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Abstract Pallidal deep brain stimulation (DBS) is an
established treatment for patients with severe isolated
dystonia. However, clinical evidence for the long-term use
of DBS in children is limited and controlled trials have not
yet been conducted. Here, we provide the long-term results
of up to 13 years of pallidal DBS in eight pediatric patients
with generalized idiopathic or hereditary isolated dystonia
(five males, mean age at surgery 12.5 & 3.5 years), as
assessed by retrospective video rating. Video rating was
performed at three time points: pre-operative, 1-year short-
term follow-up (1y-FU) and long-term last FU (LT-FU, up
to 13 years). Symptom severity and disability were asses-
sed using the Burke—Fahn—Marsden Dystonia Rating Scale
(BFMDRS). Disability scores were obtained from clinical
charts and during the last FU. The mean improvement in
BFMDRS motor score was 54.4 £+ 8.9 % at 1y-FU and
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429 £ 11.6 % at LT-FU; the disability scores improved
by 59.8 £ 10.3 and 63.3 £ 7.8 %, respectively. Electrode
dislocation was noted in one patient and implantable pulse
generator dislocation in another, both requiring surgical
intervention; no further serious adverse events occurred.
Our study presents the first blinded video rating assessment
of the short- and long-term effects of pallidal DBS in
children with idiopathic or hereditary isolated dystonia.
Results confirm that pallidal DBS is a safe and efficacious
long-term treatment in children, with overall motor
improvement similar to that described in controlled trials in
adults.

Keywords DYT1 dystonia - Pallidal DBS - Long-term
effects - Idiopathic dystonia

Introduction

Idiopathic or hereditary isolated generalized dystonia (ID)
is a movement disorder that particularly affects children
and young adults. It is characterized by the exclusive
clinical feature of dystonia, without presentation of other
neurological abnormalities apart from tremor [2, 12].
Approximately, 40-60 % of all cases of early-onset ID are
caused by a CAG deletion in the TORIA-gene of the DYT1
locus [25, 28]. The first signs of generalized ID often occur
at the age of about 8—12 years, with the initial presentation
of focal symptoms in one limb. Subsequent generalization
leaves most patients severely handicapped, with long-term
complications such as contractures and fixed muscu-
loskeletal deformities [28]. Moreover, most affected indi-
viduals experience social as well as educational
withdrawal, resulting in a significant reduction of quality of
life [1, 23]. Medical therapeutic approaches for ID need to
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be explored adequately, but are often unsatisfactory with
respect to tolerability and efficacy [27].

Deep brain stimulation (DBS) is an established and rela-
tively safe treatment option for patients with medically
intractable dystonia [10]. Over the past two decades, pallidal
DBS has become part of the standard care for dystonia
because of its adjustability and reversibility, with robust
clinical improvements that have been proven in large sham-
controlled studies in adults [6, 10, 11, 15, 16, 20, 32, 34].
However, these studies did not focus on early surgical
treatment in children, even though ID due to TORIA-gene
mutation particularly affects young children. Early effective
treatment might offer the opportunity to prevent lifelong
disability, dependency and social withdrawal of children and
future adults with dystonia [1, 3,23]. Several case series have
demonstrated the efficacy of DBS in children, but long-term
results as well as blinded clinical evaluations of therapeutic
effects are sparse [1, 3, 9, 13, 21-24, 26, 31]. Here, we pre-
sent a cohort of eight children treated with pallidal DBS for
up to 13 years that was assessed by blinded video rating by a
movement disorder specialist.

Methods
Patients and surgery

Eight consecutive children [five males, mean (Z£standard
deviation) age at surgery of 12.5 &+ 3.5 years, range
7-17 years]  with  severely  disabling,  medically
intractable idiopathic or hereditary isolated early-onset gen-
eralized dystonia, who had been treated at the Charité,
University Medicine Berlin since 2000, were included in our
study. Six patients tested positive for the TORIA-gene muta-
tion, one patient presented with a heterozygote DYT16
mutation of unknown pathogenicity and one patient with ID
tested negative for TORIA- and THAP-gene mutations (for
more demographic data see Table 1). None of the patients had
any structural brain abnormalities in individual MRI. Apart
from Patient 7, all patients underwent bilateral DBS in the
globus pallidus internus (GPi) at the Charité, University
Medicine Berlin by the same neurosurgeon (GHS) and were
followed by the same movement disorder specialists (AAK
and PK); Patient 7 was implanted with bilateral pallidal DBS
at the University Hospital Heidelberg and was transferred to
Charité for immediate postoperative management, and fol-
low-up. DBS surgery was conducted under general anesthesia.
Electrodes were targeted at the posteroventrolateral portion of
the GPi, with intended coordinates located 2021 mm lateral
to the midline, 2-6 mm below and 2 mm anterior to the
midcommissural point. Intraoperative macrostimulation was
used to test for side effects. The permanent quadripolar
macroelectrodes were implanted, using model 3389 (Patients
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3,4,5, 8) or 3387 (Patients 1, 2, 6) (Medtronic Neurological
Division, Minneapolis, MN, USA) and connected to the
implantable pulse generator (IPG; two Kinetra, five Activa
PC). For Patient 7, the Brio system (St. Jude medical) was used
with a quadripolar electrode using model 6147. Postoperative
CT (Patients 4, 6) or MR (Patients 1-3, 5, 8) imaging con-
firmed the correct placement of the macroelectrode in six out
of seven patients. A representative example of electrode
position in GPi in one of the patients is shown in Fig. la.
Electrode displacement, where the electrodes were located too
lateral in the external pallidum together with limited clinical
improvement in Patient 3 led to the decision to undergo
replacement surgery 2 years after the initial surgery.
Replacement was performed by targeting the more medial and
posterior portion of the GPi using the Vercise system (Boston
Scientific). The initial and corrected electrode positions in the
GPi in this patient are shown in Fig. 1b. Perioperative
antibiotic treatment was administered in all patients.

Outcome measures and clinical evaluation

Dystonia severity and disability were assessed using the
Burke-Fahn—Marsden Dystonia Rating Scale (BFMDRS)
[7]. Individual motor symptoms were rated from the video
recordings at preoperative baseline (BL), postoperatively at
I-year follow-up (ly-FU; mean 12.38 + 1.9 months;
mean + SE, range 7-20 months) and at the last long-term
follow-up (LT-FU; 58.5 £+ 18.0 months, range
20-156 months). One of the experts (AL), who was not
involved in the treatment of the children, rated the videosin a
random order blinded to stimulation conditions. These
scores are referred to as “blinded rating”, although the rating
is not entirely blinded on a time scale because of child
development. This limitation was counteracted by random
presentation of videos from BL and the 1y-FU and LT-FU
visits. A second video rating was performed by a group of
movement disorder experts (AL, AAK, PK), who agreed on a
score (non-blindedR). Disability scores were recorded from
archival charts for BL as well as 1y-FU and obtained in all
patients during LT-FU.

To determine whether the response to DBS varied
anatomically among the patients, their respective
BFMDRS motor scores were divided into the three sub-
scores: craniocervical (section A-D), trunk (section F) and
extremities (sections E and G).

Statistical analysis

The BFMDRS motor scores were normally distributed and
compared between time points by means of a repeated
measures ANOVA using SPSS (IBM SPSS Statistics for
Windows, version 20, IBM Corp., Armonk, NY, USA).
Post hoc testing between time points was performed using
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Fig. 1 a Localization of DBS
electrodes in the postoperative
MRI of Patient 1 in the coronal
section (left panel) and at the
level of active contacts for axial
section (right panel). Arrows
point to the DBS electrode
artifacts in the internal
pallidum. b Three-(fop) and
two-(bottom) dimensional
localization results in the same
patient, performed based on
postoperative imaging before
(red) and after (green) revision
surgery. Anatomical structures
as defined in MNI 152 2009b
nonlinear space by the DISTAL
atlas [37]: internal (green) and
external (blue) pallidum,
subthalamic nucleus (orange)
and red nucleus (red). The
2009b T2-weighted MNI
template is shown in the
background. Axial slices are cut
at the average height of the
second lowermost contact of
both pre- and post-revision
electrodes which correspond to
the planning target

POST

paired Student’s ¢ test. Percentage improvement in
BFMDRS subscores was tested as difference from no
change. BFMDRS disability scores were not normally
distributed and non-parametric statistics (Friedman test and
post hoc Wilcoxon test) were used. All data are given as
mean = standard error (SE), unless otherwise stated. A
p value <0.05 was considered to be significant.
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Results
Clinical improvement
All patients were severely affected by dystonia and expe-

rienced improvement of motor symptoms at a relatively
short latency within the first week after onset of DBS. At
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ly-FU, seven out of eight patients were classified as
responders with a clinically meaningful >20 % improve-
ment in BFMDRS severity score, as assessed by the blin-
ded video rating. The mean improvement in BFMDRS was
54.4 £ 8.9 % (range 4.6-78.1 %) for the motor score and
59.8 £ 10.3 % (range 0-86.7 %) for the disability score.
At LT-FU compared to BL values, the mean motor
improvement was 42.9 + 11.6 % (range 21-97 %, with
worsening in case 3), while the mean disability improve-
ment was 63.3 = 7.8 % (range 35.7-100 %). All patients
were able to withdraw from antidystonic medication at LT-
FU. Figure 2a, b presents the mean data and individual
BFMDRS motor scores for each patient. Individual func-
tional long-term improvement is given in Table 2.

At LT-FU, three patients showed an overall increase in
dystonic symptoms of more than 5 points on the BFMDRS:
Patient 3 developed new symptoms of cervical and truncal
dystonia, Patient 5 developed craniocervical dystonia, and
Patient 6 developed truncal involvement over a time course
of 24 years after surgery. For a detailed analysis of the
DBS response in different body regions, the motor sub-
scores for the craniocervical region, trunk and extremities
were calculated from the blinded rating scores (n = 7;
Patient 3 was excluded because of limb involvement only
at baseline). A similar percentage improvement in different
body regions was revealed at 1 y-FU (64—69 %; p < 0.01),
but at LT-FU a stable and significant DBS response was
only revealed for limb dystonia (p < 0.001) (see Fig. 2c).

Similarly, the non-blinded rating confirmed a significant
motor improvement that reached 57.9 £ 7.6 % at 1y-FU
and 52.8 &+ 10.5 % at LT-FU. Comparison of blinded and
non-blinded rating scores revealed a trend for larger
improvement for non-blinded assessment at LT-FU
(~10 %) (p = 0.057).

No statistically significant correlation between DBS
improvements and age at onset, age at surgery, disease
duration, disease duration/age at surgery ratio or DYT-
TORIa status was found.

At LT-FU, patients were treated with a frequency of
159 £ 37 Hz (range 130-210 Hz), a pulse width of
86 + 30 ps (range 87-210 ps) and a stimulation amplitude
of 1.3 £ 0.3 V (0.9-5.9 V). These settings were similar to
parameters used at 1y-FU, but more complex stimulation
settings have been used in some patients with double
contacts or an interleaving mode that increases the energy
delivered.

Adverse events

The main reason for surgical intervention after successful
implantation was replacement of the IPG after battery
expiry, necessitating ten replacements in four patients. The
replacement interval was 34.1 £ 3.3 months. Patient 2
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Fig. 2 a Mean percentage improvement in BFMDRS motor and
disability score at 1-year follow-up (1y-FU) and the last long-term FU
(LT-FU) in blinded rating. b Blinded rating of individual motor scores
for 1y-FU and LT-FU in all patients. ¢ Mean percentage change in
motor subscores for the craniocervical region, trunk and extremities
from the blinded rating scores at 1y-FU and LT-FU. Note the
significant improvement of dystonia in all subscores at 1y-FU
(p < 0.01), but only for limb dystonia at LT-FU (*p < 0.001)

needed revision of the IPG due to dislocation 11 years after
the initial electrode implantation. Patient 3 underwent
bilateral electrode revision 3 years after the initial pallidal
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Table 2 Overview of individual functional improvement and quality of life before DBS and at long-term follow-up

Functional improvement at long-term follow-up; quality of life

Patient Main disability at baseline

1 Unable to sit freely, wheelchair bound, certificate of secondary
education obtained in school for physically handicapped
children

2 Wheelchair bound, eating and drinking only with help, not able
to write

3 Unable to sit freely and walk due to severe involuntary
movements of both legs, pain

4 Dysphagia and slurred speech, severe antecollis, did not engage
with peers due to stigma

5 Dystonic storm

6 Nearly anarthric, wheelchair bound, inability to stand freely,
planned enrollment in school for physically handicapped
children

7 Inability to walk or sit due to involuntary and painful
movements, severe sleep disturbances, dysphagia and
dysarthria

8 Walking on crutches or need for a wheelchair at longer

distances, pain

Mobile using the walking frame, university degree, lives on their
own

Free walking, complete independence in eating, drinking and
writing, lives on their own

Able to sit on a chair at school, walks short distances, less pain

Swallowing and speech meaningfully improved, more self-confident,
higher participation

Complete independence in activities of daily life, with minor
difficulties walking and speech problems due to prolonged
intubation during dystonic storm

Intelligible speech and normal swallowing, walks freely with
ortheses, enrollment into regular school

Complete independence in activities of daily life, no pain, regular
schooling, takes piano lessons again

Walks independently, no pain

DBS. Stimulation-induced dysarthria limited further
increase of stimulation amplitude in two patients, and
bradykinesia was induced by DBS in one severely affected
patient with high stimulation amplitudes. None of the
remaining patients experienced any further complication or
serious adverse effect due to DBS. Patient 1 underwent
several orthopedic surgeries due to severe contractures and
musculoskeletal deformities resulting from longer disease
duration before DBS surgery.

Discussion

Here, we present the short- and long-term effects of
bilateral pallidal DBS in a cohort of eight children with
idiopathic or hereditary generalized isolated dystonia, over
an observation time of up to 13 years. The mean motor
improvement of ~54 % at 1y-FU blinded assessment is
similar to that reported in sham-controlled trials in adults
[20, 32]. This is important to note as previous open-label
case series have suggested a larger motor improvement in
children than in adults when assessing short-term FU [10].
Similarly, other case series on pediatric patients revealed
motor improvement of 77 % in DYT1+ patients [5] or up
to 94 % in larger open-label consecutive series [13]. In our
cohort, the motor response was quite variable from 4.6 to
97 %. Higher variability in DBS results was also noted in
Zorzi et al. [36]. It has to be considered that an essential
prerequisite for effective DBS is correct electrode place-
ment. In our cohort, one patient (Patient 3) who was
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initially classified as a non-responder showed clinically
meaningful improvement of dystonia only after electrode
replacement. The prognostic factors for favorable DBS
outcome in childhood dystonia are still under debate and
include shorter disease duration, younger age at surgery,
lower baseline motor scores, DYT-TORIA-positive status,
absence of fixed skeletal deformities and a larger pallidal
volume [4, 14-17, 19, 30, 32]. In our patient cohort, no
statistically significant correlation between DBS improve-
ments and these clinical parameters was identified, possibly
due to the relatively small cohort. However, fixed ortho-
pedic contractures were a limiting factor for successful
DBS response in two of our patients with longer disease
duration. These children had to undergo orthopedic surg-
eries, but nevertheless reached a clinically important motor
improvement of ~50 % that was stable over 10 years
(Patient 1). Faster and better DBS effects in dystonia have
been associated with mobile dystonia compared to tonic
posturing [19, 27, 33]. Similarly, in our cohort mobile
dystonia started to improve within days after initiation of
DBS and patients with prominent mobile dystonia (Patients
5, 6, 7) reached a motor improvement of >70 % at 1y-FU.
To evaluate which prognostic factors are most important,
taking into account the neurophysiological parameters of
motor plasticity to evaluate the differential impact of
reorganization of motor networks, genotype, clinical phe-
notype and orthopedic aspects, it will be important to
collaborate on an international level by setting up large
patient databases and multicenter trials (first attempts have
recently been reported by Koy et al.) [18].
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The complication rate and adverse events over the long
follow-up period were rather low in our patients. Serious
adverse events occurred in two patients: electrode mis-
placement of initial leads and IPG dislocation. Stimulation-
induced dysarthria was the most frequently observed
stimulation-induced side effect. Postoperative infection has
been described as the most prevalent complication in some
series, with incidence rates of 5-33 % and higher rates
being reported among children [17, 35]. However, in our
series no device-related infection occurred. Most of the
children were older than 10 years at surgery and all suf-
fered from hereditary or idiopathic isolated dystonia, which
is in line with the clinical observation that higher infection
rates occur especially in children younger than 10 years
with secondary dystonia [1]. Nevertheless, one has to
consider that the median IPG replacement interval was
34 months in our cohort, which is in line with previous
reports [15, 29] but holds a risk for each patient as an extra
intervention. Therefore, newly available rechargeable IPGs
with smaller size and curved edges might be favorable in
pediatric patients.

Quality of life has not been assessed in our cohort apart
from the disability scale of the BFMDRS that was signif-
icantly reduced in all patients at LT-FU. Moreover, it
should be noted that all patients were able to completely
withdraw from antidystonic medication. Improvement in
motor symptoms was paralleled by a higher functional
independence in all children, allowing at least partial social
reintegration including attendance of regular school or
higher education and more time spent with their peers.

Our study describes the first long-term follow-up in
pediatric patients, with effective DBS even after >10 years
of continuous stimulation (Patients 1 and 2, with 52 and
41 % motor improvement, respectively). Long-term
improvement remained more stable in limb dystonia,
highlighting the importance of the body region involved in
dystonia, which is similar to observations in adults [32]. A
particular strength of our study is the blinded assessment of
DBS effects to reduce rater bias, which at the same time
may be an explanation for the smaller mean motor
improvement in our pediatric patients compared to previ-
ous studies. Further limitations of our study include vari-
able disease duration and electrode displacement that
occurred in one patient. Taken together, these factors might
have reduced the overall outcome. Nevertheless, these
results provide a realistic picture of motor improvements in
a cohort of consecutive pediatric patients from a single
center. Thus, our data support DBS as a valuable long-term
treatment in children with early-onset generalized dystonia.
As data on DBS in children is still rare, and patient num-
bers in single centers are often small, a joint effort from
different centers to form large cohorts should allow for
stronger conclusions in the future.
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