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ARTICLE INFO ABSTRACT

Keywords: Introduction: Neonatal arterial ischemic stroke (NAIS) has been shown to affect white matter (WM) micro-
Neonatal arterial iSCh‘?miC Stmlfe structure beyond the lesion. Here, we employed fixel-based analysis, a technique which allows to model and
Fixel-based whole-brain analysis interpret WM alterations in complex arrangements such as crossing fibers, to further characterize the long-term

Interhemispheric white matter tracts
Manual dexterity
Long-term network injury

effects of NAIS on the entire WM outside the primary infarct area.

Materials and methods: 32 children (mean age 7.3 years (SD 0.4), 19 male) with middle cerebral artery NAIS (18
left hemisphere, 14 right hemisphere) and 31 healthy controls (mean age 7.7 years (SD 0.6), 16 male) underwent
diffusion MRI scans and clinical examination for manual dexterity. Microstructural and macrostructural prop-
erties of the WM were investigated in a fixel-based whole-brain analysis, which allows to detect fiber-specific
effects. Additionally, tract-averaged fixel metrics in interhemispheric tracts, and their correlation with manual
dexterity, were examined.

Results: Significantly reduced microstructural properties were identified, located within the parietal and temporal
WM of the affected hemisphere, as well as within their interhemispheric connecting tracts. Tract-averaged fixel
metrics showed moderate, significant correlation with manual dexterity of the affected hand. No increased fixel
metrics or contralesional alterations were observed.

Discussion: Our results show that NAIS leads to long-term alterations in WM microstructure distant from the
lesion site, both within the parietal and temporal lobes as well as in their interhemispheric connections. The
functional significance of these findings is demonstrated by the correlations with manual dexterity. The locali-
zation of alterations in structures highly connected to the lesioned areas shift our perception of NAIS from a focal
towards a developmental network injury.

1. Introduction often leaves affected children with severe and lifelong disabilities (Kir-
ton and deVeber, 2013; Fluss et al., 2019).

Neonatal Arterial Ischemic Stroke (NAIS) is defined as a cerebral The extent of the neurological impairments after NAIS varies dras-
arterial ischemic insult symptomatic within the first 4 weeks of life (Raju tically and can be explained only partly by lesion volume and localiza-
et al., 2007). With an estimated prevalence of 1 in 3000 births at term, it tion (Lee et al., 2005; Dinomais et al., 2016). Instead, as further
is the most common type of perinatal stroke (Dunbar et al., 2020), and elaborated below, numerous imaging studies have provided evidence

Abbreviations: BBT, Box-and-blocks test; CC, Corpus Callosum; FBA, Fixel-based analysis; FC, Fiber cross-section; FD, Fiber density; FDC, Fiber density and cross-
section; FOD, Fiber orientation distribution; GM, Grey matter; HC, Healthy controls; LLP, Left-lesioned patients; MCA, Middle cerebral artery; NAIS, Neonatal arterial
ischemic stroke; PC, Parietal cortex; PMC, Premotor cortex; RLP, Right-lesioned patients; SMA, Supplementary motor area; TIV, Total intracranial volume; WM, White
matter.
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that NAIS has additional, disseminated effects on brain tissue distant
from the primary lesion site. This suggests the understanding of NAIS as
a complex network injury, which affects structure throughout the entire
brain.

Fixel-based analysis (FBA), a recently introduced method to study
WM microstructural and macrostructural properties using diffusion MRI
(Raffelt et al., 2015; Raffelt et al., 2017; Dhollander et al., 2021a), allows
to expand the understanding of these disseminated effects of NAIS on
WM. It enables a whole-brain characterization of alterations in WM
structural connectivity without being limited to predefined regions of
interest. At the same time, FBA metrics are fiber-specific (a “fixel” refers
to an individual fiber population within a voxel), particularly also in the
presence of crossing fibers. This is a marked advantage over popular
voxel-averaged approaches such as Diffusion Tensor Imaging (DTI),
which lack interpretability in the presence of complex fiber arrange-
ments (Jones et al., 2013; Mito et al., 2018). FBA is implemented in the
MRtrix software package (Tournier et al., 2019), and has increasingly
been used over recent years (Dhollander et al., 2021a).

In FBA, each fixel is typically assigned quantitative metrics for Fiber
Density (FD), Fiber Cross-Section (FC) and Fiber Density and Cross-
Section (FDC; D. A. Raffelt et al., 2017). These metrics quantify micro-
structural changes due to a local loss of intra-axonal volume (FD),
macrostructural changes across the diameter (i.e. cross-section) of a
fiber bundle (FC), as well as the combination of both micro- and
macrostructural alterations (FDC). A detailed discussion of these metrics
and their interpretation in various biological example scenarios can be
found in Dhollander et al. (2021a).

In the present study, we set out to leverage the advantages of FBA to
examine the long-term effects of NAIS on the WM microstructure in a
cohort of affected children at the age of 7 years. Previous research on
this cohort already provided evidence of alterations in individual WM
regions, such as alterations in metrics derived from the diffusion tensor
model in the ipsilesional corticospinal tract at the level of the internal
capsule and the centrum semiovale (Dinomais et al., 2015), and WM
volume reductions in the ipsilesional internal capsule and the body of
the corpus callosum (CC) (Dinomais et al., 2016). Recent studies on this
cohort notably suggested additional involvement of the contralesional
hemisphere after neonatal stroke, such as reduced gyrification, cortical
thickness, surface area and volume primarily in the occipital lobe (Al
Harrach et al., 2019), as well as altered connectivity in the contrale-
sional hemisphere as measured by streamline counts (Al Harrach et al.,
2021). Contralesional alterations of graph theory metrics were also
found in a different cohort of 53 children after arterial or venous uni-
lateral perinatal stroke (Craig et al., 2020), and in a cohort of 104 adults
after ischemic stroke, FBA revealed both ipsi- and contralesional alter-
ations of fixel metrics (Natalia et al., 2020). Taken together, these prior
studies further emphasize that long-term effects of NAIS should be
examined globally. By using FBA, we are able to perform such a global
investigation of the effect of NAIS on the WM microstructure in a fiber-
specific manner, therefore complementing and improving on the find-
ings of these prior studies.

In our previous works on this cohort, in addition to the aforemen-
tioned structural alterations in the contralesional hemisphere, we also
found evidence for involvement of interhemispheric connections in the
corpus callosum (CC) (Groeschel et al., 2017). Here, a reduction of the
area of the CC taken up by streamlines connecting the primary motor
cortices was found. Furthermore, the reduction in motor CC area was
correlated with dexterity in both the affected and non-affected hand,
indicating an impaired interplay between hemispheres after NAIS with
functional relevance. Without differentiating for individual parts of the
CC, prior studies had already shown DTI metric reductions in the CC in a
cohort of 19 children immediately in the days following focal ischemia
and other lesions (Righini et al., 2010) as well as 3 months after peri-
natal arterial ischemic stroke in 16 patients (van der Aa et al., 2013).

In order to expand on these findings by utilizing the advantages
provided by FBA, we aimed to further characterize the effect on NAIS on
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the interhemispheric connections by analyzing mean fixel values across
individual interhemispheric fiber tracts from the sensorimotor network.
Furthermore, we specifically aimed to assess the functional relevance of
our findings for hand motor performance of our subjects. To this end, we
correlated manual dexterity with tract-averaged fixel metrics of those
tracts that exhibited significantly reduced mean FDC. An association
with manual dexterity in tracts that already present significant differ-
ences in mean FDC between groups would serve as an indicator for these
structural differences explaining the observed functional differences in
manual dexterity between groups.

Our aim in this work was to provide a comprehensive, whole-brain
analysis of the long-term effects of NAIS on WM networks beyond the
lesion site. In our analyses, we hypothesized to find reduced fixel metrics
as an expression of WM impairment caused by the focal ischemic lesion,
possibly accompanied by increased metrics due to compensatory pro-
cesses (Al Harrach et al., 2019).

2. Materials and methods
2.1. Participants

All patients took part in the French AVCnn cohort study, which fol-
lows 100 term-born children suffering from NAIS (Chabrier et al., 2010;
Husson et al., 2010). The diagnosis was based on the 2007 definition of
NAIS: 1) acute neurological symptoms within the first 28 days of life, 2)
accompanied by correlated imaging findings, i.e. ischemic lesion in an
arterial territory (Raju et al., 2007). All children were enrolled in 37
French hospitals between November 2003 and October 2006.

The present study is a cross-sectional clinical and imaging analysis at
age 7 (Dinomais et al., 2015; Chabrier et al., 2016). 73 children were
available for follow-up examinations and 52 for MRI. To ensure a ho-
mogeneous distribution of lesion characteristics, only the 38 children
with unilateral lesions in the territory of the middle cerebral artery were
selected as subjects for this study. Six scans had to be excluded due to
severe motion artifacts (Dinomais et al., 2015), leaving 32 participants
as the population of our study. 31 term-born, age-matched children with
typical development and normal neurological exam were recruited for
the healthy control (HC) group.

All patients and their parents gave informed written consent. Ap-
provals from the local ethics committees were obtained.

Manual dexterity for both the ipsi- and contralesional hand was
measured by the Box and Blocks Test (BBT). For this test, subjects are
presented with a box of standardized dimensions, divided into two
compartments by a separating wall. Subjects are then asked to transfer
wooden blocks from one compartment into the other using one hand.
The test score is defined as the number of correctly transferred blocks
within one minute. This tool has been validated for the assessment of
unilateral gross manual dexterity in children (Mathiowetz et al., 1985).
HC were not tested for BBT.

2.2. Image acquisition and lesion delineation

All MRI acquisitions were performed on a 3.0 Tesla scanner (MAG-
NETOM Trio Tim system, Siemens, Erlangen, Germany) using a 12
channel head coil, at Neurospin, CEA-Saclay, France. Imaging sequences
included a high-resolution 3D T1-weighted volume, a 3D FLAIR
sequence, and a diffusion-weighted dual SE-EPI sequence with 30
diffusion encoding gradient directions using a b-value of 1000 s/mm?
and isotropic voxels of 1.8x1.8x1.8 mm?>. Further sequence details are
documented in previous work (Dinomais et al., 2015).

Lesions were delineated separately by two trained pediatric neurol-
ogists blinded for clinical information. Binary lesion masks were created
using the MRIcro software (https://people.cas.sc.edu/rorden/mricro
/index.html) on individual 3D T1 images as well as coregistered 3D
FLAIR images and subsequently validated by consensus (Dinomais et al.,
2015).
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2.3. Preprocessing and FOD calculation

Preprocessing was performed using the open source software MRtrix
3.0 (Tournier et al., 2019) and single-shell 3-tissue constrained spherical
deconvolution (SS3T-CSD; Dhollander and Connelly, 2016) was per-
formed using MRtrix3Tissue (https://3tissue.github.io/), a fork built on
the MRtrix3 framework.

Diffusion MRI data were denoised (Veraart et al., 2016) and cor-
rected for Gibbs ringing (Kellner et al., 2016), subject movement, eddy
current-induced artifacts (Andersson and Sotiropoulos, 2015) and bias
fields (Tustison et al., 2010). Global intensity normalization was per-
formed to enable quantitative comparisons between subjects (Dhol-
lander et al., 2021b).

Individual and cohort-averaged tissue response functions for Grey
Matter (GM), cerebrospinal fluid, and single-fiber WM compartments
were calculated (Dhollander et al., 2016) and used to compute WM Fiber
Orientation Distribution (FOD) functions within the healthy tissue of
each subject. The latter step was performed using SS3T-CSD (Dhollander
and Connelly, 2016).

2.4. Fixel-based analysis (FBA)

To enable comparisons of individual fiber populations in each voxel
across groups, a study-specific FOD template was generated from the
control group FOD images using an iterative nonlinear registration and
averaging approach (Raffelt et al., 2011; Raffelt et al., 2012). Patient
FOD images were not included in the template generation to prevent
introducing anatomical irregularities from the lesion areas. In the
resulting FOD template, fixels were automatically segmented to serve as
the common fixel analysis mask for further fixel analyses (Dhollander
et al., 2021a).

For each subject, fixels and their associated FD values were calcu-
lated from the respective FOD image in subject space (Dhollander et al.,
2021a). Subject FOD images were then nonlinearly registered to the
study-specific FOD template. A fixel analysis mask was derived from the
FOD template (by segmenting the FOD lobes) and subject-wise fixels
were reoriented and assigned to corresponding fixels of the fixel analysis
mask to enable fixel-wise comparison between subjects in template
space. Fixel-wise FC values for all subjects were derived from the warp
fields from the respective subject space into template space, and log-
transformed. The aforementioned steps are typical for a state-of-the-
art FBA pipeline (Raffelt et al., 2017; Dhollander et al., 2021a).

Fixels with altered FD, FC, or FDC were identified in a whole-brain
FBA over all healthy WM fixels. Using the union of all subject lesion
masks in template space as a common lesion mask, all lesional tissue was
excluded from the analysis, i.e. only fixels from voxels which had been
classified as non-lesioned for all patients were included in the analysis.
As recommended for whole-brain FBA, Left Lesioned Patients (LLP) and
Right Lesioned Patients (RLP) were compared against HC in separate
analyses (Dhollander et al., 2021a). Based on the framework of
connectivity-based fixel enhancement (Raffelt et al., 2015), statistical
inference was performed for each fixel using a general linear model and
non-parametric permutation testing over 5000 permutations (Nichols
and Holmes, 2001). Nuisance variables included sex for FD, and sex and
intracranial volume for FC and FDC comparisons. Significance was
determined at a FWE-corrected p < 0.05. MRtrix3 (Tournier et al., 2019)
was used to perform the statistical analyses and generate visualizations
of the results.

2.5. Tract-wise analysis of interhemispheric connections

A GM parcellation was obtained by registering the HCP MMP 1.0
atlas (Glasser et al., 2016) onto the common study FOD template using
the Freesurfer suite v6.0.0 (https://surfer.nmr.mgh.harvard.edu/) and
ANTs (Avants et al., 2011). Subsequently, the primary motor (M1) and
primary sensory cortex (S1), the supplementary motor area (SMA), the
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premotor cortex (PMC) as well as the parietal cortex were defined on this
atlas by merging regions as detailed in Supplementary Document 1.
Furthermore, the temporal and occipital cortex were defined manually
within the group template.

For the purpose of segmenting the interhemispheric connections
across the CC, we reused the tractogram that was formerly generated to
calculate local fixel connectivity information in the FBA analysis. This is
a whole-brain probabilistic tractogram, seeded whole-brain in the FOD
template itself, consisting of 2 million streamlines, as is customary for a
typical FBA pipeline (Raffelt et al., 2017; Dhollander et al., 2021a).

For each selected cortical region, streamlines connecting the equiv-
alent regions in the right and left hemispheres across the CC were then
extracted from this whole-brain tractogram. Spurious, anatomically
implausible streamlines were removed. Where required, additional
exclusion regions were drawn manually to exclude larger, aberrant
bundles of streamlines. For each interhemispheric tract, mean FD, FC
and FDC values were calculated across all fixels within healthy tissue
along the respective tracts streamlines. A 3D visualization of all inter-
hemispheric tract definitions is included in the supplementary materials
(Video 1).

Statistical analysis of mean fixel metrics across interhemispheric
tracts was performed for the combined group of LLP and RLP against HC,
using an ANCOVA with sex as covariate for FD, and sex and intracranial
volume for FC and FDC comparisons. Bonferroni correction was applied
for the number of tracts included in the analysis.

After obtaining results for group differences in mean FDC in callosal
tracts, correlation between patient BBT scores for the ipsi- and con-
tralesional hand, and mean fixel metrics in callosal tracts with signifi-
cant differences, was calculated using Spearman’s rank correlation
coefficient. Significance was determined at p < 0.05.

Tract averaged statistics and visualizations were created using the R
language framework (R Core Team, 2017) with the tidy verse (Wickham
et al., 2019) and ggplot2 libraries (Wickham, 2009).

The raw and processed data required to reproduce all of the above
findings cannot be shared at this time due to legal and ethical reasons.

3. Results

Demographic and clinical features of our cohort are presented in
Table 1. No significant differences between groups were observed in sex,
lesion volume or BBT scores.

The low percentage of right-handed children in LLP (33% vs 93% in
RLP and 90% in HC) might be due to altered hand preference following
the ischemic insult of the dominant hemisphere controlling the right
hand (Dinomais et al., 2017). Likewise, the differences in total intra-
cranial volume (HC: mean TIV of 1398 ml vs 1304 ml in LLP and 1274

Table 1

Demographic details of the study cohort. Data presentation is mean (SD), me-
dian (IQR) or number (%). HC: Healthy controls, LLP: Left lesioned patients,
RLP: Right lesioned patients, TIV: Total intracranial volume, BBT: Box-and-
Blocks-Test, SD: Standard deviation, IQR: Interquartile range. p-values are ob-
tained by Kruskal-Wallis non-parametric H-test. a: Chi-squared test.

HC (n= LLP (n = 18) RLP (n=14) p-value
31)
Males 16 (52%) 10 (56%) 9 (64%) 0.73 a
Age [years] (SD) 7.7 (0.6) 7.4 (0.5) 7.3 (0.4) 0.543
Right handed 28 (90%) 6 (33%) 13 (93%) < 0.001
a
TIV [ml] (SD) 1398 1304.1 (147.9) 1274.6 0.005
(109) (101.2)
Lesion volume [ml] - 27.5(4.7-63.9) 14.7 0.88
(IQR) (4.7-68.2)
BBT ipsilesional - 32.5 32 (31-34) 0.95
(IQR) (27.25-38.75)
BBT contralesional - 30 (26.5-37.75) 27 (23.5-31)  0.46
(IQR)
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ml in RLP) are explained by volume reductions of the affected hemi-
sphere as a consequence of the ischemic insult.

3.1. Fixel-based analysis

Several regions of significantly reduced fiber density (FD) and
(combined) fiber density and cross-section (FDC) were found in both LLP
and RLP in comparison to HC, and are depicted in Fig. 1. The affected
areas were located mainly in the parietal and temporal WM, as well as in
the posterior CC.

In LLP, the bulk of the results was found arching from the parietal

16
.

Number of overlapping lesions
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into the temporal WM, encompassing parts of the ipsilateral fornix and
the parietal segment of the superior longitudinal fasciculus. Major parts
of affected fixels were located in close vicinity to the common lesion
mask or the posterior body of the left lateral ventricle. Here, FDC was
reduced up to 35% in comparison to HC. Additionally, three small,
distinct areas of FDC reductions of up to 55% were found leading to-
wards parietal cortical areas VIP, TE1P and PHT (corresponding to the
HCP MMP atlas).

FD reductions in LLP encompassed similar areas as FDC alterations,
with up to 40% relative reduction of FD in comparison to HC. Addi-
tional, more extensive ipsilesional areas of reduced FD of up to 35%

Fig. 1. White matter alterations, as
detected in the whole-brain fixel-based
analysis. Fixels with significantly
reduced metrics (ANCOVA, FWE-
corrected p < 0.05) for left lesion pa-
tients (LLP) fiber density (FD) and fiber
density and cross-section (FDC), and
right lesion patients (RLP) FD, overlaid
on the group template. Fixels colored by
percentage decrease in comparison to
healthy controls. Ancova covariates:
subject sex for FD, sex and intracranial
volume for FDC. Blue scale: Lesion dis-
tribution. The union of all subject le-
sions was used as the common lesion
mask for the fixel-based analysis. Not
shown: LLP and RLP Fiber Cross-Section
and RLP FDC, as no significant alter-
ations were detected. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)

40%

Percentage reduction against HC
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were found arching anteriorly along the fornix and posteriorly towards
the primary visual cortex.

In RLP, while alterations were also observed in parietal and temporal
WM, reductions were significant only in FD, and affected areas were
considerably smaller than in LLP. A cluster of FD reductions of up to 50%
was observed in the right SLF near the common lesion mask, another one
in the right inferior parietal lobe, leading towards areas TE1p and PHT
in the atlas.

In the isthmus and anterior splenium of the Corpus Callosum (CC),
both LLP and RLP showed a cluster of altered fixels. LLP exhibited re-
ductions in FD of up to 15% and reductions in FDC of up to 25% in
comparison to HC. In RLP, FD reductions of up to 20% within the
isthmus of the CC were spatially less extensive, while FDC reductions of
up to 20% did not reach significance. Detailed illustrations of CC
involvement can be found in Fig. 2.

Fiber cross-section (FC) demonstrated extensive alterations when
including only sex as a covariate. However, none of these differences
remained significant when introducing intracranial volume as a covar-
iate of non-interest. This indicates those FC alterations were only a
trivial effect related to the overall volume of the intracranial space.

We did not find any areas of altered fixel-wise metrics within the
contralesional hemispheres of either LLP or RLP outside the affected CC
regions. Also, we found no fixels with significantly increased FD, FC or
FDC in patients in comparison to HC.

3.2. Analysis of interhemispheric connections

Comparison of tract-averaged fixel metrics using an ANCOVA with

Percentage reduction against HC

0% R 0%
Number of overlapping lesions

1 B 16

M1

PT HC

ety
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the same covariates of non-interest as in the fixel-based analysis
revealed significant differences for FC in the S1 connection, in FD in the
SMA, parietal, temporal, and occipital connections, and for FDC in the
SMA, parietal and temporal interhemispheric connections. After
Bonferroni-correction for the number of investigated tracts, differences
remained significant in FD in parietal, temporal, and occipital connec-
tions, as well as in FDC in parietal connections. Mean tract FDC values
and ANCOVA results are illustrated in Fig. 2, with additional plots for FD
and FC available in supplementary document 2.

Using Spearman’s rank-correlation coefficient, we found significant
correlations of mean FDC with the contralesional BBT score in all
interhemispheric tracts with significantly reduced FDC. Furthermore,
mean FDC in the SMA interhemispheric connection was also found to be
significantly correlated with the ipsilesional BBT score. FC produced
similar results to those found to FDC, while FD exhibited only a signif-
icant correlation with contralesional BBT in the temporal callosal tract.
The results for FDC, together with their respective p and p values, are
illustrated in Fig. 3. Additional figures for FD and FC are provided in
supplementary document 2.

4. Discussion

In this study, an advanced fixel-based analysis (FBA) of diffusion MRI
demonstrates that 7 years after NAIS of the middle cerebral artery
(MCA), affected children show WM tissue alterations in brain networks
distant from the original area of the ischemic lesion. While at this age the
lesion site has reorganized as gliotic tissue, the surrounding tissue ap-
pears normal upon visual inspection of conventional MRI. However, FBA

PC Temporal
* *

Occipital

PT HC PT He

Fig. 2. White matter alterations in interhemispheric connections. Top: Results of fixel-based analysis (FBA) in coronal, sagittal and axial view. Fixels with signif-
icantly reduced Fiber Density and Cross-section (FDC; FWE-controlled p < 0.05) in left lesioned patients (LLP), colored by percentage reduction against healthy
controls (HC), overlaid on the group template. Blue scale: Lesion distribution. Magnified: Midsagittal view of the corpus callosum, overlaid with streamlines of
interhemispheric connections. Streamline colors correspond to those from the boxplots. The white arrow indicates the location of altered fixels in the FBA. Bottom:
Comparison of mean FDC in interhemispheric tracts between HC and patients (PT) in an ANCOVA with sex, age and intracranial volume as covariates of non-interest.
SMA, PC and Temporal interhemispheric connections show significant reduction of mean FDC. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 3. Correlation of mean tract Fiber density and cross-section (FDC, x-axis) and manual dexterity (BBT score, y-axis) of the contralesional (affected, top row) and
ipsilesional (non-affected, bottom row) hand for interhemispheric tracts with significantly reduced FDC (see Fig. 2). Spearman rank-correlation Rho and p value, as
well as linear regression lines, are shown per combination. Mean FDC in all these interhemispheric connections is significantly correlated to contralesional manual
dexterity. Additionally, the connection between the left and right Supplementary Motor Area (SMA) show significant correlation of mean FDC with ipsilesional
manual dexterity. Colors correspond to Fig. 2. SMA: Supplementary Motor Area. PC: Parietal Cortex.

reveals fiber-specific differences between patients and healthy controls
in WM microstructure within the normal-appearing tissue, which
explain functional deficits in these children.

The whole-brain approach of FBA allows for an investigation of WM
alterations throughout the entire WM, without being restricted to pre-
defined regions of interest. In this way, the majority of affected fixels
were found in WM within the parietal and temporal lobe of the affected
hemisphere, as well as within the interhemispheric connections between
these lobes across the CC. Furthermore, tract-averaged fixel metrics
across interhemispheric tracts within the CC were shown to correlate
with gross manual dexterity of the affected, contralesional hand, sup-
porting the functional relevance of these observations. Our findings thus
underline that early unilateral focal lesions within WM and GM cause
long-lasting injuries within connected structures remote from the infarct
site.

Our results fall within the realm of diaschisis, a concept dating back
to the early 20th century when von Monakov introduced the term to

describe neurological morbidity distant from the site of a focal brain
lesion (Carrera and Tononi, 2014). To our knowledge, no previous
publications have used FBA to explore long-term diaschisis in children
after NAIS. However, previous publications used voxel-based ap-
proaches to investigate diaschisis after MCA AIS in newborns (Srivastava
etal., 2019, 18 subjects) and children (Kirton et al., 2016, 19 subjects) in
the days immediately following the ischemic insult. Although limited by
small cohort sizes, these studies report reduced diffusivity in the thal-
amus and the CC. Our results corroborate these findings, suggesting that
we might have detected the long-term outcomes of these early
observations.

Long term WM alterations have also been explored in children with
unilateral cerebral palsy caused by a wider range of WM lesions (Mail-
leux et al., 2020). The majority of studies investigated DTI metrics
within predetermined ROIs or fiber tracts, most commonly the CST. The
small number of studies based on a whole-brain approach, however,
found alterations within a considerably larger number of WM structures.
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Notable overlaps to our findings include thalamic radiations (Arrigoni
et al., 2016; Pannek et al., 2014) and the posterior corpus callosum
(Arrigoni et al., 2016). In addition to being consistent with our findings
of perithalamic and interhemispheric WM alterations, this highlights the
added value of whole-brain approaches in revealing a more compre-
hensive picture of non-trivial lesion effects throughout the brain than
ROI-based methods.

In contrast to previous work on this cohort (Dinomais et al., 2015),
the FBA did not detect significant alterations of fixel metrics in the
ipsilesional CST. The most likely reason for this observation is the
rigorous controlling for the family-wise error rate implemented in the
statistical method underlying FBA. The relatively mild impairment of
manual dexterity in both LLP and RLP, which has been shown to
correlate with DTI metrics in chronic stroke (Lindenberg et al., 2010),
might have further contributed to this observation. Taken together,
these factors are likely to have caused the differences in CST fixel metrics
to fall below the significance threshold in our analysis, while an isolated
investigation of the ipsilesional CST revealed altered DTI metrics
(Dinomais et al., 2015). This demonstrates the benefit of fixel-based
analysis in investigating the entire WM and identifying the most
prominent alterations, as opposed to focused analyses of individual
areas.

Previous work with this cohort has provided evidence for alterations
of structural parameters and possible compensatory processes in the
contralesional hemisphere after NAIS, and also suggested that lesion
lateralization might influence subsequent brain development (Al Har-
rach et al., 2019). Such processes might also manifest in structural
connectivity within the CC, given that it connects the hemispheres and
enables transfer of information (Gazzaniga, 2000). We therefore com-
plemented the FBA with an analysis of tract-averaged fixel metrics
specifically within the CC.

The involvement of the isthmus and anterior splenium of the CC is
readily visible in the WBA (see Fig. 2). The tract-averaged analysis re-
veals these sections to be composed mainly by fibers connecting the
parietal and temporal cortex, which also exhibit significantly reduced
fixel metrics. This is in accordance with earlier anatomical in-
vestigations (De Lacoste et al., 1985). Regarding the functional signifi-
cance of these observations, mean FDC in these interhemispheric
connections exhibited significant associations with contralesional BBT
scores. Associations of other diffusion-based metrics within these con-
nections with motor function have previously been described (Kurth
et al., 2013), however, similar correlations were also found with speech
production (Friederici et al., 2007) as well as with auditory function and
speech perception (Westerhausen et al., 2009). At the same time, hand
motor function was found to be related to a multitude of CC sections
(Groeschel et al., 2017; Hawe et al., 2013; Fling and Seidler, 2012).
While our results add further evidence for the association of these
connections with gross manual dexterity, the multitude of reported
functional associations illustrates the challenge of localizing function
within the CC (Gooijers and Swinnen, 2014).The tract-averaged analysis
of CC tracts also revealed significant reductions of fixel-wise metrics
within the connection between left and right SMA (see Fig. 2). Moreover,
a significant, moderate to strong correlation of average FDC with the
BBT scores for both the affected and the non-affected hand was found for
this connection, demonstrating functional relevance for gross manual
dexterity (see Fig. 3). This observation appears to be related to analyses
of functional activation after stroke (Grefkes and Ward, 2014). Changes
in functional activation within the motor network after ischemic lesions
have been shown to involve cortical areas within the contralesional
hemisphere, including the SMA (Grefkes and Ward, 2014). Furthermore,
the amount and distribution of abnormal functional activation was
found to change during the weeks and months after the insult, with good
motor recovery depending on reinstatement of original ipsilesional
activation patterns, while sustained overactivation in the contralesional
primary motor cortex was detrimental to long-term motor function
(Rehme et al., 2012).
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However, for the contralesional SMA, greater activation likelihood
was related to better hand motor performance after stroke, indicating a
compensatory role of this cortical area (Rehme et al., 2012). Our results
of increased FDC within the interhemispheric connection between left
and right SMA being correlated with better manual dexterity after NAIS
provide the structural correlate to these findings from the functional
domain. As FDC is likely related to the capacity of WM fiber tracts to
transfer information (Raffelt et al., 2017), our findings show that not
only activation of the contralesional SMA, but also the ability to ex-
change information between left and right SMA, is associated with
manual dexterity after NAIS. Previous studies have related the connec-
tion between left and right SMA to bimanual coordination skills
(Johansen-Berg et al., 2007) and mirror movements (Hawe et al., 2013).
We can thus extend these observations, further underlining the impor-
tance of both the ipsi- and contralesional SMA and their interhemi-
spheric connection for recovery of manual dexterity after NAIS.

Outside the interhemispheric fiber pathways, we did not observe
altered fixel metrics in the contralesional hemisphere. We also did not
find areas with significantly increased fixel metrics in either the FBA or
the tract-averaged analysis. Such findings might have corroborated
previous works reporting compensatory processes in the non-affected
WM after NAIS (Al Harrach et al., 2021; Al Harrach et al., 2019).
However, analogous to the above discussion on the absence of signifi-
cant alterations in the CST, this observation might be explained by the
strict control for the family-wise error rate, potentially suppressing
smaller effects from reaching significance.

Across all fixel-wise metrics, alterations in LLP were more extensive
than in RLP. A similar effect was observed in previous work (Al Harrach
et al., 2021; Al Harrach et al., 2019), corroborating that in the present
cohort, LLP are indeed more strongly affected. A possible interpretation
could be that brain adaptation and possible subsequent reorganization
are sensitive to the side of the lesion, given the functional asymmetry
between hemispheres. Another explanation might relate to the differ-
ences in lesion localization between RLP and LLP, which in LLP were
more concentrated in the pre- and postcentral gyri, while lesions in RLP
were distributed across the MCA territory more evenly (see Fig. 1),
possibly leading to a statistically stronger and more easily detected ef-
fect in LLP.

It seems likely that the observed alterations share a common un-
derlying pathophysiological mechanism, given that the results in the
present study were all observed near or in structures strongly connected
to the lesioned area. As NAIS disrupts the very dynamic WM maturation
processes within the first years of life (Lebel et al., 2019), it appears as if
subsequent development and maturation was unable to compensate for
the disruptions from the primary ischemic incident. Previous publica-
tions have proposed Wallerian degeneration originating from the focal
lesion (Dinomais et al., 2016; Husson et al., 2010) or altered conditions
within the MCA flow region (Husson et al., 2016 Steiner et al., 2021;) as
possible explanations for observed tissue changes after NAIS. This would
be supported by our findings of significant changes in FD and FDC
indicating microstructural tissue changes, while FC did not reach sig-
nificance after incorporating total intracranial volume as a covariate of
non-interest, therefore suggesting that macrostructural differences on
the fixel level were proportional to intracranial volume. However, such a
straightforward interpretation is complicated by the intricate relation of
the three FBA metrics (Dhollander et al., 2021a), especially given the
limited b-value available in our diffusion MRI sequence, which, while
sufficient for detecting significant FD effects, is at the lower end of what
can be considered sufficient for the assumptions underlying apparent
fiber density to hold in an FBA (Dhollander et al., 2021a). Moreover,
while great care was taken to ensure good registration results, the
presence of focal lesions unavoidably introduces irregularities during
registration which might further blur the distinction between FD and FC
(Dhollander et al., 2021a). For this reason, although our results point
towards microstructural alterations in intra-axonal volume as the bio-
logical process underlying the observed results, drawing strong



P. Pretzel et al.

conclusions from the observed distribution of results between FD and FC
would be premature, with future studies required to further elucidate
these questions.

5. Limitations

Certain limitations must be acknowledged. Because FBA had to be
performed separately for LLP and RLP as suggested in Dhollander et al.
(2021a), no additional stratification for further clinical parameters was
possible due to the relatively small sample size. At the same time, our
study cohort was comparable in size to other studies investigating NAIS
using advanced MRI. Also, as discussed above, our b-value was limited,
which renders the FD results potentially slightly less specific to intra-
axonal effects due to the presence of some extra-axonal signal.

6. Conclusion

In conclusion, our results show that seven years after NAIS, affected
children still show WM tissue differences in comparison to healthy
controls. Affected areas include the temporal and parietal WM as well as
interhemispheric connections across the CC, the latter of which correlate
significantly with gross manual dexterity of the affected hand.
Furthermore, the connection between left and right SMA appears to be
associated with long-term manual dexterity. The specific strength of this
study stems from the well-defined study cohort of children after uni-
lateral NAIS of the MCA, as well as from the whole-brain, fixel based
analysis approach, which allows for a fiber-specific, yet comprehensive
investigation of the long-term effects of NAIS on the entire WM.
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