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ABBREVIATIONS

AHA Assisting Hand Assessment
FVI Focal'wascular insults

WMI White'matterinjury

AIM To examine the association between brain magnetic resonance imaging (MRI)
characteristics and executive function and bimanual performance in children with unilateral
cerebral palsy (CP).

METHOD Clinical MRI brain scans were classified as: (1) predominant pathological pattern
(normal, white matterinjury [ WMI]; grey matter injury; focal vascular insults [FVI];
malformations; or miscellaneous); and (2) focal lesions (frontal, basal ganglia, and/or
thalamus). Assessments.included: (1) bimanual performance; (2) unimanual dexterity; and (3)
executive function tasks (information processing, attention control, cognitive flexibility, and
goal setting) and behavioural ratings (parent).

RESULTS From 131 recruited children, 60 were ineligible for analysis, leaving 71 children
(47 males, 24 females) in the final sample (mean age 9y [SD 2y], 6y—12y 8mo). Brain MRIs
were WMI (69%) anddEVI (31%); and frontal (59%), thalamic (45%), basal ganglia (37%),

and basal ganglia plus thalamic (21%). Bimanual performance was lower in FVI versus WMI
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(»<0.003), and with frontal(p=0.36), basal ganglia (p=0.032), and thalamic/basal ganglia
lesions (p=0.013). Other than information processing, executive function tasks were not
associated with predominant pattern. Frontal lesions predicted attention control (p=0.049)
and cognitive flexibility (p=0.009) but not goal setting, information processing, or
behavioural ratings!

INTERPRETATION Clinical brain MRI predicts cognitive and motor outcomes when focal

lesions and predominate lesion patterns are considered.
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Executive Function and Bimanual Performance in CP Alison Crichton et al.

What this paper adds

e Early brain magnetic resonance imaging (MRI) predicts bimanual performance and
cognitive outcomes.

¢ Brain MRI mayiidentify children requiring targeted interventions.

e Basal ganglia with/without thalamic lesions predicted bimanual performance.

o Frontal lesions were associated with attention control and cognitive flexibility.

e Brain MRI predominant patterns predicted motor, not cognitive outcomes, other than

information progessings

[Main text]
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Unilateral cerebralpalsy’(CP) is a motor impairment affecting one side of the body, caused
by antenatal or perinatal insult to the developing brain. While the determining feature of CP
is impaired motor function,CP is often associated with cognitive and developmental
problems, including cognition.! Cognition, and particularly higher level executive function, in
unilateral CP has rafely been scientifically studied. Motor and cognitive impairments arise
from disrupted brain development and both impact on daily activity performance and
participation in childhood tasks.?

Executive funetion is required for performance of daily activities. Executive functions
form a set of self-regulatory behaviours necessary to select and sustain actions and guide
behaviour within the'eontext of task rules.’-> They emerge through childhood with the
protracted neurodevelopment and late myelination of the prefrontal cortex, the anterior-most
portion of the frontal lobes.® The prefrontal cortex is particularly vulnerable to early brain
injury. However, distupted.executive function development in unilateral CP may arise from
lesions at any pointin the frontal-subcortical network (including white matter tracts, which
disrupts projections between the prefrontal cortex and other brain areas).”-® Periventricular
white matter injury (WMI), for example, can cause secondary changes to connected grey
matter structures, particularly the thalamus and basal ganglia, but may also extend to cortical
regions.’ Furthefjthe'basal'ganglia and/or thalamic lesions may impair focused attention and
executive function.!® Despite these various potential neuropathological pathways to executive
dysfunction in CRgresearch has been limited.!!

Only two studies have linked underlying brain lesions in unilateral CP and executive
function.!? Bilateral lesions were associated with poorer executive function performance
versus unilateral lesions;'3;and parieto-occipital periventricular haemorrhagic infarction was
related to behaviouralsexeeutive dysfunction.'* In children with spastic diplegic CP, early
clinical MRI brain lesions associated with executive function (using a novel visual attention
task) at 8 years of age were examined. Anterior and diffuse lesions were associated with
greater executive dysfunction.! Straub et al. later surmised that this adds support for the
neuro-anatomical correlates of executive function deficits within the frontal—-collicular
pathways and prefrontalilesions.'® A growing body of research has associated brain
abnormalities with bimanual‘performance in unilateral CP. Bimanual performance requires
the spontaneous use of both/hands together, where the dominant hand performs both fine and
gross manipulations, and thesnon-dominant hand is used to stabilize objects.!” However,
magnetic resonance imaging (MRI) findings have been inconsistent. Basal ganglia and

thalamic lesions on brainMRI have been associated with more impaired bimanual
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performance in children'with unilateral CP.!® Using a larger sample of children with
unilateral CP, Mailletix et al, found bimanual performance and unimanual capacity was
associated with MR of thebrain depending on lesion type: children with deep grey matter
lesions showed a close association between lesion location and extent, and hand function,
whereas children with periventricular WMI did not.!°

The aim of this study was to examine the association between early brain MRI
characteristics and eéxecutive function and bimanual performance, as well as unimanual
dexterity in children with@unilateral CP. The objectives were to: (1) describe MRI
characteristics (brait MRI patterns and presence/absence of focal lesions), and (2) explore
whether MRI characteristics are associated with executive function or bimanual performance.

We hypothesizedthat: (1) WMI would be common and associated with more
favourable cognitive and unimanual outcomes relative to other MRI brain patterns;?° and (2)
that frontal lesions would be associated with executive function, while specific subcortical
focal lesions (thalamic and basal ganglia) would be associated with decrements in unimanual
dexterity, and combined lesions would be associated with worse bimanual performance.

The current study is‘important for two reasons; first, cognitive and motor outcomes
are both critical determinants of daily function, and, second, identifying children at risk of

poor prognosis usingclinical MRI could improve individualized care.

METHOD

[Study design]

This was a prospective cross-sectional observational study, which incorporated
retrospectively obtained MRI data (Trial registration: ACTRN12614000631606; date of
retrospective registration 29th May 2014). The study was implemented across five Australian
treatment centres (Menash;Children’s Hospital, Victoria; Royal Children’s Hospital,
Victoria; Cerebral Palsy Alliance, New South Wales; Lady Cilento Children’s Hospital,
Queensland; and Perth Children’s Hospital, Western Australia), as previously described.?!

Participants

Participants were children aged 6 to 12 years at the time of recruitment (July 2012—August
2015), presentingrat the|study sites. Inclusion criteria were a diagnosis of unilateral CP made

by a medical specialist,sufficient cooperation, English language capacity, ability to attend
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their local centrefor behavioural assessments, and perinatal brain MRI. Children were
ineligible if they hadireceived either botulinum neurotoxin A injection or upper limb surgery
within 3 or 12 months of recruitment respectively.

Eligible participants were identified by the lead investigator, or the child’s doctor and
therapists assigned 0 relevant clinics at each site. They were provided with an information
letter before the child’s clinic visit, and verbal information by their treating therapist at their
clinic visit. Contact/details of suitable families interested in participating were forwarded to
the researchers. Once eligibility was confirmed, participants were recruited and provided
written consent, including consent to access retrospective brain MRI data, in accordance with

Human Research Ethics Committee-approved protocols.

Clinical and demographic/data ( Commented [MOU2]: TYPESETTER: B heading.

A clinical record form.completed in collaboration with the parent/guardian captured
confirmed topographical pattern and diagnosis of unilateral CP, side affected (left/right),
demographic data (age, sex), child birth history (gestational age, birthweight), the presence of
seizures (using the CP registry definition of seizure free being no seizures >2y without

medication),?? intellectuabimpairment, and comorbidities (blindness and bilateral deafness).

Classification tools
Children’s functienal motor and communication levels were classified using the Manual
Ability Classification System,?* Gross Motor Function Classification System (GMFCS),2*

and Communication Function Classification System.?

Brain MRI data | Commented [MOU3]: TYPESETTER: B heading.

Clinical brain magnetic resonance images were reviewed by one of two paediatric
radiologists (JB, MD). The child’s most recent scan was reviewed. The child’s age at imaging
was recorded. Neuroimaging patterns were retrospectively classified using an established
protocol (Table ST, online supporting information) as either normal or fitting one of five
predominant pathological'patterns: WMI, grey matter injury, focal vascular insults (FVI),
malformations, and miscellancous patterns.? Mixed patterns were excluded because of lack
of consensus regarding the classification of multiple patterns of injury.?’ Focal lesions were
classified as present/absent.across either hemispheres, for three regional areas: frontal, basal
ganglia, and/or thalamus, using data from the same established protocols as above (Table S1).

Bilateral WMI or bilateral.focal lesions were recorded as bilateral lesions.
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Behavioural data and executive functioning

Children completed a standardized child neuropsychological assessment, administered and
scored by qualified psychologists. Assessments were completed across one or two
appointments.

Executive function was assessed against four separate, but integrated, domains,
specified in a developmental model,?® using tasks that were minimally reliant on fine motor
dexterity: (1) information"processing (efficiency and speed of output) was measured using
semantic word genetration from the Developmental Neuropsychological Assessment, Second
Edition;?° (2) attention‘control (selectively attending to stimuli and inhibiting responses) was
measured using the 'Sky'Search DT task (decrement score, controlling for fine motor speed)
from the Test of Everyday Attention for Children;*° (3) cognitive flexibility (shifting between
response sets, and process.multiple sources of information concurrently) was measured using
Inhibition Naming (combined score) from the Neuropsychological Assessment, Second
Edition; and (4) goal setting (planning actions in advance and using an efficient and strategic
approach to tasks) was measured using the Tower of London (total z-score).’! Executive
function tasks were scored:using standardized criteria and analysed using age-referenced
standard scores (mean10°[SD 3]), unless specified. Higher scores indicate better functioning.

The Behaviour Rating Inventory of Executive Function is an 86-item questionnaire
assessing behavioural manifestations of everyday executive function over the most recent 6
months, completed by parents at the child’s appointment.3? The Global Executive Composite
was used in this study, standardized for age and sex (mean 50 [SD 10]). Higher scores reflect

greater executive dysfunetion.

[Intellectual function]

Intellectual ability was measured using the General Ability Index, of the Wechsler
Intelligence Scale for Children, Fourth Edition (mean 100 [SD 15]).33 The General Ability
Index is a valid substitute for full-scale I1Q but is less sensitive to working memory and

processing speed:3

Upper limb function
Upper limb assessmentsyidetailed below, were administered and scored by experienced

paediatric occupational therapists.
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LBimanual performancd

Bimanual performance was measured using the Assisting Hand Assessment (AHA; version
5.0),333¢ which assesses spontaneous use of the affected/assisting hand in bimanual activity
for children with unilateral®apper limb impairment. The AHA is a standardized, criterion-
referenced measure/with good psychometric properties.?33¢ The sum of raw scores (sum
score) ranges from 20y(lowsability) to 80 (high ability), which is converted to interval-level
data using Rasch analysis. Rescaled logit-based AHA units range from 0 to 100.35 Higher
scores indicate greater.bimanual performance. The AHA was video-recorded and

retrospectively ratedsbyseertified occupational therapists.

Unimanual dexterity
The Box and Block Test is a standardized measure of unimanual dexterity, with demonstrated
psychometric properties 37 Age and sex norms are available for right and left hands.?® Higher

scores indicated greater unimanual speed and dexterity.

Executive function‘and upper limb function descriptive scores (mean, median, and

interquartile range) are presented in Table S2 (online supporting information).

[Statistical analysis]

The distribution of brain MRI lesion-predominant patterns in our sample was compared to a
Victorian cohort of 442 children between 1999 and 2013, with unilateral CP (S. Reid,
personal communication, Sth November 2017). Children with complete brain MRI and
behavioural data (neurepsychological and fine motor) were included in the analysis. Group
differences in standardized'behavioural test scores for participants classified by (brain MRI
pattern and focal lesions) were compared using parametric tests for continuous variables

(Student’s #-test, one-way analysis of variance, and medians tests) and 2 for categorical data.

Associationsibetween brain MRI-predominant pattern, focal lesions (frontal,
thalamus, and/or basal ganglia) and clinical outcome (executive function, bimanual
performance, and unimanual,capacity) were examined using multiple linear regressions and
by boxplots. Coyariates|included side of hemiparesis (left/right), presence of active seizures

(present/absent), bilateral.lesion (present/absent), and gestational age. In executive function
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models, general cognitive'ability (Wechsler Intelligence Scale for Children, Fourth Edition
General Ability Index) wasiincluded as an additional covariate. In unimanual dexterity
models, child age atassessment was included as a covariate as scores increase with age.?® A
5% level of significance and 95% confidence interval (CI) were reported across analyses. The
variance inflation factor was calculated to inspect the degree of collinearity in all models. In
order to test whether the effect of basal ganglia or thalamic lesions alone was significantly
different to the effect of basal ganglia and thalamic lesions combined, standardized beta
weights and their corresponding 95% Cls were estimated via bias-corrected bootstrap with
the model adjusted for the same factors as in the model with unstandardized estimates. The
comparison of estimatés was then conducted using methods of CI overlaps suggested by
Cumming,* who stated*that’in the event that Cls for two estimates overlap by less than 50%,
the coefficient estimates would be considered statistically significantly different from each
other (p<0.05). In the event of greater than 50% overlap of Cls, the conclusion is that p>0.05
and fail to reject the null hypothesis that estimates are different. Data were analysed using

Stata Statistical Software version 15 (College Station, TX, USA).

RESULTS

From 131 children recruitedito the study, 100 had MRI data available (Fig. S1, online
supporting information). MRI brain predominant patterns were WMI (60%); FVI (27%);
malformations (6%); grey matter injury or mixed abnormality (each 2%); miscellaneous
lesions (0%), and normal (3%). This distribution of MRI brain lesion pattern was
representative of Vietorianieohort data for unilateral CP, although there were fewer
malformations and miseellaneous lesions than expected (p=0.035 and p=0.034 respectively).
MRI patterns with too few participants for analysis (i.e. <5; n=7) were excluded from the
analysed sample, which included only 71 participants (WMI or FVI patterns only). Examples
of magnetic resonance images classified according to the predominant pathological pattern or

focal pathology ‘are provided in Figure 1.

Demographic information

Table S3 (online supporting information) summarizes the demographic, imaging, and clinical

characteristics of the participants. Mean age was 9 years 2 months. About two-thirds were
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males (66%) and'were'at Manual Ability Classification System level II, while just over half

had right-sided hemiparesis:

|Preliminary analysis \

Demographic (age at assessment, sex, or age at MRI acquisition) and functional abilities
(Manual Ability Classification System, GMFCS) of children with WMI and FVI were
comparable. However, those with WMI were born, on average, at an earlier gestational age,
had a lower birthweight/relative to those with FVI, and were more likely to exhibit bilateral
lesions. Therefore, regression models included gestational age and bilateral lesions as
covariates. Gestational weight was not included as a covariate owing to association with

gestational age.

Children with focal lesions (frontal, thalamic, basal ganglia) did not differ with
respect to demographicrorkey clinical characteristics to those without abnormality in the
same area. Howevergchildren with basal ganglia lesions were less likely to be classified in
GMFCS level I (58%) than those without (80%, p=0.044). Further, those with thalamic

lesions were more likely than those without to exhibit bilateral lesions (p=0.048).

Main analysis

lBrain MRI associations with executive function‘

Figure 2 shows executive function by brain MRI lesion characteristics. Overall, MRI brain
lesion pattern (FVI vs WMI) was not associated with differences in executive function, other
than information processing(Table S4, online supporting information, adjusted models).
Conversely, executive functions were associated with focal lesions as follows: frontal lesions
were associated with lower attention control and cognitive flexibility, but not goal setting or
information proeessingsBasal ganglia and thalamic focal lesions in isolation or combination
were not associated'with executive function performance. Parent-rated executive behaviour

was not associated with predominant pattern or focal brain lesions.

[Brain MRI associations with upper limb function]

Figures 3 and 4 showbimanual and unimanual outcomes by brain MRI predominant pattern

and focal lesions. FVLpredicted reduced bimanual performance (AHA scores) and dexterity
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of both the affected and'dominant hands, relative to WMI (Table S5, online supporting
information, adjusted’'models). Bimanual performance and unimanual dexterity were
associated with focal\lesions as follows: frontal lesions were associated with reduced AHA
scores and reduced dexterity of the non-dominant hand (but not dominant hand dexterity);
thalamic lesions wefe associated with reduced dexterity in both hands; and basal ganglia
lesions were associated with reduced upper limb performance across all measures. In addition
to the unstandardized estimates presented in Table S5, standardized estimates were obtained
to compare coefficients'for the different lesion types. The estimated effect of basal ganglia
alone on AHA was £0.23 (95% bias-corrected and accelerated CI —0.42 to 0.03), while that
for thalamic lesions alone was —0.14 (95% bias-corrected and accelerated CI —0.37 to 0.08).
The estimated effect of basal ganglia combined with thalamic lesions was —0.27 (95% bias-
corrected and accelerated CI--0.47 to —0.06). Comparison of the single lesion standardized
estimates to the combined. lesion standardized estimates using Cumming’s methods suggested
that the presence ofiboth basal ganglia and thalamic lesions had a similar effect on AHA as
the presence of only one lesion.*! However, the application of this rule needs to be interpreted
with caution as its applicability, accuracy, and reliability beyond Cumming’s examples has

not been tested.

DISCUSSION

This study is novel in examining the influence of MRI-identified brain lesions on executive
function and bimanual performance in children with unilateral CP, using traditional

categorizations of predominant pattern, in addition to the presence/absence of focal lesions.
Executive function and upper limb performance were differentially associated with specific

MRI characteristics.

The most common MRI brain lesion pattern was WMI followed by FVI. FVI was
associated with reduced bimanual performance and worse dexterity in the non-dominant
hand. This is consistent with previous research, documenting that children with a pure WMI

pattern performed better than those with mixed lesions, or middle cerebral artery infarcts.'8

MRI brain lesion pattern classification (WMI vs FVI) was relatively insensitive to
executive function éutcome, with the exception of information processing. Focal lesions were
more strongly associated with specific executive function outcomes. Specifically, frontal

pathology predicted,teduced attention control and cognitive flexibility. Although we were not
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able to specify the'prefrontal cortex from the frontal lobes in the present study, these findings
are broadly consistent with prior research, and the role of the prefrontal cortex in executive
skills is well established.*! #¥ Lack of concordance between child performances and parental
behavioural ratings of executive function, and poor sensitivity of behavioural measures to

frontal lesions has been noted,* and confirms our study findings.

Focal lesions.of thesbasal ganglia and thalamus combined or of the basal ganglia alone
were associated with lower bimanual performance (AHA). Hand function vulnerability to
basal ganglia insult is consistent with several prior studies,*+*¢ and is consistent with the
findings of the present study. Holmefur et al.!$ reported that better bimanual performance was
most closely associated with an absence of a concurrent lesion to the basal ganglia and
thalamus, independent of the,basic type of brain lesion. An interesting finding, requiring
further validation, was'the"association between frontal pathology and reduced capacity in the
non-dominant hand¢Impaired hand function has previously been reported to be more
common in children with CP. with cortical/subcortical lesion compared to periventricular
lesion.#” Others have reported that associations between lesion location (and extent) and
upper limb movement is influenced by the predominant pattern, with deep grey matter injury
patterns demonstrating stronger associations between these factors relative to children with

white matter lesionpatterns.*s

The limitations'of the study include the small group size of MRI predominant patterns
of grey matter injury, malformations, or miscellaneous lesions, requiring exclusion, meaning
findings cannot be generalized to these children. Further, MRIs were classified using
qualitative methods, which can lack specificity. For example, frontal pathology did not
specify prefrontal cortex.lesions and so may lack sensitivity to executive dysfunction. Also,
we used retrospective clinical MRI scans, using available scanning protocols, taken on
different types of scanners with different parameters, affecting uniformity of the scans for
analysis. Also, MRI brain scans were taken when clinically indicated, at different ages and
phases, for example:acutesversus chronic. We were also unable to specify the timing of brain
injury, an important prognesticator for executive function outcomes,*>*° possibly affecting
upper limb outcomes.>. We.did not record the type of corticospinal tract wiring in this study,
which, in combination with underlying lesion location/extent, has been shown to influence
upper limb motor function.”>> Therefore, future studies should consider the potential
contribution of corticospinal tract wring. Finally, executive function tasks were chosen

requiring minimal fineymotor dexterity; however, Tower of London performances could be
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affected by slow ognitive’or motor speed, and this study was not able to differentiate these

two factors.

Implications

Classification of MRI brain lesion pattern was sensitive to bimanual performance and
unimanual dexterity in this sample but was insensitive to executive function outcomes. Focal
lesions were associated with both bimanual performance and executive function outcomes,
suggesting that currentpattern-based MRI classification protocols are enhanced by specifying
focal brain lesions. The findings highlight the need for clinicians to have a clearer
understanding about how MRI may predict children’s functioning. Importantly, motor
outcomes may become evident earlier in childhood relative to executive deficits that emerge
later. Ultimately, early MRI'may identify children at risk of cognitive/motor deficits and
mobilize early intervention.in order to optimize children’s activity and participation

outcomes.
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Supporting information
The following additional material may be found online:
Table S1: Magnetic resonance imaging classification of brain lesions.

Table S2: Performance of participants on executive function tasks and upper limb

function measures.

Table S3: Characteristics of the children in study, by magnetic resonance imaging

predominant pattern, and focal area of brain abnormality.

Table S4: Relationship between executive function outcomes and magnetic resonance

imaging pattern or focal pathology.

Table SS:Relationship between motor outcomes and magnetic resonance imaging

pattern or focal pathology:
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Figure ST Flow'of participants through each stage study.
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Figure legends

Figure 1: Example magnetic resonance imaging brain axial T2-weighted images, including
(a) deep white matter injury, (b) focal vascular injury, (c) focal vascular injury in the frontal
region, (d) symmetrical loss of volume of the thalmai and increased signal indicating gliosis,
and (e) both basal ganglia and thalmai are infarcted. Note: isolated damage to the basal

ganglia is not shown.

Figure 2: Boxplot of executive functioning across magnetic resonance imaging (MRI)
pattern classification (white‘matter injury [WMI] vs focal vascular insults [FVI]) and focal
lesions. Focal lesions weres€lassified as presence/absence of frontal thalamic, basal ganglia

(BG), and thalamic and BG combined lesions. EF, executive functioning.
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Figure 3: Boxplot of Assisting Hand Assessment (AHA) scores across magnetic resonance
imaging (MRI) patterniclassification (white matter injury [WMI] vs focal vascular insults
[FVI]) and focal'lesions.@Focal lesions was classified as presence/absence of frontal

thalamic, basal ganglia (BG), and thalamic and BG combined lesions.

Figure 4: Boxplot of Box and Blocks Test scores across magnetic resonance imaging (MRI)
pattern classification (white matter injury [WMI] vs focal vascular insults [FVI]) and focal
lesions. ?Focal lesions was classified as presence/absence of frontal thalamic, basal ganglia

(BG), and thalamic and BG combined lesions.
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Figure 2.7 Example MRI brain Axial
T2-weighted images including (a) deep white matter injury, (b)
focal vascular injury, (c) focal wvascular injury in  the
frontal region, (d) symmetrical loss of volume of the
thalmai and increased signal indicating gliosis, and (e) both

basal ganngiﬁl and thalmaé by%gre)yriirg]hf;arﬁtrieg(gtsNote: : isolated damage to
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Figure ¥ — Boxplot of executive funcdoning across magnetic resonance Imaging (MRI)
pattern classification (white matter injury [Wk1] vs focal vascular insults [FY]} and

focal lesions., 2
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Flgure 3 — Boxplot of Asslsting Hand Assessment (AHA) scores across magnetic resonance
imaging (MR} pattern dassification [white matter injury W] vs focal vascular
insulks [Fwl]] and focal lesions. @
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Figure 4 — Bowplot of Box and Blocks Test scores across magnetlc resonance imaging {WRI)
pattern classification (white matter injury [WK1] vs focal vascular insults [P} and
focal lesions., 2
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