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The aim of this review was to provide strong clinical evidence of the efficacy of
deep brain stimulation (DBS) of the globus pallidus internus (GPi) in isolated
inherited or idiopathic dystonia. Eligible studies were identified after a system-
atic literature review of the effects of bilateral GPi-DBS in isolated dystonia.
Absolute and percentage changes from baseline in the Burke—-Fahn—Marsden
Dystonia Rating Scale (BFMDRS) motor and disability scores were pooled,
and associations between treatment effect and patient characteristics were
explored using meta-regression. In total, 24 studies were included in the meta-
analysis, comprising 523 patients. The mean absolute and percentage improve-
ments in BEFMDRS motor score at the last follow-up (mean 32.5 months; 24
studies) were 26.6 points [95% confidence interval (CI), 22.4-30.8] and 65.2%
(95% CI, 59.6-70.7), respectively. The corresponding changes in disability
score at the last follow-up (mean 32.9 months; 14 studies) were 6.4 points
(95% CI, 5.0-7.8) and 58.6% (95% CI, 50.3-66.9). Multivariate meta-regres-
sion of absolute scores indicated that higher BFMDRS motor and disability
scores before surgery, together with younger age at time of surgery, were the
main factors associated with significantly better DBS outcomes at the latest
follow-up. Reporting of safety data was frequently inconsistent and could not
be included in the meta-analysis. In conclusion, patients with isolated inherited
or idiopathic dystonia significantly improved after GPi-DBS. Better outcomes
were associated with greater dystonia severity at baseline. These findings
should be taken into consideration for improving patient selection for DBS.
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Introduction

Dystonia is a movement disorder characterized by sus-
tained or intermittent muscle contractions causing
abnormal, often repetitive movements, postures or
both [1]. The disorder can induce severe disability and
have an important impact on patients’ quality of life
(QoL) [2-4]. When available medical treatment has
failed, bilateral deep brain stimulation (DBS) of the
globus pallidus internus (GPi) is considered safe and

Correspondence: E. Moro, Service de Neurologie, CHU de
Grenoble, 38043 La Tronche, France (tel.: +33 4 76 76 57 91; fax:
+33 476 76 56 31; e-mail: elenamfmoro@gmail.com).

effective, in particular in patients with isolated inher-
ited or idiopathic (formerly primary) segmental or
generalized dystonia [5-7].

To date, three meta-analyses have assessed the
effects of DBS in patients with isolated dystonia [8—
10]. These analyses calculated the change in score
from before surgery to after surgery as a percentage
of the baseline score. This value traditionally gives
results that are considered clinically relevant for physi-
cians, easily understood by patients and do not
depend on the actual scale used to measure the out-
come. However, the percentage change is highly
dependent on the patient’s baseline score. For the
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same absolute number of points gained on a scale, a
patient with a higher baseline score will mathemati-
cally have a smaller percentage improvement than a
patient with a lower baseline. Similarly, the same per-
centage could represent vastly different changes on the
actual measurement scale, depending on where the
patients started. Therefore, interpreting percentage
change without knowledge of the population’s base-
line characteristics does not reflect the role of the ini-
tial dystonia severity in prognosis for DBS.
Statistically, a method that has higher statistical
power would be better, such as the absolute change in
score, which is not sensitive to changes in baseline
characteristics and is mathematically more appropriate
in the context of a meta-analysis [11]. The absolute
change better reflects improvements in health experi-
enced by patients with dystonia after treatment with
DBS, as it shows the actual number of points by
which patients have improved, whereas the percentage
change is skewed in favor of a lower baseline dystonia
status.

Therefore, we analyzed the available data primarily
using absolute changes from baseline, but also report-
ing the corresponding percentage change, to provide
statistical validity as well as ‘practical’ and compara-
tive clinical relevance for physicians. Our aims were
to: (i) systematically identify and summarize all exist-
ing evidence on the efficacy and safety of bilateral
GPi-DBS in isolated dystonia; (ii) synthesize the avail-
able evidence with statistical meta-analytic methods
where feasible; and (iii) explore the effects of study-
level covariates on study results.

Methods

Systematic review

The systematic review was based on a literature search
conducted in PubMed, Embase, Medscape and the
Cochrane Central Register of Controlled Trials from
January 1990 to November 2015. The search dates
pre-date the publication of the new classification of
dystonia [1], so the classical definition of ‘primary’
dystonia from 1998 [12] was used for study identifica-
tion and selection. Primary dystonia studies were
reclassified using the new classification as isolated (in-
herited or idiopathic) dystonia, with further specifica-
tion of idiopathic or inherited types where applicable.
Publications reporting efficacy and/or safety and/or
QoL outcomes for patients with isolated dystonia
treated with DBS were selected. Editorials, letters,
case reports, non-systematic reviews and papers pub-
lished before 1990, in a language other than English,
German, French, Italian or Spanish, or reporting
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results on <10 patients were excluded. Further search
strategy details and the selection criteria are in
Appendix S1. Precautions were taken to avoid inclu-
sion of studies reporting results on the same patients.
Authors were contacted in case of doubt.

Statistical analysis

Data on study and patient characteristics, efficacy,
QoL and safety parameters were extracted. For accu-
rate calculation of absolute changes from baseline,
studies were included in the meta-analysis only if suffi-
cient data using relevant statistical elements were
reported, i.e. means and measures of precision (e.g.
SDs or CIs for continuous outcomes; frequencies for
binary outcomes). For studies not reporting results at
study level, or when the study only reported mean
changes in score but not the precision, reported indi-
vidual patient data were used to derive aggregated
results.

As we aimed to show corresponding percentage
changes for each study included, missing data on per-
centage score were imputed. Mean percentage changes
in scores were calculated by dividing the mean abso-
lute change in score by the mean baseline score and
multiplying by 100. The missing precision could not
be approximated using available data; therefore, the
median precision observed in other studies of the
dataset for the same outcome was used as a proxy (a
commonly used approach).

Individual study results for each outcome were
pooled at 6 and 12 months and at the last mean fol-
low-up. Fixed-effect and random-effect models were
applied, using the inverse variance approach. The
most appropriate model in each meta-analysis was
chosen based on the presence of heterogeneity (i.e.
‘statistical heterogeneity’ is present when observed
intervention effects are more different from each other
than one would expect due to random error/chance
alone [13]), assessed by Cochran’s Q test and I statis-
tics. The latter measure can be regarded as the per-
centage of the total variability in a set of effect sizes
due to true heterogeneity and interpreted according to
the classification of Higgins and Thompson in 2002
(25%, low level of heterogeneity; 50%, moderate;
75%, high) [14]. In the presence of significant hetero-
geneity, the random-effects analysis is the preferred
approach.

The effect of study characteristics on heterogeneity
in the observed effects was explored using meta-regres-
sion. Based on previous literature findings and clini-
cian input, as well as data available in identified
studies, the characteristics included in the meta-regres-
sion were: duration of follow-up, baseline scores,
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study location, publication year, gender split, mean
age at onset of disease and surgery, duration of dis-
ease, proportion of life lived with dystonia (PLD) (de-
fined as duration of disease divided by age at baseline,
multiplied by 100), and proportion of dystonia 1 pro-
tein (DYT1)-positive patients. Due to lack of report-
ing in the identified studies, it was not possible to
include type of dystonia, comorbidities (e.g. depres-
sion, anxiety), dystonia-related physical complications
(e.g. skeletal deformities, fixed positions), medication
and stimulation parameters. Meta-regression was car-
ried out on absolute changes at the last follow-up
(due to their greater statistical power [11]). Both uni-
variate and multivariate models are presented. All
analyses were implemented in StatAa SE version 8.2
(Stata Corp., College Station, TX, USA).

Results

Systematic review

In total, the literature search revealed 2501 citations
(initial and update search), resulting in identification
of 58 relevant articles corresponding to 54 distinct
studies (Fig. 1). Most were bilateral DBS of the GPi.
All were uncontrolled, apart from two studies that
started as randomized controlled trials for the first
3 months post-surgery before being extended as obser-
vational studies [5,15]. Another study was not a ran-
domized controlled trial, but included a double-blind
evaluation with and without stimulation 3 months
post-surgery (patients served as their own control) [6].

Of the 54 studies identified, 24 reported usable data
on the Burke-Fahn—Marsden Dystonia Rating Scale
(BFMDRS) [16]; all 24 studies included movement
scores (range 0—120), whereas 14 also reported disabil-
ity scores (range 0-30) (see Table S1 for patient char-
acteristics). Data of efficacy from 12 studies were not
usable, as relevant data and/or statistics were insuffi-
ciently reported or not reported at all.

Ten studies reported results on the Toronto Western
Spasmodic Torticollis Rating Scale (TWSTRS) [17].
However, in most cases, these were poorly reported,
with insufficient details on changes in scores. There-
fore, TWSTRS was not included in the meta-analysis.

Similarly, evidence on patient-reported outcomes
(e.g. QoL) was insufficient for inclusion in the meta-
analysis; only six studies reported QoL data and those
that did used different outcomes and timepoints. The
collected QoL data are provided in Table S2.

Safety outcomes were reported in 33 included
studies and details are outlined in Table S3. To sum-
marize, the most commonly reported adverse events
(AEs) were device- or surgery-related complications/

failures (e.g. electrode or cable fracture) (reported in
23 studies), stimulation-related AEs (18 studies) and
wound problems or infections (15 studies). Intracra-
nial hemorrhages/bleedings, mostly asymptomatic,
were reported in five studies. Potentially life-threaten-
ing AEs were reported in two studies, acute relapse of
dystonia in four patients due to loss of stimulation
following hardware issues. However, reporting of
safety outcomes was generally inconsistent and not
systematic, preventing detailed analysis of severity,
time to resolution, relation to the procedure, device,
stimulation or pre-existing condition. Therefore, safety
data were excluded from the meta-analysis.

In total, the 24 studies in the meta-analysis included
523 patients (average 22 patients per study, range 10—
54) with an average follow-up of 32.5 months (range 6—
72 months). The BFMDRS mean score at time of sur-
gery was 44.0 (SD 13.6; range 16.8-72.2) for movement
and 11.3 (SD 3.4; range 4.7-16.5) for disability. Both
genders were equally represented. Patients were on
average 35.1 years old (SD 15.8; range 12.3-64.5) at
time of surgery, and had on average been suffering from
dystonia for 12.6 years (SD 4.8; range 5.1-24). Two
studies focused only on pediatric patients (<18 years at
time of surgery), but children were present in eight
other studies in the meta-analysis (Table S1).

Efficacy outcomes (meta-analysis)

BFMDRS motor scores

Both absolute and percentage changes showed that
DBS significantly improved motor scores at 6 months
post-surgery, with continued improvement until the
last follow-up. Mean absolute changes increased from
a 23.8-point improvement (95% CI, 18.5-29.1) at
6 months to 26.6 points (95% CI, 22.4-30.8) at the
last follow-up (mean 32.5 months, range 6—
72 months) (Fig. 2a). The mean percentage improve-
ment also increased from 59.0% (95% CI, 51.2-66.7)
at 6 months to 65.2% (95% CI, 59.6-70.7) at the last
follow-up (Fig. 2a). A summary of the BFMDRS
motor scores at 6 months and the latest timepoints
are outlined in Table 1, with full details (all time-
points) in Appendix S2.

BFMDRS disability scores

Deep brain stimulation significantly improved
BFMDRS disability scores in dystonia at 6 months
post-surgery, and patients continued to improve until
the last follow-up. Mean absolute changes increased
from a 4.8-point improvement (95% CI, 3.1-6.6) at
6 months to 6.4 points (95% CI, 5.0-7.8) at the last
follow-up (mean 32.9 months, Fig. 2b). The mean
percentage improvement also increased from 44.2%

© 2017 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.



Total (n =1928)
Medline n = 698, Embase (n = 1180),
Cochrane n = 22, Medscape (n = 28)
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=I Exclusion duplicates (n = 627)

A4

Title and abstract screening (n = 1301)
Medline n = 697, Embase (n = 573),

Cochrane n = 8, Medscape (n = 23)

555

Exclusion (n= 1203)

Full-text assessment (n = 98)

EC1 (publication type) m
_| EC2 (languages) 5
| Not IC1 (diagnosis of dystonia) 372
|, Not IC2 (treated with DBS) 18
Not IC3 (n210) 37

Exclusion (n = 51)

A4

EC1 (publication type) 11

EC2 (languages) 1

Not IC1 (diagnosis of dystonia) 21
| NotIC2 (treated with DBS) 2
| Not IC3 (n210) 5

Not IC4 (primary dystonia <80%) 1

Included studies (n = 47)
Distinct studies (n = 43)

Not IC5 (no additional outcomes
of interest) 9
Duplicates 1

A4

573 new abstracts identified during
updated search (up to 11/2015)

Exclusion (n = 542)

A4

A 4

not meeting inclusion criteria, previously published studies or duplicates

Full-text assessment of studies identified
during literature update (n = 31)

Exclusion based on full text assessment (n = 20)

A4

Y

not meeting inclusion criteria, previously published
studies or duplicates (duplicates = 5 studies)

11 additional studies included |

A4

Figure 1 Preferred Reporting Items for
Systematic Reviews and Meta-Analyses
(PRISMA) flowchart. DBS, deep brain
stimulation. EC, Exclusion criteria; IC,
inclusion criteria.

TOTAL = 54 studies (58 publications)

Of those: (n = 35) studies included for
analyses of efficacy and safety (39
publications)

(95% CI, 40.3-48.1) at 6 months to 58.6% (95% CI,
50.3-66.9) at the last follow-up (Fig. 2b). A summary
of the BFMDRS disability scores at 6 months and the
latest timepoints are outlined in Table 1, with full
details (all timepoints) in Appendix S2.

Effect of covariates (univariate and multivariate meta-
regression)

Covariates used in meta-regression models are
included in Table S1. After univariate meta-regression,
significantly greater improvements in BFMDRS motor
and disability scores post-DBS were associated with
higher BFMDRS motor and disability scores (i.e.
greater impairment) at baseline, younger age at time

of surgery, younger age at disease onset, greater PLD
and DYTl-positive status (Tables 2 and 3). When
combined in a multivariate model (apart from DYTI-
positive status, which was reported in only a subset of
studies), only higher BFMDRS baseline scores
remained significant, thus identifying them as the
main predictors of response. As an aside, a multivari-
ate model restricted to the three age-related covariates
showed that only age at surgery remained significant.

Discussion

This systematic review and meta-analysis provides up-
to-date evidence of the efficacy of bilateral GPi-DBS
in patients with isolated dystonia. GPi-DBS
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(a) Absolute change in BFMDRS motor score at
the latest timepoint (random—effect model)
Mean change
Study (95% Cl) % Weight
Air (2011) —.— —43.10 (-54.35-31.85) 3.7
Berman (2009) : —— —11.00 (-17.26-4.74) 45
Blahak (2010) —— -23.20 (-31.25-15.15) 4.2
Blahak (2011) —— -21.60 (-31.18,-12.02) 4.0
Bruggeman (2015)  —— —-17.70 (-23.20,-12.20) 4.6
Cif (2010) —— H —41.90 (-50.15-33.65) 4.2
Coubes (2004) — : —46.20 (-54.25-38.15) 4.2
Ghang (2010) - —21.20 (-24.30,-18.10) 4.9
Isaias (2009) — -35.60 (-46.58,-24.62) 3.7
Isaias (2011) —— -37.50 (-43.22,-31.78) 4.6
Krause (2004) —_— . -30.20 (-43.53,-16.87) 3.3
Lumsden (2013) —— —22.40 (-30.45-14.35) 4.2
Markun (2012) — . -36.10 (-47.27,-24.93) 3.7
Mills (2012) ' —a— -13.90 (~18.65,-9.15) 47
Panov (2013) = —40.20 (-55.05,-25.35) 3.1
Petrossian (2013) —a— -20.90 (-30.12,-11.68) 4.0
Reese (2011) H E 3 —-11.20 (~13.80,-8.60) 4.9
Sarubbo (2012) —:—.— —-22.00 (-29.51,-14.49) 4.3
Starr (2006) — -21.10 (-31.86,-10.34) 3.8
Tisch (JNNP) (2007) -27.10 (-33.73-20.47) 45
Valldeoriola (2010) -25.10 (-33.07,-17.13) 43
Vidailhet (2007) -26.40 (-33.21,-19.59) 4.4
Volkman (2012) -28.00 (-36.61,-19.39) 4.2
Yianni (2003) — . -28.90 (-39.76,-18.04) 3.8
Overall _ -26.62 (~30.84,-22.39) 100.0
T 1 T 1 1T T 1T T 1 11 T T 1
-60 -55 50 —45 —40 —35 30 —25 20 -15 10 -5 0 5 10 15 20
Mean change
Percentage change in BFMDRS motor score at
the latest timepoint (random—effect model)
Mean change
Study (95% Cl) % Weight
Air (2011) — -80.31 (-91.20,-69.42) 4.3
Berman (2009) —_—a -55.55 (-77.36,-33.74) 2.8
Blahak (2010) —— 6339 (-72.63,-54.15) 4.5
Blahak (2011) —— -60.40 (~72.22,-48.58) 4.1
Bruggeman (2015) 1 -5460 (-61.32,-47.88) 4.7
Cif (2010) —O— —-71.77 (-82.11-6142) 43
Coubes (2004) —— -79.00 (-85.69,-72.31) 47
Ghang (2010) - i -85.50 (-91.47-79.53) 4.8
Isaias (2009) : -84.70 (-92.64,-76.76) 4.6
Isaias (2011) _t i -82.60 (-86.53,-78.67) 5.0
Krause (2004) —a— 4599 (-65.27,-26.71) 3.2
Lumsden (2013) —a— —48.73 (-64.93,-3252) 35
Markun (2012) — . -70.26 (-83.52,-57.00) 3.9
Mills (2012)  —— —47.24 (-60.33,-34.15) 4.0
Panov (2013) — : -91.57 (-103.39,-79.75) 4.1
Petrossian (2013) -l -62.00 (-66.75-57.25) 4.9
Reese (2011) —— -53.49 (-64.34,-42.63) 4.3
Sarubbo (2012) —— ~60.00 (-72.40,-47.60) 4.1 . .
Starr (2006) —a —46.91 (-70.38,-23.44) 2.7 Figure 2 Forest plots of changes in
Tisch (JNNP) (2007) — ~71.32 (-80.74,-61.89) 4.4 . : :
Valldeoriola (2010) —— -59.59 (-67.95-51.23) 4.6 Burke-Fahn-Marsden Dystonia Rating
Vidailhet (2007) —— -58.00 (-69.54,-46.47) 4.2 Scale (BFMDRS) at last follow-up. (a)
Volkman (2012 —— -57.80 (-64.73,-50.87) 4.7
Yianni (2303) ) T 4670 5—61.58,—31.82; 17 Absolute (top) and percentage (bottom)
Overall — —65.17 (-70.72,-59.62) 100.0 change in motor; (b) absolute (top) and
1 T T 1T 1T T T T T 1 1 percentage (bottom) change in disability.

-110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 10

Mean change

significantly improved both motor function and ability
to perform activities of daily living in patients with
inherited or idiopathic isolated dystonia, measured by
absolute and percentage changes in the BFMDRS
score from baseline. Large effect sizes were consis-
tently reported, in particular with regard to the
BFMDRS scores (mean changes in the BFMDRS
movement score: —11.0 to —46.2 points and 46.0—
91.6%; mean changes in the BFMDRS disability
score: —1.9 to —10.2 points and 37.3-79.1%), and
effects were maintained for up to 72 months.

CI, confidence interval. Negative
changes indicate improvement.

Furthermore, both univariate and multivariate meta-
regression indicated a significant positive correlation
between a greater effect of DBS and younger age at
time of surgery and greater impairment at baseline
(i.e. higher BFMDRS motor and disability scores).
When interpreting the results, it should be considered
that patients with initial higher BFMDRS scores had
more room for improvement, whereas the effect in less
impaired patients might have been skewed according
to a floor effect. It should also be noted that
BFMDRS scores may not adequately reflect severity

© 2017 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.
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(b) Absolute change in BFMDRS disability score at
the latest timepoint (random—effect model)
Mean change
Study (95% Cl) % Weight
Air (2011) —.— -8.70 (~11.5-6.25) 7.0
Berman (2009) H - -1.90 (-3.08,-0.72) 8.4
Cif (2010) — -8.70 (-11.27,-6.13) 6.8
Coubes (2004) —a— —10.20 (~12.80,~7.60) 6.8
Ghang (2010) —— -5.30 (-6.68,-3.92) 8.2
Isaias (2009) — . -8.10 (-10.78,-5.42) 6.7
Isaias (2011) —m— -8.20 (-9.61,-6.79) 8.2
Lumsden (2013) — —6.20 (-8.61,-3.79) 7.0
Panov (2013) —_— —7.80 (-11.46,-4.14) 5.5
Sarubbo (2012) — -5.10 (~7.38,-2.82) 7.2
Valldeoriola (2010) —_. —4.80 (-7.41,-2.19) 6.8
Vidailhet (2007) — -5.40 (~7.24,-3.56) 7.7
Volkman (2012) —— -4.70 (-6.86,-2.54) 7.3
Yianni (2003) RN E— -5.50 (-8.39,-2.61) 6.4
Overall — —6.37 (~7.75,-4.99) 100.0
I I I I I I
-15 -10 -5 0 5 10 15
Mean change
Percentage change in BFMDRS disability score at
the latest timepoint (random—effect model)
Mean change
Study (95% Cl) % Weight
Air (2011) . —72.83 (—84.65,-61.01) 7.4
Berman (2009) d —37.35 (—64.93,-9.76) 4.4
Cif (2010) —.— -58.39 (-66.96,-49.82) 7.9
Coubes (2004) —h— —65.00 (~76.62,-53.38) 7.4
Ghang (2010) —. H —79.10 (-90.98,-67.22) 74
Isaias (2009) —_— ~75.00 (-90.87,-59.13) 6.6
Isaias (2011) —— H —76.10 (82.28,-69.92) 8.3
Lumsden (2013) P — -50.98 (-69.27,-32.69) 6.1
Panov (2013) — —71.56 (-84.74,-58.38) 7.1
Sarubbo (2012) JESEE —57.00 (~70.82,-43.18) 7.0
Valldeoriola (2010) | —a— -38.39 (47.71,-29.07) 7.8
Vidailhet (2007) —a— —45.96 (-58.16,-33.77) 7.3
Volkman (2012)  —— —47.00 (-54.73,-39.27) 8.1
Yianni (2003) H —— —37.60 (-50.22,-24.98) 7.2
Overall ¢ —-58.59 (—66.92,-50.26) 100.0
T T T T T T T T T T T

100 90

Figure 2 Continued.

of disease in focal or segmental dystonia. Only the
univariate  meta-regression showed a  positive,
significant relationship with greater PLD and DYTI-
positive status.

Our findings support and expand results from previ-
ous analyses, which found consistent and large bene-
fits across studies. One review separated patients with
dystonia into two subtypes, one with good evidence of
favorable outcome and one with less predictable out-
come, and found that GPi-DBS was more effective
long-term in patients with severe isolated (inherited or
idiopathic) generalized and cervical dystonia [10].
Another meta-analysis showed that the mean percent-
age change in the BFMDRS score from baseline was
51.8% (range —34% to 100%) post-surgery (although
it is unclear at what timepoint the data were analyzed)
[8].

Although data on improvement in the TWSTRS
scores in patients with cervical dystonia could not be
meta-analyzed due to insufficient details on changes in
scores, individual study results support the positive
impact of DBS in patients with cervical dystonia, with

80 70 60 50 40 30 20 10 0 10 20
Mean change

up to 40-70% improvements in the total TWSTRS
scores.

Our univariate meta-regression showed that abso-
lute BFMDRS motor and disability scores decreased
more after DBS with greater PLD. This differs from
previous analysis in children demonstrating a negative
correlation between PLD and percentage BFMDRS
[18]. It was argued that measuring absolute changes in
BFMDRS after DBS would be a fairer representation
of the effects of DBS on the most severely affected
cases [18]. The patients included in our large meta-
analysis were on average 35.1 years old (SD 15.8;
range 12.3-64.5) at time of surgery, and had been suf-
fering from dystonia for an average of 12.6 years (SD
4.8; range 5-24).

Although younger age at DBS surgery confers an
advantage for DBS dystonia reduction, thus strongly
supporting DBS in childhood, DBS is also effective in
adults. Indeed, our univariate analysis demonstrated
that patients with severe dystonia who have lived with
dystonia for many years responded well to DBS.
Other results are in contrast with previous analyses.

© 2017 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.
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|

R One study found that shorter dystonia duration and
9 B3 Y lower severity score at surgery were associated with
g3 s .
g 2% =R significantly greater improvements post-DBS [9],
5 o .2 o — . .
o ©B S % whereas in another study longer duration of symp-
8 EZ~|°F¥ . . . .
S5 ED &@ Nv‘ toms correlated negatively with surgical outcome, with
Lg) 88| 3 no effect on outcome of DYT1 [8]. However, our sys-
~EES| tematic review is more extensive than those previously
published (a wider search and larger selection of data-
£ e= bases). A novel feature of our review is that it also
= £ c') c‘) includes both individual patient data and results
= E 5z o aggregated at study level; therefore, meta-analysis was
Q = O N . . . .
§ % £ % @) i i the most appropriate statistical tool. Furthermore, it
2 S RO I analyzed absolute and percentage changes.
3 & 8ES) T The main limitation of our analysis is linked to the
; quality of data reported in available publications,
2| e 5 & a _ which led to 38% of identified studies being excluded
E18|% 'a'é 4 2 at the outset. In particular, no data on QoL effects
£ z ﬂé 2 ERC could be included due to the lack of quality reporting.
= : ) ..
i 'z = Eg- a < In addition, some efficacy data were excluded from
%’ It our meta-analysis as no precision (i.e. SD, standard
g g — o error or CI) was provided around the mean estimates,
o= o L .
'2 E - - e or results were reported as medians and ranges. Fur-
i e Z 7= thermore, details on patient enrolment (timing, cen-
o . .
g ters) in some studies were poorly reported and,
= E 8 despite precautions (contact with authors, omission of
; 5 E% T papers with obvious large patient overlap), some par-
g g& > f E tial overlaps, albeit very limited, may exist. The safety
o o .2 s . L . .
E g %"_ﬁ S g analysis presented specific challenges due to wide dis-
s = . . . . .
= o5 ED Nii/ parities in the information reported. Some studies
% ié R I P focused on the number of events, others on the num-
20 “cEES T ber of patients experiencing them, and others
&= described the evolution of a few clinically interestin
= y g
i x>z patients. This lack of consistency across studies, as
g g T well as the lack of detail on the events reported (type,
é § =, 090 f severity, resolution, relation to surgery, device or con-
= 222 ga dition), prevented meta-analysis and limited reportin
g 2522079 p y p g
g B E E z e to a very generic outline. The limited data also
= g g g o |84 restricted the type of analyses, and subgroup analyses
N . - .
g = (e.g. by type of dystonia, adult/pediatric populations)
T) _ could not be performed. Multivariate meta-regression
e . 6 f}’ & models assessing the impact of all study characteristics
i: g &= g f/% were implemented. However, the overall number of
2| 2| & 2= g f studies was limited and ideally more data are neces-
gls|ls2ss|2 sary to properly assess the joint effect of these vari-
Z|le|S3EE| Y 1o Propery. ! :
bt i ables, i.e. their impact on outcome as well as their
g & - correlation with each other. Meta-regression results
S| = : 5 should only be considered as leads for further investi-
A IEE | ~ -
s > = gations and not used to draw definite conclusions.
E z This review has important implications for future
Q =1 . . .
= g E research. In particular, improved and consistent
2 _E EN- reporting of results, including provision of precision
f 2 fis § % estimates, mean and median values and ranges, is vital
2 2l &8o| 8 for inclusion of studies into meta-analyses. In addi-
= - = — . . .
= <|l<<I|C tion, consistent and thorough reporting of safety data
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Table 2 Impact of covariates on efficacy outcomes using univariate meta-regression of absolute changes in Burke-Fahn—Marsden Dystonia
Rating Scale (BFMDRS) [16] motor and disability scores at last follow-up (mean 32.5 months for motor score, 32.9 months for disability

score)
BFMDRS motor score BFMDRS disability score

Covariate No. of studies  Effect (95% CI) P-value  No. of studies  Effect (95% CI) P-value
Baseline BFEMDRS motor score 23/24 —0.55 (—0.74 to —0.36)  <0.001 13/14 —0.49 (—0.72 to —0.26)  <0.001
Age at onset 21/24 0.41 (0.20 to 0.62) <0.001 13/14 0.10 (0.02 to 0.17) 0.010
Age at surgery 24/24 0.42 (0.23 to 0.62) <0.001 14/14 0.11 (0.04 to 0.17) 0.001
Percentage of life with the disease  21/24 —0.38 (—0.61 to —0.14) 0.002 13/14 —0.07 (—0.16 to 0.01) 0.080*
Percentage of DYT1 + patients 17/24 —0.23 (—=0.33 to —0.12)  <0.001 11/14 —0.04 (—0.07 to —0.02) 0.002

*A significance level of 10% was used due to the small number of data points in the model. CI, confidence interval; DYTI, dystonia 1 protein.

Table 3 Clinical relevance of the impact of covariates on outcomes with deep brain stimulation (DBS) in dystonia (interpretation of univariate

meta-regression using absolute scores)

Covariate Change in covariate

Clinical relevance to the outcome of DBS in
dystonia

Effect on average
BFMDRS motor score

Effect on average
BFMDRS disability score

Impairment at baseline
Age at onset of disease
Age at surgery

PLD

DYTI-positive status

Increase of 1% of life lived with the disease

Increase of 1 point on the average BFMDRS score at baseline
Increase of 1 year in the average age at time of onset
Increase of 1 year in the average age at time of surgery

Increase of 1% of patients who are DYTI-positive

0.55-point decrease
0.41-point decrease
0.42-point decrease
0.38-point decrease
0.23-point decrease

0.49-point decrease
0.10-point decrease
0.11-point decrease
0.07-point decrease
0.04-point decrease

BFMDRS, Burke-Fahn-Marsden Dystonia Rating Scale [16]; DYTI, dystonia 1 protein; PLD, proportion of life lived with dystonia.

is essential. Meta-regression also indicates the need to
investigate associations between DBS benefits with
specific population characteristics. Finally, data gaps
related to patient-reported outcomes such as QoL,
which were rarely assessed [19], indicate the need for
more comprehensive assessment of the impact of dys-
tonia and DBS from the patient’s perspective.

Conclusions

This meta-analysis adds further strong evidence that
bilateral GPi-DBS has a significant beneficial clinical
impact on patients with isolated dystonia, reflected by
both absolute and percentage changes in BFMDRS
from baseline. Moreover, benefits continue for succes-
sive years over a 3-year follow-up period. Greater
impairment at baseline and younger age at DBS sur-
gery were positively related to better outcomes with
GPi-DBS. These findings have relevance in clinical
practice regarding the timing and selection of patients
with dystonia for DBS.
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Appendix S1. Detailed search strategy
Identification of studies

Electronic databases

A systematic literature search was carried out in Medline (PubMed), Embase, Medscape
(www.medscape.com) and Cochrane Central Register of controlled Trials
(http://onlinelibrary.wiley.com/o/cochrane/cochrane_clcentral_articles_fs.html) in order to
identify published articles which contain information on the safety and/or efficacy of DBS
treatment in dystonia, and on the quality of life of dystonia patients.

Search strategy

All databases were searched for studies published from 1990 to February 2012. This search
was updated (in Embase.com, covering Medline and Embase) in August 2014 and November
2015 to identify any additional relevant literature published from March 2012 — November
2015. The search strings, added by in-built filters (delimiters), for the systematic searches in
Medline, EmBAse, Cochrane library and Medscape are specified in Tables 1-3.

Table 1. Search string Medline

Medline

No. Term

1 Dystonia/de OR dystonic disorder!/de OR (distonia OR distonic disorder OR dyston?OR hemidyston?
OR hemi()dyston? OR torticollis? OR cervical()dyston? OR blepharospasm OR
meige()syndrome)/T1,AB

2 deep brain stimulation/de OR (deep()brain OR “DBS” OR pallidal()stimulation OR electrode? OR
neurostim? OR electroneurostim? OR electrostim?)/T1,AB OR ((intracerebral? OR pallidal OR pallidus
OR pallidum OR “GPI” OR globus(W)pallidus(W)internus or globus(W)pallidus(W)internis or
globus(W)pallidus(W)interna) AND stim?)/TI,AB

Sland S2

S3 and HUMAN=yes

S4 and PY=1990:2012

DT=EDITORIAL OR DT=LETTER

~N|lo|lo|l b~ w

S5 NOT S6

Table 2. Search string EMBASE

EMBASE

No. Term

1 Dystonia/de OR dystonic disorder!/de OR (distonia OR distonic disorder OR dyston?OR hemidyston?
OR hemi()dyston? OR torticollis? OR cervical()dyston? OR blepharospasm OR
meige()syndrome)/T1,AB

2 brain depth stimulation/de OR (deep()brain OR “DBS” OR pallidal()stimulation OR electrode? OR
neurostim? OR electroneurostim? OR electrostim?)/TI,AB OR ((intracerebral? OR pallidal OR pallidus
OR pallidum OR “GPI” OR globus(W)pallidus(W)internus or globus(W)pallidus(W)internis or
globus(W)pallidus(W)interna) AND stim?)/T1,AB

3 S1and S2

4 S3 and HUMAN=yes

5 S4 and PY=1990:2012

6 DT=EDITORIAL OR DT=LETTER

7 S5 NOT S6




Table 3. Search string Cochrane Library

Cochrane Library*

No. Term

1 (Dystonia[ti ab kw] or dystonic disorder[ti ab kw] or distonia[ti ab kw] OR distonic disorder[ti ab kw])
OR hemidyston*[ti ab kw] OR hemi NEAR dyston*[ti ab kw] OR torticollis*[ti ab kw] OR cervical
NEAR dyston*[ti ab kw] OR blepharospasm]ti ab kw] OR meige syndrome[ti ab kw]

2 deep brain stim*[ti ab kw] OR pallidal stim*[ti ab kw] OR deep brain OR intercerebell*OR pallidal OR
pallidus OR pallidum OR "GPI" OR globus pallidus internus OR globus pallidus internis OR globus
pallidus interna OR DBS stim*[ti ab kw] OR electrode* stim*[ti ab kw] OR neurostim*[ti ab kw] OR
electroneurostim*[ti ab kw] OR electrostim*on[ti ab kw],

3 #1 and #2

* Database: Cochrane Central Register of Controlled Trials

Table 4. Search string MedScape

Medscape*

No. Term

1 Dystonia (in: news & education)*

2 “Deep brain stimulation” or “DBS” or “pallidal stimulation” or electroneuro (in: news & education)
#1 AND #2

* Difference in search term compared to other databases is due to the nature of the search option, which disallows more
advanced combination of search terms.

Delimiters
To refine the search, the following delimiters were used:

e Human
e Publication time: 1990 onwards (DBS in dystonia started in 1993)

Study selection

From all references identified in the systematic search of databases, studies were included
based on the inclusion criteria specified below (see ‘Inclusion criteria’ and ‘Exclusion
criteria’ below)

Eligible studies had to be published in the English or one of other major western European
languages (German, French, Italian, and Spanish). The need to include full text assessment of
any article in other languages was discussed with Medtronic on a case-by-case basis. The
included studies report efficacy and/or safety outcomes of DBS in primary dystonia.

Study selection was accomplished through two levels of study review. Level | review was
performed by scanning abstracts and titles of all the references identified in the searches. For
level | review, abstracts and titles were electronically stored in a database (e.g. Reference
Manager® 12), allowing for the identification of duplicates retrieved from the different
electronic databases and then exported into a (MS-ACCESS) database, to facilitate the check
of the inclusion and exclusion criteria and allow an efficient documentation. The abstracts
that passed title and abstract screening were retrieved in full text for level Il review, which
involved a more detailed assessment of the inclusion and exclusion criteria based on the
information provided in the full text of the articles. Studies passing level Il review are
included in the systematic review.


http://onlinelibrary.wiley.com/o/cochrane/searchHistory?mode=runquery&qnum=32
http://onlinelibrary.wiley.com/o/cochrane/searchHistory?mode=runquery&qnum=32
http://onlinelibrary.wiley.com/o/cochrane/searchHistory?mode=runquery&qnum=32
http://onlinelibrary.wiley.com/o/cochrane/searchHistory?mode=runquery&qnum=32

Study selection is summarized in the PRISMA flow chart. In cases where more than one in-
or exclusion criterion applied for the non-eligibility of the study the first criterion listed was
used for the flow chart.

Quality assurance

A random proportion of 10 percent of abstracts, 10% of full text papers, and 10% extracted
data (including quality assessment) were subject to a double review.

For cases/papers which were flagged as questionable by the first reviewer (another 10% at
least for each double review) a second opinion was obtained.

Inclusion criteria

The following inclusion criteria (IC) were applied: 1. diagnosis of isolated dystonia (IC1); 2.
All/part of the subjects included in the study were treated with DBS (IC 2); 3. A minimum of
10 subjects (per arm if comparative design) included in the study: (IC3) Populations: If
results reported from a mixed population include it either (1C 4):

e nisolated dystonia >=10 AND total share of isolated dystonia patient >=80%
OR
e If results are separately reported for isolated dystonia AND n isolated dystonia >=10.

Additional inclusion criteria at Level Il assessment based on full text:

Safety and/or efficacy information for DBS and/or quality of life information for dystonia
patients undergoing or eligible for DBS treatment (IC 5).

Exclusion criteria

1. Publication type: Editorial, Letter; Case reports, 2. Non-systematic reviews (EC 1), 3.
Languages other than English, German, French, Italian, Spanish (EC 2)

Data extraction

An electronic data report form (DRF) was designed to extract data from the studies. Data
extraction was performed by a research analyst and then reviewed by a second researcher
independently to examine and confirm a fixed portion of extracted data elements. Extracted
data are entered into DRF in EXCEL format. The following data elements are sought: Study
ID, Author , Journal, Publication year .......

Study location

Study type

Study dates

Study funding

Number of patients

Study population (age, gender)
Type of dystonia

Subtypes of dystonia (genetic, pediatric/early patients, location of dystonia)



Duration of dystonia (Mean/ Median, SD, IQR, Quartiles)

HRQOL of patients eligible for DBS (baseline) (Mean/ Median, SD, IQR, Quartiles)
Primary efficacy endpoints (also for subtypes) (Mean/ Median, SD, IQR, Quartiles)
Other clinical endpoints for efficacy (and changes in HRQOL compared to baseline)
Targets of stimulation (GPI or others)

Stimulation settings

e Intensity: Amplitude/ Voltage(V)
e Pulse Duration (us)
e Frequency/ used for stimulation (Hz / pps)

Device manufacturer

Safety endpoints (bleedings, infection, etc.)
Instruments/ questionnaires endpoints used in study
Abstract

Specific subgroup information

Study quality appraisal

Comments



Table S1. Patient characteristics at baseline of all studies included in the efficacy meta-analysis, plus those that provided additional

safety data.
Isolated (%)
. Longest Body distribution | Gender Age at Age at Pediatric Disease Life with Inherited (all BFMDRS BFMDRS
Study No. patients | follow-up (no. patients) (% male) surgery onset patients (%) | duration disease (%) ) ] DYT1 unless movement disability
(months) : (years) (years) Idiopathic indicated Unknown score score
otherwise)
Efficacy data (included in the meta-analysis)
Air (2011)* 13 12 Generalized or 13.8 100.0 77.0 23 (non- 57.1 13.3
segmental (children DYT1
(inclusion criteria) only) primary
dystonia)
Berman (2009)° | 11 8 Cervical (2), 55.0 57.9 44.3 0.0 13.6 23.0 100 16.8 4.7
segmental (9)
Blahak (2010)* 18 57 Segmental (16), 44.0 55.4 45.8 0.0 9.6 17.0 100 36.6
generalized (2)
Blahak (2011)* 11 17 Segmental 55.0 57.6 0.0 100 35.8
Bruggemann 54 57 Generalized (25), 63.0 45.6 26.4 0.0 19.2 42.0 45.6 DYT1 (8), Non DYT 32.0 8.7
(2015)° segmental (23), DYT6 (9) (37)
focal (6: 2
cervical, 2 truncal,
1 leg, 1 dystonic
voice and head
tremor)
Cif (2010)° 26 72 Generalized (24), 38.0 21.6 8.1 61.5 135 63.0 100 57.5 149
segmental (2)
Coubes (2004)" | 31 24 Generalized 45.0 275 17.8 61.3 9.7 35.0 45.0 55 (non- 59.1 16.5
DYT1)
Ghang (2010)® 11 24 Segmental (Meige | 18.0 58 494 0.0 8.7 15.0 100 245 6.7
syndrome)
Isaias (2009)° 30 48 Generalized 67.0 28 14 Unclear 14 50.0 67.0 33 (non- 44 10.6
DYT1)
Isaias (2011)*° 44 36 Generalized or 73.0 31 15 Unclear 15 48.0 52.0 48 (non- 45.1
segmental DYT1)
(inclusion criteria)
Krause (2004)* | 10 12 Generalized 60.0 29.5 15 0.0 145 49.0 40.0 72.2
Lumsden 17 12 Generalized 52.9 12.3 5.9 100.0 6.4 52.0 235 54.8 14.4
(children




Isolated (%)
. Longest Body distribution | Gender Age at Age at Pediatric Disease Life with Inherited (all BFMDRS BFMDRS
Study No. patients | follow-up (no. patients) (% male) surgery onset patients (%) | duration disease (%) ) ] DYT1 unless movement disability
(months) : (years) (years) Idiopathic indicated Unknown score score
otherwise)
(2013)* only)
Markun 14 32 Generalized 50.0 155 8.1 78.6 7.9 51.0 100.0 54.6
(2012)" (children
and adults)
Mills (2012)* 27 27 Generalized, focal | 52.0 44.6 0.0 100
and segmental
(number per group
unspecified)
Panov (2013)"® | 47 60 Generalized 64.0 16.0 8.0 Unclear 8.0 50.0 100.0 43.9 10.9
(children
and adults)
Petrossian 12 45 Generalised (9), 67.0 14.3 9.2 91.7 51 36.0 25.0 37.0
(2013)* Focal (3) (children
and adults)
Reese (2011)Y | 12 42 Segmental (Meige | 50.0 64.5 56.2 0.0 8.3 13.0 100 21.4
syndrome)
Sarubbo 10 60 Segmental (9), 30.0 45.8 29.7 0.0 16.1 35.0 100 36.9 8.9
(2012)* generalized (1)
Starr (2006)* 14 13 Segmental (7), 31.8 20.6 35.7 11.2 35.0 73.0 47.2
generalized (4),
cervical (2), left
hemibody (1)
Tisch (2007)% 15 6 Generalized 33.0 42.1 18.1 6.7 24 57.0 47.0 38.9
Valldeoriola 22 12 Generalized (22) 50.0 30 20 Unclear 10 33.0 25.0 422 12.4
(2010)* (+2 segmental
patients included
in the safety
analysis only)
Vidailhet 22 36 Generalized 50.0 31.9 131 9.1 18.8 59.0 32.0 46.3 11.6
(2007)%
Volkmann 40 60 Generalized (24), 68.0 36.9 20.0 Unclear 17.9 49.0 100 434 10
(2012)% * segmental (16)
Yianni (2003)* | 12 9 Generalized 50.0 319 19.2 8.3 12.7 40.0 17.0 65 147
Additional safety data
Bittar (2005)% 12 30 Generalized (6), ‘ 16.7 34.8 27.1 8.3 7.7 22.0 100




Isolated (%)
. Longest Body distribution | Gender Age at Age at Pediatric Disease Life with Inherited (all BFMDRS BFMDRS
Study No. patients | follow-up (no. patients) (% male) surgery onset patients (%) | duration disease (%) ) ] DYT1 unless movement disability
(months) : (years) (years) Idiopathic indicated Unknown score score
otherwise)
cervical (6)
Cacciola 10 38 Cervical 50.0 52.9 43 0.0 9.9 19.0 100
(2010)*
Chung (2015) | 25 50 Cervical 57.0 52.2 47.8 0.0 4.4 8.0 100
Contarino 35 12 Cervical 60.0 56.5 42.3 0.0 14.3 25.0 100
(2014)%
Dinckelbach 13 12 Cervical 46 53.9 39.2 0.0 14.7 27.0 10
(2015)®
Fitzgerald 60 60 Generalized 42.0 335 14.9 0.0 19.1 57.0 23 (DYTL, 77 (non-
(2014)® DYTS, genetic)
DYT11)
Haridas 22 24 Generalized 72.7 13.4 8.5 95.5 5 37.0 77.3 22.7 (non- 39.9
(2011)* (children DYT1)
and adults)
Hung (2007)* 10 32 Cervical 50.0 48.7 38.7 0.0 10 21.0 100
Kim (2012)* 14 31 Cervical 42.9 48.4 43.1 0.0 5.3 11.0 100
Kiss (2007)* 10 12 Cervical 50.0 56.4 40.1 0.0 16 28.0 100
Witt (2013)*® 28 34 Cervical 47.0 56.0 45.1 0.0 13.3 24.0 100

* See also Kupsch et al (2006)*® and Miiller et al (2008).3” BFMDRS, Burke-Fahn-Marsden Dystonia Rating Scale




Appendix S2. Full results of meta-analyses regarding efficacy of DBS in dystonia at 6 and 12 months and at last follow-up

BFMDRS motor score

Analysis at last follow-up

All 24 studies are included in this analysis.

The last follow-up ranges from 6 months to 72 months, with a mean at 32.5 months post surgery.

ANALYSIS ON ABSOLUTE CHANGE

ANALYSIS ON PERCENTAGE CHANGE

Study Mean change from Weights in FE model (%) Weights in RE model (%) Mean change from baseline | Weights in FE model (%) Weights in RE model (%)
baseline (95% ClI) (95% ClI)

Air (2011)* -43.1 (-54.4, -31.8) 13 37 -80.3 (-91.2, -69.4) 25 43
Berman (2009)> -11.0 (-17.3, -4.7) 42 45 -55.5 (-77.4, -33.7) 0.6 2.9
Blahak (2010)° -23.2 (-31.3,-15.2) 2.5 42 -63.4 (-72.6, -54.1) 35 45
Blahak (2011)* -21.6 (-31.2, -12.0) 1.8 4.0 -60.4 (-72.2, -48.6) 21 41
Bruggeman (2015)° -17.7 (-23.2, -12.2) 5.4 46 -54.6 (-61.3, -47.9) 6.6 4.7
Cif (2010)° -41.9 (-50.1, -33.7) 24 4.2 -71.8 (-82.1,-61.4) 2.8 43
Coubes (2004)’ -46.2 (-54.2, -38.2) 25 42 -79.0 (-85.7, -72.3) 6.6 4.7
Ghang (2010)® -21.2 (-24.3,-18.1) 17.1 4.9 -85.5 (-91.5, -79.5) 8.3 4.8
Isaias (2009)° -35.6 (-46.6, -24.6) 14 3.8 -84.7 (-92.6, -76.8) 4.7 4.6
Isaias (2011)"° -37.5 (-43.2, -31.8) 5.0 46 -82.6 (-86.5, -78.7) 19.2 5
Krause (2004)™ -30.2 (-43.5, -16.9) 0.9 33 -46.0 (-65.3, -26.7) 0.8 3.2
Lumsden (2013)*2 -22.4 (-30.4, -14.4) 2.5 42 -48.7 (-64.9, -32.5) 11 3.6
Markun (2012)* -36.1 (-47.3, -24.9) 13 37 -70.3 (-83.5, -57.0) 1.7 39
Mills (2012)* -13.9 (-18.7,-9.1) 7.2 47 -47.2 (-60.3, -34.2) 1.7 4
Panov (2013)%° -40.2 (-55.0, -25.4) 0.7 31 -91.6 (-103.4, -79.8) 2.1 41
Petrossian (2013)*° -20.9 (-30.1, -11.7) 1.9 41 -62.0 (-66.8, -57.2) 13.2 49
Reese (2011)" -11.2 (-13.8, -8.6) 24.2 49 -53.5 (-64.3, -42.6) 2.5 43
Sarubbo (2012)*® -22.0 (-29.5, -14.5) 29 4.3 -60.0 (-72.4, -47.6) 19 4.1
Starr (2006)"° -21.1 (-31.9, -10.3) 1.4 3.8 -46.9 (-70.4, -23.4) 05 2.7
Tisch (2007)%° -27.1(-33.7, -20.5) 37 45 -71.3(-80.7, -61.9) 33 4.4




Valldeoriola (2010)%* -25.1 (-33.1, -17.1) 2.6 43 -59.6 (-67.9, -51.2) 43 4.6
Vidailhet (2007)? -26.4 (-33.2, -19.6) 35 44 -58.0 (-69.5, -46.5) 2.2 4.2
Volkmann (2012)% -28.0 (-36.6, -19.4) 2.2 42 -57.8 (-64.7, -50.9) 6.2 4.7
Yianni (2003)% -28.9 (-39.8, -18.0) 1.4 3.8 -46.7 (-61.6, -31.8) 1.3 3.7
Pooled absolute mean 213 -26.6 Pooled percentage mean -69.9 -65.2
change (95% CI) (-22.6, -20.1) (-30.8 -22.4) change (95% ClI) (-71.6, -68.2) (-70.7, -59.6)
p-value <0.001 <0.001 p-value <0.001 <0.001
Heterogeneity 1°=89.4%, p-value<0.001 Heterogeneity 1°=89.0%, p-value<0.001

There is a high amount of heterogeneity within these data on both measures, which comes out as highly significant. The random-effect model is
therefore the most appropriate one in both cases.

The meta-analysis shows a significant improvement of 26.6 points and 65.2% on the BFMDRS movement scale at the end of follow-up (on
average 32.5 months post-surgery).

Individual studies results as well as the pooled estimate are displayed on the forest plots below.



Absolute Change in BFM Movement score at latest timepoint

Random-effect model

Study

Air (2011) — .

Berman (2009) i ——

Blahak (2010) — B
Blahak (2011) —
Bruggeman (2015) |
Cif (2010) —— |
Coubes (2004) —B— i
Ghang (2010) |
Isaias (2009) —
Isaias (2011) — B
Krause (2004) 4.—17
Lumsden (2013) —
Markun (2012) - m

Mills (2012)
Panov (2013) [ ] :
Petrossian (2013) — B
Reese (2011) ,

Sarubbo (2012) ——
Starr (2006) —

Tisch (JNNP) (2007)
Valldeoriola (2010)
Vidailhet (2007)
Volkman (2012)

Yianni (2003) ——

Overall _

Mean change .

(95% Cl) % Weight
-43.10 (-54.35,-31.85) 3.7
-11.00 (-17.26,-4.74) 4.5
-23.20 (-31.25,-15.15) 4.2
-21.60 (-31.18,-12.02) 4.0
-17.70 (-23.20,-12.20) 4.6
-41.90 (-50.15,-33.65) 4.2
-46.20 (-54.25,-38.15) 4.2
-21.20 (-24.30,-18.10) 4.9
-35.60 (-46.58,-24.62) 3.7
-37.50 (-43.22,-31.78) 4.6
-30.20 (-43.53,-16.87) 3.3
-22.40 (-30.45,-14.35) 4.2
-36.10 (-47.27,-24.93) 3.7
-13.90 (-18.65,-9.15) 4.7
-40.20 (-55.05,-25.35) 3.1
-20.90 (-30.12,-11.68) 4.0
-11.20 (-13.80,-8.60) 4.9
-22.00 (-29.51,-14.49) 4.3
-21.10 (-31.86,-10.34) 3.8
-27.10 (-33.73,-20.47) 4.5
-25.10 (-33.07,-17.13) 4.3
-26.40 (-33.21,-19.59) 4.4
-28.00 (-36.61,-19.39) 4.2
-28.90 (-39.76,-18.04) 3.8
-26.62 (-30.84,-22.39)1.00.
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Percentage Change in BFM Movement score at latest timepoint

Random-effect model

Study
Air (2011) —m—
Berman (2009) ———
Blahak (2010) —
Blahak (2011) —
Bruggeman (2015) ——
Cif (2010) ——
Coubes (2004) ——
Ghang (2010) - |
Isaias (2009) —— |
Isaias (2011) B )
Krause (2004) l—.i
Lumsden (2013) e
Markun (2012) ———
Mills (2012) o
Panov (2013) —B— !
Petrossian (2013) -
Reese (2011) ——
Sarubbo (2012) ——
Starr (2006) ; ]
Tisch (JNNP) (2007) ——
Valldeoriola (2010) —
Vidailhet (2007) —
Volkman (2012) —

Yianni (2003)
Overall _

Mean change

955 S 9% weight

-80.31 (-91.20,-69.42)
-55.55 (-77.36,-33.74)
-63.39 (-72.63,-54.15)
-60.40 (-72.22,-48.58)
-54.60 (-61.32,-47.88)
71.77 (-82.11,-61.42)
-79.00 (-85.69,-72.31)
-85.50 (-91.47,-79.53)
-84.70 (-92.64,-76.76)
-82.60 (-86.53,-78.67)
-45.99 (-65.27,-26.71)
-48.73 (-64.93,-32.52)
-70.26 (-83.52,-57.00)
-47.24 (-60.33,-34.15)

-91.57 (-103.39,-79.75) 4.1

-62.00 (-66.75,-57.25)
-53.49 (-64.34,-42.63)
-60.00 (-72.40,-47.60)
-46.91 (-70.38,-23.44)
-71.32 (-80.74,-61.89)
-59.59 (-67.95,-51.23)
-58.00 (-69.54,-46.47)
-57.80 (-64.73,-50.87)
-46.70 (-61.58,-31.82)

3.7

-65.17 (-70.72,-59.62).00.
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Analysis at 6 months

10 studies are included in this analysis: 7 reporting data at 6 months and 3 others reporting data at 7, 8 and 9 months.

12

ANALYSIS ON ABSOLUTE CHANGE ANALYSIS ON PERCENTAGE CHANGE

Study Mean change from Weights in FE model (%) Weights in RE model (%) Mean change from Weights in FE model (%) Weights in RE model (%)
baseline (95% ClI) baseline (95% CI)

Berman (2009)? -11.0 (-17.3, -4.7) 10.4 10.9 -55.5 (-77.4, -33.7) 2.0 6.4

Blahak (2011)* -22.2 (-31.8, -12.6) 44 9.0 -61.9 (-73.7, -50.1) 6.8 10.1

Coubes (2004)" -43.8 (-51.9, -35.7) 6.2 9.9 74.1 (-81.2, -67.1) 19.1 11.9

Ghang (2010)® -18.1 (-21.9, -14.3) 28.4 12.1 -74.1(-87.3, -60.9) 5.5 9.6

Krause (2004)™ -26.9 (-39.7, -14.1) 25 7.3 -40.5 (-60.1, -21.0) 25 7.2

Kupsch (2006)% * -16.7 (-20.9, -12.5) 225 11.9 -47.9 (-54.4, -41.4) 22.2 12.1

Tisch (2007)% -27.1(-33.7,-20.5) 9.3 10.7 -71.3 (-80.7, -61.9) 10.7 11

Valldeoriola (2010)% -24.6 (-32.6, -16.6) 6.4 10.0 -58.4 (-66.7, -50.0) 13.6 11.4

Vidailhet (2005) * ' -23.7 (-31.6, -15.8) 6.5 100 -51.2 (-59.5, -42.8) 136 114

Yianni (2003)% -28.9 (-39.8, -18.0) 34 8.3 -46.7 (-61.6, -31.8) 43 8.9
Pooled absolute mean -21.0 -23.8 Pooled percentage mean -59.6 -59.0
change (95% CI) (-23.0, -19.0) (-29.1,-18.5) change (95% CI) (-62.6, -56.5) (-66.7, -51.2)
p-value <0.001 <0.001 p-value <0.001 <0.001
Heterogeneity 1°=83.3%, p-value<0.001 Heterogeneity 1°=82.0%, p-value<0.001

* See also Miller et al (2008)*" and Volkmann (2012)**; 1 data at 6 and 12 months derived from Vidailhet (2005)%, while data at 36 months
(used in the analysis at latest timepoint) derived from Vidailhet 2007%

There is a high amount of heterogeneity within these data on both measures, which comes out as highly significant. The random-effect model is
therefore the most appropriate one in both cases.

The meta-analysis shows a significant improvement of 23.8 points and 59.0% on the BFMDRS movement scale 6 months post-surgery.



Individual studies results as well as the pooled estimate are displayed on the forest plots below.

Absolute change in BFM Movement score - 6 months timepoint
Random-effect model

Mean change

Study (95% Cl) % Weight
Berman (2009) o —i— -11.00 (-17.26,-4.74) 10.9
Blahak (2011) + -22.20 (-31.82,-12.58) 9.0
Coubes (2004) —m— -43.80 (-51.89,-35.71) 9.9
Ghang (2010) - -18.10 (-21.88,-14.32) 12.1
Krause (2004) u -26.90 (-39.73,-14.07) 7.3
Kupsch (2006) —— -16.70 (-20.95,-12.45) 11.9
Tisch (JNNP) (2007) + -27.10 (-33.73,-20.47) 10.7
Valldeoriola (2010) + -24.60 (-32.57,-16.63) 9.9
Vidailhet (2005) + -23.70 (-31.61,-15.79) 10.0
Yianni (2003) —H -28.90 (-39.76,-18.04) 8.3

Overall — -23.78 (-29.09,-18.48) 100.0
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Percentage change in BFM Movement score - 6 months timepoint

Random-effect model

Mean change
(95% ClI)

-55.55 (-77.36,-33.74)
-61.90 (-73.72,-50.08)
-74.11 (-81.15,-67.07)
-74.10 (-87.28,-60.92)
-40.52 (-60.08,-20.96)
-47.90 (-54.43,-41.37)
-71.32 (-80.74,-61.89)
-58.38 (-66.74,-50.02)
-51.19 (-59.55,-42.83)
-46.70 (-61.58,-31.82)
-58.95 (-66.69,-51.21)
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Krause (2004) +

Kupsch (2006) ——
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Analysis at 12 months

14 studies are included in this analysis: 12 reporting data at 12 months and 2 others reporting data at 13 and 17 months.
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ANALYSIS ON ABSOLUTE CHANGE

ANALYSIS ON PERCENTAGE CHANGE

Study Mean change from Weights in FE model (%) Weights in RE model (%) Mean change from Weights in FE model (%) Weights in RE model (%)
baseline (95% ClI) baseline (95% CI)

Air (2011) -43.1 (-54.4, -31.8) 2.7 6.3 -80.3 (-91.2, -69.4) 46 7.3

Blahak (2011)* -21.6 (-31.2, -12.0) 3.7 6.8 -60.4 (-72.2, -48.6) 3.9 7.0

Cif (2010)° -43.6 (-51.7, -35.5) 5.1 7.2 -75.8 (-83.5, -68.1) 9.2 8.4

Coubes (2004)’ -46.5 (-54.6, -38.4) 5.2 7.2 -78.7 (-85.7, -71.6) 10.9 8.6

Ghang (2010)° -18.3 (-21.5, -15.1) 33.0 8.4 745 (-86.2, -62.8) 4.0 7.0

Isaias (2009)° -35.4 (-42.7, -28.1) 6.4 75 -79.6 (-85.9, -73.3) 135 8.8

Isaias (2011)*° -34.6 (-40.2, -29.0) 10.6 7.9 -74.9 (-80.2, -69.6) 19.1 9.1

Krause (2004)™ -30.2 (-43.5, -16.9) 1.9 5.7 -46.0 (-65.3, -26.7) 15 47

Lumsden (2013)* -22.4 (-30.4, -14.4) 5.2 7.2 -48.7 (-64.9, -32.5) 2.1 5.6

Panov (2013)* -30.0 (-36.8, -23.2) 7.3 7.6 -68.3 (-74.1, -62.6) 16.6 9.0

Sarubbo (2012)*® -17.3 (-24.7,-9.9) 6.1 74 -47.0 (-59.4, -34.6) 35 6.8

Starr (2006)™ -21.1(-31.9,-10.3) 29 6.4 -46.9 (-70.4, -23.4) 1.0 38

Valldeoriola (2010)* -25.1(-33.1, -17.1) 5.3 7.3 -59.6 (-67.9, -51.2) 7.8 8.2

Vidailhet (2007)* -25.1 (-33.5,-16.7) 48 71 -51.0 (-65.6, -36.5) 26 6.1
Pooled absolute mean -29.5 Pooled percentage mean -66.0
change (95% CI) -26.6 (-28.5, -24.8) (-34.9, -24.1) change (95% CI) -70.6 (-72.9, -68.3) (-71.8,-60.2)
p-value <0.001 <0.001 p-value <0.001 <0.001
Heterogeneity 1?=86.8%, p-value<0.001 1?=81.1%, p-value<0.001

There is a high amount of heterogeneity within these data on both measures, which comes out as highly significant. The random-effect model is
therefore the most appropriate one in both cases.

The meta-analysis shows a significant improvement of 29.5 points and 66% on the BFMDRS movement scale 12 months post-surgery.



Individual studies results as well as the pooled estimate are displayed on the forest plots below.

Absolute change in BFM Movement score - 12 months timepoint
Random-effect model
Mean change
Study (95% CI) % Weight
Air (2011) —_—. -43.10 (-54.35,-31.85) 6.3
Blahak (2011) + -21.60 (-31.18,-12.02) 6.8
Cif (2010) — = -43.60 (-51.73,-35.47) 7.2
Coubes (2004) — . -46.50 (-54.55,-38.45) 7.2
Ghang (2010) —- -18.30 (-21.49,-15.11) 8.4
Isaias (2009) — . -35.40 (-42.66,-28.14) 75
Isaias (2011) + -34.60 (-40.23,-28.97) 7.9
Krause (2004) u -30.20 (-43.53,-16.87) 5.7
Lumsden (2013) + -22.40 (-30.45,-14.35) 7.2
Panov (2013) — -30.00 (-36.81,-23.19) 7.6
Sarubbo (2012) ‘ —— -17.30 (-24.73,-9.87) 7.4
Starr (2006) + -21.10 (-31.86,-10.34) 6.4
Valldeoriola (2010) — ., -25.10 (-33.07,-17.13) 7.3
Vidailhet (2005) + -25.10 (-33.50,-16.70) 7.1
Overall _ -29.46 (-34.86,-24.05) 100.0
I I I I I I I I I I I I I I I
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Percentage change in BFM Movement score - 12 months timepoint
Random-effect model

Study
Air (2011)
Blahak (2011)
Cif (2010)
Coubes (2004)
Ghang (2010)
Isaias (2009)
Isaias (2011)
Krause (2004)
Lumsden (2013)
Panov (2013)
Sarubbo (2012)
Starr (2006)
Valldeoriola (2010)
Vidailhet (2005)

Overall

Mean change
(95% CI)

-80.31 (-91.20,-69.42)
-60.40 (-72.22,-48.58)
-75.83 (-83.51,-68.14)
-78.68 (-85.72,-71.64)
-74.50 (-86.20,-62.80)
-79.60 (-85.93,-73.27)
-74.90 (-80.22,-69.58)
-45.99 (-65.27,-26.71)
-48.73 (-64.93,-32.52)
-68.34 (-74.05,-62.62)
-47.00 (-59.40,-34.60)
-46.91 (-70.38,-23.44)
-59.59 (-67.95,-51.23)
-51.05 (-65.60,-36.50)
-66.04 (-71.83,-60.25)
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BFMDRS disability score

Analysis at last follow-up

All 14 studies are included in this analysis.

The last follow-up ranges from 8 months to 72 months, with a mean at 32.9 months post surgery.
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ANALYSIS ON ABSOLUTE CHANGE

ANALYSIS ON PERCENTAGE CHANGE

Study Mean change from Weights in FE model (%) Weights in RE model (%) Mean change from Weights in FE model (%) Weights in RE model (%)
baseline (95% ClI) baseline(95% CI)

Air (2011)* 8.7 (-11.1, -6.3) 47 7.0 -72.8 (-84.7, -61.0) 5.9 74

Berman (2009)> -1.9(-3.1,-0.7) 20.1 8.4 -37.3 (-64.9, -9.8) 11 44

Cif (2010)° -8.7(-11.3, -6.1) 4.2 6.8 -58.4 (-67.0, -49.8) 11.2 7.9

Coubes (2004)" -10.2 (-12.8, -7.6) 41 6.8 -65.0 (-76.6, -53.4) 6.1 74

Ghang (2010)® -5.3(-6.7,-3.9) 14.6 8.2 -79.1 (-91.0, -67.2) 5.8 74

Isaias (2009)° -8.1(-10.8, -5.4) 3.9 6.7 -75.0 (-90.9, -59.1) 3.3 6.6

Isaias (2011)° -8.2(-9.6, -6.8) 14.2 8.2 -76.1 (-82.3, -69.9) 215 8.3

Lumsden (2013)* -6.2 (-8.6, -3.8) 48 7.0 -51.0 (-69.3, -32.7) 25 6.1

Panov (2013)%° 7.8 (-115,-4.1) 2.1 55 -71.6 (-84.7, -58.4) 47 71

Sarubbo (2012)*® -5.1(-7.4, -2.8) 5.4 7.2 -57.0 (-70.8, -43.2) 43 7.0

Valldeoriola (2010)% -4.8(-7.4,-2.2) 41 6.8 -38.4 (-47.7,-29.1) 9.4 78

Vidailhet (2007)% -5.4 (-7.2, -3.6) 8.3 7.7 -46.0 (-58.2, -33.8) 55 73

Volkmann (2012)% -4.7 (6.9, -2.5) 6.0 73 -47.0 (-54.7, -39.3) 13.7 8.1

Yianni (2003)* 5.5 (-8.4, -2.6) 34 6.4 -37.6 (-50.2, -25.0) 5.2 7.2
Pooled absolute mean 5.7 -6.4 Pooled percentage mean -60.1 -58.6
change (95% CI) (-6.2, -5.2) (-7.8, -5.0) change (95% CI) (-63, -57.3) (-66.9, -50.3)
p-value <0.001 <0.001 p-value <0.001 <0.001
Heterogeneity 1°=83.9%, p-value<0.001 Heterogeneity 1°=87.0%, p-value<0.001

There is a high amount of heterogeneity within these data on both measures, which comes out as highly significant. The random-effect model is
therefore the most appropriate one in both cases.

The meta-analysis shows a significant improvement of 6.4 points and 58.6% on the BFMDRS disability scale at the end of follow-up (on
average 33 months post-surgery).




Individual studies results as well as the pooled estimate are displayed on the forest plots below.

Absolute change in BFM Disability score at latest timepoint
Random-effect model
Mean change
Study (95% CI) % Weight
Air (2011) — . -8.70 (-11.15,-6.25) 7.0
Berman (2009) - -1.90 (-3.08,-0.72) 8.4
Cif (2010) — = -8.70 (-11.27,-6.13) 6.8
Coubes (2004) — . -10.20 (-12.80,-7.60) 6.8
Ghang (2010) + -5.30 (-6.68,-3.92) 8.2
Isaias (2009) — . -8.10 (-10.78,-5.42) 6.7
Isaias (2011) —— -8.20 (-9.61,-6.79) 8.2
Lumsden (2013) — . -6.20 (-8.61,-3.79) 7.0
Panov (2013) + -7.80 (-11.46,-4.14) 5.5
Sarubbo (2012) — .- -5.10 (-7.38,-2.82) 7.2
Valldeoriola (2010) + -4.80 (-7.41,-2.19) 6.8
Vidailhet (2007) + -5.40 (-7.24,-3.56) 7.7
Volkman (2012) . -4.70 (-6.86,-2.54) 7.3
Yianni (2003) + -5.50 (-8.39,-2.61) 6.4
Overall — -6.37 (-7.75,-4.99) 100.0
I I I I I I
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Percentage change in BFM Disability score at latest timepoint
Random-effect model

Study
Air (2011)
Berman (2009)
Cif (2010)
Coubes (2004)
Ghang (2010)
Isaias (2009)
Isaias (2011)
Lumsden (2013)
Panov (2013)
Sarubbo (2012)
Valldeoriola (2010)
Vidailhet (2007)
Volkman (2012)
Yianni (2003)

Overall

Mean change
(95% CI)

-72.83 (-84.65,-61.01)

-37.35 (-64.93,-9.76)

-58.39 (-66.96,-49.82)
-65.00 (-76.62,-53.38)
-79.10 (-90.98,-67.22)
-75.00 (-90.87,-59.13)
-76.10 (-82.28,-69.92)
-50.98 (-69.27,-32.69)
-71.56 (-84.74,-58.38)
-57.00 (-70.82,-43.18)
-38.39 (-47.71,-29.07)
-45.96 (-58.16,-33.77)
-47.00 (-54.73,-39.27)
-37.60 (-50.22,-24.98)
-58.59 (-66.92,-50.26)
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Analysis at 6 months

6 studies are included in this analysis: 4 reporting data at 6 months and 2 others reporting data at 8 and 9 months.
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ANALYSIS ON ABSOLUTE CHANGE

ANALYSIS ON PERCENTAGE CHANGE

Study Mean change from Weights in FE model (%) Weights in RE model (%) Mean change from baseline | Weights in FE model (%) Weights in RE model (%)
baseline (95% ClI) (95% ClI)
Berman (2009)? -1.9 (-3.1,-0.7) 35.1 20.4 -37.3 (-64.9, -9.8) 2.0 2.0
Coubes (2004) -8.2(-11.0, -5.4) 6.2 14.0 -49.7 (-57.5, -41.8) 24.7 24.7
Kupsch (2006)% * -4.1(-5.3, -2.9) 35.4 20.4 -41.0 (-48.3, -33.7) 28.7 28.7
Valldeoriola (2010)% 5.8 (-8.4,-3.2) 7.2 14.8 -46.5 (-55.8, -37.2) 17.5 175
Vidailhet (2005) -5.1(-7.3,-2.9) 10.3 16.5 -44.0 (-53.3, -34.6) 175 175
Yianni (2003)%* -5.5(-8.4, -2.6) 5.9 13.8 -37.6 (-50.2, -25.0) 9.6 9.6
Pooled absolute mean 3.9 48 Pooled percentage mean -44.2 -44.2
change (95% CI) (-4.6,-3.2) (-6.6, -3.1) change (95% CI) (-48.1, -40.3) (-48.1, -40.3)
p-value <0.001 <0.001 p-value <0.001 <0.001

Heterogeneity

1°=79.5%, p-value<0.001

Heterogeneity

1°=0%, p-value=0.527

* See also Milller et al (2008)*” and Volkmann (2012)%; + data at 6 and 12 months derived from Vidailhet (2005)*?, while data at 36 months
(used in the analysis at latest timepoint) derived from Vidailhet 2007%

There is a high amount of heterogeneity within the absolute change data, which comes out as highly significant. The random-effect model is

therefore the most appropriate one.

There is, however, no heterogeneity at all in the percentage change data, leading to both models giving identical results.

The meta-analysis shows a significant improvement of 4.8 points and 44.2% on the BFMDRS disability scale 6 months post-surgery.



Individual studies results as well as the pooled estimate are displayed on the forest plots below.
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Percentage change in BFM Disability score - 6 months timepoint
Fixed-effect model
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Analysis at 12 months

11 studies are included in this analysis, all reporting data at 12 months.
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ANALYSIS ON ABSOLUTE CHANGE

ANALYSIS ON PERCENTAGE CHANGE

Study Mean change from Weights in FE model (%) Weights in RE model (%) Mean change from baseline | Weights in FE model (%) Weights in RE model (%)
baseline (95% ClI) (95% ClI)

Air (2011) 8.7 (-11.1, -6.3) 5.4 7.8 -72.8 (-84.7, -61.0) 5.3 8.6

Cif (2010)° -9.8 (-12.3,-7.3) 5.2 7.7 -65.8 (-74.3,-57.2) 10.0 9.8

Coubes (2004)’ -9.6 (-12.3,-6.9) 4.4 7.1 -58.2 (-66.0, -50.3) 11.9 10.1

Ghang (2010)° 5.3 (-6.7,-3.9) 16.8 11.4 -79.1 (-91.0, -67.2) 5.2 85

Isaias (2009)° -7.6 (-9.3,-5.9) 10.7 10.1 -69.2 (-77.2,-61.2) 11.5 10.0

Isaias (2011)° -7.7(-9.1, -6.3) 16.7 11.3 -69.0 (-75.3, -62.7) 18.7 10.6

Lumsden (2013)* -6.2 (-8.6, -3.8) 55 7.9 -51.0 (-69.3, -32.7) 2.2 6.3

Panov (2013)%° 6.6 (-8.3, -4.9) 115 10.3 -60.6 (-66.9, -54.2) 18.1 105

Sarubbo (2012)*® -4.4(-6.6,-2.2) 6.5 85 -49.0 (-62.8, -35.2) 38 78

Valldeoriola (2010)% -4.8(-7.4,-2.2) 47 73 -38.4 (-47.7, -29.1) 8.5 95

Vidailhet (2005)% * -5.3(-6.9, -3.7) 12.8 10.6 -46.5 (-58.8, -34.1) 4.9 8.4
Pooled absolute mean Pooled percentage mean
change (95% CI) -6.7(-7.2,-6.1) -6.8(-7.8,-5.8) change (95% CI) -61.8 (-64.5, -59.1) -60.4 (-67.2, -53.7)
p-value <0.001 <0.001 p-value <0.001 <0.001
Heterogeneity 1?=65.8%, p-value=0.001 Heterogeneity 1?=82.3%, p-value<0.001

* Data at 6 and 12 months derived from Vidailhet (2005)??, while data at 36 months (used in the analysis at latest timepoint) derived from

Vidailhet 20072

There is a high amount of heterogeneity within these data on both measures, which comes out as highly significant. The random-effect model is
therefore the most appropriate one in both cases.

The meta-analysis shows a significant improvement of 6.8 points and 60.4% on the BFMDRS disability scale 12 months post-surgery.



Individual studies results as well as the pooled estimate are displayed on the forest plots below.
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Table S2: Quality of life after GPi DBS.
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Study Sample QOL instrument Score at baseline Score at 3 months | Score at 6 months | Score at 7.5 Score at 12 months | Score at 17 Score at 36 months | Score at 60 months
size (mean + SD) (mean = SD) (mean + SD) months (mean + SD) months (mean + SD) (mean + SD)
(mean + SD) (mean + SD)
Blahak 2008% 10 SF-36 physical 62.0+24.8 NA NA 80.7+15.7 NA NA 90.1+9.1 NA
functioning
SF-36 role limitation 5.1+10.6 62.4+36.1 65.0 + 37.6
physical
SF-36 bodily pain 76.3+30.3 89.1+18.6 88.0+13.1
SF-36 general health 40.1+234 64.6 +26.3 67.5+15.0
SF-36 vitality 50.7 +16.1 64.2+16.4 68.6 + 15.3
SF-36 social 51.5+27.0 79.9+252 83.9+21.2
functioning
SF-36 role limitation 73.7+434 90.1+16.1 90.1+22.3
emotional
SF-36 mental health 58.4+19.3 704 +19.7 774+113
SF-36 summary 46.7+14.6 723+16.4 759+11.3
physical health
SF-36 summary 54.7+20.4 73.7+17.2 77.4+10.2
mental health
Kiss 2007% 10 SF 36 physical + 90.9+11.3 NA NA NA 1129+ 18.0 NA N.A N.A
mental summary
10 BDI 142+72 6.0+35
Valldeoriola 2010% 22 SF-36 physical 34.2 NA 45.1 NA 445 NA NA NA
summary
22 SF-36 mental 425 48.3 49.9
summary
22 EQ-5D 0.41 0.67 0.68
22 VAS 40.5 69.1 65.0
Vidailhet 2005,% 2007% | 22 SF-36 general health | 47 +24 NA NA NA 63 +27 NA 6421 NA
22 SF-36 physical 41+28 62 +29 68 + 32
functioning
22 SF-36 role physical 53+43 58 + 39 69 + 37
22 SF-36 role emotional 59 + 48 77+37 71+39
22 SF-36 social 57 +36 58 +29 63 +30
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Study Sample QOL instrument Score at baseline Score at 3 months | Score at 6 months | Score at 7.5 Score at 12 months | Score at 17 Score at 36 months | Score at 60 months
size (mean £ SD) (mean £ SD) (mean + SD) months (mean + SD) months (mean + SD) (mean + SD)
(mean + SD) (mean + SD)
functioning
22 SF-36 body pain 39+32 56 + 36 61+25
22 SF-36 vitality 40+ 24 50+ 24 47 +21
22 SF-36 mental health 54 +20 64 + 23 58 +21
22 BDI 11.3+7.0 83%7.9 78+80
Volkmann 2012% * 35 SF-36 physical 39.1+£225 NA 62.0+28.7 NA NA NA 66.6 +29.5 65.0 +26.8
function
37 SF-36 role physical 31.1+£375 64.5+38.4 74.2 +36.2 71.8+35.8
37 SF-36 bodily pain 44.8 +29.6 68.3 +26.6 73.7+28.7 739+281
37 SF-36 general health 42.2+157 60.7 £22.5 67.9+19.5 63.1+16.8
37 SF-36 vitality 45.7+20.9 57.8+218 64.5+18.0 58.4+16.3
38 SF-36 social function | 59.2 + 36.0 76.0+29.3 80.4+254 77.9+27.6
38 SF-36 role emotional | 62.3 +42.6 79.8+35.1 79.6 +35.1 83.9+35.2
38 SF-36 mental health 60.0+£19.8 722+211 76.1+159 69.5+20.2
36 SF-36 physical 33777 441+9.1
summary
36 SF-36 mental 46.2+13.2 51.8+11.8
summary
38 BDI 9.0+6.9 6.6+9.2 38+6.3 47+73
38 BAI 12.6 £10.7 81+7.3 6.1+6.9 7.3+8.9
38 Brief psychiatric 274+76 253+7.1

rating scale

* Data for SF-36 physical and mental summary and brief psychiatric rating scale were taken from an earlier related paper that reported this
specific information, see also Kupsch et al (2006)*® and Miiller et al (2008).%” BAI, Beck Anxiety Inventory; BDI, Beck Depression Inventory;
CDQ, Craniocervical Dystonia Questionnaire; EQ, EuroQol; NA, not available; QoL, quality of life; SD, standard deviation; SF, short-form;
VAS, visual analog scale.




Table S3: Safety outcomes reported in bilateral GPI DBS studies.
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Study

Reported safety endpoints

Air (2011)' n=31

5 device infections in 4 patients (but none in the dystonic patients) — 3 within 3 months of surgical implantation
Additional device complications: inaccurate lead placement, lead fracture, lead extender fracture addressed with surgical revision

Berman (2009)? n=11

Most acute common stimulation-induced AEs: dysarthria or tonic contraction of contralateral facial or arm muscles

Bittar (2005)% n=12

3 postoperative complications:

— 1electrode displacement

— 2 acute rebound phenomenon (1 damaged lead connector, 1 failure of IPG battery)

3 patients (2 with lead migration/damage, 1 with battery failure) experienced an acute ‘potentially life threatening’ relapse of dystonia

Blahak (2010)% n=18

No surgical complications

Blahak (2011)* n=11

4 patients experienced dysarthria
1 patient had non-dopa-responsive hypokinetic symptoms with predominant freezing of gait

Cacciola (2010)*® n=10

3 complications:
— 2 infections: 1 infection of IPG, 1 infection of entire system
— 1 lead breakage (1 year after initial placement)

Chung (2015)% n=25

Overall rates of AEs 28%

2 intracranial haemorrhages (1 intracerebral haemorrhage during lead repositioning, 1 minimal subdural haemorrhage) — resolved 2 weeks post-surgery
3 cases of stimulation-related mild dysarthria (improved after 2—-4 months of stimulation parameter adjustments)

2 hardware-related wound problems (subsided after oral antibiotics for one patient and an extension line revision operation for the other patient)

3 cases of device discomfort (sense of tightness because of the extension line)

No life-threatening or serious AEs

All AEs subsided without permanent sequelae

Cif (2010)° n=26

2 extension cable breakages
1 spontaneous early IPG dysfunction after 3 months
2 hardware infections

Contarino (2014)% n=35

1 repositioning of electrodes
1 SAE (intraoperative hemorrhage)
Other most frequent non severe AEs: hardware related complications requiring surgery and hypophonia/dysarthria

Coubes (2004)" n=31

1 delayed unilateral infection of an IPG

Dinckelbach (2015)% n=13

(same study as Volkmann 2014* but at a
different timepoint)

5 patients with AEs:

1 hemiparesis or stroke (resolved)
1 exchange of extension cable

1 tethering of extension cable
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1 dyskinesia due to DBS
1 worsening of dystonia due to DBSs

FitzGerald (2014)* n=60

8 infections

6 lead revisions

3 lead fractures

1 lead erosion through scalp
1 wound granuloma

1 status dystonicus

Ghang (2010)® n=11

5 transient reversible AEs, e.g. slowness in walking, heaviness in legs, subtle difficulty in speaking and swallowing, fatigue, depression, and general weakness

Haridas (2011)* n=22

4 lead/device infections (3 patients)
1 lead fracture

1 suboptimal lead position

9 lead replacements in total

Hung (2007)* n=10

1 infection (electrode removal necessary)
2 developed moderate dysarthria

Isaias (2009)° n=30

8 patients experienced 11 hardware-related AEs

— 5 infections (2 in the same patient)

— 2 fractured extension cables

— 1 scalp erosion without infection

— 1 1PG replacement due to malfunction

— 2 lead position revision because of lack of benefit

— 3 stimulation-related AEs (speech difficulties, which were not present at baseline)

Isaias (2011)*° n=44

3 worsening of symptoms (1 developed mild speech difficulty, 2 worsening of axial and limb scores)
2 device infections, requiring antibiotics and re-implantation

1 extension cable fracture requiring surgical replacement

No adverse neurologic events

Kim (2012)* n=14

1 complication related to surgery (weakness in arm and focal infarction observed on brain MRI)
1 neuropsychological problems (depression, suicide attempt)

2 dysarthria

1 intermittent diplopia

Kiss (2007)* n=10

1 patient suffered from significant depression post-surgery (despite scoring within acceptable range on the Beck depression inventory)
4 AEs:

— 2 with dysphagia resolved change in stimulation parameters

— 2 mild difficulties with swallowing
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Krause (2004)™ n=17

1 fracture of femur

13 scotoma

4 CSF collections in IPG pouch
1 Infection

1 dysarthria

Markun (2012)" n=14

Surgical complications: 1 stereotactic lead repositioning, 1 asymptomatic perioperative hemorrhage, 2 lead extender fractures surgically replaced

Mills (2012)* n=27

Study focussing on weight, no safety reported.

Panov (2013)* n=47

4 infections requiring removal of hardware and re-implantation

4 hardware malfunctions including lead fracture

2 lead revision because of lack of therapeutic benefit

1 aborted first attempt to implant because of intraoperative symptomatic venous air embolism

Petrossian (2013)'¢ n=12

No intracranial hemorrhage

No immediate postoperative complications

5 patients experienced 7 hardware related AEs.
4 lead fractures

2 infections

Reese (2011)" n=12

1 infection of the right DBS electrodes (2 years postoperatively - temporarily removed and re-implanted 6 months later)
Dysarthria in some instances with stimulation intensities above the therapeutic threshold

Sarubbo (2012)* n=10

No SAEs
2 hardware related complications: 1 electrode migration, 1 dramatic re-explosion of previous symptoms after battery exhaustion
3 transient simulation related side-effects: 2 paresthesias, 1 dysarthria

Starr (2006)" n=22

1 symptomatic hemorrhage

1 symptomatic hemorrhage >.2ml

3 repositioning of initial lead

3 reoperation for hardware exploration
1 lead fracture

Tisch (2007)* n=15

2 developments of delayed onset akinesia

Valldeoriola (2010)* n=24

6 AEs:

— 1 hemiparesia

— 1 fracture of cable lead to acute reoccurrence of dystonic symptoms 2 months after GPi
— 1 retroauricular pain in the region of the cables connecting the electrodes

— 2 transitory dysphagia and dysarthria

Vidailhet (2005%, 2007%) n=22

5 AEs in 3 patients:
— 1transient perioperative edema of the frontal lobe (not clinically evident) and fractured lead
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— 1 cutaneous necrosis of the scalp
— 1 localized skin infection and hematoma near the neurostimulator

Volkmann (2012)%
(also Kupsch 2006 and Miiller 2008°")
n=40

71 events over 5 years:

— 22 within the first 6 months, 49 from 6 months to 5 years

19 patients affected within the first 6 months and 32 patients from 6 months to 5 years
26 SAEs in total:

—  Subcutaneous infection (7), lead dislodgement (4), lead breakage (4), stimulator malfunction (3), persistent dystonia or inpatient programming (2), persistent
dystonia or electrode repositioning (2), extension cable fracture (1), cervical myelopathy (1), peripheral denervation surgery (1), depressive episode or
attempted suicide (1)

45 AEs in total:

— Dysarthria (16), worsening of dystonia (7), accidental deactivation of internal pulse generator (5), dysesthesias (4), gait disorder (2), postoperative confusion
(1), transient internal pulse generator malfunction (1), depressive episode (1), frequent yawning (1), partial lead breakage (1), seizure (1), seroma (1), stuttering
(1), sleep disorder (1), facial weakness (1), omarthrosis (1)

Volkmann (2014)* n=62

16 SAEs (11 related to surgery or device, 1 related to medication or stimulation, 4 related to dystonia or another disorder)
41 AEs (6 related to surgery or device, 27 related to medication or stimulation, 8 related to dystonia or another disorder)

Witt (2013)® n=28

3 asymptomatic haemorrhages
2 lead repositioning
1 infection after battery replacement requiring explantation

Yianni (2003)% n=12

1 hardware failure: sudden cessation of DBS led to very acute severe relapse of condition
1 rebound effect after stimulation turned off suddenly

AEs, adverse events; DBS, deep brain stimulation; SAEs, serious adverse events
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