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Abstract
This study explored the role of lesion timing (periventricular white matter versus cortical and deep grey matter lesions) and 
type of corticospinal tract (CST) wiring pattern (contralateral, bilateral, ipsilateral) on white matter characteristics of the 
CST, medial lemniscus, superior thalamic radiations and sensorimotor transcallosal fibers in children with unilateral cerebral 
palsy (CP), and examined the association with upper limb function. Thirty-four children (mean age 10 years 7 months ± 2 
years 3 months) with unilateral CP underwent a comprehensive upper limb evaluation and diffusion weighted imaging (75 
directions, b value 2800). Streamline count, fractional anisotropy and mean diffusivity were extracted from the targeted 
tracts and asymmetry indices were additionally calculated. Transcranial magnetic stimulation was applied to assess the CST 
wiring pattern. Results showed a more damaged CST in children with cortical and deep grey matter lesions (N = 10) and 
ipsilateral CST projections (N = 11) compared to children with periventricular white matter lesions (N = 24; p < 0.02) and 
contralateral CST projections (N = 9; p < 0.025), respectively. Moderate to high correlations were found between diffusion 
metrics of the targeted tracts and upper limb function (r = 0.45–0.72; p < 0.01). Asymmetry indices of the CST and sensory 
tracts could best explain bimanual performance (74%, p < 0.0001) and unimanual capacity (50%, p = 0.004). Adding lesion 
timing and CST wiring pattern did not further improve the model of bimanual performance, while for unimanual capacity 
lesion timing was additionally retained (58%, p = 0.0002). These results contribute to a better understanding of the underlying 
neuropathology of upper limb function in children with unilateral CP and point towards a clinical potential of tractography.

Keywords Unilateral cerebral palsy · Upper extremity · Brain injuries · Diffusion magnetic resonance imaging · 
Transcranial magnetic stimulation

Introduction

The developing human brain possesses intriguing com-
pensatory mechanisms to retain sensorimotor functions 
after a lesion occurring early in brain development (Staudt 
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2010). Hence, neuroimaging studies in children with early 
brain lesions, such as those with cerebral palsy (CP), have 
increased exponentially in an attempt to unravel how the 
underlying neuropathology determines their level of func-
tioning. CP is a non-progressive brain disorder, causing a 
range of symptoms that vary greatly amongst these children 
(Colver et al. 2014). It has been proposed that their clini-
cal variability is at least partially caused by differences in 
characteristics of the underlying brain lesion. In children 
with unilateral CP, predominant unilateral brain lesions 
will elicit sensorimotor symptoms at one side of the body. 
The largest part of these children have average cognitive 
abilities and achieve independent walking (Beckung et al. 
2008; Reid et al. 2018). However, the limitations of their 
upper limb are more variable and may still adversely affect 
their independence in life (Klingels et al. 2012). Moreover, 
upper limb function is not solely determined by structural 
and functional limitations, but also by practice, preference 
and strategy (Hoare et al. 2018). Hence, understanding the 
clinical variability of the upper limb and its best treatment 
options within this population is a major clinical concern.

Studies investigating structure–function relationships 
often classify children with CP based on specific brain 
lesion characteristics. Most commonly, children with CP 
are classified based on the timing of the lesion: i.e., corti-
cal maldevelopments (occurring in the first and second tri-
mester of gestation), periventricular white matter (PWM) 
lesions (early third trimester) or cortical and deep grey mat-
ter (CDGM) lesions (around term age) (Krägeloh-Mann and 
Horber 2007). Secondly, in children with unilateral CP also 
the corticospinal tract (CST) wiring pattern may vary. Dur-
ing normal brain development, the CST sprouts bilaterally 
from each hemisphere to both hands. From the third trimes-
ter of pregnancy onwards, the ipsilateral tracts gradually 
disappear (Eyre et al. 2007). However, in case of an early 
unilateral brain lesion, ipsilateral tracts can be partially or 
completely preserved, resulting in a bilateral or ipsilateral 
CST wiring pattern innervating the impaired hand (Staudt 
2010; Eyre et al. 2007). Both variables have been shown to 
relate with upper limb function in children with unilateral 
CP (Staudt 2010), though a large part of the variability in 
upper limb function still remains unexplained (Feys et al. 
2010; Staudt et al. 2004). Hence, diffusion weighted imag-
ing is increasingly used in children with CP to obtain more 
precise information of brain white matter abnormalities (Son 
et al. 2007). Recent studies already demonstrated the nega-
tive relation between damaged white matter pathways of the 
motor, sensory and interhemispheric tracts (i.e. corpus cal-
losum) and upper limb function in children with unilateral 
CP (Mailleux et al. 2020). Still, correlations were mostly 
low to moderate, suggesting that these factors are also not 
sufficient as a predictor for motor outcome. Moreover, the 
majority of existing studies focused on one particular tract.

This raises the question whether combining multiple 
structural brain lesion characteristics, retrieved from differ-
ent imaging techniques would further enhance our under-
standing of the neuropathology underlying upper limb 
dysfunction in children with unilateral CP. Furthermore, it 
remains unknown whether white matter characteristics differ 
depending on the aforementioned classification groups (i.e. 
lesion timing and CST wiring patterns). Gaining insights in 
these associations would contribute to a better understanding 
of the relationship between specific brain lesion character-
istics and upper limb function in children with unilateral 
CP. Hence, the first aim of this study was to compare white 
matter characteristics of the CST, medial lemniscus, superior 
thalamic radiations and the sensorimotor transcallosal fib-
ers between children with different lesion timings and CST 
wiring patterns. Secondly, we systematically assessed the 
relationship between the diffusion metrics of these tracts and 
upper limb motor and sensory function. Lastly, we inves-
tigated which set of diffusion metrics best explained the 
variance in upper limb function, and investigated whether 
adding lesion timing and type of CST wiring pattern would 
improve the regression model. We hypothesized that damage 
to white matter tracts would be more pronounced in children 
with CDGM lesions and an ipsilateral or bilateral CST wir-
ing pattern compared to children with PWM lesions and a 
contralateral CST wiring pattern, respectively. We further 
hypothesized that diffusion metrics of the CST would be 
the most important determinant for upper limb function and 
that sensory and/or interhemispheric connectivity would 
play an additional role. Finally, it was expected that adding 
lesion timing and type of CST wiring pattern would further 
increase the amount of explained variance.

Materials and methods

Participants

Forty-seven children with spastic unilateral CP (aged 
5–15 years) were recruited for this study between May 2014 
and April 2017 via the CP-care program of the University 
Hospitals Leuven (Belgium). Exclusion criteria were: (1) 
botulinum toxin-A injections in the 6 months prior to test-
ing, (2) upper limb surgery and (3) any contraindications 
for MRI. Eight children were excluded due to excessive 
head motion and four due to the inability of generating the 
CST, medial lemniscus and superior thalamic radiation in 
the lesioned hemisphere nor the sensorimotor transcallosal 
fibers. One child was classified as having a cortical malde-
velopment, and was excluded for further analyses. Of the 
remaining 34 children, 24 were classified in the PWM group 
and 10 in the CDGM group. Regarding type of CST wir-
ing pattern, 9 children had contralateral CST projections (8 



1497Brain Structure and Function (2020) 225:1495–1509 

1 3

PWM and 1 CDGM), 10 bilateral CST projections (5 PWM, 
5 CDGM) and 11 ipsilateral CST projections (8 PWM, 3 
CDGM). Due to the presence of epilepsy (N = 2) or due to 
refusal (N = 2), we were unable to perform the TMS assess-
ment in four children. Average age at time of the assessments 
was 10 years and 3 months (SD 2 years and 7 months). A 
detailed overview of patient’s characteristics is presented in 
Supplementary Material 1. The protocol was approved by 
the Ethical Committee of the University Hospitals Leuven 
(S55555, S56513) and parental written informed consent 
was obtained for all children prior to participation, accord-
ing to the Declaration of Helsinki. Children aged 12 years 
or above were additionally asked for their assent prior to 
participation.

Procedure

All children underwent a comprehensive upper limb evalu-
ation, including a clinical assessment of motor and sensory 
impairments, as well as an evaluation of bimanual perfor-
mance and unimanual capacity at the Clinical Motion Analy-
sis Laboratory of the University Hospitals Leuven. Children 
were assessed by three well-trained physiotherapists who 
were routinely involved in the clinical evaluation of chil-
dren with CP. At the same day or with a time interval of 
maximum four months, all children underwent a scanning 
protocol including structural and diffusion weighted MRI 
scans, as well as transcranial magnetic stimulation (TMS) 
to determine the CST wiring pattern.

Clinical assessment

Sensorimotor impairments were evaluated according to a 
standardized and reliable protocol (Klingels et al. 2010), 
including muscle tone, muscle strength, grip force and 
sensory function. Muscle tone was assessed in six muscle 
groups at the level of the shoulder (adductors, internal rota-
tors), elbow (flexors, pronators), wrist and hand (wrist and 
finger flexors) (total score; 0–24) using the Modified Ash-
worth Scale (Bohannon and Smith 1987). Muscle strength 
was measured in four muscle groups at the level of the shoul-
der (abductors), elbow (extensors and supinators) and wrist 
(extensors) (total score; 0–20) using the Medical Research 
Council rating. Grip force was evaluated with the Jamar 
dynamometer (Lafayette Instrument Company, Lafayette, 
IN, USA). The ratio of the mean of three maximum con-
tractions of the impaired versus the dominant hand was used 
for further analyses. Sensory assessments included two-point 
discrimination and stereognosis. Two-point discrimination 
was evaluated at the distal phalanx of the index finger as 
the minimal distance at which one or two points were cor-
rectly distinguished using an  aesthesiometer®. Stereogno-
sis was assessed through tactile identification of six out of 

twelve familiar objects; three of six objects matched in pairs 
(pencil/pen, coin/button, paperclip/safety pin) and three of 
six differing objects (key, clothespin, marble, comb, spoon, 
ball).

To evaluate bimanual performance, the Assisting Hand 
Assessment (AHA) (Krumlinde-Sundholm et  al. 2007; 
Holmefur and Krumlinde-Sundholm 2016) was used. The 
AHA assesses the spontaneous use of the impaired hand in 
bimanual activities during a semi-structured play session 
which is video-recorded. Afterwards, 22 items describing 
object-related hand actions were scored and converted to 
0–100 logit-based AHA units (Holmefur and Krumlinde-
Sundholm 2016). The Melbourne Assessment 2: a test of 
unilateral upper limb function (MA2) and the Jebsen-Taylor 
Hand Function Test (JTHFT) were used to assess uniman-
ual capacity of the impaired hand. The MA2 is a criterion-
referenced test that evaluates four elements of upper limb 
movement quality: range of motion, accuracy, dexterity 
and fluency (Randall et al. 2014). It contains 14 unimanual 
tasks which are video-recorded for subsequent scoring. Raw 
scores were converted to a percentage score for each of the 
four sub-scales. The JTHFT evaluates movement speed 
during the execution of six unimanual tasks (Taylor et al. 
1973). The ratio of the impaired versus the dominant hand 
was used for further analyses. Finally, manual ability during 
daily life activities was assessed with the ABILHAND-kids 
questionnaire filled in by the parents (Arnould et al. 2004). 
Raw scores were converted to logits. All clinical scales are 
found to be reliable and valid (Krumlinde-Sundholm et al. 
2007; Holmefur and Krumlinde-Sundholm 2016; Randall 
et al. 2014; Taylor et al. 1973; Arnould et al. 2004).

Medical imaging

A 3.0 T MRI scanner (Achieva, Philips Medical Systems, 
Best, The Netherlands) with a 32-channel head coil was 
used for image acquisition, using a child friendly approach 
including a familiarization protocol with the children up to 
ten years of age (Verly et al. 2018) and a presentation of 
a video during scanning. The imaging protocol consisted 
of a T1-weighted anatomical image acquired using three-
dimensional T1-weighted turbo field echo with the follow-
ing parameters: slice gap 0, TE/TR/TI 4.6/9.7/866 ms, FOV 
250FH × 250RL × 192AP mm3, 0.98 × 0.98 × 1.2 mm3 
voxel size. Diffusion weighted images were acquired using 
the following parameters: single-shot spin-echo Echo Pla-
nar Imaging; slice thickness 2.5 mm, TE/TR 90/7800 ms, 
anterior–posterior phase encoding direction with an inplane 
parallel acquisition factor (i.e. SENSE factor) of 2.5 (Pruess-
mann et al. 1999), number of sagittal slices 58, voxel size 
2.5 × 2.5 × 2.5 mm3, 75 uniformly distributed diffusion 
directions with a b value of 2800 s/mm2. In addition, ten 
non-diffusion weighted images were obtained.
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MRI processing

Pre-processing and tractography were performed using 
FSL (version 5.0.1) and ExploreDTI (version 4.8.6) (Lee-
mans et al. 2009). The T1 images were first reoriented to 
standard orientation using fslreorient2std and skull stripped 
using the optiBET script (Lutkenhoff et al. 2014), which 
optimizes brain extraction for T1 images with large brain 
pathologies using the FSL BET tool. The reoriented skull 
stripped images were then rigidly linearly aligned (6 degrees 
of freedom) to MNI space using FSL FLIRT. Diffusion 
weighted images were visually inspected for artefacts from 
different orthogonal views. ExploreDTI was used for cal-
culation of the initial tensor images, which were then cor-
rected for Gibbs ringing (Perrone et al. 2015), eddy cur-
rent induced distortions, subject motion, and EPI induced 
geometrical distortions. Echo planar imaging distortions 
were corrected by elastic registration to the preprocessed 
T1 images. In addition, outliers were detected and removed 
using REKINDLE (Tax et al. 2015). Diffusion image correc-
tion also included a b-matrix rotation (Leemans et al. 2007). 
Participants with more motion than 2.5 mm in one single 
frame (original voxel size; translational parameter) were 
excluded. Secondly, whole brain deterministic tractography 
was performed in ExploreDTI with a seed point resolution 
of 1.5 × 1.5 × 1.5 mm, fractional anisotropy threshold of 0.2, 
a maximum angle of 35°, fiber length between 10–500 mm 
and using random perturbation of seed points. The whole 
brain tractography data was subsequently dissected using 
manually drawn regions of interest (ROIs) for the delinea-
tion of each fiber bundle in each participant, including the 
CST, medial lemniscus, superior thalamic radiations and the 
sensorimotor transcallosal fibers. At least two ROIs were 
manually drawn to identify streamlines for each fiber bun-
dle according to specific anatomical landmarks (see Fig. 1) 
(Hofer and Frahm 2006; Mori et al. 2008; Thomas et al. 
2005).

Data analysis

For the CST, the initial ‘AND’ ROI was placed in the upper 
pons with ‘AND’ ROIs around the ipsilateral PLIC and 
Rolandic area in the axial plane (Mori et al. 2008). For the 
medial lemniscus, the initial ‘AND’ ROI was drawn on the 
posterior column at the level of the pons, with ‘AND’ ROIs 
around the ipsilateral cerebral peduncle and Rolandic area 
in the axial plane (Mori et al. 2008). For the superior tha-
lamic radiations, the initial ‘AND’ ROI was placed around 
the thalamus with an ‘AND’ ROI around the ipsilateral 
parietal cortex in the axial plane (Thomas et al. 2005). For 
the sensorimotor transcallosal fibers, an initial ‘AND’ ROI 
was drawn around the posterior half of the transcallosal 
fibers in the sagittal plane, with ‘AND’ ROIs around the 

Rolandic area of each hemisphere in the axial plane (Hofer 
and Frahm 2006). Spurious streamlines, not belonging to 
the anticipatory trajectories were trimmed using exclusion 
ROI’s. Finally, streamline count, fractional anisotropy and 
mean diffusivity averaged along each tract were calculated. 
In addition, asymmetry indices of these values were calcu-
lated as: AI = (D − L)/(D + L), where ‘D’ represents the dif-
fusion metric of the dominant hemisphere (i.e. less affected 
hemisphere) and ‘L’ of the lesioned hemisphere. Values of 
these asymmetry indices can vary between ‘− 1’ to ‘1’. A 
value closer to ‘0’ equals more symmetry between both hem-
ispheres. For streamline count, only the asymmetry index 
was used as streamline counts are not comparable between 
subjects (Jones et al. 2013). Moreover, streamline count does 
not reflect the actual amount of fibers and should thus be 
interpreted as a measure of tract quality (Jones et al. 2013). 
The degree of overlap between all CST’s, medial lemniscus 
and superior thalamic radiation of the same hemisphere was 
quantified using dice coefficients (Dice 1945), calculated 
with in-house written Matlab scripts. These calculations 
revealed low dice coefficients, indicating low similarity 
between homologous fiber bundles of the CST and superior 
thalamic radiation (0.01 ± 0.03 to 0.02 ± 0.03) and medial 
lemniscus and superior thalamic radiation (0.08 ± 0.08 to 
0.11 ± 0.09). Dice coefficients between the CST’s and medial 
lemniscus showed a slightly higher overlap (0.23 ± 0.14 to 
0.25 ± 0.13), which is not surprising as these sensorimotor 
fibers overlap in the brain and are mainly delineated from 
each other in the brainstem (Mai and Paxinos 2011).

These a priori determined instructions, defined by two 
neuroradiologists (AR, SS), were followed and consist-
ently applied for each participant. Intraclass correlation 
coefficients (ICC) were first calculated on 15 randomly 
selected participants to evaluate interrater reliability 
of two independent raters (LM, AR) using streamline 
count, fractional anisotropy and mean diffusivity of all 
tracts. ICC’s for interrater reliability were high for the 
CST (0.88–0.998), the medial lemniscus (0.81–0.998), 
the superior thalamic radiations (0.79–0.97) as well as 
the sensorimotor transcallosal fibers (0.85–0.98). Mean 
ICC’s (95% CI) for each DTI metric for each tract are 
provided in Supplementary Material 2. In addition, the 
degree of overlap between both raters was quantified 
using dice coefficients, revealing good coefficients for 
the CST (less affected CSTs: 0.84 ± 0.08; lesioned CSTs: 
0.79 ± 0.26), medial lemniscus (less affected: 0.83 ± 0.1; 
lesioned: 0.74 ± 0.19) and sensorimotor transcallosal fibers 
(0.77 ± 0.15) (Zijdenbos et al. 1994). Dice coefficients of 
the superior thalamic radiations in the less affected hemi-
sphere were also good (0.73 ± 0.18). In the lesioned hemi-
sphere, dice coefficients of this tract were rather moderate 
(0.62 ± 0.21). Subsequently, one rater (LM) analyzed all 
other participants.
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Transcranial magnetic stimulation

Participants without contraindications (e.g. ventriculo-per-
itoneal shunt, epilepsy) underwent the TMS assessment. 
TMS was performed by an experienced assessor (CSM) to 
identify the CST wiring pattern innervating the impaired 
hand: i.e. contralateral, bilateral or ipsilateral. TMS was 
conducted with a Magstim 200 stimulator (Magstim Ltd, 
Whitland, Wales, UK) connected to a 70 mm figure-eight 

coil. Motor evoked potentials from the adductor pollicis 
brevis muscles were recorded from both hands using a 
Bagnoli electromyography system with a single differential 
surface electrode (Delsys Inc, Natick, MA, USA) attached 
to each muscle. A Micro1401-3 acquisition unit and Spike 
software version 4.11 (Cambridge Electronic Design Lim-
ited, Cambridge, UK) were used to synchronize the TMS 
stimuli and the electromyography data acquisition.

Fig. 1  Manual delineation of the regions of interest in yellow and tracking results for a the sensorimotor transcallosal fibers, b the corticospinal 
tract, c medial lemniscus and d superior thalamic radiations
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The protocol defined by Staudt et al. (2002) was followed. 
TMS was applied over the cortical representation of the hand 
in order to identify the hotspot (i.e. optimal point to stimu-
late) and resting motor threshold for the abductor pollicis 
brevis muscles. Stimulation was started at 30% and gradu-
ally increased in steps of 5%. The resting motor threshold 
was defined as the minimum intensity needed to obtain five 
out of ten motor evoked potentials of at least 50 μV in the 
correspondent muscle. First, the less affected hemisphere 
was stimulated to identify contralateral CST projections 
to the dominant hand. Secondly, stimulation of the less 
affected hemisphere was increased up to 100% of the maxi-
mum stimulator output to search for ipsilateral CST projec-
tions to the impaired hand. Third, the lesioned hemisphere 
was stimulated to search for contralateral CST projections 
to the impaired hand. The absence of ipsilateral responses 
when stimulating the less affected hemisphere indicated 
that the impaired upper limb was mainly controlled by the 
lesioned hemisphere, i.e. ‘contralaterally wired’. If motor 
evoked potentials were present during stimulation of both 
hemispheres, the child was classified as ‘bilaterally wired’. 
In case motor evoked potentials at the impaired hand could 
only be identified when the less affected hemisphere was 
stimulated, the child was categorized as ‘ipsilaterally wired’.

Statistical analysis

The Shapiro–Wilk test was used to assess data distribution. 
To investigate differences in diffusion metrics (fractional 
anisotropy and mean diffusivity) of the CST, medial lem-
niscus, superior thalamic radiations of both hemispheres 
and the sensorimotor transcallosal fibers depending on 
lesion timing (i.e. PWM or CDGM lesions) or CST wiring 
pattern (i.e. contralateral, bilateral or ipsilateral), we used 
an ANCOVA with age as covariate. Comparisons of the 
asymmetry indices between lesion timing were done with 
an unpaired t test in case of normally distributed data (i.e. 
asymmetry index mean diffusivity CST and medial lemnis-
cus) or with a Mann–Whitney U test in case of not normally 
distributed data. To compare the asymmetry indices between 
type of CST wiring pattern, an ANOVA was used in case 
of normally distributed data (asymmetry index fractional 
anisotropy CST; asymmetry index mean diffusivity CST 
and medial lemniscus) and for not normally distributed data 
with a Kruskall–Wallis test. Post-hoc significance level was 
adjusted according to Bonferroni for comparisons between 
the three CST wiring patterns.

The relation between upper limb function measures and 
diffusion metrics (fractional anisotropy and mean diffusiv-
ity) of the tracts of only the lesioned hemisphere and the sen-
sorimotor transcallosal fibers was investigated using partial 
correlations (r) with age as covariate. Depending on the type 
of data, spearman’s rank (rs), biserial (rb) or pearson’s (rp) 

correlation coefficients were calculated between the upper 
limb function measures and the asymmetry indices. Spear-
man’s rank (rs) correlations coefficients were calculated 
between two not-normally distributed variables, biserial 
(rb) correlation coefficients between a normally and not-
normally distributed variable and pearson’s (rp) correlation 
coefficients between two normally distributed variables. The 
level of significance was set at 0.01 based on the Bonfer-
roni correction, due to the high amount of correlations. We 
hypothesized that at least one of five correlations between 
the five DTI metrics (fractional anisotropy, mean diffusivity 
and the three asymmetry indices) of one specific tract and 
each clinical measure is different from zero, resulting in a 
corrected p value of 0.01 (p = 0.05/5). Moreover, correla-
tions will be mainly interpreted according to their strength 
as this is clinically more meaningful (Schober et al. 2018). 
Absolute correlation coefficients < 0.20 were considered as a 
negligible correlation, 0.21–0.39 as low, 0.40–0.69 as mod-
erate, 0.70–0.89 as high, and > 0.90 as very high correlation 
(Ariola 2006).

A multiple regression analysis using the R-Square Selec-
tion Method (Freund and Littell 2000) was performed to 
identify the best set of diffusion metrics explaining the larg-
est variance in bimanual performance (i.e. AHA) as well as 
in unimanual capacity (i.e. Jebsen Taylor Hand Function 
Test of the impaired hand). Due to the relatively small sam-
ple size, we selected maximally three independent variables 
in order to avoid overfitting of the model (i.e. one independ-
ent variable for ten participants) (Harrell et al. 2005). Two 
models were tested, one model with fractional anisotropy 
and mean diffusivity of the lesioned CST, medial lemniscus, 
superior thalamic radatiations and the sensorimotor transcal-
losal fibers, and a second model with the asymmetry indi-
ces of fractional anisotropy, mean diffusivity and streamline 
count of the CST, medial lemniscus and superior thalamic 
radiations along with fractional anisotropy and mean diffu-
sivity of the sensorimotor transcallosal fibers. Secondly, we 
explored whether lesion timing and/or CST wiring pattern 
would have an additional value in explaining the variance, 
resulting in a third and fourth model. Two-sided 5% signifi-
cance level was used, unless otherwise specified. Statistical 
procedures were carried out with SPSS (version 24.0, SPSS 
Inc, Chicago, IL, USA) and SAS Enterprise Guide 7.1.

Results

Comparison of white matter characteristics 
between lesion timing groups

Descriptives of each white matter characteristic of each tract 
can be found in Supplementary Material 3. Figure 2 presents 
FA images of a child with a PWM lesion and a child with a 
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CDGM lesion. No significant differences in diffusion metrics 
were found for the CST, medial lemniscus or superior tha-
lamic radiations of the less affected hemisphere (p > 0.26), 
nor for the sensorimotor transcallosal fibers (p > 0.55) 
between children with PWM and CDGM lesions. In the 
lesioned hemisphere, mean diffusivity of the CST (p = 0.001) 
and medial lemniscus (p = 0.006) was significantly higher in 
the CDGM group compared to the PWM group. Regarding 
the asymmetry indices, significantly more asymmetry was 
found for mean diffusivity of the CST (p = 0.02) and medial 
lemniscus (p = 0.049) in the CDGM group compared to the 
PWM group. No significant differences were found for the 
other asymmetry indices (p > 0.17).

Comparison of white matter characteristics 
between CST wiring patterns

Descriptives of each white matter characteristic of each tract 
can be found in Supplementary Material 4. Figure 3 displays 
the CST wiring patterns in two children categorized in the 

ipsilaterally wired group, one in the bilateral group and one 
in the contralateral group.

In the less affected hemisphere, only fractional anisot-
ropy of the medial lemniscus was significantly different 
(p = 0.002) between children with different CST wiring pat-
terns. Post-hoc tests showed higher values in the contralater-
ally wired group as opposed to the ipsilaterally (p = 0.002) 
and bilaterally (p = 0.04) wired group. In the lesioned hem-
isphere, fractional anisotropy of the CST (p = 0.025) dif-
fered significantly between groups, indicating higher values 
in the contralaterally compared to the ipsilaterally wired 
group (p = 0.02). No significant differences were found for 
the diffusion metrics of the lesioned medial lemniscus and 
superior thalamic radiations, nor for the sensorimotor trans-
callosal fibers (p > 0.07). Regarding the asymmetry indices, 
the asymmetry index of streamline count of the CST differed 
significantly between groups (p = 0.005). Post-hoc analyses 
revealed significantly less asymmetry in the contralateral 
compared to the ipsilateral (p = 0.002) and bilateral group 
(p = 0.02). A significant difference was also found for mean 
diffusivity of the medial lemniscus (p = 0.04). However, 

Fig. 2  FA images of three coronal slices of a child with a left PWM lesion (a–c) and a child with a right CDGM lesion (d–f)
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post-hoc differences did not reach statistical significance 
after Bonferroni correction (p = 0.07).

Association between diffusion metrics 
and sensorimotor impairments

Correlation coefficients between sensorimotor impairments 
and both diffusion metrics and asymmetry indices are dis-
played in Table 1. Moderate correlations were found between 
the motor impairments (i.e. muscle tone, muscle strength, 
grip force) and all diffusion metrics of the CST (rb = − 0.49 
to rs = − 0.69), with strongest correlations for the streamline 
count asymmetry index (rs = − 0.57 to − 0.69). For the sen-
sory tracts, mean diffusivity of the medial lemniscus and the 
mean diffusivity asymmetry index of the medial lemniscus 
and superior thalamic radiations were also moderately corre-
lated with the motor impairments (rs = − 0.46 to rb = − 0.53). 
Regarding the sensorimotor transcallosal fibers, only one 
moderate correlation was found between mean diffusivity 
and muscle tone (rp = 0.45).

For the sensory impairments (i.e. stereognosis and 
two-point discrimination), moderate correlations were 
found with mean diffusivity of the CST and its asymmetry 
index (r = − 0.49 to r = − 0.59). For the medial lemniscus, 
moderate correlations were found between two-point dis-
crimination and stereognosis with fractional anisotropy 
and mean diffusivity (r = − 0.50 to − 0.53) as well as 

the mean diffusivity asymmetry index (rb = 0.50–0.56). 
For the superior thalamic radiations, fractional anisotropy 
was moderately correlated with two-point discrimination 
(r = 0.50) and with stereognosis (r = 0.49). A moderate 
correlation was further found between the asymmetry 
index of mean diffusivity and two-point discrimination. 
Low to no correlations were found between the diffusion 
metrics of the sensorimotor transcallosal fibers and sen-
sory impairments (rs = < 0.36).

Association between diffusion metrics and activity 
limitations

Correlation coefficients between activity limitations and 
both diffusion metrics and asymmetry indices are summa-
rized in Table 2. Mostly moderate correlations were found 
for the CST and the AHA (rp = 0.49 to r = − 0.56), the 
MA2 (rb = 0.45 to r = − 0.67) and the JTHFT (r = − 0.48 to 
rs = − 0.55). The streamline count asymmetry index of the 
CST was highly correlated with the AHA (rb = 0.72). For 
both sensory tracts, only mean diffusivity and its asymmetry 
index were moderately correlated with the AHA (r = − 0.49 
to r = − 0.62), the MA2 (ROM and dexterity subscales; 
r = − 0.51 to r = − 0.67) and the JTHFT (r = − 0.51 to 
rb = − 0.62). For the sensorimotor transcallosal fibers, mean 
diffusivity was related with the AHA (r = − 0.47), the MA2 

Fig. 3  Corticospinal tracts in a contralaterally wired child (a,b), a bilaterally wired child (c,d) and two ipsilaterally wired children (e–h) Yellow 
tracts represent the tracts in the less affected hemisphere, blue tracts the lesioned hemisphere
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ROM subscale (rb = − 0.46) and the JTHFT (r = − 0.45). 
Only low correlations were found for the ABILHAND-kids 
questionnaire (r < − 0.39).

Multiple regression

For these analyses, only children with TMS-data available 
were included (N = 30).

The output of the four models is summarized in Table 3 
for both outcome measures. Each of the four models could 

Table 1  Correlation coefficients 
between diffusion metrics and 
sensorimotor outcomes

Bold indicates p < 0.01
2PD two-point discrimination, SC streamline count, FA fractional anisotropy, MD mean diffusivity, L 
lesioned hemisphere, AI asymmetry index, r partial correlations, rp pearson correlation, rb biserial correla-
tion, rs spearman correlation, – no correlation (r < 0.21); 0.21–0.39, low correlation; 0.40–0.69, moderate 
correlation
***p < 0.0001; **p < 0.001; *p < 0.01

Muscle tone Muscle strength Grip force 2PD Stereognosis

Corticospinal tract
 FAL r = − 0.33 r = 0.42 r = 0.44 – r = 0.23

p = 0.09 p = 0.024 p = 0.018 p = 0.24
 MDL r = 0.49* r = − 0.61** r = − 0.41 r = − 0.49* r = − 0.59**

p = 0.008 p < 0.001 p = 0.026 p = 0.009 p = 0.001
 AI SC rb = − 0.60** rs = − 0.57* rs = − 0.69*** – rs = − 0.35

p = 0.001 p = 0.001 p < 0.001 p = 0.07
 AI FA rp = − 0.32 rb = − 0.25 rb = − 0.37 rb = 0.23 –

p = 0.09 p = 0.19 p = 0.05 p = 0.24
 AI MD rb = − 0.49* rs = 0.59** rs = 0.35 rs = 0.41 rs = 0.50*

p = 0.007 p = 0.001 p = 0.06 p = 0.03 p = 0.005
Medial lemniscus
 FAL r = − 0.27 r = 0.32, r = 0.33 r = 0.52* r = 0.52*

p = 0.14 p = 0.08 p = 0.07 p = 0.003 p = 0.003
 MDL r = 0.51* rs = − 0.46* r = − 0.46* rs = − 0.50* r = − 0.53*

p = 0.004 p = 0.01 p = 0.01 p = 0.005 p = 0.003
 AI SC – – – – rb = − 0.32

p = 0.08
 AI FA – rs = − 0.27 – rs = − 0.25 rs = − 0.38

p = 0.14 p = 0.18 p = 0.04
 AI MD rp = − 0.53* rb = 0.47* rb = 0.48* rb = 0.50* rb = 0.56*

p = 0.002 p = 0.007 p = 0.005 p = 0.004 p = 0.001
Superior thalamic radiations
 FAL r = − 0.33 r = 0.47* r = 0.33 r = 0.50* r = 0.49*

p = 0.09 p = 0.01 p = 0.08 p = 0.007 p = 0.009
 MDL r = 0.35 r = − 0.40 r = − 0.35 r = − 0.41 r = − 0.28

p = 0.07 p = 0.03 p = 0.06 p = 0.03 p = 0.15
 AI SC rb = 0.26 rs = − 0.33 – – –

p = 0.17 p = 0.08
 AI FA rp = 0.26 rb = − 0.39 – rb = − 0.36 rb = − 0.32

p = 0.17 p = 0.03 p = 0.06 p = 0.09
 AI MD rp = − 0.49* rb = 0.44 rb = 0.41 rb = 0.53* rb = 0.37

p = 0.007 p = 0.016 p = 0.02 p = 0.003 p = 0.05
Sensorimotor transcallosal fibers
 FA r = − 0.29 – r = 0.27 – r = 0.36

p = 0.11 p = 0.13 p = 0.045
 MD r = 0.45* r = − 0.36 r = − 0.35 – r = − 0.23

p = 0.01 p = 0.042 p = 0.043 p = 0.2
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significantly explain bimanual performance (p < 0.002) and 
unimanual capacity (p < 0.02). Model 1 explained 50% of 
the variance in bimanual performance by solely diffusion 
metrics of the sensory tracts (p = 0.002), while 43% of the 
variance in unimanual capacity was explained by both the 
sensory tracts and the CST (p = 0.02). Model 2 revealed that 

the variance in bimanual performance (74%, p < 0.0001) 
and unimanual capacity (50%, p = 0.004) was explained by 
a combination of the asymmetry indices of the CST and sen-
sory tracts. In Model 3 and Model 4, lesion timing and type 
of the CST wiring pattern were added to the independent 
variables of Model 1 and Model 2. In Model 3, the type of 

Table 2  Correlation coefficients between diffusion metrics and activity outcomes

Bold indicates p < 0.01
AHA assisting hand assessment, MA Melbourne assessment, JTHFT Jebsen-Taylor Hand Function Test, SC streamline count, FA fractional ani-
sotropy, MD mean diffusivity, L lesioned hemisphere, AI asymmetry index, r partial correlations, rp pearson correlation, rb biserial correlation, rs 
spearman correlation, – no correlation (r < 0.21); 0.21–0.39, low correlation; 0.40–0.69, moderate correlation; 0.70–0.89; high correlation
***p < 0.0001; **p < 0.001; *p < 0.01

AHA MA2 ROM MA2 ACC MA2 DEX MA2 FL JTHFT ABILHAND

Corticospinal tract
 FAL r = 0.38 r = 0.24 – – r = 0.32 r = 0.34 r = 0.26

p = 0.044 p = 0.20 p = 0.09 p = 0.07 p = 0.17
 MDL r = − 0.56* r = − 0.62** r = − 0.37 r = − 0.62** r = − 0.32 r = − 0.48* r = − 0.39

p = 0.002 p < 0.001 p = 0.05 p < 0.001 p = 0.09 p = 0.008 p = 0.04
 AI SC rb = − 0.72*** rs = − 0.51* – rb = − 0.57* rs = − 0.57* rs = − 0.55* rs = − 0.34

p < 0.0001 p = 0.004 p = 0.001 p = 0.001 p = 0.002 p = 0.07
 AI FA rp = − 0.23 – rb = 0.28 – rb = − 0.29 rb = − 0.21 –

p = 0.21 p = 0.13 p = 0.13 p = 0.26
 AI MD rb = − 0.49* rs = 0.45* – rb = 0.45* – rs = 0.32 rs = 0.36

p = 0.006 p = 0.01 p = 0.01 p = 0.08 p = 0.05
Medial lemniscus
 FAL r = 0.37 r = 0.25 – r = 0.27 – r = 0.38 r = 0.25

p = 0.04 p = 0.17 p = 0.14 p = 0.04 p = 0.18
 MDL r = − 0.62** r = − 0.62** r = − 0.3400 r = − 0.67*** r = − 0.37 r = − 0.60** r = − 0.37

p < 0.001 p < 0.001 p = 0.07 p < 0.0001 p = 0.04 p < 0.001 p = 0.04
 AI SC – – – – – – –
 AI FA rb = − 0.26 rs = − 0.32 – rb = − 0.24 rs = − 0.37 rs = − 0.37 –

p = 0.16 p = 0.07 p = 0.18 p = 0.04 p = 0.04
 AI MD rb = 0.60** rb = 0.51* rb = 0.24 rp = 0.60** rb = 0.32 rb = 0.62** rb = 0.33

p < 0.001 p = 0.003 p = 0.18 p < 0.001 p = 0.08 p < 0.001 p = 0.07
Superior thalamic radiations
 FAL r = 0.43 r = 0.41 – r = 0.23 r = 0.33 r = 0.40 r = 0.28

p = 0.02 p = 0.03 p = 0.24 p = 0.08 p = 0.03 p = 0.15
 MDL r = − 0.49* r = − 0.51* r = − 0.40 r = − 0.59** r = − 0.43 r = − 0.51* r = − 0.30

p = 0.008 p = 0.005 p = 0.03 p = 0.001 p = 0.02 p = 0.005 p = 0.11
 AI SC rb = − 0.21 – – – – – –

p = 0.27
 AI FA rp = − 0.30 rb = − 0.42 – – rb = − 0.35 – rb = − 0.24

p = 0.11 p = 0.02 p = 0.06 p = 0.20
 AI MD rp = 0.51* rb = 0.44 rb = 0.26 rp = 0.52* rb = 0.39 rb = 0.56* rb = 0.30

p = 0.004 p = 0.015 p = 0.17 p = 0.003 p = 0.03 p = 0.001 p = 0.11
Sensorimotor transcallosal fibers
 FA r = 0.38 r = 0.34 r = 0.39 r = 0.34 r = 0.43 r = 0.35 r = 0.27

p = 0.03 p = 0.05 p = 0.03 p = 0.05 p = 0.01 p = 0.05 p = 0.14
 MD r = − 0.47* r = − 0.46* r = − 0.32 r = − 0.42 r = − 0.29 r = − 0.45* r = − 0.29

p = 0.006 p = 0.007 p = 0.07 p = 0.015 p = 0.1 p = 0.008 p = 0.1
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CST wiring pattern was retained along with diffusion met-
rics of the sensory tracts and the CST explaining 62% of the 
variance in bimanual performance (p = 0.0001) and 41% of 
the variance in unimanual capacity (p = 0.01). In contrast, 
in Model 4, when using the asymmetry indices, type of 
CST wiring pattern was not retained in none of the outcome 
measures. However, lesion timing contributed significantly 
in explaining unimanual capacity (58%, p = 0.0002).”

Discussion

This study compared white matter characteristics of the main 
motor tract (CST), two sensory tracts (medial lemniscus, 
superior thalamic radiations) and the sensorimotor trans-
callosal fibers between different classification groups (i.e. 
lesion timing and CST wiring pattern) in 34 children with 
unilateral CP. We also gained better understanding of how 
white matter characteristics of each of these tracts relate to 
different aspects of upper limb function. Moreover, we dem-
onstrated the importance of taking into account the integrity 
of both motor and sensory tracts of both hemispheres to 
explain the variability in upper limb function in children 
with unilateral CP.

In damaged white matter, fractional anisotropy typically 
decreases as a result of coherence loss in the main preferred 
diffusion direction, while mean diffusivity increases due to 
increased free diffusion (Soares et al. 2013). In this study, we 
investigated for the first time whether there are differences 
in white matter characteristics between children with differ-
ent lesion timings as well as between children with different 
CST wiring patterns. The study results showed for the first 
time that the CST and medial lemniscus are more severely 

damaged in children with CDGM lesions compared to chil-
dren with PWM lesions, as shown by higher values of mean 
diffusivity in the CDGM group. A significantly more dam-
aged CST was also found in the ipsilaterally compared to 
the contralaterally wired group. Children with an ipsilateral 
CST wiring pattern exhibited lower fractional anisotropy 
values and more asymmetry in streamline count between 
both CST’s. Eyre et al. (2007) have indeed reported previ-
ously that an ipsilateral CST wiring pattern results from a 
gradual weakening of the contralateral CST projections and 
strengthening of the ipsilateral CST projections.

Surprisingly, also fractional anisotropy of the medial lem-
niscus in the less affected hemisphere was significantly lower 
in the ipsilaterally and bilaterally wired group compared to 
the contralaterally wired group. Studies using conventional 
brain imaging techniques reported bilateral brain lesions in 
up to 50% of children with unilateral CP (Holmström et al. 
2010; Feys et al. 2010). However, DTI has been shown to be 
more accurate in detecting white matter abnormalities (Son 
et al. 2007). Also Scheck et al. (2014) reported bilaterally 
reduced thalamic volumes in children with apparent uni-
lateral lesions on conventional imaging using voxel-based 
morphometry. Hence, more sensitive measures to assess the 
integrity of the less affected hemisphere in children with uni-
lateral CP are clearly needed. The importance of this clarifi-
cation lies within the recent findings of a discrete decrease in 
performance of the dominant hand in children with unilateral 
CP compared to typically developing children (Rich et al. 
2017; Basu et al. 2017).

Secondly, we found that increased muscle tone and weak-
ness were moderately associated with a more damaged CST 
and medial lemniscus. The CST is the main motor pathway 
for voluntary motor control (Porter and Lemon 1993), but 

Table 3  Four regression models explaining bimanual performance (AHA) or unimanual capacity (JTHFT)

Model 1 diffusion metrics of motor and sensory tracts and sensorimotor transcallosal fibers, Model 2 asymmetry indices and diffusion metrics of 
the sensorimotor transcallosal fibers, Model 3 model 1 + lesion timing and type of CST wiring pattern, Model 4 model 2 + lesion timing and type 
of CST wiring pattern, ML medial lemniscus, CST corticospinal tract, MD mean diffusivity, FA fractional anisotropy, SC streamline count, AI 
asymmetry index

Model 1 Model 2 Model 3 Model 4

Best set R2 (%) p value Best set R2 (%) p value Best set R2 (%) p value Best set R2 (%) p value

(A) R2 Squared Selection Method explaining bimanual performance (AHA)
 MD ML 38 0.0009 SC AI CST 53 < 0.0001 CST wiring 42 0.0005 SC AI CST 53 < 0.0001
 FA STR 11 0.04 FA AI CST 11 0.01 MD ML 15 0.01 FA AI CST 11 0.01
 MD STR 1 0.88 MD AI ML 10 0.02 FA STR 5 0.12 MD AI ML 10 0.02
 Full model 50 0.002 Full model 74 < 0.0001 Full model 62 0.0001 Full model 74 < 0.0001

(B) R2 Squared Selection Method explaining unimanual capacity (JTHFT)
 FA STR 36 0.003 FA AI CST 26 0.005 FA STR 32 0.005 FA AI CST 31 0.001
 MD CST 6 0.17 SC AI CST 21 0.03 CST wiring 6 0.16 SC AI CST 17 0.04
 MD ML 1 0.58 MD AI STR 3 0.32 MD CST 3 0.34 Lesion timing 10 0.03
 Full model 43 0.02 Full model 50 0.004 Full model 41 0.01 Full model 58 0.0002
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also sensory feedback is indispensable for adequate motor 
function (Perruchoud et al. 2014; Gordon et al. 2006). To 
the best of our knowledge, these relationships have not been 
described previously, causing this study to be the first to 
report on the relationship between white matter characteris-
tics of motor and sensory tracts with motor impairments in 
children with unilateral CP. We further found a relationship 
between more severe sensory impairments and increased 
damage of the medial lemniscus and superior thalamic radi-
ations, which corresponds to previous studies (Tsao et al. 
2013; Kuczynski et al. 2017; Weinstein et al. 2018).

This study further showed, as in agreement with previous 
literature, that a more impaired bimanual performance and 
unimanual capacity was related with more damage to both 
motor (Holmström et al. 2011; Pannek et al. 2014; Tsao et al. 
2014; Scheck et al. 2016; Hodge et al. 2017; Gupta et al. 
2017) and sensory tracts (Rose et al. 2011; Pannek et al. 
2014; Tsao et al. 2013; Gupta et al. 2017). Although cor-
relations were lower, bimanual performance and unimanual 
capacity were also correlated with white matter characteris-
tics of the sensorimotor transcallosal fibers, which is in line 
with Weinstein et al. (2014, 2018). In contrast, no relation-
ship was found with the sensorimotor impairments, pointing 
towards a more important role of interhemispheric commu-
nication in the execution of more complex upper limb tasks 
(Roebuck-Spencer et al. 2004; Gooijers and Swinnen 2014).

Finally, regression analysis revealed that 74% of the vari-
ance in bimanual performance and 50% of the variance in 
unimanual capacity could be explained by the asymmetry 
indices of the CST and sensory tracts (i.e. medial lemniscus 
and superior thalamic radiation, respectively). To the best of 
our knowledge, this is the first time such a high amount of 
explained variance could be revealed by combining multiple 
white matter tracts, which is a unique contribution to the 
existing literature. Nevertheless, Gupta et al. (2017) sug-
gested a more significant contribution of the medial lemnis-
cus to upper limb motor and sensory function compared to 
the CST. Yet, Gupta et al. did not consider the severity of the 
white matter damage, as they used dichotomous scores (i.e. 
tract present or absent). Hence, this suggests that continu-
ous variables reflecting the severity of white matter damage 
may be important when predicting upper limb function in 
children with unilateral CP. Nevertheless, previous (Pan-
nek et al. 2014; Gupta et al. 2017) and current study results 
underline the significance of both motor and sensory tracts 
for bimanual performance and unimanual capacity highlight-
ing the necessity of preserved sensorimotor integration.

Overall, the models explaining bimanual performance 
were stronger compared to unimanual capacity. In particu-
lar the asymmetry indices explain a much higher amount of 
variance in bimanual performance compared to only the dif-
fusion metrics of the lesioned hemisphere (74% versus 50%, 
respectively), while for unimanual capacity, both models 

explain more similar percentages (50% versus 43%, respec-
tively). This finding is a novel contribution to the existing 
literature and warrants further exploration.

The high amount of explained variance in bimanual 
performance by the asymmetry indices underlines the rel-
evance of considering both hemispheres despite the unilat-
eral clinical presentation. Asymmetry indices may also be 
better determinants as they may take potential reorganization 
mechanisms in the less affected hemisphere into account 
(Pagnozzi et al. 2016), possibly explaining why the type 
of CST wiring pattern was not retained in Model 4 next to 
the asymmetry indices. This finding further points towards 
a promising predictive value of the asymmetry indices of 
the CST, being a potential alternative for TMS. Future 
studies are needed to investigate to what extent asymme-
try indices of the CST are a reliable substitute for the type 
of CST wiring pattern assessed with TMS. Nevertheless, 
our results suggest that the type of CST wiring pattern is 
the strongest determinant of bimanual performance, either 
measured directly with TMS (i.e. model 3) or indirectly with 
the asymmetry indices (i.e. model 4). This is in agreement 
with the recent findings of Simon-Martinez et al. (2018), 
who also reported that the type of CST wiring pattern was 
the strongest predictor of bimanual performance. For uni-
manual capacity, the type of CST wiring pattern seems to 
play a less significant role. Together, these results imply that 
children with ipsilateral CST projections may still develop 
a functional grasp function (Staudt et al. 2002), yet the inte-
gration of using both hands together may be more severely 
compromised.

Interestingly, for unimanual capacity, lesion timing con-
tributed significantly to the explained variance along with 
the asymmetry indices of the CST. A possible explanation 
for this finding is that in children with later lesions, sen-
sory deficits are usually more pronounced (Feys et al. 2010; 
Mailleux et al. 2017; Simon-Martinez et al. 2018). Gupta 
et al. (2017) indeed showed that the sensory physiology of 
the medial lemniscus is crucial for performing unimanual 
movements. Nevertheless, large population based studies 
are crucial to confirm our findings and further unravel the 
relative importance of each of these neurological factors as 
well as their interactions.

Some critical reflections on this study are also necessary. 
First, we used a diffusion tensor analysis with deterministic 
tractography, despite the high b value. A brief evaluation 
attempt was performed showing more stable results with 
DTI compared to single shell constrained spherical deconvo-
lution, which made us choose for deterministic tractography 
to analyze the data. Despite the use of an upper threshold of 
2.5 mm for motion during the scans and the use of REKIN-
DLE for outlier detection and removal (Tax et al. 2015), 
outliers in the data may still be caused by sub-threshold 
motion or large brain lesions. Another discussion point is 
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the manual ROI delineation. Manual ROI delineation is 
more subjective. However, it allows to take the neuroana-
tomical variability, inherent to the neuropathophysiology of 
the CP population into account. In this study sample, there is 
a large variability regarding age range (5–15 years) as well 
as lesion severity (focal lesions to lesions extending over 
the whole hemisphere) which impacts brain anatomy and 
consequently hampers the use of templates/a priori labels 
(atlases). We made the ROI drawing as consistent as pos-
sible by focusing on specific, delineated landmarks such as 
the pons, PLIC, central sulcus and hand knob. In addition, 
dice coefficients of all fiber bundles were good, except for 
moderate coefficients for the superior thalamic radiations in 
the lesioned hemisphere. Thirdly, despite revealing signifi-
cant differences, the relatively small subgroups (i.e. lesion 
timing and type of CST wiring pattern) may have resulted 
in insufficient power to reveal subtle differences in the less 
affected hemisphere. Also, no correction for multiple testing 
was applied due to the explorative nature of this research 
question. Moreover, four children with CDGM lesions were 
excluded due to their extended lesions and the inability to 
generate none of the targeted tracts. This has caused an unin-
tentional selection bias reducing the amount of variability 
in this group, but also underlines the difficulty of applying 
tractography in this patient group. In the future, international 
collaborations are needed to obtain a higher number of par-
ticipants in each subgroup to confirm our study findings. 
Next, no control group with typically developing children 
was included in this study. However, previous studies have 
already shown differences in DTI metrics between children 
with unilateral CP and typically developing children (Holm-
ström et al. 2011; Hodge et al. 2017; Kuczynski et al. 2017; 
Pannek et al. 2014; Scheck et al. 2016; Thomas et al. 2005; 
Tsao et al. 2013, 2014; Weinstein et al. 2014). Finally, in 
seven of the eleven children classified in the ipsilateral CST 
wiring group, contralateral CST projections were found with 
tractography. However, it has been reported previously that 
the thresholds for activation of the lesioned CST can be high 
in children with unilateral CP (Eyre et al. 2007; Kuo et al. 
2017; Basu 2017). On the other hand, if contralateral CST 
projections are reconstructed in ipsilaterally wired children, 
it may be that these contralateral projections are not func-
tional. Future studies combining functional and diffusion 
MRI are warranted to aid in this clarification.

Conclusion

This study was the first to demonstrate differences in white 
matter characteristics between children with different lesion 
timings and different types of CST wiring patterns. Sec-
ondly, our results emphasized the importance of not only the 
motor pathways, but also the sensory and interhemispheric 

pathways for upper limb function. Remarkably, up to 74% 
of the variance in bimanual performance and up to 50% of 
the variance in unimanual capacity could be explained by the 
asymmetry indices of the CST and sensory tracts. Adding 
lesion timing and type of CST wiring pattern did not further 
improve the model of bimanual performance, while for uni-
manual capacity lesion timing was additionally retained. The 
results of this study contribute to a better understanding of 
the underlying neuropathology of upper limb function and 
point towards the importance of using tractography in the 
clinical setting for defining prognoses regarding upper limb 
functional outcomes in children with unilateral CP.

Acknowledgements We acknowledge all parents and their children 
for their participation in this study. We also thank Jasmine Hoskens 
for her assistance during the assessments. Lastly, we would like to 
acknowledge, dr. Annouschka Laenen and dr. Anna Ivanova, from the 
Leuven Biostatistics and Statistical Bioinformatics Centre (L-BioStat), 
KU Leuven for their advice regarding the statistical analyses.

Funding This study was funded by the Fund Scientific Research Flan-
ders (FWO project, Grant G087213N), by the Special Research Fund, 
KU Leuven (Grant OT/14/127).

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.

Informed consent Informed consent was obtained from all parents of 
all individual participants included in the study. Children older than 
12 years were also asked for their assent.

References

Ariola MM (2006) Principles and methods of research. Rex Bookstore 
Inc, Manila

Arnould C, Penta M, Renders A, Thonnard J-L (2004) A measure 
of manual ability in children with cerebral palsy. Neurology 
63(5375):1045–1052. https ://doi.org/10.1212/01.WNL.00001 
38423 .77640 .37

Basu AP (2017) Mapping corticospinal tract projection patterns in uni-
lateral cerebral palsy. Dev Med Child Neurol 59(1):10–11. https 
://doi.org/10.1111/dmcn.13209 

Basu AP, Kirkpatrick EV, Wright B, Pearse JE, Best KE, Eyre JA 
(2017) The tyneside pegboard test: development, validation, and 
observations in unilateral cerebral palsy. Dev Med Child Neurol. 
https ://doi.org/10.1111/dmcn.13645 

Beckung E, Hagberg G, Uldall P, Cans C (2008) Probability of walking 
in children with cerebral palsy in Europe. Pediatrics 121(1):e187–
e192. https ://doi.org/10.1542/peds.2007-0068

Bohannon RW, Smith MB (1987) Inter rater reliability of a modified 
ashworth scale of muscle spasticity. Phys Ther 67:206–207. https 
://doi.org/10.1007/978-1-4471-5451-8_105

https://doi.org/10.1212/01.WNL.0000138423.77640.37
https://doi.org/10.1212/01.WNL.0000138423.77640.37
https://doi.org/10.1111/dmcn.13209
https://doi.org/10.1111/dmcn.13209
https://doi.org/10.1111/dmcn.13645
https://doi.org/10.1542/peds.2007-0068
https://doi.org/10.1007/978-1-4471-5451-8_105
https://doi.org/10.1007/978-1-4471-5451-8_105


1508 Brain Structure and Function (2020) 225:1495–1509

1 3

Colver A, Fairhurst C, Pharoah POD (2014) Cerebral palsy. Lan-
cet 383(9924):1240–1249. https ://doi.org/10.1016/S0140 
-6736(13)61835 -8

Dice L (1945) Measures of the amount of ecologic association between 
species. Ecology 26:297–302

Eyre JA, Martin S, Lyvia D, Gavin JC, Eliza P, Roberta B, Andrea 
G, Giovanni C (2007) Is hemiplegic cerebral palsy equivalent to 
amblyopia of the corticospinal system? Ann Neurol. https ://doi.
org/10.1002/ana.21108 

Feys H, Eyssen M, Jaspers E, Klingels K, Desloovere K, Molenaers 
G, De Cock P (2010) Relation between neuroradiological find-
ings and upper limb function in hemiplegic cerebral palsy. Eur 
J Paediatr Neurol 14(2):169–177. https ://doi.org/10.1016/j.
ejpn.2009.01.004

Freund RJ, Ramon CL (2000) SAS® system for regression, vol 3. SAS 
Institute Inc., Cary

Gooijers J, Swinnen SP (2014) Interactions between brain structure 
and behavior: the corpus callosum and bimanual coordination. 
Neurosci Biobehav Rev 43:1–19. https ://doi.org/10.1016/j.neubi 
orev.2014.03.008

Gordon AM, Charles J, Steenbergen B (2006) Fingertip force planning 
during grasp is disrupted by impaired sensorimotor integration in 
children with hemiplegic cerebral palsy. Pediatr Res 60(5):587–
591. https ://doi.org/10.1203/01.pdr.00002 42370 .41469 .74

Gupta D, Barachant A, Gordon AM, Ferre C, Kuo HC, Carmel JB, 
Friel KM (2017) Effect of sensory and motor connectivity on hand 
function in pediatric hemiplegia. Ann Neurol 82(5):766–780. 
https ://doi.org/10.1002/ana.25080 

Harrell FE, Lee KL, Mark DB (2005) Prognostic/clinical prediction 
models: multivariable prognostic models: issues in developing 
models, evaluating assumptions and adequacy, and measuring and 
reducing errors. Tutor Biostat Stat Methods Clin Stud 1:223–249. 
https ://doi.org/10.1002/04700 23678 .ch2b(i)

Hoare B, Ditchfield M, Thorley M, Wallen M, Bracken J, Harvey A, 
Elliott C, Novak I, Crichton A (2018) Cognition and bimanual 
performance in children with unilateral cerebral palsy: protocol 
for a multicentre, cross-sectional study. BMC Neurol 18:1–12

Hodge J, Goodyear B, Carlson H, Wei XC, Kirton A (2017) Segmental 
diffusion properties of the corticospinal tract and motor outcome 
in hemiparetic children with perinatal stroke. J Child Neurol 
32(6):550–559. https ://doi.org/10.1177/08830 73817 69681 5

Hofer S, Frahm J (2006) Topography of the human corpus callosum 
revisited-comprehensive fiber tractography using diffusion tensor 
magnetic resonance imaging. NeuroImage 32(3):989–994. https 
://doi.org/10.1016/j.neuro image .2006.05.044

Holmefur MM, Krumlinde-Sundholm L (2016) Psychometric proper-
ties of a revised version of the assisting hand assessment (Kids-
AHA 5.0). Dev Med Child Neurol 58(6):618–624. https ://doi.
org/10.1111/dmcn.12939 

Holmström L, Vollmer B, Tedroff K, Islam M, Persson JKE, Kits A, 
Forssberg H, Eliasson AC (2010) Hand function in relation to 
brain lesions and corticomotor-projection pattern in children with 
unilateral cerebral palsy. Dev Med Child Neurol 52(2):145–152. 
https ://doi.org/10.1111/j.1469-8749.2009.03496 .x

Holmström L, Lennartsson F, Eliasson A-C, Olof Flodmark C, Clark 
KT, Forssberg H, Vollmer B (2011) Diffusion MRI in corticofugal 
fibers correlates with hand function in unilateral cerebral palsy. 
Neurology 77(8):775–783. https ://doi.org/10.1212/WNL.0b013 
e3182 2b004 0

Jones DK, Knösche TR, Turner R (2013) White matter integrity, fiber 
count, and other fallacies: the do’s and don’ts of diffusion MRI. 
NeuroImage 73:239–254. https ://doi.org/10.1016/j.neuro image 
.2012.06.081

Kerstin P, Boyd RN, Fiori S, Guzzetta A, Rose SE (2014) Assess-
ment of the structural brain network reveals altered connectivity 
in children with unilateral cerebral palsy due to periventricular 

white matter lesions. NeuroImage Clin 5:84–92. https ://doi.
org/10.1016/j.nicl.2014.05.018

Klingels K, De Cock P, Molenaers G, Desloovere K, Huenaerts C, 
Jaspers E, Feys H (2010) Upper limb motor and sensory impair-
ments in children with hemiplegic cerebral palsy. Can they be 
measured reliably? Disabil Rehabil 32(5):409–416. https ://doi.
org/10.3109/09638 28090 31714 69

Klingels K, Demeyere I, Jaspers E, De Cock P, Molenaers G, Boyd 
R, Feys H (2012) Upper limb impairments and their impact 
on activity measures in children with unilateral cerebral palsy. 
Eur J Paediatr Neurol 16(5):475–484. https ://doi.org/10.1016/j.
ejpn.2011.12.008

Krägeloh-Mann I, Horber V (2007) The role of magnetic resonance 
imaging in elucidating the pathogenesis of cerebral palsy: a sys-
tematic review. Dev Med Child Neurol 49:144–151. https ://doi.
org/10.1111/j.1469-8749.2007.00144 .x

Krumlinde-Sundholm L, Holmefur M, Kottorp A, Eliasson AC (2007) 
The assisting hand assessment: current evidence of validity, reli-
ability, and responsiveness to change. Dev Med Child Neurol 
49(4):259–264. https ://doi.org/10.1111/j.1469-8749.2007.00259 .x

Kuczynski AM, Carlson HL, Lebel C, Hodge JA, Dukelow SP, Semrau 
JA, Kirton A (2017) Sensory tractography and robot-quantified 
proprioception in hemiparetic children with perinatal stroke. Hum 
Brain Mapp 38(5):2424–2440. https ://doi.org/10.1002/hbm.23530 

Kuo HC, Ferre CL, Carmel JB, Gowatsky JL, Stanford AD, Rowny 
SB, Lisanby SH, Gordon AM, Friel KM (2017) Using diffusion 
tensor imaging to identify corticospinal tract projection patterns 
in children with unilateral spastic cerebral palsy. Dev Med Child 
Neurol 59(1):65–71. https ://doi.org/10.1111/dmcn.13192 

Leemans A, Lee JE, Lazar M, Field AS (2007) Diffusion tensor imag-
ing of the brain. Neurotherapeutics 4(3):316–329. https ://doi.
org/10.1016/j.nurt.2007.05.011

Leemans A, Jeurissen B, Sijbers J, Jones DK (2009) ExploreDTI: a 
graphical toolbox for processing, analyzing, and visualizing dif-
fusion MR data. In: 17th Annual Meeting of Intl Soc Mag Reson 
Med, vol 3537

Lutkenhoff ES, Rosenberg M, Chiang J, Zhang K, Pickard JD, Owen 
AM, Monti MM (2014) Optimized brain extraction for patho-
logical brains (OptiBET). PLoS ONE 9(12):1–13. https ://doi.
org/10.1371/journ al.pone.01155 51

Mai JK, Paxinos G (2011) The human nervous system. Academic 
Press, New York

Mailleux L, Klingels K, Fiori S, Simon-Martinez C, Demaerel P, Locus 
M, Fosseprez E et al (2017) How does the interaction of presumed 
timing, location and extent of the underlying brain lesion relate 
to upper limb function in children with unilateral cerebral palsy? 
Eur J Paediatr Neurol 21(5):763–772. https ://doi.org/10.1016/j.
ejpn.2017.05.006

Mailleux L, Franki I, Emsell L, Peedima M-L, Fehrenbach A, Feys 
H, Ortibus E (2020) The relationship between neuroimaging 
and motor outcome in children with cerebral palsy: a system-
atic review—part B diffusion imaging and tractography. Res Dev 
Disabil. https ://doi.org/10.1016/j.ridd.2019.10356 9

Mori S, Oishi K, Jiang H, Jiang Li, Li X, Akhter K, Hua K et al (2008) 
Stereotaxic white matter atlas based on diffusion tensor imaging 
in an ICBM template. NeuroImage 40(2):570–582. https ://doi.
org/10.1016/j.neuro image .2007.12.035

Pagnozzi AM, Dowson N, Fiori S, Doecke J, Bradley AP, Boyd RN, 
Rose S (2016) Alterations in regional shape on ipsilateral and 
contralateral cortex contrast in children with unilateral cerebral 
palsy and are predictive of multiple outcomes. Hum Brain Mapp 
37(10):3588–3603. https ://doi.org/10.1002/hbm.23262 

Perrone D, Aelterman J, Pižurica A, Jeurissen B, Philips W, Lee-
mans A (2015) The effect of gibbs ringing artifacts on measures 
derived from diffusion MRI. NeuroImage 120:441–455. https ://
doi.org/10.1016/j.neuro image .2015.06.068

https://doi.org/10.1016/S0140-6736(13)61835-8
https://doi.org/10.1016/S0140-6736(13)61835-8
https://doi.org/10.1002/ana.21108
https://doi.org/10.1002/ana.21108
https://doi.org/10.1016/j.ejpn.2009.01.004
https://doi.org/10.1016/j.ejpn.2009.01.004
https://doi.org/10.1016/j.neubiorev.2014.03.008
https://doi.org/10.1016/j.neubiorev.2014.03.008
https://doi.org/10.1203/01.pdr.0000242370.41469.74
https://doi.org/10.1002/ana.25080
https://doi.org/10.1002/0470023678.ch2b(i)
https://doi.org/10.1177/0883073817696815
https://doi.org/10.1016/j.neuroimage.2006.05.044
https://doi.org/10.1016/j.neuroimage.2006.05.044
https://doi.org/10.1111/dmcn.12939
https://doi.org/10.1111/dmcn.12939
https://doi.org/10.1111/j.1469-8749.2009.03496.x
https://doi.org/10.1212/WNL.0b013e31822b0040
https://doi.org/10.1212/WNL.0b013e31822b0040
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.1016/j.nicl.2014.05.018
https://doi.org/10.1016/j.nicl.2014.05.018
https://doi.org/10.3109/09638280903171469
https://doi.org/10.3109/09638280903171469
https://doi.org/10.1016/j.ejpn.2011.12.008
https://doi.org/10.1016/j.ejpn.2011.12.008
https://doi.org/10.1111/j.1469-8749.2007.00144.x
https://doi.org/10.1111/j.1469-8749.2007.00144.x
https://doi.org/10.1111/j.1469-8749.2007.00259.x
https://doi.org/10.1002/hbm.23530
https://doi.org/10.1111/dmcn.13192
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1016/j.ejpn.2017.05.006
https://doi.org/10.1016/j.ejpn.2017.05.006
https://doi.org/10.1016/j.ridd.2019.103569
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1002/hbm.23262
https://doi.org/10.1016/j.neuroimage.2015.06.068
https://doi.org/10.1016/j.neuroimage.2015.06.068


1509Brain Structure and Function (2020) 225:1495–1509 

1 3

Perruchoud D, Murray MM, Lefebvre J, Ionta S (2014) Focal dystonia 
and the sensory-motor integrative loop for enacting (SMILE). 
Front Hum Neurosci 8:458

Porter R, Lemon R (1993) Corticospinal function and voluntary move-
ment. Clarendon Press, Oxford

Pruessmann KP, Weiger M, Scheidegger MB, Boesiger P (1999) 
SENSE: sensitivity encoding for fast MRI. Magn Reson Med 
42(5):952–962. https ://doi.org/10.1002/(SICI)1522-2594(19991 
1)42:5%3c952 :AID-MRM16 %3e3.0.CO;2-S

Randall M, Imms C, Carey LM, Pallant JF (2014) Rasch analysis of the 
melbourne assessment of unilateral upper limb function. Dev Med 
Child Neurol 56(7):665–672. https ://doi.org/10.1111/dmcn.12391 

Reid SM, Meehan EM, Arnup SJ, Reddihough DS (2018) Intellec-
tual disability in cerebral palsy: a population-based retrospec-
tive study. Dev Med Child Neurol 60(7):687–694. https ://doi.
org/10.1111/dmcn.13773 

Rich TL, Menk JS, Rudser KD, Timothy F, Gillick BT (2017) Less-
affected hand function in children with hemiparetic unilateral 
cerebral palsy: a comparison study with typically developing 
peers. Neurorehabil Neural Repair 31(10–11):965–976. https ://
doi.org/10.1177/15459 68317 73999 7

Roebuck-Spencer TM, Mattson SN, Marion SD, Brown WS, Riley EP 
(2004) Bimanual coordination in alcohol-exposed children: role 
of the corpus callosum. J Int Neuropsychol Soc 10(4):536–548. 
https ://doi.org/10.1017/S1355 61770 41041 16

Rose S, Guzzetta A, Pannek K, Boyd R (2011) MRI structural con-
nectivity, disruption of primary sensorimotor pathways, and hand 
function in cerebral palsy. Brain Connect 1(4):309–316

Scheck SM, Pannek K, Fiori S, Boyd RN, Rose SE (2014) Quantita-
tive comparison of cortical and deep grey matter in pathologi-
cal subtypes of unilateral cerebral palsy. Dev Med Child Neurol 
56(10):968–975. https ://doi.org/10.1111/dmcn.12461 

Scheck SM, Fripp J, Reid L, Pannek K, Fiori S, Boyd RN, Rose SE 
(2016) Extent of altered white matter in unilateral and bilateral 
periventricular white matter lesions in children with unilat-
eral cerebral palsy. Res Dev Disabil 55:368–376. https ://doi.
org/10.1016/j.ridd.2016.04.007

Schober P, Boer C, Schwarte LA (2018) Correlation coefficients: 
appropriate use and interpretation. Anesth Analg 126(5):1763–
1768. https ://doi.org/10.1213/ANE.00000 00000 00286 4

Simon-Martinez C, Jaspers E, Mailleux L, Ortibus E, Klingels K, 
Wenderoth N, Feys H (2018) Corticospinal tract wiring and brain 
lesion characteristics in unilateral cerebral palsy: determinants of 
upper limb motor and sensory function. Neural Plast. https ://doi.
org/10.1155/2018/26716 13(Article ID 2671613)

Soares JM, Marques P, Alves V, Sousa N (2013) A Hitchhiker’s guide 
to diffusion tensor imaging. Front Neurosci 7:1–14. https ://doi.
org/10.3389/fnins .2013.00031 

Son SM, Young HA, Joon S, Han KM, Sang HA, Ho L, Yu IK, Shin 
YJ, Jang SH (2007) Diffusion tensor imaging demonstrates focal 
lesions of the corticospinal tract in hemiparetic patients with cer-
ebral palsy. Neurosci Lett 420(1):34–38. https ://doi.org/10.1016/j.
neule t.2007.04.054

Staudt M (2010) Brain plasticity following early life brain injury: 
insights from neuroimaging. Semin Perinatol 34(1):87–92. https 
://doi.org/10.1053/j.sempe ri.2009.10.009

Staudt M, Grodd W, Gerloff C, Erb M, Stitz J, Krägeloh-Mann I (2002) 
Two types of ipsilateral reorganization in congenital hemiparesis: 
a TMS and FMRI study. Brain J Neurol 125:2222–2237. https ://
doi.org/10.1093/brain /awf22 7

Staudt M, Gerloff C, Grodd W, Holthausen H, Niemann G, Krägeloh-
Mann I (2004) Reorganization in congenital hemiparesis acquired 
at different gestational ages. Ann Neurol 56:854–863. https ://doi.
org/10.1002/ana.10145 

Tax CMW, Otte WM, Viergever MA, Dijkhuizen RM, Leemans A 
(2015) REKINDLE: robust extraction of kurtosis INDices with 
linear estimation. Magn Reson Med 73(2):794–808. https ://doi.
org/10.1002/mrm.25165 

Taylor N, Sand PL, Jebsen RH (1973) Evaluation of hand function in 
children. Arch Phys Med Rehabil 54:129–135

Thomas B, Eyssen M, Peeters R, Molenaers G, Van Hecke P, De Cock 
P, Sunaert S (2005) Quantitative diffusion tensor imaging in 
cerebral palsy due to periventricular white matter injury. Brain 
128:2562–2577. https ://doi.org/10.1093/brain /awh60 0

Tsao H, Pannek K, Boyd RN, Rose SE (2013) Changes in the integrity 
of thalamocortical connections are associated with sensorimotor 
deficits in children with congenital hemiplegia. Brain Struct Funct 
220(1):307–318. https ://doi.org/10.1007/s0042 9-013-0656-x

Tsao H, Pannek K, Fiori S, Boyd RN, Rose S (2014) Reduced integrity 
of sensorimotor projections traversing the posterior limb of the 
internal capsule in children with congenital hemiparesis. Res Dev 
Disabil 35(2):250–260. https ://doi.org/10.1016/j.ridd.2013.11.001

Verly M, Gerrits R, Sleurs C, Lagae L, Sunaert S, Zink I, Rommel N 
(2018) The Mis-wired language network in children with develop-
mental language disorder: insights from DTI tractography. Brain 
Imaging Behav. https ://doi.org/10.1007/s1168 2-018-9903-3

Weinstein M, Green D, Geva R, Schertz M, Fattal-Valevski A, Artzi 
M, Myers V et al (2014) Interhemispheric and intrahemispheric 
connectivity and manual skills in children with unilateral cer-
ebral palsy. Brain Struct Funct 219(3):1025–1040. https ://doi.
org/10.1007/s0042 9-013-0551-5

Weinstein M, Green D, Rudisch J, Zielinski IM, Benthem-Muñiz M, 
Jongsma MLA, McClelland V et al (2018) Understanding the 
relationship between brain and upper limb function in children 
with unilateral motor impairments: a multimodal approach. 
Eur J Paediatr Neurol 22(1):143–154. https ://doi.org/10.1016/j.
ejpn.2017.09.012

Zijdenbos AP, Dawant BM, Margolin RA, Palmer AC (1994) Morpho-
metric analysis of white matter lesions in MR images: method and 
validation. IEEE Trans Med Imaging 13(4):716–724

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/(SICI)1522-2594(199911)42:5%3c952:AID-MRM16%3e3.0.CO;2-S
https://doi.org/10.1002/(SICI)1522-2594(199911)42:5%3c952:AID-MRM16%3e3.0.CO;2-S
https://doi.org/10.1111/dmcn.12391
https://doi.org/10.1111/dmcn.13773
https://doi.org/10.1111/dmcn.13773
https://doi.org/10.1177/1545968317739997
https://doi.org/10.1177/1545968317739997
https://doi.org/10.1017/S1355617704104116
https://doi.org/10.1111/dmcn.12461
https://doi.org/10.1016/j.ridd.2016.04.007
https://doi.org/10.1016/j.ridd.2016.04.007
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1155/2018/2671613
https://doi.org/10.1155/2018/2671613
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.1016/j.neulet.2007.04.054
https://doi.org/10.1016/j.neulet.2007.04.054
https://doi.org/10.1053/j.semperi.2009.10.009
https://doi.org/10.1053/j.semperi.2009.10.009
https://doi.org/10.1093/brain/awf227
https://doi.org/10.1093/brain/awf227
https://doi.org/10.1002/ana.10145
https://doi.org/10.1002/ana.10145
https://doi.org/10.1002/mrm.25165
https://doi.org/10.1002/mrm.25165
https://doi.org/10.1093/brain/awh600
https://doi.org/10.1007/s00429-013-0656-x
https://doi.org/10.1016/j.ridd.2013.11.001
https://doi.org/10.1007/s11682-018-9903-3
https://doi.org/10.1007/s00429-013-0551-5
https://doi.org/10.1007/s00429-013-0551-5
https://doi.org/10.1016/j.ejpn.2017.09.012
https://doi.org/10.1016/j.ejpn.2017.09.012

	White matter characteristics of motor, sensory and interhemispheric tracts underlying impaired upper limb function in children with unilateral cerebral palsy
	Abstract
	Introduction
	Materials and methods
	Participants
	Procedure
	Clinical assessment
	Medical imaging
	MRI processing
	Data analysis
	Transcranial magnetic stimulation
	Statistical analysis

	Results
	Comparison of white matter characteristics between lesion timing groups
	Comparison of white matter characteristics between CST wiring patterns
	Association between diffusion metrics and sensorimotor impairments
	Association between diffusion metrics and activity limitations
	Multiple regression

	Discussion
	Conclusion
	Acknowledgements 
	References




