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Abstract
Perinatal strokes occur more commonly in the left hemisphere and often impact language areas, yet
language disability only occurs in 20–25% of cases. Functional imaging studies investigating language
processing have shown that perinatal stroke in the left hemisphere may result in contralesional shifts of
activity, but none have investigated the structure of white matter connections in such altered language
network conditions. Diffusion tensor imaging and neurite orientation dispersion and density imaging
offer robust, microstructurally-sensitive metrics which can probe links between language-related tracts
and function. In a sample of 73 participants with perinatal stroke and 32 typically-developing controls, we
applied these methods to evaluate microstructure and lateralization of the arcuate fasciculus and
uncinate fasciculus, two tracts classically associated with language. Furthermore, we examined
associations between the microstructure of the contralesional arcuate and uncinate and language-based
measures (i.e., verbal learning and verbal �uency) in children with unilateral perinatal stroke. We observed
greater lateralization of white matter microstructure in the arcuate and uncinate for stroke participants
than typically developing controls driven largely by differences in the ipsilesional hemisphere.
Microstructure of the contralesional arcuate fasciculus was associated with both verbal learning and
verbal �uency, while the contralesional uncinate fasciculus structure was associated with verbal �uency
only. Overall, we demonstrate that white matter microstructure of bilateral language networks is impacted
by unilateral perinatal stroke, and microstructural development of the arcuate and uncinate appear to be
associated with language-based tests. Enhanced understanding of such functionally-relevant
neuroplasticity may inform future rehabilitation strategies and intervention trials.

INTRODUCTION
Perinatal stroke is a focal, vascular brain injury occurring between 20 weeks gestation and 28 days post
birth (Raju et al., 2007). With an estimated prevalence of 1:1100 (Dunbar et al., 2020), perinatal stroke is a
common disruptor of early neurological development. The two most common subtypes of perinatal
stroke are arterial ischemic stroke (AIS), caused by cerebral artery occlusion, and periventricular venous
infarction (PVI), caused by hemorrhage in the germinal matrix in utero (Dunbar & Kirton, 2018). In
addition to frequently resulting in cerebral palsy and epilepsy, perinatal stroke can impact intelligence,
executive function, and language (Kirton & deVeber, 2013; Lee et al., 2005; Murias et al., 2014). Cognitive
performance following perinatal stroke varies broadly (Murias et al., 2014; Westmacott et al., 2010), and
may be in�uenced by lesion size, location, and time of injury among other factors (Ballantyne et al., 2008;
Westmacott et al., 2010). Children with combined cortical and subcortical lesions tend to exhibit the
largest disruptions to cognitive function (Westmacott et al., 2010).

Perinatal stroke lesions are more common in the left hemisphere and most commonly caused by middle
cerebral artery infarcts (AIS subtype), often directly impacting language areas (Ballantyne et al., 2008;
Dunbar et al., 2020; Núñez et al., 2020; Stephan-Otto et al., 2017; Vargha-Khadem et al., 1991). However,
the majority of children who experience perinatal stroke achieve near-normal language performance, with
functional de�cits observed in only 20–25% of cases (Anderson et al., 2011; Bates et al., 2001; Fuentes et
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al., 2016; Kirton & deVeber, 2013; Lee et al., 2005; Murias et al., 2014; Stiles et al., 2005). This highlights
the extraordinary ability of the brain to reorganize during early development; similar lesions during later
childhood or adulthood can result in severe and permanent loss of language function. Remarkably,
although language is typically left-lateralized, lesion side has only mild effects on outcomes (Ballantyne
et al., 2007; Kirton & deVeber, 2013; Murias et al., 2014; Staudt, 2002). Language de�cits may include
more morphological errors, lower mean length of utterance, less complex syntax, and less detailed story
settings (Avila et al., 2010; Demir et al., 2010; François et al., 2021; Reilly et al., 2013). Basic language skill
is often preserved, with de�cits observed when higher-level functions are tested (Ballantyne et al., 2007,
2008; Lee et al., 2005; Northam et al., 2018; Reilly et al., 2013; Westmacott et al., 2010). This suggests the
developing brain can compensate for early damage to language areas, although the result may not be as
e�cient as a typical network.

Two reorganizational patterns may support language outcomes following a perinatal lesion (François et
al., 2021; Murias et al., 2014). First, functional MRI studies of unilateral perinatal stroke have
demonstrated a shift in processing to homologous language regions of the undamaged contralesional
hemisphere (François et al., 2016, 2019; Guzzetta et al., 2008; Ilves et al., 2014; Jacola et al., 2006; Lidzba,
2007; Raja Beharelle et al., 2010; Staudt, 2002; Sza�arski et al., 2014; Tillema et al., 2008). Second, the
language network may recruit remaining tissue in the ipsilesional hemisphere. Increased involvement of
additional ipsilesional regions such as the posterior superior temporal gyrus or perilesional tissue has
been associated with better language outcomes (Raja Beharelle et al., 2010; Vias & Dick, 2017). These
two patterns are not mutually exclusive, and an altered interhemispheric balance in functional activity
may be adaptive (Raja Beharelle et al., 2010).

While functional reorganization of language following perinatal stroke has been investigated, few studies
have explored white matter connections underlying the language network (François et al., 2016, 2019;
Heller et al., 2005; Northam et al., 2018). These studies assessed volumetric tissue damage and
functional language outcomes and showed structural damage to left-hemisphere language tracts may
result in a rightward shift of language function. However, as tissue volume is a non-speci�c metric, the
conclusions drawn from these works should be considered preliminary. Studies employing metrics
sensitive to white matter microstructure, such as diffusion-weighted MRI sequences, may provide new
insight into neuroplasticity as related to language function, but no such studies exist to date.

Diffusion tensor imaging (DTI) is a popular diffusion-weighted MRI sequence that provides
measurements of fractional anisotropy (FA), and mean, axial, and radial diffusivity (MD, AD, RD). These
metrics are broadly sensitive to white matter microstructural features including myelin, axonal packing,
axon permeability, and �ber coherence (Beaulieu, 2002). Beyond DTI, neurite orientation dispersion and
density imaging (NODDI) provides the neurite density index (NDI) and orientation dispersion index (ODI)
which are speci�c to axonal packing and �ber coherence, respectively (Zhang et al., 2012). Studies of
brain development employing DTI and NODDI metrics have established that FA and NDI tend to increase
while MD, AD, RD, and ODI tend to decrease with age. These trends suggest increases in axonal packing,
myelin, and �ber coherence across healthy development (Chang et al., 2015; Geeraert et al., 2019; Mah et
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al., 2017). DTI and NODDI metrics have also been applied in perinatal stroke to describe links between
white matter and sensorimotor function (Craig et al., 2022; Hodge et al., 2017; Kuczynski et al., 2017,
2018; Mailleux et al., 2020; Nemanich et al., 2019).

Here, we applied DTI and NODDI to assess white matter microstructure of two primary language-related
tracts, the arcuate fasciculus (AF) and uncinate fasciculus (UF), in children with unilateral perinatal stroke
as compared to typically developing controls (TDC). We hypothesized that FA and NDI would be lower,
while MD, AD, RD, and ODI would be higher in ipsilesional tissue, with the opposite trend observed in
contralesional tissue. Furthermore, we hypothesized that perinatal stroke participants with higher FA and
NDI and lower MD, AD, RD, and ODI in language-related tracts would perform better on tests of language
function.

METHODS

Participants
Stroke participants were recruited via the Alberta Perinatal Stroke Project (APSP), a population-based
research cohort (Cole et al., 2017). Inclusion criteria were: 1) unilateral perinatal stroke, con�rmed by MRI
using validated criteria (Kirton et al., 2008) including neonatal arterial ischemic stroke (NAIS), arterial
presumed perinatal ischemic stroke (APPIS), or periventricular venous infarction (PVI) (Dunbar & Kirton,
2018), 2) age of 6 to 19 years and term birth (> 36 weeks), 3) symptomatic hemiparetic cerebral palsy
(HCP), classi�ed by a Pediatric Stroke Outcome Measure (PSOM) motor score > 0.5 (Kitchen et al., 2003),
and perceived functional limitations by child and parent. Children with additional neurodevelopmental or
psychiatric conditions, clinical or imaging evidence of bilateral stroke, diffuse injury, or unstable epilepsy
were excluded. Children with NAIS and APPIS were combined into a single arterial ischemic stroke (AIS)
group, due to similar mechanism of injury. Healthy control participants were recruited via a community-
based healthy control recruitment program (www.hiccupkids.ca). Inclusion criteria for controls were: 1) 6
to 19 years of age and term birth (> 36 weeks), 2) absence of cognitive or motor de�cits, and 3) right-
handed. This study was conducted in accordance with the Declaration of Helsinki, and approved by the
Conjoint Health Research Ethics Board at the University of Calgary (CHREB, ID: REB16-2535).

Imaging
Participants completed an MRI scan using a 32-channel head coil on a GE 3T MR750w scanner (GE,
Waukesha, WI). Diffusion-weighted images were acquired axially using spin-echo planar imaging (b = 750
s/mm2, 32 non-collinear directions, 3 b = 0s/mm2 volumes, 2.2mm isotropic voxel size, TR/TE = 
11.5s/69ms, scan duration ~ 6:00). An additional diffusion-weighted sequence was acquired in a subset
of participants (b = 2000 s/mm2, 60 non-collinear directions, 5 b = 0 s/mm2 volumes, 2.5mm isotropic
voxel size, TR/TE = 15.0s/87ms, duration = ~ 16:00). High resolution T1-weighted images were obtained
axially via a fast spoiled gradient echo brain volume (FSPGR BRAVO) sequence, with 1mm isotropic
voxels (TR/TE = 8.6/3.2ms, �ip angle = 11°, FOV = 256mm, scan duration = 5:00).

http://www.hiccupkids.ca/
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Image Processing
Lesions were mapped by using MRIcro (Rorden & Brett, 2000) with the 3D painting tool on each subject’s
T1-weighted image. Initial selection was the darkest voxel within the lesion. Intensity difference and
radius parameters were adjusted to expand the selection to the boundary between lesion and healthy
tissue. Additional ROIs were added to cover the full lesion volume if needed. As voxels were 1mm
isotropic, lesion size was equivalent to number of voxels included in the lesion. Due to the periventricular
nature of PVI lesions, ipsilesional and contralesional ventricles were mapped, then lesion volume for PVI
participants was calculated as contralesional ventricle volume subtracted from ipsilesional volume.

Diffusion-weighted data was processed using Tracto�ow 2.1.1 (Theaud et al., 2019). Tracto�ow offers a
platform-independent pipeline for diffusion data processing, and includes artifact correction, anatomical
registration, DTI metric calculation, �bre response function (FRF) and �bre orientation distribution
function (fODF) calculation normalized to the cohort, and whole brain tractography. Diffusion datasets
with b = 750 s/mm2 were processed in Tracto�ow for stroke and control cohorts separately. For
participants where the b = 2000 s/mm2 dataset was successfully collected, Tracto�ow processing was
repeated, then NDI and ODI maps were calculated using the NODDI toolbox
(http://www.nitc.org/projects/noddi_toolbox) in Matlab R2019b (Mathworks, Natick, Mass., USA).

Following Tracto�ow, the arcuate fasciculus (AF) and uncinate fasciculus (UF) were segmented via
RecobundlesX, a semiautomated, reproducible method for tractography (Garyfallidis et al., 2018; Rheault,
2020). RecobundlesX performs well when reconstructing tracts which have been shifted, truncated, or
made discontinuous, as is common in the lesioned hemisphere of perinatal stroke participants. Template
tracts for RecobundlesX were generated using manually segmented tracts from �ve healthy control
participants with high quality data and uninterrupted tracts. During manual segmentation of the AF, two
regions of interest (ROIs) were placed using the color-coded FA map for reference. The �rst ROI was
positioned on the coronal plane at the widest point of the anterior segment where the AF was primarily
green (indicating anterior-posterior orientation), and the second ROI was placed on the axial plane where
the projections into the temporal lobe were primarily blue (indicating superior-inferior orientation). For
manual segmentation of the UF, two regions of interest were placed on the coronal plane at the widest
point of anterior projections into the temporal pole and frontal lobe (Wakana et al., 2004). Additional ROIs
were placed to remove spurious �bers where needed. Automated tract segmentation in RecobundlesX
was performed 18 times per tract with small variations in tractography parameters. Streamlines that
appeared in 50% or more trials were included in the �nal bundle. Tract segmentation was performed in
both hemispheres and results were visually reviewed for accuracy. RecobundlesX outputs were
transformed to binarized masks, and mean FA, MD, RD, AD, NDI, and ODI were calculated per tract.

Lateralization indices for each metric were calculated to assess balance between hemispheres using the
following formula:
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such that larger negative lateralization indices indicated higher values in the ipsilesional hemisphere,
while larger positive lateralization indices indicated higher values in the contralesional hemisphere. For
our right-handed controls, the left hemisphere was treated as contralesional (dominant) and right as
ipsilesional in the above equation, therefore positive indices indicated leftward lateralization. Positive
lateralization values suggest more intact white matter microstructure in the contralesional hemisphere (or
left, for controls) compared to the ipsilesional hemisphere for FA and NDI. Negative lateralization values
re�ect more intact white matter in the contralesional (or left) compared to ipsilesional hemisphere for MD,
AD, RD, and ODI.

Neuropsychological Assessments
A subset of perinatal stroke participants was previously referred for a clinical neuropsychological
assessment battery if clinically indicated. Neuropsychological testing occurred during clinical
assessments, thus age at language testing may have differed from age at MRI scan but both always
occurred after the age of 6 years. Language-related tests included the California Verbal Learning Test –
Children’s Version (CVLT-C) and Word Generation-Initial Letter subtest from the Developmental
Neuropsychological Assessment (NEPSY-II) (Korkman et al., 2007; Reilly et al., 2013). During the CVLT-C,
participants were given �ve trials to learn as many words as they could from a list of 15 verbally
presented nouns (List A). The CVLT-C List A Total Trials 1–5 T score was used as a metric of verbal
learning. The Word Generation subtest of the NEPSY-II required participants to list as many words as they
could (within a time limit) that begin with a speci�c letter (initial letter condition). The Semantic subtest
required participants to generate as many words as they could within a certain semantic category
(semantic condition). Word Generation – Initial Letter and Semantic scaled scores were employed here as
a metric of verbal �uency. For both measures, higher values indicate better performance.

Statistical Analyses
Statistical analyses were run in R v3.6.0 (R Core Team, 2020) and Jamovi (Love, J. et al., 2021).
Normality of variables were tested using the Shapiro-Wilk test. For all analyses, the Benjamini-Hochberg
false discovery rate (FDR) correction method was applied to correct for multiple comparisons (Benjamini
& Hochberg, 1995).

Differences in age and sex distributions between TDC, AIS, and PVI cohorts were assessed using one-way
ANOVA and chi-squared tests. Differences in lesion side prevalence between AIS and PVI cohorts was
assessed via chi-squared test.

Group differences in imaging metrics for contralesional and ipsilesional hemispheres were assessed by
one-way ANOVAs or ANCOVAs, controlling for age, sex, and lesion volume (stroke cohort only). Models
that remained signi�cant following FDR correction for 12 comparisons per hemisphere were followed up
with post-hoc testing via TukeyHSD().

Lateralization = ∗ 100
(contralesional − ipsilesional)

(contralesional + ipsilesional)
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Lateralization indices
One-sample t-tests were conducted via t.test in R to determine whether lateralization indices in each tract
per group differed from a null distribution with mean of 0. Associations between lateralization indices
and covariates of interest — controlling for covariates of no interest (as above) — were evaluated in each
tract using linear regression via the linear model function lm() separately for each covariate. Covariates
which were signi�cant following FDR correction for three comparisons were included in follow-up
analyses.

One-way ANOVAs—or ANCOVAs in the case of signi�cant associations to one or more covariates—
evaluated differences in lateralization indices for each metric in each tract, controlling for covariates as
appropriate in each model. Post-hoc testing was conducted via TukeyHSD for signi�cant ANOVAs. In the
case of a signi�cant association between lesion volume and lateralization, a follow-up ANCOVA was run
for AIS and PVI participants controlling for lesion volume. ANOVAs evaluating differences in NDI and ODI
were conducted between AIS and PVI participants only. Multiple comparisons were corrected using FDR
for 12 tests.

Language function
One-sample t-tests were run to evaluate whether CVLT-C T scores and Word Generation scaled scores
differed from population norms of 50 and 10, respectively. Linear mixed models were run in a subset of
perinatal stroke participants who had language assessments. Only DTI metrics were evaluated in these
models, as NODDI imaging data was available for only six participants who underwent language testing.
The following formula was used:

All variables were treated as �xed effects in these models. In the case that the age * sex interaction was
not signi�cant, it was removed and the model was re-run. FDR corrections for eight models were applied
to account for multiple comparisons.

RESULTS

Participant Demographics and Clinical Language Measures
A total of 106 participants aged 6–19 years old were recruited, 73 of whom had perinatal stroke (38 AIS,
35 PVI). One participant with AIS was excluded from further analysis due to excessive head motion
during their MRI resulting in poor image quality resulting in a total sample size of 105 participants (mean
12.3 ± 3.5 years, 45F / 60M). Demographic information and lesion characteristics for the �nal sample are
summarized in Table 1. No differences were found for age (F = 1.95, p = 0.15) or sex distribution (Χ2 = 
1.77, p = 0.41) between TDC, AIS, and PVI groups. Lesion side prevalence was not different between AIS
and PVI cohorts (Χ2 = 0.031, p = 0.86).

LanguageScore ∼ DTImetric + Age + Sex + LesionV olume + Age ∗ Sex
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Clinical language function scores are reported from the subset of perinatal stroke participants who were
referred for assessment in Table 2. Word Generation – Initial Letter scaled scores were signi�cantly lower
than population norm (t = -10.50, p < 0.001), while CVLT-C List A Total Trials 1–5 T scores and Word
Generation – Semantic condition scores did not differ from population norms (CVLT-C: t = 0.23, p = 0.82;
Word Generation – Semantic: t = -1.24, p = 0.23). No group difference in language scores was observed
between subjects with left versus right hemisphere lesions, although only 7 subjects with right
hemisphere lesions had language scores available.

Table 1
Demographic information for typically developing controls (TDC) and participants with arterial ischemic

stroke (AIS) and periventricular venous infarction (PVI) perinatal stroke.

  TDC AIS PVI Language Assessed

Cohort size 32 38 35 (see Table 2)

Mean age at imaging (SD) 13.2 (3.54) 12.1 (3.75) 11.6 (3.10) 13.42 (3.27)

Mean age at NP assessment
(SD)

- - - 10.83 (2.75)

Sex 16 F / 16
M

21 F / 17
M

12 F / 23
M

9 F / 15 M

Stroke side        

Left % - 25 (65.8%) 21 (60%) 16 (66%)

Median lesion volume, cm3 (IQR) - 43.9 (60.1) 3.79 (11.3) 35.3 (65.7)

Table note: NP – neuropsychological, SD – standard deviation, IQR – interquartile range.
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Table 2
Language assessment results for a subset of perinatal stroke participants.

  Verbal Learning Word Generation

(Initial Letter)

Word Generation

(Semantic)

Sample Size 21 19 19

Age at test (SD) 10.6 (2.89) 11.3 (2.52) 11.3 (2.52)

Sex 8F / 13M 5F / 14M 5F / 14M

Stroke Type      

AIS 17 15 15

PVI 4 4 4

Stroke side (MRI)      

Left % 14 (66%) 13 (68%) 13 (68%)

Median lesion volume, cm3 (IQR) 47.4 (65.2) 27.4 (61.4) 27.4 (61.4)

Mean score (SD)      

AIS 50.6 (12.8) 4.67 (2.26) 8.47 (3.70)

PVI 50.3 (5.32) 5.50 (1.73) 10.5 (4.80)

Overall 50.6 (11.6) 4.84 (2.14) 8.89 (3.90)

Table note: The California Verbal Learning Test – Children’s version (CVLT-C) was used to assess verbal
learning. Scores reported are the CVLT-C trials 1–5 T score (CVLT-C Total 1–5). Word Generation subtests
from the Developmental Neuropsychological Assessment – 2nd edition (NEPSY-II) were used to assess
verbal �uency. Scaled scores are reported here. Each tests is positively scored such that higher numbers
represent better performance. SD – standard deviation, IQR – interquartile range.

Imaging
Lesion locations and sizes for the AIS and PVI subgroups are visualized in Fig. 1 where brighter areas
represent more lesion overlap within each group.

RecobundlesX successfully segmented the arcuate and uncinate fasciculi in left and right hemispheres
for all healthy controls. The ipsilesional arcuate fasciculus was successfully segmented in 6 AIS (15.8%)
and 35 PVI (100%) participants, while the ipsilesional uncinate fasciculus was segmented in 26 AIS
(68.4%) and 35 PVI (100%) participants. For contralesional tracts, the arcuate and uncinate fasciculi were
segmented in 37 AIS (97%) and 35 PVI (100%) participants. Segmented tracts are shown in individual
example participants for TDC, AIS, and PVI groups in Fig. 2. All imaging metrics were found to be
normally distributed across our full sample and within each subgroup.
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Group Differences in Imaging Metrics per Hemisphere
Mean imaging metrics for all segmented tracts are summarized in Table 3 and Fig. 3. Group differences
were found in the left or contralesional hemisphere uncinate fasciculus for FA (F = 11.83, p < 0.001), MD
(F = 5.08, p = 0.008), and RD (F = 9.19, p < 0.001). Post-hoc testing revealed signi�cantly lower FA for AIS
and PVI groups compared to controls, higher MD for AIS compared to controls, and higher RD for AIS and
PVI groups compared to controls.

In the right or ipsilesional hemispheres, signi�cant differences were found in the arcuate fasciculus for FA
(F = 11.01, p < 0.001), MD (F = 14.98, p < 0.001), AD(F = 10.38, p < 0.001), and RD(F = 15.88, p < 0.001), and
in the uncinate fasciculus for FA (F = 8.95, p < 0.001), MD (F = 6.17, p = 0.0031), RD (F = 8.84, p < 0.001),
and NDI (F = -3.46, p = 0.001). Post-hoc testing in the arcuate fasciculus revealed lower FA for AIS and PVI
groups compared to controls, higher AD, MD, and RD for AIS participants compared to both PVI and TDC
groups, and higher RD for PVI compared to TDC participants as well. Post-hoc testing in the uncinate
fasciculus revealed lower FA for AIS participants compared to PVI and TDC groups, higher MD for AIS
compared to PVI participants, and higher RD for AIS compared to both PVI and TDC groups. Finally, NDI
was signi�cantly higher for PVI compared to AIS participants in the ipsilesional hemisphere.

Table 3
Mean imaging metrics for the AF and UF by participant group.

Group Tract Side n FA MD AD RD NDI ODI

TDC AF L 32 0.405 0.800 1.16 0.617 - -

  AF R 32 0.409 0.803 1.18 0.617 - -

  UF L 32 0.385 0.848 1.22 0.662 - -

  UF R 32 0.366 0.869 1.23 0.688 - -

AIS AF Contrales. 37 0.388 0.814 1.17 0.636 0.498 0.327

  AF Ipsiles. 6 0.368 0.924 1.29 0.742 0.443 0.311

  UF Contrales. 37 0.357 0.869 1.22 0.694 0.444 0.327

  UF Ipsiles. 26 0.342 0.884 1.22 0.717 0.417 0.349

PVI AF Contrales. 35 0.401 0.797 1.16 0.617 0.515 0.318

  AF Ipsiles. 35 0.384 0.829 1.18 0.652 0.480 0.322

  UF Contrales. 35 0.363 0.861 1.21 0.684 0.453 0.332

  UF Ipsiles. 35 0.372 0.851 1.21 0.672 0.452 0.328

Table note: Tracts are presented as left and right for TDC, and in contralesional and ipsilesional
hemispheres for AIS and PVI perinatal stroke participants. MD, AD and RD units reported are *10− 3
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s/mm2.

Lateralization Indices and Group Differences
Lateralization indices are summarized below in Table 4. In the arcuate fasciculus, lesion volume was
associated with lateralization of MD (t = -5.31, p < 0.001), AD (t = -4.69, p < 0.001), RD (t = -4.72, p < 0.001),
and NDI (t = 2.47, p = 0.023), while age was associated with ODI lateralization (t = -2.27, p = 0.035). In the
uncinate fasciculus, lesion volume was associated with lateralization of FA (t = 2.99, p = 0.0042), MD (t =
-2.45, p = 0.017), RD (t -2.99, p = 0.004), NDI (t = 4.24, p < 0.001), and ODI (t = -2.24, p = 0.033). Sex was not
associated with any imaging metric in either tract. As such, lesion volume and age (but not sex) were
used as covariates in subsequent tests of lateralization differences for the metrics and regions above.

Table 4
Mean lateralization indices for the AF and UF in TDC, AIS, and PVI groups.

Group Tract n FA MD AD RD NDI ODI

TDC AF 32 -0.493
(2.14)

-0.242
(0.760)

-0.528*
(1.20)

0.0312
(1.09)

   

  UF 32 2.54*
(2.72)

-1.18*
(0.824)

-0.320
(1.50)

-1.98*
(1.06)

   

AIS AF 6 1.51
(7.18)

-6.02
(7.94)

-5.37
(9.26)

-6.51
(6.21)

5.62
(2.11)

3.49
(4.05)

  UF 26 2.31
(5.79)

-0.807
(2.19)

0.0467
(3.57)

-1.51
(1.65)

2.68
(3.11)

-3.33
(5.59)

PVI AF 35 2.23*
(3.89)

-1.93*
(1.77)

-1.04*
(2.46)

-2.75*
(1.97)

3.56*
(1.97)

-0.550
(5.28)

  UF 35 -1.11
(4.26)

0.561
(1.88)

0.200
(2.91)

0.891
(1.40)

0.177
(1.07)

0.880
(4.67)

Note: Positive lateralization values indicate leftward (TDC) or contralesional (AIS, PVI) lateralization
for FA and NDI. Negative lateralization values indicate leftward (TDC) or contralesional (AIS, PVI)
lateralization for MD, AD, RD and ODI. Standard deviation is included in brackets. Lateralization
indices that signi�cantly differed from the null distribution are marked by *. AF - arcuate fasciculus,
UF - uncinate fasciculus, FA - fractional anisotropy, MD, AD, RD - mean, axial, radial diffusivity, NDI -
neurite density index, ODI - orientation dispersion index.

Lateralization indices did not signi�cantly differ from the null distribution for any metrics in AIS
participants. For PVI participants, lateralization indices signi�cantly differed from the null distribution in
the arcuate fasciculus for FA (t = 3.39, p = 0.00183), MD (t = -6.26, p < 0.001), AD (t = -2.96, p = 0.006), RD
(t = -6.48, p < 0.001), and NDI (t = 7.68, p < 0.001), but for no metrics in the uncinate fasciculus. For TDC
participants, lateralization indices signi�cantly differed from the null distribution for AD in the arcuate
fasciculus (t = -2.73, p = 0.0103), and for FA (t = 5.28, p < 0.001), MD (t = -8.12, p < 0.001), and RD (t =
-7.45, p < 0.001) in the uncinate fasciculus.
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One-way ANOVAs revealed signi�cant group differences in lateralization of all metrics for both the
arcuate and uncinate fasciculus, with the exception of RD in the uncinate fasciculus, as summarized in
Table 5 and shown in Fig. 4. Signi�cant differences between groups revealed by post-hoc tests are
marked in Fig. 4, p < 0.05.

Table 5
Results from ANOVAs testing for group differences in laterality indices between groups.

    FA MD AD RD NDI ODI

Arcuate fasciculus F 4.82 14.33 11.58 13.34 2.75 1.58†

p 0.011* < 0.001* < 0.001* < 0.001* 0.113 0.225

df 2, 70 2, 70 2, 70 2, 70 1, 18 1, 18

Uncinate fasciculus F 7.35 9.65 1.25 10.49 10.6 5.35

p 0.001* < 0.001* 0.292 < 0.001* 0.003* 0.028*

df 2, 90 2, 90 2, 90 2, 90 1, 30 1, 30

Table note: Group comparisons for NDI and ODI were between AIS and PVI only, all other comparisons
were among TDC, AIS and PVI groups. † indicates an ANCOVA was run controlling for age. Signi�cant
�ndings after FDR corrections are marked by *. AF - arcuate fasciculus, UF - uncinate fasciculus, FA -
fractional anisotropy, MD, AD, RD - mean, axial, radial diffusivity, NDI - neurite density index, ODI -
orientation dispersion index.

Follow-up ANCOVAs were performed, controlling for lesion volume, to add context to lateralization
differences observed between perinatal stroke subtype cohorts. Results from these ANCOVAs controlling
for lesion volume are summarized in Table 6.

Table 6
Results from ANCOVAs testing for group differences in lateralization indices,

controlling for lesion volume in AIS and PVI participants. Signi�cant differences (after
FDR corrections) are marked by *.

    FA MD AD RD NDI ODI

Arcuate fasciculus F 1.23 0.995 11.90 0.0603 0.417 0.653

p 0.274 0.325 0.001* 0.807 0.526 0.430

df 1, 37 1, 37 1, 37 1, 37 1, 18 1, 18

Uncinate fasciculus F 1.47 2.25 0.389 2.23 1.58 1.45

p 0.230 0.139 0.535 0.141 0.218 0.238

df 1, 57 1, 57 1, 57 1, 57 1, 29 1, 29
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Links between Contralesional Imaging Metrics and
Language Scores
Linear mixed models with signi�cant imaging metric predictors of language measures are summarized in
Table 7. CVLT-C scores were associated with contralesional FA and RD in the arcuate fasciculus, while
Word Generation scores were associated with AD in the contralesional arcuate and RD in the uncinate
fasciculus. Age, sex, and lesion volume were included but were not signi�cantly related to language
scores in any models. Figure 5 visualizes signi�cant links between imaging metrics and language scores.

Table 7
Signi�cant effects from linear mixed models showing links

between contralesional hemisphere imaging metrics and language
tests, controlling for age, sex, and lesion volume.

CVLT-C List A Total 1–5

  Predictor R2 (adj) df β t p

Arcuate FA 0.12 16 0.56 2.29 0.036

Arcuate AD 0.31 16 0.68 3.33 0.004*

Word Generation – Initial Letter

  Predictor R2 (adj) df β t p

Arcuate FA 0.19 14 0.54 2.23 0.043

Arcuate AD 0.23 14 -0.73 -2.46 0.028

Word Generation – Semantic

  Predictor R2 (adj) df β t p

Arcuate FA 0.20 14 0.57 2.36 0.033

Table note: Signi�cant �ndings after FDR corrections are marked by *.

DISCUSSION

Lateralization of language tracts
Consistent with previous literature examining white matter microstructure (Ban� et al., 2019) and
language task-fMRI (Brauer & Friederici, 2007; Holland et al., 2007; Sachs & Gaillard, 2003; Schlaggar et
al., 2002; Sza�arski et al., 2006; Ulualp et al., 1998), TDC participants showed systematic structural
lateralization to the left hemisphere in the uncinate (for three microstructural metrics), but weaker
evidence for structural lateralization in the arcuate fasciculus (just one microstructural metric).
Language-related hemispheric lateralization develops relatively late, possibly around age 10 (Schlaggar
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et al., 2002), thus our sample (aged 6–19 years) has likely captured this important developmental phase.
During typical development, FA and NDI values tend to increase, while diffusivity metrics (MD, AD, RD)
and ODI tend to decrease. These trends re�ect underlying changes in neurite density, axonal packing and,
myelination (Geeraert et al., 2019; Lebel & Deoni, 2018). Thus, positive lateralization suggests more intact
white matter in the contralesional hemisphere (or left, for controls) compared to the ipsilesional
hemisphere for FA and NDI. Negative lateralization re�ects more intact white matter in the contralesional
hemisphere for diffusivity variables (MD, AD, RD), and ODI. Comparisons between lateralization patterns
in typically developing controls and children with perinatal stroke could shed light on compensatory
alterations in white matter after early injury.

In the largest sample to date investigating structural lateralization in perinatal stroke, we identi�ed
consistent differences in lateralization between perinatal stroke participants and controls. For AIS in the
arcuate fasciculus, diffusivity metrics were lateralized towards the contralesional hemisphere. Follow-up
analysis in each hemisphere separately indicated lateralization was driven by differences in ipsilesional
microstructure, as diffusivity metrics were higher (and FA lower) in the ipsilesional hemisphere for AIS
compared to controls while no group differences were observed in the contralesional hemisphere. This
apparent lateralization to the contralesional hemisphere is consistent with language task-fMRI studies
that have demonstrated a shift to homologous regions in the non-lesioned right hemisphere in children
with left lesions (François et al., 2016, 2019; Guzzetta et al., 2008; Ilves et al., 2014; Jacola et al., 2006;
Lidzba, 2007; Raja Beharelle et al., 2010; Staudt, 2002; Sza�arski et al., 2014; Tillema et al., 2008). The
consistency of such a contralateral shift in multiple microstructural metrics in language-related white
matter bundles provides converging evidence of possible contralateral compensatory mechanisms after
early injury (Staudt, 2002).

In the uncinate fasciculus, no lateralization differences were observed between AIS and TDC groups.
However, differences were seen for imaging metrics in both hemispheres (FA lower and RD higher) for AIS
participants compared to controls. Lateralization assesses interhemispheric balance, thus microstructural
alterations occurring in both hemispheres may not be re�ected in lateralization indices. Interestingly, MD
was higher in the contralesional uncinate compared to the left hemisphere of healthy controls, although
no difference in lateralization was observed. Overall, our �ndings suggest signi�cant disruption to the
ipsilesional arcuate and uncinate fasciculus in AIS. The arcuate was most consistently affected, as AIS
middle cerebral artery lesions are more likely to impact temporoparietal regions, as visualized in Figs. 1
and 2, than frontotemporal regions. This structural speci�city for stroke-related damage may also have
implications for language function based on stroke type.

For PVI participants, microstructure of both the arcuate and uncinate fasciculus differed from controls.
However, direction of lateralization differences between PVI and controls was not consistent (see Fig. 4).
In the arcuate fasciculus for the PVI group, lateralization indices suggested higher FA and lower
diffusivity of contralesional white matter compared to controls. In the uncinate, the opposite trend was
observed (lower FA and higher diffusivity). These observations were con�rmed by underlying imaging
metrics in individual hemispheres. Taken together, we can see that lateralization of the arcuate and
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uncinate fasciculi are impacted differently by PVI lesions, with differences in arcuate lateralization driven
by the ipsilesional hemisphere, while the opposite is true for the uncinate. Given that PVI-related damage
is typically isolated to periventricular white matter, these differences are likely related to anatomical
localization of lesions caused by differences in underlying stroke mechanisms.

Examining microstructural differences between perinatal stroke types may additionally shed light on
differences in anatomical placement and underlying mechanisms of stroke. AIS and PVI groups showed
differences in microstructural lateralization in both the arcuate and uncinate fasciculi. In the arcuate,
diffusivity metrics were signi�cantly higher for AIS compared to PVI participants in the ipsilesional
hemisphere, and diffusivity lateralization indices showed signi�cantly more lateralization to
contralesional indices as a result. In the uncinate fasciculus, microstructural differences suggested more
intact ipsilesional uncinate fasciculus for PVI participants. Additionally, NDI and ODI showed a
contralesional shift in the uncinate of AIS participants, with near-zero lateralization values for metrics
suggesting no corresponding shift in PVI participants. All differences in lateralization between AIS and
PVI groups were driven by the ipsilesional hemisphere, further con�rming the critical role that lesion
location plays in reorganization of the language network. Differences in lesion mechanism (arterial
versus venous) and therefore lesion location (MCA versus periventricular damage) also likely play a role
in the differing patterns of lateralization between groups.

When lesion volume was factored out, many differences in white matter structure between AIS and PVI
sub-groups were not retained. This suggests that perinatal stroke severity is an important indicator of
white matter structural outcomes, at least for the regions investigated here. Further, RD, a putative marker
of myelin, remains more contralesionally lateralized in the AIS group compared to PVI, suggesting some
microstructural adaptations in the language network are unique to arterial ischemic perinatal stroke.
Lateralization indices ranged from approximately 6 to -6 across our sample, which equates to
interhemispheric differences of about 13%.

Contralesional white matter and language function
Perinatal stroke participants scored lower than the population mean on the Word Generation task in the
Initial Letter condition, but not for the Semantic condition. Furthermore, no differences in verbal memory
were observed compared to the population mean. This suggests language de�cits following perinatal
stroke are domain-speci�c, rather than general, and likely vary by lesion size and location although more
data is needed to verify this.

Lesion side did not seem to in�uence language outcomes, although this �nding should be considered
preliminary given the limited number of perinatal stroke subjects with right hemisphere lesions and
language scores available (n = 7). Previous studies have also reported no effect of lesion side on
language function in perinatal stroke, and proposed this is likely due to the early timing of injury,
occurring very early in life before language has developed and lateralized (Ballantyne et al., 2007; Staudt,
2002).
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More intact contralesional arcuate microstructure was linked to higher verbal memory and verbal �uency
scores, as shown in Fig. 5. Speci�cally, FA of the arcuate fasciculus was associated with performance on
all verbal memory and �uency tasks, while AD was associated with verbal memory, and �uency in the
Initial Letter condition, but not Semantic. These �ndings are not consistent with the dorsal/ventral
language processing model, which proposes a dorsal stream responsible for mapping sound to
articulation, and a ventral stream responsible for mapping sounds to meaning (Catani et al., 2005; Saur et
al., 2008). This model would suggest the arcuate would be related to word generation, while the uncinate
fasciculus would be related to verbal memory. Our �ndings may show the language network in perinatal
stroke undergoes neuroplastic reorganization, or may differ because this model is based on healthy, left-
lateralized language networks, while we evaluated contralesional (typically right) hemisphere structure in
perinatal stroke participants. Links to both verbal memory and �uency emphasize the importance of the
arcuate fasciculus structure for language function. This coincides with functional work, which identi�ed
maturational status of the arcuate fasciculus as an important determinant of language processing
accuracy and speed (Skeide et al., 2016).

Several other associations between white matter microstructure and verbal �uency were observed when
lesion volume was excluded from models. FA and MD in the arcuate, and MD in the uncinate were
associated with Word Generation – Initial Letter scores, while RD in the arcuate was associated with
Word Generation – Semantic scores. This suggests additional nuance in neuroplastic compensation in
response to stroke. Our �ndings also suggest lesion size plays an important role in determining language
outcomes, in line with previous research (Westmacott et al., 2010).

Limitations and future directions
The �ndings presented here must be considered in light of some limitations. First, this was a retrospective
study design, and thus MRI imaging of patients with perinatal stroke occurred later than language testing,
with a mean gap between tests and imaging of 2.6 years. Additionally, only those for whom cognitive
assessment was deemed to be clinically warranted were referred for testing, thus no data was available
for perinatal stroke participants with near-normal or severely impaired language abilities. Second, while
tracts were successfully segmented in all typical controls, ipsilesional tracts were missing for many
perinatal stroke participants, particularly for the AIS group where the ipsilesional AF was identi�ed in only
six participants. As such, we limited our analysis to the contralesional hemisphere where language tracts
were reconstructed, but comparisons between lateralization indices or raw imaging metrics for AIS and
other subgroups should be con�rmed in a larger sample. Expansion to additional language-tracts, or
adopting a network approach such as graph theory may reveal additional trends not identi�ed here.

CONCLUSIONS
We have shown consistent differences in lateralization of white matter microstructure in language-related
tracts between perinatal stroke participants and healthy controls. Perinatal lesions often resulted in
lateralization contralesional to the typical language network. However, in PVI participants, the ipsilesional
uncinate fasciculus did not exhibit a contralesional shift. Microstructure of the contralesional arcuate
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fasciculus was associated with verbal memory and verbal �uency, while the contralesional uncinate was
associated with �uency only. In the largest study of perinatal stroke and language function to date, we
have con�rmed previous preliminary work suggesting that white matter in the language network changes
following perinatal lesions, frequently resulting in a bias towards more intact tracts in the contralesional
hemisphere, and the structure of these tracts is associated with language performance. Future work is
needed to expand upon the trends shown here and investigate links between white matter microstructure
throughout the brain and language performance in more detail.
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Figure 1

Lesion locations for participants with arterial ischemic stroke (AIS) or periventricular venous infarction
(PVI). Lesion locations are presented as heatmaps, colored by percentage of participants with lesioned
tissue in an area. For this visualization, lesion maps were registered to MNI space, and images from
patients with right hemisphere lesions were reoriented to show the contralesional hemisphere on the left
for all participants.
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Figure 2

Sample tract masks for the arcuate fasciculus (green) and uncinate fasciculus (blue) from exemplar
participants in TDC, AIS, and PVI cohorts overlaid on the MNI 152 template. Tracts were segmented via
RecobundlesX, with �ve manually segmented tracts from the TDC group provided for reference. Ipsi –
ipsilateral to the stroke lesion, Contra – contralateral to the lesion.
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Figure 3

Mean imaging metrics for AIS and PVI perinatal stroke participants, and typically developing controls. For
controls, the left hemisphere was treated as equivalent to the contralesional hemisphere, while right
hemisphere was treated as ipsilesional. Signi�cant differences between groups (after FDR corrections)
are marked by *.  AD units: 10-3 s/mm2, MD and RD units: 10-4 s/mm2.
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Figure 4

Differences in lateralization of imaging metrics between AIS and PVI perinatal stroke participants and
typically developing controls (TDC). Positive values indicate higher metric values in the contralesional
hemisphere, or the left hemisphere in controls. Signi�cant differences between groups (after FDR
corrections) are marked by *.
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Figure 5

Associations between imaging metrics and language function in the contralesional arcuate (panels A, B,
C) and uncinate (panel D) fasciculi in perinatal stroke participants, controlling for age, sex, and lesion
volume. Fit lines with 95% con�dence intervals are shown, along with plots visualizing data distribution.
Data is split by sex, although no sex effects were observed (male: orange diamond, female: teal circle).


