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AbsTrACT
Objective genetic subtypes of dystonia may respond 
differentially to deep brain stimulation of the globus 
pallidus pars interna (gPi DBs). We sought to compare 
gPi DBs outcomes among the most common monogenic 
dystonias.
Methods This systematic review and meta- analysis 
followed the Preferred reporting items for systematic 
reviews and Meta- analyses and Meta- analysis of 
Observational studies in epidemiology guidelines. We 
searched PubMed for studies on genetically confirmed 
monogenic dystonia treated with gPi DBs documenting 
pre- surgical and post- surgical assessments using the 
Burke–Fahn–Marsden Dystonia rating scale Motor 
score (BFMMs) and Burke–Fahn–Marsden Disability 
score (BFMDs). We performed (i) meta- analysis for each 
gene mutation; (ii) weighted ordinary linear regression 
analyses to compare BFMMs and BFMDs outcomes 
between DYT-TOR1A and other monogenic dystonias, 
adjusting for age and disease duration and (iii) weighted 
linear regression analysis to estimate the effect of age, 
sex and disease duration on gPi DBs outcomes. results 
were summarised with mean change and 95% ci.
results DYT-TOR1A (68%, 38.4 points; p<0.001), 
DYT-THAP1 (37% 14.5 points; p<0.001) and nBia/
DYT-PANK2 (27%, 21.4 points; p<0.001) improved in 
BFMMs; only DYT-TOR1A improved in BFMDs (69%, 
9.7 points; p<0.001). improvement in DYT-TOR1A was 
significantly greater than in DYT-THAP1 (BFMMs −31%), 
nBia/DYT-PANK2 (BFMMs −35%; BFMDs −53%) and 
chOr/DYT-ADCY5 (BFMMs −36%; BFMDs −42%). 
Worse motor outcomes were associated with longer 
dystonia duration and older age at dystonia onset in 
DYT-TOR1A, longer dystonia duration in DYT/ParK-TAF1 
and younger age at dystonia onset in DYT- SGCE.
Conclusions gPi DBs outcomes vary across monogenic 
dystonias. These data serve to inform patient selection 
and prognostic counselling.

InTrOduCTIOn
Dystonia, defined as a condition characterised 
by sustained or intermittent muscles contrac-
tions causing abnormal, often repetitive, move-
ments, postures or both, is a common movement 
disorder leading to generalised, segmental or focal 
impairment of motor activities and physiological 

postures.1 2 It has been linked to over 200 genetic 
mutations leading to autosomal dominant, recessive 
and X- linked disorders.3 4 Genetic dystonias may 
present with variable age at onset, body distribu-
tion, temporal pattern and associated features.1 
Clinically, they are classified into ‘isolated dysto-
nias’, such as DYT-TOR1A, childhood- onset 
foot dystonia followed by generalisation, and 
DYT-THAP1, adolescent- onset cranio- cervical 
dystonia; ‘combined dystonias’, such as DYT- SGCE, 
in which dystonia is ‘combined’ with myoclonus; 
and ‘complex dystonias’ such as NBIA/DYT-PANK2, 
a childhood- onset or adolescent- onset dystonia due 
to pantothenate kinase- associated neurodegenera-
tion with brain iron deposition (PKAN).3

Deep brain stimulation (DBS) of the globus pall-
idus pars interna (GPi) is one of the most effec-
tive treatments for chronic, medically intractable, 
dystonia. Multiple trials have demonstrated that GPi 
DBS is safe and effective for patients with isolated 
generalised and segmental dystonia.5 6 Outcomes 
after GPi DBS, however, can have variable success, 
which highlights the importance of patient selec-
tion. Narrative reviews have summarised data with 
divergent conclusions on the variables affecting 
GPi DBS outcomes.4 Established predictors include 
electrodes location,7 age at dystonia onset,8 disease 
duration prior to GPi DBS9 and whether fixed 
postures have complicated the phenotype.10

DYT-TOR1A patients with segmental or gener-
alised dystonia are considered optimal candidates 
for surgery,4 11 but no trial data are available to 
assess whether the outcomes on DYT-TOR1A- 
positive patients are comparable to those of patients 
with alternative genetic mutations. We sought to 
evaluate the differential extent to which monogenic 
dystonias respond to GPi DBS using a systematic 
review and meta- analysis of outcomes with data 
from published clinical trials, observational studies, 
case series and case reports.

MeThOds
search methods
We conducted a systematic review and meta- analysis 
following the Preferred Reporting Items for System-
atic Reviews and Meta- analyses and the Meta- 
analysis of Observational Studies in Epidemiology 
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guidelines.12 13 We searched PubMed for interventional and non- 
interventional studies prior to January 1, 2019 reporting data 
on GPi DBS- treated patients screened for monogenic forms of 
dystonia using the following searching terms: ‘deep brain stim-
ulation’, ‘mutation’, ‘gene’, ‘genetics’, ‘inherited’, ‘familial’, 
‘dystonic’ and ‘dystonia’ (search string: ‘((Deep brain stimula-
tion AND (dystonia OR dystonic) AND (mutation OR gene OR 
genetics OR inherited OR familial)))’).

Abstracts and full- text articles were independently reviewed 
for eligibility criteria by four authors (CAA, AR, LM and SB). 
Duplicated studies were identified and excluded. Only studies 
referring to human subjects and published in English were 
considered. No restrictions were applied to sex, age, ethnicity, 
follow- up duration, disease duration, disease severity or type 
of dystonia. The reference list of each article was searched to 
screen for additional pertinent studies not captured by the orig-
inal search strategy.

Inclusion and exclusion criteria
We included studies with cases of genetically confirmed dystonias 
treated with GPi DBS, with a minimum post- surgical follow- up 
of 3 months, and with Burke–Fahn–Marsden Dystonia Rating 
Scale (BFMDRS) scores before and ≥3 months after GPi DBS.14 
Studies of patients with pooled rather than segregated genetic 
subtyping were excluded, as well as studies with assumed but not 
confirmed genetic data or incomplete follow- up.

data extraction
We used a standardised data collection form to extract, from the 
BFMDRS, the Motor (BFMMS) and Disability Scores (BFMDS) 
before (baseline), at 3–24 months (short- term post- GPi DBS 
follow- up), and, when available, at >24 months (long- term 
follow- up). Additional data extracted included sample size, 
genetic mutations evaluated, year of publication, study design, 
age at disease onset, age at GPi DBS surgery and follow- up dura-
tion in months. Data were expressed as mean with SD. If two 
or more studies reported data from the same population, we 
included the most recent publication with the longest follow- up. 
In addition, if a study provided data on multiple genetic popula-
tions we allocated each to their corresponding dataset.

Assessment of risk of bias
Two investigators (CAA and AR) independently performed 
the quality appraisal of qualifying studies, which were rated 
as ‘good’, ‘fair’ or ‘poor’ as per the National Heart, Lung, and 
Blood Institute tools (Research Triangle Institute International. 
National Heart, Lung, and Blood Institute Quality Appraisal 
Tools) according to Cochrane handbook recommendations (see 
online supplementary figure 1).15 Only studies with a ‘good’ or 
‘fair’ rating were included in the analyses. Visual inspection of 
funnel plots was also conducted to assess for publication bias.16

study aims and statistical analysis
We sought to analyse motor (BFMMS) and disability (BFMDS) 
outcomes of patients with confirmed monogenic dystonias 
treated with GPi DBS and to examine the impact of disease 
duration prior to GPi DBS, age, and sex. The following sets of 
analysis were conducted:
1. To analyse the effect of genetic mutations on GPi DBS 

outcomes, we performed a meta- analysis of BFMMS and 
BFMDS short- term and long- term results for each gene sep-
arately. This analysis was performed for at least two studies 
on a defined monogenic dystonia cohort with a sample size 

≥5 patients each containing pre- GPi DBS and post- GPi DBS 
BFMDRS scores. The mean change between pre- intervention 
and post- intervention along with pooled SD (PSD) for each 
study was computed. Pearson’s correlation coefficient be-
tween pre- value and post- value per gene mutation was esti-
mated and used for computing PSD. Given the sample size, 
the inclusion of observational studies, and the heterogeneity 
across the studies, the pooled effect size was computed using 
a random effects model with DerSimonian and Laird meth-
od.17 The heterogeneity across the studies was measured us-
ing the I2 statistic. An I2 statistic >50% was considered as 
representing substantial heterogeneity.15 The results of the 
meta- analysis were summarised using I2 statistic, per cent 
relative improvement, pooled mean difference along with a 
95% CI and p value for each specific gene mutation separate-
ly for each outcome. Meta- analysis was conducted separate-
ly for short- term and long- term outcomes and results were 
summarised using forest plots.

2. To analyse the outcomes of genetic mutations compared with 
DYT-TOR1A, we performed unadjusted and adjusted (age at 
dystonia onset and dystonia duration at surgery) compari-
sons of BFMMS and BFMDS between DYT-TOR1A and oth-
er distinct forms of monogenic dystonia. This analysis was 
performed when at least two studies, one of which with a 
sample size >1 patient, were available. We performed un-
adjusted and adjusted weighted ordinary linear regression 
analyses with robust variance estimation using Huber and 
Sandwich approach. The weight was assigned according to 
the sample size of each study. Larger sample size studies re-
ceived relatively large weights compared with small sample 
size studies. After regression analysis, unadjusted paired- wise 
comparisons were performed across all gene mutations. The 
results of regression analyses were displayed using regression 
coefficient, 95% CI and p value. In the adjusted analysis, age 
and disease duration were adjusted irrespective of their sig-
nificance levels.

3. To analyse the effect of age at dystonia onset, disease du-
ration at surgery and sex on GPi DBS outcomes, we used 
weighted linear regression analyses with robust variance esti-
mation after adjusting for gene differences and separately for 
each gene. This analysis was performed for each monogenic 
dystonia when at least two studies were identified from the 
systematic review of the literature.

Continuous data were summarised using mean and SD; cate-
gorical data with frequencies and proportions. All the statistical 
analyses were carried out using STATA V.15.1. P values less than 
or equal to 5% were considered statistically significant results.

resulTs
Of 165 studies, 87 met full criteria and underwent data 
extraction (see online supplementary table 1), individual quality 
assessment and evaluation of the risk of bias (figure 1). In all, 34 
articles met criteria for meta- analysis yielding 36 datasets and a 
sample size of 311 patients distributed in DYT-TOR1A (n=269), 
DYT-THAP1 (n=16) and NBIA/DYT-PANK2 (n=26) mutations. 
In total, 81 articles met criteria for the analysis of outcomes vs 
DYT-TOR1A, providing 87 datasets and a sample size of 432 
patients in DYT-TOR1A (n=306), DYT-THAP1 (n=24), NBIA/
DYT-PANK2 (n=40), DYT/PARK-TAF1 (n=23), ACTB (n=3), 
CHOR/DYT-ADCY5 (n=3), GNAO1 (n=8) and DYT- SGCE 
(n=25) mutations. In addition, individual datasets of single case 
reports (n=13) were extracted from seven studies reporting 
data on DYT/PARK-GCH1, CHOR-VPS13A, DYT- SGCE 
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Figure 1 study flow chart phases of the systematic review according to the Preferred reporting items for systematic reviews and Meta- analyses flow 
diagram recommendations. rcT, randomised clinical trial.

+ DYT-TOR1A, DYT/PARK- ATP1A3, DYT- PRKRA, DYT/
PARK-GLB1, NBIA/DYT-DCAF17, trisomy X, SCA-ATXN3, 
SCA-ATXN2, PxMD-SLC2A1 and ATM (figure 1, online supple-
mentary table 2). Demographic data are reported in table 1.

Meta-analysis
Motor endpoint (BFMMS)
In the short term (11.8±3.6 months; range: 6–12), BFMMS 
improved by 68% in DYT-TOR1A (−38.4, p<0.001), 37% in 
DYT-THAP1 (−14.5, p<0.001) and 27% in NBIA/DYT-PANK2 
(−21.4, p<0.001). Long- term (46.6±16.4 months; range: 
24–72) BFMMS data were available for DYT-TOR1A, showing 
sustained improvement (68%, −37.1, p<0.001) (figure 2).

Disability endpoint (BFMDS)
In the short term (12.5±2.9 months; range: 10–24), BFMDS 
improved by 69% in DYT-TOR1A (−9.7, p<0.001) but not 
in DYT-THAP1 (−0.4; p=0.895) or NBIA/DYT-PANK2 (0; 
p=0.993). Long- term (45.9±18.5 months; range 25–72) 
BFMDS data were available for DYT-TOR1A, showing sustained 
improvement (68%, −10; p<0.001) (figure 3).

Comparison of GPi dbs effect on monogenic dystonias
Motor endpoint (BFMMS)
DYT-TOR1A was associated with greater motor improvement 
than DYT-THAP1 (−31%; p<0.001), NBIA/DYT-PANK2 
(−35%; p=0.016) and CHOR/DYT-ADCY5 (−36%; p<0.001). 
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Table 1 Demographic and clinical data of included patients

Mutations

Age at dystonia 
onset
(years)

sex
(% of female)

disease duration 
at GPi dbs
(years)

DYT-TOR1A
(n=306)

9.3±2.9 62±26 12.1±8.3

DYT/PARK-TAF1
(n=23)

39.7±9.5 0 4.1±3.4

DYT-THAP1
(n=24)

10.2±4.9 40±35 18.4±10

DYT- SGCE
(n=25)

5.8±5.4 74±29 24.8±14.7

NBIA/DYT-PANK2
(n=40)

12.6±8.8 56±35 9.3±2.7

CHOR/DYT-ADCY5
(n=3)

2.5±2.1 80±20 10.8±4

GNAO1
(n=8)

3.1±1.9 67±47 4.4±1.2

ACTB
(n=3)

14.7±3.9 100 7

Data are expressed as mean±SD.
GPi DBS, deep brain stimulation of the globus pallidus pars interna; n, number of 
patients included; N/A, not available.

Figure 2 Forest plot- motor endpoints. Forest plot of the motor endpoints obtained by the meta- analysis of the following genetic dystonias: DYT-TOR1A, 
DYT-THAP1 and nBia/DYT-PANK2. Data presented refer to absolute change of the BFMMs. n=number of datasets included. BFMMs, Burke–Fahn–Marsden 
Dystonia rating scale Motor score.

We found no significant differences between DYT-TOR1A and 
DYT/PARK-TAF1, DYT- SGCE, GNAO1 and ACTB (figure 4).

Disability endpoint (BFMDS)
DYT-TOR1A was associated with greater reduction in disability 
than NBIA/DYT-PANK2 (−53%; p=0.004) and CHOR/
DYT-ADCY5 (−42%; p=0.003). We found no significant differ-
ences between DYT-TOR1A and DYT/PARK-TAF1, DYT-THAP1, 
DYT- SGCE, GNAO1 and ACTB (figure 4).

effect of disease duration, age at onset and sex on GPI dbs 
outcome
Longer dystonia duration prior to GPi DBS was associated with 
worse motor outcome in DYT-TOR1A (p=0.040) and DYT/

PARK-TAF1 (p=0.001), but not in DYT-THAP1, DYT- SGCE 
and NBIA/DYT-PANK2 (Table 2, Supplementary Figure 2). 
Older age at dystonia onset was associated with worse motor 
outcome in DYT-TOR1A (p<0.001) but not in DYT/PARK-
TAF1, DYT-THAP1 and NBIA/DYT-PANK2, and better outcome 
in DYT- SGCE (p=0.010) (table 2).

Sex was not associated with GPi DBS outcomes in DYT-TOR1A, 
DYT- SGCE and NBIA/DYT-PANK2. In DYT-THAP1, there was 
a trend towards better GPi DBS motor outcomes in women 
compared with men (p=0.051) (table 2).

Analysis of single cases or rarer dystonia-associated 
mutations
There was improvement in motor and disability outcomes 
reported in single cases of DYT/PARK-GCH1 (−44.5% 
BFMMS; −85.7% BFMDS), CHOR-VPS13A (−75% BFMMS; 
−50% BFMDS) and DYT- SGCE + DYT-TOR1A mutations 
(−83.3% BFMMS; −75% BFMDS); in motor outcomes in 
DYT/PARK- ATP1A3 (−26.1% and −7% BFMMS), DYT- PRKRA 
(−74.4% BFMMS), DYT/PARK-GLB1 (−20% BFMMS), NBIA/
DYT-DCAF17 (−42.0% BFMMS; −7.7% BFMDS), trisomy X 
(−44.2% BFMMS) and SCA-ATXN3 (−10% BFMMS;+33% 
BFMDS); and worsening of motor and disability outcomes in 
SCA-ATXN2 (+35.5% BFMMS;+112.5% BFMDS), PxMD-
SLC2A1 (+2.6% BFMMS) and ATM (+13.0% BFMMS;+12.5% 
BFMDS) (table 3).

dIsCussIOn
We confirmed the beneficial effect of GPi DBS on motor and 
disability outcomes in DYT-TOR1A, DYT-THAP1 and NBIA/
DYT-PANK2 cases, with a greater improvement in DYT-TOR1A 
compared with other monogenic dystonias. Differential improve-
ment was observed in ACTB, GNAO1, DYT-SGCE, DYT/PARK-
TAF1 and CHOR/DYT-ADCY5, affected negatively by longer 
disease duration prior to GPi DBS (DYT-TOR1A and DYT/
PARK-TAF1) and older age at dystonia onset (DYT-TOR1A; the 
opposite for DYT- SGCE).
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Figure 3 Forest plot- disability endpoints. Forest plot of the disability endpoints obtained by the meta- analysis of the following genetic dystonias: DYT-
TOR1A, DYT-THAP1 and nBia/DYT-PANK2. Data presented refer to absolute change of the BFMDs. n=number of datasets included. BFMDs, Burke–Fahn–
Marsden Disability score.

Figure 4 comparison of gPi DBs outcomes between DYT-TOR1A and other monogenic forms of dystonia Motor outcomes were assessed by the score 
of the Burke–Fahn–Marsden Dystonia rating scale; disability outcomes by the disability Burke–Fahn–Marsden Dystonia rating scale. gPi DBs: deep brain 
stimulation of the globus pallidus pars interna. rc: regression coefficient after adjusting for age and disease duration. *indicates significant difference 
compared with DYT-TOR1A.

Previous studies alternatively suggested that dystonia dura-
tion before surgery may or may not predict outcome after GPi 
DBS.5 8 18–22 In agreement with a recent meta- regression analysis 
reporting an association between shorter dystonia duration and 
greater GPi DBS motor improvement in patients with isolated 
dystonia,9 we found that monogenic dystonias DYT-TOR1A and 
DYT/PARK-TAF1 may benefit from an earlier surgical treatment. 
This result is in accordance with previous findings indicating 
that an early modulation of dystonia- associated cortical plas-
ticity might slow or prevent progression.19 Our findings suggest 
that different genetic mutations may account for a different 
impact of disease duration on GPi DBS outcome, and similar 

results emerged from the analysis of age at dystonia onset, with 
younger DYT-TOR1A and older DYT- SGCE patients benefiting 
most from GPi DBS. Also, there was a trend towards better 
motor outcomes in women compared with men in DYT-THAP1.

GPi DBS demonstrated short- term and long- term efficacy in 
DYT-TOR1A,3 4 and a lower but also significant improvement in 
DYT-THAP1 and NBIA/DYT-PANK2.23 24 The differential extent 
of motor benefit observed in DYT-TOR1A and DYT-THAP1 
might reflect the differential pattern of metabolic abnormalities 
reported by connectivity studies in these two monogenic forms 
of dystonias,25 26 as well as the older age at onset of DYT-THAP1 
and its predominant axial and cranio- cervical distribution,27 
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Table 2 Effect of disease duration, age and sex on GPI DBS outcome

Motor endpoint disability endpoint

Type of dystonia
regression 
coefficient 95% CI P value

regression 
coefficient 95% CI P value

disease duration disease duration

DYT-TOR1A −0.7 −1.4 −0.1 0.040* −0.1 −0.4 0.2 0.488

DYT/PARK-TAF1 −4.3 −5.9 −2.7 0.001* N/A N/A N/A N/A

DYT-THAP1 −0.3 −1.4 0.9 0.566 −0.6 −3.7 2.5 0.251

DYT- SGCE 0.2 −0.3 0.6 0.428 0.1 −0.3 0.4 0.717

NBIA/DYT-PANK2 −2.7 −9.5 4.1 0.354 0.2 −2.8 3.1 0.867

Age at dystonia onset Age at dystonia onset

DYT-TOR1A −5.3 −7.4 −3.2 <0.001* −0.1 −1.7 1.6 0.910

DYT/PARK-TAF1 −0.7 −3.4 2.1 0.586 N/A N/A N/A N/A

DYT-THAP1 −1.4 -6 3.3 0.456 N/A N/A N/A N/A

DYT- SGCE 0.8 0.2 1.4 0.010* 0.1 −0.4 0.6 0.515

NBIA/DYT-PANK2 0.1 −1.3 1.4 0.925 0.5 −0.6 1.7 0.246

sex (proportion of females) sex (proportion of females)

DYT-TOR1A 2.1 −27.8 31.9 0.883 4.0 −4.2 12.2 0.295

DYT-THAP1 12.0 −0.1 24.1 0.051 N/A N/A N/A N/A

DYT- SGCE −18.9 −53.9 16.2 0.236 10.3 −62.9 83.5 0.324

NBIA/DYT-PANK2 38.7 −81.5 158.8 0.381 1.9 −17.5 21.4 0.709

*Indicates significant p value.
N/A, not applicable.

Table 3 Single case analysis

Articles Mutation
n of 
patients

sex 
(M/F)

Age at 
dystonia 
onset

disease 
duration at 
dbs

Pre- surgical 
bFMMs

Post- surgical
bFMMs
(months after 
dbs)

Pre- surgical 
bFMds

Post- surgical
bFMds
(months after 
dbs)

Beaulieu- Boire et al (2016) DYT/PARK-GCH1 1 0/1 7 59 18 10 (12 m) 7 1 (12 m)

Beaulieu- Boire et al (2016) CHOR-VPS13A 1 1/0 22 9 14 14.5 (12 m)
3.5 (45 m)

16 8 (12 m)

Wang et al (2017) DYT- SGCE +DYT-TOR1A 1 1/0 12 18 21 3.5 (6 m) 16 4 (6 m)

Kamm et al (2008) DYT/PARK-ATP1A3 1 1/0 12 12 55.5 41 (12 m) NA NA

Brucke et al (2014) DYT/PARK-ATP1A3 1 1/0 17 5 28 26 (12 m) NA NA

Koy et al (2016) DYT- PRKRA 1 NA NA NA 92 25 (12 m)
23.3 (48 m)

NA NA

Roze et al (2016) DYT/PARK-GLB1 1 0/1 16 8 70 56 (12 m) NA NA

Beaulieu- Boire et al (2016) NBIA/DYT-DCAF17 1 0/1 16 8 50 27 (12 m)
29 (18 m)

13 12 (12 m)
14 (18 m)

Beaulieu- Boire et al (2016) Trisomy X 1 0/1 6 11 52 29 (5 m) 12 12 (12 m)

Beaulieu- Boire et al (2016) SCA-ATXN3 1 0/1 44 3 20 18 (12 m) 6 4 (12 m)

Beaulieu- Boire et al (2016) SCA-ATXN2 1 0/1 39 4 15.5 21 (12 m)
21 (36 m)

4 11 (12 m)
8.5 (36 m)

Hanci et al (2018) PxMD-SLC2A1 1 0/1 25 19 56.5 58 (108 m) NA NA

Beaulieu- Boire et al (2016) ATM 1 1/0 1 10 69 100.5 (12 m)
78 (33 m)

24 28 (12 m)
27 (33 m)

BFMDS, Burke–Fahn–Marsden Dystonia Rating Scale - Disability score; BFMMS, Burke–Fahn–Marsden Dystonia Rating Scale - Motor score; M/F, males/females; NA, not available.

which have been reported as factors negatively influencing GPi 
DBS outcome.28 The lower extent of motor benefits observed in 
NBIA/DYT-PANK2 might result from the high variability in asso-
ciated features (eg, spasticity) of the PKAN phenotype.29

Available data were insufficient for a meta- analysis in cases 
of DYT/PARK-TAF1, associated with X- linked dystonia- 
parkinsonism (XDP or Lubag disease)30; DYT- SGCE, responsible 
for an early- onset form of myoclonus- dystonia predominantly 
involving the neck and arms3; CHOR/DYT-ADCY5, which may 
cause a variable phenotype characterised by chorea, dystonia 
or myoclonus31 32; GNAO1, associated with a form of child-
hood dystonia combined with other hyperkinetic movement 
disorders, cognitive impairment and seizures33; and ACTB, 

responsible for a clinical phenotype characterised by dystonia 
and deafness.34 35 However, outcomes may not be significantly 
different from those observed in DYT-TOR1A using age- and 
disease- duration- adjusted motor and disability outcomes, with 
the only exception of CHOR/DYT-ADCY5 that showed signifi-
cantly lower benefits from GPi DBS than DYT-TOR1A.

The cases of DYT/PARK-TAF1 treated with GPi DBS (n=23) 
showed good motor and disability improvement at 12 months. 
While these outcomes are encouraging, it is important to note that 
the clinical picture associated with DYT/PARK-TAF1 (ie, XDP) 
may change over time. Focal dystonia tends to generalise within 
the first 5 years; after 10 years, dystonia becomes relatively less 
severe in the face of increasingly prominent parkinsonian signs.30 
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A recent observational study from 16 patients showed that GPi 
DBS may also improve the parkinsonian features associated with 
XDP.36 Favouring earlier timing at surgery, the authors observed 
an association between less atrophy in the caudate nucleus and 
better GPi DBS clinical outcomes.36

In DYT-SGCE, GPi DBS has been reported to benefit both the 
myoclonus and the dystonia.37 38 Our analysis of 26 patients with 
DYT- SGCE showed a significant improvement on motor and 
disability outcomes similar to those observed in DYT-TOR1A, 
thus confirming that GPi DBS may be an optimal therapeutic 
option for carriers of DYT- SGCE- associated dystonia. GNAO1 
patients treated with GPi DBS (n=8) showed mixed results 
likely related to the heterogeneous clinical presentation of 
this particular genotype, which is frequently associated with a 
progressive encephalopathy. GPi DBS seems a viable (palliative) 
option for cases with extreme dystonia severity with difficulties 
in feeding and/or life- threatening clinical conditions.39 ACTB 
patients (n=3) showed good preliminary results, which suggest 
the potential for GPi DBS as a therapeutic option for this partic-
ular form of dystonia but also warrant further evaluation due to 
the limited number of cases reported to date. Finally, the anal-
ysis of the few CHOR/DYT-ADCY5 cases (n=3) treated with 
GPi DBS suggested lower clinical efficacy than DYT-TOR1A. 
However, it should be considered that combined (DYT- SGCE, 
DYT/PARK-TAF1, CHOR/DYT-ADCY5) and complex (GNAO1, 
ACTB) dystonias present with a plethora of accompanying 
neurological features, which may or may not respond to GPi- 
DBS. The greater clinical benefit observed in DYT- SGCE could 
be explained by the effect of GPi- DBS on both dystonia and 
myoclonus.40 The limited efficacy observed in GNAO1 may be 
explained by the concomitance of features characteristically not 
responsive to GPi- DBS, such as intellectual disability and drug- 
resistant seizures.39

GPi DBS in monogenic dystonias confined to single case 
reports yielded results ranging from excellent (DYT/PARK-
GCH1, CHOR-VPS13A and DYT- SGCE +DYT-TOR1A), mild/
moderate (DYT/PARK-ATP1A3, DYT- PRKRA, DYT/PARK-GLB1, 
NBIA/DYT-DCAF17 and trisomy X), to futile (SCA-ATXN3, 
SCA-ATXN2, PxMD-SLC2A1 and ATM). The significant vari-
ability observed in these rare forms of dystonia highlights the 
critical need for prospective clinical registries reporting all cases 
of genetically defined dystonia treated with GPi DBS. For DYT/
PARK-ATP1A3, there are only few reports with results ranging 
from moderate to no improvement after GPi DBS.41 42 Also, we 
found 13 cases of DYT-KMT2B, an emerging form of childhood 
onset, generalised dystonia with prominent cervical, cranial and 
laryngeal involvement.43 44 While these patients had a variable 
extent of dystonia improvement after GPi DBS, sometimes with 
‘dramatic’ amelioration in walking, scoliosis and dysphonia,44 
none of them received pre- surgical versus post- surgical evalu-
ations with validated clinical scales. Therefore, we could not 
include them in this analysis.

Some limitations should be considered in the interpretation 
of our results. First, the limited number of cases limited the 
possibility of extending the meta- analysis beyond DYT-TOR1A, 
DYT-THAP1 and NBIA/DYT-PANK2. Second, the small number 
of cases available and heterogeneous clinical presentation of 
GNAO1, ACTB and CHOR/DYT-ADCY5 precludes the general-
isability of our findings to the entire spectrum of clinical pheno-
type associated with these rare subtypes of monogenic dystonias. 
Third, we lacked patient- centred outcome measures, such as 
quality of life, which are critical to provide a comprehensive 
analysis of GPi DBS outcomes. Fourth, only few studies reported 
data on the accuracy of DBS lead placement. Thus, results could 

not be adjusted for this important clinical variable. Fifth, the lack 
of randomised clinical trials or blind prospective observational 
studies inevitably limited the strength of the data available for 
analyses. Finally, the effects of DBS on targets other than GPi, 
such as the subthalamic nucleus, could not be investigated due 
to paucity of data.

These limitations notwithstanding, this study provides robust 
support for both short- term and long- term efficacy of GPi DBS 
in DYT-TOR1A, a modest but still significant improvement in 
DYT-THAP1 and NBIA/DYT-PANK2 patients, and promising 
but preliminary results for dystonia associated with DYT-SGCE, 
DYT/PARK-TAF1, ACTB and GNAO1 mutations. We also 
confirmed that dystonia duration prior to surgery and age at 
dystonia onset may differentially affect GPi DBS motor outcome 
in patients with DYT-TOR1A, DYT/PARK-TAF1 and DYT- SGCE 
mutations. We suggest that genetic testing should be employed 
in dystonia cases being considered for GPi DBS. Prospective 
clinical registries will be required to confirm these findings and 
further clarify the role of GPi DBS in patients with rare genetic 
forms of dystonia.

Author affiliations
1Department of neuroscience "rita levi Montalcini", University of Turin, Turin, italy
2Texas Tech University health sciences center el Paso, el Paso, Texas, Usa
3Department of neurology, University of cincinnati, cincinnati, Ohio, Usa
4Department of neurology, haga Teaching hospital, The hague, The netherlands
5leids Universitair Medisch centrum, leiden, The netherlands
6Morton and gloria shulman Movement Disorders clinic. Division of neurology, 
Toronto Western hospital, Toronto, Ontario, canada
7Krembil research institute, Toronto, Ontario, canada
8Department of neurology, cedars sinai Medical center, los angeles, california, Usa
9Department of neurology, University of Florida, gainesville, Florida, Usa
10Department of neurology, Ohio state University Wexner Medical center, columbus, 
Ohio, Usa

Contributors caa: Design and conceptualised study; acquisition of data; drafted 
the manuscript for intellectual content. aKD: analysed the data; interpreted the data; 
revised the manuscript for intellectual content. ar: acquisition of data; interpreted 
the data; revised the manuscript for intellectual content. sB: acquisition of data; 
interpreted the data; revised the manuscript for intellectual content. lM: acquisition 
of data; interpreted the data; revised the manuscript for intellectual content. gi: 
acquisition of data; interpreted the data; revised the manuscript for intellectual 
content. as: acquisition of data; interpreted the data; revised the manuscript 
for intellectual content. eK: acquisition of data; interpreted the data; revised the 
manuscript for intellectual content. MZ: revised the manuscript for intellectual 
content; interpreted the data. MFc: revised the manuscript for intellectual content; 
interpreted the data. aF: revised the manuscript for intellectual content; interpreted 
the data. MT: revised the manuscript for intellectual content; interpreted the data. 
MO: revised the manuscript for intellectual content; interpreted the data. aJe: 
revised the manuscript for intellectual content; interpreted the data. ll: revised 
the manuscript for intellectual content; interpreted the data. aM: Design and 
conceptualised study; interpreted the data; drafted the manuscript for intellectual 
content.

Funding caa received travel grants from Zambon and abbvie, and educational 
grants from ralpharma. aD is supported as a co- investigator by the nih 
(1r01hl125016-01), (1 r21 hl143030-01) and (1r21 ai133207) grants and 
as a collaborator in nih r21 ai118228 grant. he has been also serving as a 
statistician in cPriT grants (PP180003, PP170068, PP170004, PP140164, 140211, 
PP110156, PP150031 and PP130083), ccTsT K12 (consultant) award, coldwell 
(co- investigator) and TMF (co- investigator). aD is a director of Biostatistics & 
epidemiology consulting lab at the TTUhsc eP. ar received grant support and 
speaker honoraria from abbVie, speaker honoraria from chiesi Farmaceutici and 
travel grants from Medtronic, lusofarmaco and UcB Pharma. MZ received speaker’s 
honoraria from Medtronic, lundbeck, UcB Pharma and abbVie. ll has received 
honoraria for lecturing and travel grants from, UcB Pharma, abbVie, DOc, Zambon 
and Bial. MFc received travel support from Boston scientific. advisory board: 
Medtronic, Boston scientific. independent consultant for Medtronic for research and 
educational issues. received a grant from the stichting Parkinson Fonds. The DBs 
center of the haga Teaching hospital/lUMc received compensation for DBs training 
activities from Medtronic and an unrestricted educational grant from Medtronic. 
aF reports grants, personal fees and non- financial support from abbvie, grants, 
personal fees and non- financial support from Boston scientific, grants, personal 

M
edisch C

entrum
 W

alaeus B
ibl./C

1-Q
64. P

rotected by copyright.
 on D

ecem
ber 23, 2022 at Leids U

niversitair
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp-2019-322169 on 20 F

ebruary 2020. D
ow

nloaded from
 

http://jnnp.bmj.com/


433artusi ca, et al. J Neurol Neurosurg Psychiatry 2020;91:426–433. doi:10.1136/jnnp-2019-322169

Movement disorders

fees and non- financial support from Medtronic, personal fees from chiesi, personal 
fees and non- financial support from ipsen, personal fees from UcB, grants and 
personal fees from sunovion, outside the submitted work. MT received grant support 
from the cure Parkinson Trust and Drown Foundation; personal compensation 
as a consultant/scientific advisory board member for abbott, Boston scientific, 
Medtronic and revance; honoraria from Boston scientific, Medtronic, the american 
academy of neurology. MsO serves as a consultant for the Parkinson’s Foundation, 
and has received research grants from nih, Parkinson’s Foundation, the Michael 
J. Fox Foundation, the Parkinson alliance, smallwood Foundation, the Bachmann- 
strauss Foundation, the Tourette syndrome association and the UF Foundation. 
MsO DBs research is supported by: r01 nr014852 and r01ns096008. MsO has 
received royalties for publications with Demos, Manson, amazon, smashwords, 
Books4Patients, Perseus, robert rose, Oxford and cambridge (movement disorders 
books). MsO is an associate editor for new england Journal of Medicine Journal 
Watch neurology. MsO has participated in cMe and educational activities on 
movement disorders sponsored by the academy for healthcare learning, PeerView, 
Prime, QuantiaMD, WebMD/Medscape, Medicus, Mednet, einstein, Mednet, henry 
stewart, american academy of neurology, Movement Disorders society and by 
Vanderbilt University. The institution and not MsO receives grants from Medtronic, 
abbvie, abbott and allergan and the Pi has no financial interest in these grants. 
MsO has participated as a site Pi and/or co- i for several nih, foundation, and 
industry sponsored trials over the years but has not received honoraria. research 
projects at the University of Florida receive device and drug donations. aJe received 
grant support from the nih, great lakes neurotechnologies and the Michael J 
Fox Foundation; personal compensation as a consultant/scientific advisory board 
member for abbvie, TeVa, impax, acadia, acorda, inTrance, cynapsus/sunovion, 
lundbeck, and UsWorldMeds; publishing royalties from lippincott Williams & 
Wilkins, cambridge University Press, and springer; and honoraria from abbvie, UcB, 
UsWorldMeds, lundbeck, acadia, the american academy of neurology, and the 
Movement Disorders society. ll received honoraria for lecturing and travel grants 
from Medtronic, UcB Pharma, and abbVie. aM is supported by nih (Kl2 Tr001426) 
and received speaker honoraria from csl Behring, cynapsus Therapeutics, 
Theravance, abbott, and abbVie. he received grant support from lundbeck.

Competing interests none declared.

Patient consent for publication not required.

Provenance and peer review not commissioned; externally peer reviewed.

data availability statement all data relevant to the study are included in the 
article or uploaded as supplementary information.

OrCId ids
carlo alberto artusi http:// orcid. org/ 0000- 0001- 8579- 3772
Maria Fiorella contarino http:// orcid. org/ 0000- 0002- 0312- 184X

RefeRences
 1 albanese a, Bhatia K, Bressman sB, et al. Phenomenology and classification of 

dystonia: a consensus update. Mov Disord 2013;28:863–73.
 2 girach a, Vinagre aragon a, Zis P. Quality of life in idiopathic dystonia: a systematic 

review. J Neurol 2019;266:2897–906.
 3 lohmann K, Klein c. Update on the genetics of dystonia. Curr Neurol Neurosci Rep 

2017;17:26.
 4 Jinnah ha, alterman r, Klein c, et al. Deep brain stimulation for dystonia: a novel 

perspective on the value of genetic testing. J Neural Transm 2017;124:417–30.
 5 Vidailhet M, Vercueil l, houeto J- l, et al. Bilateral deep- brain stimulation of the 

globus pallidus in primary generalized dystonia. N Engl J Med 2005;352:459–67.
 6 Kupsch a, Benecke r, Müller J, et al. Pallidal deep- brain stimulation in primary 

generalized or segmental dystonia. N Engl J Med 2006;355:1978–90.
 7 cheung T, noecker aM, alterman rl, et al. Defining a therapeutic target for pallidal 

deep brain stimulation for dystonia. Ann Neurol 2014;76:22–30.
 8 Moro e, lereun c, Krauss JK, et al. efficacy of pallidal stimulation in isolated dystonia: 

a systematic review and meta- analysis. Eur J Neurol 2017;24:552–60.
 9 Ys W, lh n, Fan rM, et al. Meta- regression analysis of the long- term effects of pallidal 

and subthalamic deep brain stimulation for the treatment of isolated dystonia. World 
Neurosurg 2019;8750:31442–1.

 10 Fox MD, alterman rl. Brain stimulation for torsion dystonia. JAMA Neurol 
2015;72:713–9.

 11 Bronte- stewart h, Taira T, Valldeoriola F, et al. inclusion and exclusion criteria for DBs 
in dystonia. Mov Disord 2011;26:s5–16.

 12 Moher D, liberati a, Tetzlaff J, et al. Preferred reporting items for systematic reviews 
and meta- analyses: the PrisMa statement. PLoS Med 2009;6:e1000097.

 13 stroup DF, Berlin Ja, Morton sc, et al. Meta- analysis of observational studies in 
epidemiology (moose) group. JAMA 2000;283:2008–12.

 14 Burke re, Fahn s, Marsden cD, et al. Validity and reliability of a rating scale for the 
primary torsion dystonias. Neurology 1985;35:73–7.

 15 higgins JPT, altman Dg, gøtzsche Pc, et al. The cochrane collaboration’s tool for 
assessing risk of bias in randomised trials. BMJ 2011;343:d5928.

 16 sterne Jac, sutton aJ, ioannidis JPa, et al. recommendations for examining and 
interpreting funnel plot asymmetry in meta- analyses of randomised controlled trials. 
BMJ 2011;343:d4002.

 17 Dersimonian r, laird n. Meta- analysis in clinical trials revisited. Contemp Clin Trials 
2015;45:139–45.

 18 holloway Kl, Baron Ms, Brown r, et al. Deep brain stimulation for dystonia: a meta- 
analysis. Neuromodulation 2006;9:253–61.

 19 isaias iU, alterman r, Tagliati M. Outcome predictors for DBs in primary dystonia: the 
role of disease duration. Brain 2008;131:1895–902.

 20 andrews c, aviles- Olmos i, hariz M, et al. Which patients with dystonia benefit from 
deep brain stimulation? a metaregression of individual patient outcomes. J Neurol 
Neurosurg Psychiatry 2010;81:1383–9.

 21 isaias iU, Volkmann J, Kupsch a, et al. Factors predicting protracted improvement 
after pallidal DBs for primary dystonia: the role of age and disease duration. J Neurol 
2011;258:1469–76.

 22 Markun lc, starr Pa, air el, et al. shorter disease duration correlates with improved 
long- term deep brain stimulation outcomes in young- onset DYT1 dystonia. 
Neurosurgery 2012;71:325–30.

 23 Vloo P, lee DJ, Dallapiazza rF, et al. Deep brain stimulation for pantothenate kinase-
associated neurodegeneration: a meta-analysis. Mov Disord 2019;34:264–73.

 24 Bruggemann n, Kuhn a, schneider sa, et al. short- and long- term outcome of 
chronic pallidal neurostimulation in monogenic isolated dystonia. Neurology 
2015;84:895–903.

 25 carbon M, eidelberg D. abnormal structure- function relationships in hereditary 
dystonia. Neuroscience 2009;164:220–9.

 26 sadnicka a, Teo J, Kojovic M, et al. genotype specific cerebellar involvement in DYT1 
and DYT6 dystonia? J Neurol Neurosurg Psychiatry 2013;84:e2.67–e2.

 27 leDoux Ms, Xiao J, rudzińska M, et al. genotype–phenotype correlations in ThaP1 
dystonia: molecular foundations and description of new cases. Parkinsonism Relat 
Disord 2012;18:414–25.

 28 Mills Ka, starr Pa, Ostrem Jl. neuromodulation for dystonia: target and patient 
selection. Neurosurg Clin N Am 2014;25:59–75.

 29 hayflick sJ, Kurian Ma, hogarth P. neurodegeneration with brain iron accumulation. 
Handb Clin Neurol 2018;147:293–305.

 30 hanssen h, heldmann M, Prasuhn J, et al. Basal ganglia and cerebellar pathology in 
X- linked dystonia- parkinsonism. Brain 2018;141:2995–3008.

 31 carecchio M, Mencacci ne, iodice a, et al. aDcY5- related movement disorders: 
frequency, disease course and phenotypic variability in a cohort of paediatric patients. 
Parkinsonism Relat Disord 2017;41:37–43.

 32 Vijiaratnam n, Bhatia KP, lang ae, et al. aDcY5-related dyskinesia: improving clinical 
detection of an evolving disorder. Mov Disord Clin Pract 2019. accepted author 
Manuscript.

 33 Danti Fr, galosi s, romani M, et al. GNAO1 encephalopathy: Broadening the 
phenotype and evaluating treatment and outcome. Neurol Genet 2017;3:e143.

 34 conboy e, Vairo F, Waggoner D, et al. Pathogenic Variant in ACTB, p.arg183Trp, 
causes Juvenile- Onset Dystonia, hearing loss, and Developmental Delay without 
Midline Malformation. Case Rep Genet 2017;2017:9184265.

 35 Verloes a, Di Donato n, Masliah- Planchon J, et al. Baraitser–winter 
cerebrofrontofacial syndrome: delineation of the spectrum in 42 cases. Eur J Hum 
Genet 2015;23:292–301.

 36 Brüggemann n, Domingo a, rasche D, et al. association of pallidal neurostimulation 
and outcome predictors with X- linked dystonia parkinsonism. JAMA Neurol 
2019;76:211–6.

 37 rughani ai, lozano aM. surgical treatment of myoclonus dystonia syndrome. Mov 
Disord 2013;28:282–7.

 38 roze e, lang ae, Vidailhet M. Myoclonus- dystonia: classification, phenomenology, 
pathogenesis, and treatment. Curr Opin Neurol 2018;31:484–90.

 39 honey cM, Malhotra aK, Tarailo- graovac M, et al. GNAO1 Mutation–induced 
Pediatric Dystonic storm rescue With Pallidal Deep Brain stimulation. J Child Neurol 
2018;33:413–6.

 40 Menozzi e, Balint B, latorre a, et al. Twenty years on: Myoclonus-dystonia and ε-
sarcoglycan — neurodevelopment, channel, and signaling dysfunction. Mov Disord 
2019;34:1588–601.

 41 albanese a, Di giovanni M, amami P, et al. Failure of pallidal deep brain stimulation 
in DYT12- aTP1a3 dystonia. Parkinsonism Relat Disord 2017;45:99–100.

 42 Fearon c, McKinley J, Mccarthy a, et al. Failure of sequential pallidal and motor 
thalamus DBs for rapid- onset dystonia- parkinsonism (DYT12). Mov Disord Clin Pract 
2018;5:444–5.

 43 Meyer e, carss KJ, rankin J, et al. Mutations in the histone methyltransferase gene 
KMT2B cause complex early- onset dystonia. Nat Genet 2017;49:223–37.

 44 Balint B, Mencacci ne, Valente eM, et al. Dystonia. Nat Rev Dis Primers 2018;4:25.

M
edisch C

entrum
 W

alaeus B
ibl./C

1-Q
64. P

rotected by copyright.
 on D

ecem
ber 23, 2022 at Leids U

niversitair
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp-2019-322169 on 20 F

ebruary 2020. D
ow

nloaded from
 

http://orcid.org/0000-0001-8579-3772
http://orcid.org/0000-0002-0312-184X
http://dx.doi.org/10.1002/mds.25475
http://dx.doi.org/10.1007/s00415-018-9119-x
http://dx.doi.org/10.1007/s11910-017-0735-0
http://dx.doi.org/10.1007/s00702-016-1656-9
http://dx.doi.org/10.1056/NEJMoa042187
http://dx.doi.org/10.1056/NEJMoa063618
http://dx.doi.org/10.1002/ana.24187
http://dx.doi.org/10.1111/ene.13255
http://dx.doi.org/10.1001/jamaneurol.2015.51
http://dx.doi.org/10.1002/mds.23482
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1212/WNL.35.1.73
http://dx.doi.org/10.1136/bmj.d5928
http://dx.doi.org/10.1136/bmj.d4002
http://dx.doi.org/10.1016/j.cct.2015.09.002
http://dx.doi.org/10.1111/j.1525-1403.2006.00067.x
http://dx.doi.org/10.1136/jnnp.2010.207993
http://dx.doi.org/10.1136/jnnp.2010.207993
http://dx.doi.org/10.1007/s00415-011-5961-9
http://dx.doi.org/10.1227/NEU.0b013e318258e21b
http://dx.doi.org/10.1002/mds.27563
http://dx.doi.org/10.1212/WNL.0000000000001312
http://dx.doi.org/10.1016/j.neuroscience.2008.12.041
http://dx.doi.org/10.1136/jnnp-2013-306573.159
http://dx.doi.org/10.1016/j.parkreldis.2012.02.001
http://dx.doi.org/10.1016/j.parkreldis.2012.02.001
http://dx.doi.org/10.1016/j.nec.2013.08.014
http://dx.doi.org/10.1016/B978-0-444-63233-3.00019-1
http://dx.doi.org/10.1093/brain/awy222
http://dx.doi.org/10.1016/j.parkreldis.2017.05.004
http://dx.doi.org/10.1212/NXG.0000000000000143
http://dx.doi.org/10.1155/2017/9184265
http://dx.doi.org/10.1038/ejhg.2014.95
http://dx.doi.org/10.1038/ejhg.2014.95
http://dx.doi.org/10.1001/jamaneurol.2018.3777
http://dx.doi.org/10.1002/mds.25326
http://dx.doi.org/10.1002/mds.25326
http://dx.doi.org/10.1097/WCO.0000000000000577
http://dx.doi.org/10.1177/0883073818756134
http://dx.doi.org/10.1002/mds.27822
http://dx.doi.org/10.1016/j.parkreldis.2017.09.008
http://dx.doi.org/10.1002/mdc3.12559
http://dx.doi.org/10.1038/ng.3740
http://dx.doi.org/10.1038/s41572-018-0023-6
http://jnnp.bmj.com/

	Differential response to pallidal deep brain stimulation among monogenic dystonias: systematic review and meta-analysis
	Abstract
	Introduction
	Methods
	Search methods
	Inclusion and exclusion criteria
	Data extraction
	Assessment of risk of bias
	Study aims and statistical analysis

	Results
	Meta-analysis
	Motor endpoint (BFMMS)
	Disability endpoint (BFMDS)

	Comparison of GPi DBS effect on monogenic dystonias
	Motor endpoint (BFMMS)
	Disability endpoint (BFMDS)

	Effect of disease duration, age at onset and sex on GPI DBS outcome
	Analysis of single cases or rarer dystonia-associated mutations

	Discussion
	References


