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ABSTRACT

Children with unilateral cerebral palsy (uCP) present with brain damage, predominantly lateralized to one hemisphere, and 
white matter (WM) lesions, which are known to affect visual functions. However, the relation between WM tract damage 
and visual outcomes remains unclear. Additionally, no prior study comprehensively investigated hemispheric-specific dif-
ferences in WM visual pathways between children with left- and right-sided uCP. Therefore, this exploratory study aims to 
investigate differences in micro- and macrostructural properties of the visual pathways between children with left- and 
right-sided uCP and their relation to visual outcomes, using fixel-based analysis of diffusion MRI (dMRI). dMRI data and 
visual assessments, including visual acuity and stereoacuity (i.e., geniculostriate functions), motor-free visual perception, 
visuomotor integration, and functional vision, were analysed in 36 children with uCP (aged 7–15, 9 males, 17 left-sided, 15 
preterm). Apparent fiber density (AFD), fiber-bundle cross-section (FC), and combined fiber density and cross-section 
(FDC) were calculated for 17 WM tracts related to visual functions. Differences between children with left- and right-sided 
uCP were investigated using the Mann-Whitney U-test (r) on the AFD and one-way analysis of covariance (ANCOVA) (ηp

2) 
on the FC and FDC, with age and intracranial volume as covariates. Correlations between visual outcomes and WM prop-
erties of the visual tracts were studied using (semi-partial) Spearman Rank correlations (rs). Children with left-sided uCP 
showed significantly lower fixel metrics in the right superior longitudinal fasciculus, inferior fronto-occipital fasciculus, and 
optic radiation. Children with right-sided uCP had lower AFD, FC, and FDC in the left superior longitudinal fasciculus only. 
Reduced geniculostriate visual functions and more impairments in functional vision were associated with lower fiber den-
sity (AFD), reduction in bundle size (FC), and their combination (FDC) of several WM tracts. Lower performance on motor-
free visual perception and visuomotor integration showed more associations with lower fiber density (AFD). While the 
primary analyses were exploratory and uncorrected for multiple comparison, false discovery rate (FDR) correction was 
additionally performed for transparency: several differences in FC and FDC between children with left- and right-sided uCP, 
and correlations between AFD and visual function, remained significant and are reported in the Supplementary Materials. 
In conclusion, our exploratory study highlights that fixel-based analysis can provide further insights into hemispheric differ-
ences in the visual system and the complex relations between visual functions and brain damage in children with uCP. 
Based on our results, future studies could refine regression models to target key WM tracts linked to visual outcomes, 
identifying potential biomarkers to predict visual impairments and enable early tailored support in children with uCP.
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1.  INTRODUCTION

Vision plays a crucial role in children’s daily activities by 
guiding social interaction, learning, and adaptation to the 
environment (Fabbro et  al., 2020). The visual system 
entails a complex neural network where information from 
the retina travels through the optic radiation (OR) to the 
primary visual cortex in the occipital lobe (Swienton & 
Thomas, 2014). Visual information is then processed 
through two interacting systems, the dorsal stream, from 
the visual cortex to the parietal and frontal lobes, respon-
sible for spatial perception and exploration, and the ven-
tral stream, from the visual cortex to the temporal lobes, 
involved in object recognition (Cloutman, 2013; Sheth & 
Young, 2016). White matter (WM) tracts play a crucial role 
in visual processing by connecting different brain areas. 
Previous studies showed that in the dorsal stream, the 
superior longitudinal fasciculus (SLF) facilitates spatial 
awareness and visual attention, and the inferior fronto-
occipital fasciculus (IFOF) is involved in visuomotor inte-
gration. Additionally, the inferior longitudinal fasciculus 
(ILF) part of the ventral stream, contributes to object rec-
ognition (Bauer & Merabet, 2024; Nakajima et al., 2020; 
Ortibus et al., 2012). Recent studies also highlighted the 
involvement of the vertical occipital fasciculus (VOF), 
connecting the dorsal and ventral areas of the occipital 
lobe (Bauer & Merabet, 2024; Jitsuishi et al., 2020; Oishi 
et  al., 2018; Takemura et  al., 2016) in encoding object 
properties (e.g., form, identity, and color) and mapping 
spatial information. The posterior section of the corpus 
callosum (CC) also plays a key role in visual functions by 
enabling interhemispheric communication, which is cru-
cial for integrating visual information across both hemi-
spheres (Berlucchi, 2014; Crotti, Ben Itzhak, et al., 2024; 
Martín-Signes et  al., 2024). Depending on the location 
and the severity of damage, early brain lesions can affect 
the integrity of the WM connections of the visual system, 
resulting in different visual impairments (Dutton et  al., 
2006). Although low-level visual processing involves both 
hemispheres (Braddick & Atkinson, 2011), there has been 
considerable debate regarding hemispheric differences 
in visual functions processing between the left and right 
hemispheres, with the latter considered specialized for 
visual-perceptual functions (Hellige et al., 2010). Previous 
findings suggest that the left hemisphere primarily sup-
ports functions such as language and fine motor skills 
through intra-hemispheric connectivity, whereas the right 
hemisphere, which exhibits stronger cross-hemispheric 
connections, is more involved in visuospatial and atten-
tional processing (Hellige et al., 2010). Therefore, lesion 
lateralization should be considered when studying the 
relation between brain damage and visual functions. This 
consideration is especially relevant for children with uni-

lateral cerebral palsy (uCP), a motor neurodevelopmental 
disability caused by pre- and/or perinatal brain lesions 
predominantly lateralized to one hemisphere (Graham 
et  al., 2016), in which visual impairment is a well-
recognized comorbidity (Crotti, Ortibus, Mailleux, et al., 
2024; Duke et al., 2022; Ego et al., 2015). Previous find-
ings showed that children with uCP present with impaired 
visual acuity, stereoacuity, and visual-perceptual func-
tions which can negatively affect their motor function and 
quality of life (Berelowitz & Franzsen, 2021; Crotti, 
Ortibus, Ben Itzhak, et al., 2024; Crotti, Ortibus, Mailleux, 
et al., 2024). Additionally, previous studies showed that 
children with left-sided uCP perform worse on visual-
perceptual tests than children with neurotypical develop-
ment or right-sided uCP, supporting the hypothesis of 
hemispheric differences in visual functions. Nevertheless, 
the authors did not report any information on brain dam-
age (Berelowitz & Franzsen, 2021; Burtner et al., 2006).

To evaluate the relation between visual impairment 
and brain damage, qualitative (Himmelmann et al., 2017) 
and semiquantitative assessments (Fiori et  al., 2014) 
based on structural magnetic resonance imaging (sMRI) 
have been used in children with cerebral palsy (CP), 
showing that WM lesions, particularly periventricular leu-
komalacia, are most frequently associated with visual 
impairment (Crotti, Genoe, et  al., 2024; Petri & Tinelli, 
2023). Nevertheless, previous findings also reported that 
8 to 11% of children with CP do not show any abnormal-
ities on sMRI, suggesting that this methodology might 
not be sensitive enough to detect subtle WM micro- and 
macrostructural damage (Crotti, Genoe, et al., 2024). For 
instance, our previous findings showed no difference in 
sMRI between children with left and right-sided uCP on 
the WM lobar and the total score of the semi-quantitative 
scale developed by Fiori et  al. (2014) (Crotti, Ortibus, 
Mailleux, et al., 2024). Additionally, damaged brain tissue 
may still contribute to visual processing through reorgani-
zation within the affected cortex. For instance, damage to 
one hemisphere or a specific region can activate alterna-
tive pathways or neighboring areas to take over visual 
processing functions typically controlled by the compro-
mised regions (Araneda et al., 2022; Grasso et al., 2020; 
Guzzetta, 2010). Therefore, we could hypothesize that 
these neuroplastic adaptations may involve the develop-
ment of new connections to bypass the lesion or the 
functional differentiation of nearby tissue, changes that 
may be undetectable on sMRI (Guzzetta et  al., 2010). 
Although sMRI is the standard method used in clinical 
practice, advanced imaging modalities, such as diffusion-
weighted MRI (dMRI), can provide a deeper understand-
ing of hemispheric differences in the visual pathways and 
the neural correlates of visual impairment in children with 
uCP. To investigate this relation, previous dMRI studies 
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used the diffusion tensor imaging (DTI) model (Mori et al., 
1999), a voxel-based analysis method quantifying the dif-
fusion properties of water molecules within each three-
dimensional pixel. Results showed that in children with 
spastic CP, lower fractional anisotropy in specific WM 
visual pathways was related to impairments in different 
visual functions (Ceschin et al., 2015; Galli et al., 2018; 
Rai et al., 2013). Furthermore, recent studies found that 
WM damage, calculated on the voxel-based metrics of 
the optic radiations, correlates with lower performance in 
visuospatial function (Wilson et al., 1987), particularly in 
children with right-sided lesions (i.e., left-sided uCP) 
(Araneda et al., 2022) and that fractional anisotropy and 
mean diffusivity of the optic radiations differ between 
lesioned and non-lesioned hemispheres in children with 
uCP due to stroke (Maiani et  al., 2024). Despite the 
importance of these findings, only two studies explored 
potential differences in WM properties between children 
with left- and right-sided uCP, focusing only on the micro-
structural properties of the optic radiations (Araneda 
et  al., 2022; Maiani et  al., 2024). Additionally, DTI has 
been criticized for being inaccurate in detecting WM 
changes in regions containing crossing fibers (i.e., two or 
more fiber bundles with different orientations within a 
voxel) such as the SLF, the posterior thalamic radiations, 
and CC (Farquharson et al., 2013; Jeurissen et al., 2013). 
This limitation arises because DTI measures are based on 
a single-tensor model that assumes a single dominant 
fiber orientation within each voxel, making it unable to 
resolve complex fiber architecture in regions with cross-
ing fibers. As a result, DTI may underestimate or fail to 
detect micro- and macrostructural differences in such 
regions (Farquharson et al., 2013). To overcome this lim-
itation, constrained spherical deconvolution (CSD) has 
been developed, allowing the quantification of the signal 
at the level of fixels (i.e., fibers with a single orientation 
within a voxel) (Dhollander et  al., 2021; Raffelt et  al., 
2017). This results in the calculation of metrics, namely 
apparent fiber density (AFD), fiber-bundle cross-section 
(FC), and fiber density and cross-section (FDC) which 
provide information on micro- and macrostructural prop-
erties of WM tracts (Raffelt et  al., 2017). Whereas AFD 
quantifies the density of the fibers in a specific orientation 
within a voxel (microstructural), FC measures the cross-
sectional area of a fiber bundle (macrostructural). Lastly, 
FDC, combines AFD and FC, providing a more compre-
hensive assessment of the micro- and macrostructural 
properties of WM.

Previous studies comparing DTI and CSD metrics on 
early WM development showed that childhood is marked 
by significant increases in the size of macroscopic fiber 
bundles (FC), modest changes in axonal density (AFD), 
and relatively minor changes in DTI metrics (Dimond 

et al., 2020). Furthermore, research on children with dis-
abilities highlighted the advantages of using CSD over 
DTI for investigating WM organization in younger popula-
tions (Hyde et  al., 2018). However, only one previous 
study used CSD analysis to investigate the relation 
between WM tracts of the visual system and visual out-
comes, specifically in infants born very preterm (VPT; 
≤32  weeks gestational age) (Chandwani et  al., 2022). 
Results showed that the FDC of the left posterior tha-
lamic radiation, ILF, and IFOF were significantly associ-
ated with visual attention scores of the Preverbal Visual 
Assessment (Pueyo et al., 2014), while no associations 
were found with visuomotor coordination or visual pro-
cessing (Chandwani et  al., 2022). To the best of our 
knowledge, no previous research used fixel-based met-
rics to comprehensively explore micro- and macrostruc-
tural differences in the WM properties of the visual system 
between children with left- and right-sided uCP, and their 
relation to visual outcomes. Hence, we conducted a 
comprehensive exploration of (1) differences in micro- 
and macrostructural properties of the visual pathways 
between children with left- and right-sided uCP and  
(2) the relation between these structural properties and 
visual outcomes in the whole group of children with uCP.

We hypothesized that WM properties of visual path-
ways would differ between children with left- and right-
sided uCP, based on previous findings on the OR in 
children with stroke. Additionally, based on previous liter-
ature, we expected that lower fixel metrics in specific WM 
tracts would be associated with impairments in distinct 
visual outcomes in children with uCP.

2.  METHODS

2.1.  Participants and procedure

Children with spastic uCP, aged between 7 and 15, were 
recruited via the CP care program of the University Hos-
pitals Leuven (Belgium). This research is part of a cross-
sectional study involving visual, sensorimotor, and MRI 
assessments. A full overview of the inclusion and exclu-
sion criteria can be found in prior publications of our 
group (Crotti, Ben Itzhak, et al., 2024; Crotti, Ortibus, Ben 
Itzhak, et al., 2024; Crotti, Ortibus, Mailleux, et al., 2024; 
Decraene et  al., 2023; Mailleux et  al., 2024). Visual 
assessments and MRI were conducted by three trained 
researchers (M.C., L.D., and L.K) either in a single day or 
divided across two half-days based on the family’s pref-
erences. The presence of comorbidities (epilepsy, autism 
spectrum disorder, attention-deficit/hyperactivity disor-
der, cognitive and hearing impairments) was retrieved 
through questionnaires filled by caregivers and through 
medical records. Gestational age, birth weight, side of 
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uCP (i.e., the side with stronger upper limb motor impair-
ment), and the level of manual ability classified according 
to the Manual Ability Classification System (MACS) 
(Eliasson et  al., 2006) were retrieved from medical 
records. Lesion timing was classified according to the 
MRI classification system (MRICS) (Himmelmann et al., 
2017). Consent and assent to participate were provided 
by parents and children older than 12 years, respectively. 
This study was approved by the UZ/KU Leuven Ethical 
Committee (S62906).

2.2.  Measures

2.2.1.  Visual assessments

To assess visual functions and functional vision, we per-
formed standardized and age-appropriate tests conducted 
with both eyes open and best-corrected vision, selected 
based on previous studies in CP (Ben Itzhak et al., 2021; 
Berelowitz & Franzsen, 2021; Burtner et al., 2006; Dufresne 
et al., 2014; Duke et al., 2022; Ego et al., 2015; Fazzi et al., 
2012). Visual assessments were scored in a double-blind 
manner by a trained researcher (M.C.) and two pediatric 
physiotherapy trainees, all of whom were blind to the 
imaging data. A full description of the assessments and 
the cut-offs used to score visual impairments can be found 
in Crotti, Ortibus, Mailleux, et al. (2024).

The Freiburg Visual Acuity Test (FrACT) software 
(Bach, 1996) was used to investigate visual acuity (VA). 
Results were scored as a continuous variable in LogMAR 
(logarithm of the minimum angle of resolution = −log10[-
decimal acuity] (Holladay, 2004)), where higher values 
indicate lower levels of visual acuity. The FrACT test 
shows good test-retest variability and high testability 
already in preschool children (Farassat et al., 2024). The 
fly and the circle subtests of Titmus Stereo Fly (Stereo 
Optical Corporation, 2024) were administered to study 
binocular stereoacuity. Results were scored as ordinal 
numbers (0-9) with higher values indicating better stereo-
acuity. Previous studies showed that the Titmus Stereo 
Fly has good sensitivity to detect impairments in stereo-
acuity (Cruz et al., 2016; Moganeswari et al., 2015). The 
visual discrimination, spatial relationships, form con-
stancy, visual figure-ground, and visual closure subtests 
of the Test of Visual Perceptual Skills, Fourth Edition 
(TVPS-4) (Martin, 2017) were used to investigate motor-
free visual-perceptual skills and the visuomotor integra-
tion subtest (VMI) of the Beery-Buktenica Test of 
Visual-Motor Integration, Sixth Edition (Beery-VMI) (Beery 
et al., 2010) to study visuomotor integration. After con-
verting the scaled scores of the TVPS-4 subtests and the 
standard scores of the VMI into age-equivalent scores 
based on the manuals, results were transformed into 

standardized z-scores (mean = 0, SD = 1), where higher 
scores indicate better visual-perceptual functions. The 
TVPS-4 can be administered from 5  years of age and 
showed acceptable internal-consistency reliability and 
evidence for content validity, construct validity, and crite-
rion validity (Brown & Peres, 2018; Martin, 2017) and the 
Beery-VMI, which can be administered from the age of 
2 years (Beery et al., 2010), presents with acceptable to 
excellent internal consistency, good reliability, and excel-
lent inter-scorer reliability (McCane, 2006).

The Flemish cerebral visual impairment questionnaire 
(FCVIQ), a 46-item binary-response tool filled by parents, 
was used to assess functional vision, namely the use of 
vision in daily life (Colenbrander, 2005; Ortibus et  al., 
2011). Responses were calculated as a total score [0–46] 
given by the sum of the ‘yes’ items (1: the child presents 
the characteristic described in the item; 0: characteristic 
not present), where a higher score reflects a higher level 
of functional vision impairment (Ortibus et al., 2011). The 
FCVIQ has a good predictive value, good sensitivity, 
good internal consistency, and moderate specificity 
(Gorrie et al., 2019; Ortibus et al., 2011).

2.2.2.  MRI

2.2.2.1.  MRI acquisition.  MRI was acquired with a 3.0 
Tesla scanner (Achieva dStream, Philips Medical Sys-
tems, Best, The Netherlands) with a 32-channel head 
coil. SMRI included the acquisition of T1-weighted 
images (TE/TR/TI 4.2/9.1/760.3  ms, voxel size: 0.9 ×  
0.9 × 0.9 mm³), T2-weighted images (TE/TR/TI 280 
/3000/548 ms, voxel size: 1 × 1 × 1 mm3), and T2 fluid 
attenuation inversion recovery images (FLAIR) (TE/TR/TI 
283/4800/1650 ms, voxel size: 1 × 1 × 1 mm3). Multi-shell, 
multi-tissue constrained spherical deconvolution (MSMT-
CSD) dMRI was performed using a 2D spin-echo Echo 
Planar imaging technique with the following parameters: 
TR/TE 3765/93 ms, voxel size: 2.2 x 2.2 x 2.2 mm³, matrix: 
108 x 106 x 62, anterior–posterior phase encoding direc-
tion, 3 b0 images, 50 diffusion directions with a b-value of 
1,000 s/mm² and 74 diffusion directions with a b-value of 
2,500  s/mm²), and reversed-phase dMRI (1 b0 image 
with same parameters in posterior-anterior phase encod-
ing direction). To prevent motion artifacts, children were 
explicitly instructed to remain as still as possible during 
the scan, and this was reinforced through a familiarization 
protocol prior to the MRI session (Verly et  al., 2019). 
Additionally, after the acquisition of each MRI sequence, 
the data were immediately available for quality assess-
ment. In cases where excessive motion artifacts were 
detected for the T1, T2 and FLAIR images, the affected 
sequence was re-acquired to ensure optimal data quality.
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2.2.2.2.  Image processing.  SMRI data (T1 and FLAIR) 
was used to assess lesion location and extent, using a 
semi-quantitative scale validated for children with CP 
(Fiori et al., 2014). A detailed description of the method-
ology and results is available in our prior publication 
(Crotti, Ben Itzhak, et al., 2024).

DMRI preprocessing was performed and reviewed in 
consultation with a neuroradiologist (A.M.R.), who was 
blinded to the visual assessments, using custom-
developed scripts developed by the neuroradiology 
department of KU and UZ Leuven (Fig. 1). First, sMRI and 
dMRI images were converted to the brain imaging data 
structure (BIDS) format using the KU Leuven neuroimag-
ing suite (Radwan & Sunaert, 2018/2024) and dcm2bids 
(Bedetti et al., 2022). Secondly, dMRI preprocessing was 
performed using the script KUL_dwiprep.sh (Radwan & 
Sunaert, 2018/2024) which relies on FSL (v6.0) (Jenkinson 
et  al., 2012), ANTs (v2.3.0) (Avants et  al., 2011), and 
MRtrix3 (v3.0.3) (Tournier et al., 2019) for denoising using 
Marchenko-Pastur-Principal Component Analysis (MP-
PCA) (Veraart et al., 2016), Gibb’s artifact removal (Kellner 
et  al., 2016), Eddy current artifact, and subject motion 
correction using FSL’s eddy (Andersson & Sotiropoulos, 

2016), echo-planar imaging correction using a FSL’s 
topup (Andersson et al., 2003), and imaging bias correc-
tion (Tustison et al., 2010). This was followed by upsam-
pling of the diffusion images (1.25  mm) and the 
computation of fiber orientation distribution (FOD). Lastly, 
the diffusion signal was clustered based on the degree of 
restriction and anisotropy of three different tissues, 
namely white matter, grey matter, and cerebrospinal fluid 
(Jeurissen et al., 2014).

To investigate the micro- and macrostructural proper-
ties of the WM visual tracts, a fixel-based analysis was 
performed using an automated BASH implementation of 
the MRtrix3 (Tournier et  al., 2019) workflow (KUL_
dwiprep_group_fba.sh) (Radwan & Sunaert, 2018/2024). 
A study-specific multi-contrast FOD template was gener-
ated using the data of 10 included children with uCP, 
reporting no visible lesions or small predominant WM 
lesions according to the MRICS (mean age: 10 years and 
9 months; left-sided uCP = 3; males = 3; preterm = 4; 
PVL = 8, normal MRI = 2), which were flipped across the 
x-axis, resulting in 20 images used for the generation of a 
symmetrical population template. This approach mini-
mizes the influence of uCP lesion laterality on the result-

Fig. 1.  Schematic representation of the diffusion MRI preprocessing and analysis workflow. uCP, unilateral cerebral palsy, 
BIDS, brain imaging data structure; dMRI, diffusion magnetic resonance imaging; FOD, fiber orientation distribution;  
KUL_FWT, KU Leuven fun with tracts; CSD, constrained spherical deconvolution; AFD, Apparent fiber density; FC, fiber 
-bundle cross-section; FDC, combined fiber density and cross-section.
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ing population template. To exclude lesioned voxels from 
the template creation, lesion masks were manually gen-
erated using ITK-snap (v.3.8.0) on the T1- and T2 FLAIR-
weighted images, which encoded the lesion as Not a 
Number (NaNs) and a cost function masking was used to 
minimize inaccuracies due to the presence of focal 
pathology (Andersen et al., 2010). Following the genera-
tion of the template, the FOD maps of each participant 
were warped to the FOD population template with mrreg-
ister and the resulting subject fixels were reoriented to 
the corresponding template fixels using fixelreorient 
(Tournier et  al., 2019). The Fun With Tracts automated 
pipeline (Radwan et al., 2021) was used to perform fully 
automated probabilistic CSD bundle-specific tractogra-
phy using iFOD2 (Second-order Integration over Fiber 
Orientation Distributions) (Tournier et al., 2010) for the fol-
lowing tracts of interest: occipital CC, the right and left 
inferior fronto-occipital fasciculus (IFOF), optic radiation 
(OR), inferior longitudinal fasciculus (ILF), four subdivi-
sions of the superior longitudinal fasciculus (SLF: I, II dor-
sal, II ventral, III), and vertical occipital fasciculus (VOF) 
(Fig. 2). For a full description of the inclusion/exclusion 
volumes of interest (VOIs), see supplementary table 2 in 
Radwan et al. (2021). With the FWT pipeline, we first cre-
ated the VOIs based on the neuroanatomical literature 
using the parcellation output of FreeSurfer recon-all 
(Fischl, 2012; FreeSurferWiki, 2020) and MultiScale Brain 
Parcellator (Tourbier et al., 2019).

Secondly, preprocessed dMRI and VOIs were used to 
generate bundle-specific tractograms for the population 
template (Radwan et  al., 2021). The resulting tracto-
grams were used to define template bundle-specific fixel 
masks, which were then used to sample each subject’s 
fixel metrics in template space. During registration, NaN 
masks were applied to minimise the influence of lesions, 
and all registered images were visually inspected for 
accuracy.

For each participant, the resulting bundle-specific fixel 
maps were used to calculate the fixel-based metrics (i.e., 
AFD, FC, and FDC). FC was logarithmically transformed 
to simplify data interpretation: with a value of 0 corre-
sponding to the same FC as the template, values above 
0 indicating an increase in FC, and values below 0 indi-
cating a decrease. In the following sections, FC refers to 
the log-transformed FC. For each participant, the fixel-
based metrics were calculated as the average values 
across the entirety of each tract, where lower values indi-
cate a reduction in the size of fiber bundles (FC), loss of 
fiber density (AFD) and/or a combination of both (FDC) 
(Raffelt et  al., 2017). Additionally, the intracranial brain 
volume was estimated using the brain masks obtained 
during the preprocessing (Pannek et  al., 2018; Raffelt 
et al., 2017).

2.3.  Statistical analyses

Frequencies were calculated for descriptive characteris-
tics and visual impairments. Normality of the data was 
evaluated using the Shapiro-Wilk test. Quantitative vari-
ables were described using the mean and standard devi-
ation (SD) or the median and interquartile range (IQR) 
based on the data distribution, and parametric or non-
parametric statistics were performed accordingly. Based 
on the literature (Chandwani et al., 2022; Pannek et al., 
2018; Peters et al., 2012), to identify potential confound-
ers related to WM properties of the visual tracts in chil-
dren with uCP, pairwise Spearman’s Rank correlations, 
adjusted for false discovery rate (FDR p-value  ≤  0.05) 
(Benjamini & Hochberg, 1995), were performed between 
the AFD, FC, and FDC of the visual tracts and gestational 
age and age, which were not normally distributed. A sim-
ilar analysis was performed between visual outcomes 
and gestational age (Chandwani et al., 2022). The relation 
between visual outcomes and age was not investigated, 
since participants were aged between 7 and 15  years, 
and, according to the literature, visual acuity and stereo-
acuity are fully developed by the third year of life (Braddick 
& Atkinson, 2011). Furthermore, the results of the TVPS-4 
and VMI were already corrected for the age-equivalent 
scores reported in the manuals (Beery et al., 2010; Martin, 
2017). Additionally, we assessed whether males and 
females showed differences in brain damage and visual 
outcomes using Mann-Whitney U-tests with FDR correc-
tion. Following the fixel-based framework described by 
Raffelt et  al. (2017), we used intracranial volume as a 
covariate for analyses including FC and FDC to remove 
the global effects of brain scaling resulting from the reg-
istration to the study template. A correction for intracra-
nial volume was not applied for AFD, since its calculation 
does not involve brain scaling (Raffelt et al., 2017; Smith 
et  al., 2019). Since we do not hypothesize that differ-
ences in head size (i.e., intracranial volume) impact visual 
outcomes in children with uCP, a correction for intracra-
nial volume was not applied to the results of the visual 
assessments. Correlation coefficients (rs) were inter-
preted as no or negligible (<0.30), low (0.30–0.49), mod-
erate (0.50–0.69), high (0.70–0.89), or very high (≥0.90) 
(Mukaka, 2012). To compare baseline differences 
between children with left- and right-sided uCP, we con-
ducted Mann-Whitney U-tests for continuous variables 
(age, intracranial volume, gestational age) and Chi-square 
tests for the categorical variable (sex). Lastly, to exclude 
potential confounders, we evaluated the extent of the 
lesion for the right and left hemispheres using the semi-
quantitative scale of Fiori et al. (2014). Although we found 
that three children with right-sided uCP had a more 
extensive lesion in the hemisphere ipsilateral to their 
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Fig. 2.  Representative reconstruction from the population template in axial view of the occipital corpus callosum 
(CC), the right and left inferior fronto-occipital fasciculus (IFOF), optic radiation (OR), four subdivisions of the superior 
longitudinal fasciculus (SLF: I, II dorsal, II ventral, III), inferior longitudinal fasciculus (ILF), and the vertical occipital 
fasciculus (VOF) (Radwan et al., 2021). The 3D reconstructions of the visual tracts in sagittal view can be visualized by 
scanning the QRcode through the app https://www​.schol​-ar​.io​/download/ (Ard et al., 2022). The RGB color scheme is 
applied to indicate the orientation of fiber tracts: red for left-right, green for anterior-posterior, and blue for superior-inferior. 
In the 3D reconstructions, white occurs when the left and right bundles are superimposed during rotation due to the 
bundles’ semitransparency.

https://www.schol-ar.io/download/
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motor impairments (i.e., right), when comparing between 
groups the extent of the lesion on the lobar and total WM 
scores (Fiori et al., 2014), there were no significant differ-
ences between children with right and left-side uCP 
(Crotti, Ben Itzhak, et al., 2024). Data were analyzed using 
R (version 4.3.2; R Core Team, 2021).

2.3.1.  Differences in white matter properties  
of the visual tracts between children with  
left- and right-sided uCP

Based on the data distribution, a Mann-Whitey U test for 
AFD and one-way analysis of covariance (ANCOVA) for 
FC and FDC was performed to investigate differences in 
WM properties of the visual tracts between children with 
left- and right-sided uCP. For the Mann-Whitey U test 
analysis, effect sizes were calculated using correlation 
coefficients (r) (Tomczak & Tomczak, 2014) and inter-
preted as small (<0.3), medium (0.3–0.49), or large (≥0.5) 
(Mukaka, 2012). A one-way ANCOVA was conducted to 
examine the differences between groups (i.e., children 
with left- and right-sided uCP) on the FC and FDC of the 
visual tracts while controlling for age and ICV. The 
assumption of normality of residuals was checked with 
the Shapiro-Wilk test, homoscedasticity with the Lev-
ene’s test, and the homogeneity of the regression slopes 
with the interaction between the group and each covari-
ate (group × age and group × ICV). If this interaction was 
not statistically significant, interaction terms were 
removed from the ANCOVA analysis (Leppink, 2018). 
Effect sizes were calculated using partial η squared (ηp

2) 
and interpreted as small (0.01–0.06), medium (0.06–0.14), 
or large (>0.14) (Hinkle et al., 2003). Two-sided p-values 
≤0.05 were considered statistically significant. Given the 
exploratory nature of the study, the primary analyses 
were conducted without correction for multiple compari-
sons. However, to ensure transparency, FDR was per-
formed post hoc, and the results are available in the 
Supplementary Materials.

2.3.2.  The relation between white matter properties 
of the visual tracts and visual outcomes

To study the univariate associations between WM prop-
erties of the visual tracts and visual outcomes in children 
with uCP, we performed (1) pairwise semi-partial Spear-
man’s Rank correlations between the results of the visual 
assessments and the FDC and FC of the visual tracts, 
with corrections for age and intracranial volume applied 
on the FDC and FC, and (2) Spearman rank correlations 
without covariate correction between the visual out-
comes and the AFD of the visual tracts. Correlation coef-
ficients (rs) were interpreted according to Mukaka (2012). 

Correction for multiple comparisons was not applied to 
the primary analysis because of the exploratory nature of 
this study (Bender & Lange, 2001; Rothman, 1990). How-
ever, to ensure transparency, FDR correction was per-
formed post hoc, and the results are available in the 
Supplementary Materials.

3.  RESULTS

3.1.  Participants

Fifty children with uCP were recruited for this study. Nine 
children were excluded due to contraindications to MRI 
assessments, and five children due to failure of the 
motion and distortion correction during the preprocess-
ing of the dMRI images. Particularly, one subject was 
excluded due to a large structural lesion that caused 
FreeSurfer reconstruction failure. Four additional sub-
jects were excluded due to significant artefacts detected 
during preprocessing. Exclusion was based on a combi-
nation of quality control metrics (e.g., motion, Signal-to-
Noise Ratio, Contrast-to-Noise Ratio, outlier counts) and 
the persistence of artefacts after applying multiple cor-
rection methods (including dwifslpreproc, FSL’s eddy, 
and SHARD). In all excluded cases, data quality was 
deemed insufficient for reliable analysis. Therefore, 36 
children with uCP (mean age 11  years 7  months, SD 
2  years 10  months, 19 males, 17 left-sided uCP, 15 
preterm) were included in the statistical analysis. A 
detailed overview of missing data is presented in Supple-
mentary Figure  S1. Descriptive characteristics and 
comorbidities of our sample are presented in Table 1, and 
results of the visual assessments and the fixel metrics are 
presented in Supplementary Tables S1 and S2, respec-
tively. A detailed description of lesion locations in this 
cohort is available in the Supplementary Figure S2.

3.2.  Covariates selection

After applying FDR correction, no significant correlations 
were found between gestational age and WM properties 
of the visual tracts (AFD, FC, FDC; Supplementary Table 
S3) or the visual outcomes (Supplementary Table  S4). 
Significant correlations were found between age and the 
FDC (rs = 0.379–0.455) and FC (rs = 0.370–0.610) of the 
visual tracts, but not with the AFD of the visual tracts 
(Supplementary Table  S5). Additionally, after applying 
FDR correction, no significant differences were found 
between children with left- and right-sided uCP for age, 
gestational age, ICV, and sex (Supplementary Table S6), 
and between males and females on the visual outcomes 
and WM properties of the visual tracts (Supplementary 
Table  S7). Therefore, only age and intracranial volume 
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were standardized and used as covariates for FC and 
FDC.

3.3.  Difference in white matter properties  
of the visual tracts between children with  
left- and right-sided uCP

A full overview of the Mann–Whitney U tests for AFD and 
ANCOVA results for FC and FDC with the relative effect 

sizes (r, ηp
2) is presented in Table 2 and graphically sum-

marized in Figure 3. Significant interaction effects were 
only found between group and age for the right VOF for 
the FC (p  =  0.016; ηp

2  =  0.177) and FDC (p  =  0.042; 
ηp

2 = 0.131) (Supplementary Table S8), showing a medium 
to large effect size, indicating that for the right VOF, age 
influences the presence of micro- and macrostructural 
differences between children with left- and right-sided 
uCP. The results on the main effect of group showed that, 

Table 1.  Clinical characteristics of children with unilateral cerebral palsy.

General characteristics n (%)

Mean age (SD), years:months 11:07
2:10

Sex Male 19 53
Female 17 47

Handedness Right-handed 17 47
Left-handed 19 53

Side of cerebral palsy Right-sided 19 53
Left-sided 17 47

Magnetic Resonance Imaging  
Classification System categorya 
(Himmelmann et al., 2017)

A 2 6
B 24 67
C 7 19
D 1 3
E 2 6

Manual Ability Classification System 
levela (Eliasson et al., 2006)

I 19 53
II 13 36
III 4 11

Gestational agea,b Mean (SD), weeks:days 36:05 (3:6)
Term 20 56
Preterm 10 28
Very preterm 5 14
Unknownd 1 3

Birth weighta,c Mean (SD), grams 2,898.23 (969.95)
Normal 26 72
Low 9 25
Unknownd 1 3

Intracranial brain volume (ICV) Median (IQR), cm3 1,348.845 (102.696)

aComorbidities Category n (%)

Epilepsy No epilepsy 26 72
Epilepsy 10 28

Autism spectrum disorder (ASD) No ASD 27 75
ASD 9 25

Attention deficit hyperactivity  
disorder (ADHD)

No ADHD 33 92
ADHD 3 8

Cognitive impairments No 33 92
Yes 3 8

Hearing impairments No 36 100
Yes 0 0

Percentages are calculated out of the total sample of children with unilateral CP (N = 36).
aRetrieved from medical records.
bGestational age refers to completed weeks of pregnancy: term, ≥37 to <42 weeks; preterm, ≥32 to <37 weeks; very preterm, <32 weeks 
(Tucker & McGuire, 2004).
cBirthweight: normal birthweight, ≥2,500 g; low birthweight, <2,500 g (World Health Organization., 2014).
dUnknown reflects no reported data or missing data, which exists because of the retrospective data retrieval.
CP, cerebral palsy; SD, standard deviation; IQR, interquartile range. A, maldevelopments; B, predominant white matter injury; C, 
predominant grey matter injury; D, miscellaneous; E, normal.
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with medium to large effect sizes, children with left-sided 
uCP have significantly lower AFD (p  =  0.021–0.018; 
r  =  0.383–0.393), FC (p  =  0.012–0.001; ηp

2  =  0.182–
0.299), and FDC (p = 0.002–<0.001; ηp

2 = 0.256–0.323) in 
different branches of the right SLF compared to children 
with right-sided uCP, and children with right-sided uCP 
showed significantly lower AFD (p  =  0.028–0.007; 
r = 0.367–0.441), FC (p = 0.012; ηp

2 = 0.183), and FDC 
(p = 0.01; ηp

2 = 0.192) in different branches of the left SLF. 
Additionally, children with left-sided uCP showed signifi-
cantly lower FDC and FC in the right IFOF (FC: p = 0.009; 
ηp

2 = 0.193; FDC: p = 0.029; ηp
2 = 0.140) and right OR 

(FC: p = 0.011; ηp
2 = 0.187; FDC: p = 0.018; ηp

2 = 0.162) 
compared to children with right-sided uCP. None of the 
AFD results remained significant following FDR correc-
tion, whereas several group differences in FC and FDC 
did; these are detailed in Supplementary Table S9.

3.4.  The relation between visual outcomes and 
white matter properties of the visual tracts

A full overview of the Spearman’s Rank correlations 
between the visual outcomes and the FDC, FC, and AFD 
of the visual tracts is presented in Tables  3, 4, and 5, 
respectively, and graphically in Figure 4. In summary, we 
found low to moderate correlations between the visual 
outcomes and the micro- and macrostructural properties 
of several visual pathways. In the present section, when 
not specified, correlations were found with low effect 
sizes (rs = 0.30–0.49). Lower visual acuity was associated 
with lower FDC of the occipital CC, the right IFOF, OR, 
SLF I, SLF IId, SLF IIv, and SLF III (rs = -0.371 to -0.445), 
and lower FC of the right IFOF, SLF I and bilateral OR 
(rs = -0.335 to -0.377). Low to moderate correlations were 
found between visual acuity and lower AFD of almost all 

Fig. 3.  Graphical representation summarizing differences between children with left-sided and right-sided unilateral 
cerebral palsy (uCP) on the fixel-metrics, namely (in yellow) apparent fiber density (AFD), (in blue) fiber-bundle cross-
section (FC), and (in green) fiber density and cross-section (FDC). The upward arrow (↑) denotes white matter tracts 
with greater damage. uCP, unilateral cerebral palsy; SLF, superior longitudinal fasciculus; IFOF, inferior fronto-occipital 
fasciculus; OR, optic radiation.
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the visual pathways (rsv= -0.345 to -0.557). Lower stereo-
acuity was correlated with lower FDC of the bilateral IFOF, 
the right ILF, OR (rs = 0.367-0.485), and with moderate 
effect sizes with lower FDC of the right VOF (rs = 0.511), 
with lower FC of the right OR, VOF, and bilateral IFOF 
(rs = 0.359–0.420), and lower AFD of the bilateral ILF, OR, 
right SLF I and left SLF IIv, SLF III, IFOF, and VOF 
(rs  =  0.336–0.461), and with moderate effect sizes with 
the right IFOF and VOF (rs  =  0.543–0.571). Regarding 
motor-free visual-perceptual functions, lower scores on 
the TVPS-4 subtest visual discrimination were associated 
with lower FDC of the right SFL IId and SLF III (rs = 0.341–
0.350), lower FC of the right SLF IId and SLF III (rs = 0.381–
0.362), and lower AFD of the bilateral ILF and OR, and left 
IFOF (rs = 0.329–0.443). Lower scores on the form con-
stancy and visual closure subtests were associated with 
lower FDC of the right VOF (rs  =  0.334) and right OR 
(rs = 0.330), respectively, and AFD of several WM tracts 
(rs = 0.329–0.488) with the form constancy subtest show-
ing moderate effect sizes with the occipital CC and right 
VOF (rs = 0.503–0.549). Lower scores on the spatial rela-
tionship and visual figure-ground subtests were associ-
ated only with lower AFD of several WM tracts 
(rs = 0.335–497). More specifically, the spatial relationship 
subtest showed moderate correlations with the AFD of 
the right ILF (rs = 0.541), and the visual figure-ground sub-
test with the right ILF and OR (rs = 0.508–0.540). Lower 
scores on the VMI were associated with lower FDC of the 
left IFOF only (rs = 0.380), lower FC of the left OR and 
IFOF (rs = 0.396–0.417), and lower AFD of the bilateral ILF, 
OR, left VOF, and right IFOF (rs  =  0.358–0.463), with a 
moderate effect size with the right VOF (rs = 0.575). Lastly, 

higher impairments in functional vision (FCVIQ) were 
associated with lower FC (rs = -0.338 to -0.483) of all the 
visual tracts except the VOF, and lower FDC (rs = -0.334 
to -0.499) and AFD of all visual tracts (rs  =  -0.357 to 
-0.499), with associations with the AFD reporting moder-
ate correlations with the occipital CC, right OR, IFOF, 
VOF, and left ILF (rs = -0.502 to -0.558). None of the cor-
relations with FC or FDC remained significant after FDR 
correction, whereas several AFD correlations did; these 
are reported in Supplementary Table S10.

4.  DISCUSSION

In this study, we conducted a comprehensive exploration 
of the micro- and macrostructural differences in WM 
properties of the visual system between children with 
left- and right-sided uCP, and their relation to specific 
visual outcomes, using fixel-based analysis. Our first 
objective was to compare the micro- and macrostructural 
properties of visual pathways between children with left- 
and right-sided uCP. We found that children with left-
sided uCP have significantly lower AFD, FC, and FDC in 
the right SLF, IFOF, and OR, while children with right-
sided uCP have lower fixel metrics in the left SLF only. 
Our second objective was to investigate the relation 
between visual outcomes and WM matter properties of 
the visual tracts across the entire uCP cohort. Our find-
ings showed that different visual outcomes are correlated 
with several WM visual pathways, suggesting that visual 
functions are controlled by a complex neural network, 
rather than isolated tracts. Interestingly, our covariates 
analysis showed that only age was associated with the 

Fig. 4.  Partial Spearman’s rank correlation matrix showing the significant correlations between the visual assessments 
and the fixel-metrics, namely (a) fiber density and cross-section (FDC), (b) fiber-bundle cross-section (FC), and (c) apparent 
fiber density (AFD). CC, corpus callosum; L, left; R, right; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal 
fasciculus; OR, optic radiation; SLF, superior longitudinal fasciculus; d, dorsal; v, ventral; VOF, vertical occipital fasciculus; 
FrACT, Freiburg Visual Acuity Test; TVPS-4, Test of Visual Perceptual Skills, Fourth Edition; Beery, Beery-Buktenica Test of 
Visual-Motor Integration, Sixth Edition; FCVIQ, Flemish cerebral visual impairment questionnaire. rs, Spearman correlations 
interpreted as no or negligible correlation (<0.30), low (0.30–0.49), moderate (0.50–0.69), high (0.70–0.89), or very high 
(≥0.90) (Mukaka, 2012); p, p-value.
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FC and FDC of the visual pathways, suggesting that in 
children with uCP, age-related changes have a stronger 
impact on macro- (i.e., bundle size) rather than micro-
structural WM properties of the visual pathway. While the 
primary analyses were exploratory and reported without 
correction for multiple comparisons, we also applied FDR 
correction for transparency, showing that several differ-
ences in FC and FDC between children with left- and 
right-sided uCP, and correlations between AFD and visual 
function, remained significant.

Since the motor system is functionally lateralized (i.e., 
the left hemisphere primarily controls the motor output of 
the right limbs), early brain damage in children with uCP 
causes motor impairments on the side of the body oppo-
site to the most affected hemisphere (Martin, 2005). In 
the visual system, the relation between visual outcomes 
and brain damage is not so straightforward, since both 
the left and right primary visual cortex are required to 
integrate the input from the contralateral visual field 
(Braddick & Atkinson, 2011). Additionally, the presence of 
hemispheric specificity for visual functions is still not fully 
understood, making it more challenging to identify differ-
ences in visual pathways between children with left- and 
right-sided uCP (Crotti, Genoe, et  al., 2024; Pagnozzi 
et al., 2020). In our previous research (Crotti, Ben Itzhak, 
et al., 2024), we found no difference in the WM lobar and 
total score of the semi-quantitative scale developed by 
Fiori et al. (2014) between children with left- and right-
sided uCP, suggesting the need for more advanced tech-
niques to explore whether differences in WM connectivity 
could be detected between groups. Therefore, in this 
exploratory study, we used fixel-based analysis, show-
ing, for the first time, that children with left-sided uCP 
present with lower AFD, FC, and FDC in different WM 
tracts (SLF, IFOF, OR) of the right hemisphere, while chil-
dren with right-sided uCP show lower fixel metrics limited 
to the left SLF. Our results on the OR are partially in line 
with our hypothesis based on previous findings (Araneda 
et al., 2022; Maiani et al., 2024), since we only found dif-
ferences between groups in the right hemisphere for the 
FC and FDC, while previous research showed reduced 
voxel-metrics on the lesioned hemisphere (either right or 
left) compared to the non-lesioned hemisphere in chil-
dren with uCP. Differences could be explained by the 
type of analysis performed (i.e., fixel-based rather than 
voxel-based metrics), highlighting the added value of 
performing CSD to enhance the accuracy of WM tractog-
raphy. An additional explanation could be the presence of 
widespread (bilateral) lesions in our cohort and that the 
classification (i.e., right/left-sided uCP) is based on their 
clinical motor performance and not on the lesioned/non-
lesioned hemisphere. Nevertheless, we found no signifi-
cant differences in lobar or total WM scores (Fiori et al., 

2014) between groups (Crotti, Ben Itzhak, et al., 2024), 
indicating that lesion extent was comparable across chil-
dren with left- and right-sided uCP. Additionally, it is 
important to acknowledge that we did not have a control 
group; hence, comparisons with normative values of the 
fixel metrics of right and left hemispheres in school-age 
children without brain lesions were not possible to make. 
Nevertheless, the present study provides the first evi-
dence of differences in WM properties of the right IFOF 
and bilateral SLF between children with right- and left-
sided uCP, with the SLF I being the only WM tract show-
ing differences between groups in both hemispheres at 
the micro- (AFD), macro (FC), and combined structural 
properties (FDC). Given the exploratory nature and nov-
elty of our study, our explanations are presented as 
hypotheses that could guide future research. The SLF is 
a major WM tract connecting the frontal, parietal, and 
occipital lobes, divided into three branches: SLF I, SLF II 
(further divided into dorsal and ventral in the present 
study), and SLF III, which have different functions such as 
visuospatial attention and visuomotor coordination (SLF 
I), attention, working memory, and higher-order cognitive 
functions (SLF II), and language processing (SLF III) 
(Nakajima et al., 2020; Thiebaut de Schotten et al., 2011). 
Previous studies showed that a right-larger-than-left SLF 
volume was associated with faster visuospatial process-
ing in right-handed participants without brain lesions, 
suggesting the relation between this tract and hemi-
spheric specialization (Budisavljevic et  al., 2017). Addi-
tional findings also showed that differences in SLF 
volume strongly correlated with hand preference (Howells 
et al., 2018). Given its relation with visuomotor, visuospa-
tial processing, and hand lateralization (Budisavljevic 
et  al., 2021; Thiebaut de Schotten et  al., 2011), further 
studies on the micro- and macrostructural changes of the 
SLF in children with uCP could provide additional clinical 
insights in this neurodevelopmental disorder and its 
comorbidities. Remarkably, no significant differences in 
visual functions were observed between the groups as 
shown in our previous study (Crotti, Ortibus, Mailleux, 
et al., 2024), supporting the notion that hemispheric dif-
ferences in WM properties of the visual pathways might 
not always result in differences in visual functions 
between children with left- and right-sided uCP. Further-
more, brain areas with damaged tissue might still be 
actively involved in visual processing, due to reorganiza-
tion within the damaged cortex (Araneda et  al., 2022; 
Grasso et al., 2020; Guzzetta, 2010).

The results of the correlation analysis partially align with 
our initial hypothesis that lower fixel metrics in distinct WM 
tracts would be associated with reduced specific visual 
outcomes in children with uCP. Our findings showed that, 
in children with uCP, lower results on specific visual 
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assessments were related to lower values of the FDC, FC, 
and AFD of different visual tracts, which can indicate a 
reduction in the size of fiber bundles (FC), loss of fiber den-
sity (AFD), and/or a combination of both (FDC) (Raffelt 
et al., 2017). However, we also identified distinct moderate 
associations that could suggest that damage to specific 
visual tracts may be more related to distinct lower visual 
outcomes. Specifically, reduced visual acuity was associ-
ated with lower values of all three metrics of the right IFOF, 
OR, and SLF I, suggesting that, in children with uCP, 
reduced axonal density (AFD) and reduced bundle calibre 
(FC), especially in the right hemisphere, may impair the 
ability to perceive fine details. The OR connects the lateral 
geniculate nuclei of the thalami with the occipital cortex 
(Swienton & Thomas, 2014), and the relation between its 
damage and impaired visual acuity was already estab-
lished in children with CP using DTI (Ceschin et al., 2015), 
and in preterm infants and children using CSD (Chandwani 
et al., 2022; Thompson et al., 2014). Notably, our study is 
consistent with the results of Araneda et al. (2022), report-
ing that although lesions in either hemisphere can impact 
the microstructural properties of the OR, the impact of the 
right hemispheric lesions is more pronounced due to its 
specialization in visuospatial functions. Our results further 
extend prior findings showing a relation between lower 
level of visual acuity and both reduced axonal density 
(microstructural) and reduced bundle calibre (macrostruc-
tural) of the IFOF and SLF I, and specifically microstruc-
tural properties of the occipital CC, bilateral ILF, and VOF. 
The ILF connects the occipital lobe to the anterior tempo-
ral lobe (Herbet et al., 2018), and the IFOF runs between 
the occipital and frontal lobes (Conner et al., 2018). Both 
WM tracts are part of the ventral visual stream and, accord-
ing to previous findings, are involved in object recognition 
(Ortibus et al., 2012), reading, and visually-guided behav-
iors, functions for which a good level of visual acuity is 
required. Results of the VOF, which connects the dorsal 
and ventral visual pathways (Takemura et al., 2016), and of 
the occipital CC, which connects the bilateral occipital 
lobes via the splenium of the CC (Berlucchi, 2014), indi-
cate that both reduced intra- and interhemispheric con-
nectivity is related to lower visual acuity in children with 
uCP. Lower level of stereoacuity also correlated with sev-
eral WM tracts, with the most significant results on the 
right VOF, strengthening the hypothesis that the right pos-
terior parietal cortex and its connections to the temporal 
lobe via the VOF are critical for 3D perception, in line with 
previous findings in participants without brain lesions 
(Nishida et al., 2001; Oishi et al., 2018). For the TVPS-4 
subtests, lower performance was related to lower values 
on all three metrics of the right SLF only, supporting the 
hypothesis of the right hemisphere specialization for 
visual-perceptual functions. Previous results, based on 

CSD, showed that in preterm infants damage to the SLF 
can impact visual attention, a relevant function in the per-
formance of the TVPS-4 subtests which require the identi-
fication of a target figure among different options 
(Chandwani et al., 2021). Our results are also supported by 
the study of Galli et al. (2018) which found significant dif-
ferences in the FA of the SLF between children with CP 
with and without visual-associative disorders, classified 
based on visual-perceptual and visuomotor integration 
tests. Notably, in our study, lower results on the TVPS-4 
subtests also showed correlations with lower microstruc-
tural properties (AFD) of the WM visual pathways, includ-
ing the occipital CC, right SLF, bilateral IFOF, ILF, OR, and 
VOF. Similarly, lower performance on the VMI was mostly 
correlated with lower AFD of the right IFOF, bilateral ILF, 
OR, and VOF, suggesting that, in children with uCP, 
reduced motor-free visual-perceptual and VMI functions 
show more associations with altered reduced axonal den-
sity rather than reduced calibre of the visual pathways. 
Results on relation to the ILF are consistent with previous 
findings, showing that children with impairment in visual 
perception and object recognition present with lower FA 
on the ILF (Ortibus et  al., 2012). Nevertheless, we also 
showed that lower VMI performance is related to reduced 
calibre (FC) of the IFOF and OR, particularly of the left 
hemisphere. In a functional MRI study, specific activation 
in the left lingual gyrus and cuneus, which form the medial 
occipital lobe (Palejwala et al., 2021), was observed during 
a copy task performed by participants without brain 
lesions (Ferber et al., 2007). This finding suggests that the 
left visual network is involved in visual feedback and atten-
tional shift processes, key functions needed to compare 
one’s copy to a target figure, as required in tasks like the 
VMI (Ferber et al., 2007). Lastly, impaired functional vision 
was the visual outcome reporting the most number of 
associations with both micro- (axonal density), macro- 
(reduced bundle calibre), and combined structural proper-
ties of the visual pathways, including the occipital CC, 
bilateral ILF, OR, and right IFOF and SLF. This result is not 
surprising, since the FCVIQ is a questionnaire assessing 
the use, in daily life, of different visual functions involving 
both the dorsal (SLF) and ventral stream (ILF, IFOF), with 
items related to visual attention and complex problem-
solving, which require good inter- (occipital CC) and intra-
hemispheric connections (OR) (Parks & Madden, 2013). 
Remarkably, the right IFOF was the WM tract showing the 
strongest correlations with the FCVIQ, supporting earlier 
findings that damage to this tract (i.e., lower FA) was the 
most discriminant between participants with and without 
cerebral visual impairment (Bauer & Merabet, 2024). Since 
the IFOF is a long-range fiber bundle involved in several 
visual and cognitive functions (Englander et al., 2013), it 
can be particularly affected by early brain damage, result-
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ing in higher impairments in functional vision in children 
with uCP. Overall, our analysis did not identify a single WM 
tract responsible for a specific visual outcome, highlighting 
that visual functions are controlled by a complex neural 
network. However, damage to the VOF, particularly in the 
right hemisphere, may warrant special attention to the 
assessment of stereoacuity, while damage to the IFOF, 
especially in the left hemisphere, of VMI. Additionally, 
understanding hemispheric specialization for visual func-
tions is critical, since knowledge of the neurological cor-
relates of specific visual functions can guide tailored 
interventions for children with left- or right-sided uCP. 
Taken together, our results suggest that reduced visual 
acuity, stereoacuity, and motor-free visual perceptual func-
tion are more associated with damage to right-hemisphere 
WM tracts, lower VMI abilities to the left visual pathways, 
while impairments in functional vision relate to both hemi-
spheres.

4.1.  Limitations

Some limitations of our study should also be noted. First, 
our sample did not include children with neurotypical 
development, preventing the possibility of comparing the 
properties of the WM visual pathways with a control 
group. As an additional consequence, imaging data from 
children with uCP, rather than age-matched children with 
neurotypical development, were used to generate the 
population template. Nevertheless, the inclusion of 
10-flipped images and the exclusion of voxels with 
lesions ensured a symmetrical template with minimal 
influence of visible lesions. Secondly, in our correlation 
analysis, we did not apply corrections for multiple com-
parisons which can reduce the risk of false positive find-
ings (Rothman, 1990). Given the novelty and exploratory 
nature of our study, we believe that it was appropriate to 
refrain from correcting for multiple comparisons in the 
primary analyses, as this could increase the risk of over-
looking potentially meaningful associations. However, to 
ensure transparency, we additionally performed FDR cor-
rection and reported the results in the Supplementary 
Materials. Third, our study investigated the WM proper-
ties of the right and left hemispheres rather than investi-
gating the most/least affected hemisphere in children 
with uCP. This approach was motivated by the inclusion 
of children with uCP with widespread bilateral lesions, 
where identifying the most affected WM visual tracts is 
not straightforward. Nevertheless, as discussed above, 
we controlled that the two groups did not differ in lesion 
extent. Lastly, we acknowledge that our sample size 
(N = 36) limited the possibility of applying more complex 
fixel-based analyses (i.e., segment-specific (Chandio 
et al., 2020)) and statistical models (i.e., regression with 

additional covariates) given the 17 tracts of interest (i.e., 
predictors), and 8 visual outcomes which would have 
potentially led to the risk of overfitting. To address this 
constraint, we opted to use bundle-averaged FBA fixel-
metrics and more simple statistical methods (i.e., correla-
tions) to perform an exploratory study.

4.2.  Strengths and future directions

Despite the limitations and the exploratory nature of our 
research, our results are promising, since they show the 
value of applying CSD bundle averaged FBA analysis to 
independently investigate the micro- and macrostructural 
WM properties of the visual system to achieve a deeper 
understanding of the neural correlates of visual functions 
in children with uCP. Particularly, based on our correlation 
analysis, future studies with a larger number of partici-
pants could refine regression models by focusing on the 
strongest relation identified between specific WM tracts 
and visual outcomes. To address concerns related to mul-
tiple comparisons and statistical power, future work might 
also consider employing multivariate approaches. Longi-
tudinal studies would be valuable to examine how these 
relationships evolve with age. This work could better iden-
tify potential biomarkers based on WM integrity to predict 
visual impairments in children with uCP, allowing for early 
and tailored support. Additionally, future research could 
explore the added value of performing a segment-specific 
analysis for each visual tract (i.e., BUAN framework 
(Chandio et al., 2020)) to achieve further spatial precision.

5.  CONCLUSION

In conclusion, using advanced dMRI fixel-based analysis, 
we first showed hemisphere-specific differences between 
children with left- and right-sided uCP in the visual path-
ways, particularly in the SLF. Secondly, we found distinct 
associations between different visual outcomes and 
micro- (AFD), macro- (FC), and combined (FDC) structural 
properties of the WM visual pathways in children with uCP. 
Our results provide new insights into the structure-function 
relation between the micro- and macrostructural proper-
ties of the WM tracts and visual outcomes in children with 
uCP, which could guide future research. Specifically, longi-
tudinal studies, starting from infancy, could assess how 
these relations emerge, potentially revealing developmen-
tal windows for intervention that maximize visual and 
motor improvements in children with uCP.
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