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Abstract
Background. Mirror movements (MM) influence bimanual performance in children with unilateral cerebral palsy (uCP). Whilst MM are related to brain lesion
characteristics and the corticospinal tract (CST) wiring pattern, the combined impact of these neurological factors remains unknown.

Methods. Forty-nine children with uCP (mean age 10y6mo) performed a repetitive squeezing task to quantify similarity (MM-similarity) and strength (MM-
intensity) of the MM activity. We used MRI data to evaluate lesion type (periventricular white matter, N=30; cortico-subcortical, N=19), extent of ipsilesional
damage, presence of bilateral lesions, and damage to basal ganglia, thalamus and corpus callosum. The CST wiring was assessed with Transcranial
Magnetic Stimulation (17 CSTcontralateral, 16 CSTipsilateral, 16 CSTbilateral). Data was analyzed with regression analyses.

Results. In the more-affected hand, MM-similarity was higher with more damage to the corpus callosum. MM-intensity was higher in children with a
CSTcontralateral wiring pattern with damage to the basal ganglia and thalamus. In the less-affected hand, MM-similarity was related with the interaction
between lesion type and CST wiring pattern, with higher MM-similarity in children with cortico-subcortical lesions in the CSTcontralateral group. MM-intensity
was higher with larger damage to the corpus callosum and unilateral lesions.

Conclusions. A complex combination of neurological factors influences MM characteristics, and the mechanisms differ between hands.

Introduction
One of the impairments that may hamper the performance of daily life activities in children with unilateral cerebral palsy (uCP) is the presence of mirror
movements (MM)1. MM are described as involuntary movements in one limb, which are initiated by simultaneous, voluntary activation of the homologous
muscles in the other limb2,3. MM are a physiological feature in typically developing children, gradually disappearing during the first decade of life2 due to the
gradual maturation of descending tracts and the corpus callosum4.

In many children with uCP, MM are more pronounced and persistent3,5,6 and negatively impact the performance of asymmetric bimanual tasks and the time
required to complete them1. Two hypotheses have been put forward as potential mechanisms of MM occurrence in uCP: (1) an ipsilateral corticospinal tract
(CST) projecting from the contralesional motor cortex to the more affected hand; and (2) insufficient interhemispheric inhibition between the two primary
motor cortices7. The reorganization of the CST in three wiring patterns (i.e. contralateral (CSTcontra), ipsilateral (CSTipsi) and bilateral (CSTbilat), is unique in
children with uCP due to the underlying brain lesion and refers to the efferent motor input to the affected hand8,9. The presence of an ipsilateral tract (either in
CSTipsi or CSTbilat wiring pattern) has been found to be related to more severe MM, even though children with CSTcontra may also present MM10–13.
However, to the best of our knowledge, there are no studies investigating the impact of interhemhispheric inhibition on MM in children with uCP. In children
with bilateral CP, a simultaneous bilateral activation of both primary motor cortices and insufficient interhemispheric inhibition, together with decreased fiber
integrity in the transcallosal pathways has been related to MM14. However, this mechanism may vary between types of CP and between hands.

Brain lesion characteristics such as the lesion type, extent and location and the presence of bilateral lesions could provide additional information to the
underlying mechanism of MM occurrence. The type of lesion, related to the timing of the lesion during gestation, can be classified into three categories:
malformations (1st and 2nd trimesters of pregnancy), periventricular white matter lesion (PV, early 3rd trimester), and cortico-subcortical lesions (CSC, late 3rd
trimester and around birth)15. Klingels et al (2016) demonstrated that malformations and PV lesions were related to more severe MM in the more-affected
hand than other lesion types6. However, Riddell et al (2019) found no difference between lesion groups in the more-affected hand11. These contrasting results
highlight the need for further investigation, including the influence of other brain lesion characteristics.

Additional studies have reported a relationship between lesion extent and MM occurrence. The extent of the lesion in children with PV lesions has been related
to MM occurrence, whereby a larger lesion was related to stronger MM16. Whether this relationship also applies to other lesion types i.e. malformations and
CSC, remains unknown. Other brain lesion characteristics influencing MM, such as lesion location and the presence of bilateral lesions, have not previously
been investigated.

In previous studies, the use of an observation-based scale producing ordinal data (i.e. Woods and Teuber5) hampers objective quantification of the MM
activity. In this study, quantitative methods with advanced analyses that better identify different MM characteristics17 may provide deeper insights in the MM
phenomenon and the neurological factors influencing it. The aim of the study is to investigate the role of discrete neurological factors (i.e. brain lesion
characteristics and CST wiring pattern), as well as their combined impact on MM characteristics in children with uCP, using a novel, objective method to
quantify MM17,18. We hypothesize that a combination of neurological factors explains MM in each hand. More specifically, we hypothesize that greater
similarity and strength of MM in the more-affected hand will be related to earlier brain lesions and will occur greatly in children with CSTipsi or CSTbilat6,12,13.
As MM in the less-affected hand are not related to the type of CST wiring, we hypothesize that they may be related to the interhemispheric interactions (either
facilitation or inhibition), which is linked to the damage to the corpus callosum and the lesion asymmetry. The identification of the combined impact of the
neurological factors will aid in better explaining MM characteristics in children with uCP.

Results

Participants
Eighty-six children with uCP were recruited for this study (mean age 10y 6mo, SD 2y 6mo, 43 girls, 45 right-sided uCP). We only included participants with
complete datasets (MM data, brain lesion characteristics and CST wiring pattern), and we excluded brain malformations due to low incidence19, resulting in a
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sample of 49 children (mean age 10y 6mo, SD 2y 8mo, 25 girls, 24 right uCP, MACS: 18 MACS I, 18 MACS II and 13 MACS III). Reasons for exclusion were
either related to the MM evaluation (n = 2), TMS assessment (n = 20), MRI session (n = 11) or mixed reasons (n = 4) and are described in detail in
Supplementary Materials Table S1. Thirty children had a PV and 19 a CSC lesion; 30 had a purely unilateral lesion and 19 had a bilateral brain damage. The
CST wiring pattern was CSTcontra in 17 children, CSTipsi in 16 and CSTbilat in 16. Demographic and MM data did not differ between sites (Leuven, Belgium
n = 44, Melbourne, Australia n = 5; Table 1).

Table 1
Differences between sites in demographic, neurological, and mirror movement data.

      Leuven

(n = 44)

Melbourne

(n = 5)

Between-group differences

(p-value)

Total

Age   X (SD) 10.52 (2.63) 10.60 (3.73) 0.96 10.53 (2.71)

Gender Girl n (%) 21 (47.7%) 4 (80%) 0.35 25 (51%)

  Boy   23 (52.3%) 1 (20%)   24 (49%)

More-affected upper limb Left n (%) 25 (56.8%) 0 (0%) 0.02 25 (51%)

  Right   19 (43.2%) 5 (100%)   24 (49%)

MACS I n (%) 17 (38.6%) 1 (20%) 0.12 18 (36.7%)

  II   14 (31.8%) 4 (80%)   18 (36.7%)

  III   13 (29.5%) 0 (0%)   13 (26.5%)

CST wiring Contralateral n (%) 14 (31.8%) 3 (60%) 0.48 17 (34.7%)

  Bilateral   15 (34.1%) 1 (20%)   16 (32.7%)

  Ipsilateral   15 (34.1%) 1 (20%)   16 (32.7%)

Lesion timing PV n (%) 27 (61.4%) 3 (60%) 1 30 (61.2%)

  CSC   17 (38.6%) 2 (40%)   19 (38.8%)

MM in more-affected hand Similarity (CCC) X (SD) 0.29 (0.27) 0.29 (0.16) 0.74 0.29 (0.26)

  Intensity (Force)   41.04 (35.94) 58.52 (52.1) 0.36 42.83 (37.58)

MM in less-affected hand Similarity (CCC) X (SD) 0.32 (0.28) 0.43 (0.2) 0.27 0.33 (0.28)

  Intensity (Force)   38.94 (49.24) 33.4 (41.23) 0.95 38.38 (48.13)

MACS, Manual Ability Classification System; CST, Corticospinal Tract; PV, periventricular; CSC, cortico-subcortical; MM, Mirror Movements; CCC, Cross-
Correlation Coefficient; X, mean; SD, Standard Deviation.

 

Relation between MM and more-affected side, sex, age and hand function
MM characteristics did not differ according to more-affected side (MM-similarity, p > 0.67, rrb=0.07; MM-intensity, p > 0.33, rrb=0.04–0.17), sex (MM-similarity, p 
> 0.23, rrb=0.10–0.20; MM-intensity, p > 0.24, rrb=0.06–0.20) nor were related to age (MM-similarity, rho = 0.02 to 0.07, p > 0.54; MM-intensity, rho= -0.02 to -0.13,

p > 0.36). MM characteristics differed according to manual ability levels (MM-similarity, χ2 = 8.98–14.24, p ≤ 0.01, ε2 = 0.30 − 0.19; MM-intensity, χ2 = 11.51–
12.13, p < 0.005, ε2 = 0.24–0.25), whereby children at MACS level II showed more similar and stronger MM in the less-affected hand and children at MACS
level III showed stronger MM in the more-affected hand (Table 2) compared to children at MACS level I. Additionally, worse unimanual capacity (Jebsen-Taylor
Hand Function test) correlated lowly with stronger MM in both hands (rho = 0.37–0.58, p < 0.01) and to higher MM similarity in the less-affected hand (rho = 
0.38, p = 0.01).
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Table 2
Differences in MM characteristics according to manual ability (MACS levels).

    MACS I MACS II MACS III p

More-affected hand        

MM-similarity Me (IQR) 0.1 (0.0 to 0.3) 0.4 (0.2 to 0.7) 0.2 (0.1 to 0.3) 0.03a

MM-intensity Me (IQR) 12.8 (7.0 to 17.6) 35.4 (16.7 to 74.8) 61.6 (43.2 to 78.5) 0.004 b

Less-affected hand        

MM-similarity Me (IQR) 0.1 (0.0 to 0.2) 0.5 (0.4 to 0.7) 0.3 (0.2 to 0.5) < 0.001 a

MM-intensity Me (IQR) 6.7 (3.9 to 10.7) 42.2 (19.6 to 77.5) 21.6 (11.7 to 57.8) 0.006 a

Me, Median; IQR, interquartile range; MM, Mirror Movements; MACS, Manual Ability Classification System; a, MACS I vs MACS II; b, MACS I vs MACS III.

 

Influence of each neurological factor on mirror movements
Table 3 reports the MM data in each hand according to the CST wiring pattern and the brain lesion characteristics, as well as the association of each variable
with the MM characteristics.
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Table 3
Descriptive statistics (X (SD)) and simple regression analyses of MM similarity and MM intensity according to the CST wiring and the brain lesion

characteristics.

    More-affected hand Less-affected hand

    MM-similarity MM-intensity MM-similarity MM-intensity

    X
(SD)

R2 (p-
value)a

Std.
Est. (p-
value)b

X (SD) R2 (p-
value)a

Std.
Est. (p-
value)b

X
(SD)

R2 (p-
value)a

Std. Est.
(p-
value)b

X (SD) R2 (p-
value)a

Std.
Est. (p-
value)b

CST wiring pattern   0.26
(0.02)*

    0.31
(0.006)*

    0.43 (< 
0.001)*

    0.21
(0.07)

 

Contralateral   0.18
(0.19)

    24.85
(36.63)

    0.16
(0.19)

    18.04
(29.68)

   

Bilateral   0.32
(0.26)

  0.35
(0.34)

38.16
(22.99)

  0.01
(0.98)

0.36
(0.25)

  0.37
(0.24)

45.69
(57.55)

  0.25
(0.50)

Ipsilateral   0.40
(0.29)

  0.81
(0.03)*

66.59
(39.58)

  0.70
(0.06)

0.49
(0.29)

  0.94
(0.005)*

52.67
(49.16)

  0.49
(0.20)

Lesion type     0.20
(0.04)*

    0.22
(0.03)*

    0.31
(0.002)*

    0.25
(0.011)*

 

Periventricular lesion 0.27
(0.26)

    39.29
(39.51)

    0.34
(0.31)

    27.55
(37.32)

   

Cortico-subcortical lesion 0.33
(0.26)

  0.35
(0.22)

48.42
(34.59)

  0.14
(0.62)

0.33
(0.23)

  0.01
(0.97)

55.47
(58.57)

  0.59
(0.04)*

Lesion location                        

Frontal lobe     0.17
(0.08)

0.04
(0.79)

  0.21
(0.03)*

0.03
(0.83)

  0.35 (< 
0.001)*

-0.19
(0.13)

  0.19
(0.06)

-0.10
(0.47)

Parietal lobe     0.18
(0.07)

0.09
(0.55)

  0.23
(0.02)*

-0.11
(0.42)

  0.34 (< 
0.001)*

-0.17
(0.20)

  0.18
(0.11)

0.10
(0.49)

Basal Ganglia &
Thalamus

  0.20
(0.04)*

0.19
(0.18)

  0.24
(0.01)*

0.18
(0.20)

  0.31
(0.002)*

-0.01
(0.92)

  0.20
(0.04)*

0.18
(0.22)

Corpus callosum   0.20
(0.04)*

0.23
(0.13)

  0.21
(0.03)*

0.06
(0.70)

  0.34
(0.002)*

0.18
(0.18)

  0.31
(0.003)*

0.39 (< 
0.01)*

Bilaterality Unilateral 0.33
(0.27)

0.18
(0.06)

  52.51
(41.01)

0.26
(0.009)*

  0.42
(0.28)

0.39 (< 
0.001)*

  51.13
(55.95)

0.24
(0.02)*

 

  Bilateral 0.23
(0.23)

  -0.26
(0.37)

27.54
(25.56)

  -0.46
(0.10)

0.20
(0.22)

  -0.58
(0.03)*

18.24
(20.85)

  -0.52
(0.07)

Asymmetry Index   0.20
(0.04)*

-0.20
(0.17)

  0.24
(0.02)*

-0.17
(0.24)

  0.38 (< 
0.001)*

-0.29
(0.03)*

  0.21
(0.03)

-0.20
(0.17)

Lesion extent   0.20
(0.04)*

0.18
(0.21)

  0.21
(0.03)*

0.03
(0.82)

  0.31
(0.002)*

-0.03
(0.81)

  0.22
(0.03)*

0.22
(0.52)

MM, mirror movements; CST, corticospinal tract; X, mean; SD, standard deviation; a, results of the full model controlling for hand function (MACS levels)
and age (continuous variable); b, standardized estimates and p-value of the variable of interest in the full corrected model. The categorical values are
entered in the model as dummy variables, and the reference levels are contralateral CST, periventricular lesion and unilateral bilaterality. If the full model is
statistically significant, it may be due to the influence of the covariates (hand function and age). The sign of the standardized estimates indicates whether
the particular variable has a negative or positive influence on the independent variable (i.e., MM characteristic). For categorical variables (CST wiring
pattern, lesion type and bilaterality), the first category (contralateral, PV lesion and unilateral) serves as baseline, and the other categories are compared to
the first one.

 

All factors influenced MM characteristics (Table 3), although in a different way. When controlling for manual ability and age, the CST wiring pattern and the
type of the lesion influenced both MM-similarity and MM-intensity in both hands, as did the damage to specific locations (basal ganglia and corpus callosum),
having unilateral lesions and the extent of the lesion. Higher MM in both hands were present in children with CSTipsi, CSC lesions, larger damage to the basal
ganglia and corpus callosum, a more lateralized lesion, and a larger lesion extent.

Combined influence of the neurological factors on mirror movements
In the more-affected hand, only the CST wiring pattern explained both the high MM-similarity (R2 = 0.24, p = 0.04, Std. est.=0.81, p = 0.04, Fig. 1, Table 4) and
high MM-intensity (R2 = 0.30, p = 0.009, Std. est.=0.68, p = 0.07, Fig. 1). Post-hoc analyses showed that children with CSTipsi had higher MM-similarity and
intensity compared to the CST contra group.
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Table 4
Overview of the results obtained in the multiple linear regression analyses for all MM characteristics in each hand.

  More affected hand Less affected hand

  MM-similarity MM-intensity MM-similarity MM-intensity

R2, p-value R2 = 0.24, p = 0.04 R2 = 0.30, p = 0.009 R2 = 0.67, p < 0.001 R2 = 0.33, p < 
0.001

Retained
predictors (Std.
Est, p-value)

CST wiring pattern
(CSTipsi-CSTcontra,
0.81, 0.04)

CST wiring pattern
(CSTipsi-CSTcontra,
0.68, 0.07)

CST wiring*Lesion timing (CSTbilat-CSTcontra*CSC-PVL, -2.18,
< 0.001; CSTipsi-CSTcontra*CSC-PVL, -2.30, < 0.001)

CST wiring*Asymmetry index (CSTbilat-CSTcontra*Asymmetry
index, -0.52, 0.06; CSTipsi-CSTcontra*Asymmetry index, -0.77,
0.03)

Lesion timing (CSC-PVL, 1.31, 0.006)

CST wiring pattern (CSTbilat-CSTcontra, -0.96, 0.002; CSTipsi-
CSTcontra, 1.38, < 0.001)

Asymmetry index (0.04, 0.81)

Damage to
the CC (0.39,
0.007)

MM, mirror movements; CST, corticospinal tract. All models include manual ability (MACS levels) and age to account for potential confounding factors.

 

In the less-affected hand, the model was fitted with a larger and more complex number of factors (Table 4). MM-similarity (R2 = 0.67, p < 0.001) was explained
by (i) an interaction between the CST wiring pattern and the type of the lesion and (ii) an interaction between the CST wiring pattern and the asymmetry index.
The first interaction showed that children with a CSTcontra and a CSC lesion type had the highest MM-similarity (Std. est.=-2.30, p < 0.001) and that children
with CSTbilat with PVL had higher MM-similarity compared to those with CSTbilat and CSC lesion type (Std. est.=-2.18, p < 0.001, Fig. 2 left panel). The
interaction between CST wiring pattern and asymmetry index indicated that, whilst children with CSTcontra show similar MM-similarity irrespective of the
asymmetry of their lesion, children with CSTbilat and CSTipsi show higher MM-similarity when the lesion is more lateralized (index closer to 0; CSTbilat-
CSTcontra*Asymmetry index, Std. est.=-0.52, p = 0.06; CSTipsi-CSTcontra*Asymmetry index, Std. est.=-0.77, p = 0.03, Fig. 2 right panel). MM-intensity was
explained by a single factor, indicating that the larger the damage to the corpus callosum, the higher the intensity (R2 = 0.33, p < 0.001, Std. est.=0.39, p = 0.007,
Fig. 3).

Discussion
In this study, we investigated the relationship between brain lesion characteristics and CST wiring pattern on MM characteristics in each hand in children with
uCP. The strength of this study lies in the use of a quantitative assessment of MM that provides different characteristics of the MM phenomenon (similarity
and intensity) and the investigation of the combined value of neurological damage in a large sample size (n = 49).

Our results suggest that the underlying neurological mechanism differs according to the hand where the MM occurs, conforming our initial hypothesis. In
1996, Carr et al. hypothesized that an ipsilateral CST projection resulted in stronger MM in the more-affected hand.8 In line, the current study demonstrated
that more similar and intense MM in the more affected-hand are present in children with a CSTipsi compared to a CSTcontra wiring. While previous literature
using the Woods and Teuber scale also supports this finding11,12,16, our study provides additional information about MM-similarity and intensity using a
quantitative evaluation. MM-similarity has shown to assess the same construct as the Woods and Teuber scale, confirming its validity.20 Interestingly, children
with CSTbilat showed more similar MM (although not significant) but not stronger MM compared to CSTcontra (Fig. 1). To innervate their more-affected hand,
children with CSTbilat have, besides a contralateral projection, also an ipsilateral one, which may overlap with the motor representation of the contralateral
projection from the less-affected hand. The fact that children in this this group may, or may not, have MM may be related to which projection they are using
functionally (i.e., the ipsilateral or contralateral projection)21, though this requires further investigation.

In the less-affected hand, the multifactorial interaction explaining the variability in MM-similarity is more complex. In contrast to our initial hypothesis, MM-
similarity was explained by the interactions between (1) CST wiring pattern and lesion type and (2) CST wiring pattern and asymmetry index.

First, children with a CSTcontra had higher MM-similarity in the presence of a CSC compared to a PV lesion. Additionally, children with a CST reorganization,
CSTbilat and CSTipsi, and a CSC lesion showed lower MM-similarity compared to children with a PV lesion. Whilst the presence of an ipsilateral projection (for
both CSTbilat and CSTipsi) could explain the presence of MM, as proposed by various studies11,12,16, the higher MM-similarity found in the CSTcontra group
with a CSC lesion is obviously not due to the presence of an ipsilateral CST. In this case, a lack of interhemispheric inhibition could be the pathophysiological
mechanism leading to MM in the less-affected hand7. Future studies should include neurophysiological techniques of interhemispheric inhibition to confirm
this hypothesis in children with CSTcontra and CSC lesions.

The second interaction showed that MM-similarity of children with CSTcontra were independent of their lesion asymmetry, whilst the MM were more similar
with more uni-lateralized lesions in children with CSTipsi and CSTbilat. It is well known that up to 50% of the children with uCP have bilateral lesions despite
clearly lateralized impairments22 (i.e., hemiparesis). It seems plausible that children with more uni-lateralized brain damage may have different cortico-cortical
and interhemispheric connectivity compared to those with bilateral damage, which may affect the occurrence of MM. The bilateral damage may trigger both
hemispheres to create bypasses and additional connections to thrive beyond the damaged tissue, whilst the unilateral damage may trigger the less-affected
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hemisphere to reorganize. Supporting this hypothesis, Eyre et al (2007) showed a similar pattern of reorganization in children with uCP due to unilateral
lesions compared to children with bilateral lesions (potentially leading to bilateral CP)9.

Lastly, stronger MM were found in the less-affected hand with increasing damage of the corpus callosum. These results are in agreement with our hypothesis
and those proposed in previous literature.8 The corpus callosum is a white matter bundle that acts as the main source of interhemispheric connectivity.
Weinstein et al (2014) showed that stronger MM were related to a decreased integrity of transcallosal fibers23, suggesting that a lack of interhemispheric
inhibition might be a possible mechanism underlying an increased MM-intensity in children with uCP. Similarly, in children with a bilateral CP, a damaged
corpus callosum and a decreased interhemispheric inhibition resulted in more MM.14 It has been shown that the structural aspects of the corpus callosum,
more specifically the callosal motor fibers, are linked to the degree of interhemispheric inhibition.24,25 Future studies should focus on subparts of the corpus
callosum that connect both primary motor cortices or premotor cortices14 or other neurophysiological techniques (e.g., interhemispheric inhibition) that can
further inform causality 26.

MM have typically been scored with the Woods and Teuber scale 5 that evaluates how repetitive the mirroring movement is. We consider this scale to rather
evaluate the strength of the mirroring activity, thus the MM-intensity parameter. However, the use of force-based measures allows us to extract other
parameters like MM-similarity, that quantify the timing of the mirroring activity. We believe that both parameters are important to evaluate MM as they provide
a comprehensive view of the mirroring activity. As such, an activity that shows high similarity (or coupling between hands) with either low or high strength
should be considered MM, whilst an activity that shows low similarity (or coupling between hands) with either low or high strength would rather be considered
other types of motor overflow 27.

This study only included children with uCP resulting from PV and CSC lesions, which precludes the generalization of results to children with malformations or
postnatally acquired lesions. The inclusion of multiple factors in the analyses also resulted in few children when divided into groups according to the different
neurological factors. Therefore, current study results should be replicated in a larger sample. Additionally, more advanced methods to quantify lesion size and
the integrity of the corpus callosum may be more appropriate and precise to study the link to MM. In this study, we did not examine the possible role of genetic
factors in determining MM in children with uCP28. These also require further investigation. Future studies of MM in children with uCP should focus on the
evaluation of interhemispheric facilitation and inhibition paradigms to investigate to what extent MM occurrence depends on the interhemispheric
connectivity, while taking into account the CST wiring pattern and the presence and type of bilateral lesions.

This is the first study to investigate MM in relation to the underlying brain lesion that used a quantitative approach to evaluate MM, allowing identification of
both similarity and intensity of the MM. The evaluation of MM with the Windmill task not only gives additional information about the different MM features,
but has also been shown to additionally increase the sensitivity and specificity of the MM assessment20. We encourage future studies to quantitatively
evaluate MM providing different features of MM that can deepen our understanding. Current and future investigations in the underlying pathophysiology of
MM will assist in the development of new treatment strategies to target the underlying mechanism.

Conclusion
This study advances our understanding in the mechanisms of MM occurrence in children with uCP. Whilst the CST wiring pattern seems to be the most
important factor for MM-similarity and MM-intensity in the more-affected hand, MM characteristics in the less-affected hand seem to be due to a more
complex multifactorial problem including intracortical and interhemispheric aspects.

Methods

Participants
Children with congenital uCP, aged between 5-15y were recruited from the CP care program of the University Hospitals Leuven (Belgium) and Monash
Children’s Hospital (Melbourne, Australia) from June 2015 until November 2017. Children with uCP were included if they were sufficiently mentally capable
and cooperative to understand and complete the test procedures. Children were excluded if they (1) received upper limb Botulinum toxin injections six months
prior to testing, (2) underwent UL surgery two years prior to testing or (3) had MRI- or TMS-related exclusion criteria (i.e., shunt or any sort of metal in the body,
not controlled epilepsy). Whilst we refer to more and less-affected hand, all children had a diagnosis of uCP. The topographical classification of CP (unilateral
or bilateral) is given by the clinical signs and symptoms and not by the used brain imaging technique. We opted for this terminology, as there are recent
studies showing that the ‘non-affected’ hand (as previously named) is also affected, even slightly 29. All children verbally assented to participate in the study
and all parents signed a written consent form prior to participation in accordance with the Declaration of Helsinki. The study was approved by the local Ethics
Committees (Leuven: S55555 and S56513; Monash Health HREC: 12167B).

Assessments
Children recruited at the University Hospitals Leuven (Belgium) underwent Magnetic Resonance Imaging (MRI) for the purposes of this study. At Monash
Children’s Hospital (Australia), the child’s most recent clinical MRI scan was used for this study. All participants underwent Transcranial Magnetic Stimulation
(TMS) and MM testing using a quantitative device. We evaluated manual ability with the Manual Ability Classification System (MACS)30 and unimanual
capacity with the Jebsen-Taylor Hand Function Test31. The latter was only available in the Leuven sample (see Results section). The Jebsen-Taylor Hand
Function Test evaluates unimanual dexterity by executing tasks to grasp and release different objects, with each hand, as fast as possible. The time taken to
execute each task is recorded and summed for all tasks. We calculated a ratio dividing the time taken with the more-affected hand by the time taken with the
less-affected hand, whereby a number close to 1 indicated similar performance and > 1 showed the asymmetry in unimanual capacity between hands.
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Mirror movements were quantitatively assessed using the same procedure for both sites following a previously published protocol17. The device consists of
two grip-force transducers connected to a windmill. Children held the transducers between thumb, index, and middle finger, although they could use more
fingers if they had difficulties applying this pinch-grip with their more-affected hand (the grip of the less-affected hand was always matched to the grip of the
more-affected hand). First, we measured the maximum voluntary contraction (MVC) of each hand three times and used the average of the three repetitions for
analysis. The less-affected hand was always measured first. Second, the children performed the task by repetitively squeezing one of the transducers with one
hand, while the other hand was instructed to simply hold onto the other transducer. The transducer that was squeezed actively was connected to a miniature
windmill. Once the transducer was pressed beyond a threshold of at least 15% of the MVC and if the grip-force exceeded 1.5 kg, the windmill started rotating.
Children were asked to rotate the windmill, which occurred when executing a repetitive squeezing pattern with a frequency of ≥ 1Hz. A trial consisted of a
squeezing period of 5 seconds. The force profiles (mV/V) during 20 trails (10/hand) were collected using PsychoPy standalone version 1.8218 and further
used to extract the MM characteristics (see Data analysis).

Magnetic Resonance Imaging was collected in Leuven (Belgium) with a 3T Philips Ingenia scanner (Philips Healthcare, Best, the Netherlands) with a protocol
detailed elsewhere32. Briefly, we acquired a T1-weighted 3D fluid attenuated inversion recovery (3D FLAIR: 321 sagittal slices, slice thickness = 1.2 mm, slice
gap = 0.6 mm, repetition time = 4800 ms, echo time = 353 ms, field of view = 250 × 250 mm2, 1.1 × 1.1 × 0.56 mm3 voxel size, acquisition time = 5 min.) image
and a magnetization prepared rapid gradient echo (MPRAGE: 182 slices, slice thickness = 1.2 mm, slice gap = 0 mm, TR = 9.7 ms, TE = 4.6 ms, FOV: 250 ×
250mm2, 0.98 × 0.98 × 1.2 voxel size, acquisition time = 6 min)33. Prior to data acquisition, children were familiarized with the scanner by performing scan-
related tasks (e.g., laying still, wearing a helmet and earplugs). At Monash Children’s Hospital (Australia), existing 3DFLAIR and/or MPRAGE MRI images were
retrieved from the medical records if they were collected after the age of 3 years, as the myelination process is then complete34.

Brain lesion characteristics (lesion location and extent) were identified by an experienced child neurologist (EO). Brain lesion type was classified into three
groups: brain malformations, PV and CSC lesions35. The quantification of the brain lesion characteristics was performed with a valid and reliable semi-
quantitative scale36,37 containing a graphical template of the lobes, corpus callosum cerebellum and subcortical structures. First, the MRI slices that
corresponded to the template were identified and the lesion was drawn by a child neurologist experienced in the use of the scale (EO). We calculated the score
of the total ipsilesional damage (total 0–17) based on the damage to the lobes (0–3 for each lobe, i.e., total of 0–12) and the subcortical structures (0–5
including the lenticular, caudate, posterior limb of the internal capsule (PLIC), thalamus and brainstem). Lesion location was indicated by the damage to the
frontal and parietal lobes (0–4), the basal ganglia and thalamus (0–3) and the corpus callosum (0–3, according to the number of thirds that were damaged).
The presence of bilateral lesions or purely unilateral lesions was also documented, and an asymmetry index was calculated as the ratio between the total
contralesional (less-affected hemisphere) damage divided by the total ipsilesional (more-affected hemisphere) damage. An index of 0 indicated a purely
unilateral lesion, whilst an index of 1 indicated that both hemispheres were equally affected.

Transcranial Magnetic Stimulation. TMS was used to identify the underlying CST wiring pattern with a previously described protocol32. We used a Magstim
200 Stimulator (The Magstim Company Ltd, Whitland, Wales, UK) with a focal 2x70mm figure-eight coil to evoke motor evoked potentials (MEPs) on the
adductor pollicis brevis muscle in both hands. The child sat on a chair with both hands relaxed on a cushion. A cap was placed on the head on which a raster
was drawn to help with the identification of the optimal location for evoking an MEP (≥ 50µV amplitude) for each hand (i.e., hotspot). We started with an
intensity of 30% which was gradually increased until a MEP was evoked (resting motor threshold, RMT). Next, 10 MEPs were collected at 120% of the RMT. If
the RMT was 85% or higher, 10 MEPs were collected at maximum stimulator output (100%). We first identified the CST from the less-affected hemisphere to
the less-affected hand, followed by the ipsilateral CST (innervating the more-affected hand), which was identified and measured separately. Lastly, we
stimulated the more-affected hemisphere to search for a remaining contralateral CST. This protocol indicated the CST wiring pattern, i.e., contralateral
(CSTcontra, the more-affected hand receives input from the crossed CST, originating in the more-affected hemisphere), ipsilateral (CSTipsi, the more-affected
hand receives input from the uncrossed CST, originating in the less-affected hemisphere), or bilateral (CSTbilat, the more-affected hand receives input from
both the crossed and uncrossed CSTs, originating in the more-affected and less-affected hemispheres, respectively). In this study, the TMS evaluation was
used for diagnostic purposes. When high intensities were not tolerated, we increased the intensity up to at least 80% of the maximum stimulator output and
the participants were asked to hold a pen to precontract the evaluated muscle and facilitate the CST and MEP detection. This allowed us to rule out the
possibility of mis-categorizing the participant regarding their CST wiring pattern32. There were no adverse events.

Data analysis
Mirror movements. A custom-written script was used to analyse the MM data using a Psychopy standalone version 1.82 software. First, we visually inspected
the 20 trials per child (10 trials per hand). One trial displayed graphs of the grip forces of both hands. Visual inspection of the trials was needed to identify the
valid trials. A valid trial consisted of at least 10 squeezes of the active hand above a threshold of 1.5 kg and with a grip-force of 15% of the child’s MVC. The
first 500ms after the ‘start’ signal were not considered to account for a delay in reaction time. Only valid trials were retained for the statistical analysis.

To quantify the MM, both the similarity (i.e. coupling of force profiles) and intensity (i.e. strength of the mirroring activity) were calculated, following the
procedures described elsewhere17. MM-similarity consisted of the maximum correlation-coefficient representing an index of similarity between the squeezing
signals of both hands (range from 0–1, ‘0’ indicating no MM and ‘1’ mirroring activity identical to the voluntary movements), which was averaged across trials.
Second, we calculated the MM-intensity by computing the mean grip force as the difference between the heights and troughs of the force signal and this was

averaged across trials. The ratio between the passive and active hand was computed as follows: . A higher
MM-intensity ratio indicates more severe MM.

Statistical analyses
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We checked the data distribution with the Shapiro-Wilk test and visual inspection of the histograms. The MM and unimanual capacity data were not-normally
distributed and we used non-parametric statistics to report the comparison and correlations analyses. For the regression analyses, we used parametric
statistics and checked that the model residuals had a symmetric distribution.

First, we documented differences in MM data according to more-affected side and sex, and its relationship with age, hand function (MACS levels and Jebsen-
Taylor Hand Function test), using non-parametric statistics. Data of the Jebsen-Taylor Hand Function test was only available for the Leuven sample (n = 44).
Effect sizes were reported with rank biserial correlation (rrb), point biserial correlation (rpb) or Spearman’s rho (rho), according to the type of data, and were

interpreted as little or no correlation (< 0.30), low (0.30–0.50), moderate (0.50–0.70), high (0.70–0.90), and very high correlation (> 0.90).38 Statistical
significance for these tests was set at α < 0.05, with pairwise comparisons when applicable (MACS levels) using the Tukey test. Second, descriptive statistics
were used to document the distribution of MM characteristics according to the brain lesion characteristics and the CST wiring pattern. Third, we investigated
the association between each brain lesion characteristic and the CST wiring pattern on MM characteristics in each hand using simple linear regression,
controlling for manual ability (MACS levels) and age. Next, we explored to what extent MM characteristics in each hand could be explained by the brain lesion
characteristics, and their interaction with the CST wiring pattern in a multiple regression analysis. This analysis was fitted with the backward elimination
method until we identified a set of variables significantly contributing to the model, and R2 (that also served as effect size) and we report standardized beta
coefficients and p-values. The standardized beta coefficients describe the strength of the effect of the specific neurological factor on the MM characteristics.
The larger its absolute value, the larger the effect, and their size is comparable between factors. Those factors that did not influence (p < 0.05) any MM
characteristic in any hand in the simple linear regression analyses were not included in the multiple linear regression model. Statistical significance was set at
α < 0.01, to correct for the high number of statistical tests performed in this study.

All statistical analyses were computed with SPSS Statistics for Windows version 25.0 (IBM Corp., Armonk, NY) and jamovi for Windows version 1.6.339.
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Figures

Figure 1

Children with CST ipsi showed the highest MM-similarity and intensity. Black dot and bar indicate mean and 95% confidence interval, respectively, from the
estimated marginal means.

Figure 2

Interactions between neurological factors to explain MM-similarity in the less affected hand. The left panel shows that children with CST contra and CSC
lesion have higher MM-similarity compared to those with PVL lesion, and that children with CST bilat and PVL lesion have higher MM-similarity than those
with CSC lesion. Colored dots and bar indicate mean and 95% confidence interval, respectively, from the estimated marginal means. The right panel shows
that children with CST bilat and CST ipsi have lower MM-similarity with more lateralized lesions, compared to children with CST contra. 
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Figure 3

Larger damage to the corpus callosum explained higher MM-intensity in the less-affected hand (line represents mean with the shaded standard error).

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryMaterials.docx

https://assets.researchsquare.com/files/rs-1392896/v1/895d5cc80ef2d7dc7f61ac88.docx

