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Abstract

Introduction There is increasing interest in neurosurgical in-
terventions for hypertonicity in children and young people
(CAYP), which often presents with a mixture of dystonia
and spasticity. Significant spasticity would usually be consid-
ered a contraindication for deep brain stimulation (DBS) and
more suitably treated with intrathecal baclofen (ITB). We
aimed to explore whether white matter microstructure, as mea-
sured by Fractional Anisotropy (FA), differed between CAYP
selected for DBS compared to ITB surgery.

Methods We retrospectively analysed Diffusion Tensor
Imaging for 31 CAYP selected for DBS surgery (14 primary
dystonia, 17 secondary dystonia) and 10 CAYP selected for
ITB surgery. A voxel-wise comparison of FA values was per-
formed using tract-based spatial statistics, comparing primary
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and secondary dystonia groups to the ITB group, and the two
dystonia groups.

Results Widespread areas of reduced FA were demonstrated
in ITB compared to either DBS group and in CAYP with
secondary compared to primary dystonia. These changes were
not restricted to motor pathways. Region of interest (ROI)
analysis from the corticospinal tract (CST) demonstrated
groupwise differences but overlapping values at the individual
level.

Conclusions DTI measures may contribute to decision mak-
ing for CAYP selection for movement disorder surgery.
Significant differences in CAYP with secondary dystonia se-
lected for DBS surgery compared to CAYP selected for ITB
pump implants, suggesting that more extensive white matter
injury may be a feature of the spastic motor phenotype.
Altered white matter microstructure could potentially explain
the reduced responsiveness to interventions such as DBS in
secondary compared to primary dystonia.

Keywords Dystonia - Spasticity - Deep brain stimulation -
Intrathecal baclofen - Fractional anisotropy

Introduction

Hypertonicity in childhood has been variably described by the
terms “‘spasticity”, “dystonia” and “rigidity”. Spasticity can be
defined as “resistance to externally imposed movement in-
creases with increasing speed of stretch and varies with the
direction of joint movement,” whilst dystonia is defined as “a
movement disorder in which involuntary sustained or inter-
mittent muscle contractions cause twisting and repetitive
movements, abnormal postures, or both” [1]. In childhood,
spasticity and dystonia may be coincident, particularly when
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hypertonicity arises due to an extrinsic insult/injury to the
brain, e.g. cerebral palsy (CP) or acquired brain injury [2].
Discriminating between and quantifying the extent of spastic-
ity and/or dystonia in a child may be challenging, as can de-
termining the relative contribution of each to the child’s func-
tional impairments. Dystonia in cerebral palsy is also fre-
quently accompanied by chorea and/or athetosis, collectively
categorized as “dyskinetic” CP.

A number of neurosurgical interventions are available in
hypertonicity management, with intrathecal baclofen (ITB)
and deep brain stimulation (DBS) used most widely. DBS of
the globus pallidus interna (GPi) has been widely adopted in
the management of primary dystonia in adulthood, with
sustained beneficial effects seen up to several years following
initial implantation [3, 4]. DBS has been shown to be less
beneficial in secondary dystonia [5]. Baclofen is an agonist
of the inhibitory neurotransmitter gamma-aminobutyric acid
(GABA) [6]. ITB has become well established in the manage-
ment of spasticity [7], particularly in the setting of CP. ITB has
been less studied in the management of dystonia though pos-
itive findings have been reported [8].

In primary dystonia, DBS, where available, is universally
offered rather than ITB. For secondary dystonia, the choice
between DBS and ITB is strongly influenced by the degree of
spasticity and corticospinal impairment. Significant impair-
ment of the corticospinal tract (CST), as indicated by abnor-
mal Central Motor Conduction Time (CMCT) and other mea-
sures [9], would be considered a contraindication to DBS
surgery and an indication for ITB pump implant surgery.
Patients undergoing DBS surgery are those with a relatively
pure dystonic motor phenotype, whilst those undergoing ITB
surgery would represent those with a significant spastic
component.

Diffusion Tensor Imaging (DTI) is an MRI technique
which provides information about white matter micro-
structure and is derived from the differential diffusion of
water molecules [10]. In white matter regions, water dif-
fuses more easily along the orientations of fibres, with the
greatest restriction at right angles to this direction. The
CST has been the subject of a number of DTI studies,
particularly in the setting of spastic CP [11]. Abnormal
CST metrics have been described in comparison to
healthy controls, with the degree of abnormality correlat-
ing with the severity of motor impairment.

Direct comparisons of DTI metrics between spastic and
other subtypes of CP are currently limited. Two studies from
one group, one using a region-of-interest (ROI) and one using
an atlas-based approach, have compared children with spastic
and dyskinetic CP [12, 13]. These studies demonstrated great-
er white matter disruption in the dyskinetic group, though
motor impairment was more severe in the children with spas-
ticity in the atlas-based study (with no details of motor func-
tion in the ROI-based study).
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The potential application of diffusion tensor imaging-based
techniques to the field of movement disorder surgery is an area
of active research. This includes improving target selection,
improving the understanding of the distributed network acti-
vated by DBS and also monitoring the effects of the interven-
tion. We aimed to determine if quantitative white matter dif-
ferences could be found between children and young people
(CAYP) undergoing DBS and those undergoing ITB at our
centre using tract-based spatial statistics (TBSS) analysis. This
retrospective analysis was intended to explore the possible
utility of DTI-derived metrics as part of the clinical assessment
of hypertonic children proposed as candidates for movement
disorder surgery and also to explore differences in white mat-
ter microstructure between the predominantly dystonic and
predominantly spastic motor phenotypes.

Materials and methods

The case notes and imaging records of all CAYP referred to
our service between July 2008 and January 2012 for evalua-
tion prior to possible neurosurgical intervention were
reviewed. CAYP who had undergone suitable DWI imaging
during their clinical assessment where identified for further
processing. Suitable imaging sequences were available for
31 CAYP put forward for DBS surgery (14 with a diagnosis
of primary dystonia, 17 with a diagnosis of secondary dysto-
nia) and 10 CAYP put forward for ITB surgery (Table 1).
Median age at time of scan was 9.5 years (range 2.75 to
17.75) and did not differ between groups (Kruskal-Wallis test,
p<0.05). Gross Motor Function Classification scores
(GMEFCS) [14] were lower in the primary DBS groups com-
pared to secondary dystonia DBS and ITB groups (chi-
squared test, p <0.05) but did not differ between the secondary
dystonia DBS compared to ITB group.

Imaging protocol

DWI sequences were obtained as part of the routine clin-
ical work up of CAYP at our centre under evaluation for
possible DBS or ITB surgery. All images were acquired
on a 1.5T MRI scanner (Achieva, Philips, Best,
The Netherlands) using an eight-channel phased array
head coil. Diffusion-weighted single shot EPI sequences
(FOV 190190 mm, acquisition matrix 96 x 96, giving
voxel size 1.98x1.98 mm, reconstructed to 112x 112, giv-
ing a reconstructed voxel size of 1.76 mmx 1.76 mm,
sense factor 2, 65x2 mm slices, slice gap 0 mm, half
Fourier factor 0.62, 32 diffusion encoding directions with
B values 0 and 1000s/mm?, TR 9592 ms, TE 89 ms, total
scan time 05 min 54 s). In all cases, MRI was performed
under general anaesthesia as the severity of movement
disorder precluded acquisition in the awake state.
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Table 1  Clinical details of 41 CAYP involved in the study
Surgical Diagnostic ~ Diagnosis GMFCS Age at
intervention  classification scan
Deep brain Primary DYTI —ve 2 8.75
stimulation  dystonia  pygionia myoclonus 1 16.75
syndrome
DYTI —ve 5 16
DYT1 —ve 1 17.25
DYTI —ve 2 10
DYTI —ve 2 13.9
DYTI1 +ve 3 11.6
DYTII1 +ve 2 9.5
DYT1 —ve 2 15.25
DYTI +ve 3 14.8
DYTI —ve 2 4.5
DYTI —ve 2 6.5
Dystonia myoclonus 2 7.9
syndrome
DYTI —ve 5 8.1
Secondary Term HIE 2 17.25
dystonia gy _prem 5 5
Kernicterus+ deafness 4 5.75
Kernicterus 5 2.75
Term HIE 5 13.5
Ex-Prem 4 11.6
Term CP 4 12.5
Methylmalonic 5 5.2
acidaemia
Ex-Prem 5 9.5
Ex-Prem 5 9
Glutaric aciduria 5 17.75
Presumed 5 5.25
neurometabolic
Mitochondrial 4 8.5
disorder
Lesch Nyhan disease 5 12.9
PKAN +ve 5 8.8
PKAN -+ve 5 7.0
PKAN +ve 4 5.8
Intrathecal Term HIE 5 17.5
baclofen Ex-Prem 5 7.3
Ex-Prem 5 4.75
Term HIE 5 7.6
Ex-Prem 5 12.25
Ex-Prem 5 6.6
Presumed 5 13.8
neurometabolic
Hypomyelination 4 6
TBI 5 15.5
Term HIE 5 12.76

GFMCS Gross Motor Function Classification System, Ex-Prem Ex-
Prematurity (dystonia related to preterm birth), CP term CP, HIE hypoxic
ichaemic encephalopathy, PKAN pantothenate kinase-associated neuro-
degeneration, TBI traumatic brain injury

Voxel-wise statistical analysis of the fractional anisot-
ropy (FA) data was carried out using Tract-Based Spatial
Statistics (TBSS [15] part of FSL (http://www.fmrib.ox.
ac.uk/fsl). TBSS projects all subjects’ FA data onto a
mean FA tract skeleton, before applying voxel-wise
cross-subject statistics. Firstly, diffusion-weighted images
were registered to a non-diffusion weighted reference vol-
ume for correction of head motion and eddy currents. A
mask was created to remove non-brain matter using the
FMRIB Brain Extraction Tool (BET) [16]. FA images
were created by fitting a tensor model to the raw diffusion
data using FSL’s FDT tool, which uses a least-squares
approach. FSL’s TBSS tool was used to align all subjects
FA data into a common space, using the FMIRB nonlinear
registration tool (FNIRT). Following registration, a mean
FA image was created, using an FA threshold of 0.2,
which was then thinned to create a mean FA skeleton,
which represents the centre of all FA tracts common to
the group. A value of 0.2 has most commonly been used
in studies of adult cases and was chosen despite the young
age of some subjects within the analysis to restrict the FA
skeleton to white matter regions, as judged by visual in-
spection of the skeleton. Each subject’s aligned FA data
was then projected onto this skeleton and the resulting
data fed into voxel-wise cross subject statistics [15].

Three group analyses were performed:

1. CAYP selected for DBS surgery with primary dystonia
(n=14) were compared to those selected for ITB surgery
(n=10).

2. CAYP with a diagnosis of secondary dystonia selected for
DBS surgery (n=17) were compared to patients selected
for ITB surgery (n=10).

3. CAYP with a diagnosis of primary dystonia selected for
DBS surgery (n=14) were compared to those with a di-
agnosis of secondary dystonia selected for DBS surgery
(n=17).

The effect of group for each comparison was tested with
age at scan included as a non-explanatory co-regressor, with
threshold-free cluster enhancement with significance set at
p<0.05, fully corrected for multiple comparisons across
space.

To illustrate the difference in FA values across the
groups, FA values were extracted from the voxel with
the most statistically significant difference between the
groups. Given the focus on the CST with respect to choos-
ing between DBS and ITB surgery, an estimate of tract-
wide FA values for right and left CSTs was obtained from
the average of all voxels in the mean FA skeleton which
overlapped with the CST within the John Hopkins
University (JHU) white matter tractography atlas [17].
To examine variation in FA along the length of this
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estimated CST, FA values were extracted from voxels
within the CST at each separate slice level along the Z-
axis.

Ethical approval was waived by Westminster Ethics
Committee. Informed consent for all investigations was ob-
tained from CAYP and/or their legal next of kin.

Results
Comparison between DBS and ITB groups

Results of the group comparison TBSS are shown in Fig. 1.
Wide-spread (almost global) FA reduction was found in the
ITB group compared to the primary dystonia DBS cohort
(Fig. 1a). Less extensive, though still widespread, areas of
reduced FA were seen comparing the ITB to the secondary
dystonia DBS group (Fig. 1b), and the secondary dystonia
DBS group compared to primary dystonia DBS group
(Fig. 1c). These regions were not restricted to motor pathways.

FA values extracted from voxels within the left and right
CST are shown in Fig. 2. Considerable overlap was seen be-
tween the groups, and FA values in this region alone did not
distinguish between groups. This was also the case for the
voxel with the highest statistical significance in the analysis.
The lowest FA values seen in the combined DBS group were
0.46 in the right CST and 0.48 in the left CST. This compared

Fig. 1 Results of Tract-Based
Spatial Statistics (TBSS) analysis.
Group comparisons in fractional
anisotropy (FA) values are shown
with age treated as non-
explanatory co-regressors. The
mean FA skeleton (shown in
green) is overlaid on the MNI152
template. Regions of the skeleton
in red-yellow represent significant
differences (P <0.05, family-wise
error corrected). Differences
shown are a areas of lower FA
values in the ITB compared to
primary dystonia DBS group, b
areas of lower FA in the ITB
compared to secondary dystonia
DBS group and ¢ areas of lower
FA in the secondary dystonia
compared to primary dystonia
DBS groups

@ Springer

to median scores in the ITB group of 0.44 and 0.45 respec-
tively. FA values along the Z-axis of the CST are shown in
Fig. 3. A trend towards lower FA values globally along the
length of the tract was seen in the ITB group, with highest
values along the tract tending to be seen in the primary DBS
group. As can been seen in this plot, FA at all levels along the
tract demonstrated considerable overlap amongst groups.

Discussion

TBSS demonstrated extensive differences in white matter mi-
crostructure between children and young people selected for
ITB and those selected for DBS surgeries. Differences in FA
values were found in all major white matter pathways. Lower
regions of FA were found in candidates for ITB surgery com-
pared to candidates for DBS surgery (both as a combined
group and when separated into either primary or secondary
dystonia groups). Comparing the cohorts of candidates for
DBS surgery, significant differences were seen across the ma-
jor white matter pathways. Lower FA values were seen in the
secondary compared to primary dystonia group. ROI analysis
from the PLIC would suggest that the magnitude of this dif-
ference was smaller.

Dystonia and spasticity arise from distinct pathophysiolog-
ical processes. Previously considered a disease of the basal
ganglia, increasing evidence suggests that dystonia may arise
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Fig. 2 Comparison of FA values
between surgical groups. a Box
and Whisker plots of FA values
extracted from the voxel with the
most significant difference
between ITB and secondary
dystonia group. b John Hopkins
University (JHU) white matter
tractography atlas of the right and
left corticospinal tract (CST),
overlaid on the MNI152 template.
¢, d Estimate of mean tract FA
values from left and right
corticospinal tracts, obtained from
intersection of voxels with the
mean FA skeleton and the JHU
tractography atlas CST

Fig.3 Fractional anisotropy (FA)
values at different levels along the
Z-axis of the CST for children
with primary dystonia (green) and
secondary dystonia (blue)
undergoing DBS, and the ITB
group (red). FA values are shown
on the y-axis, with position along
the CST on the x-axis, running
left-right inferior-superior.
Ilustrative axial slices from the
FMRIB58 FA template are
displayed, indicating the
anatomical position along the
CST. Along the length of the tract
highest values were seen in the
primary group, and lowest in the
ITB group, though there was
considerable overlap between the
groups, consistent with the box
and whisker plots shown in Fig. 2
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from perturbations at many points of the distributed motor
network [18]. Pathophysiological processes found in primary
dystonia include increased plasticity, decreased surround inhi-
bition and increased cortical excitability [19]. It is unclear to
what extent these mechanisms are shared by the secondary
dystonias, though available evidence would suggest that path-
ophysiological differences exist [20]. Spasticity is a compo-
nent of the upper motor neuron syndrome, arising due to hy-
perexcitable tonic stretch reflexes. This is, at least in part, due
to loss of supraspinal control [21]. Insults to the brain resulting
in areas of grey and white matter damage, e.g. following hyp-
oxic ischaemic encephalopathy, may consequently give rise to
a mixed hypertonicity. In practice, dichotomising CAYP with
motor dysfunction arising from acquired brain injury into mu-
tually exclusive categories of “spastic” or “dystonic” is overly
reductive, as for many CAYP, both components of hyperto-
nicity may be present to varying extents.

Neuroimaging correlates of motor phenotype in child-
hood have been most extensively studied in children with
CP. Systematic reviews of neuroimaging findings in this
population have demonstrated an imperfect relationship
between motor phenotype and conventional imaging find-
ings [22]. In children with hypertonicity arising from HIE,
damage to the subthalamic nucleus strongly predicts a
dyskinetic phenotype, whilst white matter damage near
the paracentral lobule more strongly predicts a spastic
phenotype [23].

White matter abnormalities have been more variably
reported outside of the CST, with the superior and poste-
rior thalamic radiations and corpus callosum most fre-
quently examined [11]. Most studies have utilized ROI
or tractography-based analysis, with only a small number
of studies using whole-brain voxel-wise or TBSS analy-
sis. In a study of 43 children with periventricular
leukomalacia (PVL), areas of reduced FA were shown
throughout most of the major white matter pathways in
comparison to controls in a TBSS analysis [24]. Almost
globally reduced FA values have been demonstrated in the
neonatal period comparing neonates following hypoxic
ischaemic delivery to healthy term controls [25]. Given
the severe motor impairment in our ITB group (three with
dystonia arising from HIE and four from preterm birth), it
is unsurprising that they would exhibit such extensive
areas of reduced FA, particularly in comparison to the
primary dystonia group (with only minimal, variably re-
ported abnormalities in FA described in this group com-
pared to normal controls) [26].

Our findings are in contrast to the previous observation of
more severe white matter disruption in dyskinetic compared to
spastic CP [12, 13], instead suggesting that white matter dis-
ruption is more severe in spasticity. Possible explanations for
the differences in findings may be differences in the severity
of motor impairment compared in the previous atlas-based
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study (no GMFCS levels were provided in the ROI-based
study) and the small sample sizes (only 10 CAYP in the ITB
group in our study, and 7 CAYP with dyskinesia and 11 with
spasticity in the previous atlas-based study). Furthermore, it is
possible that differences in severity of underlying brain injury
exist between different populations of CAYP scoring GMFCS
5, due to a “floor” effect of the grading system. We were
unable to explore more fully any potential relationship be-
tween FA values and GMFCS levels in this cohort, due to
the limited range of values seen in each dystonia actiology
group. An almost dichotomous split of GMFCS values was
seen, with low GMFCS levels in the primary dystonia group,
and uniformly high GMFCS levels in the secondary DBS and
ITB groups.

One interpretation of our findings is that greater white mat-
ter integrity is required to express dystonia. This would be
consistent with the observation that white matter injury is most
commonly seen in CAYP with spastic CP, and also our previ-
ously reported findings of normal CMCT in the majority of
children with dystonia and abnormal neuroimaging [9].
Abnormal CMCT has been reported as a feature of children
with spasticity but not in those with extrapyramidal disorders
[27]. We have previously demonstrated no relationship be-
tween DTI-metrics and CMCT in a large cohort of children
with dystonia, including a number of cases included in this
present study, suggesting that these measurements provide
complementary information in the clinical assessment of chil-
dren with motor disorders [28].

Whilst group-wise differences in FA between ITB and
DBS groups were found, an overlap in value within the CST
could be seen (Fig. 2), suggesting that tract-based or ROI FA
values alone could not determine which intervention a child
should be offered. Interestingly, FA values <0.4 for the CST
were seen only in the ITB and not DBS group. A cut-off CST
FA value of <0.5 has been suggested to predict more severe
motor impairment in PVL, though this is derived from a tract-
based metric [29]. In a comparison of 11 children with spastic
quadriplegic CP and 12 children with spastic diplegic CP, low
FA values of the CST to upper and lower limbs were demon-
strated in the quadriplegic group (mean tract values 0.358
versus 0.430 to the upper limbs and 0.37 versus 0.434 to the
lower limb) [30]. Yoshida et al. report a mean FA value in a left
PLIC ROI of 0.584 in athetotic CP compared to 0.620 in the
spastic CP group [12]. This compares to a value of 0.390 by
Murakami et al. in a group of 10 subjects with severe PVL
[29]. Caution must be taken in comparing DTI metrics be-
tween different studies due to differences in MRI acquisition,
post-acquisition processing and potential large variations in
manual placements of ROIL.

Reduced white matter integrity was shown in the secondary
dystonia compared to primary dystonia group. We
hypothesise that this reduced white matter connectivity may
account for differences to response to DBS seen comparing
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primary and secondary dystonia. Differences in FA values
were seen very broadly across the major white matter tracts,
reflective of the global injury to the brain arising from an
insult such as HIE.

A number of limitations to our study must be acknowl-
edged. DWI images were obtained during the routine clin-
ical assessment of CAYP referred to our service.
Sequence length was consequently constrained, restricting
the number of directions to 32. Numbers of CAYP within
each sub-group were relatively small, with a range of
aetiologies in each group. This included a range of focal
radiological abnormalities consistent with diagnosis
shown in Table 1, e.g. hypoxic ischaemic encephalopathy,
glutaric aciduria, etc. The range of aetiologies is consis-
tent with the clinical heterogeneity of dystonia in child-
hood [31] and is also representative of the patient popu-
lation under evaluation for movement disorder surgery.
The CAYP in the secondary dystonia DBS and ITB
groups represent a cohort with severe motor impairment,
and it is unclear to what extent findings from this group
may be generalized to children with milder impairment.
One further important limitation is the lack of clinical
outcome data at present to determine the benefit to pa-
tients clinically selected across the cohort into either
“DBS” or “ITB” surgical groups. Further follow-up work
is required to determine whether optimal patient selection
was achieved, including an exploration of the relationship
of FA values to “good” and “poor” responders in each
surgical group.

Conclusions

In a cohort of children and young people with hyperto-
nicity of mixed origins undergoing evaluation for neuro-
surgical intervention, extensive areas of statistically sig-
nificant lower FA were found comparing candidates for
ITB and candidates for DBS surgery. DTI measures may
therefore contribute to decision making for patient selec-
tion for movement disorder surgery. Significant differ-
ences were found in CAYP with secondary dystonia se-
lected for DBS surgery compared to CAYP selected for
ITB pump implants, suggesting that more extensive white
matter injury is a feature of the spastic motor phenotype.
Altered white matter microstructure was found across al-
most all of the major white matter pathways of the brain,
which could possibly explain the reduced responsiveness
to interventions such as DBS in this group.

Acknowledgments DEL is partly supported by a Dystonia Society UK
Grant 01/2011 and Action Medical Research GN2097. J-PL has held
grants from the Guy’s and St Thomas Charity New Services and Innova-
tion Grant G060708, the Dystonia Society UK Grants 01/2011 and 07/

2013 and Action Medical Research GN2097. GB is supported by the
Medical Research Council (UK) (Grant no. MR/K006355/1) and the
National Institute for Health Research Comprehensive.

Compliance with ethical standards We declare that due to the retro-
spective nature of this study, the NRES London-Westminster Ethics
Committee waived Institutional Review Board approval and patient
consent.

Conflict of interest DEL and J-PL have received educational support
from Medtronics Ltd. J-PL has received consultancy fees from
Medtronics Ltd.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Sanger TD, Delgado MR, Gaebler-Spira D, Hallett M, Mink JW
(2003) Classification and definition of disorders causing hypertonia
in childhood. Pediatrics 111(1):e89-97

2. Mink JW (2013) Special concerns in defining, studying, and
treating dystonia in children. Mov Disord 28(7):921-925. doi:10.
1002/mds.25548

3. Vidailhet M, Vercueil L, Houeto JL, Krystkowiak P, Benabid AL,
Cornu P, Lagrange C, du Tezenas MS, Dormont D, Grand S, Blond
S, Detante O, Pillon B, Ardouin C, Agid Y, Destee A, Pollak P
(2005) Bilateral deep-brain stimulation of the globus pallidus in
primary generalized dystonia. N Engl ] Med 352(5):459-467

4. CifL, Vasques X, Gonzalez V, Ravel P, Biolsi B, Collod-Beroud G,
Tuffery-Giraud S, Elfertit H, Claustres M, Coubes P (2010) Long-
term follow-up of DYT1 dystonia patients treated by deep brain
stimulation: an open-label study. Mov Disord 25(3):289-299. doi:
10.1002/mds.22802

5. Speelman JD, Contarino MF, Schuurman PR, Tijssen MA, de Bie
RM (2010) Deep brain stimulation for dystonia: patient selection
and outcomes. Eur J Neurol 17(Suppl 1):102-106. doi:10.1111/;.
1468-1331.2010.03060.x

6. Davidoff RA (1985) Antispasticity drugs: mechanisms of action.
Ann Neurol 17(2):107-116. doi:10.1002/ana.410170202

7. Albright AL, Barron WB, Fasick MP, Polinko P, Janosky J (1993)
Continuous intrathecal baclofen infusion for spasticity of cerebral
origin. JAMA 270(20):2475-2477

8. Woon K, Tsegaye M, Vloeberghs MH (2007) The role of intrathe-
cal baclofen in the management of primary and secondary dystonia
in children. Br J Neurosurg 21(4):355-358

9. McClelland V, Mills K, Siddiqui A, Selway R, Lin JP (2011)
Central motor conduction studies and diagnostic magnetic reso-
nance imaging in children with severe primary and secondary dys-
tonia. Dev Med Child Neurol. doi:10.1111/j.1469-8749.2011.
03981.x

10. Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S,
Molko N, Chabriat H (2001) Diffusion tensor imaging: con-
cepts and applications. J Magn Reson Imaging 13(4):534—
546

11.  Scheck SM, Boyd RN, Rose SE (2012) New insights into the pa-
thology of white matter tracts in cerebral palsy from diffusion

@ Springer


http://dx.doi.org/10.1002/mds.25548
http://dx.doi.org/10.1002/mds.25548
http://dx.doi.org/10.1002/mds.22802
http://dx.doi.org/10.1111/j.1468-1331.2010.03060.x
http://dx.doi.org/10.1111/j.1468-1331.2010.03060.x
http://dx.doi.org/10.1002/ana.410170202
http://dx.doi.org/10.1111/j.1469-8749.2011.03981.x
http://dx.doi.org/10.1111/j.1469-8749.2011.03981.x

Neuroradiology

14.

15.

16.

17.

18.

19.

20.

21.

22.

magnetic resonance imaging: a systematic review. Dev Med Child
Neurol 54(8):684-696. doi:10.1111/7.1469-8749.2012.04332.x
Yoshida S, Hayakawa K, Oishi K, Mori S, Kanda T, Yamori Y,
Yoshida N, Hirota H, Iwami M, Okano S, Matsushita H (2011)
Athetotic and spastic cerebral palsy: anatomic characterization
based on diffusion-tensor imaging. Radiology 260(2):511-520.
doi:10.1148/radiol. 11101783

Yoshida S, Faria AV, Oishi K, Kanda T, Yamori Y, Yoshida N,
Hirota H, Iwami M, Okano S, Hsu J, Li X, Jiang H, Li Y,
Hayakawa K, Mori S (2013) Anatomical characterization of
athetotic and spastic cerebral palsy using an atlas-based analysis. J
Magn Reson Imaging 38(2):288-298. doi:10.1002/jmri.23931
Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Galuppi B
(1997) Development and reliability of a system to classify gross
motor function in children with cerebral palsy. Dev Med Child
Neurol 39(4):214-223

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols
TE, Mackay CE, Watkins KE, Ciccarelli O, Cader MZ, Matthews
PM, Behrens TE (2006) Tract-based spatial statistics: voxelwise
analysis of multi-subject diffusion data. Neurolmage 31(4):1487—
1505. doi:10.1016/j.neuroimage.2006.02.024

Smith SM (2002) Fast robust automated brain extraction. Hum
Brain Mapp 17(3):143-155. doi:10.1002/hbm.10062

Hua K, Zhang J, Wakana S, Jiang H, Li X, Reich DS, Calabresi PA,
Pekar JJ, van Zijl PC, Mori S (2008) Tract probability maps in
stereotaxic spaces: analyses of white matter anatomy and tract-
specific quantification. Neurolmage 39(1):336-347. doi:10.1016/
j-neuroimage.2007.07.053

Neychev VK, Gross RE, Lehericy S, Hess EJ, Jinnah HA (2011)
The functional neuroanatomy of dystonia. Neurobiol Dis 42(2):
185-201. doi:10.1016/j.nbd.2011.01.026

Vidailhet M, Grabli D, Roze E (2009) Pathophysiology of dystonia.
Curr Opin Neurol 22(4):406—413. doi:10.1097/WCO.
0b013e32832d9ef3

Kojovic M, Parees I, Kassavetis P, Palomar FJ, Mir P, Teo JT,
Cordivari C, Rothwell JC, Bhatia KP, Edwards MJ (2013)
Secondary and primary dystonia: pathophysiological differences.
Brain 136(Pt 7):2038-2049. doi:10.1093/brain/awt150

Sheean G (2002) The pathophysiology of spasticity. Eur J Neurol
9(Suppl 1):3-9, Dicussion 53-61

Reid SM, Dagia CD, Ditchfield MR, Carlin JB, Reddihough DS
(2014) Population-based studies of brain imaging patterns in

@ Springer

23.

24.

25.

26.

27.

28.

29.

30.

31.

cerebral palsy. Dev Med Child Neurol 56(3):222-232. doi:10.
1111/dmen. 12228

Griffiths PD, Radon MR, Crossman AR, Zurakowski D, Connolly
DJ (2010) Anatomic localization of dyskinesia in children with
“profound” perinatal hypoxic-ischemic injury. AJNR Am J
Neuroradiol 31(3):436-441. doi:10.3174/ajnr.A1854

Lee JD, Park HJ, Park ES, Oh MK, Park B, Rha DW, Cho SR,
Kim EY, Park JY, Kim CH, Kim DG, Park CI (2011) Motor
pathway injury in patients with periventricular leucomalacia
and spastic diplegia. Brain 134(Pt 4):1199-1210. doi:10.
1093/brain/awr(021

Porter EJ, Counsell SJ, Edwards AD, Allsop J, Azzopardi D (2010)
Tract-based spatial statistics of magnetic resonance images to assess
disease and treatment effects in perinatal asphyxial encephalopathy.
Pediatr Res 68(3):205-209. doi:10.1203/00006450-201011001-
00399

Lehericy S, Tijssen MA, Vidailhet M, Kaji R, Meunier S (2013)
The anatomical basis of dystonia: current view using neuroimaging.
Mov Disord 28(7):944-957. doi:10.1002/mds.25527

Muller K, Homberg V, Aulich A, Lenard HG (1992)
Magnetoelectrical stimulation of motor cortex in children with mo-
tor disturbances. Electroencephalogr Clin Neurophysiol 85(2):86—
94

Lumsden DE, McClelland V, Ashmore J, Charles-Edwards G, Mills
K, Lin JP (2015) Central motor conduction Time and diffusion
tensor imaging metrics in children with complex motor disorders.
Clin Neurophysiol 126(1):140—146. doi:10.1016/j.clinph.2014.04.
005

Murakami A, Morimoto M, Yamada K, Kizu O, Nishimura A,
Nishimura T, Sugimoto T (2008) Fiber-tracking techniques can
predict the degree of neurologic impairment for periventricular
leukomalacia. Pediatrics 122(3):500-506. doi:10.1542/peds.2007-
2816

Chang MC, Jang SH, Yoe SS, Lee E, Kim S, Lee DG, Son SM
(2012) Diftusion tensor imaging demonstrated radiologic differ-
ences between diplegic and quadriplegic cerebral palsy. Neurosci
Lett 512(1):53-58. doi:10.1016/j.neulet.2012.01.065

Lin JP, Lumsden DE, Gimeno H, Kaminska M (2014) The
impact and prognosis for dystonia in childhood including dys-
tonic cerebral palsy: a clinical and demographic tertiary cohort
study. J Neurol Neurosurg Psychiatry. doi:10.1136/jnnp-2013-
307041


http://dx.doi.org/10.1111/j.1469-8749.2012.04332.x
http://dx.doi.org/10.1148/radiol.11101783
http://dx.doi.org/10.1002/jmri.23931
http://dx.doi.org/10.1016/j.neuroimage.2006.02.024
http://dx.doi.org/10.1002/hbm.10062
http://dx.doi.org/10.1016/j.neuroimage.2007.07.053
http://dx.doi.org/10.1016/j.neuroimage.2007.07.053
http://dx.doi.org/10.1016/j.nbd.2011.01.026
http://dx.doi.org/10.1097/WCO.0b013e32832d9ef3
http://dx.doi.org/10.1097/WCO.0b013e32832d9ef3
http://dx.doi.org/10.1093/brain/awt150
http://dx.doi.org/10.1111/dmcn.12228
http://dx.doi.org/10.1111/dmcn.12228
http://dx.doi.org/10.3174/ajnr.A1854
http://dx.doi.org/10.1093/brain/awr021
http://dx.doi.org/10.1093/brain/awr021
http://dx.doi.org/10.1203/00006450-201011001-00399
http://dx.doi.org/10.1203/00006450-201011001-00399
http://dx.doi.org/10.1002/mds.25527
http://dx.doi.org/10.1016/j.clinph.2014.04.005
http://dx.doi.org/10.1016/j.clinph.2014.04.005
http://dx.doi.org/10.1542/peds.2007-2816
http://dx.doi.org/10.1542/peds.2007-2816
http://dx.doi.org/10.1016/j.neulet.2012.01.065
http://dx.doi.org/10.1136/jnnp-2013-307041
http://dx.doi.org/10.1136/jnnp-2013-307041

	Fractional...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Imaging protocol

	Results
	Comparison between DBS and ITB groups

	Discussion
	Conclusions
	References




