
NeuroImage: Clinical 8 (2015) 104–109

Contents lists available at ScienceDirect

NeuroImage: Clinical

j ourna l homepage: www.e lsev ie r .com/ locate /yn ic l
Validity of semi-quantitative scale for brain MRI in unilateral cerebral
palsy due to periventricular white matter lesions: Relationship with
hand sensorimotor function and structural connectivity
Simona Fioria,⁎, Andrea Guzzettaa,b, Kerstin Pannekc,d,e, Robert S. Waref,g, Giuseppe Rossih, Katrijn Klingelsi,
Hilde Feysi, Alan Coulthardk, Giovanni Cionia,b, Stephen Rosec, Roslyn N. Boydj

aIRCCS Fondazione Stella Maris, Pisa, Italy
bUniversity of Pisa, Pisa, Italy
cAustralia E-Health Research Centre, Brisbane, Australia
dUniversity of Queensland, School of Medicine, Brisbane, QLD, Australia
eDepartment of Computing, Imperial College London, Biomedical Image Analysis Group, London, UK
fSchool of Population Health, The University of Queensland, Brisbane, QLD, Australia
gQueensland Children3s Medical Research Institute, The University of Queensland, Brisbane, QLD, Australia
hInstitute of Clinical Physiology, Italian National Research Council, Pisa, Italy
iDepartment of Rehabilitation Sciences, Faculty of Kinesiology and Rehabilitation Sciences, KU Leuven, Leuven, Belgium
jQueesland Cerebral Palsy and Rehabilitation Research Centre, The University of Queensland, Brisbane, Australia
kAcademic Discipline of Medical Imaging, Royal Brisbane and Women3s Hospital, QLD, Australia
Abbreviations: CP, cerebral palsy; MRI, magnetic res
quantitativeMRI; PWM, periventricular whitematter; AH
MUUL, Melbourne Assessment of Unilateral Upper Limb
test of hand function; GMFCS, GrossMotor Function Class
Ability Classification System; FA, fractional anisotropy.
* Corresponding author. Tel.: +39 050886313; fax: +3

E-mail address: s.fiori@fsm.unipi.it (S. Fiori).

http://dx.doi.org/10.1016/j.nicl.2015.04.005
2213-1582/© 2015 Published by Elsevier Inc. This is an op
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 23 February 2015
Received in revised form 1 April 2015
Accepted 2 April 2015
Available online 9 April 2015

Keywords:
Brain structure
Sensorimotor function
Unilateral cerebral palsy
Magnetic resonance imaging
Diffusion
HARDI

Aim: To provide first evidence of construct validity of a semi-quantitative scale for brain structural MRI (sqMRI
scale) in childrenwith unilateral cerebral palsy (UCP) secondary to periventricular white matter (PWM) lesions,
by examining the relationship with hand sensorimotor function and whole brain structural connectivity.
Methods: Cross-sectional study of 50 children with UCP due to PWM lesions using 3 T (MRI), diffusion MRI and
assessment of hand sensorimotor function.We explored the relationship of lobar, hemispheric and global scores
on the sqMRI scale, with fractional anisotropy (FA), as a measure of brain whitematter microstructure, and with
hand sensorimotor measures (Assisting Hand Assessment, AHA; Jebsen–Taylor Test for Hand Function, JTTHF;
Melbourne Assessment of Unilateral Upper Limb Function, MUUL; stereognosis; 2-point discrimination).
Results: Lobar and hemispheric scores on the sqMRI scale contralateral to the clinical side of hemiplegia correlat-
edwith sensorimotor paretic hand functionmeasures and FA of a number of brain structural connections, includ-
ing connections of brain areas involved in motor control (postcentral, precentral and paracentral gyri in the
parietal lobe). More severe lesions correlated with lower sensorimotor performance, with the posterior limb of

internal capsule score being the strongest contributor to impaired hand function.
Conclusion: The sqMRI scale demonstratesfirst evidence of construct validity against impairedmotor and sensory
function measures and brain structural connectivity in a cohort of children with UCP due to PWM lesions. More
severe lesions correlatedwith poorer paretic hand sensorimotor function and impaired structural connectivity in
the hemisphere contralateral to the clinical side of hemiplegia. The quantitative structural MRI scoring may be a
useful clinical tool for studying brain structure–function relationships but requires further validation in other
populations of CP.
© 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Brain structural MRI can provide high-resolution images on cerebral
macrostructure, thus improving our capability of investigating anatomy,
morphology and volume in normal or pathological conditions. Its use
has improved the understanding of the aetiology and pathogenesis of
brain injury in cerebral palsy (CP) (Ashwal et al., 2004; Krageloh-
Mann et al., 2007). Although essential, qualitative structural imaging
approaches do not comprehensively explain the great variability in
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the clinical phenotype in terms of topography and severity of the brain
lesion (Yokochi et al., 1991; Aida et al., 1998; Staudt et al., 2000; Arnfield
et al., 2013; Kwon et al., 2014).

Recently our team has developed a new tool for assessing brain
damage in children with CP to provide a quantitative analysis of lesion
severity on structural MRI, the semi-quantitative MRI (sqMRI) scale
(Fiori et al., 2014). The sqMRI is comprised of a global score and a num-
ber of subscores specifically assessing the involvement of different brain
regions. This modular approach was designed to capture the associa-
tions between structural damage and functional impairment within
the different clinical subgroups of CP. The scalewas developed by amul-
tidisciplinary expert team to ensure good content validity and was
proven to be reliable, although requiring further validation (Fiori et al.,
2014). Construct validity could be established through comparison
with ameasure that is believed to reflect the same underlying phenom-
enon or by using the instrument to test specific hypotheses that support
the construct of the test, e.g. that the instrument can distinguish be-
tween people with varied clinical conditions (Portney et al., 2009).

The purpose of the current study was therefore to provide first
evidence for establishing the construct validity of the sqMRI scale
(Portney et al., 2009) in a cohort of children with unilateral CP (UCP)
due to periventricular white matter (PWM) lesions. To address this
aim, we took advantage of the same cohort of children studied by
Pannek et al. (2014), who explored differences in structural connectiv-
ity between UCP and typical development, and their relationships with
hand function. The semi-quantitative scale was used in Pannek et al.
(2014) only to describe the cohort. Here, we expand on previous find-
ings in that we test the relationship between scores on the sqMRI
scale with i) measures of impaired hand motor and sensory function
and ii) measures of brain microstructure. Our first hypothesis was that
sqMRI scores contralateral to the clinical side of hemiplegia correlate
with clinical measures of impaired hand motor and sensory function,
so that higher lesion scores would correspond to poorer hand function.
Our second hypothesis was that sqMRI scores contralateral to the clini-
cal side of hemiplegia correlate with brainMRI FA in connections/tracts,
so that higher lesion scoreswould correspond tomore severe disruption
of connectivity (Scheck et al., 2012; Pannek et al., 2014).

2. Methods

2.1. Participants

Participants were the same as in Pannek et al. (2014). They were
recruited as part of a cohort study of children with congenital UCP at
the Queensland Cerebral Palsy and Rehabilitation Research Centre in
Brisbane, Australia (Boyd et al., 2013a; Boyd et al., 2013b). Children
with mild to moderate congenital spasticity motor type UCP (Gross
Motor Function Classification System Score I-II, Manual Ability Classifi-
cation System Score I-II), aged between 5 and 18 years were considered
eligible. They were excluded if they previously had either undergone
surgery in the upper limb or received BoNT-A injections within
6 weeks prior to baseline assessments (Boyd et al., 2013a; Boyd et al.,
2013b). They were included if they had evidence of PWM on sMRI, no
contraindication for MRI and sufficient cooperation and cognitive un-
derstanding to participate in the assessment. The University of Queens-
land and Children3s Health Queensland ethics committees granted
ethical approval. Informed parental consent was obtained for all
participants.

2.2. MRI acquisition

MRI data were acquired at study enrolment, prior to commencing
any of the COMBIT or Mitii protocol of rehabilitative intervention
(Boyd et al., 2013a; Boyd et al., 2013b) using a 3 T Siemens Tim Trio
scanner (Siemens, Erlangen, Germany). A high-resolution structural
image was acquired using a 0.9 mm isotropic 3D T1 Magnetisation Pre-
pared Rapid Gradient Echo (MPRAGE) sequence. An axial T2-weighted
Fluid Attenuated Inversion Recovery (FLAIR) image was acquired for le-
sion classification of structural images. FLAIR images were selected over
FSE T2 due to its sensitiveness to gliotic white matter lesions
(Bastianello et al., 1997) and to match reliability parameters of the
semi-quantitative scale (Fiori et al., 2014). Diffusion weighted images
were acquired along 64 uniformly distributed diffusion encoding direc-
tions (b = 3000 s/mm2) along with one b = 0 image, using a twice-
refocussed single-shot echo-planar-imaging sequence to reduce eddy
current distortions. An acceleration factor of 2 was employed to reduce
susceptibility distortions. A gradient-echo based field map was addi-
tionally acquired to assist in the correction of image distortions as de-
scribed by Pannek et al. (2014).

2.3. Structural image analysis

AnMRI-trained child neurologist (SF) assessed all structural images.
Each MRI was scored accordingly to the sqMRI scale (Fiori et al., 2014).
Briefly, each periventricular, middle and cortico/subcortical layer of
the frontal, parietal, temporal and occipital lobes was scored and
summarised into a lobar score (LS) ranging from 0 to 3 for each lobe
(i.e. a score from 0 to 1 for each of the 3 layers). All lobar scores on
each (of the right and left) side were summed to result in the hemi-
spheric score (HS) (range: 0–12). The basal-ganglia-and-brainstem
(caudate, lenticular, posterior limb of internal capsule, thalamus and
brainstem) corpus callosum and cerebellum scores were also deter-
mined. For each side, the hemispheric summary score (HSS) was
calculated as the result of the hemispheric and basal-ganglia-and-
brainstem scores (range: 0–17). The sumof all the scores of the scale re-
sulted in a global score (GS) (range: 0–40). For all scores, the higher is
the score the bigger is the lesion. Good reliability has been confirmed
between independent raters for the sqMRI scale (Fiori et al., 2014).

2.4. Clinical testing

The use of the impaired hand as an assisting hand in bimanual tasks
was assessed using the school kids version of the AssistingHandAssess-
ment (AHA) (Krumlinde-Sundholm et al., 2003). Unimanual capacity of
the impaired hand was assessed using the Melbourne Assessment of
Unilateral Upper Limb Function (MUUL) (Johnson et al., 1994). For
both AHA and MUUL, a higher score indicates better function. Speed
and dexterity of the impaired upper limb were assessed using the
Jebsen–Taylor Test of Hand Function (JTTHF) (Jebsen et al., 1969)
where a lower score indicates faster speed. Sensory function was
assessed using the stereognosis and 2-point-discrimination (2PD)
tests for the impaired hand (Auld et al., 2012). For stereognosis, the
number of correct responses out of a possible maximum of ninewas re-
corded (Auld et al., 2012). 2PD was assessed using the Disk-Criminator
(MacKinnon et al., 1985; Zalesky et al., 2010) as the smallest separation
(inmm) between the two points that could be perceived on at least 7 of
10 trials (Zalesky et al., 2010).

2.5. Diffusion data preprocessing and connectome generation

Cortical reconstruction, volumetric segmentation, and diffusion pro-
cessing for the generation of connectomeswere executed (Pannek et al.,
2014). In brief, freesurfer (http://surfer.nmr.mgh.harvard.edu, version
5.0) was used to parcellate the brain into 68 cortical regions, left and
right thalami (2 regions), left and right cerebellum (2 regions), and
brain stem (1 region). Posterior limb of internal capsule (PLIC) was
not included in the connectomebecause it is not a regionwhere connec-
tions should terminate. A total of 73 regions were thus included in the
connectome construction.

Following extensive preprocessing of diffusion data to correct for head
motion, image distortions and artefacts (Pannek et al., 2014), MRtrix

http://surfer.nmr.mgh.harvard.edu


Table 1
Demographics.

Characteristic Patients (n = 50)

Age (years)a 11.4 ± 3.1
Gender (male/female) 26/24
Side of UCP (right/left) 27/23
MACS (I/II) 25/25
AHAa 68.6 ± 17.6
MUULa 86.9 ± 13.8
JTTHFa 195.27 ± 177.8
Unilateral/bilateral brain lesions 30/20
Global sqMRI (out of 40)a 6.4 ± 3.6

Abbreviations: UCP, Unilateral Cerebral Palsy; MACS, Manual Ability Classification Sys-
tem; AHA, Assisting Hand Assessment; MUUL, Melbourne Assessment of Unilateral
Upper Limb Function; JTTHF, Jebsen–Taylor Test for Hand Function.

a Data are expressed in mean ± standard deviation.
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software (http://www.nitrc.org/projects/mrtrix/, version 0.2.11) was
used to estimate the fibre orientation distributions using constrained
spherical deconvolution. Five million probabilistic streamlines were gen-
erated using a whole-brain seeding approach, and employing a termina-
tion mask to prevent streamlines from penetrating more than 1 mm
into the grey matter (Pannek et al., 2014). Intra- and inter-hemispheric
cortico-cortical connections, cortico-thalamic, cortico-cerebellar, and in-
terhemispheric cerebellar connections were extracted from the whole
brain tractogram by hit-testing both terminal endpoints of every stream-
line with every cortical and cerebellar region. For brainstem connections,
only one terminal endpoint was required to reside within the cortical,
thalamic or cerebellar region, with any part of the streamline passing
through the brainstem (Tournier et al., 2012). For every possible link be-
tween any pair of nodes, the number of connecting streamlines was
noted. Connections were excluded if fewer than 250 streamlines contrib-
uted to it. Themedian FA valuewas determined from the pooled FA sam-
ples obtained from all contributing streamlines. Streamlines were not
resampled for this purpose. Median FA values were calculated by sam-
pling the diffusionmaps at every step of the selected streamlines. Results
were recorded in connectivity matrices (Pannek et al., 2014).

2.6. Statistical analysis

All scores from the sqMRI scale were grouped appropriately to their
distribution with respect to the side of clinical phenotype. SqMRI scores
were defined “contralateral”, if they refer to the hemisphere opposite to
the clinical side of hemiplegia. The LS, HS, HSS contralateral to the side of
the hemiplegia and global score were included in the analysis.

To investigate the associations between sqMRI and measures of
hand motor (AHA, MUUL, JTTHF) and sensory function (stereognosis,
2PD) Spearman correlation coefficients were used. Our hypothesis
was thatmore severe lesions on the sqMRI scale on the hemisphere con-
tralateral to the paretic handwould result in poorer sensorimotor paret-
ic hand function. Independent contralateral subscores (frontal, parietal,
temporal and occipital lobar scores and basal-ganglia-and-brainstem
score) and cerebellum and corpus callosum,whichwere not lateralised,
were included in multivariable linear regression models (forward
selection method) for each handmotor and sensory outcomemeasures
to estimate the model-explained variability of AHA, MUUL, JTTHF,
stereognosis and 2PD and to identify the contribution of individual
scores to the model. Statistical analysis was performed on SPSS v20.0.

To investigatewhether sqMRI scores contralateral to the clinical side
of hemiplegia correlate with FA in connections/tracts, we first grouped
children according to the clinical side of the hemiplegia, so that left
and right hemiplegia groups could be analysed separately to avoid con-
founding from normal hemispheric asymmetry. Statistical analysis of
the brain networks was performed using the NBS toolbox for Matlab
(https://sites.google.com/site/bctnet/comparison/nbs, v1.2). Our hy-
pothesis was that more severe lesions on the sqMRI scale on the hemi-
sphere contralateral to the paretic handwould result in lower FA values
in a number of connections. A general linear model was used to assess
the relationship between lobar and hemispheric scores on the sqMRI
scale and FA. Hypotheses were one-tailed with a significant p-value de-
fined as b0.05 as NBS does not allow two-tailed tests. Instead, two one-
tailed tests were performed.

3. Results

3.1. Demographics

Eighty children (38 left, 42 right) with UCPwere recruited, of whom
55 (26 left, 29 right) presented with PWM lesions. Data from 5 children
(3 left, 2 right) were excluded due to excessive head movement
artefacts or signal-to-noise problems on the MRIs. The final sample
consisted of 23 left UCP (11 males and 12 females, mean age 10.5 ±
3.0 years, MACS I=14, II= 9; GMFCS I= 17; II= 6; unilateral lesion=
11, bilateral lesion = 12), and 27 right UCP (15 males and 12 females,
mean age 11.4 ± 3.3 years, MACS I = 11, II = 16; GMFCS I = 13, II =
14; unilateral lesion = 19, bilateral lesion = 8) (Table 1). Children
were not receiving any intensive therapy before the study, receiving
regular weekly or fortnightly physiotherapy and/or occupational
therapy.

3.2. Relationship between sqMRI scores and clinical measures

Lobar, hemispheric and hemispheric-summary scores contralateral
to the clinical side of hemiplegia and global score correlatedmoderately
withmeasures of sensorimotor function (Table 2). In particular, correla-
tionswere found amongHSS and all hand functionmeasures, with coef-
ficients ranging between 0.434 and 0.287.

The model relating sqMRI scores with AHA was significant (R2 =
0.42, p b 0.001). The PLIC score (beta = −0.534, p b 0.001) and the
middle-corpus-callosum score (beta=−0.241, p= 0.048) made a sig-
nificant contribution to the model. The model relating sqMRI scores
with JTTHF was significant (R2 = 0.20 p = 0.001), with the PLIC score
(beta = 0.451, p = 0.001) contributing significantly to the model. The
model relating contralateral and not lateralised sqMRI scores with
MUUL was significant (p = 0.004 R2 = 0.18). Only the PLIC score
(beta = −0.423, p = 0.004) made a significant contribution to the
model. The model relating sqMRI scores with stereognosis impairment
was significant (p = 0.001, R2 = 0.29). Contributing variables were
the brainstem (beta = −0.422, p = 0.04) and temporal lobe
(beta = −0.284, p = 0.041). Finally, the model relating sqMRI scores
with 2PD impairment was significant (p= 0.000, R2 = 0.45). The mid-
dle corpus callosum (beta = 0.537, p = 0.000) and caudate (beta =
0.302, p = 0.023) contributed significantly to the model.

3.3. Relationship between sqMRI scores and FA

For the left hemiplegia group, higher lobar and HSS contralateral to
the clinical side of hemiplegia (right hemisphere) correlated with
lower FA values in a number of interhemispheric and intrahemispheric
connections, including connections of right brain areas involved in
motor control (postcentral, precentral and paracentral gyri in the
parietal lobe). The relationship between sqMRI scores and FA values is
reported in Table 3. Unexpectedly, higher left frontal lobar score (p =
0.0144) and left HSS (p = 0.0292) correlated with higher FA values.

For the right hemiplegia group, higher lobar and HSS contralateral to
the clinical side of hemiplegia (left hemisphere) correlated with lower
FA values in a number of interhemispheric and intrahemispheric con-
nections, including connections of left brain areas involved in motor
control (postcentral, precentral and paracentral gyri in the parietal
lobe). The frontal and occipital lobar scores and HSS contralateral to
the clinical side of hemiplegia were not correlated to FA. No relation-
ships between higher sqMRI scores and higher FA were found for any
score. All relationship and p values are reported in Table 3.

http://www.nitrc.org/projects/mrtrix/
https://sites.google.com/site/bctnet/comparison/nbs


Table 2
Correlation between semi-quantitative MRI scale and clinical hand sensorimotor function measures (Spearman rank correlation coefficients and p-values).

AHA JTTHF MUUL Stereognosis 2PD

HS −0.01 (p = 0.473) 0.03 (p = 0.430) 0.03 (p = 0.425) −0.30 (p = 0.024) 0.31 (p = 0.026)
HSS −0.43 (p = 0.001) 0.33 (p = 0.010) −0.28 (p = 0.030) −0.50 (p b 0.001) 0.31 (p = 0.026)
GS −0.25 (p = 0.042) 0.11 (p = 0.231) −0.02 (p = 0.450) −0.31 (p = 0.021) 0.27 (p = 0.048)

Abbreviations: HS, hemispheric score; HSS, hemispheric summary score; GS, global score; AHA, Assisting Hand Assessment; JTTHF, Jebsen–Taylor Test for Hand Function; MUUL,
Melbourne Assessment of Unilateral Upper Limb function; 2PD, 2-point discrimination.
Bold emphasis is given to pb 0.05.
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An example of theHARDI connectivity representation of altered con-
nections is reported in Fig. 1.

4. Discussion

The sqMRI scale for classificationof brain lesion severity demonstrated
a relationship with impaired hand motor function measures and brain
microstructure in children with UCP due to PWM lesions. The sqMRI
scores contralateral to the clinical side of hemiplegia correlated signifi-
cantly with the severity of sensori-motor hand function. The hemispheric
summary score, expressing severity of brain lesion in both hemisphere
and subcortical structures was correlated with the severity of sensory
and motor impairment as assessed with all of the five clinical measures
tested. Similar findings were obtained when using the global score in
four of five clinical measures. It is of interest that the hemispheric score
alone showed significant correlations with measures of sensory function
but not with motor function, suggesting a differential role of hemispheric
and subcortical structures in the functional impairment for these subjects.
Overall, these findings are consistent with previous reports showing a
specific role of subcortical structures, and in particular the PLIC, as to
motor outcome (Staudt et al., 2000; Tsao et al., 2014), and amore distrib-
uted role of cortical and subcortical structures, namely the thalamo-
cortical connections, as to somato-sensory function (Hoon et al., 2009;
Rose et al., 2011; Tsao et al., 2014; Pannek et al., 2014).

In order to shed light on the specific characteristics of these structure–
function correlations, a multiple regression analysis was performed. The
ability of the impaired hand as an assisting hand (AHA) in bimanual
tasks was largely explained (42% explained variability) by subscores of
the scale contralateral to the clinical side of hemiplegia. The PLIC was
the main structure found to impact on function, in accordance with its
fundamental anatomic role as conveying region of all monosynaptic
motor projections from sensorimotor cortex to spinal motor neurons.
This is in agreement with previous studies that focused on the relation-
ship between selected strategic structures and hemiplegia (De Vries
et al., 1999; Tsao et al., 2014; Weinstein et al., 2014). The involvement
ofmiddle corpus callosumwas the second contributor to explain variabil-
ity of AHA scores, thus supporting the role of inter-hemispheric connec-
tions in hand motor control (Lassonde et al., 1995; Weinstein et al.,
Table 3
Relationship between semi-quantitative MRI scores (sqMRI) and fractional anisotropy
(FA) in left and right unilateral cerebral palsy.

MRI score FA

Left UCP R-frontal p = 0.0374, 7 nodes, 6 edges
R-temporal p = 0.0254, 31 nodes, 40 edges
R-parietal p = 0.0004, 63 nodes, 165 edges
R-occipital p = 1.000, none
R-HSS p b 0.0001, 58 nodes, 166 edges

Right UCP L-frontal p = 0.4336, none
L-temporal p = 0.0358, 25 nodes, 45 edges
L-parietal p = 0.0004, 61 nodes, 131 edges
L-occipital p = 1.000, none
L-HSS p = 0.4990, none

Abbreviations: FA, fractional anisotropy; UCP, unilateral cerebral palsy; HHS, hemispheric
summary score; R, right; L, left.
Bold emphasis is given to pb 0.05.
2014). The relationship between corpus callosum score and AHA agrees
with previous studies demonstrating that reduced white matter integrity
of the corpus callosum in childrenwith UCPwas associatedwith reduced
motor function (Yokochi et al., 1991). Semi-quantitativeMRI scores corre-
lated to a lesser extentwith the ability of the impaired hand in unimanual
tasks asmeasured on JTTHF andMUUL compared toAHA,with the PLIC as
the main contributor.

The sqMRI scores also correlated with stereognosis impairment (29%
of expected variability), with brainstem and temporal lobe as the main
contributors to themodel. The brainstem is a crucial structure for ascend-
ing pathways to the sensorimotor cortex; even if our scale is not intended
to discriminate between primary or secondary lesion types (see below),
we can speculate that both primary tissue abnormalities in the brainstem
or Wallerian degeneration have an impact on ascending input transmis-
sion. The temporal lobe has been previously described for its role in tactile
object recognition (Reed et al., 2004). SqMRI scores correlated strongly
with 2PD (45% explained variance) and the middle corpus callosum and
caudate made a significant contribution to the model. The corpus
callosum has been reported to be necessary for sensory discrimination
(Lassonde et al., 1995), while the caudate was demonstrated to be in-
volved in somatosensory coordination (Nagy et al., 2005).

The described significant and interesting associations with motor
and sensory outcomes support first evidence of construct validity of
the sqMRI scale. Still the correlations were rather low to moderate,
but for this study, only children with PWM lesions, both unilateral and
bilateral, have been included. It is known that in these children higher
brain reorganisation potential may take place compared, for example,
to cortical and deep grey matter lesions. Therefore structural damage
may not be the only factor-influencing outcome and explain themodest
association. A further point that needs to be considered is that potential-
ly, different mechanism of plasticity can influence recovery of motor
function in pure unilateral versus bilateral lesions inUCP. Indeed, the ef-
fects of early brain damage are related to a number of factors including
the site and laterality (i.e. unilateral/bilateral) of the lesion. This implies
a different profile of functional impairment in each subject, with com-
plex and heterogeneous structure–function correlates. Further studies
on larger cohorts that allow subgroup analyses are needed to support
and clarify our findings and their impact on function.

In both the right and left UCP groups, sqMRI scores correlated with
FA contralateral to the clinical side of UCP. Our data demonstrated the
relationship between the sqMRI scores and white matter integrity for
intra- and inter-hemispheric connections. Therewere few scores not re-
lated to FA. For children with left UCP, the right occipital score was not
related to FA values. In children with right UCP, no relationship was
found between left frontal, occipital and hemispheric summary scores.
The limited number of subjects in the two subgroups could have influ-
enced statistical power to find a difference, in particular for the left
HSS, where a trend to significance can be observed. Furthermore, sever-
al aspects concerning methods can have an impact on analysis, includ-
ing on one side the reduced variability of sqMRI scores due to the
homogeneity of lesions in terms of type of lesion (Krageloh-Mann
et al., 2007), and on the other side factors affecting FA values in the
connectome analysis. In particular, in the sqMRI scale loss of tissue
and altered tissue (i.e. gliosis) are scored similarly in order to simplify
the score calculation. This means that an enlarged ventricle and an



Fig. 1. Representation of altered connections correlated with right (A, C) and left (B, D) hemispheric summary scores (lateral view: A, B; medial view C, D). The more bright (yellow) the
colour the higher the number of disrupted connections correlated with more severe sqMRI scores.
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area of gliosis can be scored similarly by the sqMRI scale, but they will
result in different FA estimation, as FA is influenced by white matter
density or integrity. Furthermore, FA estimation can be different in pri-
mary or secondary (i.e. Wallerian degeneration) lesions (Pierpaoli et al.,
2001). Extremely high or low FA values can therefore be present in
areas with compressed white matter (e.g. ventricular dilatation), sec-
ondary degeneration, or absent white matter (for loss of tissue). This
is a limitation that can impact this analysis. Only two scores were
found to be correlated with higher FA values, however the same
concerns about FA expected variations can be applied in these cases.
Further studies are needed in order to understand the relationship be-
tween structural lesion characteristics (primary, secondary, compres-
sion or loss), semi-quantitative scores, scalar measures estimations
(such as axial diffusivity or radial diffusivity) and neuropathology.

To our knowledge, this is the first study comparing a visual easily ac-
cessible structural MRI semi-quantitative scoring to microstructure
measures by a quantitative whole brain probabilistic tractography ap-
proach in children with UCP due to PWM lesions. In a recent study
Shiran et al., compared a novel MR imaging-based scoring system
with a diffusion tractography technique (Shiran et al., 2014). Their DTI
approach was based on a-priori hypothesis about defined structures to
be involved (i.e. corpus callosum and PLIC), while our approach is
based on a no a-priori hypothesis on possible connections related to
our sqMRI scores.

There are some potential limitations to our study in that our study
included only a subgroup of mild or moderately impaired children
with CP due to PWM lesions. Firstly, we have to consider that several
plasticity mechanisms can influence function recovery after congenital
injury as sensorimotor reorganisation of corticospinal system (Staudt
et al., 2004), thus limiting the possibility of the full explanation of func-
tion based on structural approaches on brain MRI. Despite this, a sys-
tematic approach to structural images can improve the understanding
of these mechanisms. Moreover, further studies of brain lesion severity
in larger cohorts and in childrenwith different type of brain lesions such
as cortical and deep greymatter lesions and brainmaldevelopments are
needed. Also, our scale was developed with no a-priori hypothesis,
deciding not to assess only areas involved inmotor function, but poten-
tially evaluating all structures involved by the lesion despite their func-
tional role. A further step to optimise the clinical utility of theMRI-based
score could be the weighting of individual template scores to provide
improved correlation of injury with motor function.

5. Conclusion

The American Academy of Neurology recommends structural MRI of
the brain in the evaluation of all children with CP where the aetiology
has not been established (Ashwal et al., 2004), however there is a lack
of reliable and valid tools for assessing brain lesion severity capable of
taking into account different sites and extent of a brain lesion in a sys-
tematic approach (Portney et al., 2009; Scheck et al., 2012; Pannek
et al., 2014).We propose that structuralMRI should be additionally con-
sidered to clarify the association between brain structure and function
by combining qualitative (Krageloh-Mann et al., 2007) and quantitative
(Fiori et al., 2014) approaches. In particular, in children with similar
type of lesions (in the present study PWM lesions), the proposed quan-
titative approach empowers the detection of differences in the clinical
phenotype that the qualitative approach cannot detect. Moreover, sev-
eral outcome measures can be related to sqMRI scale, as the system as-
sesses all brain areas, not specifically those included in motor function.
Finally, further studies are needed to validate this approach in different
types of brain lesions (e.g. cortical and deep grey matter lesions), thus
giving further insights into subject-related mechanisms of plasticity
and structure–function relationship in CP.
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