SI, Conturo TE, Neil JJ. 2003. Radial
organization of developing pretermhuman cerebral cortex re-
vealed by non-invasive water diffusion anisotropy MRI. Cereb
Cortex. 12:1237–1243.

McQuillen PS, Sheldon RA, Shatz CJ, Ferriero DM. 2003. Selective
vulnerability of subplate neurons after early neonatal hyp-
oxia-ischemia. J Neurosci. 23:3308–3315.

Molnar Z, Higashi S, Lopez-Bendito G. 2003. Choreography of
early thalamocortical development. Cereb Cortex. 13:661–669.

Office of National Statistics. 1991. The national statistics socio-
economic classification. Origins, development and use. Lon-
don: HMSO (Her Majesty’s Stationary Office).

Pandit AS, Robinson E, Aljabar P, Ball G, Gousias IS, Wang Z,
Hajnal JV, Rueckert D, Counsell SJ, Montana G, et al. 2014.
Whole-brainmapping of structural connectivity in infants re-
veals altered connection strength associated with growth and
preterm birth. Cereb Cortex. 24:2324–2333.

Penke L,Maniega SM, BastinME, ValdesHernandezMC,MurrayC,
Royle NA, Starr JM, Wardlaw JM, Deary IJ. 2012. Brain white
matter tract integrity as a neural foundation for general intel-
ligence. Mol Psychiatry. 17:1026–1030.

Pierson CR, Folkerth RD, Billiards SS, Trachtenberg FL,
Drinkwater ME, Volpe JJ, Kinney HC. 2007. Gray matter injury
associated with periventricular leukomalacia in the prema-
ture infant. Acta Neuropathol. 114:619–631.

Ramcharan EJ, Gnadt JW, Sherman SM. 2005. Higher-order thal-
amic relays burst more than first-order relays. Proc Nat Acad
Sci USA. 102:12236–12241.

Rathbone R, Counsell SJ, Kapellou O, Dyet L, Kennea N, Hajnal J,
Allsop JM, Cowan F, Edwards AD. 2011. Perinatal cortical
growth and childhood neurocognitive abilities. Neurology.
77:1510–1517.

Rees S, Harding R, Walker D. 2011. The biological basis of injury
and neuroprotection in the fetal and neonatal brain. Int J
Dev Neurosci. 29:551–563.

Robinson EC, Hammers A, Ericsson A, Edwards AD, Rueckert D.
2010. Identifying population differences in whole-brain

Preterm Thalamocortical Connectivity Ball et al. | 4317



structural networks: a machine learning approach.
Neuroimage. 50:910–919.

Rueckert D, Frangi AF, Schnabel JA. 2003. Automatic construction
of 3-D statistical deformation models of the brain using non-
rigid registration. IEEE Trans Med Imaging. 22:1014–1025.

Senden M, Deco G, de Reus MA, Goebel R, van den Heuvel MP.
2014. Rich club organization supports a diverse set of func-
tional network configurations. Neuroimage. 96:174–182.

Serag A, Aljabar P, Ball G, Counsell SJ, Boardman JP,
RutherfordMA, Edwards AD, Hajnal JV, Rueckert D. 2012. Con-
struction of a consistent high-definition spatio-temporal atlas
of the developing brain using adaptive kernel regression.
Neuroimage. 59:2255–2265.

Serenius F, Kallen K, Blennow M, Ewald U, Fellman V,
Holmstrom G, Lindberg E, Lundqvist P, Marsal K, Norman M,
et al. 2013. Neurodevelopmental outcome in extremely pre-
term infants at 2.5 years after active perinatal care in Sweden.
JAMA. 309:1810–1820.

Sherman SM, Guillery RW. 1998. On the actions that one nerve
cell can have on another: distinguishing “drivers” from “mod-
ulators”. Proc Nat Acad Sci USA. 95:7121–7126.

Shipp S. 2003. The functional logic of cortico-pulvinar connec-
tions. Philos Trans R Soc Lond Ser B Biol Sci. 358:1605–1624.

Skranes J, Lohaugen GC, Martinussen M, Haberg A, Brubakk AM,
Dale AM. 2013. Cortical surface area and IQ in very-low-birth-
weight (VLBW) young adults. Cortex. 49:2264–2271.

Smith GC, Gutovich J, Smyser C, Pineda R, Newnham C,
Tjoeng TH, Vavasseur C, Wallendorf M, Neil J, Inder T. 2011.
Neonatal intensive care unit stress is associated with brain
development in preterm infants. Ann Neurol. 70:541–549.

Smith SM, Nichols TE. 2009. Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and
localisation in cluster inference. Neuroimage. 44:83–98.

Srinivasan L, Dutta R, Counsell SJ, Allsop JM, Boardman JP,
Rutherford MA, Edwards AD. 2007. Quantification of deep
gray matter in preterm infants at term-equivalent age using
manual volumetry of 3-tesla magnetic resonance images.
Pediatrics. 119:759–765.

Tamnes CK, Ostby Y, Walhovd KB, Westlye LT, Due-Tonnessen P,
Fjell AM. 2010. Intellectual abilities and white matter

microstructure in development: a diffusion tensor imaging
study. Hum Brain Mapp. 31:1609–1625.

Tomasi D, Chang L, Caparelli EC, Ernst T. 2007. Different activa-
tion patterns for working memory load and visual attention
load. Brain Res. 1132:158–165.

Ullman H, Almeida R, Klingberg T. 2014. Structural maturation
and brain activity predict future working memory capacity
during childhood development. J Neurosci. 34:1592–1598.

van den Heuvel MP, Sporns O. 2011. Rich-club organization of the
human connectome. J Neurosci. 31:15775–15786.

van den Heuvel MP, Stam CJ, Kahn RS, Hulshoff Pol HE. 2009. Ef-
ficiency of functional brain networks and intellectual per-
formance. J Neurosci. 29:7619–7624.

Van EssenDC. 2005. Corticocortical and thalamocortical informa-
tion flow in the primate visual system. Prog Brain Res.
149:173–185.

Verney C, Monier A, Fallet-Bianco C, Gressens P. 2010. Early
microglial colonization of the human forebrain and possible
involvement in periventricular white-matter injury of pre-
term infants. J Anat. 217:436–448.

Vinall J, Grunau RE, Brant R, Chau V, Poskitt KJ, Synnes AR,
Miller SP. 2013. Slower postnatal growth is associatedwith de-
layed cerebral cortical maturation in preterm newborns. Sci
Transl Med. 5:168ra8.

Vohr BR, Stephens BE, Higgins RD, Bann CM, Hintz SR, Das A,
Newman JE, Peralta-Carcelen M, Yolton K, Dusick AM, et al.
Eunice Kennedy Shriver National Institute of Child H,
Human Development Neonatal Research N. 2012. Are out-
comes of extremely preterm infants improving? Impact of
Bayley assessment on outcomes. J Pediatr. 161:222–228.e3.

Volpe JJ. 2009a. Brain injury in premature infants: a complex
amalgam of destructive and developmental disturbances.
Lancet Neurol. 8:110–124.

Volpe JJ. 2009b. The encephalopathy of prematurity—brain injury
and impaired brain development inextricably intertwined.
Semin Pediatr Neurol. 16:167–178.

Ystad M, Hodneland E, Adolfsdottir S, Haasz J, Lundervold AJ,
Eichele T, Lundervold A. 2011. Cortico-striatal connectivity
and cognition in normal aging: a combined DTI and resting
state fMRI study. Neuroimage. 55:24–31.

4318 | Cerebral Cortex, 2015, Vol. 25, No. 11


