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a b s t r a c t
In this work we investigate the structural connectivity of the anterior cingulate cortex (ACC) and its link with impaired executive function in children with unilateral cerebral palsy (UCP) due to periventricular white matter
lesions.
Fifty two children with UCP and 17 children with typical development participated in the study, and underwent
diffusion and structural MRI. Five brain regions were identiﬁed for their high connectivity with the ACC using
diffusion MRI ﬁbre tractography: the superior frontal gyrus, medial orbitofrontal cortex, rostral middle
frontal gyrus, precuneus and isthmus cingulate. Structural connectivity was assessed in pathways
connecting these regions to the ACC using three diffusion MRI derived measures: fractional anisotropy (FA),
mean diffusivity (MD) and apparent ﬁbre density (AFD), and compared between participant groups. Furthermore we investigated correlations of these measures with executive function as assessed by the Flanker task.
The ACC–precuneus tract had signiﬁcantly different MD (p b 0.0001) and AFD (p = 0.0072) between
groups, with post-hoc analysis showing signiﬁcantly increased MD in the right hemisphere of children with
left hemiparesis compared with controls. The ACC–superior frontal gyrus tract had signiﬁcantly different FA
(p = 0.0049) and MD (p = 0.0031) between groups. AFD in this tract (contralateral to side of hemiparesis;
right hemisphere in controls) showed a signiﬁcant relationship with Flanker task performance (p = 0.0045,
β = −0.5856), suggesting that reduced connectivity correlates with executive dysfunction.
Reduced structural integrity of ACC tracts appears to be important in UCP, in particular the connection to the superior frontal gyrus. Although damage to this area is heterogeneous it may be important in early identiﬁcation of
children with impaired executive function.
Crown Copyright © 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Cerebral palsy (CP) is a non-progressive disability caused by a heterogeneous group of brain pathologies. The clinical phenotype has
been classically described in terms of motor impairment (Krägeloh-
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Mann and Cans, 2009), and consequently there has been a large focus
in neurological research around motor regions of the brain in these children (Krägeloh-Mann and Cans, 2009; Arnﬁeld et al., 2013; KrägelohMann and Horber, 2007; Scheck et al., 2012). There has been increasing
interest in exploring cognitive and social functioning in children with CP
(Whittingham et al., 2014; Bodimeade et al., 2013; Weierink et al.,
2013; Bjorgaas et al., 2012; Caillies et al., 2012; Hustad et al., 2012;
Iwata et al., 2012), showing impairments across multiple executive
function domains (Bodimeade et al., 2013) with considerable impact
on everyday life (Whittingham et al., 2014). Up to 50% of children
with CP have an intellectual disability (Novak et al., 2012) and 25–50%
have attention deﬁcit disorder or attention deﬁcit hyperactivity disorder (Bjorgaas et al., 2012; Novak et al., 2012). Despite extensive research
on the impact of cognitive and social impairment on the lives of people
with CP, there is little understanding of the underlying neuropathology
(Weierink et al., 2013).
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Lesions in CP typically involve periventricular white matter (56%) or
either cortical or deep grey matter (18%), with global maldevelopments
being less common (9%) (the remaining 17% are non-speciﬁc)
(Krägeloh-Mann and Horber, 2007). In the present study we assess children with periventricular white matter (WM) lesions. Early WM damage evident on structural MRI at term equivalent age is a signiﬁcant
predictor of executive function in very preterm children (Iwata et al.,
2012), and diffusion properties of multiple WM regions have been
shown to correlate with neuropsychological scores in children with
spastic diplegia (Rai et al., 2013). In a whole brain connectome study
in children with unilateral CP with WM lesions we have shown that
the integrity of tracts connecting to the anterior cingulate cortex
(ACC) may be compromised (Pannek et al., 2014).
The ACC is a bilateral cortical structure in the medial wall of the brain,
important for both cognitive and social functioning (Bush et al., 2000).
Functional MRI studies have shown that the ACC plays a central role within the executive function brain network (Botvinick et al., 1999), being
highly connected with the prefrontal cortex, premotor and supplementary motor areas and parietal cortex (Paus, 2001; Devinsky et al., 1995).
To investigate WM integrity, we used two models derived from diffusion weighted MRI: the diffusion tensor model; and constrained
spherical deconvolution. Multiple MRI measurements of Brownian motion of water molecules (Stejskal, 1965) are acquired for each voxel,
used to derive a mathematical model from which various properties
can be extracted, relating to underlying tissue. The majority of diffusion
MRI studies in children with CP to date have utilised the diffusion tensor
model (see review Scheck et al., 2012) which characterises diffusion
within each voxel using a single tensor ellipsoid (Basser et al., 1994).
From the tensor, quantitative measures such as fractional anisotropy
(FA; often reported as a surrogate marker for white matter ‘integrity’)
and mean diffusivity (MD) can be computed (Basser and Pierpaoli,
1996). Tractography algorithms can also exploit tensor-derived ﬁbre
orientation information to estimate ﬁbre bundle trajectories (Mori
et al., 1999). Surrogate markers for tract based ‘connectivity’ can then
be computed by averaging quantitative measures within voxels traversed by tractography streamlines.
Where complex WM architecture exists, multiple ﬁbres may cross
within each voxel, and single ellipsoid tensor orientations can no longer
be reliably used for tractography. FA results in these regions can be
unintuitive and difﬁcult to interpret (Douaud et al., 2011; Pierpaoli
et al., 2001). A higher order model of the diffusion signal is therefore
more appropriate (Jones, 2010). The ﬁbre orientation distribution
(FOD), computed via constrained spherical deconvolution, is one such
model (Tournier et al., 2004, 2007). By resolving multiple ﬁbres within
each voxel, the FOD provides more accurate ﬁbre directions for
tractography in addition to tract speciﬁc quantiﬁcation of white matter.
The apparent ﬁbre density (AFD), a recently developed ﬁbre speciﬁc
metric derived from the FOD lobe parallel to the direction of the streamline (Raffelt et al., 2012a; Raffelt et al., 2013) allows a result that reﬂects
the individual tract being analysed, in contrast with the diffusion tensor
model which provides a voxel-average FA or MD value. The AFD has
been used to identify tracts with reduced ﬁbre density in Motor Neurone Disease (Raffelt et al., 2012a), Alzheimer3s disease (Raffelt et al.,
2012b), epilepsy (Vaughan et al., 2013), infants born preterm
(Tournier et al., 2013), adolescents born preterm (Raffelt et al.,
2014a), grey matter heterotopia (Farquharson et al., 2014), and Dravet
Syndrome (Raffelt et al., 2014b).
In this work we set out to analyse the connectivity of the ACC using
both AFD and traditional tensor-derived measures (as this is the currently accepted approach in the majority of diffusion imaging studies
in CP). We expect that due to anatomical location, WM tracts projecting
from the ACC will pass through a high number of voxels with multiple
ﬁbre orientations and therefore AFD analysis will be more speciﬁc to
the tracts being analysed than diffusion tensor-based analysis. We also
aim to determine whether performance in an executive function task
correlates with connectivity measures of these tracts.
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2. Methods
2.1. Participants
A total of 71 children were identiﬁed through a population-based research database, recruited for one or more clinical studies requiring
baseline MRI and clinical assessment (prior to any study speciﬁc intervention). Selection criteria included age 3–17 years, a conﬁrmed diagnosis of unilateral cerebral palsy, attendance at a mainstream school,
and a score of II (two) or below in both the Gross Motor Function Classiﬁcation System (GMFCS) (Russell et al., 1989) and Manual Ability
Classiﬁcation System (MACS) (Eliasson et al., 2006) as assessed by an
occupational therapist (scores shown in Table 1).
Of these children, 53 were selected based on MRI brain image classiﬁcation. Images were reviewed by a child neurologist (SF) and classiﬁed
according to the Krageloh-Mann classiﬁcation system (Krägeloh-Mann
and Horber, 2007) as periventricular white matter lesions (the remainder included 16 with cortical or deep grey matter lesions and 2 with
brain malformations). Of these, 52 children were able to be adequately
parcellated by the software as outlined below. These children were aged
5–17 years, and included 25 with left hemiparesis and 27 with right
hemiparesis.
Seventeen children with typical development (CTD) without brain
pathology were also included in all analyses as controls. The institutional review board approved the study and written informed consent was
obtained from a parent or guardian, as well as verbal assent from each
child.

2.2. Flanker task
A subset of children (7 left hemiparesis, 10 right hemiparesis, 14
CTD) participated in the Flanker task (Eriksen and Eriksen, 1974),
which has previously been shown to be strongly linked to the ACC
using functional MRI (Brown, 2009). This involved ﬁve symbols
displayed in a horizontal line on a computer screen. The central symbol
was either a left or right facing arrow. The remaining four symbols (the
“Flanker” objects) were either congruent (e.g. ← ← ← ← ←); incongruent (e.g. → → ← → →); or neutral (e.g. – – ← – –). Subjects were given 5 s
to press either the right or left button on a handheld control (using their
preferred hand) to indicate the direction of the central arrow. This was
repeated 120 times, with a 30 s break every after each set of 40 trials. To
eliminate any group differences in motor performance, we used the
mean time taken for a correct answer in the neutral condition as a baseline, and reported the mean additional time needed for a correct answer
in the incongruent condition as a measure of executive function
(increased additional time representing poorer executive function). Results were statistically corrected for age (and gender where signiﬁcant)
using a general linear model (see Statistical analysis below). We
assessed the relationship between task performance and diffusion derived metrics (FA, MD and AFD) in both hemispheres, labelled as “contralateral” or “ipsilateral”, referring to the side of hemiparesis. For CTD
ipsilateral was arbitrarily taken as the left hemisphere (as this is ipsilateral to the non-dominant hand in right handers, but still the nondominant hemisphere in most left handers (Knecht et al., 2000)).

Table 1
Participant information. Age given as mean ± standard error. CTD — children with typical
development. GMFCS — Gross Motor Function Classiﬁcation System. MACS — Manual Ability Classiﬁcation Scale.
Gender

GMFCS

MACS

Group

n

Age

F

M

I

II

I

II

CTD
Left hemiparesis
Right hemiparesis

17
25
27

10.6 ± 0.5
9.9 ± 0.6
11.4 ± 0.6

10
10
10

7
15
17

n/a
20
18

n/a
5
9

n/a
15
11

n/a
10
16
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2.3. Image acquisition
High resolution structural images were acquired for each participant
using a 0.9 mm isotropic 3D T1-weighted magnetisation-prepared
gradient-echo (MPRAGE) sequence using a 3 T MRI scanner
(Siemens, Erlangen, Germany). The acquisition parameters were: FOV
24 × 25.6 × 17.6 cm, TR/TE/TI 2300/2.26/900 ms, ﬂip and angle 9°. A
high angular resolution diffusion imaging (HARDI) scan was performed
using 60 axial slices, FOV 30 × 30 cm, TR/TE 9200/112 ms, 2.5 mm slice
thickness, acquisition matrix 128 × 128 with a 2.3 mm in plane image
resolution, an acceleration factor of 2 and a diffusion encoding gradient
strength of b = 3000 s mm−2. Sixty ﬁve diffusion weighted images
were acquired at each location consisting of 1 low (b = 0) and 64
high diffusion weighted images. A ﬁeld map was acquired using two
2D gradient recalled echo images (TE1/TE2 4.76/7.22 ms) to assist the
correction for distortion due to susceptibility inhomogeneity.
2.4. Parcellation
Cortical reconstruction and volumetric segmentation were performed on T1 images with the Freesurfer image analysis suite (http://
surfer.nmr.mgh.harvard.edu/). This involves removal of non-brain tissue followed by automated segmentation of cortical and subcortical
structures (Fischl et al., 2002). Manual assessment was performed at
each step and subjects were excluded if parcellation was either deemed
to be inadequate or was unable to be processed. This resulted in exclusion of one subject (52 total included as well as 17 controls).
2.5. Diffusion preprocessing and tractography
Diffusion weighted images were corrected for subject motion by identifying volumes with head movement between subvolumes of the interleaved acquisition (i.e. within volumes) using the discontinuity index
(Nam and Park, 2011) and subsequently using the FMAM (Fit Model to
All Measurements) method to correct movement between volumes
(Bai and Alexander, 2008). Susceptibility distortions were corrected
using the ﬁeld map employing FUGUE (Jenkinson, 2003) and PRELUDE
(Jenkinson, 2004) in raw image space (both contained within FMRIB3s
Software Library (FSL) (Jenkinson et al., 2012)), with signal intensity correction (Jones and Cercignani, 2010). Motion artefacts were identiﬁed
and replaced using Detection and Replacement of Outliers Prior to Resampling (DROP-R) (Morris et al., 2011), modiﬁed from the originally
proposed method to incorporate an outlier detection technique suitable
for high b-value diffusion data (Pannek et al., 2012). All images were normalised by dividing each diffusion weighted volume by the median value
of all WM voxels in the b = 0 image. Using the corrected data, the ﬁbre
orientation distribution (FOD) was estimated using the constrained
spherical deconvolution method within the MRtrix package (http://
www.mrtrix.org) (Tournier et al., 2007). The response function used to
derive the FOD was representative of the group, created by taking the
mean response function from all children with typical development and
an equal number of children with CP (selected using a random number
generator). Fibre tracking was also performed using MRtrix. Bidirectional
streamlines were seeded in the anterior cingulate (n = 100,000 each
side), using a termination mask obtained from the structural image to ensure that streamlines remained within brain tissue (Pannek et al., 2010).
2.6. Connectivity analysis
The region of interest (ROI) used to drive the tractography analysis
consisted of the Freesurfer parcellations of both caudal and rostral anterior cingulate (see Fig. 1 for example parcellation). The number of streamlines passing through every other cortical and subcortical ROI was
calculated. ROIs appropriate for further connectivity analysis were selected based on the greatest number of ACC streamlines in the CTD group.

As our methodology is novel in this population, the corticospinal tract
(CST) was also included as it has been well studied in this population
using diffusion imaging (Scheck et al., 2012). The CST was derived using
precentral gyrus, brainstem, thalamus and cerebellum parcellations. Bidirectional streamlines were seeded in the left and right precentral gyrus,
again using the termination mask. Streamlines were selected if they
reached the brainstem (a single parcellation, i.e. not divided into left
and right) without passing through either the thalamus or cerebellum.
Ten times more streamlines (i.e. n = 1,000,000) were required in this
ROI to achieve similar streamline counts as the ACC tracts, due to the
size of the ROI and spread of the seeded streamlines throughout the brain.
In this study we computed several measures as surrogate markers of
tract connectivity. The ﬁrst two measures were based on tensor-derived
FA and MD. For each tract we computed the weighted mean of all FA and
MD values across voxels traversed by tractography streamlines. A limitation of FA and MD is that they are voxel-average quantities, and are
not tract-speciﬁc when unrelated tracts cross voxels traversed by the
tract of interest. For this reason we also computed an alternative tractspeciﬁc connectivity measure based on AFD. At high diffusion gradient
b-values (as used in this study) the AFD integral for a particular FOD
‘lobe’ is proportional to the intra-axonal volume of axons associated
with that lobe (Raffelt et al., 2012a). By summing the AFD integral for
all FOD lobes associated with the tract streamlines, a measure can be
computed relating to the total intra-axonal tract volume (note that
streamlines are associated with FOD lobes if the streamline tangent is
within 30° of the FOD lobe peak orientation). However, since the total
intra-axonal tract volume is a quantity that is tract length dependent,
we divide by the mean streamline length to give a measure proportional
to tract cross sectional area (something that should be more closely related to tract ‘connectivity’). These calculations were performed using
the ‘afdconnectivity’ command in MRtrix3 (http://www.mrtrix.org).
To assess the extent of crossing ﬁbres within these tracts (and hence
whether AFD would be more appropriate than FA and MD) a previously
described technique was used (Jeurissen et al., 2013). This involved
identifying the number of ‘peaks’ within each voxel, deﬁned as FOD
lobes with an amplitude greater than a threshold value (0.33). For
each streamline the average number of peaks was calculated in each
voxel traversed. We then assessed the percentage of voxels with more
than one peak in each tract.

2.7. Statistical analysis
Statistical analysis was performed using StatSoft Statistica version 12.
To determine difference between groups for tractography parameters we
employed a general linear model incorporating age and gender. ANOVA
was then used to assess whether there was a signiﬁcant difference between groups (CTD, children with left hemiparesis and children with
right hemiparesis) across the left and right hemispheres simultaneously.
Where results were signiﬁcantly different between groups, post-hoc analysis was performed using Dunnett3s test (Dunnett, 1955) to determine in
each hemisphere whether there was a signiﬁcant difference between CTD
and either children with left or right hemiparesis, correcting for multiple
comparisons. Results were considered signiﬁcant at p b 0.05.
A forward stepwise general linear model was employed to investigate the relationship between Flanker performance and diffusion metrics in all participants. Ipsilateral and contralateral hemispheres were
investigated separately. A separate model was used for FA, MD and
AFD. Age was included in the model, with extra variables (gender and
tract metrics) being added to the model in a stepwise fashion until no
remaining variables met statistical signiﬁcance (p b 0.05). Where tracts
were included into the model (i.e. met statistical signiﬁcance) beta and
p values were reported. This was all done in an automated fashion using
StatSoft Statistica. To ensure that outliers were not giving false positive
results Flanker scores were excluded if they fell more than two standard
deviations outside the mean.
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Fig. 1. Anatomical regions selected for highest streamline count (streamlines seeded in anterior cingulate cortex). Samples are from a child with typical development. Data is overlaid on T1
MRI (top right) and 3D reconstruction (top left) as well as tractograms projected on T1 MRI (bottom).

3. Results
3.1. Selection of tracts
The ﬁve regions reached by the largest number of streamlines generated in the ACC were, in order of highest to lowest, the superior frontal
gyrus, medial orbitofrontal cortex, isthmus cingulate, precuneus and
rostral middle frontal gyrus (examples shown in Fig. 1). This order

was preserved in both hemispheres (intrahemispheric connections)
for all groups. Streamline counts are shown in the Supplementary
material.
3.2. Tract connectivity results
All FA, MD and AFD-based tract connectivity values with standard errors for selected tracts are shown graphically (corrected for

Fig. 2. Fractional anisotropy (FA), mean diffusivity (MD) and apparent ﬁbre density (AFD) of tracts of interest in children with typical development (control) and children with left and
right hemiparesis. Vertical bars denote 95% conﬁdence intervals.
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age and gender) in Fig. 2, with full raw data in the Supplementary
material.
Streamlines connecting the ACC to the precuneus showed a signiﬁcant difference in MD between groups (p b 0.0001). Post-hoc analysis
showed signiﬁcantly increased MD in the right hemisphere of children
with left hemiparesis compared with CTD (p = 0.0143). AFD was also
signiﬁcantly different between groups (p = 0.0072), with no signiﬁcant
hemisphere speciﬁc differences between CTD and children with either
left or right hemiparesis in post-hoc analysis.
Streamlines connecting the ACC to the superior frontal gyrus showed
a signiﬁcant difference between groups in both FA (p = 0.0049) and MD
(p = 0.0031) but not AFD. In post-hoc analysis there were no signiﬁcant
hemisphere speciﬁc differences between CTD and children with either
left or right hemiparesis.
Streamlines connecting the ACC to the isthmus cingulate (i.e. the
cingulum bundle) showed a signiﬁcant difference in MD between
groups (p = 0.0013). Post-hoc analysis did not show any signiﬁcant differences between CTD and children with either left or right hemiparesis.
Neither FA nor AFD were signiﬁcantly different between groups.
Streamlines connecting the ACC to the medial orbitofrontal cortex
were not signiﬁcantly different between groups for FA, MD or AFD.
The same was true for streamlines connecting the ACC to the rostral
middle frontal gyrus.
The CST showed a signiﬁcant difference between groups in
FA (p b 0.0001), MD (p b 0.0001) and AFD (p b 0.0001). Post-hoc
analysis revealed that children with left hemiparesis had reduced FA
(p = 0.0005), increased MD (p b 0.0001) and reduced AFD (p =
0.0018) compared with controls in the right hemisphere; and children
with right hemiparesis had reduced FA (p b 0.0001), increased MD
(p = 0.0008) and reduced AFD (p b 0.0001) compared with CTD in
the left hemisphere.
3.3. Correlation with ﬂanker scores
Children with hemiparesis took a signiﬁcantly longer time (324 ±
80 ms; n = 17) to get a correct answer with the incongruent condition
(compared with neutral condition) compared with CTD (110 ± 24 ms;
n = 14) (p = 0.0237). Two scores were excluded from the correlation
analysis as they were greater than two standard deviations beyond
the mean. Both excluded scores belonged to children with left
hemiparesis.
Assessing all participants, FA scores did not correlate with Flanker
performance for any tracts. MD of the ipsilateral CST signiﬁcantly
correlated with Flanker performance (p = 0.0412, β = 0.4020). AFD
of the streamlines connecting the ACC to the superior frontal gyrus in
the contralateral hemisphere correlated with Flanker performance
(p = 0.0045, β = −0.5856). These relationships are visualised in the
supplementary data.
3.4. Crossing ﬁbre analysis
More than 48% of voxels contained more than a single peak in all examined tracts. The CST had the highest percentage (56.8% ± 1.0%),
followed by the tracts connecting the ACC to the superior frontal gyrus
(53.8% ± 1.5%), medial orbitofrontal cortex (53.3% ± 1.6%), precuneus
(52.0% ± 1.5%), rostral middle frontal gyrus (50.0% ± 1.5%) and the isthmus cingulate cortex (48.8% ± 1.5%).
4. Discussion
In the present study we assessed the structural connectivity of
the anterior cingulate cortex in children with unilateral cerebral palsy
as a result of periventricular white matter lesions. In particular we
assessed connections to ﬁve cortical regions, selected for their high
streamline count. We have examined these tracts using both the diffusion tensor model and the ﬁbre orientation distribution, showing

altered connectivity and a relationship to executive function using the
Flanker task. Additionally we demonstrated a high number of crossing
ﬁbres to justify the use of a higher order model.
In addition to the ACC tracts, we analysed a previously well studied
tract; the CST. Our results using the diffusion tensor model reﬂect previous studies (see review Scheck et al., 2012), showing reduced FA and increased MD in the hemisphere contralateral to the hemiparetic side. The
AFD was also signiﬁcantly reduced in this hemisphere as expected. The
MD of the ipsilateral CST correlated with Flanker performance. This result is surprising as we have controlled for motor performance in the executive function task, using response time in the neutral condition as a
baseline. We speculate that MD in this region is a reﬂection of lesion severity. MD is a measure of overall diffusion within a voxel, and therefore
in our population of children with periventricular white matter lesions,
increased periventricular MD likely represents a more severe lesion,
which we hypothesise correlates with impaired function across multiple
domains including executive function. This is consistent with the relationship not being present for either FA or AFD, suggesting that the
link with executive function does not speciﬁcally relate to the CST itself.
Similar ﬁndings with MD in the corona radiata and posterior limb of the
internal capsule (amongst other regions) have been demonstrated previously in an ROI analysis of children with spastic diplegia, showing a
correlation with both IQ and neuropsychological scores (Rai et al., 2013).
The ﬁve ACC connections studied here are all well documented anatomical connections, previously demonstrated in both primate studies
and human imaging studies (Beckmann et al., 2009; Cavanna and
Trimble, 2006). The changes demonstrated within these connections
were overall more subtle than those in the CST. The connections between the ACC and both the rostral middle frontal gyrus and the medial
orbitofrontal cortex did not show any signiﬁcant differences between
groups using either the diffusion tensor or FOD model. This is not surprising, as these streamlines project anteriorly from the ACC, away
from the ventricles (although frontal involvement is not infrequent).
The connections between the superior frontal gyrus and ACC showed
signiﬁcant differences between groups using diffusion tensor metrics,
however, no difference using AFD. Such a result may suggest that
there are changes within the region not speciﬁc to this tract, or may reﬂect lack of statistical power. We note that AFD was decreased in this
tract bilaterally for all subjects, but not to a statistically signiﬁcant
level. There was a signiﬁcant correlation between Flanker performance
and AFD of this tract, highlighting the importance of the integrity
if this tract. The superior frontal gyrus is involved in higher order
cognitive tasks including spatial cognition and working memory (du
Boisgueheneuc et al., 2006). Our results suggest that although this connection may not be signiﬁcantly affected in children with WM lesions as
a combined group, there is heterogeneous integrity of this pathway, and
reduced integrity plays a role in impaired executive function. The selection criteria for this study were based on the extent of clinical impairment (GMFCS and MACS), rather than pathological extent of brain
lesions; therefore frontal lobe impairment amongst these children is intrinsically heterogeneous. Those with reduced connectivity in this tract
appear to have more severe executive dysfunction. Early identiﬁcation
of pathology in this region may therefore be able to identify children
at risk of impaired executive function, where early intervention may induce plasticity (Trivedi et al., 2008; Kwon et al., 2014; Bleyenheuft et al.,
2015; Englander et al., 2015).
The connection between the ACC and the precuneus showed a signiﬁcant difference between groups in both AFD and MD, however,
only MD was signiﬁcant in post-hoc analysis. This connection is involved with higher order cognitive functions and the integration of internal and external information (Cavanna and Trimble, 2006). This
also forms part of the default mode network (Buckner et al., 2008),
the most highly connected network in the brain, involved with internal
thought. Pathology involving this connection is likely to impact on
higher order executive function, unable to be quantitatively measured
with simple tasks like the Flanker task. Of all the ACC connections
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examined, the connection with the precuneus runs in closest proximity
to the ventricles, and is therefore more likely to be directly affected by
the lesion.
The cingulum bundle itself was not signiﬁcantly different between
groups. This would suggest that the cingulum bundle remains relatively
intact in children with white matter lesions. This is an interesting ﬁnding, as the cingulum bundle runs in close proximity to the ventricles.
These results suggest that any damage to tracts connecting to the ACC
occurs at a location beyond where ﬁbres leave the cingulum bundle,
with relative sparing of the cingulum bundle itself.
Our crossing ﬁbre analysis showed that the cingulum bundle
contained the fewest crossing ﬁbres, with more than half of the voxels
traversed by all tracts projecting out of the cingulate containing multiple ﬁbre orientations. The CST showed the highest number of crossing
ﬁbres. The presence of many crossing ﬁbres is reﬂected in the low
mean FA values for all groups (as shown in Fig. 2). This suggests that
FA group differences in these tracts are not reliable indicators of differences in connectivity. Group differences in the MD measure are more
representative of underlying tissue than FA in crossing ﬁbre regions
(Jones, 2010); however MD is not tract-speciﬁc. We therefore believe
that the AFD results are the most biologically interpretable and robust
analysis of the tracts of interest in this study. In addition, the AFDbased connectivity measure should theoretically be more related to
actual tract connectivity since it combines information from both
intra-voxel ﬁbre density and tract cross sectional area (i.e. morphological information). In contrast, the mean FA and MD for a given tract are
not necessarily affected by the ﬁbre bundle cross sectional area. For example two tracts with different cross sectional areas may have the same
mean FA value, yet the thicker tract is likely to have more axons and
therefore a higher ‘connectivity’. The tract-speciﬁcity and additional
morphological information in the AFD-derived connectivity measure is
the likely cause of discrepancies between the tensor and AFD derived
results (see Fig. 2). Most noticeable is the CST result (bottom row of
Fig. 2). The tensor FA and MD result suggests that the CST on the
hemiparetic side is spared in CP. However the AFD connectivity measure demonstrates that while the contralateral CST is most altered, the
CST on the ipsilateral side also has a reduced connectivity (not statistically signiﬁcant), consistent with previous studies showing reduced
grey matter bilaterally in children with unilateral CP (Scheck et al.,
2014). This discrepancy is likely due to a reduction in the CST width in
CP, which is not detectable using FA or MD as a surrogate marker for
tract connectivity. Application of this technique in children with grey
matter lesions would be of particular interest, where the ipsilateral
corticospinal tract undergoes hypertrophy (Eyre et al., 2007).
The AFD-based connectivity measure is, however, not without limitations. The method used in this work identiﬁes FOD lobes belonging to
the tract of interest based on streamline traversal. The entire AFD integral for a given FOD lobe is assigned to the tract providing it is associated
with at least one ROI streamline. It is possible, however, that a single
FOD lobe may represent axons from multiple tracts (e.g. when different
tracts merge into one near the cortex). This means that the AFD-based
connectivity measure for a tract of interest may not be 100% tract specific if a tract merges with another at some point along its length. While
this is a limitation of the current approach, it remains a signiﬁcant improvement on the diffusion tensor derived metrics, as demonstrated
above. We note that a more robust method for deriving a measure of
tract connectivity based on tractography and AFD would be to use
Spherical deconvolution Informed Filtering of Tractograms (SIFT)
(Smith et al., 2013). SIFT connectivity analysis requires robust DWI–T1
alignment to perform anatomically constrained tractography (ACT)
(Smith et al., 2012) and therefore ensure that all streamlines terminate
at the grey white matter interface. While we did apply ﬁeld map-based
EPI distortion correction to our data in this study, we found that alignment was not sufﬁciently accurate on our 3T-acquired data (compared
with superior methods that rely on additional b = 0 images acquired
with reverse phase encoding (Smith et al., 2012)).
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The analysis approach used in this work is entirely automated,
which increases reproducibility, however, it prevents the inclusion of
signiﬁcantly atypical brains due to the limitations of automated
parcellation. This restricted our study to children with WM lesions.
We attempted parcellation of 16 subjects recruited using the same protocol with cortical or deep grey matter lesions; none were able to be
parcellated adequately; these children were therefore unsuitable for
this study protocol. We also note that the presence of gross morphological malformations in CP prevented us from performing a whole-brain
AFD ﬁxel-based analysis (Raffelt et al., 2015) (due to imperfect image
registration).
Finally, while our study had numbers comparable to other diffusion
MRI studies in this population (Scheck et al., 2012), there were several
trends seen which did not meet statistical signiﬁcance, potentially limited by subject numbers and heterogeneity. Variation between scanning
parameters and subsequent preprocessing variability presents a barrier
to pooling of data across studies and centres. To increase statistical
power larger trials are required, which poses a signiﬁcant resource
challenge.

5. Conclusion
In children with unilateral cerebral palsy due to periventricular
white matter lesions, connectivity to the anterior cingulate cortex appears to be altered, playing a role in impaired executive function. Anterior projections within the frontal cortex appear to be spared, as does
the cingulum bundle itself. Connectivity between the superior frontal
gyrus and the anterior cingulate appears to be heterogeneously impacted, with reduced connectivity relating to impaired executive function.
Early identiﬁcation of damage to this tract may therefore become important when targeting early intervention. Connectivity between the
anterior cingulate and the precuneus is also compromised, which may
play a role in higher order cognitive difﬁculties. In this study we measured connectivity using diffusion tensor and FOD derived measures.
The discrepancy between the results from both models is likely caused
by the large number of crossing ﬁbres in the tracts, highlighting the advantage of employing higher order models in these regions.

Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nicl.2015.09.014.
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