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Abstract In many patients, optimal results after pallidal
deep brain stimulation (DBS) for primary dystonia may
appear over several months, possibly beyond 1 year after
implant. In order to elucidate the factors predicting such
protracted clinical effect, we retrospectively reviewed the
clinical records of 44 patients with primary dystonia and
bilateral pallidal DBS implants. Patients with fixed skeletal
deformities, as well as those with a history of prior ablative
procedures, were excluded. The Burke-Fahn-Marsden
Dystonia Rating Scale (BFMDRS) scores at baseline, 1 and
3 years after DBS were used to evaluate clinical outcome.
All subjects showed a significant improvement after DBS
implants (mean BFMDRS improvement of 74.9% at 1 year
and 82.6% at 3 years). Disease duration (DD, median

I. U. Isaias - M. Tagliati
Department of Neurology, Mount Sinai School of Medicine,
New York, NY, USA

I. U. Isaias (X))

Motion Analysis Laboratory, Department of Human Physiology,
University of Milano, Via Mangiagalli 32, 20133 Milan, Italy
e-mail: ioannis.isaias @unimi.it

J. Volkmann - R. Reese
Department of Neurology, Christian-Albrechts-University,
Kiel, Germany

A. Kupsch - T. Schonecker - A. A. Kiihn
Department of Neurology, Charité-University Medicine,
Berlin, Germany

J.-M. Burgunder - W. M. M. Schiipbach
Movement Disorder Center, Department of Neurology, Bern
University Hospital and University of Bern, Bern, Switzerland

J. L. Ostrem
Department of Neurology, University of California,
San Francisco, CA, USA

15 years, range 2-42) and age at surgery (AS, median
31 years, range 10-59) showed a significant negative cor-
relation with DBS outcome at 1 and 3 years. A partition
analysis, using DD and AS, clustered subjects into three
groups: (1) younger subjects with shorter DD (n = 19,
AS < 27, DD < 17); (2) older subjects with shorter DD
(n = 8,DD < 17, AS > 27); (3) older subjects with longer
DD (n = 17, DD > 17, AS > 27). Younger patients with
short DD benefitted more and faster than older patients,
who however continued to improve 10% on average 1 year
after DBS implants. Our data suggest that subjects with
short DD may expect to achieve a better general outcome
than those with longer DD and that AS may influence the
time necessary to achieve maximal clinical response.

R. L. Alterman
Department of Neurosurgery, Mount Sinai School of Medicine,
New York, NY, USA

H. M. Mehdorn
Department of Neurosurgery, Christian-Albrechts-University,
Kiel, Germany

J. K. Krauss
Department of Neurosurgery, Medical School Hannover,
Hannover, Germany

P. Starr
Department of Neurosurgery, University of California,
San Francisco, CA, USA

M. Tagliati

Department of Neurology, Cedars-Sinai Medical Center,
Los Angeles, CA, USA

@ Springer



1470

J Neurol (2011) 258:1469-1476

Keywords Deep brain stimulation - Globus pallidus -
Dystonia - Outcome predictors

Abbreviations

DBS Deep brain stimulation

GPi Globus pallidus internus

BFMDRS  Burke-Fahn-Marsden Dystonia Rating Scale

AS Age at surgery (in years)

DD Disease duration (in years)

SS Speech and swallowing

SY Subjects with disease duration <17 years and
age at surgery <27 years

SO Subjects with disease duration <17 years and
age at surgery >27 years

LO Subjects with disease duration >17 years and

age at surgery >27 years

Introduction

Dystonia is a neurological syndrome characterized by
sustained, involuntary muscle contractions generating
twisting and repetitive movements or abnormal postures
[1]. Medical treatment for dystonia is limited by the poor
efficacy and tolerability of available drugs [2]. Over the
past decade, deep brain stimulation (DBS) of the globus
pallidus internus (GPi) has emerged as a safe and effective
treatment for patients with severe generalized primary
dystonia, with positive results reported both at short-term
[3, 4] and long-term follow-up [5, 6].

Outcome predictors for successful pallidal DBS in dys-
tonia are poorly defined. We recently reported that younger
age at surgery and shorter disease duration are associated
with better outcomes 1 year after lead implant [7, 8].
However, improvement of dystonic symptoms slowly pro-
gress over many months in several patients, possibly
beyond 1 year after implant. In this study, we investigated
the magnitude of dystonia improvement beyond the first
year of therapy and tested whether the clinical factors that
are predictive of outcome at 1 year remain so in the longer
term. In order to determine if these factors are significant in
a wider clinical experience, we collected data from five
established DBS centers in Europe and the United States.

Methods
Subjects
Data from the medical records of 44 patients with medi-

cally refractory multi-segmental or generalized primary
dystonia who underwent stereotactic pallidal DBS surgery
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at five different movement disorders centers were col-
lected. The participating centers were the Mount Sinai
School of Medicine in New York (USA), Christian-
Albrechts-University in Kiel (Germany), Charité Univer-
sity of Medicine in Berlin (Germany), University Hospital
in Bern (Switzerland) and the University of California San
Francisco in San Francisco (USA). Patients had been
selected for DBS surgery based on a diagnosis of primary
multi-segmental or generalized dystonia [1] with signifi-
cant disability despite optimized medical management. All
patients were implanted bilaterally. Patients with fixed
skeletal deformities (radiologically documented), as well as
those with secondary dystonia or history of prior central
ablative procedures, were excluded from this analysis.

Thirty-six subjects had early-onset dystonia [1] and 23
tested positive for the DYTI1 gene defect. Thirty-two
patients were male and 12 female (M:F = 2.6:1); median
age at symptoms onset was 15 years (range 4-50); median
age at surgery was 31 years (range 10-59) and median
disease duration was 15 years (range 2-42).

Clinical evaluation and outcome measures

Each center retrospectively collected clinical records and
standardized videotaped evaluations of all subjects inclu-
ded in the study, which was approved by the respective
institutional review boards. All videos were blindly eval-
uated not by the treating physicians.

The severity of dystonia was evaluated using the Burke-
Fahn-Marsden Dystonia Rating Scale (BFMDRS) [9].
BFMDRS scores at baseline, 1 and 3 years follow-up were
collected. Post-operatively, patients were evaluated only
while actively stimulated. Results were normalized by
calculating the percentage BFMDRS change from baseline,
according to the formula:

[(Baseline BFMDRS score — Postoperative BEMDRS score)/
Baseline BEMDRS score] x 100

Changes in the BFMDRS percentage improvement
between the 1- and 3-year follow-up examinations (A) were
also calculated for every patient. Medication regimen and
dosages were recorded at baseline and each follow-up visit,
with particular attention to the following drug classes:
dopaminergics, anticholinergics, antispasmodics and benzo-
diazepines. The reduction of daily medication was calculated
averaging of the percentage reduction of each drug.

Neurosurgical procedure, active contacts location
and DBS programming

All subjects included in this study underwent microelec-
trode-guided, frame-based stereotactic implantation of
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DBS leads [model 3387 or model 3389 (2 patients),
Medtronic], as extensively described in previous publica-
tions from the participating centers [4, 10-12]. Confirma-
tion of electrode placement in the GPi was obtained in all
patients with immediate post-implantation stereotactic
MRI. In addition, each center was asked to calculate the
coordinates of the active contacts, relative to the mid-
commissural point (MCP) (x, mediolateral plane; y, anter-
oposterior plane; z, dorsoventral plane), according to
previously described methodology [12].

Data on stimulation settings at 1 and 3 years follow-up
were collected from each center, including active elec-
trodes, configurations, voltage, pulse width and frequency.
Stimulation strategies varied according to local methodol-
ogy and expertise, with the common goal of maximizing
clinical benefit and/or reducing adverse effects [13].

Statistical analysis

Results were analyzed on an intention-to-treat basis. Chi-
Square was used to test demographic (e.g. gender) and
clinical homogeneity (e.g. DYT1 status) among groups.
The BFMDRS (total and sub-scores) percentage improve-
ment at 1 and 3 years were compared by means of the
Wilcoxon signed-rank test for matched pairs. A pair
comprised data obtained in the same individual at different
time points (i.e. year 3 vs. year 1). Analysis of variance
(ANOVA) and Tukey’s test were used to investigate
BFMDRS total and sub-score differences between groups
(e.g. early- vs. late-onset dystonia) and to compare each
BFMDRS sub-score percentage improvement within the
same year of follow-up.

In order to identify pre-operative predictors of
improvement both at 1 and 3 years after implants, we used
correlation multivariate (pairwise) analysis for quantitative
variables (e.g. age at surgery [AS] and at onset of dystonia,
disease duration [DD], and symptom severity at baseline)
and the Wilcoxon for categorical variables (e.g. gender and
DYT1 status). Clinical and demographic factors that
proved predictive of percentage BFMDRS changes were
then used in a partition analysis to identify cutoffs values
and accordingly best split subjects into different groups.
Clinical responses (i.e. changes in the BFMDRS scores at
years 1 and 3) in these groups of patients were then com-
pared by means of ANOVA and Tukey’s test. This data-
driven design allowed us to overcome the low number of
patients and the interdependence of some of the variables
(i.e. AS and DD) in order to make statistically and clini-
cally relevant observations. P values <0.05 were consid-
ered to be statistically significant. Statistical analyses were
performed with the JMP® statistical package, version 5.1
(SAS Institute, Inc.).

Results

Following surgery and device activation, every patient
experienced an improvement in motor function, which was
reflected in their BFMDRS motor and disability scores over
time (Table 1). All BEMDRS sub-scores showed signifi-
cant improvement at 1 year, with further gains at 3 years.
Speech and swallowing (SS) improved less than other body
regions at both end points (1- and 3-year follow-up,
p < 0.05; Table 1).

Only three subjects showed a negative A, indicating a
worsening of symptoms between years 1 and 3. One patient
developed mild speech difficulty (BFMDRS sub-score of
1), which was not present at baseline. Two other patients
showed mild worsening of axial (0.5 and 4.5 points,
respectively) and limbs scores (4.5 and 7 points) from years
1 to 3. Five additional patients exhibited worse sub-scores
at year 3 (3 axial, 1 limbs, and 1 facial and speech), but still
showed a positive A and did not regress to their pre-sur-
gical impairment scores (Table 1).

Among demographic features, only age at surgery neg-
atively correlated with clinical outcome both at 1
(r2 =0.28; p<0.001) and 3 years of stimulation
(r* = 0.18; p < 0.01). Among clinical variables, only dis-
ease duration negatively correlated with clinical outcome at
both time points (r2 =0.3 and 0.26, respectively;
p < 0.001). No other significant correlations were found.
Among BFMDRS sub-scores, the strongest correlation was
seen between SS improvement and disease duration (1-
year: r* = 0.42, p < 0.001; 3 years: > = 0.64, p < 0.001).
BFMDRS sub-score correlations with age at surgery and
disease duration are detailed in Table 2.

The partition analysis cutoffs that best split our cohort in
terms of outcomes were age at surgery of 27 years and
disease duration of 17 years (Table 3A). Based on these
cutoffs, subjects were clustered into three groups
(Table 3B). Group SY (n = 17) included subjects with DD
shorter than 17 years and AS less than 27 years; group SO
(n = 8) was characterized by DD shorter than 17 years and
AS greater than 27 years; group LO (n = 19) included
patients with DD longer than 17 years and AS greater than
27 years. None of the patients included in this study had
long DD and young AS. Subjects in the SY group con-
sistently showed better outcomes than those in the SO
group [mean BFMDRS change difference of 10%
(p < 0.05) at 1 year and 3% (n.s.) at 3 years] and LO group
[mean BFMDRS change difference of 25% (p < 0.01) at
1 year and 16% (p < 0.05) at 3 years (Fig. 1)]. The SY
group did not exhibit significant changes between years 1
and 3 (mean A = 2.8% = 5SD). However, both SO and
LO groups showed significant increments of clinical benefit
over that time period [mean A = 9.3% 4 10 (SO) and
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11 £+ 29.4 (—33.3-100)

16.7 £ 37.1 (—33.3-100)
6.3 £ 15.1 (—25-41.7)

1.8 £ 2 (0-6) 50.7 £ 43.9* (0-100) 1.8 £ 2 (0-6) 61.7 & 39.4* (0-100)
70.2 £+ 35.4 (0-100)

39 4+ 3 (1-12)

Speech and swallowing  25*

86.9 £+ 19.8 (33.3-100)

0.7 4+ 1.2 (0-4.5)
2.3 £ 2.6 (0-10)
4.1 + 5.4 (0-22)
22 + 1.8 (0-6)

1.2 £ 1.7 (0-6.5)

34+ 39 (0-15)
5.7 £ 7 (0-39)
2.7 £22(0-9)

5442 (1-14)
14 + 6.8 (3-24)
27.8 + 17.4 (2-64)
10.4 + 5.4 (3-23)

22

Face

84.3 £ 14.6 (54.5-100)
84.6 £+ 17.9 (50-100)
76.1 £ 20.9 (0-100)

78 £ 19.4 (37.5-100)

76.9 £ 22.9 (0-100)

41

Axial

7.6 £ 15.1 (—35.3-66.7)

43
44

Limbs

7 £ 25 (—44.4-86.7)

69 £ 21.2 (30-100)

Disability

Speech and swallowing symptoms improved significantly less than other body regions at both end points (* p < 0.05). For all body sites, we found a similar additional improvement from 1 year

to 3 years of stimulation (A

% improvement at 3 years — % improvement at 1 year). Data are reported as mean £+ SD (range)

The total score for the movement subscale of the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS), which can range from 0 to 120, is the sum of individual scores of nine body regions

and represents the severity of motor disability related to dystonia. The total disability score can range from 0 to 30 and is the sum of individual ratings for seven activities: speech, handwriting,

and the degree of dependence with respect to hygiene, dressing and feeding, swallowing and walking. A high score indicates worse disability

* Subjects showing speech and swallowing dystonic symptoms were 25 at baseline, 26 at 1-year and 3-year follow-up

12 £ 10.8 (LO), p < 0.05; Fig. 1c]. The magnitude of A
correlated with age at surgery (% = 0.16, p < 0.01) but not
with duration of disease (+* = 0.08, n.s.) or other clinical or
demographic features.

In comparison to DYTI negative subjects (n = 21),
DYT1 positive subjects (n = 23) were, on average,
younger at symptomatic onset (9 + 4 years vs. 22 £ 15
years, p < 0.001) and at surgery (21 &£ 12 years wvs.
42 + 13 years, p < 0.001); consequently, DYT1 positive
subjects also had a shorter average DD at the time of DBS
surgery (12 £ 10 years vs. 20 = 11 years, p < 0.05).
There were no other significant differences in the demo-
graphic or baseline clinical characteristics in these two
groups, with the exception of a higher prevalence of SS
involvement in DYT1 negative subjects (15/20 vs. 10/23;
p <0.05). DYT1 positive patients exhibited a greater
BFMDRS percentage improvement both 1 year (81.6 +
16.6 vs. 67.5 £ 16.7, p < 0.01), and 3 years (87.6 & 11.7
vs. 77 £ 13, p < 0.01) after surgery. However, the statis-
tical significance was lost when comparison was weighted
for DD and AS. Indeed, DYT1 negative and positive sub-
jects were unevenly distributed among the partition anal-
ysis groups (SY: 2 DYT— vs. 15 DYT+; SO: 7 vs. 1; LO:
12 vs. 7; p < 0.001).

Subjects with late-onset dystonia exhibited an
improvement comparable to early-onset patients at both
time points when adjusted for AS or DD (1-year follow-up:
64.2 + 62.1 vs. 68.3 £ 71.7; 3-year follow-up: 76 + 50.8
vs. 77.7 &£ 51.5; p = n.s.).

Stimulation settings were stable from year 1 to year 3. A
monopolar configuration was predominant both at year 1
(79/88 leads; 47 single, 30 double, 2 triple) and year 3 (79/
88 leads; 37 single, 38 double, 4 triple); the remaining
electrodes were set in a bipolar configuration (7 simple
bipolar and 2 tripolar at 1 year; 7 simple bipolar, 1 tripolar
and 1 quadripolar at 3 years). At year 1, the mean stimu-
lation amplitude was 3 V (£0.8), the mean pulse width
was 184.3 ms (£83) and the mean frequency was
113.7 Hz (£45). At year 3, the mean stimulation ampli-
tude was 3 V (£0.7), the mean pulse width was 181 ms
(£79) and mean frequency was 115.7 Hz (£47). No dif-
ference was found in the mean stimulation amplitude
among the partition analysis sub-groups (i.e. SY, SO and
LO); pulse width was significantly lower in SO subjects at
I-year follow-up; SY subjects had significantly lower
frequencies of stimulation both at 1 and 3 years after
surgery (Table 3C). When weighted for different DBS
settings, improvement differences among cohorts proved
to be statistically independent.

The active contacts location relative to the MCP is listed
in Table 3D. We found no significant difference between
the mean active contact locations among the three partition
analysis subgroups. Both mean active contacts location and
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Table 2 Correlation matrix
result for BEMDRS total and
sub-scores percentage

Age at surgery Disease duration

improvements with age at
surgery and disease duration

1-year 3-year 1-year 3-year
BFEMDRS (n = 44) 0.28 (<0.001) 0.18 (<0.01) 0.3 (<0.001) 0.26 (<0.001)
Speech and swallowing (n = 25) 0.2 (<0.05) n.s. 0.42 (<0.001) 0.64 (<0.001)
Face (n = 22) 0.2 (<0.05) n.s. 0.25 (0.01) n.s.
Axial (n = 41) 0.25 (<0.001) n.s. 0.12 (<0.05) n.s.
Limbs (n = 43) n.s. n.s. 0.23 (<0.01) 0.23 (<0.001)

Data are reported as r* (p value)

stimulation settings did not correlate with BFMDRS per-
centage improvement at 1 and 3 years after surgery.

Thirty-two subjects (72%) were taking one or more
medications before surgery. One year after surgery, the
average percentage reduction of daily medication was
52.1% (£40.2) with eight patients (18%) able to com-
pletely discontinue medications. Three years after surgery
the average medication reduction was 80% (£+30) and 16
subjects (36%) had discontinued all medications. No
demographic or baseline clinical features predicted medi-
cation reduction or their discontinuation.

Three patients (6.8%) experienced three adverse events
(AEs) during the study period, yielding a complication rate
of 3.4% (3/88 electrode-years) or 0.01 events/year of
stimulation. Adverse events included two device infections
each of which was treated by removing the infected device
components and re-implanting following an appropriate
course of intravenous antibiotics. One patient suffered
extension cable fractures, which required surgical
replacement. There were no intracerebral hemorrhages and
no adverse neurological events.

Discussion

This multicenter, retrospective analysis confirms that
medically refractory primary dystonia is highly responsive
to pallidal DBS and suggests that the maximal response
may take more than 1 year to develop, particularly in older
patients.

The improvement in BEMDRS scores described in this
study is higher than reported by others [4, 5, 14]. This may
due to (1) the much shorter disease duration of our popu-
lation and (2) the exclusion of subjects known to benefit
less from DBS due to non-neurological causes (e.g. skeletal
deformities) [8].

Inclusion criteria may possibly account for the low AEs
rate described in this study [15] as we excluded subjects
that interrupted the stimulation because of AEs and did not
reached a 3-year follow-up thereafter.

Patients older than 27 years at the time of DBS surgery
showed an additional 10% average improvement between
years 1 and 3 of stimulation. This added benefit was not

explained by changes in stimulation parameters and med-
ication intake, which actually decreased in the same
interval. However, we cannot exclude that significantly
lower stimulation frequency in the SY group might have
had a positive effect on the rate and extent of improvement
as compared to the older groups. Results were not corre-
lated with active electrode location, as previously sug-
gested by other groups not involved in the present analysis
[16].

Finally, this study confirms and extends previous find-
ings indicating that younger age and shorter symptom
duration at the time of surgery predict better clinical out-
comes. Younger patients with shorter disease duration fare
best after pallidal DBS. Older patients appear to take
longer to reach maximal response than younger subjects
with comparable disease duration. The novel finding of this
multicenter, long-term analysis is that age and disease
duration appear to play complementary roles in predicting
clinical outcomes in patients with primary dystonia
undergoing GPi—DBS. As previously described by inde-
pendent studies [8, 17], disease duration is inversely cor-
related with the magnitude of the response to DBS as
measured by the percent change in the BFMDRS motor
score. At the same time, we also found that age at surgery
directly correlated with continued BFMDRS improvements
(A) between years 1- and 3-year of follow-up, suggesting
that older dystonia patients (independent of their duration
of disease) may require more time to achieve their maximal
response to pallidal stimulation. A similar trend toward
continued improvement of BFMDRS scores beyond
6 months of stimulation was described in adult patients
with tardive dystonia and disease duration shorter than
15 years [18].

The predictive roles of disease duration and age are of
great interest in light of current models of DBS mechanism
of action, which propose that the therapeutic effects of
stimulation are mediated by a gradual brain reorganization
or plasticity [11, 19-22]. The severity of aberrant function
in dystonia may be correlated with disease duration,
making complete resolution of symptoms by DBS more
difficult the more longstanding the aberrancy. In contrast,
age at surgery may not necessarily relate to the evolution of
the disease. However, age may affect brain plasticity in and
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Table 3 Partition analysis results (A), clinical and demographic features (B), stimulation settings (C), and location (D) of active contacts of sub-

groups of patients

A Age at surgery

Disease duration

Partition analysis for 1-year % improvement
Cut-off value (n of patients) <27 years (n = 17)
BFMDRS % imp. 872 £ 11.1
Partition analysis for 3-year % improvement

Cut-off value (n of patients) <27 years (n = 17)

>27 years (n = 27)
67.1 £ 17.2

>27 years (n = 27)

<17 years (n = 26)
83.1 = 13

>17 years (n = 18)
63.0 + 17.8

<17 years (n = 26) >17 years (n = 18)

BFMDRS % imp. 894 £ 12 782 £ 12.3 87.8 £ 11 74.8 £ 12.6
B
Group N Age at surgery Disease duration BFMDRS % imp. 1-year BFMDRS % imp. 3-year A
SY 17 13.5 £ 3.3*% 52+ 24% 87.2 £ 11.1* 90 £ 12 2.8 + 5%
SO 8 43.6 + 13.8 10 £ 3.7 777 £ 11.6 87 £ 7.1 93+ 10
LO 19 42 £ 10 27 £ 8 627+ 174 74.5 £ 12.3* 12 £10.8
C
Group DBS settings
1-year follow-up 3-year follow-up
Hz PW v Hz PW \'%
SY 89.4 £ 42.2% 221.6 £+ 87.1 29+ 0.6 939 £ 41* 2063 £ 73 29 £0.6
SO 118.8 + 31.2 120 £ 58* 31+0.6 140.6 &+ 36.9 140.6 £+ 58.7 33+08
LO 125.6 &+ 39.2 178.6 4+ 93.5 32+07 121.6 &+ 46.4 180.3 £ 88.7 3.0+ 09
D
Group Location of active contacts relative to the midcommissural point
1-year follow-up 3-year follow-up
X y b4 X y b4
SY 19.8 + 1.1 24+12 —2+23 195+ 12 27+ 1.7 —27+19
SO 202+ 1.8 4+£18 —29+21 203 £ 19 43+ 13 —33+2
LO 201 £ 1.2 25+ 13 —24+£15 216 £3 30+ 14 -1.7+17

Clusters: SY: disease duration <17 years and age at surgery <27 years; SO: disease duration <17 years and age at surgery >27 years; LO:

disease duration >17 years and age at surgery >27 years

x, mediolateral coordinate of the active contacts relative to midcommissural point (MCP); y, anteroposterior coordinate of the active contacts
relative to MCP; z, dorsoventral coordinate of the active contacts relative to MCP

* p < 0.05

of itself, thereby determining the capacity of the brain to
adapt in response to DBS. Indeed, age at surgery, but not
disease duration correlates with A, and subjects with short
disease duration but older age at surgery (SO group)
reached a clinical improvement comparable to younger
patients after a longer time on stimulation. Improvement in
older subjects with longer duration of disease (LO group)
remained significantly lower even after 3 years of stimu-
lation, further supporting the strong basic influence of
disease duration on clinical outcome after DBS.

@ Springer

Functional imaging studies in normal humans show age
related changes during the execution of various motor
tasks. Older subjects activate the same cortical regions as
their younger counterparts, but to a greater extent, or they
activate additional brain regions [23-27]. These age-related
differences become more pronounced with increasingly
complex motor tasks and usually include activation of
additional brain regions involved in higher-order aspects of
motor control, such as increased processing of somato-
sensory information [27]. Interestingly, sensory-motor
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Fig. 1 Differential outcomes in age and disease duration clusters.
Younger patients with short disease duration (SY) showed better
outcome both 1 (a) and 3 years after surgery (b), without a significant
change between the two observations. Subjects with older age at
surgery showed a significant additional outcome improvement
between year 1 and 3 follow-up (c). SY disease duration <17 years
and age at surgery <27 years, SO disease duration <17 years and age
at surgery >27 years, LO disease duration >17 years and age at
surgery >27 years. *p < 0.05

integration plays a crucial part in the pathophysiology of
dystonia [28]. Other age-related changes in synaptic
function that may affect plasticity include reduced synaptic
strength and the inability to maintain synaptic potentiation

[29-31]. In animal models, high-frequency stimulation
generates long-term potentiation (LTP) and effects long-
term changes in the efficiency of synaptic transmission,
phenomena which have been postulated to underlie the
clinical effects of DBS [32]. The decay rate for LTP is
accelerated during aging [33], impacting the brain’s
capacity to maintain synaptic enhancement. This implies
that aging animals lack specific cellular mechanisms (e.g.
protein synthesis), which mediate LTP persistence [34, 35].
Aging animals also lose the capacity to maintain synaptic
enhancement in response to low frequency stimulation
(1-3 Hz) [36]. It is currently unclear whether these
experimental observations could be extended to pallidal
stimulation in humans.

Age at disease onset did not play a role in determining
DBS outcomes. In fact, the response to pallidal DBS was
similar in patients with late- and early-onset dystonia when
results were weighted for age at surgery and disease
duration. Similarly, disease severity did not correlate with
clinical outcome at either 1 or 3 years of follow-up.

DYTl-positive status was associated with greater
improvement both at 1 and 3 years, in line with a recent
metaregression study of DBS outcomes in dystonia [15].
However, our data suggest that DYT1 status may not be an
independent outcome predictor. As previously observed
[8], the superior DBS outcomes in DYT1-positive subjects
appears to be correlated with their younger age and short
disease duration at the time of surgery. In addition, DYT1-
positive subjects consistently have a low burden of SS
symptoms, which are less responsive to pallidal DBS.
These clinical features may confer to DYT1-positive sub-
jects the observed DBS outcome advantage.

In conclusion, we confirm that patients with primary,
medically refractory dystonia are excellent candidates for
pallidal DBS. Patients with short disease duration may
expect to achieve a better general outcome than those with
longer disease duration. Age at the time DBS surgery is
performed appears to influence the time necessary to
achieve maximal clinical response.

Acknowledgments This study was funded in part by a grant of the
Bachmann-Strauss Dystonia & Parkinson Foundation (MT) and the
Mariani Foundation for Paediatric Neurology (IUI). The Authors
would like to thank Silvia Molteni and Sara Tunesi for helpful advice
in the implementation of the statistical analysis.

Conflict of interest None.

References

1. Geyer HL, Bressman SB (2006) The diagnosis of dystonia.
Lancet Neurol 5:780-790
2. Tarsy D, Simon DK (2006) Dystonia. N Engl J Med 355:818-829

@ Springer



1476

J Neurol (2011) 258:1469-1476

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Vidailhet M, Vercueil L, Houeto JL, Krystkowiak P, Benabid
AL, Cornu P et al (2005) Bilateral deep-brain stimulation of the
Globus Pallidus in primary generalized dystonia. N Engl J] Med
352:459-467

. Kupsch A, Benecke R, Miiller J, Trottenberg T, Schneider GH,

Poewe W et al (2006) Pallidal deep-brain stimulation in primary
generalized or segmental dystonia. N Engl J Med 355:1978-1990

. Vidailhet M, Vercueil L, Houeto JL, Krystkowiak P, Lagrange C,

Yelnik J et al (2007) Bilateral, pallidal, deep brain stimulation in
primary generalized dystonia: a prospective 3 year follow-up
study. Lancet Neurol 6:223-229

. Isaias IU, Alterman R, Tagliati M (2009) Deep brain stimulation

for primary dystonia: Arch Neurol

66:465-470

long-term outcomes.

. Alterman RL, Miravite J, Weiss D, Shils JL, Bressman SB, Ta-

gliati M (2007) Sixty hertz pallidal deep brain stimulation for
primary torsion dystonia. Neurology 69:681-688

. Isaias IU, Alterman RL, Tagliati M (2008) Outcome predictors of

pallidal stimulation in patients with primary dystonia: the role of
disease duration. Brain 131:1895-1902

. Burke RE, Fahn S, Marsden CD, Bressman SB, Moskowitz C,

Friedman J (1985) Validity and reliability of a rating scale for the
primary torsion dystonia. Neurology 35:73-77

Shils J, Tagliati M, Alterman R (2002) Neurophysiological
monitoring during neurosurgery for movement disorders. In:
Deletis V, Shils J (eds) Neurophysiology in neurosurgery. Aca-
demic Press, San Diego, pp 393436

Krauss JK, Yianni J, Loher JT, Aziz TZ (2004) Deep brain
stimulation for dystonia. J Clin Neurophysiol 21:18-30

Starr PA, Turner RS, Rau G, Lindsey N, Heath S, Volz M, Os-
trem JL, Marks WJ Jr (2006) Microelectrode-guided implantation
of deep brain stimulators into the globus pallidus internus for
dystonia: techniques, electrode locations, and outcomes. J Neu-
rosurg 104:488-501

Kumar R (2002) Methods for programming and patient man-
agement with deep brain stimulation of the globus pallidus for the
treatment of advanced Parkinson’s disease and dystonia. Mov
Disord 17(Suppl 3):S198-S207

Yianni J, Bain P, Giladi N, Auca M, Gregory R, Joint C et al
(2003) Globus pallidus internus deep brain stimulation for dys-
tonic conditions: a prospective audit. Mov Disord 18:436-442
Andrews C, Aviles-Olmos I, Hariz M, Foltynie T (2010) Which
patients with dystonia benefit from deep brain stimulation? A
metaregression of individual patient outcomes. J Neurol Neuro-
surg Psychiatry 81:1383-1389

Hamani C, Moro E, Zavidoff C, Poon Y, Lozono AM (2008)
Location of active contacts in patients with primary dystonia
treated with globus pallidus deep brain stimulation. Neurosurgery
62:217-223

Vasques X, Cif L, Gonzalez V, Nicholson C, Coubes P (2009)
Factors predicting improvement in primary generalized dystonia
treated by pallidal deep brain stimulation. Mov Disord
24:846-853

Gruber D, Trottenberg T, Kivi A, Schoenecker T, Kopp UA,
Hoffmann KT, Schneider G-H, Kiihn AA, Kupsch A (2009) Long
term effects of pallidal deep brain stimulation in tardive dystonia.
Neurology 73:53-58

Vitek JL (2002) Pathophysiology of dystonia: a neuronal model.
Mov Disord 17:49-62

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Detante O, Vercueil L, Thobois S, Broussolle E, Costes N,
Lavenne F et al (2004) Globus pallidus internus stimulation in
primary generalized dystonia: a H2 150 PET study. Brain
127:1899-1908

Tisch S, Rothwell JC, Limousin P, Hariz MI, Corcos DM (2007)
The physiological effects of pallidal deep brain stimulation in
dystonia. IEEE Trans Neural Syst Rehabil Eng 15:166-172
Martella G, Tassone A, Sciamanna G et al (2009) Impairment of
bidirectional synaptic plasticity in the striatum of a mouse model
of DYT1 dystonia: role of endogenous acetylcholine. Brain
132:2336-2349

Hutchinson S, Kobayashi M, Horkan CM, Pascual-Leone A,
Alexander MP, Schlaug G (2002) Age-related differences in
movement representation. Neuroimage 17:1720-1728

Mattay VS, Fera F, Tessitore A, Hariri AR, Das S, Callicott JH,
Weinberger DR (2002) Neurophysiological correlates of age-
related changes in human motor function. Neurology 58:630-635
Naccarato M, Calautti C, Jones PS, Day DJ, Carpenter TA, Baron
JC (2006) Does healthy aging affect the hemispheric activation
balance during paced index-to-thumb opposition task? An fMRI
study. Neuroimage 32:1250-1256

Riecker A, Groschel K, Ackermann H, Steinbrink C, Witte O,
Kastrup A (2006) Functional significance of age related differ-
ences in motor activation patterns. Neuroimage 32:1345-1354
Heuninckx S, Wenderoth N, Swinnen SP (2008) Systems neu-
roplasticity in the aging brain: recruiting additional neural
resources for successful motor performance in elderly persons.
J Neurosci 28:91-99

Tinazzi M, Rosso T, Fiaschi A (2003) Role of the somatosensory
system in primary dystonia. Mov Disord 18:605-622

Landfield PW, McGaugh JL, Lynch G (1978) Impaired synaptic
potentiation processes in the hippocampus of aged, memory-
deficient rats. Brain Res 150:85-101

Barnes CA, Rao G, Foster TC, McNaughton BL (1992) Region-
specific age effects on AMPA sensitivity: electrophysiological
evidence for loss of synaptic contacts in hippocampal field CAl.
Hippocampus 2:457—468

Moore CI, Browning MD, Rose GM (1993) Hippocampal plas-
ticity induced by primed burst, but not long-term potentiation,
stimulation is impaired in area CAl of aged Fischer 344 rats.
Hippocampus 3:57-66

Shen K-Z, Zhu Z-T, Munhall A, Johnson SW (2003) Synaptic
plasticity in rat subthalamic nucleus induced by high-frequency
stimulation. Synapse 50:314-319

Barnes CA, McNaughton BL (1985) An age comparison of the
rates of acquisition and forgetting of spatial information in rela-
tion to long-term enhancement of hippocampal synapses. Behav
Neurosci 99:1040-1048

Frey U, Krug M, Reymann KG, Matthies H (1988) Anisomycin,
an inhibitor of protein synthesis, blocks late phases of LTP
phenomena in the hippocampal CA1 region in vitro. Brain Res
452:57-65

Otani S, Marshall CJ, Tate WP, Goddard GV, Abraham WC
(1989) Maintenance of long-term potentiation in rat dentate gyrus
requires protein synthesis but not messenger RNA synthesis
immediately post-tetanization. Neuroscience 28:519-526

Norris CM, Korol DL, Foster TC (1996) Increased susceptibility
to induction of long-term depression and long term potentiation
reversal during aging. J Neurosci 16:5382-5392



	Factors predicting protracted improvement after pallidal DBS for primary dystonia: the role of age and disease duration
	Abstract
	Introduction
	Methods
	Subjects
	Clinical evaluation and outcome measures
	Neurosurgical procedure, active contacts location and DBS programming
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


