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Objectives

Perinatal stroke (PS), a focal vascular brain injury near the beginning of life, can cause
hemiparetic cerebral palsy (HCP) and lifelong disability for millions. Two PS subtypes,
arterial ischemic stroke (AIS) and periventricular venous infarction (PVI), differ in timing
and mechanism of injury and can both lead to HCP. HCP results in asymmetric motor
and sensory impairments, including disruptions in proprioception (limb-position sense)
and visuomotor coordination (visual information integration and movement execution).
Sensorimotor integration is essential for motor development in children, and its
disruption contributes to motor deficits in HCP. This study investigated resting-state
functional connectivity (FC) in sensorimotor networks of youth with two different PS
subtypes and its association with proprioceptive and visuomotor performance.

Methods

Resting-state fMRI was collected from children 6-19 years old with AIS or PVI and
typically developing controls (TDC) (3.6 mm isotropic voxels, TR/TE=2000/30 ms, 150
volumes, 5 minutes). FC was assessed between primary motor cortex and other
sensorimotor regions using the CONN toolbox. Proprioception and visuomotor
coordination were evaluated using Kinarm robotic tasks. Mixed design analyses of
covariance examined between-group and between-hemisphere FC differences, and
between-group proprioception and visuomotor differences. Partial correlations assessed
FC-behaviour associations, factoring out age.

Results

There were 112 participants (33 AIS, 36 PVI, 43 TDC; mean age 12.4 £ 3.0 years; 43%
female). Participants with PS exhibited lower interhemispheric FC, and lower FC within
the lesioned hemisphere compared to TDC. Within the PS subgroups, AIS showed lower
FC than PVI, particularly in interhemispheric cortical and subcortical (basal ganglia)
regions, while thalamic connectivity was similarly lower than controls in both groups.
Task performance was positively correlated with sensorimotor FC in all groups, with the
largest number of correlations in AIS, The fewest correlations occurred in controls. In
addition, FC was correlated with multiple visuomotor outcomes mainly in AIS, but not
TDC.
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Conclusion

PS alters sensorimotor network organization. Subtype-specific differences in FC and
FC-behaviour relationships suggest that lesion etiology influences developmental
sensorimotor reorganization. Such imaging biomarkers may inform understanding of
developmental sensorimotor connectivity and personalized rehabilitation strategies for

youth with physical disabilities.

INTRODUCTION

Perinatal stroke (PS) is a focal vascular brain injury occur-
ring between the 20t week of gestation and the 28th post-
natal day, affecting about 1 in 1100 births and millions of
people worldwide.!-2 It is the leading cause of hemiparetic
cerebral palsy (HCP), a non-progressive, lifelong disorder of
motor and posture predominantly on one side of the body.3
The precise timing and focal nature of PS create a quasi-ex-
perimental context in which to observe how the developing
brain reorganizes after injury, supporting its use as an ideal
human model for investigating developmental neuroplas-
ticity.4 Yet, the extent to which sensorimotor network con-
nectivity is disrupted after PS, and how this relates to func-
tional outcomes is poorly understood. This study aimed to
characterize sensorimotor network connectivity and to ex-
amine its association with proprioceptive and visuomotor
performance across different sensorimotor tasks.

PS is broadly classified into two subtypes: arterial is-
chemic stroke (AIS) and periventricular venous infarction
(PVI). AIS is the most common, representing about two
thirds of all PS, which most commonly results from a mid-
dle cerebral artery occlusion with combined cortical and
subcortical infarction near term.>® In contrast, PVI is
caused by a germinal matrix hemorrhage in utero leading
to subcortical venous infarction of the periventricular white
matter often involving the corticospinal tracts while the
motor cortex remains structurally intact.1.?

Children with PS typically experience lifelong neuro-
logical disabilities, most commonly presenting as motor
deficits in the form of HCP.5 Sensorimotor networks can
be disrupted in children with PS, and diverse motor im-
pairments may result from altered networks in both the
lesioned and contralesional hemispheres.> In addition to
the motor system, proprioception is a key somatosensory
modality impaired in youth with HCP, responsible for the
perception of limb position and motion that relies on
mechanosensory neurons distributed throughout the
body.8? It is critical for maintaining the cortical represen-
tation of the body and is likely involved in the recovery of
function after injury.19-12 Studies have previously quanti-
fied upper limb sensorimotor function in children with PS
using the Kinesiological Instrument for Normal and Altered
Reaching Movements (Kinarm) exoskeleton robot’s inter-
active augmented reality environment (BKIN Technologies
Ltd., Kingston, ON, Canada).13-17 A major advantage of this
technique is that limb proprioception can be sensitively
measured in an objective way using tasks that are well-tol-
erated in a pediatric population.

Sensorimotor network disruption in HCP can also be as-
sessed using task free resting state functional MRI. Measur-
ing temporal cross-correlations in blood oxygenation level-

dependent (BOLD) signals between brain regions at rest
allows functional connectivity (FC) to be quantified and
compared to those of typically developing controls (TDC).18
A recent study identified lower FC in some components of
the sensorimotor network (i.e., thalamus) in children with
HCP due to PVI, showing positive correlations between FC
and upper-limb visuomotor performance assessed using the
visually guided reaching task of the Kinarm robotic plat-
form.1% This study also utilized the Assisting Hand Assess-
ment (AHA) and Melbourne Assessment of Unilateral Upper
Limb Functioning (MA) standardized clinical assessments,
both of which primarily assess upper-limb functional motor
ability. Both AHA and MA performance were positively cor-
related with sensorimotor network FC. By contrast, another
study found no significant associations between FC and up-
per-limb performance using the AHA and MA suggesting
mixed findings.20 Building on previous work, the present
study utilized the Kinarm robotic platform to investigate
associations between FC in sensorimotor pathways and
proprioceptive and visuomotor function of a larger, more
diverse cohort of children with AIS, PVI, and their typically
developing peers.

In contrast to the previous study focused on visually
guided reaching,!® we investigate multiple Kinarm tasks
(position matching, kinesthesia, and visually guided reach-
ing) to evaluate a broader range of sensorimotor functions,
focusing on spatially remote regions of the sensorimotor
network. Accordingly, we propose the following three hy-
potheses: (1) children with AIS and PVI will show lower
overall interhemispheric FC between sensorimotor regions
compared to healthy controls, with AIS showing lower FC
than PVI; (2) PS children will exhibit lower intrahemi-
spheric FC of sensorimotor regions in their lesioned hemi-
sphere compared to non-lesioned, with this asymmetry
more pronounced in AIS than PVI; and (3) lower FC within
the sensorimotor network in children with HCP will be as-
sociated with proprioceptive and visuomotor deficits, with
possible differential involvement based on stroke subtype.

METHODS

PARTICIPANTS

This was a secondary pooled analysis of data from several
prospective and observational studies.21-26 PS participants
were recruited from two urban Canadian centres as part of
the Alberta Pediatric Stroke Project.27 Criteria for inclusion
were: (1) 6-19 years of age; (2) term birth (> 36 weeks); (3)
MRI-confirmed unilateral PS (AIS or PVI); and (4) symp-
tomatic HCP as classified by a Pediatric Stroke Outcome
Measure (PSOM) motor score of > 0.5.28 Exclusion criteria
included severe hemiparesis (Manual Ability Classification
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System V), additional psychiatric or neurodevelopmental
conditions, unstable epilepsy, multifocal stroke or diffuse
damage, multiple strokes, MRI contraindications, or exces-
sive head motion during the scan. Handedness was defined
as being opposite to the stroke-impacted arm, or as being
ipsilateral to lesion side.

A community-based program (Healthy Infants and Chil-
dren’s Clinical Research Program)?? was used to recruit
TDC of comparable age and sex distributions, who were all
right-handed as measured by the Edinburgh Handedness
Inventory.30 The left hemisphere was referred to as the
dominant hemisphere for motor function in this group
given their right-handedness. TDC participants had no MRI
contraindications or neurodevelopmental or psychiatric
conditions. Informed parental written consent and partic-
ipant assent were obtained for all participants. This study
was approved by the Conjoint Health Research Ethics Board
at the University of Calgary (REB16-2535, REB16-2474,
REB22-0303, E-23536) and the Research Ethics Board at the
University of Alberta (Pro00071012).

IMAGING

MRI data was acquired on a 3.0 Tesla GE MR750w scanner
(GE Healthcare, Waukesha, WI, USA) with a 32-channel
head coil at the Alberta Children’s Hospital. High-resolu-
tion anatomical images were obtained using a T1-weighted
fast-spoiled gradient echo brain volume sequence in the ax-
ial plane (166-225 contiguous slices, 1.0 mm isotropic voxel
size, repetition time [TR] = 8.5 ms, echo time [TE] = 3.2
ms, matrix = 256 x 256, duration ~5 minutes). A resting
state functional MRI (rs-fMRI) sequence was obtained us-
ing 150 T2*-weighted whole brain echo planar volumes (36
contiguous axial slices, 3.6 mm isotropic voxel size, TR/TE
= 2000/30 ms, total scan duration ~5 minutes). During rs-
fMRI scanning, participants were instructed to focus on a
cross in the center of their vision.

LESION MAPPING

Lesion size was measured on the T1-weighted scans of par-
ticipants with AIS. Each scan was viewed in MRIcron,3! and
the 3D fill function was applied to regions of cerebrospinal
fluid (CSF) occupying the infarct cavity. The borders were
determined by voxel intensity, with dark CSF contrasted
from the brighter grey or white matter. The resulting binary
masks were smoothed with a 2 mm kernel (threshold = 0.5),
and lesion volumes were calculated (in cm3).32 For group-
level visualization of lesion distribution and overlap, the
masks were spatially normalized to MNI standard space us-
ing the Normalize function in SPM12 (Wellcome Centre for
Human Neuroimaging, London, UK) implemented in MAT-
LAB 2019a (The MathWorks, Inc., Natick, MA, USA). The
standardized binary masks were overlayed on the MNI152
standard T1 template in MRIcroGL3! as a heatmap for visu-

alization (Figure 1).

RESTING STATE FMRI

Resting state fMRI data was analyzed using the CONN func-
tional connectivity toolbox,33 an SPM12-based toolbox
running via MATLAB R2021 (The MathWorks Inc.). Prepro-
cessing was completed using the standard CONN pipeline
(slice timing correction, realignment, co-registration, de-
noising, and calculation of 12 head motion parameters).
Standard SPM tissue probability maps were used to auto-
matically segment the co-registered images into different
tissue types (gray matter, white matter, and CSF). Each
slice underwent manual review to ensure that lesioned ar-
eas were correctly identified and labelled. The standard
152-average template was used to normalize images into
MNI space and smooth with a 6 mm isotropic full-width
at half-maximum Gaussian kernel. Outliers were identified
using the Artifact Repair Toolbox34 with global mean signal
greater than z = 5 or exceeding 0.9 mm of translational
movement. Identified outlier volumes, as well as CSF and
white matter time courses were de-weighted in the general
linear model. Outliers were inspected for each participant,
and participants were excluded from further analysis if they
had > 50 volumes with excessive motion out of the 150-vol-
ume scan.

Seed-to-seed FC was measured between each primary
motor cortex (M1) and five ipsilateral seeds of interest (Fig-
ure 2) including the primary somatosensory cortex (S1),
supplementary motor area (SMA), thalamus, caudate nu-
cleus, and putamen because of their central roles in the
cortico-basal ganglia-thalamocortical sensorimotor net-
work.35-38 This a priori selection of relevant regions of in-
terest (ROIs) primarily focused on cortical and subcortical
regions involved in the sensorimotor circuit of interest. The
cerebellum was therefore not included despite its role in
sensorimotor function. The SMA was included in our ex-
ploratory group and hemispheric FC comparisons because
of its known role in motor planning and bilateral coor-
dination.3® However, the SMA was excluded from correla-
tional analyses due to its inconsistent involvement in pro-
prioceptive and visuomotor processing relative to primary
somatosensory regions.40-42 Interhemispheric connections
between left and right hemispheres for each ROI were in-
vestigated, as well as intrahemispheric connections con-
sisting of M1 to thalamus, caudate nucleus, and putamen.
These connections were selected due to the interconnected
cortical, basal ganglia, and thalamic circuits involved in
sensorimotor pathways in the brain.3643 FC values were
represented as the weighted bivariate Fisher-transformed
Pearson correlation coefficients resulting from the tempo-
ral cross-correlation analysis between each seed pair.

The number of resting state volumes included after
scrubbing for each participant was compiled. Head motion
was quantified for each participant by calculating mean
framewise translational and rotational distances (mm) from
the CONN realignment parameter file using an in-house
MATLAB script. Differences between sequential frames
were calculated for translational movement and Euclidean
distances (in mm) were extracted using the formula: trans-
lational distance = sqrt(Ax% + Ay% + Az2). For rotational
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Figure 1. Lesion overlay and region of interest maps for left and right arterial ischemic stroke participants.

Lesion location and overlap for participants with (A) left hemisphere and (B) right hemisphere arterial ischemic stroke. Lighter colours in the lesioned areas represent a greater pro-
portion of lesions in that voxel. (C) Sensorimotor regions of interest including the primary motor cortex (red), primary somatosensory cortex (blue), supplementary motor area (ma-
roon), thalamus (green), caudate (yellow), and putamen (orange) are shown for reference. Images are depicted in radiological convention (left hemisphere shown on the right), and

slice numbers in standard space are included.

A. B.

Supplementary
motor area Caudate
nucleus

Primary motor cortex Putamen

Primary somatosensory cortex

\P/

Thalamus

Figure 2. Region of interest and seed-to-seed connectivity visualization.

Regions of interest (ROIs) from the Harvard-Oxford Atlas used as seeds for functional connectivity analyses. ROIs were selected bilaterally (only left hemisphere shown). (A) Cortical
ROIs included the primary motor cortex (M1: precentral gyrus, red), primary somatosensory cortex (S1: postcentral gyrus, blue), and supplementary motor area (SMA: magenta). (B)
Subcortical ROIs included the thalamus (green), putamen (orange), and caudate nucleus (yellow). (C) Illustration of seed-to-seed FC pairs used in statistical contrasts. Note that the

seed colours correspond to the ROIs in panels A and B. SMA = supplementary motor area, Cau = caudate nucleus, Put = putamen, Tha = thalamus.

movement, differences between sequential frames were cal-
culated and Euclidean distances extracted as above, then
were converted to mm using a 50 mm radius metric using
the formula: rotational distance = 50 * sqrt(Ayaw? + Apitch?
+ Arol12).44 Mean (SD) values were subsequently calculated
for each participant group.

SENSORIMOTOR FUNCTION

The Kinarm exoskeleton robot was used to assess senso-
rimotor function (Figure 3A). The standardized, validated
sensorimotor tasks include position matching, kinesthesia,
and visually guided reaching. Given the large catalogue of

task variables available, we selected a representative sub-
set to minimize multiple comparisons. These were priori-
tized based on theoretical relevance and ability to capture
distinct aspects of task performance (posture control, visual
reaction, first movement, corrective movement, and total
movement). All tasks reported here were completed with
vision.

POSITION MATCHING

This task assesses limb position sense and has been used
in both stroke-impacted and healthy children.!315 The Ki-
narm robot moved the participants’ non-dominant (stroke-
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affected) arm in a linear path to one of nine pseudorandom-
ized spatial locations 6 cm apart (Figure 3A). Participants
were then asked to move their dominant hand to mirror the
location of the non-dominant arm and indicate a comple-
tion to initiate the subsequent trial. Fifty-four trials were
completed. Performance was quantified for each trial using
previously described parameters!3:

1. Variability (Vary,): The mean standard deviation for
the dominant arm’s final position in matching the po-
sition of the non-dominant arm (cm).

2. Spatial contraction/expansion (Cont/Expyy): The
range/area of the movement completed by the domi-
nant arm (> 1 indicates expansion, < 1 indicates con-
traction).

3. Systematic shifts (Shiftxy): The consistent differences
in error between dominant and non-dominant arm
across target locations (cm).

These three measures reflect aspects of proprioceptive
perception: precision, spatial scaling, and directional ac-
curacy of perceived limb position respectively. Deficits on
these tasks could reflect trial-to-trial inconsistencies in
arm positioning (precision variability), distortions of their
perceived workspace (spatial scaling and/or shift), or errors
between positioning of dominant and non-dominant arms
(accuracy).45

KINESTHESIA

This task assesses upper limb motion sense (kinesthesia) in
both stroke-impacted and healthy children.17:4647 The Ki-
narm robot moved the participant’s non-dominant (stroke-
affected) arm in a linear path to one of three locations 12
cm apart (Figure 3B). Participants were presented with a
red circle opposite to their non-dominant index finger (mir-
rored across the midline) and a white circle representing
the participant’s index finger on their dominant arm. Par-
ticipants were instructed to move the white circle into the
red circle with their dominant index finger which initiated
the trial and the circles were extinguished. The robot then
moved the participant’s arm to one of the other two posi-
tions at a peak speed of 0.28 m/s. Immediately as the move-
ment began, participants were instructed to mirror-match
the speed and direction of the movement with their dom-
inant arm. Thirty-six trials were completed. Performance
was quantified using previously described parameters*”:

1. Response Latency (RL): The movement onset time
difference between non-dominant and dominant
arms ().

2. Peak Speed Ratio (PSR): The ratio between maximum
hand speed of non-dominant and dominant arms (> 1
indicates faster, < 1 indicates slower).

3. Initial Direction Error (IDE): The absolute angular de-
viation at peak hand speed between the non-domi-
nant and dominant arms (degrees).

4. Path Length Ratio (PLR): The ratio between the total
movement length of the dominant arm and the
length moved by the non-dominant arm (> 1 indi-
cated larger, and < 1 indicated smaller).

These measures capture the speed, accuracy, and effi-
ciency of proprioceptive-guided movement which indicates
the ability of a participant to translate perceived limb po-
sition into motor output. Deficits on these tasks could re-
flect dysfunction in reproducing the speed and direction of
a movement using sensation derived from the stroke-af-
fected arm to signal and drive movement of the opposite
arm.47

VISUALLY GUIDED REACHING

This unimanual task measures upper-limb visuomotor abil-
ity in both stroke-impacted and healthy children.!6.4849
The participant was instructed to quickly and accurately
reach one of four peripheral targets 10 cm from a central
position as they illuminated (Figure 3C). The Kinarm robot
did not provide any assistance to the participant in com-
pleting the reach. Starting with the participant’s dominant
arm and followed by the non-dominant arm, targets were
presented in a pseudorandomized manner for a total of 25
trials each. Performance was quantified using previously
described parameters48:

1. Postural Hand Speed (PS): The resting mean hand
speed for 0.5 s before the illumination of a peripheral
target (cm/s).

2. Reaction Time (RT): The time between peripheral tar-
get illumination and initial movement onset (s).

3. IDE: The absolute angular deviation between a
straight line from the initial and final positions, and
the path between movement onset and the first hand
speed maximum (degrees).

4. Speed Maxima Count (SMC): The number of move-
ment speed peaks between the start and end of the
movement.

5. Movement Time (MT): the elapsed time from move-
ment onset to offset (s).

6. Maximum Hand Speed (MHS): The highest speed that
the hand travelled across trials (cm/s).

These measures capture multiple dimensions of visuo-
motor control, including postural stability, processing
speed, accuracy, motion steadiness, and raw motor output.
Deficits on these measures could reflect dysfunction in
hand stabilization, initiating movements, correcting move-
ments, or multi-joint coordination.48

STATISTICAL ANALYSES

Statistical analyses were completed using Jamovi (version
2.6.26.0 for MacOS, Sydney Australia).>0 Distribution nor-
malities for age and all outcome variables were assessed us-
ing Shapiro-Wilk tests. Age was normally distributed, and
variables violating normality were analyzed using non-
parametric methods. Spatial contraction/expansion, peak
speed ratio, and path length ratio were expressed as ratios
centered at 1 (indicating no error). To symmetrize propor-
tional deviations around unity and reduce skew, ratio mea-
sures were natural log-transformed prior to analysis, and
the absolute value was used since they functioned as mea-
sures of error in this study. A one-way analysis of variance
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Individual Movements Summaries
A. Position Matching
° o o ° ° ® X N v
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Legend:
H®A Non-dominant arm endpoints
OOA Superimposed dominant arm endpoints

Legend (A-C):

mmmm Robotic Movement

=== Control Movement
@ Ilwminated Target

B. Kinesthesia
™

Legend:
we= Non-dominant arm movements
Superimposed dominant arm movements

C. Visually Guided Reaching

X

Legend:

Arm movement trajectory

O Illuminated target

Figure 3. Kinarm robotic assessment tasks and representative movement recordings.

(A) Robotic-assisted movement of the non-dominant arm (green) between two target positions, followed by the mirror-matched dominant arm response (blue), with a summary of

the mean endpoint positions for both arms across all position matching trials. (B) Simultaneous robot-assisted non-dominant arm movement (green) and dominant arm response

(blue) during the kinesthesia task, with all movement paths overlaid in the summary panel. (C) Representative reach from center to an illuminated peripheral target (highlighted cir-

cle), with all outward (Out) and return (Back) movement paths shown in the summary panels. Images adapted from Dexterit-E software (BKIN Technologies).

(ANOVA) was used to compare age between groups and
Chi-square tests were used to compare sex and lesion side
proportions. Head motion parameters and number of rest-
ing state volumes included were compared between groups
using a Kruskal-Wallis one-way ANOVA. Mixed-design
analyses of covariance (ANCOVAs) (controlling for age)
were conducted to assess group differences in interhemi-
spheric FC (hemisphere * group interaction) and robotic-
assessed proprioceptive and visuomotor performance;
Tukey’s honestly significant difference test was applied for
post-hoc pairwise comparisons to correct for multiple test-
ing within each ANCOVA and Levene’s test for homogeneity

of variances was conducted to assess whether variances dif-
fered between groups. To characterize individual-level per-
formance, normative reference ranges were established for
outcome parameters using the TDC group. Individuals were
classified as ‘failing’ a parameter if their score exceeded
the normative reference limit based on whether higher val-
ues represented better or worse performance (i.e., mean +
1.645 * SD if higher = worse). Normative cutoffs for clas-
sifying task failure were defined as the upper 95t per-
centile of the TDC distribution (i.e., the threshold below
which ~95% of the TDC participants fell). Hemispheric dif-
ferences in FC within groups were assessed by repeated
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Table 1. Demographics by participant group

Demographics by participant group AIS (N =33)

PVI(N =36) TDC (N =43)

Mean age in years (SD) [range]

Sex, N [%]
Male 17[51.5%]
Female 16 [48.5%]
Stroke hemisphere (MRI), N [%]
Left 23[69.7%]
Right 10[30.3%]
Mean stroke volume (SD) cm3 368.9(369.2)
Mean PSOM motor (SD) 1.47 (0.61)
Mean PSOM total (SD) 2.20(1.27)

Mean # of resting state volumes (SD)
[range]

Mean head motion (SD) [range]

Mean translation mm 0.099 (0.065)
[0.023-0.307]
Mean rotation mm 0.101 (0.082)
[0.018-0.357]

12.5(3.5)[6.6-19.0]

141.8(10.1) [113-150]

11.7(2.9)[6.7-19.7] 12.9(2.7)[6.5-18.0]

25[69.4%]
11[30.6%]

22[51.2%]
21[48.8%]

19[52.8%] -
17 [47.2%] -
94.0(128.3) -
1.14(0.51) -
1.74(1.52)

141.6 (12.4) [102-150] 141.4 (12.7) [102-150]

0.108 (0.097) 0.100 (0.067)
[0.025-0.426] [0.022-0.313]
0.089(0.074) 0.075 (0.060)
[0.018-0.315] [0.018-0.267]

Note: Resting state volumes indicate mean (SD) number of volumes included in analysis after scrubbing. Abbreviations: AIS: arterial ischemic stroke, PSOM: perinatal stroke outcome

measure, PVI: periventricular venous infarction, TDC: typically developing controls.

measures ANCOVAs (covarying for age), followed by Tukey-
corrected pairwise post-hoc analyses. Effect sizes are quan-
tified via Cohen’s d. Partial correlation analyses (control-
ling for age) were performed to assess associations between
FC metrics, proprioceptive, and visuomotor performance
outcomes (Pearson’s r or Spearman’s p as appropriate ac-
cording to distribution normality). Multiple comparisons
across correlation analyses were controlled using family-
wise false discovery rate (FDR) corrections.>! Analyses were
focused on non-dominant visually guided reaching (VGR)
performance given the study’s focus on impaired propri-
oceptive and visuomotor performance and its correlations
with connectivity.

RESULTS

POPULATION

From the initial sample (N = 124), seven participants were
excluded due to excessive head motion during scanning and
five due to inaccurate tissue segmentation. After all exclu-
sions, the final sample comprised 112 participants (AIS =
33, PVI = 36, TDC = 43), as described in Table 1. Age, seXx,
and stroke side did not differ between groups. Task-spe-
cific participation was slightly lower than our total sam-
ple of 112, with 11 participants who did not complete the
position matching task (AIS = 28, PVI = 36, TDC = 37),
and 11 who did not complete the kinesthesia task (AIS =
27, PVI = 36, TDC = 38). These participants were not in-
cluded in the corresponding correlation analyses. Resting
state fMRI head motion parameters (translational and rota-
tional movements) and number of resting state volumes in-
cluded after scrubbing were not different between the three
groups and are also found in Table 1.

SEED-TO-SEED ANALYSES

DIFFERENCES IN INTERHEMISPHERIC FUNCTIONAL
CONNECTIVITY BETWEEN GROUPS

Results showed significant group differences in interhemi-
spheric connectivity across all six cortical and subcortical
regions measured, all of which are putatively involved in
sensorimotor function (Figure 4).

Participants with AIS showed significantly lower inter-
hemispheric FC in M1, S1, SMA, caudate, and putamen
compared to participants with PVI (all p < .004). There was
no difference present in interhemispheric thalamic FC be-
tween AIS and PVI groups. Compared to TDC, participants
with AIS showed lower interhemispheric FC in all six re-
gions: M1, S1, SMA, caudate, putamen, and thalamus (all
p < .014). Conversely, participants with PVI only showed
lower interhemispheric FC compared to TDC for the sub-
cortical regions, including the caudate, putamen, and thal-
amus (all p < .018), with no difference present for the three
cortical regions. For complete results see Table 2.

We found a significant interaction between hemisphere
and stroke type for three out of the four connections exam-
ined: M1-Putamen (F(2, 108) = 17.45, p < .001), M1-Thala-
mus (F(2, 108) = 4.61, p = .012), and M1-S1 (F(2, 108) = 7.27,
p < .001), but not for M1-Caudate (F(2, 108) = 1.02, p = .365)
(Figure 5).

Further post-hoc analyses (Figure 5) revealed that FC
was higher in the dominant, non-lesioned hemisphere
compared to the non-dominant, lesioned hemisphere in
children with AIS (p < .001) for the connection between
M1 and the thalamus. The lesioned hemisphere in children
with AIS also indicated lower FC compared to the non-le-
sioned hemisphere for the intrahemispheric connection be-
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Figure 4. Interhemispheric functional connectivity separated by group.

Functional connectivity between dominant and non-dominant: (A) primary motor cortex, (B) primary somatosensory cortex, (C) supplementary motor area, (D) caudate nucleus, (E)
putamen, and (F) thalamus in children with arterial ischemic stroke (AIS), periventricular venous infarction (PVI), and typically developing controls (TDC). Horizontal bars denote
statistically significant group differences (*p < .05, **p < .01, ***p < .001 after FDR correction), vertical bars represent * SD.

Table 2. Between-hemisphere functional connectivity (FC) between groups

Interhemispheric ROI AlS PVI TDC AISvsPVI AlISvsTDC PVIvs TDC
Primary motor cortex 0.444 +£0.319 0.852+0.307 0.834+0.292 p<.001***,d=133 p<.001**d=128 p=.978,d=0.05
Primary somatosensory cortex 0.454 £0.294 0.934 +0.330 0.990+0.289 p<.001**d=158 p<.001*d=175 p=.742,d=0.17
Supplementary motor area 0.881+0.327 1.120+0.278 1.070+0.267 p=.004*d=0.79 p=.014%d=0.66 p=.841,d=0.13
Caudate nucleus 0.307 £0.377 0.614£0.346 0.964 +0.240 p<.001**,d=0.95 p<.001***,d=205 p=.001*%d=1.10
Putamen 0.550+0.358 0.869£0.339 1.140+0.242 p<.001**,d=113 p<.001**,d=183 p=.008"%d=0.70
Thalamus 0.786 £0.352 0.873+0.365 1.220+0.347 p=.636,d=0.22 p<.001**d=123 p<.001**d=101

Note: Reported are mean FC values (* SD) and pairwise group comparisons (Tukey’s HSD p-values, Cohen’s d). Asterisks denote significance after FDR correction (*p < .05, **p < .01,
**%p <.001). Abbreviations: AIS: arterial ischemic stroke, PVI: periventricular venous infarction, ROI: region of interest, TDC: typically developing controls.

tween M1 and the putamen (p < .001). Finally, the same
pattern of lower FC in lesioned versus non-lesioned hemi-
sphere persisted in the connection between M1 and S1 for
children with AIS (p = .018). For complete results see Table
3.

Children with PVI did not show any intrahemispheric
differences for the examined regions, and no other signifi-

cant intrahemispheric differences were found.
BEHAVIOUR ANALYSES

DIFFERENCES IN KINARM TASK OUTCOMES BETWEEN
GROUPS

Participants with AIS showed poorer proprioceptive and vi-
suomotor function for 12 out of the 13 outcome measures
we analyzed across all three Kinarm tasks, compared to
controls (all p < .039; Table 4). The one outcome in which

individuals in the AIS group was not different was postural
hand speed for VGR. PVI participants demonstrated deficits
in proprioceptive and visuomotor functioning compared to
controls in 9 out of 13 measures (all p < .023; Table 4). The
four outcomes that were not different compared to controls
include spatial contraction/extraction and shift for position
matching (PM), and postural hand speed and maximum
hand speed for VGR. Thus, both stroke groups showed ex-
tensive differences in both proprioceptive and visuomotor
functioning compared to controls. No comparisons in per-
formance between AIS and PVI groups survived FDR cor-
rection. Levene’s test indicated significant heterogeneity of
variances between groups for 10 of the 13 measures (all p
< .024), with the exception of VGR postural hand speed,
reaction time, and speed maxima count; controls showed
smaller variances across significant measures (Table 4).
Approximately 95% of controls failed < 1 parameter for
PM and Kinesthesia (KIN) tasks, and < 2 parameters for
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Figure 5. Intrahemispheric functional connectivity separated by group.

Significant within-group, between-hemisphere comparisons of functional connectivity (FC) in the connection between (A) the primary motor cortex (M1) and the putamen, (B) M1
and the thalamus, and (C) M1 and the primary somatosensory cortex (S1) in children with arterial ischemic stroke (AIS), periventricular venous infarction (PVI), and typically devel-
oping controls (TDC). Oblique lines represent FC asymmetry between hemispheres (*p < .05, **p < .01, ***p < .001 after FDR correction), vertical bars represent + SD. For AIS and PVI,

labels reflect lesion status: dominant = non-lesioned, nondominant = lesioned.

Table 3. Within-hemisphere differences in functional connectivity (FC) by participant group

Primary motor cortex to ROI FC AIS PVI TDC

Primary somatosensory cortex D >ND,t(32)=3.72,p=.018* D =ND,t(35)=0.93,p=.938 D=ND,t(42)=1.72,p=.524
Caudate nucleus D =ND, t(32) = 2.63,p=.100 D =ND, t(35) =2.31,p=.200 D =ND, t(42) =0.96,p =.928
Putamen D >ND, t(32) = 7.25,p < .001 *** D =ND, t(35)=1.19,p=.843 D =ND,t(42) =0.36,p =.999
Thalamus D >ND, t(32) = 4.56,p < .001 *** D =ND, t(35) = 1.62,p =.589 D =ND,t(42)=0.70,p =.981
Supplementary motor area D=ND,t(32)=2.19,p=.087 D=ND,t(35)=1.51,p=.139 D=ND,t(42)=1.60,p=.118

Note: Reported are post hoc pairwise comparisons following a repeated-measures ANOVA, presented as t-statistics (degrees of freedom, Tukey’s HSD p-values). Asterisks denote sig-
nificance after FDR correction (*p < .05, **p < .01, ***p < .001). Abbreviations: AIS: arterial ischemic stroke, PVI: periventricular venous infarction, ROI: region of interest, TDC: typi-
cally developing controls, D = ND: no difference between hemispheres, D > ND: higher FC in dominant hemisphere, ND > D: higher FC in non-dominant hemisphere.

Table 4. Proprioceptive and visuomotor performance differences between groups

Position Matching N ede) 56 o) AlSvsPVI AlSvs TDC PVIvs TDC
Var,, (cm) 494+176  444:151  258+062  p-211,d-043  p<001-"d=174  p<.001-"d=131
Cont/Expy, 113¢161  055:061 0274019  p=.034d=064  p<.001™d=091 p=.506,d=027
Shift,,, (cm) 938666  596:422  325¢199  p=.005d=082 p<.001*d=135 p=.071,d=053
Kinesthesia s 56 o AlSvsPVI AlSvsTDC PVIvs TDC
RL(5) 048017  041:014  030£007  p-058,d=059  p<001°d=132 p=007"d=073
PSR 022£018  023:017  011:008  p=.993,d=003 p=.013d=063 p=005*,d=0.76
IDE (deg) 283+113  260%109  17.9¢487  p=478,d=030  p<001**d=107 p-004",d=078
PLR 020£014  020%018  007£005  p=998,d=001 p<.001*"d=095 p<.001°*,d=0.97
ND Visually Guided Reaching NS 56 s AlSvsPVI AlSvs TDC PVIvs TDC
PHS (cm/s) 035:027 034036  027:026  p=966,d=006  p=.477,d=027 p=633,d=021
RT (5) 045:011 043008  036:008  p=.045d=059  p<001*%d=132 p=.005",d=074
IDE (deg) 792367 719%377 369116  p=402,d=031  p<001*d=141  p<001°d=110
sMc 267£061 2684095  219:051  p-.983,d=004  p=015%d=066 p=.023%d=062
MT (s) 134:030  130£036  100%017  p=.528,d=026  p<001°d=123 p<.001°"d=0.97
MHS (cm/s) 1422260 172526  172%386  p=.009,d=073 p=.005",d=074 p=.998,d=001

Note: Reported are mean values (* SD) and pairwise group comparisons (Tukey’s HSD p-values, Cohen’s d). Asterisks denote significance after FDR correction (*p < .05, **p < .01, ***p
<.001). Abbreviations: AIS: arterial ischemic stroke, Cont/Epry: spatial contraction/expansion, IDE: initial direction error, MHS: maximum hand speed, MT: total movement time,
ND: non-dominant, PHS: postural hand speed, PLR: path length ratio, PSR: peak speed ratio, PVI: periventricular venous infarction, RL: response latency, RT: reaction time, Shiftxy:
systematic shifts, SMC: speed maxima count, TDC: typically developing controls, Vary: variability.

For the KIN task, 54.6% of AIS and 47.2% of PVI failed,
while 27.2% of AIS and 30.6% of PVI failed the VGR task.

the VGR task. Compared to TDC, both AIS and PVI groups
showed greater proportions of failing parameters and thus
failing tasks (see Supplementary Figure S1). Using these
normative cutoff ranges for task failure, 57.5% of AIS par-
ticipants and 30.5% of PVI participants failed the PM task.
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Figure 6. Correlations between seed-to-seed functional connectivity and Kinarm task outcome measures separated by

task and group.

Significant correlations between resting state functional connectivity and performance across various tasks and participant groups depicted using red lines (*p < .05, **p < .01, ***p <
.001). Results are shown for: typically developing controls (TDC) for variability during the Position Matching task, children with arterial ischemic stroke (AIS) during the Kinesthesia

task assessing response latency and peak speed ratio, children with periventricular venous infarction (PVI) during the Kinesthesia task assessing initial direction error, children with

AIS during the Visually Guided Reaching task assessing initial direction error, speed maxima count, and movement time respectively, and children with PVI for maximum hand speed
in the reaching task. Nodes represent functionally defined seeds, colour-coded by region (see Figure 1 for colour reference). Cau = caudate nucleus, Put = putamen, Tha = thalamus.

Lesioned, or non-dominant hemisphere is depicted on the right.

ASSOCIATIONS BETWEEN FUNCTIONAL CONNECTIVITY

AND KINARM TASKS

A summary of the results of FC and sensorimotor function

correlations are depicted in Figure 6.

Out of the three outcome measures for the PM task, vari-
ability was positively correlated with FC between M1 and
the caudate nucleus (r = 0.46, p = .004) in the TDC group.
The other two outcomes; spatial contraction/expansion and
shift were not correlated with FC. This indicates that cor-
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tico-striatal connectivity may support proprioceptive preci-
sion in typical development, but not in PS groups for this
task.

For the KIN task, participants with AIS exhibited a neg-
ative correlation between interhemispheric S1 FC and re-
sponse latency (p = -0.59, p = .002), and a negative correla-
tion between interhemispheric putamen FC and peak speed
ratio (p = -0.68, p < .001). Initial direction error was posi-
tively correlated with FC between the M1 and the thalamus
(p = 0.617, p < .001) in children with PVI, and path length
ratio did not show any correlation with FC. Thus, connec-
tivity patterns associated with KIN performance revealed
distinct patterns between the stroke groups that were ab-
sent in controls, suggesting injury-related network reorga-
nization despite similar functional deficits (i.e., HCP).

For the VGR task, in children with AIS, interhemispheric
putamen FC was negatively correlated with non-dominant
initial direction error (p = -0.46, p = .009), speed maxima
count (p = -0.43, p = .013), and movement time (p = -0.49,
p = .005). Interhemispheric caudate FC in children with AIS
showed a similar pattern and was also negatively corre-
lated with non-dominant initial direction error (p = -0.44,
p = .012), speed maxima count (p = -0.48, p = .006), and
movement time (p = -0.50, p = .004). Non-dominant speed
maxima count was negatively correlated with FC between
M1 and the caudate in the non-dominant hemisphere (p
= -0.41, p = .020) in children with AIS. Lastly, participants
with PVI showed a positive correlation between the FC be-
tween non-dominant M1 and thalamus and maximum hand
speed (p = 0.46, p = .005) of VGR. These findings indicate
that lower striatal FC was associated with poorer visuo-
motor performance across measures in AIS, while in PVI,
a single thalamocortical association with maximum hand
speed indicated poorer performance. These patterns were
not present in TDCs, suggesting reorganization relates to
functional deficits in both PS groups. Exploratory analyses
of dominant hand VGR performance did not reveal signifi-
cant correlations with sensorimotor network FC. Similarly,
analyses of non-dominant postural hand speed and reac-
tion time showed no significant correlations with FC.

DISCUSSION

We quantified FC among sensorimotor brain regions for
children and youth with AIS, PVI, and TDC and examined
correlations with proprioceptive and visuomotor function.
We observed that our perinatal stroke sample showed lower
connectivity among sensorimotor areas compared to con-
trols, with the most prominent of these disruptions occur-
ring in interhemispheric connectivity. Within-hemisphere
connectivity differences were also present in AIS, but not
in PVI. Associations between FC and sensorimotor perfor-
mance were found for more tasks in AIS compared to PVI.
These associations in the AIS group also appeared to be pri-
marily for interhemispheric FC over intrahemispheric. This
suggests distinct connectivity patterns across stroke sub-
types that have functional implications. In PVI, associa-
tions were more limited and centered on thalamocortical
connections, consistent with periventricular white matter

pathology. These findings highlight the role of sensorimo-
tor connectivity in the brain, how it is potentially disrupted
after PS, and suggest that AIS and PVI may disrupt senso-
rimotor function through distinct disease-specific mecha-
nisms. Such impairments have implications for activities of
daily function after perinatal stroke and may inform reha-
bilitation strategies.

SEED-TO-SEED ANALYSES

Interhemispheric FC in sensorimotor networks is increas-
ingly seen as an important marker of motor function after
PS.19 Recent studies in children with stroke show differing
interhemispheric connectivity patterns between AIS and
PVI, which has significant implications for improving our
understanding of network (re)organization after early in-
jury and help to target better intervention depending on
lesion location. Steiner et al.>2 showed that pediatric par-
ticipants with hemiparesis following AIS had significantly
weaker interhemispheric connectivity between motor ar-
eas, including M1 and the premotor cortex, compared to in-
dividuals with less motor impairment. These findings are
consistent with another study observing lower interhemi-
spheric FC in sensory regions associated with motor im-
pairments, highlighting that S1 connectivity paired with
M1 connectivity may explain greater variation in motor
outcomes beyond M1 connectivity alone.>3 Our results echo
these findings, indicating that participants with perinatal
stroke had lower interhemispheric connectivity across mul-
tiple sensorimotor areas compared to controls.
Interestingly, we additionally demonstrated that the
pattern of disruption differed between stroke subtypes.
Specifically, we showed that PVI primarily showed deficits
restricted to subcortical regions (i.e., putamen, thalamus,
caudate nucleus) compared to the AIS group that showed
deficits in all measured cortical and subcortical sensorimo-
tor regions. These altered connectivity patterns are consis-
tent with differences in stroke mechanisms, lesion localiza-
tions, and developmental timing between stroke subtypes,
which may differentially shape neuroplastic reorganization.
In PVI, alterations in FC between subcortical structures
may result from a combination of direct damage to periven-
tricular portions of the corticospinal tracts as well as sec-
ondary diaschisis resulting from this periventricular white
matter damage projecting to subcortical areas.>%55 Con-
versely, AIS can cause direct cortical and subcortical dam-
age through infarction in the middle cerebral artery>®
though may also show secondary diaschisis reflected as ar-
eas of remote damage.>7-58 Consistent with these disease-
specific findings, other studies show no significant differ-
ences in network connectivity between PVI and controls in
cortical regions, but more widespread cortical and subcor-
tical differences between AIS and controls.1%:59:60 The role
of subcortical structures like the thalamus and basal gan-
glia are particularly important and potentially mediate mo-
tor deficits observed in HCP youth, as they are suggested to
play crucial roles in motor control and sensorimotor func-
tioning. 436162 Additionally, our results support the argu-
ment that earlier brain injury during times of rapid network
formation, as seen in PVI, might allow for developing cir-
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cuits to reorganize more effectively around the lesion com-
pared to damage in a slightly more mature network as seen
with AIS which happens after parturition. However, recent
work has highlighted that outcomes after early brain injury
are not uniformly better than after later injury and that the
mechanism of injury might be more important in dictating
functional consequences.463,64 More studies are needed to
elucidate how injury timing interacts with lesion mecha-
nism and network maturity to determine functional out-
comes.

The unilateral lesions present in individuals with AIS
and PVI result in damaged brain regions that appear to not
only impact interhemispheric FC but may also alter connec-
tivity within the lesioned hemisphere. We observed lower
FC in the connections between the M1 and putamen, M1
and thalamus, and M1 and S1 only in the lesioned hemi-
sphere of the AIS group. This finding is consistent with
other research, where ipsilesional connectivity is altered in
stroke participants with motor deficits.20 The absence of
this pattern in PVI is likely due to the preservation of cor-
tical areas that are typically damaged in AIS, despite both
types of strokes often resulting in damaged corticospinal
tracts. Spared cortical areas in PVI might allow for a greater
potential for intrahemispheric reorganization in cortical
sensorimotor networks, somewhat bypassing damaged cor-
ticospinal tracts.®> Notably, corticospinal tracts and thal-
amocortical projections are critical for motor planning,
movement execution, and proprioceptive function given
their central role in motor networks.®5-67 This is consistent
with our finding that lower sensorimotor FC in the lesioned
hemisphere is more characteristic of AIS than PVI, reflect-
ing differential lesion damage between the two stroke

types.
CONNECTIVITY-BEHAVIOUR ANALYSES

We also examined how FC in sensorimotor networks is pos-
itively associated with proprioceptive and visuomotor per-
formance after perinatal stroke. Sensorimotor deficits are
well-established in HCP youth after perinatal stroke,> but
the specific structures, circuits, and connectivity pathways
underlying these functions are poorly understood. Previous
studies using the Kinarm robotic exoskeleton demonstrated
impairments in position sense, kinesthesia, and visually
guided reaching abilities in children with stroke compared
to peers.1517:68 Qur findings build on this work, suggesting
lower FC in sensorimotor networks might provide a basis
for these behavioural deficits in children and youth with
perinatal stroke.

We found that both interhemispheric and intrahemi-
spheric FC in sensorimotor networks were positively cor-
related with proprioceptive and visuomotor performance
in stroke groups. TDC only showed one significant cor-
relation in proprioceptive performance but was not cor-
related to any visuomotor measures. Patterns of associa-
tions differed for each stroke type. In AIS, interhemispheric
basal ganglia connectivity had the strongest associations
with proprioceptive and visuomotor performance, corre-
lating with both visually guided reaching and kinesthetic
measures (Figure 6). The caudate nucleus and putamen

are central structures within the basal ganglia, and their
involvement mediates the functioning of cortico-striatal-
thalamo-cortical circuits to generate movement.43.69 The
consistent associations between these areas and functional
performance suggest that interhemispheric striatal connec-
tivity is essential for proprioceptive control after AIS. This
finding is consistent with past research showing that dam-
age to basal ganglia based on the vascular territory affected
predicts motor outcomes after PS.62 Additionally, connec-
tivity between M1 and subcortical areas was positively cor-
related with task performance in all groups, although the
exact subcortical areas differed by stroke subtype. M1-thal-
amus connectivity was associated with both KIN perfor-
mance and VGR measures in PVI participants, while AIS
participants exhibited associations between M1-caudate FC
and VGR performance. These projections align with known
motor circuits, in which the cortical motor areas project to
both the thalamus and basal ganglia.”071

Our findings also suggest differential network reorga-
nization as a function of patient group as evidenced by
distinct patterns of connectivity-behaviour associations.
Specifically, FC in controls was only subtly correlated with
proprioceptive performance and not with visuomotor con-
trol. The lack of detectable correlations in controls might
partly reflect their lower variance in compared to stroke
groups, potentially approaching a ceiling effect. This trun-
cation of range can attenuate correlation coefficients, thus
making associations more difficult to detect. By contrast,
the PVI group showed some functional associations be-
tween FC and performance whereas the AIS group demon-
strated even more numerous robust associations between
FC and performance (Figure 6). The association between
FC strength and behavioural performance is poorly under-
stood, likely complex, and may be non-linear in typical
neurodevelopment. Developing networks undergo pruning
and specialization as superfluous connections decrease as
the brain matures. These developmental processes are
thought to underlie a decline in pairwise connections while
performance improves with age, relying more on multi-net-
work integration than node-node connections.”?73 How-
ever, these processes are even more poorly understood after
very early brain injury such as PS and are likely variable
across individuals.* Impairments in proprioceptive and vi-
suomotor performance are common in this population as
was found in our current study and in others.!517.74 These
impairments could suggest incomplete or maladaptive re-
organization. Following early brain injury, particularly the
extensive cortical and subcortical damage characteristic of
AIS,5 the brain may undergo reorganization creating de-
pendencies between sensorimotor FC and task perfor-
mance. This pattern mirrors the models of adaptive and
maladaptive plasticity after PS, where reorganization might
be necessary for the preservation of function, despite re-
maining suboptimal compared to intact developmental tra-
jectories.# Our study suggests that individuals with AIS
may rely more heavily on remaining bilateral connections
within the sensorimotor system than TDC, seen in the more
frequent associations between interhemispheric FC and
sensorimotor performance. Potentially reflecting contralat-
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eral compensation, interhemispheric connectivity is seem-
ingly recruited to support function despite being reduced
compared to typically developing counterparts. For PVI, in-
trahemispheric FC was correlated with sensorimotor func-
tion, reflecting a more unilateral pattern. These disease-
specific reorganization patterns might preserve some
functional capacity but remain less efficient than intact de-
velopmental trajectories in controls and may manifest as
sensorimotor deficits.

LIMITATIONS

Important limitations of this study must be considered. Our
study required participants to undergo an MRI, follow com-
plex instructions, and perform proprioceptive and visuomo-
tor tasks within the Kinarm robot that may be challenging
for a clinical population. The primary reason for physi-
cal exclusions was spasticity, which necessarily limited our
sample to high-functioning children and excluded those
with more severe physical and cognitive impairments. This
likely affects the generalizability of our sample to the wider
PS population. In addition, not all participants completed
comprehensive Kinarm testing. Thus, the final sample of
participants with complete performance data was smaller
compared to the sample included with sensorimotor FC
and visually guided reaching data though is still a large
sample for this population. Furthermore, participants likely
received differing amounts of physical rehabilitation and
therapy prior to the study, which could have impacted their
imaging and sensorimotor outcomes. This likely affected
variability among participants and though not controllable,
is reflective of the natural variability of CP severity in this
population. We also did not include the cerebellum as an
ROI despite its role in sensorimotor function. This was pri-
marily because our ROI selection was based on the cortico-
basal ganglia-thalamocortical sensorimotor loop described
by Lanciego et al.,*3 which highlighted the M1, S1, SMA,
putamen, caudate, and thalamus. An additional consider-
ation was that we did not have full coverage of the cere-
bellum in all participants for the resting state sequence
to sufficiently sample FC. In order to maximise our sam-
ple (and statistical power) we chose to exclude the cere-
bellum regions. A future study directly investigating cere-
bro-cerebellar connectivity might provide more insight into
sensorimotor reorganization after perinatal stroke. Finally,
head motion while scanning is an omnipresent challenge
in pediatric neuroimaging studies. Despite correcting for
head motion using stringent denoising and scrubbing tech-
niques, removing participants with excessive motion, and
regressing out movement-related outlier volumes, residual
motion has been shown to impact long-range FC measure-
ments in spatially distinct regions of interest.”>

CONCLUSIONS

In summary, we investigated functional connectivity of
sensorimotor regions and their association with proprio-
ceptive and visuomotor performance in children and ado-
lescents with PS compared to peers. Our results showed dis-
tinct group differences in FC and connectivity-behaviour

associations across groups possibly reflective of differential
network reorganization patterns. Compared to a control
population, children and adolescents with PS exhibited
lower sensorimotor FC that was associated with proprio-
ceptive and visuomotor performance. These findings sup-
port a model of developmental plasticity after early unilat-
eral brain injury, in which reorganization may differ across
lesion type, location, timing, and size. They also provide in-
sight into the mechanisms underlying proprioceptive and
visuomotor development following perinatal stroke. Future
studies aimed at distinguishing effective from ineffective
compensatory connectivity mechanisms could inform more
personalized therapeutic interventions. Additionally, lon-
gitudinal studies examining how these connectivity pat-
terns evolve over a developmental trajectory and respond to
types of rehabilitation could create further opportunity to
improve quality of life for children with PS.

DATA AND CODE AVAILABILITY

This dataset includes original participant data and cannot
be publicly shared due to participant confidentiality con-
straints. Data and code are available from the correspond-
ing author upon reasonable request, which includes sub-
mission of a formal project outline, local ethics committee
approval, and a formal data sharing agreement.
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