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ABSTRACT

Introduction: Perinatal stroke affects millions of children and results in lifelong disability. Two forms prevail:
arterial ischemic stroke (AIS), and periventricular venous infarction (PVI). With such focal damage early in life,
neural structures may reorganize during development to determine clinical function, particularly in the con-
tralesional hemisphere. Such processes are increasingly understood in the motor system, however, the role of the
basal ganglia, a group of subcortical nuclei that are critical to movement, behaviour, and learning, remain
relatively unexplored. Perinatal strokes that directly damage the basal ganglia have been associated with worse
motor outcomes, but how developmental plasticity affects bilateral basal ganglia structure is unknown. We
hypothesized that children with perinatal stroke have alterations in bilateral basal ganglia volumes, the degree of
which correlates with clinical motor function.

Methods: Children with AIS or PV, and controls, aged 6-19 years, were recruited from a population-based cohort.
MRIs were acquired on a 3 T GE MR750w scanner. High-resolution T1-weighted images (166 slices, 1 mm
isotropic voxels) underwent manual segmentations of bilateral caudate and putamen. Extracted volumes were
corrected for total intracranial volume. A structure volume ratio quantified hemispheric asymmetry of caudate
and putamen (non-dominant/dominant hemisphere structure volume) with ratios closer to 1 reflecting a greater
degree of symmetry between structures. Participants were additionally dichotomized by volume ratios into two
groups, those with values above the group mean (0.8) and those below. Motor function was assessed using the
Assisting Hand Assessment (AHA) and the Box and Blocks test in affected (BBTA) and unaffected (BBTU) hands.
Group differences in volumes were explored using Kruskal-Wallis tests, and interhemispheric differences using
Wilcoxon. Partial Spearman correlations explored associations between volumes and motor function (factoring
out age, and whole-brain white matter volume, a proxy for lesion extent).

Results: In the dominant (non-lesioned) hemisphere, volumes were larger in AIS compared to PVI for both the
caudate (p < 0.05) and putamen (p < 0.01) but comparable between stroke groups and controls. Non-dominant
(lesioned) hemisphere volumes were larger for controls than AIS for the putamen (p < 0.05), and for the caudate
in PVI (p = 0.001). Interhemispheric differences showed greater dominant hemisphere volumes for the putamen in
controls (p < 0.01), for both the caudate (p < 0.01) and putamen (p < 0.001) in AIS, and for the caudate (p =0.01) in
PVI. Motor scores did not differ between AIS and PVI thus groups were combined to increase statistical power. Better
motor scores were associated with larger non-dominant putamen volumes (BBTA: r = 0.40, p = 0.011), and larger
putamen volume ratios (BBTA: r = 0.52, p < 0.001, AHA: r = 0.43, p < 0.01). For those with relatively symmetrical
putamen volume ratios (ratio > group mean of 0.8), age was positively correlated with BBTA (r = 0.54, p < 0.01) and
BBTU (r = 0.69, p < 0.001). For those with more asymmetrical putamen volume ratios, associations with motor
function and age were not seen (BBTA: r = 0.21, p = 0.40, BBTU: r = 0.37, p = 0.13).

Conclusion: Specific perinatal stroke lesions affect different elements of basal ganglia development. PVI primarily
affected the caudate, while AIS primarily affected the putamen. Putamen volumes in the lesioned hemisphere are
associated with clinical motor function. The basal ganglia should be included in evolving models of develop-
mental plasticity after perinatal stroke.
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1. Introduction

Perinatal stroke causes focal damage early in brain development,
resulting in lifelong disability (Kirton and deVeber, 2013). With an
estimated incidence of 1 in 1100 live births (Dunbar et al., 2020),
perinatal stroke affects quality of life for millions of families worldwide.
Most survivors suffer morbidities, with motor dysfunction (cerebral
palsy) being most common but sensory, cognitive, behavioural, and
language disorders, as well as epilepsy, may also occur (Kirton and
deVeber, 2013). The term perinatal stroke captures multiple specific
vascular diseases that can be defined based on timing and mechanism of
injury (Dunbar and Kirton, 2019). Attention to the specific differences
between each stroke disease state is advancing understanding of the
developmental plasticity that occurs to determine long-term outcomes.

Perinatal arterial ischemic strokes (AIS) are the most common type,
caused by an occlusion of a cerebral artery, most often the middle ce-
rebral artery (MCA), usually near term. MCA AIS can additionally be
classified by vascular territories (Kirton et al., 2008). While the size of
AIS lesions may impact outcome, (Laredo et al., 2018; Rogers et al.,
1997) lesion size per se is only modestly predictive of motor function
(Carlson et al., 2020). The location of the lesion as defined by vascular
territories has also been associated with functional outcomes (Kirton
et al., 2008; Lopez-Espejo et al., 2017; Boardman et al., 2005). Proximal
MCA occlusion includes the lateral lenticulostriate arteries, which sup-
ply major basal ganglia structures including the putamen and caudate.
In contrast, distal M1 occlusions beyond the lenticulostriate arteries,
spare the basal ganglia and limit damage to regional white matter and
cortex. More rarely, the lenticulostriate arteries alone may be injured in
isolation. In contrast, periventricular venous infarction (PVI) results
from a fetal germinal matrix hemorrhage leading to secondary venous
infarction prior to 32 weeks gestation, damaging only the periven-
tricular white matter while sparing both cortical and subcortical grey
matter (Kirton et al., 2008). As the two most common perinatal stroke
diseases and leading causes of hemiparetic cerebral palsy, the differ-
ences between AIS and PVI in regards to mechanism, location, and
timing provide an optimal human model for the study of developmental
plasticity.

How the young brain develops following the early, unilateral injury
of perinatal stroke is increasingly understood (Kirton et al., 2021). The
role of the contralesional (uninjured) hemisphere appears to be a
particularly important element of this developmental plasticity. For
example, ipsilateral fetal corticospinal tracts are often preserved from
the contralesional hemisphere to the affected limbs in children with
perinatal stroke and cerebral palsy (Staudt, 2007; Eyre, 2007; Zewdie
and Kirton, 2016). Similarly, language outcomes are often remarkably
normal, due in large part to the installation of language networks into
the contralesional hemisphere (Carlson et al., 2019). Such bihemi-
spheric changes, and the balance between them (Eng et al., 2018; Larsen
et al, 2021), appear to be important determinants of outcome.
Furthermore, changes in additional components of the motor system
removed from the primary areas of injury in both hemispheres may
dictate function. These include the thalamus, (Craig et al., 2019a) cer-
ebellum (Craig et al., 2019b), and white matter connectome (Craig et al.,
2020; Craig et al., 2022) where changes in the contralesional hemi-
sphere have been associated with motor outcome. Strikingly absent from
these increasingly informative models of motor system development
after perinatal stroke are the basal ganglia.

The basal ganglia are a group of subcortical nuclei that facilitate
movement, behaviour, and learning. Organized into a series of loops and
subloops (Haber, 2016; Alexander et al., 1986; Frank et al., 2001), the
basal ganglia integrate information from multiple sources subserving
complex cognitive functions such as motor sequence learning and
adaptability (Doyon et al., 2009), the selection of appropriate motor
responses (Schroll and Hamker, 2013; Gurney et al., 2001; Schroll et al.,
2012; Humphries et al., 2006), response initialization and termination
(Schroll and Hamker, 2013; Nambu, 2004), learning of stimuli-response
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associations (Packard and Knowlton, 2002; Antzoulatos and Miller,
2011), developing automaticity (Ashby et al., 2007), and various other
capabilities (Schroll and Hamker, 2013; Lanciego et al., 2012). The
caudate receives significant projections from multimodal association
cortices, while the putamen primarily receives inputs from the primary
and secondary sensory cortices, as well as the premotor and motor
cortices (Purves et al., 2001) suggesting that the putamen may be more
closely linked to motor function than the caudate (Leisman et al., 2014).
In adult stroke, quantifiable volumetry of the basal ganglia has explored
associations with motor function (Boyd et al., 2009; Boyd and Winstein,
2004; Baudat et al., 2020). Similar methods have demonstrated utility in
other disorders of the basal ganglia though most of these are neurode-
generative conditions of older adults, the exception being Tourette
syndrome (Pitcher et al., 2012; Peterson et al., 2003; Aylward et al.,
1996; Jurgens et al., 2008). One small study suggested that involvement
of the basal ganglia was predictive of hemiparesis in children with
arterial perinatal stroke (Boardman et al., 2005). In contrast, the diag-
nostic criteria for PVI (Kirton et al., 2008) deliberately include sparing of
the caudal basal ganglia (specifically the putamen) which is not typically
drained by the medullary venous system (Raets et al., 2015). Likewise, a
recent study has shown that ipsilesional volume loss in the basal ganglia
due to perinatal stroke was associated with poor hand function, however
this relationship was highly dependent on the type of stroke (Ilves et al.,
2022). Given the extensive functions of the basal ganglia, damage to
these structures may result in complex disabilities following perinatal
stroke but their role remains poorly defined.

The objective of this study was to explore developmental alterations
in bilateral basal ganglia structures and possible associations with motor
function in children with perinatal stroke. We hypothesized that par-
ticipants with AIS would have reduced lesioned hemisphere, and
increased contralesional hemisphere volumes of the caudate and puta-
men volumes, the degree of which would correlate with clinical motor
outcome.

2. Methods
2.1. Participants

Participants with perinatal stroke were recruited through the Alberta
Perinatal Stroke Project (APSP), a population-based research cohort
(Cole et al., 2017). Inclusion criteria were: (1) unilateral perinatal stroke
(AIS or PVI) per established criteria (Kirton et al., 2008), (2) high-
resolution T1-weighted MR images taken between 6 and 19 years of
age, (3) term birth (>36 weeks), (4) no additional neurological disor-
ders, and (5) completion of motor function assessments. Proximal M1
occlusions were classified by the inclusion of the lateral lenticulostriate
arteries respectively, while distal M1 occlusions occurred beyond these
arteries (Kirton et al., 2008). Typically developing controls (TDC) were
recruited from a healthy controls database who had the same high-
resolution T1-weighted anatomical MRI images acquired between the
ages of 6-19 years (https://www.hiccupkids.ca). Controls were right-
handed and had no self/parent-reported neurodevelopmental disor-
ders or MRI contraindications. Written, informed parental consent and
participant assent were obtained in accordance with the University of
Calgary Research Ethics Board that approved this study.

2.2. Imaging

Magnetic resonance imaging was performed at the Alberta Chil-
dren’s Hospital Diagnostic Imaging Suite using a 3.0 Tesla General
Electric MR750w MRI scanner (GE Healthcare, Waukesha, WI) with an
MR Instruments (Minnetonka, MN) 32-channel head coil. High-
resolution anatomical T1-weighted fast spoiled gradient echo (FSPGR)
images were acquired in the axial plane [166 slices, no skip; voxel size =
1.0 mm isotropic; repetition time = 8.5 ms; echo time = 3.2 ms; flip
angle = 11°].
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2.3. Putamen and caudate segmentation

Bilateral putamen and caudate segmentations for each participant
were performed manually using the Horos DICOM medical image viewer
(Horosproject.org, Annapolis, MD USA). This software enables contrast
adjustment to best visualize the structures of interest, and a precise re-
gion of interest selection function well-suited for anatomical segmen-
tations. Segmentation involved carefully tracing the boundary of each
structure based on image intensity, slice-by-slice, creating a 3D volume
from the series, and extracting a volume measurement (in cm®) (Fig. 1).
These were then used to calculate relative structure volumes as a per-
centage of total intracranial volume (TIV) using the equation below, to
account for individual differences.

Structure volume
TV

Relative Volume = x 100%

To maximize structure visibility, the putamen was traced in the axial
view, superior-to-inferior, while the caudate was segmented using a
sagittal view, medial-to-lateral. Image contrast was adjusted for each
participant until boundaries were clearly visible.

During segmentation, a number of difficult areas arose, especially so
in severely damaged structures. To deal with this, a number of protocols
were set in place. First, image contrast was adjusted a number of times
for each slice when necessary, which clarified what was part of the
structure as opposed to surrounding areas that appeared so due to
similar contrast. Second, adjacent slices were a crucial guide to seg-
menting difficult areas. Slice-by-slice segmentation ensured that there
were few drastic changes in the shape or location of a structure. Sur-
rounding slices provided a template of how the segmentation of the
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difficult slice should appear. Third, white matter tracts bisecting the
structure were extended through, when surrounding slices reflected
similar patterns. This helped to keep the caudate and putamen separate
from each other, and from other subcortical structures when boundaries
were blurry. Last, for severely damaged structures, in the approximate
region where the structure should be found, the areas surrounding the
lesion were carefully examined for grey matter exhibiting clear demar-
cation from surrounding white matter, cerebral spinal fluid and other
grey matter structures. Contrast was adjusted and surrounding slices
were checked in order to decide whether this grey matter was part of the
structure of interest. If not, the next slice was examined in a similar
fashion. In many cases, no, or only a few slices were able to be
segmented. See Fig. 2 for an example of these protocols in use.

All controls were right-handed, therefore the dominant hemisphere
refers to the left hemisphere, and non-dominant the right. In stroke
participants, the lesioned hemisphere is referred to as the non-dominant
hemisphere, and the non-lesioned hemisphere was considered domi-
nant. For simplicity, only dominant/non-dominant terminology will be
used henceforth.

2.4. Reliability

To assess intra-rater reliability of manual segmentation volume
measurements, the same rater repeated bilateral volume measurements
for the putamen 8 weeks after the initial rating session on a subset of six
randomly selected subjects (~10 % of final sample). In addition, to
assess inter-rater agreement, a second blinded researcher performed
putamen and caudate volumetric measurements on a subset of nine
randomly chosen participants (~14 % of final sample).

Fig. 1. 3D volume generation from ROI series. A) The caudate was traced slice by slice on the sagittal view, creating a series of ROI slices. B) This series was then
used by Horos to compute a 3D volume. C & D) The putamen was segmented similarly but used axial slices for maximal visibility. Structures in each hemisphere were

segmented and volumes recorded separately.
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Fig. 2. Example of a severely damaged pu-
tamen segmentation (left side of the image).
A) No apparent evidence of putamen tissue.
B) Putamen tissue is successfully segmented.
While not evident, navigating through sur-
rounding slices reinforce the selection of this
tissue as part of the putamen. C) Putamen
tissue and shape clearly visible, although not
intact. Dominant hemisphere structure is
carefully kept separate from globus pallidus.
D) White matter tracts inform the segmen-
tation of both structures in this slice, and all
subsequent slices.

2.5. Structure volume ratio

To quantify the relative degree of basal ganglia damage between the
hemispheres, a structure volume ratio (similar to the commonly used
laterality index) was calculated. Taken as the volume of the non-
dominant hemisphere structure divided by its respective dominant
hemisphere structure volume (non-dominant structure volume/domi-
nant structure volume), this ratio uses each participant as their own
reference to calculate a metric describing relative basal ganglia damage
that is comparable across participants and has previously been validated
in a large study of basal ganglia volumetrics (Wyciszkiewicz and Pawlak,
2014), as well as for other structures in children with perinatal stroke
(Craig et al., 2019a; Craig et al., 2019b). A ratio close to 1.0 reflects
similar volumes in each hemisphere. A higher structure volume ratio
(approaching 1.0) reflects that basal ganglia volumes in the non-
dominant hemisphere are relatively similar to the other hemisphere,
while a lower value indicates that the non-dominant basal ganglia have
relatively lower volumes.

2.6. Relative white matter volume

Relative white matter volume (RWM) was calculated for each
participant, serving as a comparable metric for degree of stroke damage
across stroke types. Measuring lesion size in a comparable way across
stroke etiologies is challenging given that underlying injury mechanism
and resulting anatomical changes vary. For PVI, dilatation of ventricles
typically occurs with little damage to cortical grey matter (GM), whereas
in AIS, lesions typically affect both GM and white matter (WM). We
therefore used RWM volumes (corrected for TIV) to capture both injury
patterns in a quantifiable way. First, the unified segmentation tool in
SPM12 [Statistical Parametric Mapping (SPM12), Wellcome Centre for
Human Neuroimaging, UCL, UK] running through Matlab (Mac i64
version R2020a, Mathworks, Natick, MA), was used to generate tissue
probability maps for WM, GM, and cerebrospinal fluid (CSF). Total
intracranial volume (TIV) was calculated as the sum of GM, WM and CSF
volumes. RWM represents the proportion of WM in the brain in relation
to TIV where lower numbers reflect less WM relative to brain volume.
RWM was used as a covariate in subsequent statistical models.

WM

RWM = —
v

2.7. Motor function

Motor function was evaluated using two validated assessments. The
Assisting Hand Assessment (AHA) (Krumlinde-sundholm and Eliasson,
2003) measures the use of the affected hand in children with hemi-
paretic cerebral palsy using play-based bimanual activity with logit
scores expressed from O to 100 scored by a qualified occupational
therapist. The Box and Blocks Test (Mathiowetz et al., 1985) (BBT)
measures unilateral hand function via a block moving task where par-
ticipants move blocks from one box to another over a barrier as quickly
as possible. BBT is performed for both the affected (BBTA) and unaf-
fected (BBTU) hands. Scores reflect the number of blocks successfully
moved in 60 s. Higher scores on both tasks indicate better motor func-
tion. These tests are explained in greater detail elsewhere (Wagner and
Davids, 2012).

2.8. Statistical analyses

Distribution normality was assessed using Shapiro-Wilk revealing
that putamen and caudate volumes in the non-dominant hemisphere, as
well as age, deviated significantly from normality in stroke groups,
while values in the TDC group were normally distributed. Group com-
parisons of demographic variables used Kruskal-Wallis (age), and chi-
square (sex, side of stroke). Inter- and intra-rater reliability were
assessed using an intraclass correlation coefficient (ICC). Group com-
parisons of relative structure volumes between the three participant
groups (AIS, PVI, TDC) were conducted using a Kruskal-Wallis test fol-
lowed by a Dunn’s post hoc test for pairwise comparisons, and a Bon-
ferroni adjustment for multiple comparisons. Differences in relative
volumes between hemispheres (dominant versus non-dominant) were
explored using a Wilcoxon signed-rank test for stroke groups, and a
paired-samples t-test for the TDC group. Correlations investigating as-
sociations between relative structure volume and motor function, as
well as structure volume ratio and motor function, utilized partial
Spearman’s tests, correcting for age, and RWM. To additionally explore
how basal ganglia volumes were associated with motor function devel-
opment over age, the population was separated by structure volume
ratio as to whether the ratio was above the group mean or below. This
created two subgroups based on the relative degree of basal ganglia
damage (volume ratio < mean and volume ratio > mean). Correlations
between age and motor function were performed for each group (rela-
tively less or more damage), as well as for the entire sample. For cor-
relations, a false discovery rate (FDR) correction was performed to
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Table 1
Patient demographics.
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Category PVI AIS

All stroke TDC

Mean age (SD) [range] years
Sex (N) [%]

11.50 (3.5) [6.7-19.7]

13.11 (3.5) [8.2-19.0]

12.24 (3.6) [6.7-19.7] 12.46 (2.9) [6.5-17.3]

Male N =13 [54 %] N =13 [65 %] N = 26 [59 %] N =12 [60 %]
Female N =11 [46 %] N =7 [35 %] N =18 [41 %] N = 8 [40 %]
Total N=24 N=20 N =144 N=20
Side of stroke (N) [%]
Right N =10 [32 %] N =7 [35 %] N =15 [34 %]
Left N =21 [68 %] N =13 [65 %] N = 29 [66 %]
Vascular territory (N) [%]
DM1 - N =12 [60 %] - -
PM1 - N = 8 [40 %] - -
Mean motor score (SD)
AHA (N = 43) 66.04 (13.5) 56.85 (19.4) 61.77 (17.0) -
BBTA (N = 42) 30.26 (10.3) 23.84 (15.4) 27.36 (13.1) -
BBTU (N = 43) 52.92 (14.1) 51.68 (9.7) 52.37 (12.3) -

Table note: PVI - periventricular venous infarction, AIS - arterial ischemic stroke, TDC - typically developing control, DM1 - distal M1 occlusion, PM1 - proximal M1
occlusion, AHA - assisting hand assessment, BBTA - box-and-blocks test of the affected hand, BBTU - box-and-blocks test of the unaffected hand. Vascular territory for

the AIS group was categorized using T1-weighed MRI scans.

Table 2
Structure volumes (cm®) in proximal and distal M1 occlusions.
Structure Proximal Distal
Dominant hemisphere caudate (Mean 4.49 (0.55) 4.24 (0.75)
(SD) [Range]) [3.95-5.53] [2.75-5.34]
Dominant hemisphere putamen (Mean 4.68 (0.47) 4.32 (0.78)
(SD) [Range]) [4.10-5.28] [3.03-5.50]
Non-dominant hemisphere caudate 2.87 (1.47) 3.73 (0.95)
(Mean (SD) [Range]) [0.85-4.20] [2.03-5.03]
Non-dominant hemisphere putamen 1.83 (1.50) 3.62 (1.09)
(Mean (SD) [Range]) [0-3.48] [1.71-5.22]
Caudate Ratio (Mean (SD) [Range]) 0.65 (0.34) 0.88 (0.16)
[0.15-0.97] [0.54-1.04]
Putamen ratio (Mean (SD) [Range]) 0.39 (0.33) 0.82 (0.15)
[0-0.76] [0.56-1.04]

correct for multiple comparisons (Benjamini and Hochberg, 1995).
Uncorrected p-values were reported, with a denotation where FDR
corrections affected statistical significance. All statistics were performed
using SPSS (IBM SPSS statistics, version 26, USA).

Distal

3. Results
3.1. Population

The final population consisted of 64 participants (mean age (SD) =
12.24 (3.5) years, range 6.5-19.7 years), including 20 AIS, 24 PVI and
20 TDC participants. See Table 1 for complete demographics. Of the AIS
participants, 12 had distal and 8 had proximal M1 occlusions (Table 2 &
Fig. 3). One of the stroke participants was missing an AHA motor
function assessment score and another was missing the BBTA score.
There were no significant group differences for age (H = 3.10, p = 0.21),
sex (Xz = 0.54, p = 0.77), or side of stroke (Xz = 0.01, p = 0.91). There
were no sex differences in relative structure volumes or motor scores in
the combined stroke group or TDC, however, relative dominant hemi-
sphere caudate volumes were significantly larger in females for PVI (t =
—2.415, p = 0.024), while relative dominant hemisphere putamen
volumes were larger in males for AIS, nearing significance (t = 2.097, p
= 0.05).

Proximal

Fig. 3. A) Distal middle cerebral artery occlusion: possible damage to primary motor cortex, but basal ganglia structures are spared. B) Occlusion closer to middle
cerebral artery: basal ganglia are partially damaged. C) Proximal middle cerebral artery occlusion: M1 and basal ganglia are severely damaged.
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Table 3
Group differences in relative structure volumes.
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Structure AIS and PVI

AIS and TDC

PVI and TDC

Dominant hemisphere caudate (Mean (SD)) AIS: 0.33 (0.06)

PVI: 0.29 (0.05)

H =15.0, p = 0.024*

Dominant hemisphere putamen (Mean (SD)) AIS: 0.34 (0.06)

PVI: 0.29 (0.04)

H=16.9, p = 0.008**

Non-dominant hemisphere caudate (Mean (SD)) AIS: 0.26 (0.1)

PVI: 0.23 (0.06)

H=12.4, p=0.082

Non-dominant hemisphere putamen (Mean (SD)) AIS: 0.22 (0.1)
PVI: 0.27 (0.08)

H=-82,p=043

AIS: 0.33 (0.06)
TDC: 0.29 (0.04)
H=13.9, p=0.055
AIS: 0.34 (0.06)
TDC: 0.31 (0.03)
H=11.7,p=0.141
AIS: 0.26 (0.1)

TDC: 0.29 (0.03)
H=-7.4,p=0.63
AIS: 0.22 (0.1)

TDC: 0.30 (0.03)

H =-14.6, p = 0.039*

PVI: 0.29 (0.05)
TDC: 0.29 (0.04)
H=1.1,p=1.00
PVI: 0.29 (0.04)
TDC: 0.31 (0.03)
H=5.2p=1.00
PVI: 0.23 (0.06)
TDC: 0.29 (0.03)
H=19.8, p = 0.001**
PVI: 0.27 (0.08)
TDC: 0.30 (0.03)
H=6.4,p=078

Table note: Relative structure volumes are reported as a percentage of TIV. PVI - periventricular venous infarction, AIS - arterial ischemic stroke, TDC - typically

developing control, *p < 0.05, **p < 0.01.
3.2. Volume measurement reliability

Basal ganglia volume measurements had very high intra-rater reli-
ability (dominant putamen: ICC = 0.99, p < 0.001; dominant caudate:
ICC = 0.85, p < 0.05; non-dominant putamen: ICC = 1.0, p < 0.001;
non-dominant caudate: ICC = 1.0, p < 0.001). There was also high
reliability between raters for all structures (dominant putamen: ICC =
0.77, p < 0.01; dominant caudate: ICC = 0.72, p < 0.05; non-dominant
putamen: ICC = 0.97, p < 0.001; non-dominant caudate: ICC = 0.97, p
< 0.001).

3.3. Group differences

Group comparisons were completed using relative volumes (struc-
ture volume/TIV) (Table 3 & Fig. 4). In the dominant hemisphere,
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relative volumes were higher in AIS than PVI for both the caudate and
putamen (p = 0.024, and p = 0.008 respectively). Mean volumes did not
differ between AIS and controls in the dominant hemisphere (caudate:
AIS =0.33, TDC = 0.29, p = 0.055; putamen: AIS = 0.34, TDC = 0.31, p
=0.14). In the non-dominant hemisphere, relative volumes compared to
TDC were lower in the putamen for AIS (p = 0.039) and lower in caudate
for PVI (p = 0.001).

3.4. Hemispheric differences

For TDC, the volume of the putamen in the dominant hemisphere
was greater than the non-dominant hemisphere (p = 0.023). Caudate
volumes between hemispheres were comparable in TDC (p = 0.23). In
AIS, the dominant hemisphere had larger volumes for both the caudate
(p = 0.020) and the putamen (p < 0.001). The same relationship was
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Fig. 4. Group differences in relative structure volume for the dominant hemisphere caudate (A) and putamen (B), as well as the non-dominant hemisphere caudate
(C) and putamen (D). PVI - periventricular venous infarction, AIS - arterial ischemic stroke, TDC - typically developing control, *p < 0.05, **p < 0.01.
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Table 4
Hemispheric differences in relative structure volumes by group.
Group
Structure AIS

PVI TDC

Caudate (Mean (SD)) Dominant: 0.33 (0.06)
Non-dominant: 0.26 (0.1)
Z =1.2, p=0.020*
Dominant: 0.34 (0.06)
Non-dominant: 0.22 (0.1)

Z = 2.00, p < 0.001%***

Putamen (Mean (SD))

Dominant: 0.29 (0.04)
Non-dominant: 0.29 (0.03)
t=-1.26,p = 0.23
Dominant: 0.31 (0.03)
Non-dominant: 0.30 (0.03)
t =2.48, p = 0.023*

Dominant: 0.29 (0.05)
Non-dominant: 0.23 (0.06)
Z =1.17, p = 0.010*
Dominant: 0.29 (0.04)
Non-dominant: 0.27 (0.08)
Z =0.42, p =1.00

Table note: Relative structure volumes are reported as a percentage of TIV. PVI - periventricular venous infarction, AIS - arterial ischemic stroke, TDC - typically

developing control, *p < 0.05, **p < 0.01, ***p < 0.001.

only observed for the caudate in PVI (p = 0.010). Additional details are
in Table 4.

Interhemispheric volume ratios varied between TDC and combined
stroke group participants (caudate: U = 770, p < 0.001, putamen: U =
587, p = 0.033). Mean ratios were significantly lower than 1.0 in the
combined stroke group (caudate mean(SD) = 0.8(0.23), t = —5.98, p <
0.001; putamen mean(SD) = 0.79(0.29), t = —4.69, p < 0.001),
reflecting hemispheric differences. In TDC, only the mean ratio for the
putamen differed from 1.0 (caudate mean(SD) = 1.02(0.06), t = 1.35, p
= 0.19; putamen mean(SD) = 0.97(0.05), t = —2.44, p < 0.05) consis-
tent with volume differences seen above. However, ratios for both
structures were significantly larger in TDC, suggesting a greater degree
of hemispheric symmetry relative to stroke. Specifically, ratios were
higher in TDC than AIS for the caudate (U = 354, p < 0.001) and

Dominant Hemisphere
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putamen (U = 351, p < 0.001), as well as the caudate for PVI (U = 416,
p < 0.001) but not the putamen. Additionally, PVI had a higher ratio for
the putamen than AIS (U = 386, p < 0.001).

3.5. Motor function correlations

AHA, BBTA and BBTU scores did not differ significantly between AIS
and PVI (AHA: t =—1.82,p =0.076, BBTA: t=—1.61, p=0.115, BBTU:
t = —0.32, p = 0.748). BBTU scores were higher than BBTA scores as
expected (p < 0.001).

Putamen volumes in the non-dominant hemisphere demonstrated a
positive correlation with BBTA values (rs = 0.396, p < 0.05) (Fig. 5,
Table 5). Caudate volumes in the non-dominant hemisphere were
negatively correlated with BBTU scores in PVI only (rs = —0.481, p <

Non-dominant Hemisphere

(=]
8 4
¥ * Caudate
2 - + Putamen
1
g o
(‘/)’ ©
<
£ 9
]
o
~N
o

Relative Volume (% of TIV)

Fig. 5. Box-and-blocks test scores with corresponding relative structure volume corrected for RWM and Age. BBTU scores are plotted against relative caudate and
putamen volumes in the dominant hemisphere. BBTA scores are plotted against relative caudate and putamen volumes in the non-dominant hemisphere. RWM -
Relative White Matter, BBTA - box-and-blocks test of the affected hand, BBTU - box-and-blocks test of the unaffected hand, *p < 0.05.

Table 5

Correlations between relative basal ganglia volumes and motor function, correcting for age and RWM.

Structure AHA

BBTA

BBTU

All-stroke: rg = -0.224, p = 0.17
AIS: 1y = 0.008, p = 0.98

PVI: 1y = -0.165, p = 0.47
All-stroke: rg = -0.020p = 0.90
AIS: 1y = -0.198, p = 0.45

PVIL: r; = 0.323, p = 0.15
All-stroke: rs = -0.212, p = 0.19
AIS: 1y = -0.389, p = 0.12

PVIL: r; = 0.184, p = 0.43
All-stroke: rs = 0.293, p = 0.066
AIS: ry = 0.167, p = 0.52

PVIL: r; = 0.344, p = 0.13
All-stroke: rs = 0.176, p = 0.28
AIS: 1y = -0.122, p = 0.64

PVI: r; = 0.383, p = 0.086
All-stroke: ry = 0.428, p = 0.006**
AIS: rg = 0.382, p = 0.13

PVI: ry = 0.344, p = 0.13

Dominant hemisphere caudate

Non-dominant hemisphere caudate

Dominant hemisphere putamen

Non-dominant hemisphere putamen

Caudate volume ratio

Putamen volume ratio

All-stroke: rg = -0.105, p = 0.52
AIS: 15 = 0.044, p = 0.87

PVL: 1y =-0.117, p = 0.62
All-stroke: rg = -0.021, p = 0.90
AIS: 15 = 0.019, p = 0.94

PVI: rg = 0.028, p = 0.90
All-stroke: rs = -0.137, p = 0.40
AIS: 15 = -0.207, p = 0.43

PVL: s = 0.120, p = 0.60
All-stroke: rs = 0.396, p = 0.011*
AIS: rs = 0.410, p = 0.10

PVL s = 0.271, p = 0.24
All-stroke: rs = 0.059, p = 0.72
AIS: 15 = 0.041, p = 0.88

PVI: r; = 0.050, p = 0.83

All-stroke: rs = 0.518, p < 0.001***

AIS: 1g = 0.556, p = 0.021*FP
PVL: 1, = 0.394, p = 0.077

All-stroke: rg = -0.110, p = 0.50
AIS: 15 = 0.064, p = 0.81

PVI: rs = -0.171, p = 0.46
All-stroke: rg = -0.129, p = 0.43
AIS: 15 = 0.235, p = 0.36

PVL 1y = -0.481, p = 0.027*"
All-stroke: rs = -0.225, p = 0.16
AIS: 1y =-0.172, p = 0.51

PVL: 1y = -0.244, p = 0.29
All-stroke: rs = 0.052, p = 0.75
AIS: 15 = 0.186, p = 0.47

PVL: r; = -0.263, p = 0.25
All-stroke: rs = -0.012, p = 0.94
AIS: rs = 0.266, p = 0.30

PVL: r; = -0.310, p = 0.17
All-stroke: rs = 0.211, p = 0.19
AIS: 1= 0.247, p = 0.34

PVI: r; = 0.008, p = 0.97

Table note: AHA - Assisting Hand Assessment, BBTA - box-and-blocks test of the affected hand, BBTU - box-and-blocks test of the unaffected hand, rs - Spearman’s rho,
*p < 0.05, **p < 0.01, ***p < 0.001, **P - Not significant following FDR correction.
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Fig. 6. Motor assessments and inter-hemispheric structure volume ratio (non-dominant structure/ dominant structure) corrected for RWM and age. RWM - Relative
White Matter, AHA - Assisting Hand Assessment, BBTA - box-and-blocks test of the affected hand, **p < 0.01, ***p < 0.001.

0.05, not significant following FDR correction). Dominant hemisphere
basal ganglia volumes were not correlated with motor function in stroke
participants. However, putamen volume ratios were positively corre-
lated with both AHA (rs = 0.428, p < 0.01) and BBTA (r; = 0.518, p <
0.001) for all stroke (Fig. 6). An association was also observed between
BBTA and AlIS specifically (r = 0.556, p < 0.05, not significant following
FDR correction). Volume ratios for the caudate were not associated with
motor function outcomes.

3.6. Developmental trends

Age was associated with higher scores for both BBTU (r = 0.568, p <
0.001) and BBTA (r = 0.333, p = 0.031) across all stroke participants.
When participant groups were dichotomized by structure volume ratios,
differences in correlations between age and motor function were seen.
For participants with caudate volume ratios greater than the group mean
of 0.8 (relatively less damage to the caudate), there was a positive
correlation between age and BBTU scores (r = 0.552, p < 0.01) but not
for BBTA scores (r = 0.325, p = 0.098). For the group with caudate ratio
values<0.8 (relatively more damage to the caudate), age was positively
associated with BBTU scores (r = 0.525, p < 0.05), but not BBTA scores
(r = 0.248, p = 0.37).

Participants with a putamen volume ratio greater than the group
mean of 0.8 (relatively less damage to the putamen) exhibited positive
correlations between age and both BBTA (r = 0.542, p < 0.01) and BBTU
values (r = 0.694, p < 0.001). However, no associations were seen with
age for participants with a putamen volume ratio<0.8 (BBTA: r = 0.210,
p = 0.40, BBTU: r = 0.371, p = 0.13). Age did not correlate with AHA
scores for any of the four individual groups. See Table 6 & Fig. 7.

While development trajectories were originally tested with groups
stratified by mean ratio (0.8), we additionally tested stratification points

Table 6

ranging from 0.75 to 0.85, which yielded the same pattern of results for
all four groups.

4. Discussion

We have demonstrated both between-hemisphere and between-
group differences in relative volumetric measurements of basal
ganglia structures (caudate and putamen) in children with perinatal
stroke. Specifically, compared to controls, non-dominant hemisphere
caudate volumes were smaller for PVI while putamen volumes were
smaller for AIS. In the dominant hemisphere, relative volumes in AIS
were higher than that of PVI for both structures, though were not
different from controls. We also found that relative putamen volumes in
the non-dominant hemisphere (and inter-hemispheric ratios) were
positively associated with functional motor outcomes. We conclude that
basal ganglia structural development is altered after perinatal stroke,
possibly in a lesion-specific manner, and correlations to functional
outcome suggest clinical relevance.

Stroke-specific group differences in relative basal ganglia structure
volumes were seen in the non-dominant, lesioned hemisphere. Specif-
ically, relative caudate volumes were smaller in PVI while putaminal
volumes were smaller in AIS. This finding is consistent with differing
mechanisms of injury between the two stroke groups. Due to the position
of the germinal matrix and subsequent infarction, PVI primarily affects
periventricular tissue (i.e., the caudate). In contrast, PVI is unlikely to
damage the more caudal putamen which is not typically drained by the
medullary veins (Raets et al., 2015). In fact, the original imaging criteria
for diagnosing PVI specifically include sparing of the lentiform nuclei
(Kirton et al., 2008). By contrast, the AIS group showed smaller putamen
volumes in the lesioned hemisphere. This may relate to the common
involvement of the lateral lenticulostriate arteries that occurs in

Correlations between age and motor scores, by relative level of damage to basal ganglia.

Correlation Intact caudate

Damaged caudate

Intact putamen Damaged putamen

Age & AHA scores
Age & BBTA scores
Age & BBTU scores

1 = 0.026, p = 0.90
1, = 0.325, p = 0.098
Iy = 0.552, p = 0.003**

1, = 0.177, p = 0.51
ts = 0.248p = 0.37
Is = 0.525, p = 0.037*

ry=0.297, p = 0.16
1, = 0.542, p = 0.006*
1 = 0.694, p = 0.000%**

1o = 0.099, p = 0.69
1, = -0.210, p = 0.40
ro=0.371, p = 0.13

Table note: Intact - participants with a structure volume ratio (non-dominant/dominant) greater than 0.8, Damaged - participants with a structure volume ratio<0.8,
AHA - Assisting Hand Assessment, BBTA - box-and-blocks test of the affected hand, BBTU - box-and-blocks test of the unaffected hand, rs - Spearman’s rho, *p < 0.05,

**p < 0.01, ***p < 0.001.
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Fig. 7. Motor assessment score plotted against age in
subgroups with relatively intact caudate, damaged
caudate, intact putamen, or damaged putamen.
Groups were defined by structure volume ratio (non-
dominant hemisphere structure/dominant hemi-
sphere structure) such that a ratio greater than the
mean (0.8) reflected a relatively intact structure,
while a ratio less than the mean indicated damage to
the structure in the non-dominant hemisphere. BBTA -
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box-and-blocks test of the affected hand, BBTU - box-
and-blocks test of the unaffected hand, *p < 0.05, **p
< 0.01, ***p < 0.001.

Age (years)

Damaged Putamen

Age (years)

proximal M1 occlusions. However, AIS lesions also include much larger
cortical injuries and indirect volume effects from damage to cortico-
striatal pathways (or diaschisis, see below) cannot be excluded. Finally,
with PVI occurring mid-gestation while AIS injuries are typically close to
term, different effects of injury timing on basal ganglia development
cannot be excluded. More advanced imaging methods including struc-
tural and functional connectivity are feasible in the perinatal stroke
population (Carlson et al., 2020; Craig et al., 2021) and could shed light
on these different possibilities for the alterations we have observed in
basal ganglia structure.

Inter-hemispheric differences in relative putamen volume within all
groups favoured the dominant hemisphere, a result that was expected
and also echoed in the volume ratios. It was interesting to find that the
control group also showed interhemispheric asymmetry for putamen
volumes in the absence of lesion-related damage. This could suggest
some level of activity dependency whereby the dominant hemisphere,
controlling the dominant hand, shows larger volumes perhaps under-
lying more extensive use and better dexterity of the dominant hand,
though this was not directly measured. The same was true for both of the
stroke groups; basal ganglia structures involved in the function of the
less-affected limb were larger than that of the affected limb, likely due to
a combination of direct lesion damage, subsequent degeneration of
surrounding tissues, less use of the paretic limb, and possibly more
extensive use of the non-paretic limb. Our results highlight both the
importance and potential limitations of performing within-subject
comparisons between hemispheres and we suggest both approaches
should be considered.

Larger volumes of both caudate and putamen were observed in the
dominant hemisphere of AIS participants compared to PVI. Alterations
in the development of the non-lesioned hemisphere are well appreciated
after perinatal stroke. Both animal and human studies have established
the common, abnormal perseverance of fetal ipsilateral corticospinal
projections from the non-lesioned hemisphere to the affected limbs
(Martin et al., 2007; Staudt, 2007; Eyre, 2007; Zewdie and Kirton,
2016). Alterations in additional components of the sensorimotor system
have been shown including increased volumes of key components of the
motor system such as the thalamus (Craig et al., 2019a) and cerebellum
(Craig et al., 2019b). Broader influence of early unilateral injury on the
entire structure and connectivity of the non-lesioned hemisphere has

Age (years)

been observed, including the white matter connectome (Craig et al.,
2020), myelination (Yu et al., 2018) and cortical morphometry (Al
Harrach et al., 2019). Considering the above, it may not be surprising
that structural changes including increased volumes of the putamen and
caudate may occur though, like the other components mentioned, par-
cellating these structures to understand the why and how of these
changes requires further study.

Our findings of positive correlations between relative putamen vol-
umes and motor function suggest possible clinical significance. Putamen
volumes were positively correlated with BBTA scores, such that motor
function of the paretic limb was associated with higher non-dominant
putamen volumes, consistent with our initial hypothesis. Also, the pu-
tamen volume ratio, favouring the dominant hemisphere, was positively
correlated with both AHA and BBTA scores. By contrast, neither relative
caudate volumes, nor volume ratios, were significantly positively
correlated with any of the motor tests. These findings taken together
support the observation that motor control is more closely associated
with the putamen compared to the caudate (Purves et al., 2001; Leisman
et al., 2014).

Interestingly, there was a negative correlation between relative non-
dominant caudate volume and BBTU scores in the PVI group that may
suggest effects of developmental neuroplasticity in the basal ganglia
following perinatal stroke. Though not statistically significant following
an FDR correction, it is possible that a greater sample size would have
allowed this correlation to hold. As such, we believe it is still worth
consideration, also given that the correlation coefficient as a reflection
of effect size is in the moderate range (r; = —0.48). That a relative non-
dominant hemisphere volume was negatively linked to a dominant hand
motor test, may suggest that broader, bihemispheric plasticity is taking
place. For example, as noted above, it is possible that impaired motor
function associated with the non-dominant hemisphere could result in
larger structure volumes in the dominant hemisphere. How this affects
functions normally assigned to the opposite hemisphere is not well un-
derstood though it is well established that the function of the so-called
“unaffected” hand is often abnormal in children with perinatal stroke
(Kuczynski et al., 2018). However, the lack of definitive group differ-
ences in the dominant hemisphere between the stroke groups and TDC,
suggest that this relationship is more complicated (though we may have
been underpowered to detect such subtle differences). Direct analogies
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exist for the effects of perinatal stroke-induced volumetric changes in
“contralesional” structures including the thalamus (Craig et al., 2019a)
and cerebellum (Craig et al., 2019b) where volumes were not only larger
but the degree of which correlated with poorer motor outcome. It must
be considered that these and the current study are only volumetric in
nature and of limited spatial and functional resolution, suggesting that
differences exist but with limited ability to understanding underlying
mechanisms.

Our results also suggest that alterations to the basal ganglia after
perinatal stroke may be associated with disruptions in developmental
trajectories of motor function. After dichotomizing our population by
their inter-hemispheric volume ratios, we observed that positive corre-
lations between age and bilateral motor function scores for BBTA and
BBTU, were only observed for those with less putaminal damage, while
for those with relatively more damage, these associations with age were
lost. How the developmental trajectory was affected cannot be deter-
mined using a cross-sectional study such as this one, however, a longi-
tudinal study of motor development over time could shed additional
light. While not definitive, these suggestions of possible differences in
developmental trajectories are of clinical importance and relevant to the
pursuit of personalized rehabilitation strategies. Our findings add to
increasingly complex models of motor system development following
perinatal stroke where complex, bihemispheric differences are increas-
ingly understood (Kirton et al., 2021). Taken together, the current re-
sults suggest that the relationship between basal ganglia volumes and
motor function is relatively complex. It’s possible that stroke-induced
damage to the basal ganglia disrupts the mechanism responsible for
building and maintaining the neural architecture (cortico-striatal loops)
that enables the learning and execution of complex motor sequences. For
example, in the dominant hemisphere, an undamaged putamen could
have an intact, possibly adaptable, motor program more easily fine-
tuned (Doyon et al., 2009), resulting in limited correlations between
relative volume and motor function. In the non-dominant hemisphere, a
damaged putamen may be unable to mediate the construction and
execution of the motor networks required to perform well on the motor
tests, but may also limit improvements that should occur with aging
and/or motor learning interventions. This is consistent with the widely
variable motor function seen in the perinatal stroke population, the
associations between relative basal ganglia volume and motor function,
and the lack of association we observed between age and motor function
in participants with more extensive putamen damage. Given the central
role of the basal ganglia in cortico-striatal loops (Haber, 2016; Alex-
ander et al., 1986; Frank et al., 2001) and the degree to which basal
ganglia damage results from perinatal stroke, these structures could be
considered in future models to better inform understanding and neu-
rorehabilitation targets.

This study has limitations that should be considered. First, the
sample size, while large for perinatal stroke, was limited by the avail-
ability of motor assessment scores. Second, only the caudate and puta-
men could be segmented by our current methods. While these are
primary structures associated with the motor circuit, exploring addi-
tional subcortical structures such as the globus pallidus may provide a
more comprehensive picture. Detection of alterations in smaller basal
ganglia structures such as the subthalamic nucleus, substantia nigra, and
specific thalamic nuclei will likely require alternative methods in this
population. Third, the segmentation process was manually performed
slice by slice and while every effort was made to make this accurate and
objective, subjectivity is inherent in such segmentations. Although
automated basal ganglia segmentation programs do exist, pilot testing
revealed that results were inaccurate in perinatal stroke participants,
likely due to the deviation from normal architecture caused by perinatal
stroke lesions, as well as most programs being designed for the adult
brain. However, our interhemispheric ratios for TDC were very similar
to those found in a large study that did employ an automated segmen-
tation technique (Wyciszkiewicz and Pawlak, 2014), enhancing our
confidence in the accuracy of our segmentations. Additionally, our very
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high inter- and intra-rater reliability values for basal ganglia volumes,
combined with normalization of measurements within subjects, further
mitigates concerns regarding manual segmentation accuracy. While ICC
was much lower for the dominant hemisphere than the non-dominant
hemisphere, this was not entirely surprising. Because dominant hemi-
sphere structures are undamaged, we found that the variability in vol-
ume was relatively low between subjects, reflected as a smaller range.
By contrast, in the non-dominant hemisphere, the volume of a severely
damaged structure varied considerably and therefore had a wider range.
As such, the ICCs reported for the dominant hemisphere are likely more
sensitive to inter-rater variations due to the smaller range of volumes. By
contrast, the higher range of volumes in the non-dominant hemisphere is
likely less sensitive to small amounts of inter-rater disagreement. Lastly,
RWMs were not direct measures of lesion size, but rather the extent of
damage caused by the lesion. As such, lesions that don’t extensively
affect WM may have been underestimated.

5. Conclusion

Specific perinatal stroke lesions affect different elements of basal
ganglia development. PVI injuries primarily affected the caudate, while
AIS injuries affected the putamen. Alterations in basal ganglia structural
development likely occur in both hemispheres despite the isolated uni-
lateral injury of perinatal stroke. Putamen volumes in the lesioned
hemisphere are associated with clinical motor function. The basal
ganglia should be included in evolving models of developmental plas-
ticity after perinatal stroke.
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