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Abstract: Dyskinetic cerebral palsy (CP) has long been associated with basal ganglia and thalamus lesions. Recent evidence
further points at white matter (WM) damage. This study aims to identify altered WM pathways in dyskinetic CP from a
standardized, connectome-based approach, and to assess structure-function relationship in WM pathways for clinical
outcomes. Individual connectome maps of 25 subjects with dyskinetic CP and 24 healthy controls were obtained combining
a structural parcellation scheme with whole-brain deterministic tractography. Graph theoretical metrics and the network-
based statistic were applied to compare groups and to correlate WM state with motor and cognitive performance. Results
showed a widespread reduction of WM volume in CP subjects compared to controls and a more localized decrease in degree
(number of links per node) and fractional anisotropy (FA), comprising parieto-occipital regions and the hippocampus.
However, supramarginal gyrus showed a significantly higher degree. At the network level, CP subjects showed a bilateral
pathway with reduced FA, comprising sensorimotor, intraparietal and fronto-parietal connections. Gross and fine motor
functions correlated with FA in a pathway comprising the sensorimotor system, but gross motor also correlated with
prefrontal, temporal and occipital connections. Intelligence correlated with FA in a network with fronto-striatal and parieto-
frontal connections, and visuoperception was related to right occipital connections. These findings demonstrate a disruption
in structural brain connectivity in dyskinetic CP, revealing general involvement of posterior brain regions with relative
preservation of prefrontal areas. We identified pathways in which WM integrity is related to clinical features, including but

not limited to the sensorimotor system.
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INTRODUCTION

Cerebral palsy (CP) encompasses a heterogeneous group of neuromotor disorders due to non-progressive disturbances in
the developing fetal or infant brain, causing activity limitation as well as impairments in sensation, cognition and
communication [Novak et al., 2012; Rosenbaum et al., 2007]. CP is the most common cause of physical disability in childhood

with an estimated prevalence around 2 per 1000 live births [Oskoui et al., 2013; Sellier et al., 2016]. This disabling condition

is permanent throughout the individual’s life and makes heavy and constant demands on health, educational, and social
services [Krageloh-Mann and Cans, 2009]. Dyskinetic is the second most common CP subtype after spastic CP. Its prevalence

has been established at 0.14 per 1000 live births [Himmelmann et al., 2009] and represents between 10% and 15% of the

entire cerebral palsy population [Bax et al., 2006; Himmelmann et al., 2009; Himmelmann and Uvebrant, 2014]. Dyskinetic

CP is characterized by abnormal patterns of posture and/or movement accompanied by involuntary, uncontrolled, recurring,
and occasionally stereotyped movements [Cans et al., 2007]. It is particularly disabling in comparison to other forms of CP:
almost 60% uses a wheelchair for ambulation and more than half suffer accompanying impairments and disabilities, such as
visual and hearing impairments or severe intellectual disability [Himmelmann et al., 2009; Novak et al., 2012]. At the cognitive

level, there are not only disturbances in general cognitive performance but also difficulties in specific cognitive functions,

being the visual-perceptual impairments the most described so far [Ego et al., 2015]. This greater severity together with the

lower frequency could explain why dyskinetic CP has been barely studied so far, which leads to a lack of knowledge about its
distinctive features and, consequently, a lack of follow-up programs and interventions adapted to their needs [Himmelmann,

2015].

Qualitative MRI studies showed that brain injury in dyskinetic CP is mainly located in the basal ganglia and thalamus, often
found after brief, profound hypoxic insults in term or near-term infants [Himmelmann and Uvebrant, 2011; Krageloh-Mann
and Cans, 2009; Yokochi, 1991]. Contrary, white matter (WM) injury has been commonly associated with preterm delivery
or moderate-intensity, prolonged hypoxic-ischemic events, and thus normally linked to the development of spastic CP.

Nevertheless, WM involvement has also been reported in dyskinetic cases although data vary widely among studies, with

percentages ranging from 7% to 57% (supplementary material, Table SI). Additional patterns may accompany the deep grey

matter lesions, such as cortical injury. To a lesser extent, brain malformations can also be found (supplementary material,

Table SI). The percentage of cases with no apparent abnormality also varies depending on the study, with an average around

17%, which is in accordance with data found in the entire CP spectrum [Scheck et al., 2012]. As some authors highlight, the

heterogeneity among studies may be due to not only small sample sizes but also differences in qualitative assessment based

on clinical descriptions [Reid et al., 2014]. Another clear limitation of the use of qualitative MRI is its inability to probe

microstructural damage of the brain tissue, which could also explain the high percentage of cases with no apparent
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abnormalities. There is consequently a great motivation to apply more advanced imaging techniques that help to objectively

quantify the brain damage in CP [Scheck et al., 2012].

In line with the aforementioned, the first studies applying diffusion-weighted MRI in dyskinetic CP have been carried out
recently. Yoshida et al. (2011) concluded that subjects with dyskinetic CP had more severe and diffuse alterations in WM
than do subjects with spastic CP after comparing nine manually-drawn WM structures between 19 children with dyskinetic
CP, 26 with spastic CP and 31 healthy controls. Harlaar et al. (2013) analyzed the pyramidal and language tracts (arcuate
fasciculus and the extreme capsule) in 4 subjects with severe dyskinetic CP and found smaller tract sizes and/or lower
fractional anisotropy (FA) values than in controls. Furthermore, Park and colleagues (2014) found a FA reduction in areas
adjacent to pyramidal tract in 23 adolescents and adults with dyskinetic CP. These studies have allowed identifying the
potential involvement of WM in dyskinetic CP, but the results are limited by the use of a priori selected regions of interest
(ROIs) that are normally related to sensorimotor function, leaving prefrontal, temporal and occipital WM areas poorly
assessed [Scheck et al., 2012], and making it difficult to draw firm conclusions about the whole-brain injury pattern
underlying dyskinetic CP. There is one study that applied a whole-brain approach in 7 subjects with dyskinetic CP [Yoshida et
al., 2013]. This study used an atlas-based analysis in 205 predefined structures to describe the anatomical variability in
different groups of CP, and concluded that WM changes were more severe in dyskinetic CP with a prominent FA decrease in
the periventricular deep WM. The small number of dyskinetic CP subjects and the structure-by-structure analysis, which has
low sensitivity to detect subtle abnormalities and low specificity on what connections are involved, are two limitations of

this study.

The use of advanced, multi-modal maging techniques, combined with a graph theoretical approach, has made it possible to
quantify and study the brain as a complex network of connections, a network also known as the human connectome [Sporns
et al., 2005; Sporns, 2010]. Connectomics helps to describe the topology of structural brain networks with increased
sensitivity and specificity [Bullmore and Sporns, 2009; van den Heuvel et al., 2016] and to explain how this substrate shapes
and modulates brain function, which is not attributable to individual regions but rather emerges from the network as a whole
[van den Heuvel and Sporns, 2013; Sporns et al., 2005]. Being able to describe the functional consequences of network
perturbations will allow a better understanding of structural causes of dysfunction, and may permit the design and validation
of intervention programs. This strategy has been scarcely implemented in the field of CP and always in spastic forms. In
unilateral spastic CP subjects, Pannek et al. (2014) identified alterations in ipsilesional projection and association pathways
and correlated the microstructure of these connections with the performance of the impaired hand. Englander et al. (2013),
similarly, found a reduction in total WM connectivity throughout the brain in severe versus moderate bilateral spastic CP,

including but not limited to regions associated with the sensorimotor system. A recent study applied a whole-brain
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connectome analysis to investigate changes in connectivity following therapy and concluded that brain connectivity change

can serve as a biomarker of functional improvement in CP [Englander et al., 2015].

The application of the connectome-based analysis in the study of dyskinetic CP constitutes a promising way for elucidating

pathways of WM injury from a whole-brain approach, which can help to better understand the pathogenesis and the clinical

impairments of this population. The analysis of the structure-function relationships could lead to a better prediction of the

clinical outcomes from image-derived measures. In addition, changes in brain connectivity can become a useful tool to

validate the effectiveness of clinical programs, as pointed out in spastic CP [Englander et al., 2015]. Thus, the aim of this

study is twofold: 1) to identify and describe altered WM pathways associated with dyskinetic CP from the structural network
of connections in a standardized, automated, connectome-based approach, and 2) to assess structure-function relationships
in WM pathways for motor function and those cognitive functions commonly affected in these patients: intelligence and

visuoperceptual abilities. Our a priory hypothesis is that brain connectivity would be reduced in dyskinetic CP compared to

healthy controls reflecting an impaired WM organization, specifically among sensorimotor areas. Our second hypothesis is

that the degree of impairment of some of these connections would correlate with measures of motor function [Arrigoni et

al., 2016]. Finally, we further hypothesize that intelligence quotient (1Q) would correlate with connectivity measures in

fronto-striatal and parieto-frontal connections, in accordance with a previous study [Ballester-Plané et al., 2016]. We assume

that visuoperceptual measures would correlate with the state of the visual processing circuitry, as found in previous studies

of spastic CP [Ceschin et al., 2015; Fazzi et al., 2009].

MATERIALS AND METHODS

Participants

This study is part of a larger project that recruited participants with dyskinetic CP mainly from the Hospital Vall d’"Hebron and
the Hospital Sant Joan de Déu in Barcelona, Spain. The inclusion criteria for the general project were: (1) clinical diagnosis of
CP with predominant dyskinetic features; (2) age over six years old; (3) an intelligible ‘yes’/'no’ response system; and (4)
being able to understand simple instructions, assessed by means of the Screening Test of Spanish Grammar (receptive part)
[Toronto, 1973]. Participants with hearing abnormalities or severe visual difficulties that precluded cognitive assessment
were excluded. Controls were ineligible if they were preterm, were suffering from a neurological or psychiatric disorder, or

were substance-abusing.

The project was approved by the University of Barcelona’s (CBUB) Institutional Ethics Committee, Institutional Review Board

(IRB 00003099, assurance number: FWA00004225; ttp://www.ub.edu/recerca/comissiobioetica.htm). The research was
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conducted in accordance with the Helsinki Declaration. Written informed consent was obtained from all participants, their

parents or their legal guardians.

Clinical measures

Motor status

Motor function was assessed following the recommendations of the Surveillance of Cerebral Palsy in Europe: the Gross
Motor Function Classification System (GMFCS) [Palisano et al., 2008] for lower limb function and the Manual Ability
Classification System (MACS) [Eliasson et al., 2006] for the upper limbs. These scales were developed to characterize mobility
and manual function in CP, respectively. They use a 5-level classification system (from | to V). Higher scores indicate lower

levels of motor functioning.

Cognitive assessment

The Raven’s Coloured Progressive Matrices (RCPM) test was used to assess intellectual ability [Raven et al., 2001]. The RCPM
aims to measure the ability to deduct relationships and its use is recommended for people with physical disabilities, aphasia,
deafness or CP [Strauss et al., 2006]. It consists of 36 items of increasing difficulty, containing a pattern problem with one
part removed and the participant has to choose which of the 6 alternatives completes the pattern. The raw scores were
converted into 1Q scores as described previously [Ballester-Plané et al., 2016].

Visuoperceptual abilities were assessed by means of Benton’s Facial Recognition Test (BFRT), which examines the ability to
perceive faces [Benton, 1994]. On each item, subjects are presented with a target face above six test faces, and they are
asked to indicate which of the six images matches the target face. We used the 27-item short form. Short form scores were
converted to long form scores (54 possible points) following the test instructions. Long form scores were then regressed by

age and included in the analyses.

MRI acquisition

MRI was performed on a Siemens Magnetom TRIO 3.0 T scanner (Erlangen, Germany) at the Hospital Universitari Vall
d’Hebron (Barcelona, Spain). High-resolution three-dimensional T1-weighted images were acquired in the sagittal plane with
a MPRAGE sequence (parameters: repetition time 1900 ms; echo time 2.46 ms; inversion time 900 ms; field of view 220 x
220 mm; flip angle 992; and voxel size 0.7 mm x 0.7 mm x 1 mm). Two repetitions of the Diffusion Weighted Imaging (DWI)
sequence were acquired at b=1000 s/mm?2, along with one minimally diffusion weighted image (b=0) (parameters: repetition
time 8400 ms; echo time 90 ms; field of view 240 x 240 mm; 65 axial slices; 30 diffusion directions; voxel size 2 x 2 x 2 mm

with no gap).
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In order to minimize movement during MRI, participants were offered the opportunity to listen to music or watch a movie
at the time of the acquisition of the images with the aim of reducing the level of anxiety. Additionally, for those who could
not remain still, a diazepam or pentobarbital with propofol was administered. The drug was prescribed by a physician in

accordance with the protocol detailed and reviewed by the ethics committee.

Imaging preprocessing

Anatomical T1-weighted images were used for the selection of the nodes of the brain network. By means of the FreeSurfer
software suite the grey matter tissue was parcelled into 68 cortical regions and 15 subcortical structures — bilateral thalamus,
pallidum, caudate, putamen, accumbens, hippocampus, amygdala and the brainstem [Desikan, 2006; Fischl et al., 2002]. In
total, 83 brain regions were selected, representing the nodes of the individual brain networks. The accuracy of the cortical
and subcortical parcellation was assessed visually. Those subjects not being adequately parcellated were excluded from the

analysis and manual corrections were applied if needed.

For DWI data, subjects with scanner artefacts were visually identified and excluded from further analysis. Then, images were
first corrected for eddy-current distortions [Andersson and Skare, 2002] using FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
Second, volumes containing motion artefacts were visually identified and substituted by its counterpart in the other DWI
repetition, as long as there were no errors, thus resulting in a corrected DWI set. Third, this DWI data was processed using a
robust tensor fitting method to obtain the preferred diffusion direction within each voxel in the brain mask [Chang et al.,
2012; de Reus and van den Heuvel, 2013a]. Eight streamline seeds were started in each WM voxel following the main
projection direction from voxel to voxel by means of deterministic streamline tractography [Mori et al., 1999; Mori and Van
Zijl, 2002]. Streamline end points were set when a tractography fiber reached a voxel with a FA value <0.1 (indicating a low
level of preferred diffusion within that particular voxel), when the trajectory of the traced fiber left the brain mask or when
the fiber tract made a sharp turn higher than 452, The fiber reconstruction yielded a total set of 141,247 + 30,258 (meant

SD) interconnecting streamlines per individual subject.

Connectome reconstruction

For each individual subject, a brain network was generated combining the collection of 83 segmented grey matter regions
with the total set of reconstructed streamlines. The existence of an anatomical pathway (edges) and its level of connectivity
strength between each pair of cortical and subcortical brain regions (nodes) was derived, examining for each possible pair of
regions whether the total collection of fibers included streamlines that touched both regions [van den Heuvel and Sporns,
2011]. This resulted in the reconstruction of a structural undirected connectivity matrix of 83 by 83 regions. Connectivity

weights were generated according to number of streamlines (NOS) and FA weighted values. NOS represents the number of
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reconstructed fiber tracts and is suggested to be correlated to tract volume [van den Heuvel et al., 2015a]. FA quantifies the
fiber integrity of the connections [Basser and Pierpaoli, 1996] and was computed as the average FA over all values of the

voxels that were traversed by the streamlines comprising the reconstructed pathway between the two regions.

Network analyses

Analyses of brain network structure were performed in terms of graphs metrics, calculated using the Brain Connectivity
Toolbox for MATLAB [Rubinov and Sporns, 2010]. For each subject, the organization of the brain network was analyzed by
means of whole-brain network connectivity, node-level graph metrics and edge-level graph analysis. Whole-brain network
metrics included density— describing the fraction of present connections over possible connections (connection weights are
ignored in calculations), global NOS— computed as the sum of all the connections in the network, and global FA — computed
as the mean of all nonzero connections in the network. Given that NOS is a measure of WM volume, this measure was
corrected as ratios by the total intracranial volume, which was extracted from the tissue parcellation performed with
FreeSurfer, along with total grey matter volume. Node-level graph metrics included degree — number of links connected to
the node (connection weights are not taken into account in calculations), and strength — computed as the sum of weights of
links connected to the node for NOS, and as the mean of nonzero links connected to the node in the case of FA. Edge-level
graph analyses were performed using the Network Based Statistic (NBS) [Zalesky et al., 2010]. The NBS is a nonparametric
statistical method to perform statistical analysis on large networks, dealing with the multiple comparisons problem on a
graph. The NBS is the graph analogue of cluster-based statistical methods used in mass univariate testing on all pixels in an
image, letting us identify statistically significant components (“clusters” of connections). It has been widely used to identify
connections and network components of the connectome associated with an experimental effect or a between-group

difference [Collin et al., 2014; Verstraete et al., 2011].

Statistical analyses
A Chi-square test, t-test or Mann-Whitney analyses were applied depending on the characteristics of the variables in order

to compare the demographic and clinical data between the dyskinetic CP and control groups.

For whole-brain and node-level measures, differences between CP and control groups were computed for every measure
and the statistical significance of these differences was assessed by means of permutation testing. This involves generating
a null distribution of differences observed after randomly permuting the members of the two groups (10,000 permutations)
and then calculating the P-value using this null distribution. Findings are considered significant at a P-value smaller than 0.05.

All node-level analyses were corrected for multiple testing by means of the false discovery rate (FDR) method. Effect sizes
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(d) were computed as group mean differences divided by the average standard deviation of both samples and interpreted

with cut-off points of 0.2 for small, 0.5 for medium and 0.8 for large effect sizes [Cohen, 1988].

Regarding the NBS analyses, a general linear model was used to identify differences in edge-level metrics among dyskinetic
CP subjects and typically-developing controls for every connection. Only those connections found in more than 50% of the
CP subjects and 50% of the controls were included in the analysis. A t-statistic threshold of 2.5 (equivalent to a P-value of
0.02) was applied for individual connections. We additionally applied the NBS analysis to assess the relationships between
edge-level metrics and clinical measures by means of Pearson and Spearman’s rank correlation coefficients. In this case, only
those connections found in more than 50% of the CP subjects were included in the analysis and an R-threshold of 0.3 along
with a P-threshold of 0.02 were used as a combined threshold for individual connections. In both analyses, the significance
of the connected components in the resulting graph was estimated using permutation testing (10,000 permutations). Only

significant clusters (P-value of less than 0.05) were considered.

Due to the wide age-range of the sample and to avoid any potential developmental effect, participants’ ages were regressed

on all brain measures and we used the obtained residuals for all statistical analyses.

RESULTS

Participants

Out of a total of 53 subjects that met the inclusion and exclusion criteria and that accepted to participate, 11 were not
included because they did not want to undergo an MRI (n=3), had metal devices implanted which were incompatible with
MRI (n=2) or could not complete scans due to anxiety (n=6). From the remaining 42 cases, 13 subjects were excluded due to
scanner or movement artefacts or for not being adequately parcellated, thus good quality images were obtained in 29 cases.
Small errors in the WM segmentation were corrected in 4 cases by means of control points. In order to reduce dispersion in
the age range, the eldest four cases (47, 50, 51, and 60 years old respectively) were removed. Thus, the final sample

comprised 25 cases with dyskinetic CP aged 11-42 years, without visual/auditory abnormalities, able to understand

instructions and, at least, able to answer yes/no. The sample comprised 9 children (11 — 17 years), 13 young adults (18 — 30

years), and 3 adults older than 30 years old (Table 1).

Importantly, there were no significant differences in age, gender, gestational age, motor function (GMFCS and MACS), 1Q
and visuoperceptual performance between CP subjects included and not-included in the study (see supplementary material,
Table Sll). Of the initial 25 typically developing controls matched by age, one subject was excluded due to scanner artefacts;

thus, the control group consisted of 24 typically developing subjects.
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Clinical and radiological findings

All levels of GMFCS and MACS were represented in the CP group (Table 1). The vast majority of the sample (n=22) had

tetraplegia and only three cases showed unilateral involvement (2 with left hemiparesis and 1 with right hemiparesis). Almost

all subjects had received physiotherapy and speech therapy (n= 23 and n=20, respectively) at some point. Fourteen of the

CP subjects attended regular schools, six of which received some additional support at school, and the remaining 11 attended

special education schools. Ten participants had active epilepsy and 14 were under pharmacological treatment: 7 were taking

antiepileptic _drugs, 5 were taking drugs for dystonia and/or spasticity (mainly benzodiazepines, baclofen and

anticholinergics), and 2 were taking both.

As shown in Table |, most of the participants were born at term, suffered from hypoxic-ischemic encephalopathy (HIE) and

showed basal ganglia and/or thalamic lesions, as expected in this CP type [Himmelmann et al., 2007; Himmelmann et al.,

2009; Rennie et al., 2007]. As shown in other MRI studies (supplementary material, Table Sl), the second radiological finding

was the concomitant involvement of WM, seen in 11 subjects. In these cases, WM damage was mainly reported as

perirolandic (n = 9), followed by periventricular (n = 4), subinsular (n=1) and centrum semiovale (n = 1). Cerebral

malformation was detected in one subject, which showed an incomplete inversion of the hippocampus, together with

damage of basal ganglia and it corresponds to the subject with kernicterus. Finally, one subject had discrete hyperintense

lesions in the frontal and occipital cortex and another one showed no apparent abnormality in the MRI, coinciding with a

case of left hemiparesis.

The fact that 44% of the participants showed concomitant WM involvement prompted us to additionally compare the two

major lesional subgroups (those with basal ganglia and/or thalamic lesions without WM damage (BG, n=13) and those with

concomitant WM damage (BG+WM, n=11)) separately with their respective controls (see below).

Whole-brain measures

As shown in Table Il, total intracranial and WM volume was significantly reduced in dyskinetic CP subjects compared to
controls. No group effect was found in total grey matter volume. As regards whole-brain network metrics, subjects with CP
showed a decrease in density (5.5%) and global FA (3.5%) with a medium-sized effect compared to controls, and a highly
significant reduction in global NOS (16%).

Regarding the subgroup analyses based on radiological findings, BG group showed a reduction in total WM volume and global

NOS compared to healthy controls, whereas the BG+WM group showed a reduction in all whole-brain measures except for

total grey matter volume, as found in the general group (supplementary material, Table Slil).

White matter involvement in dyskinetic CP

10
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Node-level graph metrics

Group differences were also observed at the nodal-level as measured by node-specific graph metrics (Fig. 1, Table llI).
Regarding the number of links connected to a node, the CP group showed a significant decrease in degree in: bilateral
postcentral cortex, lingual cortex, pericalcarine cortex and cuneus cortex; right precentral cortex, superior parietal cortex
and transverse temporal cortex; and left hippocampus. Furthermore, CP participants showed an increase in nodal degree in
the right pallidum and bilateral supramarginal cortex as compared to controls (Fig. 1, Table Ill). As this result was not
expected, we further examined this finding. We computed the prevalence of all the connections of these regions across the
entire group (controls and CP subjects), and then we compared the prevalence between subjects and controls using the Chi-
squared test. The right pallidum just showed an increased prevalence in the connection with the right supramarginal gyrus
(x2=9.69, P=0.0019). As regards the right supramarginal gyrus, dyskinetic CP subjects also showed an increased prevalence
of connections with the thalamus (x2=7.84, P=0.0051), caudate (x2=6.56, P=0.0104) and rostral middle frontal gyrus
(x2=5.95, P=0.0147). Regarding the left supramarginal gyrus, CP participants showed an increased prevalence compared to

controls in left caudal middle frontal gyrus (x2=7.99, P=0.0047) and putaminal (x2=6.12, P=0.0134) connections.

On the other hand, NOS weighted data revealed decreased connectivity widespread throughout the brain in CP subjects,
including mainly putamen, thalamus and hippocampus, dorsal and caudal areas of the frontal lobe (superior and perirolandic
cortex), lateral parietal lobe (postcentral, superior and inferior gyrus) and extensively the occipital and temporal lobes (Fig.
1, Table lll). Finally, FA weighted data revealed a more localized disruption of the fiber integrity encompassing bilateral
precentral cortex, postcentral cortex, superior parietal cortex and middle temporal cortex; right paracentral cortex, posterior

cingulate and superior temporal cortex; and left hippocampus (Fig. 1, Table Ill).

We tested whether whole-brain differences were driven by some nodes in particular or were more global affectations. We
found that the global FA effect was mainly driven by some specific nodes rather than a general involvement of the brain (i.e.,
computing whole-brain connectivity values as the average of all tracts of the brain, but now excluding those with reduced
FA (density: P=0.63, d=0.18; global FA: P=0.29, d=0.34)). This is not the case of NOS, as a widespread reduction is observed

in almost half of all brain regions. For this reason, the edge-level analyses including NOS will be also regressed by global NOS.

Looking at the subgroups analyses, a less extensive involvement was observed in the BG group, as expected. The results did

not reach statistical significance after correcting for multiple comparisons for degree nor FA strength (supplementary

material, Tables SIV and SVI). However, non-corrected results included mainly subcortical nuclei and occipital areas (lingual,

cuneus and pericalcarine) and the pallidum and supramarginal gyrus showed again an increased degree compared to HC. BG

group showed a significant reduction in NOS in putamen, peri-rolandic areas (precentral and postcentral) and occipital

11
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regions (pericalcarine_and lingual). Non-corrected results also included other subcortical, parietal and temporal areas

(supplementary material, Table SV). Regarding the BG+WM group, results were quite similar to those of the general group

in all node-level metrics (supplementary material, Tables SIV, SV and SVI). Regarding the degree, a more bilateral pattern

was observed and some new areas with a reduced degree in the frontal and temporal lobes were added to the general

findings. FA strength was the measure showing greater impairment compared to results of the overall group, with lower WM

integrity again in frontal and some temporal areas.

Edge-level graph metrics

NBS analysis comparing CP participants and controls did not identify any component with a significant reduction or increase
in NOS after regressing for global NOS. The NBS analysis including FA weighted data revealed one component in which FA
was significantly reduced in CP subjects. This component comprised 41 connections (37 intrahemispheric — 20 left and 17
right — and 4 interhemispheric connections) between 34 nodes (P=0.0016). This component comprised connections among
basal ganglia (mainly putamen and pallidum) and thalamus with the precentral and postcentral gyrus (27% of the total
significant connections), intraparietal connections (20%), fronto-parietal connections (15%), hippocampal connections
(12%), other thalamic and basal ganglia connections (10%), fronto-frontal connections (5%), other parietal connections
(insula and amygdala, 5%), temporal connections (with precentral and lingual gyrus, 5%) and the connection between
primary motor cortex and the brainstem (2%)(Fig. 2 and Fig. 3). Similar results were observed when tested for a range of t-

threshold values (see Supplementary material, Fig. S1).

For the subgroup analyses, it was considered appropriate to use a more liberal P-value threshold for the individual

connections (0.05 instead of 0.02) due to the small size of the subgroups and the high statistical requirements used in the

previous NBS analysis. The significance of the identified components remained the same (P-value less than 0.05). NBS analysis

including NOS weighted data identified one component comprising 20 connections (19 intrahemispheric — 15 left and 4 right

—and 1 interhemispheric) in which NOS were significantly reduced in the BG group compared to controls (P=0.002). This

component mainly included left basal ganglia and thalamic connections among them, and with frontal and parietal regions

(40%); occipital connections (30%); and temporal connections (15%) (supplementary material, Figure Sll — A). There were no

significant results with FA weighted data in the BG group. Finally, the NBS analyses comparing the BG+WM group and the

control group identified a significant reduction both in NOS and FA weighted data. As regards NOS, one bilateral component

comprising 24 connections (20 intrahemispheric — 8 left and 12 right — and 4 interhemispheric) was identified (P=0.001),

including mainly basal ganglia and thalamic connections with precentral, postcentral and other parietal areas (50%); and

parieto-parietal and parieto-temporal connections (33%) (supplementary material, Figure SIl — B). FA weighted data

identified one large, bilateral component of 134 connections (107 intrahemispheric — 52 left and 55 right — and 27

12



R. Pueyo

interhemispheric, P= 0.001) that mainly comprised parietal connections, mostly parieto-parietal and parieto-frontal (40%);

basal ganglia and thalamic connections, predominantly with frontal and parietal areas (36%), and fronto-frontal connections

(10%)(supplementary material, Figure SIl — C).

White matter structure-function correlations

Correlation with motor measures

The NBS analysis was also applied to identify clusters of connections that correlate with clinical measures. There were no
significant results with NOS weighted data after regressing for global NOS. NBS analysis with FA weighted data revealed
different networks related to clinical measures. One bilateral component was negatively correlated with GMFCS, associating
lower levels of FA in these connections with a greater gross motor impairment. This component comprised 102 connections
(83 intrahemispheric — 35 left and 48 right — and 19 interhemispheric connections) between 54 nodes (P<0.001). 42% of
these connections included basal ganglia and thalamus and the remainder were cortico-cortical connections. Regarding the
basal ganglia and thalamic connections, 35% of these were directed to the precentral and postcentral cortex, 28% targeted
the prefrontal cortex, 18% were connections among basal ganglia nuclei and thalamus, 14% targeted the parietal cortex
(superior gyrus and precuneus), and 2 connections linking the right caudate with the insula and the brainstem (5%). With
respect to cortico-cortical connections, 41% were fronto-parietal, 22% intraparietal, 14% fronto-frontal, 10% included
parieto-temporal and parieto-occipital connections, 7% were connections of the temporal lobe with the occipital, temporal
and frontal lobes, 3% connected the insula and the prefrontal cortex, and there was one fronto-occipital connection and the

connection between primary motor cortex and the brainstem (3%) (Fig. 2 and Fig. 3).

One bilateral component was negatively correlated with MACS, indicating that low levels of FA in these connections are
related to a worse manual performance. This component comprised 34 connections (30 intrahemispheric — 17 left and 13
right — and 4 interhemispheric) between 29 nodes (P=0.0067). Although smaller, there is an almost complete overlap of this
component and the component correlating with GMFCS (91% of the connections included here were also present in the
GMFCS component). 44% of the connections comprised basal ganglia and thalamus, being the rest cortico-cortical
connections. Regarding the basal ganglia and thalamic connections, 60% of them were directed to the precentral and
postcentral cortex and the remainder were connections among basal ganglia nuclei (13%), connections with the frontal
cortex (13%), the parietal cortex (6.5%) and the brainstem (6.5%). As regards the cortico-cortical connections, 37% were
fronto-parietal, 37% parieto-parietal, 11% fronto-frontal and 16% temporo-parietal and temporo-temporal (Fig. 2 and Fig.

3). Similar findings were shown for GMFCS and MACS for a range of P-threshold values (see Supplementary material, Fig. S1).

Correlation with cognitive measures
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NBS showed a significant positive correlation with IQ measures in one component, showing that higher levels of FA in these
edges are associated with better cognitive performance. The component comprised 20 connections (17 intrahemispheric —
3 left and 14 right — and 3 interhemispheric) between 20 nodes (P=0.02). Of these connections, 25% linked the basal ganglia
and thalamus with the frontal cortex, 25% were fronto-parietal connections, 15% linked the basal ganglia with the parietal
cortex, 15% were parieto-parietal connections, 10% were connections among basal ganglia nuclei and 10% were fronto-
frontal connections. 80% of these connections correlating with 1Q were shared with the GMFCS component (see above).

Unshared connections (20%) involved mainly prefrontal and parietal areas.

Finally, a small component in the right hemisphere showed a trend towards significance (P=0.051) in the positive
correlational analysis with the visuoperceptual performance (BFRT), including 5 connections between putamen and occipital
cortex (lateraloccipital, lingual and pericalcarine gyrus) and insula and occipital cortex (lingual and pericalcarine gyrus) (Fig.
2). This component becomes significant (P=0.028) with a lower P-threshold value when tested for a range of P-threshold

values (see supplementary material, Fig. S1).

DISCUSSION

White matter involvement in dyskinetic CP

Significant differences were observed in the various whole-brain network metrics and node-level graph metrics computed,

indicating a disruption in brain connectivity in subjects with dyskinetic CP. Even CP subjects with no radiological evidences

of WM injury showed disrupted whole-brain network and node-level graph metrics. First, subjects with CP showed a

significant reduction in network density. As density is a measure of gross connectedness, nodal degree analysis gives us more
details of what brain regions are less interactive compared to controls, being mainly sensorimotor (precentral, postcentral
and superior parietal gyrus), visual (cuneus, lingual and pericalcarine areas) and primary auditory areas (transverse temporal

gyrus). Non-corrected results for the CP subgroup with basal ganglia and/or thalamus injury and no WM involvement

indicated a similar_pattern. This pattern of involvement, which mainly comprises parieto-occipital areas, coincides with

previous findings on spastic CP [Ceschin et al., 2015; Nagae et al., 2007]. Ceschin et al. (2015) identified several parieto-
occipital nodes with a reduced nodal efficiency, local efficiency and clustering coefficient, and suggested that an altered
occipito-parietal network of disordered connectivity may underlie visuoperceptual dysfunction, an impairment that is
estimated to occur in 40-50% of CP cases [Ego et al., 2015] and that has also been found in our sample (Table I). A possible
explanation for the involvement of sensorimotor areas could be related to the high metabolic rate of the primary sensory
and motor cortex in the newborn period [Chugani, 1998; Rennie et al., 2007] becoming, among other structures, a target

region in the event of acute brain asphyxia, which is a common cause of dyskinetic CP [Himmelmann et al., 2007]. Additionally
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to sensorimotor brain regions, primary visual and auditory areas — also impaired in our sample —have been found to be hubs
in the organization of brain network during the neonatal period [Fransson et al., 2011; van den Heuvel et al., 2015b]. As it is
in this period that brain damage occurs in dyskinetic CP patients, these hubs occupying a central position in the network
might be more susceptible to brain damage than other not so central nodes [van den Heuvel and Sporns, 2013], which could

explain the involvement of primary sensory areas in our sample.

Unexpectedly, two brain regions showed a significant higher nodal degree compared to controls: bilateral supramarginal

gyrus and right pallidum. This result was also observed when comparisons were performed with the subgroups with and

without WM involvement separately. Bilateral supramarginal gyrus presented an increased prevalence of connections with

basal ganglia (including the right pallidum), thalamus and middle frontal gyrus compared to controls. The supramarginal
gyrus is part of the somatosensory association cortex which is involved in high-level cognitive motor control, integrating
different sensory data with motor signals and sending this information to premotor areas, where it will be used for motor
programming and motor prediction [Fogassi and Luppino, 2005]. Delayed or disrupted sensorimotor integration has been
described in CP as well as in other similar movement disorders such as focal dystonia, and it has been considered a key factor
that underlies impaired motor function [Abbruzzese and Berardelli, 2003; Hoon et al., 2002; Hoon Jr et al., 2009; Nagae et
al., 2007; Perruchoud et al., 2014; Rose et al., 2011; Tsao et al., 2015a; Wingert et al., 2010]. It is known that an early brain
injury can affect normal development promoting outgrowth of neural projections and generating abnormal connections and
circuitry, which could lead to subsequent functional impairments [Giza and Prins, 2006; Johnston et al., 2002; Rocha-Ferreira
et al., 2016]. Thus, the observed overconnectivity in the inferior parietal lobule connections with basal ganglia and premotor
areas could be a trigger for motor difficulties. The results presented by Wang et al. (2015) may point in this direction, since
grey matter volume in the left supramarginal gyrus and bilateral pallidum, among other areas, significantly increased as
aggravation of gross motor dysfunction in CP subjects. Reid et al. (2015b) also concluded that pallidal abnormality was a
strong predictor of poor gross motor function in CP. Moreover, the finding of hyperconnected hubs in people with epilepsy
has led to the conjecture that these aberrant connections may represent hyperexcitable circuits that initiate and maintain
seizures [Bonilha et al., 2012]. It is worth noting that about half of our sample has a history of epilepsy, percentage that
matches the recent population-based data [Sellier et al., 2012]. Another hypothesis would be that this is a compensatory
reorganization in which these connections counterbalance the effects of the altered sensorimotor system in order to convey
the sensory feedback to motor areas using alternative pathways. There is evidence of reorganization of central motor
pathways in people with CP, in which ipsilateral motor pathways are reinforced [Carr et al., 1993; Maegaki et al., 1999;
Thomas et al., 2005]. In the somatosensory system, however, a different mechanism of postlesional reorganization is
observed, in which ‘axonal bypasses’ or alternative routes may be formed to achieve the original cortical destination [Little

et al., 2009; for a review see Staudt, 2010; Thickbroom et al., 2001; Wilke et al., 2009]. However, the neurobiological
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mechanisms behind these neuroplastic processes are still unclear and warrant further study. Finally, another possible
explanation for this finding may be methodological. The increase could be due to an effect of alterations in other brain areas,
resulting in a better tractography of these specific regions. Pannek et al. (2014) also speculated that the finding of increased

WM integrity in the temporal lobe of children with unilateral CP was artefactual.

Both the overall measure of WM volume as the total streamlines count indicated a significant reduction of WM volume in

dyskinetic CP; result that was maintained in the subgroup analyses, even for those that did not present WM involvement at

the radiological level. This result fits with the finding of Yoshida et al. (2013) which found a prominent decrease in WM

volume in dyskinetic CP subjects. Harlaar et al. (2013) in a preliminary study with 4 subjects with severe dyskinetic CP showed
that size of the pyramidal and language tracts was smaller than in controls. Looking at the node level to see what areas are
involved, we observe a widespread reduction throughout the brain, including mainly putamen, thalamus and hippocampus,
dorsal and caudal areas of the frontal lobe, lateral parietal areas, and extensively the temporal and occipital lobes. This

pattern, although similar, was less extensive when analysing the CP subgroup with damage in basal ganglia and/or thalamus

and no WM involvement. It is well known that the basal ganglia and thalamus are the main affected areas and our results

are consistent with a recent review showing specifically that putamen and thalamus are among the most commonly affected
subcortical structures in dyskinetic CP [Aravamuthan and Waugh, 2016]. Moreover, widespread WM atrophy in infants with
hypoxic-ischemic encephalopathy may be secondary to disruption of the thalamo-cortical connections or to a relative paucity
of new WM growth [Mercuri et al., 2000; Rennie et al., 2007; Robertson and Perlman, 2006]. One noteworthy aspect is the
relative preservation of the prefrontal areas in relation to the extensive involvement of the posterior regions. Ceschin et al.
(2015) also identified a selective posterior regional vulnerability with a relative sparing of frontal regions in a group of
children with spastic diplegic CP, and they attributed this finding to a reorganization of frontal—striatal and frontal-limbic
pathways. This could be a manifestation of the more protracted developmental trajectory of the frontal lobe [Dennis and
Thompson, 2013; Gogtay and Giedd, 2004; Wierenga et al., 2016], which could facilitate its reorganization after early brain
damage. Analyses including FA data showed a global reduction of WM integrity in dyskinetic CP. However, node-level FA
strength data revealed a localized disruption of the fiber integrity encompassing posterior and medial regions, mainly
sensorimotor and temporal areas. Yoshida et al. (2013) found a prominent reduction in FA in dyskinetic CP participants
especially in the periventricular deep WM, and a smaller degree of FA decrease in peripheral WM regions. In a previous work
of the same group, they found a FA reduction in several manually-drawn WM tracts connecting areas with sensorimotor
functions (corticospinal tract, posterior thalamic radiation or in the posterior limb of the internal capsule) [Yoshida et al.,

2011]. The subgroup analysis may be indicating that the impairment in WM integrity occurs mainly and more extensively in

the group with clear WM injury at the radiological level, since there were no significant results in the group without WM
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involvement. Nevertheless, we must consider these analyses as preliminary and analyze the results with caution, given such

small samples.

In summary, results based in node-level analyses have shown a pattern of disruptive brain connectivity characterized by a
greater involvement of posterior regions with relative preservation of prefrontal areas. Based on these data it is difficult to
discern what alterations are caused by a primary lesion and what may be a developmental consequence of this primary
damage. In this sense, it may be important to highlight those areas that have shown a significant decrease in all measures of
connectivity (precentral, postcentral, superior parietal gyrus and the hippocampus), as they may be areas of primary concern
along with the well-known deep grey matter nuclei (basal ganglia, mainly putamen, and thalamus). It is worth mentioning
the involvement of the hippocampus, which was altered in all the connectivity measures. Although several studies of term
infants suffering asphyxia report injury to the hippocampus [De Haan et al., 2006], this finding had not been consistently
described in dyskinetic CP. Only the recent study of Park and colleagues showed a volume reduction in the hippocampus and
parahippocampal gyrus in dyskinetic CP group compared to control group on a voxel-based morphometry analysis [Park et
al., 2014]. The known association between the hippocampus and memory and learning function [Squire and Wixted, 2011]

points out the need to study this relationship in dyskinetic CP. It should be noted that a similar pattern is observed when

groups with and without WM involvement at the radiological level are analyzed separately, with a more extensive

involvement in the first subgroup, as could be expected.

The NBS analysis showed a bilateral symmetrical component with a significant reduction of WM FA in subjects with dyskinetic
CP compared to healthy controls. Notably, almost 75% of the connections of this component comprised sensorimotor
projections, being the precentral and postcentral gyrus the areas with more connections involved. In the first place, this is in
agreement with a previous study analyzing FA in several manually-drawn ROIs in people with dyskinetic CP that found a
reduced FA in projection fibers connecting sensorimotor areas such as the posterior limb of the internal capsule or the
posterior thalamic radiation [Yoshida et al., 2011]. Similar results, highlighting the involvement of the sensorimotor areas,
have been found in spastic forms of CP [Arrigoni et al., 2016; Nagae et al., 2007; Pannek et al., 2014; Tsao et al., 2015],
although with two remarkable differences: the contribution of basal ganglia and corticospinal connections. Although some
alterations in basal ganglia have been described in cases with spastic CP [Krageloh-Mann et al., 2002], these are not very
common [Bax et al., 2006; Himmelmann and Uvebrant, 2011] and most connectivity studies so far have not focused on these
nuclei. On the other hand, pyramidal tracts, and specifically the corticospinal tract (CST), are the most frequent assessed
tracts in diffusion MRI studies in children with CP, mostly with spastic forms. Previous results repeatedly showed decreased
integrity within this WM pathway compared to typically developing children, although thalamocortical connections are

becoming increasingly important [Scheck et al., 2012]. In dyskinetic CP, results about the involvement of CST are

17



R. Pueyo

contradictory. Harlaar et al. (2013) and Yoshida et al. (2011) showed a reduction in FA in the CST, while Park et al. (2014) did
not. In our study, we found a FA reduction in the connections between right precentral gyrus and the brainstem, indicating
some degree of impairment of the pyramidal tracts, but still far from the extensive involvement of the extrapyramidal tracts.
This milder involvement of the pyramidal tracts could be responsible for the signs of spasticity sometimes observed
concomitant with dystonia and choreoathetosis signs in some CP patients with predominant dyskinetic features. Second and
consistent with the node-level results, the WM pathway identified with a decreased FA mainly involves posterior brain
regions with some preservation of the prefrontal areas. This is also observed at the level of commissural connections, since
those showing a FA reduction link medial paracentral and parietal regions. This finding partially agrees with the study of
Yoshida et al. (2011) who found a reduction of the WM integrity in the splenium of the corpus callosum, but also in the genu.
Spastic CP studies also found an involvement of posterior parts of the corpus callosum [Arrigoni et al., 2016; Lee et al., 2011;
Nagae et al., 2007; Thomas et al., 2005; Weinstein et al., 2014]. Finally, our findings confirm the aforementioned involvement
of the hippocampus, as we find a decrease in FA in connections linking the hippocampus with other subcortical structures

and medial and anterior areas of the temporal lobe.

When groups are analysed separately, there is one component with a significant reduction in NOS in both groups with and

without WM involvement at radiological level. In both groups, the reduction in NOS is mainly located in sensorimotor areas,

emphasizing a greater _involvement of occipital and temporal connections in the CP _group without WM injury at the

radiological level, and a greater involvement at the parietal level in the subgroup with WM involvement. In the latter group,

there is also a reduction in the integrity of the WM, again with a high prevalence of parietal connections. The fact that there

is no involvement of FA in the group with no radiological evidences of WM injury could be explained by different reasons. A

first hypothesis is that there really is no alteration of the FA in this group, in which there is only a reduction in the number of

fibers but not in the microstructural integrity of those that have remained. A second option would be that, in this group, the

damage at FA level is much subtler and therefore a larger sample would be needed to detect these differences. Related to

the latter, it could be that not all tracts that join two areas are affected in the same way or even different areas within the

same tract. Finally, it is worth mentioning the role that can play the statistical requirements used in the NBS analysis in such

a small sample. For all this it is necessary to consider these subgroup analyses as preliminary and further studies are needed

to analyse these differences with larger samples.

White matter structure-function correlations

The second objective of this study was to analyze the structure-clinical relationship underlying motor impairment and the
most common cognitive deficits of this population, which are intellectual disability and visuoperceptual disturbances. With

regard to motor function, we found a large bilateral component negatively correlated with GMFCS, indicating that lower

18



R. Pueyo

levels of FA in these connections are related to greater gross motor impairment. This component comprised mainly basal
ganglia and thalamic connections with primary sensorimotor areas, frontal and parietal areas, as well as fronto-parietal and
intraparietal connections. These results match those found in spastic CP in which thalamocortical and fronto-parietal
projections were associated with GMFCS, MACS and other sensorimotor measures [Arrigoni et al., 2016; Pannek et al., 2014;
Tsao et al., 2015]. If we compare this component with that found when compared with the control group, there are some
points worth noting. Firstly, there are a number of connections in which, although do not show a significant reduction of FA
compared to controls, the degree of integrity of their WM fibers does relate to motor performance. This could mean that
these connections, although not shown as affected in all CP subjects, could be injured in the most severe cases, which would
have a larger brain injury. This would fit with qualitative MRI studies in which the extent of brain lesion has been strongly
associated with motor impairment [Arnfield et al., 2013; Reid et al., 2015a]. Secondly, we observe a greater number of
connections to the frontal lobe, specifically prefrontal areas, the left temporal lobe and the occipital lobe. As these areas are
not solely or directly responsible for motor functions, they could be responsible for the diverse associated deficits observed
in this population, as noted by some authors on cognitive impairment [Rai et al., 2013; Scheck et al., 2015; Tsao et al., 2015],
visuoperceptual deficits [Arrigoni et al., 2016; Ego et al., 2015] or communication disturbances [Harlaar et al., 2013;
Sigurdardottir and Vik, 2011]. This would also explain why the more severe the motor impairment, the larger the percentage
of associated deficits [Himmelmann et al., 2009; Krageloh-Mann et al., 2002]. Results in this direction were found by
Englander et al. (2013), who compared bilateral spastic CP cases according to their level of GMFCS and found differences in
the sensorimotor network but also in many other connections (frontal, temporal and occipital) related to perception and
cognition, showing a decreased WM FA with increasing CP severity. Thirdly, it is confirmed that interhemispheric connections
involved in dyskinetic CP are those binding sensorimotor areas. In this analysis, the connections between bilateral primary
motor areas are added to the somatosensory connections already present when compared to controls. This finding agrees
with recent works proving that projections to primary and secondary motor and sensory areas are presumably located more
posteriorly in the corpus callosum than previously suggested, probably including the posterior mid-body, isthmus and
splenium [Gooijers and Swinnen, 2014]. Finally, it also confirms the minor role of the brainstem connections in the motor
impairment of people with dyskinetic CP, compared to spastic forms. Regarding fine motor function (MACS), a smaller
component was identified in which more than 90% of the connections included were also correlated with GMFCS. This
component mainly comprised basal ganglia and thalamocortical projections to sensorimotor areas, fronto-parietal and
parieto-parietal connections. Arrigoni et al. (2016) also found a bigger component in which FA values correlated with GMFCS
than with MACS in subjects with bilateral spastic CP, with a similar overlap in thalamocortical and fronto-parietal connections

although with a greater presence of corticospinal projections.
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NBS correlational analysis including cognitive measures identified clusters of connections positively correlated with WM
integrity. As regards to intelligence, a component was identified with a remarkable proportion of frontal projections (60% of
all connections involved), linked to basal ganglia, thalamus, parietal areas and, to a lesser extent, other frontal areas. The
large overlap of the IQ component with the one found with GMFCS was totally expected, as poorer motor function has been
strongly associated with greater cognitive impairment in dyskinetic CP [Himmelmann et al., 2009]. This relationship is not
surprising since an increasing amount of evidence shows the relevant role that basal ganglia connectivity also play in
cognition [Burgaleta et al., 2014; Rhein et al., 2014; Sandman et al., 2014], especially for their prefrontal connections
[Leisman et al., 2014]. Interestingly, those connections included in the IQ component and non-shared with the GMFCS
component involved prefrontal areas such as the pars triangularis of the inferior frontal gyrus, the caudal part of the middle
frontal gyrus or the superior frontal gyrus. Fronto-parietal projections were also included, which is consistent with distributed
models of intelligence that emphasize the crucial role of WM tracts underlying parieto-frontal association cortices [Jung and
Haier, 2007]. Accordingly with these findings, our results suggest that the state of WM connections in fronto-striatal and
parieto-frontal circuitry may have a role in intellectual performance in people with dyskinetic CP. As a final point, FA in a
small right component was associated with visuoperceptual performance, fitting with the results found by the same authors
of the test [Benton and Van Allen, 1968], as well as subsequently works supporting this test as a good measure of right
hemisphere functioning [Tranel et al., 2009]. Furthermore, our findings indicate that visuoperceptual performance in
dyskinetic CP is linked to microstructural integrity of the visual afferent pathways and visual processing circuitry. Specifically,
the component included connections between putamen, insula and visual areas of the occipital lobe (pericalcarine and
lingual gyrus). The primary visual cortex is located around the calcarine sulcus and the lingual gyrus is also known to be
involved in basic visual information processing and visual memory functions, areas that are gathered in the visuoperceptual
test used. The projections of these visual areas to more rostral structures could be related to the additional connections that
have been associated with the ventral visual pathway, which is an occipito-temporal pathway supporting the processing of
object quality or identity [Kravitz et al., 2014]. In spastic CP, involvement of the ventral stream of visual perception has also
been detected in preterm children with periventricular leukomalacia [Fazzi et al., 2009]. Additionally, a FA reduction has also
been found in longitudinal visual association tracts such as inferior fronto-occipital fasciculus, inferior longitudinal fasciculus,

optic radiation and posterior thalamic radiation in spastic diplegic CP subjects [Ceschin et al., 2015].

Strengths and limitations

This study demonstrates that the application of the connectome-based approach for the first time to the study of dyskinetic
CP helps to elucidate WM injury in this population, identifying pathways of altered connectivity, as well as to increase

knowledge about the structure-function relationship. It is further demonstrated as a valid tool for detecting microstructural

WM impairment that cannot be identified by conventional MRI. Identifying the particular features of individuals with
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dyskinetic CP is crucial for a better understanding of this little-known CP subtype, and may contribute to the design of more

appropriate interventions and follow-up programs. Moreover, changes in brain connectivity may potentially help to

determine the underlying mechanisms of the observed functional improvements produced by these interventions.

However, the current study is not without limitations. First, as DWI is an indirect reconstruction of WM rather than a direct

axonal measure, data should be interpreted as an estimation of anatomical connectivity [Jones, 2010]. Second, deterministic

tractography algorithms are criticized for their failure to resolve crossing-fiber geometries, which predominantly results in

false negatives, especially in short, local tracts between adjacent brain regions [Jbabdi and Johansen-Berg, 2011]. Although

connectome sensitivity can be improved with probabilistic tractography algorithms, this is at the expense of lowering

specificity due to the introduction of false positives, which may be not recommended since connectome specificity has been

found to be more important than connectome sensitivity, particularly with respect to analyses of topological properties of

brain networks [Zalesky et al., 2016]. It should be added that there is evidence showing that diffusion tractography derived

connectome using deterministic fiber tracking form a valid in vivo approximation of WM tract in terms of strength [van den

Heuvel et al., 2015a]. Another methodological aspect of parcellation-based connectomes is the impact of template choice

on the spatial and topological organization of the resulting brain networks. Care should be taken when comparing results of
studies that employ different parcellation schemes [de Reus and van den Heuvel, 2013b]. One specific limitation of the
parcellation scheme used in this work is that the cerebellum was not included. As the cerebellum has been involved in

dystonia [Shakkottai et al., 2016], it would be interesting for future works to study its role in dyskinetic CP.

Finally, the sample also requires some considerations. Although sample size may be considered large taking into account the

characteristics of the sample and previous DWI studies, it is small in terms of statistical power. Results at the subgroup level

must be considered preliminary and future studies with larger samples should confirm these findings. Secondly, the

standardized and automated approach carried out here increases reproducibility, but it prevents the inclusion of significantly
atypical brains due to problems in the automated parcellation. This, together with the fact that those subjects with severe
sensory or comprehension deficits cannot be included in a study of this nature may limit the generalizability of the results.

Another limitation is the lack of a well-established measure of the dyskinesia component in CP, hence our study was only

based on general clinical criteria. Furthermore, it cannot be excluded that the relationship between brain structure and

clinical function may be modulated by the pharmacological treatment [Haneef et al., 2015; Vaessen et al., 2012], which is

very common in CP. Finally, the wide age range of the sample should also be noted. This might also be affecting the

relationship between brain structure and clinical functions, even though this variable was controlled for in all analyses.

However, it should be noted that the clinical measures used have been found to remain quite stable by the age of our sample

[Franic et al., 2014; McKone, E., Crookes, K., & Kanwisher, 2009; Schalke et al., 2013].
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Conclusion

The present findings indicate that connectome-based analyses can identify a disruption in brain connectivity in subjects with
dyskinetic CP. This disruption is characterized by a widespread reduction of WM volume but a more localized involvement
in terms of fiber integrity (FA) and number of links per node (degree), generally involving parieto-occipital areas with a
relative preservation of the prefrontal lobe. Hippocampal connectivity was also shown to be reduced in CP subjects. Bilateral
supramarginal gyrus, however, showed higher degree compared to controls, with an increased prevalence of connections
with basal ganglia, thalamus and frontal areas. At the network level, we identified a bilateral symmetrical pathway in which
FA was reduced in CP subjects compared to controls, mostly comprising connections among basal ganglia and thalamus with
sensorimotor areas, parieto-parietal connections, fronto-parietal connections as well as hippocampal connections.

Preliminary analyses showed a similar, although smaller, pattern of WM involvement in subjects with no evidence of WM

injury at the radiological level regarding measures of WM volume. No significant reduction was observed is this group

compared to controls in terms of WM integrity. Finally, we also identified pathways in which FA was related to clinical

features. Gross and fine motor function correlated with fiber integrity in a bilateral pathway comprising connections among
the sensorimotor system, but gross motor function was also significantly correlated with prefrontal, temporal and occipital
connections. As regards cognitive measures, IQ was correlated with FA in a network with a remarkable prevalence of fronto-

striatal and parieto-frontal connections, and visuoperceptual performance was linked to right occipital projections.
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Figure captions

Figure 1. Results of the comparison of node-level graph metrics between CP subjects and healthy controls (HC). The size
of the nodes indicates the absolute difference among CP subjects and controls; warm colours indicate CP<HC and cold colours
CP>HC; high-intensity colour indicates significant differences and low-intensity colour indicates non-significant differences
after applying FDR correction for multiple comparisons (p<0.05); CP: Cerebral palsy; FA: Fractional anisotropy; HC: Healthy

controls; L: Left; NOS: Number of streamlines; R: Right. BrainNet Viewer was used to create these figures [Xia et al., 2013].

Figure 2. Results of the network-based statistic analysis (NBS). Node and edge colour indicates network membership; red
indicates significance and grey indicates tendency (0.05<P<0.1); the size of the nodes indicates the number of connections
of this node that are included in the component. BFRT: Benton’s Facial Recognition Test; CP: Cerebral palsy; FA: Fractional
anisotropy; GMFCS: Gross Motor Function Classification System; HC: Healthy controls; 1Q: Intelligence quotient; L: Left;

MACS: Manual Ability Classification System; R: Right. BrainNet Viewer was used to create these figures [Xia et al., 2013].

Figure 3. Circular graph of the results of the network-based statistic analysis (NBS). Lines indicate significant connections
for every kind of analysis. Edge colours separate intrahemispheric connections (dark green for the left hemisphere; soft green
for the right hemisphere) and interhemispheric connections (green-yellow). The colour of the circle nodes indicates the
number of connections of this node that are included in the component: the brighter means more connections. CP: Cerebral
palsy; FA: Fractional anisotropy; GMFCS: Gross Motor Function Classification System; HC: Healthy controls; 1Q: Intelligence
quotient; L: Left; MACS: Manual Ability Classification System; R: Right. Schemaball was used to create this figure (Komarov,

2013).
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